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The development of synthetic procedures that produce nanoscale materials
with controlled morphology is a significant area of investigation in nanotechnology.
We have developed new synthetic procedures for fabrication of isotropic and/or
anisotropic nanomaterials composed of palladium, ruthenium, nickel and alloys of
palladium-ruthenium. The nanomaterials were fully characterized and were found to
display unique size dependent properties. The electrochemical properties of isotropic
palladium, ruthenium and palladium-ruthenium nanoparticles were investigated and
the results showed that the particles were capable of charge storage and charge
transfer on demand. Anisotropic palladium, ruthenium and palladium ruthenium
nanoparticles were also fabricated and fully characterized. The nanoparticles display
unique magnetic properties. We further investigated the surface modification of
inherent magnetic nanoparticles. The particles were found to have a strong affinity
toward biological cells but lacked toxicity toward the cells. The work is effective

toward developing new methods for using nanoparticles for cell targeting.
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CHAPTER1

INTRODUCTION

1. Nanotechnology

Nanotechnology is a rapidly growing scientific and engineering field and is
expected to impact various aspects of everyday living. The rapid growth can be
attributed to the unique chemical and physical properties that arise when the
dimensions of materials are reduced to the nanoscale. Significant efforts have been
devoted toward developing synthetic strategies that produce nanoscale materials with
uniformity in size and in shape. Such efforts lead to a better understanding of the
unique size and shape dependant chemical and physical properties possessed by
nanomaterials. As a result, the properties can be exploited for specific technological
applications including sensor design, energy conversion, catalysis, medical
diagnostics, electronics, and circuit miniaturization.

A significant amount of work in nanoscale science and technology has
focused primarily on gold, silver and platinum nanoparticles, mainly due to their
stability and relative ease of preparation. Other metals however, are much more
difficult to prepare due to their lack of stability and difficulties in handling. However,
there are several transition metals that have desirable properties on the nanoscale.
Thus there is a major need for developing new and straightforward procedures to

prepare these particles in high yield and with controlled morphology.

1



1.1 Optical properties

The collective oscillation of electrons in the conduction band' of metal
nanoparticles gives right to unique optical properties. In the case of gold (Au), silver
(Ag) and copper (Cu), these properties are manifested as surface Plasmon resonance
and arises due to the absorption of quantized photons of energy (Figure 1.1). The
absorption highly depends on the morphology and composition of the nanoparticles.
For spherical nanoparticles the SPR absorbance results in single peak around 500 —
600 nm for Au, 380 — 450 nm for Ag, and 530 — 590 for Cu. The specific location
depends on the particle size and the uniformity of the particles. Figure 1.2 shows the

unusual optical properties of Au nanoparticles.

a clectronic cluster
Ve
light
+ +
electric field tp o4+ \
surface charges
ionic cluster
time t timet+T/2

Figure 1.1 The light that strikes particles generates a electric field that could induce a
polarization of conduction band electrons in the surface of nanoparticles.
A net charge difference affects the electron distribution of neighboring
particles. In this way a dipolar oscillation of the electrons is created with
period T. This is known as surface plasmon absorption.’



Figure 1.2 Gold colloidal contains different size of gold nanoparticles display
different colors. (http://www.webexhibits.org/causesofcolor/9.html)

Additionally, controlling the shape and structure of nanoparticles results in
modifications of the SPR absorbance peak. For example metallic nanorods of Au and
Ag have been found to display two SPR peaks corresponding to a light being
absorbed in the transverse direction and light being absorbed in the longitudinal
direction, resulting in the transverse SPR and longitudinal SPR, respectively. The
location/wavelength of the SPR peaks depend on the dimensions of the nanorods.

(Figure 1.3).



Absorbance

9.0

4;0 060 7;0 960
Wavelength (nm)

Figure 1.3 (a) TEM images of gold nanorods and (b) absorption spectra of nanorod
with different aspect ratio’. The first peak corresponds to transverse
surface plasmon absorption and second peak represents longitudinal
surface plasmon absorption.

Anisotropic Pd nanoparticles appear to display well-defined absorbance peaks
that have been described to be due to SPR. Xia® reported that the SPR peaks for
triangular and hexagonal nanoplate Pd particles suspended in aqueous solution were
located at 520 and 530 nm, respectively. He proposed that the peaks were due to the
dielectric function of Pd and the thin thickness of the plates. Furthermore, Xia also
showed that hollow Pd nanocubes displayed controllable increase in absorbance from
blue (410 nm) to the near infrared (1200 nm) with decrease in particle size (Figure

1.4).

1.2 Charge transfer properties

Nanoscale materials are in demand for charge transfer applications for
example in conversion of solar energy to chemical energy. Metallic nanoparticles

have the potential to greatly improve charge transfer processes on the nanoscale. The



major advantages include 1) a large surface to volume ratio could provide larger
electrochemically active surfaces leading to larger areas for interaction with
molecules, 2) effectively enhancing or accelerating electron transfer between an
electrode and the electrolyte, 3) conjugation to redox-active molecule for overall
improved performance, and 4) ability to generate transfer of multiple electrons.
Nanoscale materials are therefore in high demand for charge transfer applications for
example in conversion of solar energy to chemical energy. Gritzel’ demonstrated
that Pt nanoparticles were effective in the photoreduction of water to hydrogen in the
presence of nanocrystalline titanium dioxide. Kamat® designed an organic dye-
inorganic nanoparticle composite to improve the incident photocurrent efficiency of

54% in an effort to enhance solar cell performance.

164 8
1.4+
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Figure 1.4 UV — Vis spectra of Pd Nanocubes. Longer corrosive etching time
produced thinner wall of hollow Pd nanocubes which has 48 nm edge
length. The surface plasmon resonance peaks red-shift with thinner wall.*



The processes involved in charge transfer on either the molecular scale or the
bulk scale are fairly well understood”®, In bulk metals, the energy band is continuous
and electrons travel freely inside the metal (Scheme 1.1). On the nanoscale, there
arises a discontinuity of energy levels as a result of delocalization of electrons when
the particle size approaches its mean free path. This split in energy bands gives
discrete energy levels that facilitate quantized charge transfer. The current-voltage
characteristic for an ideal quantized metal particle shows a Coulomb staircase as
demonstrated in Figure 1.5. The required energy for single electron transfer fulfill the

equation

AV =e/C 1)

where C is the capacitance of the particle.

2. Palladium and ruthenium nanoparticles

Palladium and ruthenium are well known metals with significant industrial
importance. Both metals are crucial in catalyzing organic reactions, such as carbon-
carbon coupling reactions (including Suzuki coupling, Stille reaction, Heck

reaction)g'“, hydrogenation'?, dehydrogenation'* '

, etc. These metals are important
in the synthesis of pharmaceutical and agricultural products' '®. Palladium is widely
used in catalytic converters to convert harmful gases such as carbon monoxide,

hydrocarbons, and nitrogen oxide to less harmful substances. Pd has shown strong

ability to absorb hydrogen, which gives Pd fundamental importance for modern



industrial processes, such as in fuel cells, hydrogen sensors and for hydrogen

storage”'m.

Bulk metal

E £
E; ‘ E - £ (HOMO)
d
s
DOS(E) DOS(E) b DOS(E)

Scheme 1.1 Continuous electronic energy levels for bulk metal transitions to distinct
energy levels for nanoparticles. Energy gap between the highest occupied
and lowest unoccupied orbital opens up when the metal nanoparticle size
was reduced to less than 2 nm. Reversely, when the metal atoms come
close together, the discrete localized atomic orbitals delocalize, causing
cohesion of the atoms, and the discrete atomic levels disperse in energy,
giving rise to energy bands.

e

Ruthenium metal is typically used as a catalyst to improve the performance of
materials toward wear and corrosion resistance®’. Alloys of Ru have been effective in
the electrocatalysis of direct methanol fuel cells”?. Due to the importance of both

palladium and ruthenium there is a large interest in establishing synthetic procedures



for well-defined nanoparticles. The ability to obtain well-defined Pd and Ru
nanoparticles provides the opportunity to understand their chemical and physical

properties.

Figure 1.5 I-U plot of ideal single electron transfer'. The step function is the
Coulomb blockade.

Bonnemann’ showed that a metal salt, a stabilizer and a reducing agent were

required to form metallic particles according to the equation:

MX.(NRa)w + (n-m) Red —  Mup + (n-m)(Red"X') + m(NR;y X)) @)

where M represents a metal (from group 8 - 10), X is Cl or Br, R is an alkyl group,

Red is an effective reducing agent.

The reduction of the metal salt initiates the nucleation and growth processes
of the nanoparticles®®. By careful control of the choice of metal salt, reducing agent

and stabilizer, this method has been manipulated to obtain palladium particles with



nanoscale dimensions with controlled size and shape. The stabilizer prevents the
particles from growing uncontrollably and maintaining uniformity. It can also serve
as a template for shape-control of the nanoparticles’ . In some cases the stabilizer
can play the role of both reducing agent and stabilizer. Below, we discuss some of the
most significant advances toward the synthesis of Pd nanoparticles using wet

chemical preparation methods.

3. Synthesis of colloidal dispersions of monometallic and bimetallic nanoparticles

“Bottom up” and “top down” synthetic approaches are the two main strategies
that have been pursued for nanomaterial fabrication. The “top down” involves taking
a bulk material and reducing its size through physical processes to the nanoscale.
The “bottom-up” approach involves using atoms and molecules as precursors and
organizing them through chemical processes into nanostructures. A wide variety of
synthetic strategies, including chemical reduction, photolysis, electronic plating,
pyrolysis, vapor deposition, etc., have been used to fabricate isotropic and anisotropic

metallic nanoparticles.

3.1 Nanoparticle growth

Chemical synthesis processes of nanoparticles allow control of particle size
and particle uniformity. The process consists of four main steps: nucleation, growth,

Ostwald ripening, stabilization. A good understanding of the mechanism is important
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for improving the quality (such as size, shape) of nanoparticles.

Nucleation. The formation of nanoparticles starts from nucleation, in which
the solid phase precipitates from solution by chemical reduction, thermal
decomposition, or other means to form nuclei. These nuclei attract other precipitates
and the nucleation process stops when the size of nuclei reaches a critical size.
Because the overall free energy is associated with not only the surface area but also
the volume, before the critical size is reached, bigger nuclei will further increase their

free energy (Figurel.6). This process determines the amount of nuclei.

Act

Figure 1.6 Plot of the overall free energy as a function of particle size'.

Particle growth. After nuclei are formed in solution, they grow to larger
particles by addition of more precipitates to the surface. Particle uniformity is

typically controlled during this step.



Ostwald ripening. When the precursors are depleted, the bigger particles
continue to grow by obtaining molecules or atoms from smaller particles, in order to
reduce the overall surface energy. Uniformity of the particle size can be controlled
during the particle growth stage. Once the reaction goes into Ostwald ripening, it is

hard to get monodisperse particles.

Stabilization and passivation. In addition to the growth process that takes
place by nuclei obtaining precipitates from solution, the nanoparticles tend to
aggregate with other particles, because they are not thermodynamically stable. To
prevent the aggregation and terminate further growth to get stable nanoparticles,
surface protecting reagents must be used’’, or the particles could be placed in an
inorganic matrix or polymer to prevent the collision between particles®.

Surface protecting reagents normally have functional groups that bind to the
particles with high affinity. The interaction of the ligand and solvent are so strong
that they allow the particles to remain suspended as colloids. For example, thiols
having long carbon train and bulky trioctylphosphine (TOPO) provide steric
hindrance for access of other materials®>.

After the nanoparticles reach the desired size, growth is discontinued. The
resulting particles should be stable for a long time to allow characterization and their
use in various applications. In some case it may be necessary to precipitate out the
nanoparticles for further characterization or chemical reactions using other solvents

or by centrifugation.

Surface ligand replacement. Ligands or stabilizers at the nanoparticle surface

11



strongly influence the solubility, electronic conductivity, melting point, stability and
reactivity of the particles. In this regard it is often necessary to exchange the surface
ligand. Ligand exchange can be achieved by exposing the nanoparticles to excess

competing ligands.

3.2 Chemical synthesis methods for monometallic and bimetallic nanostructures

A variety of methods has been employed for making Ru and Pd nanoparticles,
including chemical reduction or decomposition, pyrolysis, chemical vapor deposition,

physical vapor deposition, electrochemical deposition, etc.

Chemical reduction. Metal nanoparticle synthesis by chemical reduction is a
process in which a metal precursor (usually the metal salt or the metal complex) in
solution is reduced to the zero-valent state by a chemical reducing agent. Typical
reducing agents for metal nanoparticle synthesis have included alcohols® %,
molecular hydrogen (H,)***, sodium citrate*” *®, hydrazine (N;H4)*>*, and sodium
borohydride (NaBH,)** >*%. The selection of the reducing agent is important toward
obtaining the desired particles. Strong reducing agents could highly influence the
nucleation rate, as well as the growth rate of nanoparticles, making size control a
difficult task®”. Figure 1.7 shows the schematic chemical reduction procedure for

synthesis of Au nanoparticles. The Au precursor, HAuCl, was reduced by NaBH4 and

alkylthiols were used as stabilizers. The common stabilizer used to cap the colloidal

X 4 , , . | 74-
68-72 33, 34, 36, 37, 3942 73, dendnmers” 7

metallic nanoparticles include thiols™ ', polymers

80 surfactants®! .



The temperature, reaction time, reactant concentration, the ratio of precursor
to the stabilizers all conttribute to the size of the nanoparticles. In general, the
nanoparticle size increases with increasing reaction time as more molecules or atoms
are added to nanoparticles surface. Higher temperatures increase the reaction rate of
solute in the solvent, producing more materials for nanoparticles, in turn, increasing
the rate of materials being added to the nanoparticle surface. Tailoring the ratio of the
concentration of precursors and that of the stabilizers provides control of the particle
size.

Synthesis of bimetallic nanoparticles. An effective method for preparing
bimetallic nanoparticle is by chemical reduction. Three major procedures have been
reported: (a) coreduction, where corresponding metal ions in solution are
simultaneously reduced by strong reducing agents in the presence of stabilizing
ligands; (b) successive reduction, where the structures of the alloys can be controlled
especially for core-shell structures, attributed to the difference in the reduction
potential of the two metals; and (c) thermal decomposition, where both metals are
part of a coordination complex and at high temperature the chelating ligands undergo
decomposition. Nanoparticles fabricated by above methods may exist in various
structures, such as core-shell structure, alloy structure, and -cluster-in-cluster

structure, as illustrated in Figure 1.8.

13
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— ,f" Formation of Au NP coated with
HALCH, ——— G organic shells by reduction of Au(ili)

compounds in the presence of thiols

Figure 1.7 Chemical reduction synthesis method for producing Au nanoparticles.
Phase transfer agent tetraoctylammonium bromide (TOAB) was used to
transfer gold salt to organic layer and mixed with stabilizing ligand
alkylthiol before gold salt was reduced by sodium borohydride.***’



Figure 1.8 Schematic representation of three bimetallic cluster structure models in
the case of Pd-Pt nanoparticles. (a, d) Pt core-Pd shell model, (b) random
model, (c) separated model. (d) is the three-dimensional picture of the
core-shell model®®.

3.3 Characterization techniques

Elaborate synthetic approaches have been developed that enable significant
control over the size and shape of nanostructures. In order to understand the
properties of the materials formed based on the preparation method, several
characterization techniques have been used in this dissertation. These include electron
microscopy, electron diffraction, photoelectron spectroscopy, X-ray diffraction,
ultraviolet-visible (UV-Vis) spectroscopy and electrochemistry.

Electron microscopy is a powerful technique for the characterization of

15



metallic nanostructures, and is capable of providing information of morphology,
topography and composition of the material under investigation. The electron
microscopy we used includes transmission electron microscopy (for Pd, Ru and Pd-
Ru alloy nanoparticles) and scanning electron microscopy (for Ni, Pd, Ru and Pd-Ru

alloy nanowires).

Transmission electron microscope (TEM) and High Resolution TEM
(HRTEM). In TEM, a tungsten filament emits an electron beam (at a voltage of 100
keV) as its source of radiation. The electron beam is transmitted through the sample
and the output transmittance provides the image. TEM allow the direct visualization
of particles and so has been very important tool for determining particle formation,
shape and size distribution.

Advancements in electron microscopy have led to the development of high-
resolution transmission electron microscopy (HRTEM), which allows the analysis of
nanoparticles with resolution up to 0.8A. This is made possible by using a high-
voltage (200 ~ 300 keV) power supply for the electron beam. HRTEM also allows
structural features which are only a few angstroms in size to be imaged, so that the

crystal structure can also be investigated.

Scanning Electron Microscopy (SEM). The operating principles of SEM are
very similar to that of TEM, such as a high-voltage (a few hundred eV to 100 keV)
electron beam is used to excite the sample. The electron beam is scanned across the
sample in a rastering fashion. The process creates low-energy secondary electrons

which emit from the surface to form an image. The main difference between the
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images produced by TEM and SEM is that TEM provides a two-dimensional image,
while SEM gives a three-dimensional representation of the object being observed.

The resolution of SEM is also about an order of magnitude poorer than that of TEM.

Powder X-ray Diffraction (XRD). XRD is efficient in providing information
regarding the crystallographic structure of a sample. The technique uses X-ray
radiation that passes through a sample, such that the scattered beams form a
diffraction pattern based on the sample. The XRD spectra could determine the
orientation and crystallinity of crystal or grain (namely, the crystal structure), purity
of the sample, the atomic arrangement and spacing between layers or rows of atoms.
The particle size (d) can be calculated from the width of the characteristic peaks by

using the Scherrer formula:

d=0.91/(Bxcosb) €)

where 4 is the wavelength of the X-rays, f is the full width at half maximum of

diffraction peak, and 6 is the angle corresponding to the peak®.

Selective Area Electron Diffraction (SAED). SAED is a diffraction technique
that is usually coupled with HRTEM to identify crystal structures and examine crystal
defects. The techhique is similar to XRD, but unique in that areas as small as several
hundred square nanometers in size can be examined. Today, SAED is recognized as

being a routine and important method for characterizing metallic nanostructures.

17



X-ray Photoelectron Spectroscopy (XPS). XPS is a quantitative spectroscopic
technique that measures the elemental composition, empirical formula, chemical state
and electronic state of the elements that exist within a material. It does surface
chemical analysis based on the photoelectric effect, which describe the phenomenon
of the ejection of electrons when photons with sufficient energy impinge upon a
surface. XPS spectra are obtained by irradiating a material with a beam of aluminum
or magnesium X-rays while simultaneously measuring the kinetic energy and number
of electrons that escape from the top 1 to 10 nm of the material being analyzed. Due
to the characteristic binding energy and electronic structure of each element, the
peaks in the resultant spectrum provide information on the chemical state and

composition of the surface atoms. XPS requires ultra-high vacuum conditions.

Energy-Dispersive X-Ray (EDX) Analysis. Similar to XPS, EDX is a
technique that allows the chemical composition of a material to be determined. Here,
X-ray beams are used to excite a surface, while the emission spectrum provides
information on the elemental composition within the sample being analyzed, as each
element provides a characteristic emission upon excitation. EDX has been coupled
with electron microscopy to provide a powerful analytical tool for the chemical
characterization of nanomaterials. In addition, EDX can provide quantitative data on

the composition of each element contained in a sample.

Electrochemistry. Electrochemical techniques have been useful when
characterizing metallic nanoparticles, where information on both the metallic

component and the stabilizing ligand can be obtained. Cyclic voltammetry (CV) has
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been used to study the behavior of ligands at the surface. The quantum confinement
in metallic nanoparticles has been found to influence the electron-transfer abilities of
ligand at the surface. A similar technique, differential pulse voltammetry (DPV) has
also been used as a characterization technique for metallic nanoparticles. The
difference between CV and DPV is that, in CV, the current is measured as a function
of increasing or decreasing applied potential, whereas in DPV the current at the
working electrode is recorded while the pulse potential between the working and
reference electrodes is swept linearly in time. The pulse potential provides higher

resolution on the current collected.

Scanning Tunneling Microscopy and Spectroscopy (STM/STS). STM/STS
allows the electronic measurement of individual nanostructures by probing the local
density of electronic states and the band gap of particles at the atomic scale. The
experiment uses a STM tip fixed on top of the selected nanoparticle, but the feedback
loop is turned off. In this case, the current-voltage (I-V) curves provide information
on the single-electron tunneling (SET) process that occurs in a double barrier
tunneling junction. Single-electron transfer phenomena due to quantum confinement
effect on metallic nanoparticles can be observed as coulomb staircases and coulomb
blockade where the current is zero before the voltage become sufficient to overcome

the band gap (Figure 1.5

Infrared (IR) spectroscopy. IR is important in investigating the surface ligand
binding to nanostructures, since the ligands are mostly organic molecules. It provides

information of the degree of order and relative orientation of surface-bound ligands®-
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?194 and also plays an important role in confirming the completion of a ligand

0

exchange reaction®®. The chemical shifts before and after the binding help

determining the binding functional group and the binding pattern®.

UV-Visible absorbance spectroscopy. Most precursors exhibit color in
solution and change color when they are decomposed or reduced. UV-Vis
spectroscopy has been used to monitor this transition to confirm the completion of
reduction®®. Noble metal nanoparticles, especially Au and Ag nanoparticles, have
well-defined absorbance peaks in UV-vis spectroscopy due to surface plasmon
resonance. The measurements are used to provide information on the size and quality
of nanoparticles, because the shape and absorbance of the peaks are related to the

uniformity, shape and size of nanoparticles® .

Nuclear magnetic Resonance (NMR) spectroscopy. NMR has been used
primarily to characterize the nature of binding of ligands at the particles surface. Most
common ligands, such as thiol, phosphine, sulfide, phenol, and carbine can be

investigated by 'H, '*C and *'P NMR to confirm the binding affinity®®.

4. Applications of metallic nanoparticles

Metallic nanostructures possess unique, beneficial chemical, physical and
mechanical properties that can be exploited for a variety of applications. These
applications include, but are not limited to, catalysis, computer chips, energy

conversion, high energy density batteries, environmental remediation, data storage,
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sensing, imaging, medical diagnosis, and medical treatment. It is evident that
nanomaterials outperform their conventional counterpart and new applications based
on their superior properties have been investigated. Below is a brief description on

the applications of palladium and ruthenium nanoparticles.

4.1 Catalysis

The high surface to volume ratio offered by nanoscale particles makes them
excellent candidates for catalytic reactions. The catalytic efficiency has been found to
depend on the particle size as well as the shape® *°. It was found that activation
energy, preexponential factor (A) and entropy of activation of the same reaction
changed when the size of nanoparticles was varied”’. The edges and corners of
anisotropic nanostructures show high catalytic activities relative to other surfaces and

thus may favor the reaction rate.

Homogeneous catalysis. Colloidal metallic nanoparticles are often used as
homogenecous catalysts. The stabilizer on the particle surface is typically used to
prevent particle aggregation, however, these ligands can sometimes block active sites

on the catalyst surface®. Metallic nanoparticles colloid have been tested in many

types of chemical reactions, such as Suzuki cross-coupling reaction’>3>=7-357.99.100

b

101-108 109-118

Heck cross-coupling reaction® , hydrogenation®” , electron-transfer

40-43, 55, 119-122

reactions . For cross coupling reactions (C-C bond formation reactions),

palladium nanoparticles are most often used.



Heterogeneous catalysis. The recovery of homogeneous catalysts is often
tedious and thus methods for immobilizing colloidal nanoparticles onto solid supports
are desirable®®. The immobilization decreases the possibility of aggregation and
increase the quality and number of catalytic cycles. Figure 1.9, shows that smaller
nanoparticle sizes favor the reusability of catalyst, and immobilized nanoparticles

maintain high conversation efficiency for many cycles.
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Figure 1.9 Plot of percent conversion as function of number of catalytic cycles for
the hydrogenation reaction of styrene to 1- ethylbenzene. Three sizes of

Pd nanoparticles were used as homogeneous catalyst and heterogeneous
catalyst (immobilized in Si0;).

Bimetallic alloy nanoparticle catalysts. Metal alloys that consist of two or
more metals are of great fundamental and practical interest. They often exhibit
superior properties relative to those of their single metal counterparts. For example,

Ti-Ni is used as a shape-memory material whereas Ni alone or Ti alone does not
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possess such properties. In catalysis, alloys could greatly enhance chemical
transformations relative to their individual metal counterparts. Alloys are typically
used in the automotive industry as catalytic converters. For example, Pt-Rh alloys are
used as catalytic converters whereby Pt serves to oxidize hydrocarbons and carbon
monoxide, while Rh serves to catalyze the reduction of NO, (Carbonitride)'*. The
bimetallic alloy made from Pd and Ru was believed to possess enhanced catalytic
properties including selectivity and specificity. Promising results have been
demonstrated in the manufacture of phérmaceuticals and agricultural herbicides,
degradation of harmful environmental pollutants, and as sensors for detection of

various analytes'**!%",

4.2 Biological applications

Nanoscale materials have found various biological applications. The unique
optical properties possessed by metallic gold and silver nanoparticles and quantum
dots have led to their use in biosensing, and in clinical diagnostics'**?*!. Other

132

applications have included microbial fuel cells”” and MRI (magnetic resonance

imaging)'*> 1,

Nanobiotechnology aims to overcome the limitation of conventional medical
methods by taking advantage of the properties and the dimensions of nanomaterials.
There has been a surge in interest for using nanomaterials for cancer detection and
cancer treatment. It is expected that nanomaterials can be effectively designed to

allow specific cell targeting and thus avoid all the common side effects that

accompany traditional treatment methods.
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5. Summary

The unique properties that arise when materials are made to the nanoscale
have opened up a myriad of opportunities of fundamental and technological
importance. However, the field of nanotechnology remains currently limited by the
lack of straightforward synthetic procedures to provide desired nanoscale materials in
high yield and with controlled morphology. Having access to such materials will
allow a thorough investigation and understanding of material properties on the
nanoscale. An improved understanding of the chemical and physical properties of
nanoscale materials will allow the use of the materials in advanced scientific and
technological applications. This dissertation focuses on the synthesis, and
characterization of size and shape-controlled Pd, Ru and Pd-Ru alloy nanoparticles
and nanowires, as well as an investigation of the applications of functionalized
magnetic nickel nanowires. The results will provide insight to understanding the well-

defined metallic nanostructures.
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CHAPTERII

SYNTHESIS, CHARACTERIZATION AND ELECTROCHEMICAL
PROPERTIES OF PALLADIUM AND RUTHENIUM METALLIC
NANOPARTICLES

1. Introduction

There has been intense interest in the development of procedures for the
fabrication of transition metal nanoparticles, especially for palladium and ruthenium
nanoparticles'>. The interest stems from the ability of these metals to effectively
catalyze important organic reactions and industrial processes®. The properties of both
palladium and ruthenium with nanoscale dimensions are expected to vary
significantly from their bulk counterparts. New unique properties emerge on the
nanoscale due to quantum confinement and because of the particle dimensions are in
the order of the electron mean-free path>®.

A major need in improving catalyst performance is fabricating the particles so
that they are uniform in morphology. The key is to rationally select an appropriate
precursor, an effective reducing agent and a suitable stabilizing ligand. Examples of
stabilizing ligands used for nanoparticle fabrication include polymers, thiol based
ligands, dendrimers, phosphine based ligands, DNA, etc’. We developed a new
methodology that uses thioether as reducing agent and stabilizer. In the reducing
process, the metal precursors were reduced by thioether to zero-valent state, while the
sulfur of thioether was oxidized to sulfoxide or sulfonic component. In the stabilizing

process, the sulfur in thioether form dative bonds with particle surface atoms, while

39



its two long carbon chain tails dangle in the solvent and sterically very well shield the
particle surface.

Nanoparticle surfaces are typically passivated by a protective layer or a
stabilizer. The role of the stabilizer is to prevent nanoparticles from aggregation and
to provide solubility in a solvent. Uniformly isolated particles can easily be analyzed
using electrochemistry. Murray and coworkers proposed that monolayer-protected
metallic nanoparticles displayed molecule-like double layer capacitive charging

(electron transfer)®'°

. As mentioned in Chapter I, the continuous electronic energy
level that is represented in bulk metals transitions to molecule-like distinct energy
levels represented in nanoparticles with diameters below 5 nm. The most extensive
electron transfer studies on metal nanoparticles have been carried out on Au
nanoparticles with diameters < 2 nm. Within this size range, Au nanoparticles were
found to behave like capacitors and exhibited successive single electron transfers due

8 1114 Quantized double layer charging is one

to their distinct electron energy levels
of the most interesting properties of small metallic nanoparticles and has been applied
in catalysis and in nanoscale electronic circuitryls. These unique characteristics have
not been extensively investigated for metals other than Au due to the difficulty in
obtaining uniform metal nanoparticles with diameters below 5 nm.

It has been shown, at least in the case of Au nanoparticles, when they are
brought close to the surface of a charged semiconductor, there tends to be
equilibration of the Fermi level between the semiconductor and the Au nanoparticle'®
' The contact of noble metals to semiconductor surface is beneficial for minimizing

the charge recombination and thereafter the efficiency of the photocatalytic reduction

or oxidation. The metallic nanoparticles act as electron sinks for photo-induced
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charge carriers in semiconductors, improving the charge separation, photocurrent and
catalytic properties. Whether this property translates well to other transition precious
metal nanoparticles, such as palladium and ruthenium, remains to be investigated.
Different compositions of metal nanoparticles has been shown to have an effect on
the charge rectification in semiconductor nanostructures”’. The ability to understand
such phenomena in various transition metal nanoparticles could lead to better ways of
modulating charge transfer for improved chemical reactions.

In this chapter, a synthesis procedure to obtain uniform and size controllable
Pd and Ru nanoparticles are discussed. Electrochemical characterization of the
nanoparticles was carried out, which aid in developing an understanding of electronic

properties of the nanoparticles.

2. Experimental details

Materials. n-dodecyl sulfide (93%), toluene, acetone, methanol and other
solvents were purchased from VWR. Ruthenium acetylacetonate Ru[(CH3;CO),CHz]
and palladium acetate [Pd3;(OAc)s] were purchased from Strem Chemicals. Acetic
acid and nitric acid were obtained from Fisher Scientific. Titanium (IV) isopropoxide
(Ti(i-OPr)4) (Aldrich), iron (IIT) proptoporphyrin chloride (Frontier Scientific), and
polyethylene glycol (M, 10,000, Sigma Aldrich) were used as received. A general
purpose acid digestion bomb was purchased from Parr Instrument Company. A
custom-designed quartz cuvette with a 1 cm path length was used as the optical

spectrometry cell. All glassware and Teflon coated stir bars were cleaned with aqua
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regia, thoroughly washed with deionized water and acetone, and dried in an oven

before use.

2.1 Synthesis of Pd and Ru metallic nanoparticles

Synthesis of palladium nanoparticles. Palladium acetate [Pd;(OAc)e] (0.02 g,
0.03 mmol) and n-dodecyl sulfide (0.165 g, 0.45 mmol) [mole ratio of Pd*":dodecyl
sulfide is 1:15] were dissolved in 10 mL toluene resulting in a bright yellow solution.
The solution was degassed and filled with nitrogen before reflux at 95°C for the
desired time frame. A dark brown colloidal solution of Pd nanoparticles was
produced. The solution was cooled and stored in a deaerated environment.

Synthesis of ruthenium nanoparticles. Ruthenium acetylacetonate (0.02 g,
0.05 mmol) and n-dodecyl sulfide (0.19 g, 0.5 mmol) [mole ratio of Ru*":dodecyl
sulfide is 1:10] were dissolved in 10 mL diphenyl ether to form a bright red solution.
The solution was deareated for 10 minutes, then purged with nitrogen gas. The
solution was stirred and heated from room temperature to ~240°C for designated
periods of time during which the solution gradually changed color from bright red to
black. After the prescribed period of time had expired, the colloidal solution was

allowed to cool under nitrogen for 24 hours with continued stirring.

2.2 Characterization of Pd and Ru metallic nanoparticles

The particles were then precipitated using an equivolume quantity of dry
methanol, followed by centrifugation at 15K rpm for 2 minutes. The resulting black

pellet was washed with methanol and redispersed in a solution of dichloromethane to
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give a black colloid.

Transmission electron microscope (TEM). 1 pL of the nanoparticle solution
was placed on a carbon-coated copper grid covered with formvar. The sample was
allowed to dry in a vacuum desiccator before being placed in the instrument for
imaging. A JEOL electron microscope, Model JEM-1230 was used to obtain TEM
images. A JEOL 3011 high-resolution transmission electron microscope (HRTEM)
was used for high resolution images and selected area electron diffraction (SAED)
measurements.

Powder X-ray diffraction (XRD). XRD patterns were collected on a Scintag
XDS Model 2000 diffractometer. Samples were prepared by precipitating the as-
prepared nanoparticles with dry methanol followed by centrifugation at 15K rpm for
10 minutes. The pellet was washed with acetoné twice, centrifuged and the resulting
product was dried under vacuum at 50°C for 72 h. The dry nanoparticle sample was

mixed with 325 mesh Si powder and placed on a Si wafer sample holder.

2.3 Electrochemical characterization of monometallic nanoparticles

Electrochemical results were obtained using a BASi Epsilon potentiostat. 0.1
M electrolyte tetra-n-butylammonium hexaflourophosphate (BusNPFg) was added to
1:1 (v/v) CH,Cly/sample solution. The cell was purged with N, gas for at least 20
minutes. Differential pulse voltammetry (DPV) measurements were carried out using
Pt wires (0.4 mm in diameter) as working and counter electrodes and Ag wire (0.5
mm in diameter) as a quasi-reference electrode (Figure 2.1). Prior to use, the working

electrode was polished with 0.05 pum ALO:; slurries and rinsed thoroughly with
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copious amounts of acetone. This was followed by drying using a steam of N, gas or
compressed air.

The scan rate was set at 20 mV/sec, the pulse amplitude was 50 mV, the
sample width was 17 msec, the pulse width was 50 msec, and the pulse period was

200 msec. The potential scanning range was from -1500 mV to 1500 mV. A

background scan was conducted in 1:1 (v/v) CH,Cly/dipheny! ether (or toluene).

Figure 2.1 Home-made three electrode systems. Two Pt wires (0.4 mm in diameter)
and one Ag wire (0.5 mm in diameter) are confined in polymer resin.
Three electrodes are separated but very close to each other in a triangle
arrangement.

2.4 Charging and discharging of the metallic nanoparticles

Preparation of TiO; nanoparticle thin films. Transparent nanocrystalline TiO,
thin films coated on glass slides were prepared from colloidal TiO,, which was made
by hydrolysis of Ti(i-OPr), by a sol-gel method”" %>, An aqueous solution consisting
of 120 mL of milliQ water and 0.84 mL of 70% nitric acid was prepared in a 250 mL
round-bottom flask. A 20 mL aliquot of Ti(i-OPr)s; was added dropwise to the
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aqueous solution over 2 hours while the solution was vigorously stirred. A thick white
solution formed during the process. The mixture was then heated to reflux with
continued stirring for 5 h at 80 ~ 90°C. The solution became nearly transparent during
this time. Heating was continued at 90°C until the volume of the solution decreased to
40 mL.

About 18 mL of the resulting semi-transparent solution was added to the acid
bomb and sintered at 200°C for 8 h. About 0.3 g of polyethylene glycol was added to
the resulting mixture stirred for an additional 6-8 h. This final mixture was then
applied to glass slides to make a transparent thin film.

Irradiation of TiO;. The TiO; slides were placed diagonally in a customized
quartz cuvette which was filled with methanol to cover the TiO, film in the glass
slide. The cuvette was sealed with a rubber septum and then purged with N, gas for at
least 20 min before photolysis. Under the air-free environment, the TiO, slide was
irradiated with a 1000 W xenon lamp. A 320 nm UV cut-off filter (Newport, FSQ-
WQ320) was used. The absorbance spectra of the TiO, slides in methanol were
acquired using a Cary 50 spectrophotometer before and after successive 5 min
photolysis.

Charge transfer from TiO; to Pd or Ru nanoparticles: After the irradiation of
TiO,, the cuvette holding the TiO; thin film in methanol was removed from the lamp
and then the as prepared Pd or Ru nanoparticles were injected into the cuvette in 1 uL
aliquots (15 pM) using an air-tight syringe. UV-visible absorbance spectra were
recorded 10 minutes after each aliquot was added. Hemin was used as the redox
indicator to evaluate whether any charges stored in the metal nanoparticles could be

discharged.
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Iron (III) protoporphyrin chloride (Hemin)

3. Results and discussion

3.1 Synthesis and characterization of Pd nanoparticles

The size of a nanoparticle along with its surface atoms is characteristics that
often determine the particle’s chemical and physical properties. Obtaining metal
nanoparticles that are uniform and with diameters below 5 nm is a challenging
synthetic task. When adopting wet-chemical methods, reaction conditions (such as
temperature, time, ratio of reactant and stabilizer, etc.) have to be precisely controlied
in order to obtain monodisperse nanoparticles.

We have successfully synthesized monodispersed Pd nanoparticles with
controlled size using thioethers as stabilizers. NMR spectroscopy confirmed that the
thioethers bind to the metal surface via a dative bond® . These thioether ligands
passivate the particle surface, prevent particle aggregation, and allow the particles to
exist as colloids in organic solvents. The mechanism of nanoparticle growth by the
chemical reduction method can be described in four stages: nucleation, particle

growth, Oswald ripening, and surface passivation. Before the metal precursors are
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completely consumed or passivated by surface stabilizing ligand, particle growth
continues in order to reduce the overall surface energy. Our group has discovered that
higher temperature (higher reaction rate) or longer reaction time produce bigger
nanoparticles until the metal precursors are completed consumed®*. Therefore, the
nanoparticle size s can be tuned by controlling the temperature and the reaction time.
Figure 2.2 shows the particles that synthesized at 95°C at designated reaction time.
Using n-dodecyl sulfide as stabilizer, 60 min reaction generated 1.7 nm nanoparticles,
70 min reaction generated 1.9 nm nanoparticles, 80 min for 2.1 nm, and 90 min for
2.5 nm. From the size distribution histogram, the nanoparticles were uniform in size.
The HRTEM image shown in Figure 2.3a shows the twinning feature which
is typical for most metal nanoparticles. The selected area electron diffraction pattern
shown in Figure 2.3b of a single Pd crystal exhibits 3 diffused rings which are
assigned to the (111), (220) and (311) reflections that are characteristic of a face-
centered cubic (fcc) structure”®. The powder x-ray diffraction (Figure 2.3c) results of
the Pd nanoparticles exhibited (111), (200), (220) and (311) diffraction peaks at 40°,
47°, 68° and 82° respectively, and also indicated the existence of the fcc structure of

Pd nanoparticles”®?

. The average particle size calculated based on the line
broadening of (111) by using the Scherrer formula was about 3.0 nm, which is close

to the value of the particle measured by TEM images (3.5 nm).

3.2 Electrochemistry of Pd nanoparticles

Electrochemical techniques such as cyclic voltammetry or differential pulse

voltammetry are useful in understanding the properties of quantized metal
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nanoparticles. In previous reports, DPV of alkanethiol-stabilized Pd nanoparticles
with diameters less than 3 nm displayed quantized double-layer (QDL) charge
transfer, and thus behaved in a similar manner to capacitors® *°. However, the peaks
they observed were not well-defined, because the success of these measurements
relies on the presence of uniform and small Pd nanoparticles for accurate QDL
measurement. The DPV of octyl sulfide stabilized Pd nanoparticles is shown in
Figure 2.4, the presence of distinct peaks indicates that the particles are quite
monodisperse in size, and each peak relates to successive oxidation and reduction.
The multiple reversible waves in the potential ranging from -1500 mV to 1500 mV

indicate the reversible single-electron transfer process.
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Figure 2.2 TEM images of Pd nanoparticles stablized by n-dodecyl sulfide with
diameter of (a) 1.7 nm , (b) 1.9 nm, (c¢) 2.1 nm, and (d) 2.5 nm. The inset
in each image present the size distribution histogram. The synthesis was
carried out at 95°C for (a) 60 min, (b) 70 min, (c) 80 min, and (d) 90 min.
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Figure 2.3 HRTEM image (a), SAED (b) and XRD (c) of n-dodecy! sulfide stabilized
Pd nanoparticles with size of 3.5 £ 0.1 nm.



The data allow the average size of Pd particle to be calculated by the equation,

which is defined as “Concentric Sphere Capacitance Model™'!,

e ed

AV = =
Copc  Amesyr(r+d )

where AV is the spacing between the peaks (the energy needed for single electron
transfer), e is the electronic charge (1.6x10"° coulombs), d is the thickness of the
monolayer medium, ¢ is the dielectric constant of the monolayer medium around the
metal core, & is the permittivity of free space [8.85x10™"* F m™ (or C* N! m?®)] and r
is the radius of the metal core. It should be noted that this simplified approach is
based only on the electrostatic interaction but the identity of the core metal is not
taken into account. Chen reported that quantized capacitance charging is insensitive
to the core metal when the particle size is larger than 5 nm, because the main
energetic barrier of electron transfer in large sized particles was due to electrostatic
interactions. However, the discrete energetic states in metallic particles that arise with
sizes below 5 nm could be dependent on the type of metal. *°.

In Figure 2.4, the first current peak in the negative potential scan corresponds
to the pseudo-formal potential of the Pd”" redox couple, the second peak to the Pd'"*
couple, etc. The average peak spacing in negative potential region is 484 = 10 mV.
The gap between first oxidation and first reduction peak is 1600 mV, which is
actually the HOMO-LUMO gap. The equal spacing between the peaks indicates the
quantized double-layer electron charging and discharging. Using the concentric
sphere capacitance model, the calculated size (1.5 nm according to the DPV spectrum

in Figure 2.4) is slightly smaller than TEM measurement (2.1 nm according to the
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TEM image). Several reasons were proposed to explain this discrepancy. First, an
interaction of the Pd nanoparticles with the TEM grid may have altered the structure
of the Pd nanoparticles®’. Second, Pd does not provide a good contrast, which makes
it difficult to resolve particles of less than 2 nm®’. Third, the parameters in the
equation are arbitrary in varying environmental conditions®. It was widely accepted
that ¢ for the organic shell (especially for alkanethiolate HS(CH,),CH3 with n = 3 -
23) has a value of 3. Because of the similar structure of thioether with alkanethiolates,
we also used this number for the ¢ value. There have been a number of arguments
regarding the reliability of nanoparticle size determination by TEM versus
electrochemistry. For example, Zamborini’s group” and Chen’s group®® assumed the
TEM histograms to be correct, and the calculation to be questionable since the ¢ is
size-dependent. Crooks’ group®” proposed that the TEM data was less reliable than
electrochemistry results, because of the poor resolution of very small particles in

TEM images and the large size distribution of their particles.
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DPV of Pd nanoparticles stabilized by octyl sulfide
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Figure 2.4 DPV spectrum (WE: Pt wire, CE: Pt wire, RE: Ag wire) of octyl sulfide
stabilized Pd nanoparticles with 2.1 nm in diameter

Figure 2.5 displays the DPV spectra of 1.7 nm, 1.9 nm and 2.1 nm Pd
nanoparticles. Table 2.1 lists the particle size obtained by TEM measurement and the
corresponding measurement obtained using the concentric sphere model. The AV
value increases when the size decreases, indicating the more parted energetic levels
due to the stronger quantum confinement. The HOMO-LUMO gap also increases
with decreasing size, except that the gap for 1.9 nm nanoparticles is smaller than that

for 2.1 nanoparticles. This may be due to the undefined oxidation peak for 1.9 nm

53



54

nanoparticles in the DPV spectrum. The calculated diameters are smaller than the

TEM measurement. In this particular case, it appears that the quantized double layer

capacitance charge transfer is sensitive to the core materials.
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Figure 2.5 DPV spectra of n-dodecyl sulfide stablized Pd nanoparticles synthesized
at 95°C for (a) 60 minutes, (b) 70 minutes, and (c) 80 minutes.

Table 2.1 Charge transfer of size-controlled Pd nanoparticles

Reaction Time 60 min 70 min 80 min
Diameter (nm) - TEM measurement 1.7 1.9 2.1
AV (mV) 485 440 320
HOMO-LUMO gap (mV) 2060 1344 1586
Diameter (nm) — Calculated 1.5 1.6 2.0

3.3 Synthesis and characterization of Ru nanoparticles

Ruthenium acetylacetonate was used as the precursor for synthesis of Ru
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nanoparticles. Phenyl ether was used as the solvent due to its high boiling point. The
reaction took place at 240°C to allow the decomposition of the ligands on the
precursor. After the reaction had progressed for 40 minutes the initial red color of the
solution had turned to a dark brown indicating the formation of Ru nanoparticles.
Figure 2.6 displays TEM images of the Ru nanoparticles with different sizes obtained
by controlling the reaction time. These Ru nanoparticles were colloidal and were
found to be stable in a nitrogen atmosphere.

HRTEM (Figure 2.7) confirmed the crystallinity of the nanoparticles and the
inter-lattice spacing d value obtained, 2.11 A, is consistent with ruthenium metal®® **
3 Powder XRD diffraction (Figure 2.8) was carried out on the nanoparticles with an
average diameter of 1.7 nm. The pattern showed a broad peak due to the small size of
the particles. The Bragg angle at 28 = 43.3° corresponds to the Ru (101) diffraction.
Calculation of the crystal size using the Scherrer formula is also in agreement with

the mean particle diameter obtained by TEM measurements.

3.4 Electrochemistry of Ru nanoparticles

A typical voltammogram for 1.7 nm Ru nanoparticles is shown in Figure 2.9.
Multiple distinct peaks were acquired in the -1300 mV to 1300 mV potential range.
There are four pairs of well-defined voltammetric peaks with formal potentials listed
in Table 2.2. The average potential spacing (AV) between adjacent quantized charging
peaks is about 420 mV, hence the capacitance (C) of the 1.7 nm Ru nanoparticles was
evaluated (C = e/AV with e being the electronic charge) to be about 0.41 aF.

According to the concentric sphere capacitance model, the nanoparticles can be
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estimated as approximately 1.7 nm by assuming ¢ = 3 and d is equal to 1.34 nm for

fully extended n-dodecyl sulfide measured in the Gaussian theoretical calculation
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Figure 2.6 TEM images of n-dodecyl sulfide stabilized Ru nanoparticles with
diameter of (a) 2.0 nm, (b) 2.4 nm, (c) 2.7 nm, (d) 2.9 nm. They were



made in reaction times of (a) 60 mn, (b) 75 min, (c) 90 min, (d) 120 min at

240°C.

Figure 2.7 High resolution transmission electron micrograph of 6.2 + 0.4 nm
ruthenium nanoparticles.
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Figure 2.8 Powder XRD pattern of ruthenium nanoparticles with an average diameter

of 1.7 nm
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Quantized charging studies on Ru nanoparticles are rarely reported, most
probably because of the difficulty in making nanometer-sized stable and
monodispersed particles. Chen’ group synthesized carbene-protected Ru
nanoparticles and studied their electrochemical properties®. They observed quantized
charging characteristics for the core diameter of 2.12 + 0.72 nm. However, the
electrochemical properties of various sizes of Ru nanoparticles have not been
reported. Therefore, we synthesized three different sizes of Ru nanoparticles by
varying the reaction time (60 minutes, 90 minutes, and 120 minutes) at 240°C (Figure
2.6). Figure 2.10 displays the DPV spectra for the varying sizes (only anodic peaks
are shown). It can be observed that the shapes of the spectra are similar to the only
difference being in the peak spacing which represents size dependant energy levels.
The HOMO-LUMO gap and AV increase when the size of the particles decrease
(Table 2.3). However, there is an exception in that the 2.7 nm (TEM measurement)
particles show slightly higher AV than 2.4 nm particles. This may be due to the size
distribution being slightly broader relative to the other Ru nanoparticles investigated.
The calculated values of size were off the TEM measurements (Table 2.3). This
suggested that for Ru nanoparticles in this particular size range, concentric sphere

capacitance equation is sensitive to the core material.
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Figure 2.9 DPV spectrum of n-dodecy! sulfide stablized Ru nanoparticles with
diameter of 1.7 nm. HOMO-LUMO gap = 1390 mV. The average AV =
420mV.

Table 2.2 Peak Potentials of of n-dodecyl sulfide stablized Ru nanoparticles with size

of 1.7 nm
Peak No. E,*(V) E.*(V) E’ (V) Redox Couple
1 +1.12 +1.03 +1.08 Ru™*!
2 +0.59 +0.48 +0.54 Ru™
3 -0.80 -0.89 -0.85 Ru”"!
4 -1.11 -1.19 -1.15 Ru'?

* Subscripts (a and c) denote anodic and cathodic peaks, respectively. All potentials are referenced
to the Ag quasi-reference, and data are collected from the DPV measurements in Figure 2.5.
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Figure 2.10 DPV spectra of n-dodecyl sulfide stablized Ru nanoparticles synthesized
at 240°C for (a) 60 minutes, (b) 90 minutes, and (c) 120 minutes.

Table 2.3 Charge transfer of size-controlled Ru nanoparticles

Reaction Time 60 min 90 min 120 min
Diameter (nm) - TEM measurement 24 2.7 2.9
AV (mV) 528 560 460
HOMO-LUMO gap (mV) 921 870 850
Diameter (nm) — Calculated 14 14 1.6

3.5 Charging and discharging of Pd and Ru nanoparticles

Irradiation of TiO; nanoparticles. TiO, is a semiconductor with a band gap
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of 3.2 eV. In order to separate the electrons from the holes, high energy photons equal
to or greater than 3.2 eV are required. In order to avoid electron-hole recombination
and to allow electrons to accumulate in the conduction band, a hole scavenger is
required. Methanol is a suitable hole scavenger as it reacts readily with the TiO; holes
and is oxidized to formaldehyde.

Figure 2.11 shows the SEM images of TiO, nanoparticles synthesized by the
sol-gel method. Electron accumulation in the TiO; conduction band is accompanied
by blue coloration and an increase in the absorbance intensity in the 400 nm ~ 1000
nm wavelength. Therefore, the blue coloration can be useful in quantitatively
measuring the concentration of excited electrons. The absorption spectra of TiO; in
Figure 2.12 were recorded before and after 30 minutes of irradiation using a xenon
lamp. The broad absorption in the range of 400 nm to 900 nm arises when the

electrons were stored or trapped in the conduction band of the TiO; nanoparticles.

100nm* EHT = 15.00 kV Signal A = InLens
WD= 4mm User Name = TRAINING

Figure 2.11 The SEM image of TiO; nanoparticles in the thin film.
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Figure 2.12 Absorption spectra of TiO; thin film. The black line was taken before
photolysis. The red line was taken after photolysis of TiO; nanoparticles.
The lines between them were taken when one aliquot Pd nanoparticle
solution was added to the system every 10 minutes (from top to bottom:

[Pd] = 15, 30, 45, 60, 75, 90 and 105 uM)

3.5.1 Charging and discharging of Pd nanoparticles

Electrons flow to Pd nanoparticles from photoexcited semiconductor. When

the metallic nanoparticles were introduced to the solution and contacted with TiO,

nanoparticles, the electrons transferred from conduction band to metallic

nanoparticles, attributed to the lower formal potential of TiO, conduction band. The



charging process take places during the interaction between TiO-’s electron saturated
conduction band and Pd nanoparticles. Since there were no other electron acceptors in
the system it could be assumed that the electrons were stored in the Pd nanoparticles.
Discharging of Pd nanoparticles. Iron (III) porphyrin is a well-known redox
system with significant potential for several environmental remediation processes.
The use of iron porphyrin for catalysis has been adopted in the remediation of toxic
organic compounds®®. We have demonstrated that conduction band electrons can
transfer to the Pd nanoparticles. We sought to investigate whether the stored electrons
in Pd could discharge and in doing so, could they reduce hemin (Fe'") to heme (Fe™).
Hemin exhibits a Soret peak at 405 nm while heme exhibits a Soret band at 420 nm.
These characteristics allow easy determination of the oxidation state of the iron
compound. When an aliquot of hemin was just injected (time = 0) to a solution of
charged Pd nanoparticles, the UV-Vis spectrum exhibited a peak at 405nm which

n

indicates the presence of Fe~ (Figure 2.13). During the 30 min equilibrium the

1

absorbance intensity of Fe decreased and a new peak at 420 nm appeared which

indicates reduction to Fe'. We proposed that charged Pd nanoparticles were

I

responsible for the reduction of Fe' to Fe" as illustrated in Scheme 2.1.

3.5.2 Charging and discharging of Ru nanoparticles

Similar to Pd nanoparticles, the Ru nanoparticles could obtain electrons

accumulated in the conduction band of TiO, nanoparticles (Figure 2.14). However,

HI

we found that Fe™' porphyrin could not be reduced to Fe" when added to the charged

Ru nanoparticles even after 2 days (Figure 2.15). It is reasonable to propose that Ru
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nanoparticle has poor capability in storing the electron but could quickly shuttle the

electrons to the electrolyte (scheme 2.2).

1.1 5 Fe (I1) (T=0)
«~ Fe (i) (T=30 min)
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Figure 2.13 Absorption spectra recorded after the deaerated Fe(IIl) porphyrin
(Hemin) methanol was just added to the irradiated TiO,-Pd nanoparticles

system (T=0) and equilibrium for 30 minutes (T=30 min).
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Scheme 2.1 Interfacial energy profile for semiconductor, metallic nanoparticles and
hemin interface. Er refers to the Fermi level of TiO; after attaining
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equilibrium with hemin. Er refers to the Fermi level of TiO, after
gaining equilibrium with metal nanoparticles and hemin.
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Figure 2.14 Absorption spectra of nanocrystalline TiO; films in deacrated methanol.
The spectra were taken before illumination, after illumination, and after

addition of aliquots of Ru nanoparticles.
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Figure 2.15 Absorption spectra recorded following the addition of Iron(III) porphyrin
to the irradiated TiO,/Ru suspension. The blue line was taken when
porphyrin was just added. The red line was taken after 100 minutes

equilibration.
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Scheme 2.2 Interfacial energy profile for semiconductor and Ru nanoparticles
interface. The rapid electron transfer from Ru to solvent occurs. The
Fermi levels of semiconductor and metal remain close to the redox
couple in the solution.
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4. Conclusion

The production of well-defined, monodisperse small metallic nanoparticles
(<3 nm) was achieved by using thioether as reducing agent and stabilizing ligand in a
one-step procedure. Because of the uniformity of the nanoparticles we were able to
study their electrochemical properties. The capability of double layer charging and
discharging within the nanoparticles enables the charge storage and release in a

controlled manner.
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CHAPTER 111

SYNTHESIS, CHARACTERIZATION AND ELECTROCHEMISTRY OF
PALLADIUM-RUTHENIUM BIMETALLIC NANOPARTICLES

1. Introduction

The ability to control the morphology of metallic and bimetallic nanoparticles
continues to be a challenging and significant area of research in nanoscale science.
Developing systematic synthetic approaches that provide uniform particles allows the
investigation of size-dependent chemical and physical properties. Straightforward
synthetic procedures that produce catalytic bimetallic nanoparticles in high yield and
with narrow size distributions are in much demand for both fundamental studies as
well as practical applications. Bimetallic nanoparticles have shown several
advantages and unique properties relative to their single metal counterparts'™.
Palladium and ruthenium are both excellent catalysts for several organic
transformations. Alloys containing palladium or ruthenium have shown catalytic

10, 11

activity toward hydrogenation , dehydrogenation'?, carbon-carbon cou ling
ydrog ydrog p

1617 "and oxygen reduction reactions'®. But the effect of each

reactions'> >, fuel cells
metal relative to the other on the overall properties of the alloy is still not completely
understood.

There are a few reports that describe the synthesis of bimetallic Pd-Ru
nanoparticles with well-defined morphology (“Well defined” means size distribution

having standard deviations of +0.3 nm and particle-to-particle elemental

compositional variations of +7%)'"%°. These methods include the core metal galvanic
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exchange reaction“, thermal decompositionzz, laser-induced melting, ultrasonic
synthesis, extracellular biosynthesis, photochemical reduction, dendrimer template

synthesis'® 12

, etc. Bimetallic nanoparticles adopt either an alloy morphology or they
could be layered or core-shell in structure. The resulting morphology depends on the
synthesis procedure used and the control over the nucleation and growth processes.
Developing synthetic strategies that allow easy access to monodisperse
bimetallic nanoparticles is therefore in high demand. Our laboratory has shown that
thioether-based ligands are excellent stabilizers and result in monodisperse
nanoparticles with controllable size®. Here, we report a new one-step approach for
the synthesis of bimetallic palladium-ruthenium (Pd-Ru) alloy nanoparticles. Pd-Ru
nanoparticles with a narrow size distribution were synthesized by the simultaneous
reduction of two metal salts in an organic solution and stabilized by thioether ligands.
The synthesis of these nanoparticles was accomplished by careful control of the
reaction temperature, time and reactant concentrations. Characterization and the

unique electrochemical properties of Pd-Ru bimetallic alloy nanoparticles were

investigated.

2. Experimental details

Materials. Palladium acetate [Pd3;(OAc)s], triruthenium dodecacarbonyl
[Ru3(CO);2] and ruthenium (III) acetylacetonate Ru[(CH;CO),CHs]; were obtained
from Strem Chemicals. TiO, nanopowder was purchased from VWR. Methyl

viologen was purchased from Frontier Scientific Inc. n-Dodecyl sulfide (93%) and all
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solvents including dry toluene, nitrobenzene, hexane, dichloromethane (DCM) and
ethanol were procured from Sigma Aldrich Chemicals. A custom-designed quartz
cuvette with a 1 cm path length was used for optical spectrometry. All glassware and
teflon coated stir bars were cleaned with aqua regia, thoroughly washed with DI water

and acetone, and dried in an oven before use.

2.1 Synthesis of Pd-Ru bimetallic nanoparticles

Synthesis of Pd-Ru bimetallic nanoparticles. Triruthenium dodecacarbonyl
(0.08 g, 1.25x10™ mol) was mildly heated in 30 mL of toluene. Next, palladium (II)
acetate (0.084 g, 1.25x10™* mol) and n-dodecyl sulfide ([CH3(CHy)11]:S) (1.38 g,
37.5x10"* mol) [mole ratio of Ru**:Pd**:ligand is 1:1:10] were added to the solution.
The solution was degassed for 15 minutes, followed by the introduction of nitrogen
gas. The solution was stirred and heated from room temperature to 110°C for
designated periods of time during which the solution gradually changed color from
bright red to dark brown. After the prescribed period of time, the dark colloid was
removed from the heating source and allowed to cool under nitrogen for 24 hours
with continued stirring. The particles were then precipitated using an equivolume
quantity of dry methanol, followed by centrifugation at 15K rpm for 2 minutes. The
black pellet was then washed with methanol and redispersed in a solution of
dichloromethane to give a brown colloidal solution.

An alternative method for making bimetallic Pd-Ru nanoparticles was
achieved by adding 0.084 g (1.25x10* mol) of palladium (II) acetate, 0.124 g
(3.75%10™* mol) of ruthenium (III) acetylacetonate and 1.38 g (37.5%x10”* mol) of n-
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dodecyl sulfide [mole ratio of Ru**:Pd**:ligand is 1:1:10], respectively to 30 mL of
dry toluene in a 250 mL round bottom flask. The flask was connected to a Schlenk
line which was connected to nitrogen and continuously stirred with reactions carried
out at 240°C for time intervals ranging from 30 minutes to 3 hours. The final product
was allowed to cool down under a nitrogen environment for 24 hours with continued

stirring.
2.2 Characterization of Ru-Pd bimetallic nanoparticles

High Resolution Transmission Electron Microscopy (HRTEM) and Selective
Area Electron Diffraction (SAED). HRTEM imaging was carried out at the Center for
Advanced Microscopy at Michigan State University. A JEM-2200FS with a field
emission gun was used and operated at 200 kV. The microscope was fitted with an
ultra-high-resolution (UHR) pole piece with the point resolution of 0.19 nm and high
angle dark field STEM resolution of 0.13 nm. The analytical work was done with the
attached Oxford INCA system with energy resolution of 140 eV. The images were
collected with a Gatan Multiscan camera which has a 1024 x 1024 resolution.

Powder X-ray Diffraction (XRD). The crystalline structure of Pd-Ru
nanoparticles were determined by powder X-ray analysis. X-ray diffraction patterns
were collected on a PANalytical X Pert Pro MPD in the Bragg-Brentano geometry.
The instrument was calibrated with a packed LaB6 powder in a 0.3 mm diameter X-
ray capillary tube before sample runs. The sample was scanned in a symmetric mode
with a step size of 0.05° at 300 s/step. The scan range at 26 was 30-90°. The x-ray

radiation was a Cu Kay, A = 1.5406 A. Phase analysis was performed using the X Pert
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High Score Plus with MDI JADE software and the ICDD PDF-2 release 2006
database.

To prepare samples for X-ray diffraction, the as-prepared Pd-Ru nanoparticles
were suspended in methanol to help precipitate the nanoparticles during
centrifugation. The collected nanoparticles were washed with methanol several times
before drying in a vacuum oven overnight. The dried powders were packed in a thin-
walled glass capillary tube for analysis.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements were acquired
using a Perkin Elmer Phi 5400 ESCA system with a magnesium Ka x-ray source.
Samples were analyzed at pressures between 10° and 10°® torr with a pass-energy of
29.35 eV and a take-off angle of 45°. The spot size was approximately 250 um’.
Atomic concentrations were determined using previously determined sensitivity
factors. All peaks were referenced to the signature C 1s peak for carbon at 284.6 eV.

Ultra-high vacuum XPS of the samples were recorded on a VG Microtech-
ESCA 3000 spectrometer, in vacuum at a pressure of 107 torr, pass energy of 50 eV
and using un-monochromatized Mg—K as the radiation source (photon energy of
1253.6 eV). Surface analyses by XPS spectra was carried out quantitatively in terms
of the binding energy (B. E.) values of various elements present on the catalyst
support after necessary C ls correction, especially taking into consideration the Pd

and Ru 3ds; and 3d5» B. E. values.

2.3 Differential Pulse Voltammetry (DPV) measurements of Pd-Ru bimetallic
nanoparticles

Electrochemical measurements were acquired using a BASi Epsilon
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potentiostat, To a deareated 1:1 (v/v) toluene/CH,Cl; solution, 0.1 M of the
electrolyte tetra-n-butylammonium hexafluorophosphate (TBAPFg) was added. DPV
measurements were carried out using two Pt wires (0.4 mm in diameter, area of 0.001
cm?) as the working and counter electrodes, respectively, and using Ag wire (0.5 mm
in diameter) as a quasi-reference electrode. Prior to use, the working electrode was
polished with 0.05 um Al;O; slurries and rinsed thoroughly with copious acetone.
Then, it was dried using a steam of N, gas or compressed air. The cell was purged
with N gas for at least 20 minutes before measurements were taken.

The scan rate was set at 20 mV/sec, the pulse amplitude was 50 mV, the
sample width was 17 ms, the pulse width was 50 ms, and the pulse period was 200
ms. The scan range was -1500 mV to 1500 mV. A background scan was conducted in

1:1 (v/v) CH,Cly/diphenyl ether (or toluene).

2.4 Charging and discharging study of Pd-Ru bimetallic nanoparticles

Irradiation of TiO: colloidal. The TiO, nanopowder (size range from 10 nm to
100 nm) was suspended in methanol solution in a quartz cuvette by sonication for at
least 10 minutes, forming a stable milky white solution. The cuvette was sealed with a
rubber septum and then purged with N, gas for at least 20 minutes before irradiation.
A Model 6271 ozone-free Xenon lamp (Newport) was used as the irradiation source.
The quartz cuvette containing TiO,-suspended methanol was irradiated for 5 minutes
and resulted in a blue suspension.

Charge transfer from TiO, to Pd-Ru nanoparticles. Pd-Ru alloy nanoparticles

were injected to the cuvette containing TiO, in methanol solution. Injection was
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carried out using an air-tight syringe.
Discharging of Pd-Ru alloy nanoparticles to methyl viologen. A deaerated
methyl viologen (1,1'-dimethyl-4,4'-bipyridinium) methanol solution was added to the

above cuvette (charged nanoparticles solution) using an air-tight syringe.

3. Results and discussion

3.1 Characterization of Pd-Ru bimetallic nanoparticles

The formation of nanoscale particles from metallic precursors includes
reduction/nucleation and growth/stabilization processes, which provides means for
controlling the nanoparticle size. Particle growth dynamics are due to the combined
consequence of two competing processes, nucleation of zero-valent metal atoms
forming particle cores (cluster cores) and passivation of the clusters by surface-
protecting ligands (Scheme 3.1)*. At activation temperature (240°C for both Pd and
Ru precursor), Obare has reported the profound influence of concentration,
temperature and reaction time to particles size as well as size distribution®™. We
demonstrated that at 240°C, particle size increased with increasing reaction time
(Figure 3.1). The data reveals that particle growth is dominant during the first 90
minutes. This is consistent with Ostwald Ripening™, where energetic factors cause
large particles to grow by drawing atoms from smaller particles because surface
molecules are energetically less stable. The particles size levels off after 90 minutes
due to the depletion of smaller particles as well as any free metal atoms that may be

present in solution.
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Scheme 3.1 Particle growth dynamics of metallic nanoparticles. The reduction of Pd
and Ru precursors by thioether prepared metal atoms for nuclei
formation. The particles grow bigger as large particles draw atoms from
smaller particles or small particles coagulate to form bigger particles.
Ligands stabilize particles from aggregation to form big particles at the
end of reaction.
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Figure 3.1 Reaction kinetics of Pd-Ru bimetallic nanoparticles. Particle sizes were
plotted with respect to the reaction time at 240°C. Particles continue to
grow up to 2 hours, but after 2 hours no further growth occurs.
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The transmission electron microscopy (TEM) image in Figure 3.2 shows that
the particles produced had a narrow size distribution with an average of 4.3 + 0.5 nm
in diameter when the reaction was carried out at 240°C for 30 min. The high-
resolution TEM image shown in Figure 3.3a reveals that the bimetallic nanoparticles
have crystal fringes with two lattice spacings of 2.68A and 2.59A. The angle is 130°.
Under a high beam of energy, during TEM analysis, the particles would melt and
form irregular shapes. Combined cubic close-packed Pd and hexagonal close-packed
Ru characteristics are reflected in the selected area electron diffraction (SAED) rings
(Figure 3.3b) and x-ray diffraction (XRD) pattern (Figure 3.4). Lattice fringes of
(111), (200), (220), (311), (222) correspond to Pd and (100), (101), (102) to Ru.
Table 3.1 gives the four main peak parameters, i.e., the peak position in degrees (°),
the d-spacing in A, the peak heights, the peak area, the relative peak area, the peak
resolution (FWHM), and the crystalline size (in nm) calculated using the Scherrer

formula.
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Figure 3.2 TEM image of 4.3 nm Pd-Ru alloy bimetallic nanoparticles. The inset is a
histogram of the particles counted vs. the average particle diameters.

Figure 3.3 (a) HR -TEM image and (b) SAED pattern of 4.3 nm Pd-Ru alloy
bimetallic nanoparticles.
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Figure 3.4 Powder XRD pattern of 4.3 nm Pd-Ru alloy bimetallic nanoparticles.

Table 3.1 Parameters of the four main peaks in Figure 3.4 XRD spectrum.

2-Theta d(A) Height Area Area% FWHM XS(nm)
38.967 2.3095 86 (6) 4754 (376) 100.0 2.286 3()
(0.077) (0.0088) (0.144)

44.778 2.0223 31(3) 3146 (423) 66.2 4.220 2(D)
0.331) (0.0284) (0.575)

66.509 1.4047 35(2) 2450 (270) 51.5 3.336 2(1)
(0.230) (0.0086) (0.318)

79.545 1.2041 36 (2) 2850 (386) 59.9 3303 32
(0.189) (0.0048) (0.483)

*Values in parentheses correspond to the estimated standard deviation (esd).



Both Pd and Ru transition metals are highly vulnerable to oxidation and
therefore it is important to fully characterize their oxidation states. Surface techniques
such as XPS provide information on atomic composition and the binding energies of
inner shell electrons of both the metal and the ligand on the surface of the bimetallic
nanoparticles. Tabuani and co-workers conducted an experiment in which they
monitored the reduction of Pd** to Pd® by XPS, and observed a progressive transition
of Pd?* (337.5 and 342.8 V) to Pd°® (338.0 and 341.3 eV)?. The ligand surrounding
the Pd nanostructures influences the Pd oxidation state. For example, Lu et al
revealed that the main component of Pd in thiol-stabilized Pd nanoparticles (either
crystalline or amorphous phase) was Pd’, which they were able to determine based on
the Pd 3d signal of 337.3 €V and S 2p signal of 162.3 eV*'.

In the acquired XPS spectra (Figure 3.5) for our Pd-Ru bimetallic
nanoparticles, the Ru(3d) peaks overlap with the C(1s) signal, therefore additional
scanning was performed in the 277 eV to 292 eV region (Figure 3.5b). Deconvolution
revealed that the signal within this region was the superimposition of C, RuOs, and
Ru’. The main portion of the signal was contributed by Cls arising from the
stabilizing ligand. Peaks of 282.84 ¢V and 287.01 ¢V indicate Ru®" (3d), and peaks of
280.69 ¢V and 284.86 eV indicated Ru’. The area ratio of these two groups indicates
the ratio of the compositions which was found to be 1:3 of Ru®"Ru’. Similarly, the
Pd (3d) region (from 333 eV to 347 eV) was repeatedly scanned and magnified
(Figure 3.5¢) to determine the Pd composition. Pd’ peaks located at 335.79 eV and
341.01 eV, and PdO; peaks located at 337.76 eV and 343.03 eV were observed. The
content of Pd® was found to be 10 times more than that of Pd*". Therefore, it could be

concluded that Pd-Ru nanoparticle synthesized by the simultaneous reduction of Pd
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and Ru precursors contains both metals as an alloy in mostly the zerovalent state.
Oxidized state Pd*" and Ru®" formed small portion of the surface atoms. Both XPS
and energy dispersive x-ray analysis (EDX) data (Figure 3.6) indicated that the two
metals exist at nearly 1:1 stoichiometric. A XPS peak found at 154 eV suggests the
presence of oxidized sulfur species (e.g., disulfides, sulfinates, and sulfonates) on Pd-

Ru nanoparticles, which is due to the stabilizer and its byproducts®’.

3.2 Electrochemistry of bimetallic nanoparticles

DPV is a sensitive electrochemical measurement for low concentrated ligand
stabilized nanoparticles solution, providing information not only the single electron
transfer from the metal core to ligands, but also size and disperity of nanoparticles.

Consecutive charging steps should occur at regular spacing

AV ==

where C is the capacitance of particle, e is the electronic charge. Quantized electron
transfer in single nanoparticles has been intensively studied by R.-W. Murray and

S.W. Chen, * but that of bimetallic alloy nanoparticles has not been reported.
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Figure 3.5 XPS pattern of Pd-Ru bimetallic nanoparticle in (a) full scale, (b) Cls
region, and (c) Pd3d region. To fit the Ru 3d line which is covered by Cls,
Ru(0) and RuOj; peaks were applied. To fit the Pd 3d line, Pd(0) and PdO;
peaks were applied.
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Figure 3.6 EDX spectrum of Pd-Ru alloy bimetallic nanoparticles.

The ability to control the size of these nanoparticles with diameters less than S
nm further provided the ability to study their electrochemical properties. Notable
work® done by R.W. Murray showed that metallic nanoclusters consisting of a few
hundred atoms or less exhibited molecule-like quantized double-layer (QDL)
charging capacitance. The concentric sphere capacitance model was found to
correlate well with diameters less than 3 nm. Nanoparticles with diameters larger than
4 nm did not show distinct redox peaks and did not exhibit molecule-like behavior for
metallic nanoparticles (Figure 3.7).

Surprisingly, for Pd-Ru alloy nanoparticles, QDL charge transfer was
observed in nanoparticles with diameters as large as 4.3 nm (Figure 3.8).
Furthermore, the size of the Pd-Ru bimetallic nanoparticles calculated using the

concentric sphere capacitance model was found to be 1.8 nm, whereas TEM imaging
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showed that the particles were 4.3 nm in diameter. Thus, the calculated size obtained
from the measured 4V value of 370 mV is much smaller than the measurement
obtained by TEM imaging. The discrepancy in the two values is 55%. Previous
studies on Au nanoparticles reported by others showed that the particles size
calculated by TEM measurements was in close proximity to the value obtained using
the concentric sphere capacitance model’*®. In one specific case, reported by
Crooks, an 11% discrepancy in the TEM measurement relative to the concentric
sphere capacitance model measurement for Pd nanoparticles was attributed the poor
imaging contrast by TEM for small particles®. It is not applicable in our case since
our Pd-Ru bimetallic nanoparticles have large diameters of 4.3 nm. Their unordinary
QDL charging behavior can be attributed to the interaction of the two metals in close
proximity to each other that lead to quantized double-layer charging. Such an
observation opens new opportunities for exploring the novel properties of bimetallic
materials with nanoscale dimensions.

Figure 3.9 shows the DPV spectra of five nanoparticle samples with different
sizes. The size was controlled through controlling the reaction time as illustrated in
Figure 3.1. Their sizes were measured using their TEM images. The DPV of 5.3 nm
particles (produced during a one hour reaction) displayed one reduction and one
oxidation peak both centered at -1.0V. Polydispersity in the early stage of particle
growth may contribute to this result. Longer reaction times (1.5 hours to 3 hours)
resulted in nanoparticles of 5.4 nm and 5.5 nm which show additional DPV peaks,
indicating the particles had narrow size distributions. The positions (reduction

potentials) of the peaks are listed in Table 3.2.
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Figure 3.7 DPV spectra of (a) Pd nanoparticles of 4 nm and (b) Ru nanoparticles of 4
nm.
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Figure 3.8 Differential Pulse Voltammograms of Pd-Ru bimetallic nanoparticles with
diameter of 4.3 nm.

The voltammetric waves are quasi-symmetric in the range -0.5V to -2.0V,
where three pairs of peaks represent three formal potentials for successive electron
transfer (only one pair for particles of 5.3 nm). Since each of the redox potentials are
very close for each sample, it suggests that the energy state configurations for the
nanoparticle samples that are produced in reaction time range of 1.5h to 3h are similar
to each other. Therefore, the DPV spectra agree with the size growth trend in the time
frame, namely, the growth of particles was hindered by the depletion of small
particles and free molecules. The results further support the Ostwald Ripening growth

mechanism for the nanoparticles.
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Figure 3.9 Differential pulse voltammograms of five Pd-Ru bimetallic nanoparticles
samples produced at varied reaction times at 240°C. Each sample was
prepared and quenched in varied reaction time.

Table 3.2 Formal potential and peak spacing for successive electron transfer.

Reaction Size measured | Formal potential (V), Peak spacing (AV)
time (hours) | in TEM (nm) | 1%, 2%, 3™ 4™

1.0 5.3 -1.00

1.5 5.4 -0.26, -0.89, -1.23, -1.65 0.63, 0.34, 0.40
2.0 5.5 -0.26, -0.93, -1.24, -1.65 0.67,0.31, 0.41
2.5 5.5 -0.26, -0.89, -1.16, -1.62 0.63,0.27, 0.46
3.0 5.5 -0.26, -0.93, -1.32, -1.68 0.67, 0.39, 0.36
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3.3 Charging and discharging of Pd-Ru bimetallic nanoparticles

The urgent demand for renewable and sustainable energy has resulted in a
surge of investigations on the use of nanoparticles, particularly in charge transfer
processes. Photoexcited semiconductor nanoparticles undergo electron transfer to
reach charge equilibration when they are in contact with metal nanoparticles. We
showed in Chapter 2 that both Pd and Ru independently were able to accept electrons
when brought in close proximity to charged TiO, nanoparticles. Charged Pd
nanoparticles were able to discharge the electrons. However, charged Ru
nanoparticles were unable to discharge to nearby redox couples. Here, we sought to
determine the charging and discharging properties of Pd-Ru bimetallic alloy
nanoparticles. A TiO, nanopowder suspension in methanol was prepared resulting in
a white colored solution as shown in Figure 3.11a. The solution was placed in a
cuvette, sealed with a septum and purged with nitrogen. The solution was then
irradiated using a Xenon lamp. After 5 minutes of irradiation, the color of the solution
changed to blue (Figure 3.11b). This blue coloration is attributed to the reduction of
Ti(IV) to Ti(Ill), or the accumulation of electrons in the conduction band of TiO,.

Injection of an aliquot of Pd-Ru bimetallic alloy nanoparticles to the irradiated
TiO, (in the absence of irradiation) resulted in the blue discoloration and the
appearance of a light yellow color corresponding to the alloy nanoparticles (Figure
3.11c). This color change suggests that the Pd-Ru nanoparticles could possibly trap
the electrons that were initially stored in TiO,.

Methyl viologen (MV*") was used as a redox couple to determine whether the

particles stored in the Pd-Ru bimetallic nanoparticles could be discharged. A
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methanol solution of MV>" was prepared resulting in a colorless solution. Upon

addition to the charged Pd-Ru nanoparticles, a bright blue solution (Figure 3.11d) of

reduced MV?** in form of MV formed as illustrated in the equation below>™.

CH,

CHs

Mv2+

Colorless

CHj;

Mv*

Blue

Figure 3.10 The result of the reaction of electron-rich particles with MV>*.

The reduction of MV** to MV" can be attributed to electron transfer through the

discharge from the Pd-Ru nanoparticles to the MV>". It appeared that Pd-Ru

nanoparticles behavior was similar to Pd nanoparticles alone where the electrons

reside in the metal and are able to flow to the redox couple in the solution®®. Thus,

this work clearly shows the capability of Pd-Ru alloy bimetallic nanoparticles to store

electrons from irradiated semiconductor and release the accumulated electrons redox

couples in solution.



Figure 3.11 Solution color changes that occur when Pd-Ru bimetallic nanoparticles
were brought in close proximity to irradiated TiO,. (a) N, purged TiO,
nanopowder suspended in methanol. (b)TiO; solution in methanol after
5 minute irradiation using a Xenon lamp. (c) Addition of an aliquot of
deaerated Pd-Ru nanoparticles solution to the irradiated TiO; solution.
(d) Formation of MV" by electron transfer from charged Pd-Ru
bimetallic nanoparticles to MV>*,

4. Summary

In conclusion, monodisperse Pd-Ru bimetallic alloy nanoparticles were
synthesized by the simultaneous reduction of Pd and Ru precursors using n-dodecyl
sulfide as both a stabilizing ligand and reducing agent. The electrochemical
measurements obtained by differential pulse voltammetry demonstrated the single
charge transfer properties for 4.3 nm bimetallic nanoparticles, which have not
previously been measured nor observed in alloy nanoparticles. These particles were
found to accept charge when brought in close proximity to charged semiconductor
nanoparticles. Discharge of the stored electrons on the Pd-Ru nanoparticles occurred
when MV?* was brought in contact with the charged nanoparticles. These results
demonstrated the ability of quantized nanoparticles to serve as electron carriers and

discharge the electrons as needed.
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CHAPTER IV
FABRICATION AND CHARACTERIZATION OF METALLIC NANOWIRES

1. Introduction

One dimensional metallic nanostructures (such as nanowires, nanotubes and
nanorods) are of great scientific and practical interest. Their unique structures offer
various opportunities for advancements in materials science, biology, biomedical
sciences, electronics, optics, magnetism, energy storage, and electrochemistry.

Nanoscale metal structures have interesting optical, electronic,
electrochemical, and magnetic properties that are composition, size and shape
dependant’. For example, Au and Ag metallic nanorods have displayed unique optical
properties with respect to their aspect ratio”>. Au nanocylinders have found decorative
and protective applications similar to gold nanoparticles. A number of one
dimensional nanostructures with high aspect ratio have been found to display electron
transport properties and improved conductivities" *. In this regard, gold nanowires
have found applications as electrodes to offer opportunities to study the kinetics of
charge-transfer processes that are too fast to measure at conventional macroscopic
electrodes’. Additionally, conductive metal nanowires have been used as an electron
source of high effective field emission due to their superconducting properties®.
Magnetic nanowires were commonly studied for clinical applications, such as cell

separation, thermotherapy and drug delivery by using their high response to external
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magnetic field that can be easily manipulated.

While a number of methods including lithography, chemical vapor deposition,
physical vapor deposition, sol-gel deposition, chemical polymerization, and vapor
liquid solid growth have been used for the fabrication of nanowires, electrochemical
deposition is becoming an increasingly attractive method for the synthesis of new
materials and nanostructures. Traditionally, electrochemistry has been used to grow
thin films on conductive substrates. Electrochemical deposition could be a convenient
way of generating one dimensional nanostructures by simultaneously controlling the
dimensions, properties, and morphology. The use of mild reaction conditions (low
temperature and low cost) makes electrochemical deposition a competitive technique.

Most electrochemical deposition methods for nanowire synthesis are based on
the use of “templates”. A notable method was pioneered by Charles R. Martin for the
fabrication of metallic and semiconductor nanowires and nanotubes’’. In this case
the templates used were nanoporous membranes having cylindrical shaped pores of
controllable pore diameter and with a narrow size distribution. The metal atoms were
electrochemically reduced and deposited inside the nanopores and then formed one-
dimensional structures. In this chapter, the synthesis and characterization of one- and
two-component metallic nanowires will be discussed. Scanning electron microscopy
(SEM) was used to image the nanowires and confirm their size and shape. The
elemental composition of the nanowires was determined by energy-dispersive x-ray

spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS).



2. Experimental details

Materials. Anodic aluminum oxide (AAQO) membranes were purchased from
VWR and used as received. Au plating solution (2.5 DWT/Qt) and Ag plating
solution (Technic Silver 1025) were purchased from Technic Inc. Copper sulfide
(CuS0y), boric acid (H3BO3), titanium (III) chloride (TiCls), sodium hydroxide
(NaOH) and folic acid were obtained from VWR and used without further
purification. Riboflavin 5’-phosphate sodium (flavin mononucleotide (FMN)) was

purchased from Sigma Aldrich Company and used as received.

2.1 Synthesis of one component nanowires

One surface of AAO membranes was sputter coated with an 80 nm thick film
of Au. The electrolyte used and the current applied for various metallic nanowires are
listed in Table 4.1. After 1 hour deposition, the AAO membrane was dissolved in 6M
NaOH for about 20 minutes, followed by sonication for about 5 minutes. The NaOH
solution was centrifuged at 8K rpm for 2 minutes. The isolated solid sample was
redissolved in water and sonicated in ethanol for cleaning. The sample was dried in a
vacuum dessicator overnight. SEM images were obtained by attaching the dried

sample to a carbon tape.
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Table 4.1 Electrolyte and voltage needed for one component nanowire fabrication.

Nanowires Electrolyte Applied current

Ag nanowires | Technic Silver 1025 2 mA (Pt gauze as counter
(contains KCN, K,CO;, KAg(CN), | electrode)
and pH = 10 ~12)

Au nanowires | Orotemp 24, 2.5 DWT/Qt 2 mA (Pt gauze as counter
(contains KCN, citric acid, electrode)
KAu(CN); and pH = 5~7)

Cu nanowires | 0.02 M CuSO4 and 0.5 M H;BO; 4 mA (Pt gauze as counter
electrode)

Au nanotubes | Orotemp 24, 2.5 DWT/Qt 26 mA (Pt gauze as counter
electrode)

2.2 Synthesis of two component nanowires

Synthesis of Ni-Au two component nanowires. The procedure for making
Ni/Au two-component nanowires employed a sequential electrodeposition method.
Initially, a small amount of Ni was electrodeposited from a 0.2 M NiCl,, 0.5 M
H;BO; aqueous solution at -1.5V (vs. Ni wire) for 30 minutes. Then the plating
solution was switched to a gold plating solution (2.5 DWT/Qt, Technic Inc.). By
applying constant current 3 mA (I cm x 1.5 cm platinum gauze as reference
electrode) for 1 hour, metal gold was deposited on top of the Ni nanowire segment
that was initially formed.

For making Au coated Ni nanowires, the Au shell was first formed by
applying 26 mA constant current in a Au plating solution for 30 minutes. Then the

solution was switched to Ni plating solution and the counter electrode was switched
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to a Ni wire. A constant voltage of -1.5 V was applied for 20 minutes allowing the
deposition of Ni to take place.

Nanowires suspended in low viscosity liquid such as water, ethanol, and 2-
propanol precipitate from the solution in a time frame of a few minutes. Magnetic
nanowires like Ni nanowires aggregate due to interwire magnetic forces. For better
suspension and to avoid aggregation, nanowires should be kept in more viscous
media such as ethylene glycol .

Synthesis of metallic alloy nanowires. Alloy nanowires were fabricated by
modulating the potential in a solution that contains two different metal ions. Ag-Au
alloy nanowires was grown in an electrolyte containing 20% Ag plating solution and
80% Au plating solution under an applied constant current of 2 mA (vs. Pt gauze) for
1 hour. The electrolyte for making Ni-Cu alloy nanowires was 0.2 M NiCl,, 0.5 M
H3BOs; and 0.02 CuSO4 aqueous solution and the applied voltage was -1.5V (vs. Ni
wire) for 30 minutes. Au-Cu alloy nanowires could be obtained by applying 2 mA
constant current (vs. Pt gauze) in the presence of an electrolyte consisting of Au
plating solution (Orotemp 24) and 0.04 M CuSOQs, for 1 hour. The electrolyte for
fabrication of Ti-Ni alloy nanowires contained 0.2 M NiCl, and 0.05M TiCl; and HCl
(pH = 4). Ti-Ni alloy nanowires were formed under a potential of -1.5 V (vs. Ni

wires) for 1 hour.

2.3 Functionalization of Ni nanowires

Magnetism measurement of folic-acid coated Ni nanowires. The nanowires
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were washed with ultra-pure water, followed by ethanol. The dried nanowires were
suspended in a folic acid aqueous solution at room temperature by stirring the
solution for 24 hours to ensure the binding. Then folic acid coated nanowires were
washed and dried before magnetism measurement by SQUID magnetometer
(Quantum Design, MPMS?7). The preweighted dry sample (bare Ni nanowires or folic
acid coated nanowires) was put inside a small plastic bag and carefully sealed to
avoid sample loss. The sealed bag was inserted into a plastic straw to make a sample
rod which will float in the center of the magnetic field. The magnetization vs. strength
of external magnetic field (M-H) curves at temperatures of 3K, 100K and 300K were
recorded. The contribution of the plastic container was considered to correct the
molar magnetic susceptibilities. The saturation magnetization (M;), remanence
magnetization M, and coercive field (Hc) were determined”’. The relationship
between magnetic field strength (H) and magnetization () is not linear in magnetic
materials. If the relationship between the two is plotted for increasing levels of field
strength, it will follow a curve up to a point where further increases in magnetic ficld
strength will result in no further change in magnetic moment. This condition is called
magnetic saturation (Ms). After an external magnetic field is removed, the
magnetization left behind in the material is remanence magnetization (M,). The
opposite magnetic field required to reduce the magnetization of the tested material to
zero 1is coercivity (or coercive field (Hc)).

Fluorescence study of FMN coated Ni nanowires. The terminal phosphonic
acid groups of flavin mononucleotide (FMN) are hard bases and bind with high
affinity to hard acid like Ni'%. The surface binding took place in 24 hours reaction of

5 mM concentration of FMN with 10° Ni nanowires. The solution was then
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centrifuged and the supernatant was decanted. The precipitated nanowires were
resuspended in ethanol for washing off the excess FMN. The procedure was repeated
till no FMN could be measured in the supernatant solution. The fluorescence
microscope image was taken in Nikon Eclipse E600 Microscope with the filter that

allows the emission wavelength of 460~500 nm.

3. Results and discussion

An electrochemical deposition method'® was used to fabricate metallic and
bimetallic nanowires of various compositions. Anodic aluminum oxide (AAO)
membranes were used as templates for the nanowires. As illustrated in Scheme 4.1,
the holes are equally distributed and the cylinder shapes are uniform. The thickness
and pore density of AAO membranes are about 4 um and 10'® cm™, respectively.
Templates with pore diameters of 20 nm, 100 nm and 200 nm are commercially
available and were formed by anodic oxidation of aluminum metal in a solution of
sulfuric, oxalic, or phosphoric acid'®".

Scheme 4.1 shows a schematic representation of the electrochemical
deposition process. Electrodeposition of a material within the pores of the matrix is
preceded by coating one face of the template with a metal film and using this metal
film as a cathode or anode for electroplating. A vacuum evaporation method using a
sputter coater can form very thin and uniform monolayer of metal film. Some metal
eutectic or conductive paints may be used to provide conductivity, but the efficiency

is typically low relative to sputter coating. Au, Cu and Ag are the most frequently



used metals for coating. Under an applied potential, ions in a plating solution are
oxidized or reduced to the nanowire material. The pore volume is continuously filled
up from the pore bottom. The thickness of the membrane determines the maximum
length of the resulting nanowires. The amount of time applied during the deposition
process was used to control the length the resulting nanowires. After the nanowires
with desired length formed, the setup was disconnected, and the AAO membranes are
dissolved in strong base such as 6M NaOH and resulted in free standing nanowires.

A typical experimental setup is illustrated in Scheme 4.2. Here, the AAO
membranes are attached to an indium tin oxide (ITO) coated glass slide and a thin Au
film serves as a contact between the AAO membrane and the indium tin oxide. The
conductive ITO glass slide served as working electrode. A Pt gauze was used as both
the reference and the counter electrode during the fabrication of gold, silver and
titanium nanowires. For the fabrication of Ni and Cu, the Ni wire and Cu wire were
used as both reference and counter electrodes, respectively.

Chronoamperometry (/-f characteristics) was used to study the growth of a
complete pore-filling process. Four different stages of the pore-filling process could
be distinguished. Scheme 4.3 shows a typical /- curve that simulates the current
change during the growth of metallic nanowires. Initially, a rapid increase in current
is ascribed to the charge of the electrical double layer. Since the deposition current
depends on the mass-transport conditions and effective surface area of the electrode,
the recorded J-¢ curve during deposition reveals four different stages?®: 1) Metal
started to form on the bottom of the channel. The current drop was due to slow mass
diffusion process inside the small channel. 2) Metal grew to fill the channel. The

current slightly increases because of the shortened diffusion distance. 3) Metal started

109



to grow over the top of the channel. The working electrode surface became bigger
which gave rise to the increase of the current. 4) Metal connected to form a film on
the top of the membrane. The current stabilized in this stage because of the constant
working electrode area. When the reaction was stopped in stage 2, isolated and

separated nanowires could be obtained after the membrane was dissolved.
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Scheme 4.1 Schematic representation for the electrochemical deposition method.
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Scheme 4.2 Schematic representation of the experimental setup for making metallic
nanowires.
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Scheme 4.3 Different stages of pore-filling process during electrochemical deposition
of metallic nanowires. Electrochemical reduction current, /, was plotted
as function of time, ¢. 1) Metals beginning to grow into the wires; 2)




metals growing to fill up the pores; 3) metals growing over the channel
and 4) connecting to form a film.

3.1 Synthesis and characterization of one component nanowires

Figure 4.1-4.3 display the nanowires that are composed of Au, Ag and Cu,
respectively. EDAX analysis revealed that the Au and Ag nanowires were exclusively
made of Au or Ag, respectively. The morphology of Au, Ag and Cu nanowires
visualized by SEM showed that they are 200 nm in diameter, and the lengths are in
the range of a few micrometers. Because of the growth rate of different metal is
different under their applied voltage, the same deposition time may result in various
lengths for each of the metal nanowires. The Au and Ag nanowires have high
mechanical strength, thus no bending or pits were observed from SEM images. While
in the case of Cu nanowires the surface was not smooth as for Au or Ag, it may
suggest that the Cu nanowires were fragile and easily broken during the isolation
process.

The applied voltage or current determined the growth rate of the nanowires
and in some cases the structures of the nanomaterials. Figure 4.4 displays the Au
nanotubes with a length of 1 to 2 pm. They were synthesized when the applied
current was set to 26 mA, which was much higher than that applied for the fabrication
of Au nanowires. Under a high applied potential, metal ions diffused into the AAO
membrane pores and were preferentially deposited on the pore wall to form
nanotubes. This method only produced short metallic nanotubes. When longer

deposition time was used, the metal ions would fill up the tube to form solid wires®'.
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However, the overall method provides a straightforward technique to fabricate
nanotubes with any electroplatable material. Nanotubes have potential applications

because of their hollow structure, ranging from agents for drug delivery to solar cells.

i 1 p 3 4 5 6 7 8 g 10]
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Figure 4.1 SEM image and EDAX spectrum of Au nanowires. The nanowires were
held together by the undissolved Au film at the surface. The diameter of a
single nanowire was 200 nm and the length was 8 pm.
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Figure 4.2 SEM image and EDAX spectrum of Ag nanowires array. Nanowires were
attached on Au film which folded during the preparation. The diameter
was 200 nm and the length was 3 ym.
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Figure 4.3 SEM image of Cu nanowires. The surface of the nanowire is rough and is
attached to membrane residues. The average diameter was 200 nm and the
length ranged from 4 to 5 pm.
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Figure 4.4 SEM images of Au nanotubes.



3.2 Synthesis and characterization of two component nanowires

Multi-component nanowires are materials with a wide range of applications.
SEM images (Figure 4.5) shows the Au/Ni nanowires, where all components can be
distinguished from each other by the difference in the shade which is due to the
difference in electron density of the two elements. The order of each component can
be manipulated as desired, such as the Ni/Au/Ni three segments nanowires in Figure
4.5b.

Carefully controlling the right deposition voltage, hollow Au nanotube
structure could be achieved, leading to the formation of Au coated Ni nanowires.
Figure 4.6 shows the Au coated Ni nanowires. Ni was deposited inside the as-
prepared Au nanotubes. Therefore, magnetic nanowires covered with a new surface

were generated.

(2
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Figure 4.5 SEM images of Au/Ni two components metallic nanoparticles. The
arrangement of Au and Ni component could be controlled as desired: (a)
Au component was on top of Ni component, (b) one more Ni portion was
grown on the Au component forming a three segment structure.
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Figure 4.6 SEM of Au coated Ni nanowires. Ni was deposited inside the Au
nanotubes.
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3.3 Synthesis and characterization of alloy nanowires

The co-reduction of two metal ions co-existing in an electrolyte solution was
used to produce metallic alloy nanowires. The composition of the two metals was
controlled by adjusting the concentration ratio of both ions in the solution. Figure 4.7
shows an SEM image of Ag-Au alloy nanowires and the corresponding EDAX
spectrum confirming the elemental composition of the Au and Ag. When the Au and
Ag plating solution were mixed in a 4:1 ratio the resulting alloy contained 9 part Ag
and 1 part Au. This was determined from the electrochemical reduction reaction rate
of each metal under the applied potential and the concentrations. By adjusting either
or both of the parameters, the composition ratio can be varied as desired. In this
manner, Ni-Cu alloy nanowires with the composition ratio of 2:1 (Figure 4.8) and
Au-Cu alloy nanowires with the composition ratio of 1:2 (Figure 4.9) were
synthesized. Figure 4.10 shows the Ti-Ni alloy nanowires which are shape-memory
materials. Their shape-memory properties (such as transition temperature, yield
strength) are related to their composition. The 1:1 ratio of Ti:Ni was synthesized in
the electrolyte that contain 1:4 ratio of Ti and Ni precursors. The resulted nanowires
look soft and smooth in surface. They tended to form bundles by bending to each

other.
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Figure 4.7 SEM image and EDAX spectrum of Ag-Au alloy nanowires array. The
atomic ratio of Ag:Au was 9:1. The length was about 2 pm and the
diameter was 250 nm.
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Figure 4.8 SEM images and EDAX spectrum of free standing Ni-Cu alloy nanowires.
The atomic ratio of Ni:Cu was 2:1. The length was about 2 pm and the
diameter was 100 nm.
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Figure 4.10 SEM image, EDAX spectrum of Ti-Ni alloy nanowires array. The
atomic ratio of Ti:Ni was 1:1. The length was about 14 pm and the

diameter was 200 nm.

3.4 Fluorescence on FMN coated Ni nanowires

The integration of biomolecules with nanostructured materials is significant
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toward advances in bionanotechnology, where it is often required to develop
materials that are biocompatible and can interact selectively with biological entities.
Reich' and Meyer® introduced hydrophilic and hydrophobic groups to different
segments of a nanowire to produce multi-functionality. Surface functionalization of
nanoparticles or nanowires has potential applications in disrupting protein-protein
interactions, regulating DNA transcription, gene transfection, etc?™ 2, Here, we
demonstrate the functionalization of a fluorescent biomolecule onto magnetic Ni
nanowire surface.

Flavin mononucleotide (FMN) is important in regulating biological processes
such as electron transport. The phosphonic acid group in FMN is a hard Lewis base
and therefore binds strongly to Ni which is a hard Lewis acid (Scheme 4.4). Figure
4.11a shows an optical microscope image of unfunctionalized Ni nanowires, while
Figure 4.11b shows a fluorescence microscope image of FMN-functionalized Ni
nanowires. The brightness shown in Figure 4.11b is due to the fluorescence of the

FMN at the Ni surface.

Scheme 4.4 Schematic illustration of FMN attaching to Ni surface through
phosphonic acid group.
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Figure 4.11 (a) Optical microscope image of Ni nanowires and (b) fluorescence
microscope image of FMN functionalized Ni nanowires.

3.5 Magne}ism of Ni-Au two component nanowires and biomolecule coated Ni

nanowires

The Ni nanowires and the two-component nanowires containing Ni as one of
the segments were found to be very sensitive to an applied magnetic field. In fact, the
wires were easily attracted to a bar magnet in close proximity. Magnetic nanoparticles
have potential applications as high recording density media, thermotherapy and in cell
separation. The magnetic measurements for Ni nanowires 200 nm in diameter and 6
pm in length (Figure 4.12a) at different temperatures show hysteresis loops and the
magnetic strength is not affected by temperature. Two component nanowires
consisting of a Ni segment and a Au segment displayed comparable magnetization
behavior as the nanowires consisting exclusively of Ni metal (Figure 4.12b and Table
4.2). The slight decrease in the saturation magnetization (M;), coercivity (Hc¢) and

remanence magnetization (M,) may be due to Ni segment being short in length.
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Figure 4.12 SQUID spectra of (a) Ni nanowires of 200 nm in diameter and 6 pm in
length and (b) Ni-Au two component nanowires of 200 nm in diameter
and 2 pm in length for Ni potion and 4 pm for Au portion. The spectra
were recored at 3K, 100K and 300K.



Table 4.2 The saturated magnetization (M), hysteresis (H), and remanence

magnetization (M,) of Ni nanowires and Ni/Au nanowires in 3K, 100K and 300K.
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Ni nanowires Ni/Au nanowires

M; H M, M; H M,

(emu/g) (Oe) (emw/g) emu/g) (Oe) (emw/g)
3K 0.12 160 0.027 0.11 150 0.016
100K 0.11 140 0.022 0.10 110 0.011
300K 0.10 100 0.016 0.10 90 0.009

It is important to determine that the surface coverage by ligands will not
decrease the magnetic strength of the nanowires, since the inherent magnetic
properties are essential in biological applications, such as cell separation, bio-
imaging, therapeutics and diagnosis. Therefore, in addition we examined the
immobilization of folic acid, at the Ni nanowire surface. Folic acid is an important
molecule with biological activity. It is highly expressed in most cancer cells by being
involved in one-carbon transfer reactions that are important in DNA synthesis and
replication, cell division and growth®. Folic acid is essential for the rapid
proliferation of malignant cells’® ?’. Folic acid has been used for receptor-targeted
drug delivery®® %, Folic acid has a terminal carboxylic acid group which is also a
hard base and therefore binds to the Ni which is a hard acid*®*'. Figure 4.13 exhibits
the SQUID hysteresis curve of Ni nanowires after surface functionalization with folic
acid. Remanence magnetization (the magnetization that persists even when the field
decreases to 0 Oe) is 35% of the saturated magnetization when the field was absent.

We also have observed highly enhanced coercivitiy of 250 Oe, which should be
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compared with the value of a few tens of oersteds for bulk Ni. The coercivity agrees
well with the reported magnetism of bare Ni nanowires®, where the nanowires were
aligned parallel to the external magnetic field. These results show that the magnetic

properties of Ni nanowires are not affected by surface functionalization.
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Figure 4.13 Magnetism measurement of folic acid-functionalized Ni nanowires.

4. Summary

Metallic nanowires with controlled diameter and aspect ratios were grown in
AAO membranes using a facile electrochemical deposition method. The morphology
and structure of the metallic nanowires could be manipulated by tuning the synthetic
parameters such as deposition time, electrolyte concentration, deposition voltage or
current, or the pore size of the membrane. Bi-segmented or multi-segmented
nanowires were accomplished by electrodepositing one metal, then switching the

electrolyte solution in order to grow another segment on top of the other. Alloy



nanowires were fabricated by simultaneously reducing two electrolytes under an
appropriate voltage. Binding with organic molecule through hard base and acid
interaction provides surface functionalization to nanowires. The magnetic properties
of Ni nanowires were unaffected by functionalizing their surface with small

biomolecules.
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CHAPTER V

SYNTHESIS, CHARACTERIZATION AND MAGNETISM OF METALLIC
PALLADIUM AND BIMETALLIC PALLADIUM-RUTHENIUM
NANOWIRES

1. Introduction

Magnetic materials are important for a wide range of applications including
data recording, magnetic resonance imaging, cell separation, drug and gene delivery,
and as biosensors. One of the interesting findings we sought to study is to understand
how magnetism was affected within the nanowire size regime.

Magnetism in materials is ascribed to the presence of unpaired electrons in the
atomic structure of magnetic materials. Electron spinning creates a magnetic moment
with 1 Bohr magneton, yp. Spinning in the opposite orientation in paired electrons
cancel out the magnetic moments. Unpaired electrons induce magnetic moments to
the 3d elements Fe, Co, and Ni. In the bulk form, the delocalization of the atomic
orbitals disperses distinct energy levels to the energy bands. But unlike 4s orbitals,
the inner 3d orbital have a certain degree of localization (partial delocalization),
which could induce a magnetic moment. A recent study showed that magnetic
moments was greatly enhanced in nanoscale clusters'. It was found that the cluster
size affected the magnetism due to the quantity of surface atoms'. In the center of the
bulk, the electrons spin in a random direction, therefore, the disordered arrangement

counteracts the overall magnetic moment. The surface atoms have reduced number of
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nearest neighbors, which causes the 3d electrons to be more localized in comparison
delocalization in bulk center. It was suggested that the surface atoms are atom-like
and the deeper layers atoms are bulk-like.

In the bulk form, 4d elements, like Pd and Ru do not exhibit any magnetic
moment, although they have very similar electronic configurations with the 3d
magnetic elements Ni and Fe, respectively. The Pd atom has a nearly closed shell
with a 4d'%%5s° electronic configuration, where & =~ 0, while Ru has a 4d’5s’
configuration, where an open 4d shell has magnetic moments of 3 u.2 It is reasonable
to expect Pd and Ru to show magnetic moments at the nanoscale, since previous
theoretical calculations and experimental data have showed the existence of
magnetism in nanoscale Ru and Pd*®.

Theoretical calculations on 4d transition metals (particularly Pd clusters) have
proposed the existence of magnetism in low dimensional systems, such as clusters,
nanowires or ultrathin films> > !°. For instance, 13-atom clusters of 4d elements were
theoretically expected to possess magnetic moments as a result of the reduced
dimensionality and the enhanced electronic degeneracy due to the symmetry of the
cluster!!. Small Pdy; clusters were observed to exhibit ferromagnetism, while Rhy;
and Ru,3 clusters were partially magnetic, with an antiferromagnetic orientation of the
moments on the central atoms in Ru clusters'” '2. The large spin-orbit coupling and
their orbital moments are quenched in the solid. The ferromagnetic ordering was
assumed to lie only in the top most layer of the particle surface, while the rest of the
particle remains diamagnetic, as in the Pd bulk’’.

Experimental data that has been reported showed that the magnetism of Ru

and Pd depends on the size of cluster. Appearance of magnetic moment in Pd clusters



with diameter less than 14 nm was observed, which was ascribed to the
ferromagnetism of surface atoms®™ '* ', For example, Pd nanoparticles containing
500 atoms (2.4 nm size) inside the apoferritin cavity exhibit permanent magnetism up
to room temperature'®. Even thin films of Pd may exhibit an irregular magnetic
behavior as a function of film thickness'” '®. For nanosized films, fruitful
experimental and calculated results verify the ferromagnetism of Ru and Pd when
deposited on the noble metal substrates.

Experimental studies to measure the magnetism of Pd-Ru bimetallic alloy
nanowires have not been reported. In this chapter we will investigate the magnetism
that arises in anisotropic nanowires made of Pd or Ru alone, and Pd-Ru alloy to study

the effect of localization of large amount surface electrons on magnetism.

2. Experimental details

Materials. Anodic aluminum oxide (AAO) membranes (Whatman) were
purchased from VWR. Ru plating solution (Ruthenium U concentrated @ 20 g/L)
was purchased from Technic Inc. Palladium (II) chloride (5 wt. % solution in 10 wt.
% HCI) was obtained from Sigma Aldrich Company. Sodium hydroxide, methanol

and other solvents were procured from VWR.

2.1 Synthesis of Pd, Ru and Pd-Ru alloy nanowires

Scheme 4.2 in chapter IV shows the experimental setup for making Ru and Pd

nanowires. Briefly, one surface of an AAO membrane was sputter coated with a thin
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film of gold, and was attached to an ITO coated glass slide to serve as the working
electrode. Platinum gauze was used as both reference electrode and counter electrode.
Ru plating solution was 0.04 M Ru salt aqueous solution. Pd plating solution was
0.03 M for PdCl; aqueous solution. Pd-Ru alloy plating solution consisted of an
aqueous solution of 0.003 M Pd salt and 0.01 M Ru salt. For all three kinds of
nanowires, 3 mA constant current was applied for the reduction of metal salts, which
deposited on the bottom of the membrane channel. After deposition, the alumina was
dissolved in 6M NaOH solution, releasing the nanowires from the membranes. In the
water suspension, the nanowires could be collected by centrifugation, washed with
milli-Q water (Millipore) five times, and twice in 70% ethanol before drying in the

vacuum.

2.2 Characterization of Pd, Ru and Pd-Ru alloy nanowires

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray analysis
(EDAX). The nanowires were imaged by SEM and their composition was analyzed by
EDAX. 1puL of nanowires suspended in ethanol was placed on carbon tape and the
tape was attached to an aluminum stub. The samples were allowed to dry before
imaging. No additional conductive coating was required. The acceleration voltage
was set to 3 kV and the working distance was set to 3 mm.

X-ray Diffraction measurement (XRD). XRD measurements for Pd or Ru
nanowires were measured on a PANalytical X’Pert Pro Materials Research
Diffractometer (MRD) in Bragg-Brentano geometry. For the incident beam path, the

fixed divergence and the anti scatter slits were % © and % °, respectively, with a 0.04



radian Soller slit and a 10 mm beam mask. For the diffracted beam path, the RTMS
(real time multi-strips) X’Celerator detector was equipped with a 0.04 radian Soller
slits, a 5 mm anti scatter slit and a Ni filter. The detector active length was 2.122°,
Samples were placed on a Si (111) wafer. Pd nanowires were scanned in a symmetric
mode with a step size of 0.05° at 1 min/step. The scan range at 20 was 35-60°. The x-
ray radiation source was Cu Ka;, A = 1.5406 A. Phase analysis was performed with
the X’Pert High Score Plus and the MDI JADE+ software and with the ICDD PDF-2
release 2006 database.

Pd-Ru bimetallic alloy nanowires were scanned in a symmetric mode with a
step size of 0.03° at 2 min/step. The scan range at 26 was 33-90°. For the incident
beam path, a hybrid mirror/monochromator and a capillary anti scatter attachment
with a 4° divergence slit was used. The sample was placed in a capillary spinner
sample stage. In the diffracted beam path, the RTMS (real time multi-strips)

X’Celerator detector was equipped with an anti scatter shield (no Soller slits).

2.3 Magnetism measurement of Pd, Ru and Pd-Ru alloy nanowires

Superconducting QUantum Interference Device (SQUIDs) measurements
were employed to determine the magnetism of nanowires at different temperatures. A
SQUID magnetometer (Quantum Design, MPMS7) was used to record both
hysteresis loops (M-H curves)’. The very small diamagnetic contribution of the
plastic container had a negligible effect on the overall magnetization, which was
dominated by the sample. The molar magnetic susceptibilities were corrected for the

diamagnetism of the container. M-H curves were taken at 3K, 100K, and 300K for
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each sample. The saturation magnetization (M,), remanence magnetization (M,) and

the coercive field (Hc) was determined'®.

3. Results and discussion

3.1 Synthesis and characterization of Pd, Ru and Pd-Ru nanowires

Electrochemical deposition was used to fabricate Pd, Ru and Pd-Ru
nanowires. The nanowires produced by this method were monodisperse and were
either vertically orderly aligned on a substrate or were free standing in solution.
Control of the nanowire length was accomplished by monitoring the pore-filling
process (time vs. current) as illustrated in Scheme 4.3 in chapter IV, Diameters are
dependent on the selective membrane pore size. The advantage of using
electrodeposition to obtain nanowires is that the nanowires are always continuous and
have good crystalline structures. Figure 5.1a shows Pd nanowires with diameter and
length of 200 nm and 2 ~ 4 pm, respectively. EDAX spectrum (Figure 5.1b)
illustrates that the Pd nanowires consisted of Pd metal. The C signal comes from the
carbon tape that holds the sample. The XRD spectrum (Figure 5.1c) reveals the
crystallinity of Pd nanowires. There are five obvious peaks at 26 = 40.14, 46.67,
67.83, 81.66, and 85.95 that represent the (111), (200), (220), (311) and (222) lattice,
respectively. (111) and (200) lattice have d values of 2.2448 A and 1.9449 A. These
are typical for fcc crystalline structure of Pd. Figure 5.2a displays Ru nanowires with
diameter and length of 200 nm and 2 um, respectively. The nanowires consist of

primarily Ru metal (indicated by the EDAX spectrum in Figure 5.2b) with



polymorphous microstructure (indicated from XRD spectrum in Figure 5.2¢).

Pd-Ru alloy nanowires were made by the simultaneous reduction of two metal
salts in an electrochemical deposition process. A one hour deposition process resulted
in Pd-Ru bimetallic alloy nanowires with a diameter of 200 nm and a length of 3um
(Figure 5.3a). The careful control of the concentration ratio of two metal salts resulted
in 1:1 ratio of Pd:Ru, which could be confirmed by the EDAX spectrum (the Si and O
signals arise from the silicon wafer that serves as the sample holder) shown in Figure
5.3b. As indicated in the XRD spectrum (Figure 5.3c), the signals are dominated by
the fec structural feature of Pd nanowires rather than the hexagonal packed crystal

structure that is typical of Ru.
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Figure 5.1 SEM image (a), EDAX spectrum (b), and XRD spectrum (c) of Pd
nanowires. The nanowires were made in plating solution containing 0.03
M PdCl,. The applied current was 3 mA for 1 hour.
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Figure 5.2 SEM image (a), EDAX spectrum (b), and XRD spectrum (c) of Ru
nanowires. The nanowires were made in plating solution containing 0.04
M ruthenium ions. The applied current was 3 mA for 1 hour. In XRD,
(101) diffraction at 26 = 43.3° is weak.
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Figure 5.3 SEM images (a), EDAX spectrum (b), and XRD spectrum (c) of Pd-Ru
alloy nanowires. The alloy nanowires were made in plating solution
containing 0.003 M PdCl; and 0.02 M Ruthenium ions. The applied
current was 3 mA for 1 hour.



3.2 Magnetic characterization

In nanoparticles, magnetization increases rapidly with decreasing particle size.
Reports have suggested that only the surface monolayers of Pd nanoparticles are
magnetic® ®. However, it is not expected that Pd nanowires with diameters as large as
200 nm would exhibit magnetism. Figure 5.4a shows the magnetic hysteresis for Pd
nanowires at low temperature of 3K. At temperatures of 100K or 300K, the Pd
nanowires exhibit paramagnetic properties due to the thermal disorder of the
alignment of local atomic magnetic moments which are induced by temperature
dependant phenomena (Scheme 5.1a). Although local magnetic moments are
insensitive to temperature, loss of alignment of local magnetic moments caused by
thermal disorder may induce the disappearance in the magnetic moment when the
external magnetic field is absent. While at low temperature, as illustrated in Scheme
5.1b, the high aspect ratio of Pd nanowire favors the local magnetic moment to be
arranged in one direction relative to the other, resulting in a dipole moment in axial

. . 21
direction”'.
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(a) (b)

Scheme 5.1 (a) Overall magnetic moment is temperature dependent due to the
thermal disorder of magnetic moment arrangement. (b) The anisotropic
geometry of nanowire facilities the spinning of electron in parallel
direction.

According to experimental and theoretical calculations, magnetism can occur
in hcp (hexagonal close-packed) Pd films, fcc twinned Pd nanoparticles, and Pd
atomic strands. Free-standing nanowires made by Pd exhibits fcc crystallinity, and
display coercivity (H,.), saturation magnetization () and remnant magnetization
(M,) (Figure 5.4a). The value of H,, M; and M, are extracted and provided in Table
5.1. Non-zero magnetic moments observed in the M-T curve support a ferromagnetic
spin ordering in Pd nanowires.

Both lattice structure and the local chemical environment are factors that
affect magnetism (either induce or quench the magnetism)” 2. Surface electronic
structure plays a dominant role in tuning the magnetic properties, especially for very
small particles with diameters below 5 nm. This is due to the very high percentage of

atoms located at the particle surface. The electronic structure of surface atoms is



characterized by disorder, because of the missing bonds and local variation in the
number of atomic neighbors, and a reduction of lattice symmetry with respect to the
core of the particle. Their attributions are crucial to the magnitude of magnetization,
which could also explain the enhanced or emerged magnetism of nanomagnets.

It was reported that Ru clusters (such as Ruy3) were partially magnetic'?, with
an antiferromagnetic orientation of the moment on the central atom in Ru cluster. In
materials that exhibit antiferromagnetism, the spin of the electrons points in opposite
directions relative to neighboring electrons (Scheme 5.2). The ordered allignment
gives zero magnetic moment overall. The magnetization curve of Ru nanowires
(Figure 5.4b) did not show any hysteresis loop, but instead showed a linear
relationship with the magnetic field. The magnetic behavior of 3d electrons is known
to be sensitive to the lattice structure and to the local environment> %>, Therefore, the
polymorphous structure observed in the Ru nanowires could be responsible for the

zero magnetic moment.

7'y 4 A 'y A
v v v v v
A A A A A
v v v v v
A A A A A
\ 4 \ 4 v v v

Scheme 5.2 The local magnetic moment arrangement in the center of
antiferromagnetic materials.
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The magnetism of Pd-Ru bimetallic alloy nanowires was measured under the
same external magnetic field strength range. It was found that the induced magnetic
moment of the sample was much smaller than that of Pd nanowires alone (Figure 5.4¢c
and Table 5.1). This observation may due to the antiferromagnetic property of the Ru
metal, which causes Ru to exhibit no magnetism. Therefore, the employment of non-
magnetic metal weakens the magnetic properties of the Pd-Ru nanowires, which can
be observed from the M-H curves at T = 3K. As listed in Table 5.1, the saturated
magnetization () is estimated to be 0.00016 emu/g for Pd nanowires (at H = 1500
Oe), while M; is 0.00014 emu/g for Pd-Ru nanowires at (H = 2000 Oe). The
coercivity (H¢) value is 200 Oe for Pd nanowires, while Hc is 150 Oe for Pd-Ru
bimetallic alloy nanowires. The remanence magnetization (M;) for Pd-Ru alloy
nanowires is lower than Pd nanowires as well.

We compared the magnetic properties of Pd-Ru bimetallic alloy nanowires to
Pd-Ru bimetallic alloy nanoparticles. Surprisingly, the Pd-Ru bimetallic alloy
nanoparticles showed no hysteresis features (Figure 5.5). The presence of thioether
ligands at the surface of the Pd-Ru bimetallic alloy nanoparticles could have affected
the d band structure, which may induce or quench the ferromagnetic character’,
while the clean surface of alloy nanowires is not affected due to the lack of surface

ligands.
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Figure 5.4 Magnetism measurements of (a) Pd, (b) Ru, and (c) Pd-Ru nanowires.
Magnetization curves were recorded at low temperatures 3K. The x axis H
is the magnetic field amplitude. The y axis M is the magnetization of the
material.

Table 5.1 The coercivity (H¢), saturated magnetization (M;) and the remanence
magnetization (M,) of the fcc Pd and Ru-Pd nanowires

Nanoparticles T(K) Coercivity Saturated Remanence
(Oe) magnetization magnetization
(emu/g) (emu/g)
Pd 3 200 0.00016 0.00004
Ru-Pd 3 150 0.00014 0.00003




0.001 -

M(emu/g) °

-0.001 -

Figure 5.5 Paramagnetism of thioether Stabilized Pd-Ru alloy nanoparticles.
Nanoparticles were coated with ligand n-dodecyl sulfide, Oe = Oersted.

4. Summary

Metal nanowires composed of Pd, Ru and Pd-Ru bimetallic alloy nanowires
were synthesized by a template-based electrochemical deposition method. The
electron rearrangements or redistribution determined by sizes, structural features, or
composition are responsible for the nature of magnetic behavior of metal
nanostructures”. The reduced coordination number of surface atoms gives rise to the
localization of electrons opposing to the delocalization effect in the central atoms.”®
The presence of magnetism in Pd, Pd-Ru nanowires (or nanoparticles) may be
attributed to the confinement effects associated with reduced coordination number of

atoms in the surface.
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CHAPTER VI

IMPROVING INTERACTIONS BETWEEN METALLIC NANOWIRES AND
BIOLOGICAL CELLS

1. Introduction

Nanomaterials often serve as media or vehicles for delivery, or as sensors for
disease diagnosis'. The development of ligand-conjugated nanomaterials enables
binding of various molecules at nanoparticle surfaces for improved interactions with
biological entities. Cell surfaces are covered with carbohydrates, many of which are
in the form of glycans. Carbohydrate-carbohydrate interactions between biological
entities are important and are involved in processes like cell recognition, cell
propagation, etc. For instance, the cellulose microfibriles where H-bonds crosslink
and stabilize individual polyglucose chains with one another’. Researchers have
utilized carbohydrate-carbohydrate interactions to provide adhesion forces and
specificity for cell sorting and positioning®”. In addition, Bertozzi’s group has shown
that synthesized glycans can be conjugated to nanomaterials to provide
biocompatibility’. The altered terminal structures of carbohydrates are often
associated with malignancy of cells®. Cancer related epitopes (determinates in
terminal glycan) tend to be overexpressed in tumor cells. Tetrasaccharide Lewis Y is
one of the most commonly found epitopes on transformed cells, and it has been
observed in prostate tumor cells””. Because cancer glycans differ from those on their
healthy counterparts, it may be possible to develop a system to target cancer cells

based on exclusive binding to altered glycans.
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In the process of cell-cell recognition, the cells can recognize their own kind
and aggregate. Studies have shown that live cells bound to glycan-coated beads
further reveal that glycan-glycan interactions have strong adhesion forces'®. This
provides an opportunity of employing the same glycan as receptor to specifically
target the altered glycan that is over-expressed on the malignant cell surface.

Polyvalent interactions are prevalent and ubiquitous in biology and are
involved in interactions between cells, proteins, DNA etc''. These interactions are
characterized by the simultaneous binding of multiple ligands on one biological entity
(a molecule, a surface) to multiple receptors on another. Viral infection, growth,
differentiation, clearance, death, transportation, and migration occur via the
attachments of virus to cells, bacterium to cells, cells to cells, and cells to antibodies
through polyvalent interactions between ligands and receptors. One example is the
influenza virus which attaches to the surface of a cell by interactions between the
trimer of hemagglutin subunits and multiple moieties of sialic acid.

Polyvalent interactions are advantageous and collectively are much stronger
than their corresponding monovalent interactions. In comparison to monovalent
interactions, polyvalent interactions have increased free energy and stronger binding
constants'® 2. Carbohydrate — carbohydrate (glycan - glycan) interactions are
electrostatic in nature. However, the abundance of glycans on the cell surface and the
large amount of corresponding glycans that could attached to a single nanostructure
provide multivalent binding which could greatly increase the strength of the
interactions and improve specificity.

There have been intensive studies on nanomaterials with magnetic properties

for biological and medicinal applications'"”. As media of data storage, contrast
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agents for magnetic resonance imaging (MRI)', colloidal mediators for cancer

13, 19-23 15, 24, 25

magnetic hyperthermia , active constituents for drug-delivery platforms
etc. magnetic nanomaterials exhibit unusual behaviors due to their quantum
confinement, dielectric confinement, superparamagnetism. For instance, magnetic
media bound to chemotherapeutic agents facilitate targeting on the malignant cells,
tissues, or organs, as Jurgons™ reported in his study of drug loaded iron oxide
nanoparticles for cancer therapy.

Compared to magnetic nanoparticles which have found widespread use in
biological applications, magnetic nanowires are much less advanced. The advantages
over the use of nanowires instead of nanoparticles are related to the favorable
geometrical anisotropy. The high aspect ratio creates different dipole magnetic
moments in two directions with much larger permanent magnetic moment in the
direction of the axis. Another reason that nanowires are good candidates for
biological applications is their comparable length to cells, which is about a few
microns. Their diameters can vary from 10 to 200 nm, which is comparable to the
size of sub-cellular organisms. Ni nanowires have been of great interest for modern
biology and medicine because they are relatively easy to fabricate and they have
strong ferromagnetic moments. For example, the Prina-Mello” and Reich®®*° groups
independently reported studies on cell separation and manipulation through Ni
nanowires that were internalized by living cells. Ni nanowires or multiple component
magnetic nanowires with size of one order of magnitude smaller than cells (~50 —
~250 nanometer) are promising therapeutic nanostructures that are specially designed
as delivery vehicles. In this chapter we will discuss a strategy to selectively bind Ni

nanowires to malignant cells.
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2. Experimental Details
2.1 Fabrication and characterization of nanowires

Materials. Anodic aluminum oxide (AAO) membranes (Whatman) were
purchased from VWR. NiCl;, H;BOj3, Ni wire, Lewis Y tetrasaccaride and 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were procured from
Sigma Aldrich Company. All culture flasks used were purchased from Corning
Corporation.

Synthesis of Ni nanowires. Ni Nanowires were fabricated using the
electrochemical deposition method*'. Anodic aluminum oxide (AAO) membranes
were used as templates. The plating solution consisted of 0.2 M NiCl; and 0.5 M
H3BO;. Electrodeposition within the pores of the matrix was preceded by sputter
coating of one face of the template with a metal film and using this metal film as a
cathode or anode for electroplating. A constant voltage of -1.5V (vs. Ni wire) and 1
hour deposition time was employed for making Ni nanowires. The membrane was
dissolved in 6M NaOH solution for more than 20 minutes. Sonication expedited the
dissolution of the membrane and led to better separation of nanowires. After
dissolving the membranes the Ni nanowires were isolated by centrifugation. The Ni
nanowires were re-suspended in water or ethanol for cleaning. The nanowires were
then characterized by scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDAX).

2.2 Prostate tumor cell culture and normal prostate cell culture

The cells used in this study were provided by Dr. Kenneth V. Honn at the
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Wayne State University School of Medicine. Normal prostate cell line RWPE- 2 cells
were cultured in Keratinocyte-serum free medium (GIBCO 10724) prepared with 1%
antibiotic-antimycotic (Gibco, Invitrogen), 10% FBS (Fetal Bovine Serum), and 1%
L-Glutamine. Malignant prostate cell line PC3M cells were cultured in RPMI (-L-
Glutamine) medium (Roswell Park Memorial Institute medium, Gibco, Invitrogen, or
HyClone) prepared with 1% antibiotic-antimycotic, 10% FBS, and 1% L-Glutamine.
All cells were incubated at 37°C with 5% CO,. Subculture was routinely performed at
approximately 90% confluence. Subculture was prepared with a Versene (GIBCO,
15040) wash and trypsin EDTA. 25 cm? cell culture flasks and T35 cm® cell culture
flasks were used for all the cell cultures.

All the cells were incubated for 48 h to reach 90% confluence before any

experiments were carried out.

2.3 Cell viability test

MTT assay was performed to determine the survival of the prostate normal
cells after they had been left to incubate in the presence of bare Ni nanowires. MTT
solution was prepared by dissolving 5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide in phosphate buffered saline (PBS). The fresh solution
was stirred and stored at 4°C for 24 hours. The MTT solution was added to the cell
media and incubated for 4 hours. Then 0.5 mL of isopropyl with 0.04 M HCI was
added to the media. After 10 minutes, the spectrophotometer measurement was
performed to record the absorbance readings.

Control samples were prepared that consisted of the cells alone incubated
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under the same conditions but without any nanowires present. The short-term toxic
effects were observed by monitoring the cell proliferation rate of the samples both
with and without nanowires. The density of the cell populations was measured over

the course of 7 days on a daily basis.

2.4 Saccharide conjugated Ni nanowires

Ni nanowires suspended in methanol solution were sonicated 10 times (50
seconds each time at 20 kHz) in order to separate the nanowires. After sonication, the
nanowires were sterilized by washing with ethanol. Furthermore, the nanowires were
washed with DPBS (Dulbecco’s Phosphate Buffered Saline, GIBCO, 14190) and then
resuspended in RPMI media. About 1 mg Lewis Y tetrasaccaride was added to the Ni
nanowire culture media suspension. The mixture was spun overnight using an
overhead stirrer. The stirrer consisted of a plastic rod rather than a magnetic stirrer

since the Ni nanowires themselves are magnetic.

2.5 Interaction of Lewis Y tetrasaccharide conjugated Ni nanowires with normal
or malignant prostate cells

The tetrasaccharide conjugated nanowires were added to media solution that
contained RWPE- 2 normal prostate cells or PC3M malignant prostate cells for
attachment tests. The mixture was incubated for 24 h before imaging using an optical
microscope. Most pictures were taken in Nikon DIAPHOT 200 microscope with
magnification of 20 or 40. The results were compared to controlled samples, where

the bare Ni nanowires were introduced to the normal or malignant prostate cells.
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3. Results

3.1 Fabrications and characterization of Ni nanowires

Nickel nanowires were successfully prepared using the electrochemical
deposition method. The SEM images (Figure 6.1) show the fabricated Ni nanowires.
The diameter of the Ni nanowires was 200 nm and the length was 10 pm. The
electrodeposition method allows control of the length of the nanowires by adjusting
the deposition time. Following the electrodeposition step, the Ni nanowires are
released from the template but rather than being free standing nanowires, they tend to
form bundles that easily precipitate in aqueous solution. One method to break up the
bundles is by sonication of the sample. Thereafter, ligands could be used to
functionalize the surface or as barriers to separate the nanowires. EDAX analysis
(Figure 5.2) of the Ni nanowires showed an O:Ni ratio of 3:10 on the surface,
indicating that the nickel atoms on surface of the Ni nanowires were oxidized. This

oxide layer was a few nanometers thick.
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Figure 6.1 SEM images of Ni nanowires. The nanowires are 200 nm in diameter and
10 pm in length.

Figure 6.2 Elemental EDAX analyses of nickel nanowires. The peaks are labeled
with the emission line of the corresponding element.
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3.2 Viability of prostate normal cells in the present of nanowires

The increased interest in using nanoscale materials for biological applications
necessitates the need to investigate the cytotoxicity of these materials. Yang®
demonstrated that silicon nanowires penetrated tumor cells but did not cause cell
death after several days. Literature reports have demonstrated that Au nanostructures
do not cause cytotoxicity to human cells or stop cell proliferation®® >, Magnetic Ni
nanowires have been demonstrated to be non-harmful to cells’” *°. Related studies
have assessed the toxicity of metal nanomaterials at low levels. In addition, when
these studies are carried out any ligand at the surface of the nanomaterial should also
be tested as it may be responsible for the overall toxicity®®. Lewis Y tetrasaccharide
which is a glycan is not expected to be toxic to most cells in moderate concentrations.
Furthermore, the attachment of Lewis Y tetrasaccharide on the Ni nanowire surface
enhances biocompatibility with the cells. The cytotoxicity of nickel discussed in
previous studies®” ** has showed that cells survived up to 5 days with a survival rate
of 95% after internalizing the Ni nanowires. We assessed the cytotoxicity of Ni
nanowires on RWPE-2 normal prostate cells by testing cell viability using an MTT
assay. The assay was performed to compare the amount of proliferating cells in a
sample with and without nanowires. Living cells metabolized MTT inducing the color
change from yellow to purple. The depth of the purple color (absorption in
photometer) is in direct proportion to the amount of living cells in the solution. Figure
6.3 displays a comparative image of 24 wells containing controlled samples (normal
cells only) and tested samples (nanowires included). There was no obvious difference

in depth of the purple color between controlled samples and tested samples. Nearly
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100% survival rate within seven days (Figure 6.4) of normal cells was observed after
Ni nanowires were introduced. These results show that with nanowires in the media,
the cells were able to continue growing through cell division at the same rate as cells
without nanowires in their culture. The high viability suggests that the nanowires do

not affect cell function at these time scales.

3.3 Interaction between bare Ni nanowires and normal or malignant prostate cells

The nanowires have high aspect ratio and are sufficiently rigid to be
mechanically manipulated. For instance, the diameters of nanowires (1-200 nm) are
few orders smaller than the size of biological cells (in the order of 10 pm).
Magnetism facilitates the control of nanowires by applying forces. Reich et al
oriented the internalized nickel nanowires to achieve cell separation and
manipulation®® **, However, they did not study the selectivity of nanowire to specific
cells which requires specific receptors to differentiate the targeting cells from others.

Bare Ni nanowires (unfunctionalized) were suspended in media that contained
normal prostate cells RWPE-2 or cancerous prostate cells PC3M. In both solutions,
the nanowires did not display any specific binding or any notable interaction with
cells after 24 hours of exposure (Figure 6.5). The images display random positioning

of the nanowires relative to both types of cells.
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Figure 6.3 MTT assay on RWPE-2 normal prostate cells. Column A contained

164

appropriate media. Column B contained cell culture in media. Column C
contained cell culture in media containing nanowires.
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Figure 6.4 Survival rate of RWPE-2 normal prostate cells after Ni nanowires were

introduced to the media
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Figure 6.5 (a) RWPE-2 normal prostate cells, and (b) PC3M prostate cancer cells
exposed to Ni nanowires.



3.4 Selectivity of surface functionalized nanowire on prostate cancer cells

Nickel nanowires putatively functionalized with Lewis Y glycans were
incubated with PC3M and RPWE-2 cell lines. The RPWE-2 was shown to have
similar results as when RPWE-2 was incubated with bare Ni nanowires (Figure 6.6a),
the cells and nanowires were isolated from each other. However, in PC3M cell
solution, it showed that nearly all surface functionalized nanowires were attached to

the cells in ways either on the surface or were internalized by the cells (Figure 6.6b).
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Figure 6.6 Ni nanowires were functionalized with a saccharide and allowed to
interact with (a) normal prostate cells RWPE-2 and (b) prostate cancer
cells PC3M.

The graph in Figure 6.7 shows the overall results of the interactions between
Ni nanowires with either normal prostate cells or prostate cancer cells. Bare
nanowires show low specificity to both normal cells and cancer cells. However the
Lewis Y tetrasaccharide functionalized nanowires had high selectivity toward the
cancer cells relative to the normal cells. By applying external magnetic force, the

cancer cell could be separated from normal cell.
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Figure 6.7 Selectivity of Lewis Y tetrasaccharide functionalized Ni nanowires

4. Discussion

Bioconjugation has become an important field as it allows an understanding of
how to best link functional nanomaterials with biological cells. The use of Lewis Y
tetrasaccharide or other glycans has several potential advantages over other targeting
molecules such as antibodies, DNA, or peptides for their small size. The hydroxide
groups on the glygan can easily bind to metal oxide surfaces, and bind to cells
through carbohydrate-carbohydrate interaction. The nanowires serve as substrates for
multi-valent interaction.

When nanowires were functionalized with Lewis Y tetrasaccharide, there was
reduced affinity of the nanowires to normal cells, but almost all the tumor cells were

bound to the nanowires. Therefore from the results of this work we can conclude that



we have successfully achieved a way to target prostate cancer cells using magnetic

nickel nanowires functionalized with the altered glygans.

5. Summary

The recognition of cancer cells depends on the specificity of the agents that
are bound on the nanomaterials. This investigation is crucial toward developing a
fundamental level of understanding of the effects of nanomaterials on biological
entities. Lewis Y tetrasaccharide is an altered determinant of glycans that are
typically over-expressed on prostate cancer cell surfaces. The attraction between the
same kinds of glycans makes it possible for using Lewis Y tetrasaccharide as a ligand
to target receptors on the cancer cell surface. The most important observation is that
its functionalization on the nickel nanowire surface did not alter or affect its binding

to the normal cells.
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