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Abstract
Metal nanoparticles can possess intriguing properties due to their nanoscale dimensions,
and are intensively applied in research. With the development of synthetic systems, classic
crystal growth theories become limited and cannot explain current conditions very well. The
aim of this project is to find out the factors that influence crystal growth at the nanoscale and
develop general methods to prepare shape-controlled nanomaterials.
The growth process of CuPt nanorods is studied and a ligand mediated mechanism is
proposed. It reveals that surface ligands are crucial in guiding the one dimensional growth
through their mutual interactions. Solvent effect is discovered to be able to control the
nanoparticles morphology, by indirectly tuning the interactions between ligands and the
surface of a particle. Based on this mechanism, titanate nanosheets with a monolayer thickness
are prepared with the assistance of surface ligands. An effective, one-step method is developed
to prepare CuPd nanowire networks, which demonstrates its versatility in the preparation of
other alloyed networks. The growth process of CuPt nanoparticles are investigated, and show
that the growth pathway can be a reversed, surface-to-core crystallization route. The effect of
dealloying, including acid etching and galvanic replacement, is studied and used to fabricate
nanoparticles with various morphologies.
The findings in this project highlight the influence of surface ligands in the synthesis of
nanocrystals, provide new perspectives of crystal growth mechanisms and offer practical
knowledge for nanostructuring materials.
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Chapter 1 Introduction
The last two decades have witnessed explosions in nanotechniques and nanoscience for
controllable synthesis, manipulating structures and biological applications. Nanomaterials,
defined as having at least one dimension between 1 and 100 nanometers, can have exceptional
properties due to quantum size effect and surface effect.1-3
Based on their structural dimensions, nanomaterials are classified into different types:
zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D). For example, 0D structures are sized in the nanoscale in all three dimensions, such as
quantum dots, nanospheres and nanocubes. Other materials nanosized in only two dimensions,
such as nanowires and nanorods, are known as 1D materials. Nanosheets and graphene are
popular 2D materials, and metal organic frameworks (MOFs) are intensively studied as a kind
of 3D materials.
Metal elements constitute more than two thirds of the periodic table. Most metals have
the same face-centered-cubic lattice, which is highly symmetric and easy for characterization.
Metal nanocrystals possess intriguing properties that could be exploited in sensing,4 catalysis,
5-10

memory and logic circuits11 and so on.
Metallic nanoparticles with various shapes such as, pyramid, cubes, rods with circular,

rectangular or pentagonal cross section, polyhedra, truncated polyhedra, to name a few have
been developed and successfully synthesized in the last few decades. The underlying growth
mechanisms and understanding of these synthetic processes are yet less explored in
comparison with achievements in fabricating nanomaterials. In contrast to numerous organic
compounds that can be designed, metallic nanocrystals have limited structures and chemical
composition. The chemical reactions applied in the synthesis of nanocrystals are usually quite
simple, but the nucleation and growth process behind them are extremely complex. The rapid
growth of nanomaterials also increases the difficulty in investigations. The growth mechanism
can be found by observations of the nanostructures and detailed investigations involving size,
1

morphology and phase transformation. Despite that solution-phase synthesis of crystals is a
familiar process and plenty of research work has been done, many problems still remain
unsolved.
In this thesis, alloyed metallic nanoparticles with a controlled morphology have been
prepared. In order to reveal the growth mechanism, detailed growth processes have been
studied. These results provide new knowledge about the effect of surface ligands on shape
evolution, as well as alloying and dealloying of Pt- and Pd-based nanoparticles. A brief
background on crystal growth and alloyed nanoparticles is given in the following sections,
organized as: an overview of crystal growth mechanisms, features and types of bimetallic
nanoalloys produced by alloying and dealloying and common characterization methods for
nanomaterials.

1.1 Theory of crystal growth
The classic crystal growth theories have been accepted for about one hundred and twenty
years. They are widely applied to explain particle coarsening for many materials, which are
prepared in systems that allow significant dissolution of crystals into the solution medium.
The development of new synthetic systems and the usage of capping agents, however, can
change the saturation state of the solutes. With more and more research on crystal evolution
and growth behaviors, the Ostwald ripening mechanism cannot well explain all the models.
Therefore, other crystal growth routes have emerged as new mechanisms, and have been
demonstrated in many systems.

1.1.1 Classic crystal growth
Classically, a crystal is known to develop from the repeated addition of atoms or
monomers to an existing nucleus. Nucleation can be generally classified into three types:
homogeneous nucleation, heterogeneous nucleation and secondary nucleation. In most typical
2

preparations of metal nanoparticles, homogeneous nucleation occurs when the solution is
supersaturated. The change of overall free energy, ∆G, for spherical particles can be described
by the following equation, in which the first term is the released energy associated with the
new volume, and the second term is the energy consumed to create new interfaces:

4
∆G = − πr 3 𝑘B 𝑇 ln(S) + 4πr 2 γ
V
where
V: molecular volume of the precipitation

r: radius of the nucleus

𝑘B : Boltzmann constant

S: saturation ratio

γ: surface free energy per unit surface area

T: temperature

Figure 1.1 Plot of free energy ∆G as a function of nuclei radius, r. The maximum value of
∆G* is obtained at a critical size r*

Plotting ∆G against the nuclei radius r will give a curve as shown in Figure 1.1. When
S > 1, the maximum value of ∆G* is obtained at a critical size r*. When S is constant, particles
with a size larger than r* will continue to grow with further decreasing free energy, while

3

particles with r < r* will dissolve. The critical size r* can be calculated by setting d∆G/ dr = 0
and can be described by equation:

𝑟∗ =

2Vγ
3𝑘𝐵 𝑇ln (S)

From this equation it can be concluded that the critical size r* decreases with increasing S.
It is not yet clear how exactly nuclei develop from precursors. LaMer and colleagues12
proposed a mechanism for nucleation via a decomposition route in 1950, which is very
common in the synthesis of metallic nanoparticles. This mechanism suggests that the
concentration of atoms increases with the decomposition of precursor, until the supersaturation
point is reached and nuclei will form. When the concentration of atoms drops below that of
minimum supersaturation, nucleation will stop.
As the reaction proceeds, Ostwald ripening13 will occur due to the low concentration of
remaining reactants. Since the saturation ratio, S is smaller, resulting in larger r*. Particles
larger than this new critical size will grow, but ones smaller than r* will reduce their sizes and
eventually dissolve. No more reactant is supplied and the critical size will continue to increase.
As a result, large particles grow at the expense of small ones.
Shape evolution occurs during the crystal growth and the relative growth rate of different
facets is one of the factors that determine the morphology of crystals. The Bravais-FriedelDonnay-Harker (BFDH) law14-16 states that the final morphology of a crystal is dominated by
the slow-growing facets as the fast-growing facets will grow out and are usually not displayed
in the final morphology. The growth rate is proportional to the surface attachment energy,
which is released when one slice is attached to a growing crystal surface.17 The highest
attachment energies lead to the fastest growing surfaces, and usually disappear in the final
morphology. From another point of view, The Wulff construction18,

19

indicates that the

equilibrium shape of a crystal in inert gas or vacuum is a polyhedron that minimizes its total
surface energy. Wulff theorem is more general than the BFDH mechanism, and does not set
restrictions on crystal growth rates. For example, hollow crystals can also adopt characteristic
4

habits to minimize the surface energy. Although the Wulff theorem was established more than
100 years ago, it is still a powerful tool to predict and understand the shape of particles. In the
last few decades, synthesis of shape-controlled nanoparticles has attracted huge interest, and
extensions and modifications of the Wulff theorem have been made. In all these models, the
thermodynamically stable shape is independent of the particle size, except significant strain
effect is involved. A discussion about the strain effect later will be made in this chapter.
Both the BFDH and the Wulff theorems are correct. However, the former is a kinetic
measurement; the latter is from the perspective of thermodynamic measurement.

1.1.2 Growth by aggregation and oriented attachment
In addition to classical crystal growth as an amplification process via atom deposition,
particles can also grow by aggregation of as-formed building units in a mesoscopic assembly
process.20 The two different growth modes are illustrated in Figure 1.2. This process takes
place through the coalescence of primary nanoparticles into aggregates. The interactions
between the primary building units are dependent on many factors, for example, dipole-dipole
interactions, electrostatic and van de Waals forces, and in many cases the solvent effect can’t
be ignored.
Solution phase synthesis is a very common method to prepare nanocrystals, in which
process capping agents are usually involved. Many research investigations have demonstrated
that crystal habit can be influenced by selective adsorption of capping agents on crystal faces,
which leads to inhibition of growth. Moreover, the primary particles can be well stabilized by
introducing organic ligands, which have a strong attraction with the inorganic surfaces of the
primary particles. As a result, hybrid particles with an inorganic core and an organic shell
anchored to the surface are produced. When these hybrid primary particles assemble, they are
influenced by van der Waals forces, steric hindrance and hydrophobic/hydrophilic interactions
from the chains of the adsorbed ligands.
5

Figure 1.2 Illustration of alternative growth mechanisms: classic crystal growth and
aggregation.

If the primary particles assemble by sharing the same crystallographic orientation, single
crystals are produced in this oriented attachment (OA) mechanism. Ever since Penn and
Banfield21,

22

proposed this OA mechanism, anisotropic materials fabricated by the self-

assembly of nanoparticles are in abundance.23 The most reported 1D materials are usually
growing along a specific crystallographic orientation driven by elimination of high energy
facets, such as growth along the [001] zone axis of TiO2 nanorods and [111] of Au nanowires,
etc.24, 25 In addition, stress caused by mismatch and defects at the interface could induce the
building units to rotate and adjust their orientations, in order to be well aligned in a singlecrystal-like manner.26 The kinetic model of OA is also developed, in which the coalescence of
primary particles are taken as a collision between molecules.27 Adding ligands or capping
agents are believed to be important factors to suppress the Ostwald ripening process and
facilitate OA.

6

1.1.3 Reversed crystal growth mechanism
Recent studies reveal that crystal growth can also follow a reversed route, in which
crystallization extends from surface to core.28-30 This reversed crystal growth mechanism is
illustrated in Figure 1.3.

Figure 1.3 Illustration of reversed crystal growth mechanism demonstrating that
crystallization extends from surface to core.

The use of surfactants in synthesis can enhance the aggregation in the early stages and
lead to crystallization on the surface of the disordered aggregates. Since the surface of the
disordered sphere is in contact with solution, thus it is more active than the interior. When
surface crystallization covers the whole surface of the aggregate, a core-shell particle is formed
with a characteristic polyhedral morphology involving a disordered core. The crystallization
will then extend from surface to core, resulting in a single crystal at last. It is noteworthy that
the mass diffusion and transportation will become difficult when the surface is covered
7

completely by the crystalline shell. High density crystal is produced from consuming the
disordered core. Therefore, this transformation usually leaves behind a hole in the core of each
particle.
The first reported example of reversed crystal growth was zeolite analcime with an
icositetrahedral morphology.28 Since then the reversed crystal growth has been observed in
many other materials, such as perovskites,31 organic crystals32 and zeolite A33. In fact, Wulff’s
theory can also explain the formation of characteristic polyhedral morphology via reversed
crystal growth. A crystal habit is a consequence of minimizing surface energy, independent of
the inner structure. For example, zeolite analcime28 has an icositetrahedral morphology with a
very thin single-crystalline shell and disordered interior.

1.2 Shape control of nanomaterials by alloying and dealloying
1.2.1 Alloyed nanoparticles
Bimetallic alloyed nanoparticles, which are composed of two distinct metal elements, are
emerging as a new class of nanomaterials. Their properties are excellent and in general
enhanced due to the synergistic effect, compared to the monometallic counterparts.34 Alloying
provides an attractive prospect for nanoparticle design to reduce cost, improve activity and
retain good stability. For instance, the high cost is one of the major barriers for
commercialization of precious metal containing electrodes or catalysts. Replacing rare
precious metals with a less expensive alloy and retaining close efficiency has been stimulating
worldwide interest.

1.2.1.1 Mixing patterns of bimetallic nanoparticles
Based on the mixing type of two different metals, bimetallic nanoparticles can be
classified into core-shell, heterostructure, and intermetallic or alloyed structures.
8

Core-shell structure (Figure 1.4a) consists of a core formed by one type of metal atoms
A and surrounded by a shell of another kind of metal atoms B. It is usually formed via the
following process: metal ions A are reduced first to form an inner core whilst the other kind
of metal atom B prefers to nucleate and subsequently grow around the core to form a shell.
Nevertheless, the two types of metal atoms can go through individual nucleation and grow
separately under appropriate conditions. Heterostructure (Figure 1.4b) is produced when
segregated A and B clusters share the interface.

Figure 1.4 Bimetallic nanoparticles with different structures: (a) core-shell, (b)
heterostructure and (c) alloyed structure.

The alloyed structure as shown in Figure 1.4c consists of either ordered or randomly
mixed A and B atoms. Powder X-ray diffraction (XRD) patterns can distinguish alloys from
core-shell or heterostructure bimetallic nanoparticles: the latter structures present two sets of
peaks corresponding to the characteristic diffraction from the two different metals. In the XRD
pattern of alloy, however, these individual peaks will be absent and new diffraction peaks
appear which are from the alloyed structure.

1.2.1.2 Applications of Pt-group bimetallic nanoparticles
Bimetallic nanoparticles have fascinating properties and have been widely applied in a
number of fields, such as catalysis, optical devices, biodiagnostics and so on.34 Pt-group metals
have significantly important roles in catalysis and there are enormous research results. Herein
we mainly focus on the applications of CuPd and CuPt, which are studied in this thesis. CuPd
9

nanoalloy is a very attractive catalyst. For example, Zhang35 and Wang36 demonstrated
electrocatalytic activity of CuPd nanoparticles towards oxygen reduction reaction (ORR).
CuPd nanoalloys supported on TiO2 are excellent photocatalysts for hydrogen generation to
synthesize ammonia.37 In addition, CuPd bimetallic nanoparticles are outstanding catalysts in
applications such as the combustion of methane38 and hydration of acrylonitrile.39 On the other
hand, CuPt bimetallic nanoparticles have shown enhanced catalytic performances in selective
oxidation of CO in excess hydrogen,40 ORR in polymer electrolyte membrane fuel cells
(PEMFCs),5 methanol oxidation,41 heterogeneous NOx reduction6 and many other reactions.

1.2.1.3 Lattice strain of metallic nanoparticles
Surface lattice strain is a principle factor which affects the intrinsic properties of metallic
nanoparticles.42-44 Strains can form in the overlayer when growing one metal on top of another,
caused by the lattice mismatch. Strain can also come from the local deformation of single
metal crystals.45 Such stain can change the adsorption ability of the metal by influencing the
bonding structure. Other reasons why strains are induced in metallic nanoparticles are, for
example, CO gas molecules can restructure the metal surface,46 but lattice mismatch
contributes the most to strain in bimetallic nanoalloys.44 For instance, core-shell bimetallic
nanoparticles have strains generated from the lattice mismatch between core and shell metals.
Compressive or tensile strains also form in alloyed nanoparticles, when another kind of atoms
with a different size substitutes in the lattice points.
Surface stress, f rr can be described by the Laplace–Young law47 as following

𝑓rr = −

3 ∆𝑎 𝑟
2 𝑎 𝐾

in which ∆a/a is the relative lattice parameter change, a is the lattice parameter, r is the radius
of nanoparticles and K is the bulk compressibility of the metal.
Surface energy per unit area, γ can be described as the total surface energy divided by the
surface area of the cluster:
10

γ=

𝑁εbulk − 𝐸cluster
4𝜋𝑟 2

εbulk

bulk cohesive energy

N

number of atoms

Ecluster

total binding energy of the cluster

Figure 1.5 Surface energy per unit area and surface stress of Al nanoparticles plotted
according to DFT calculations.44, 48 (Image reproduced with permission from ref. 44)

Density functional theory (DFT) calculations of Al nanoparticles48 as shown in Figure
1.5 illustrate the relationship between cluster radius and surface energy and surface stress.
Generally, the surface energy increases as the particle size decreases. In contrary, surface
stress decreases when particle size decreases. Surface strain can cause shift of the d-band
center in transition metals,49 which is one explanation why some activity is only possessed by
metallic nanoparticles with a small size.
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1.2.2 Dealloying: a versatile approach to control nanostructures
Dealloying is defined as the selective removal of one active metal element out of an alloy.
In history, people used dealloying for depletion gilding. In 1927, Murray Raney, an American
engineer, developed the well-known Raney Ni catalyst for hydrogenation reactions by
dealloying Ni-Al alloy with sodium hydroxide to produce a porous structure.50 Recently
dealloying has attracted renewed attention as an effective method to fabricate nanostructures
especially core-shell and nanoporous nanomaterials.51-54
Dealloying methods include electrochemical dealloying and chemical dealloying which
usually involves acid etching. As an example for the former, Strasser and co-workers
electrochemically dealloyed Pt bimetallic alloys and used the core-shell product as fuel cell
electrocatalyst. This showed high activity towards oxygen reduction reactions.5,

52

They

suggested the lattice strain in the Pt shell resulted in a shift of the d band of the Pt atoms and
an increase of the catalytic activity. In comparison, chemical dealloying has lower
requirements for instruments and can be easily carried out. For instance, Wang et al. dealloyed
Pt-Ni and other Pt bimetallic nanocrystals with nitric acid and produced nanoporous particles
with increased surface areas.51
Galvanic replacement is another common method that has similar effect as dealloying.
Different from chemical and electrochemical dealloying, galvanic replacement is based on
reduction potentials of the two metals involved. It is a redox process, in which one metal is
oxidized and corroded by the ions of the second metal. Subsequently, the second metal is
reduced and deposited on the surface of first metal.
Figure 1.6 illustrates the processes of galvanic replacement and dealloying. Both
alloying and dealloying processes are involved in the galvanic replacement. Ions with a higher
redox potential, denoted as A ions, deposit on the surface of the other metal (say B metal) to
produce an incomplete layer. Segregated or epitaxial A layer can form, depending on whether
the lattice constants of two metals match well. Accompanying the deposition of A atoms,
alloying between A and underlying B atoms may also take place. Continuous dissolution of B
12

atoms will generate vacancies. As the vacancies coalesce, porous or hollow structures can be
obtained. Further galvanic replacement can also dealloy B atoms out of the A-B alloy wall.

Figure 1.6 Illustration of galvanic replacement and dealloying processes.55

A good example is the replacement of Pd2+ or Pt2+ ions and Ag nanocubes,56 which is
illustrated in Figure 1.7a. Xia and co-workers reported that the reaction of Ag nanocubes with
Pd2+ produced single-crystalline PdAg alloyed nanoboxes with smooth surfaces (Figure 1.7b).
However, reaction with Pt2+ ions produced polycrystalline nanoboxes with Pt nanoparticles
attached to the surface (Figure 1.7c). This is because Pt doesn’t interfuse into the Ag atoms.
Instead, Pt atoms form islands, due to the much higher bonding energy of Pt-Pt (307 kJ/mol)
compared to that of Pt-Ag (218 kJ/mol). On the other hand, the bonding energy of Pd-Ag is
137 kJ/mol, and is favored over Pd-Pd (100 kJ/mol). As a result, conformal AgPd alloy, rather
than segregated phases formed.
Xia and co-workers have also reported many other successful preparations of various
structures formed by a galvanic replacement reaction, such as nanocages, nanorattles and
nanoshells with multiple walls.58-60
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Figure 1.7 (a) Illustration of the galvanic replacement between Ag nanocubes and Pt or Pd
ions. (b) SEM image of nanoboxes prepared after reaction with Pd ions, inset is a TEM image.
(c) TEM image of bumpy nanoboxes prepared after reaction with Pt ions. (Image reproduced
with permission from ref. 57 and 58)57, 58

1.3 Characterization methods of nanomaterials
1.3.1 Microscopy
Microscopy is an important technique to obtain information on the size distribution,
morphology and structure of nanoparticles.

1.3.1.1 Electron microscopy
Transmission electron microscopy (TEM) is particularly powerful for characterization
of nanoparticles. Electrons pass through the specimen during TEM, and are recorded by a
charge coupled device to produce an image. Other than the morphology of nanoparticles, TEM
14

also offers resolution down to the angstrom scale to reveal the atomic structure. Chemical
information of the nanocrystals can be provided with the assistance of EDX on the TEM.
Nowadays, in situ observation is possible in TEM, and live monitoring of growth process has
been achieved.61 In situ observations are performed in liquid cells. On the stage, a cell entraps
a little amount of liquid containing precursors. The growth of nanocrystals is then initiated by
the electron beam.62 In this way, the growth can be studied in real time.
One advantage of TEM over scanning tunneling microscopy (see the introduction of STM
below) is the high contrast between nanocrystals and surface capping organic polymers or
molecules. As a result, TEM is able to provide clear images of atom distributions even when
the nanoparticles surface is capped.
Bright field and dark field are two modes in TEM operation. In bright field images, the
transmitted electron beam contributes most, but in dark field the diffracted beam is selected
for imaging. Dark field imaging is helpful when studying bimetallic nanocrystals such as AuAg, in which the two elements have close lattice constants. It is hard to distinguish between
them from bright field TEM images. The difference in their atomic numbers leads to different
electron scattering abilities, and will produce differences in contrast in dark field images to
reveal their structure. The high angle annular dark field (HAADF) technique is commonly
used to characterize core-shell structured bimetallic nanoalloys.52
In scanning electron microscopy (SEM), an electron beam is scanned across the
specimen, which generates secondary electrons to form images. SEM images usually have
lower resolution, but better depth of view. SEM is more suitable to image bulk samples and
can show 3D morphological information.

1.3.1.2 Scanning probe microscopy
Scanning probe microscopy provides high resolution images of surfaces, using a sharp
tip to scan across the surface. Topography and surface chemistry information can be mapped
out. The advantage of scanning probe microscopy is that the operation can be done under
ambient or liquid environment.
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Scanning tunneling microscopy (STM) is a technique based on the theory of quantum
tunneling, that is, when the conductive tip is brought very close to the surface of a conductive
material, tunneling current can flow between them after a voltage is applied. The current is
sensitive to the position of the tip. The image is acquired by monitoring the tip scanning across
the surface. STM is widely applied in studies on the adsorption of molecules on metal surfaces.
Atomic force microscopy (AFM) is another probe microscopy technique. When the tip
approaches closely to a specimen surface, the small force between them will be sensed and
recorded, to further produce images of the surface. The advantage of AFM over STM is that
the specimen does not necessarily have to conduct. One application of AFM is to determine
the thickness of 2D nanosheets by examining the height profile.

1.3.2 Diffraction
X-ray diffraction (XRD) is an effective tool to study nanocrystals. It offers information
on crystallinity, particle size, lattice parameters and chemical composition. The shift of peaks
in XRD indicates the change of lattice parameters. Taking CuPt nanoalloys as an example,
increase of the Cu content will lead to a shift towards the high angle 2θ direction, due to a
decrease of the lattice parameters. XRD can also distinguish alloyed structures from core-shell
and heterostructures. The latter structures have two sets of XRD peaks from the parent metals.
XRD patterns are statistically an average from large amount of atoms, and reflect the
macroscopical property of the material. On the other hand, electron diffraction, which uses
electrons as the incident beam, can be carried out on individual particles. The diffraction
produces reciprocal lattice points, from which the geometry and crystal structure can be
obtained.

16

1.3.3 Spectroscopic analysis
Energy-dispersive X-ray spectroscopy (EDX) is widely used for elemental analysis,
and is usually applied in conjunction with SEM and TEM. The principle of EDX is based on
each element having unique peaks in the X-ray spectrum. Nanoparticles’ chemical
composition can be examined with EDX, and elemental mapping can also be performed with
EDX to give the elemental distribution.
X-ray photoelectron spectroscopy (XPS) is an analytical technique used for surface
characterization. XPS relies on the photoelectric effect. Electrons are ejected from a material
following irradiation by X-rays. By measuring the number and the kinetic energy of the
escaped electrons, information such as the chemical composition, binding mode of ligands on
surfaces and the electronic state of elements in the specimen can be found.
Infrared spectroscopy (IR) is very frequently used to study the infrared spectrum of
molecules adsorbed on the surfaces of metal nanoparticles. IR spectroscopy investigates the
vibration of molecules, and can probe surface composition and structure.
Ultraviolet-visible spectroscopy (UV-vis) is often used to investigate the optical
properties, surface plasmon resonance in particular, of nanoparticles. Shift of peaks in UV-vis
spectrum can be used to study the structure of nanoparticles. For example, peaks in the UVvis spectrum of hybrid core-shell CdSe nanoparticles with dye molecules in the shell shifted
towards longer wavelength compared to the CdSe nanoparticles.63

1.4 Aims and overview
Nanomaterials have been intensively studied. It is largely due to the diversity, complexity
and rapid growth rate of nanoparticles that our current understanding of synthesis and growth
pathways is still limited. The aim of this project is to study the growth process, shape control,
structures and catalytic applications of Pt-group based bimetallic nanoparticles. The idea is to
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reveal the growth mechanism of metallic nanoparticles and the effect of surface ligands, and
subsequently use the knowledge to design nanostructures.
This project first investigates how surface ligands influence the shape of CuPt nanorods.
The objectives are: (1) to reveal the underlying growth mechanism and find out the driving
force for 1D growth, (2) using the ligand interaction between solvent and metal to interpret
the ligand effect on nanoparticle morphology.
With this understanding, the next target is to synthesize monolayer titanate nanosheets
with the assistance of ligands. This work aims to find out suitable experimental conditions
such as the solvent and the surface ligands, for yielding nanosheets.
A one-step synthetic method of CuPd nanowire networks is demonstrated in chapter 5.
This section of work aims to reveal the growth process, and to tune the morphology by varying
the surface ligands and solvent. To study the versatility of this synthetic method, Pd based
nanoparticles alloyed with another metal are prepared.
Chapter 6 investigates the alloying and dealloying of CuPt nanoparticles. The goal is to
find out the evolution of particles in different growth stages, and reveal the factors affecting
the morphology and composition in alloying and dealloying.
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Chapter 2 Experimental
2.1 Synthetic methods for metallic nanoparticles
Metallic nanomaterials can be synthesized in a variety of methods: in solid state, gaseous
phase and in solution. Among these approaches, the solution-based method has advantages to
produce uniform and small nanoparticles, by controlling reaction parameters such as
temperature, surfactants and reactant concentration. The first colloidal approach was reported
by Faraday in 1857,1 in which what are known as gold particles nowadays were prepared in
the presence of phosphorus. This colloidal approach was developed and optimized by
Turkevich since 1951.2
Alloyed nanoparticles can be prepared by co-reduction of two or several kinds of metal
precursor salts in the solution with reducing agents such as NaBH4. In particular, the polyol
process is one of the most widely applied methods to synthesize well-tuned nanoparticles of
metals and their alloys. Polyols are compounds with polyhydric groups such as ethylene glycol,
glycol ethers and 1,2-hexadecanediol, which have a mild reducing ability and chelating
property.3 During the redox reaction, the hydroxyl group is oxidized to carbonyl, while the
metal precursors are reduced, followed by nucleation to produce nanoparticles. Generally
speaking, the metal species with the higher redox potential is reduced first, forming a core for
the second metal to deposit on. The sequence of reduction can be changed by introducing
surface ligands that are able to bind strongly to the metal ions with higher redox potential to
stabilize it.
Seeded growth method is another common strategy, in which as-prepared seeds are
added into a solution containing a different type of metal precursors. The second metal can
nucleate and grow on these seeds to produce nanoparticles possessing structures such as coreshell and heterostructure. When the second metal deposits evenly on the seed, a core-shell
structure is formed. If the second metal only nucleates and grows on specific facets, this will
lead to heterostructure nanoparticles.
22

In this project, a variety of synthetic methods were applied. In general, metallic
nanoparticles were all prepared by a polyol process. Polyols, ethylene glycol and 1,2decanediol were used as reducing agents. Various surface ligands including hydrophilic and
hydrophobic molecules and polymers were applied in the synthesis. Seeded growth method
was used in the preparation of AuCuPd nanowires. Dealloying treatment was performed on
CuPt nanoparticles by either chemical acid etching or galvanic replacement. Photocatalytic
and electrochemical properties of the bimetallic nanoparticles were tested. Detailed synthetic
procedures are described in experimental section of each chapter.

2.2 Characterization techniques
Nanoparticles were analyzed by several techniques, including high resolution
transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), powder X-ray diffraction (XRD), infrared spectroscopy
(IR) and thermogravimetric analysis (TGA). The principles of these techniques are discussed
in the following content.

2.2.1 High resolution transmission electron microscopy
HRTEM is the most important and frequently used technique in this project. The basic
principles of TEM, as well as the analysis technique of selected area electron diffraction
(SAED) are included in this section.

High resolution due to electron beam
Microscopes magnify objects that people can hardly observe with naked eyes.
Enhancement of resolution is a major target of a microscope, but resolution is not always
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increased as magnification increases. Resolution can be determined as the smallest distance of
two points that can be distinguished. The resolution ability of human eyes is around 0.1 mm.
If two points are closer than this distance, we see them as a single one.
The maximum of the resolution of a microscope can be expressed as:

𝑟=

0.61 λ
𝑛 sin α

Where λ is the wavelength of the light source, and 𝑛 sin α is a general term for the microscope
numerical aperture.4
This equation indicates that the resolution of a microscope is determined by the
wavelength of the light source: if the wavelength is shorter, the resolution can be higher. The
wavelength of visible light falls in the range of 390‒760 nm, resulting in the limitation of
optical microscope. To further increase the resolution of a microscope, a light source with a
shorter wavelength needs to be applied. Once electrons were discovered to have the wave–
particle duality, they were soon used to develop electron microscopes.
Louis-Victor de Broglie proposed in 1924 that the wavelength of electrons can be
calculated with equation

λ=
in which h

ℎ
𝑚𝑣

Planck’s constant

m

mass of electron

v

velocity of electron

The velocity of electrons depends on the accelerated voltage, V in TEM, that is, the potential
energy of an electron equals to its kinetic energy.

𝑒𝑉 =

1
𝑚𝑣 2
2
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If accelerated by high voltage, electrons can approach the speed of light, c. Under this
circumstance, relativistic corrections should be considered for a final expression of

ℎ

λ=

√2𝑚0 𝑒𝑉(1 +

𝑒𝑉
)
2𝑚0 𝑐 2

When the accelerated voltage is 200 kV, which is normally used during the operation of
TEM, the wavelength of electron beam is calculated to be 0.00251 nm. This is much smaller
than the wavelength of visible light and is able to offer atomic resolution.

Components of TEM
A TEM is composed of an illumination system, a specimen stage, an imaging system and
a data recording system. A simplified illustration of TEM is shown in Figure 2.1.

Figure 2.1 Simplified illustration of the main components in a TEM in which the electron
beams pass through a series of electromagnetic lenses. The inset is an enlarged image of the
electron gun.5

Illumination system includes electron gun, condenser lens and some adjustment devices.
The electron gun is the core part in the illumination system, which usually uses a tungsten (W)
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filament, a lanthanum hexaboride (LaB6) source or a field emission source. The first two
thermionic sources generate free electrons by heating the filament to a high temperature, at
which electrons have energies high enough to overcome the work function. On the other hand,
the field emission gun is a cold source, because the emitter serves as a cathode, which
generates free electrons due to its potential gradient relative to a nearby anode. The electrons
will be accelerated towards the anode, which has a high voltage (usually 200 kV), to form a
beam. When electrons arrive at the anode they have a high kinetic energy and no potential
energy. The condenser lens will focus and converge the accelerated electron beam. A field
emission gun gives higher current density and beam coherence, thus producing better image
resolution and images with a higher quality.6 In this project, our TEM (JEOL-2011) uses a
thermionic electron gun.
The specimen stage is where a target specimen is placed. The objective lens actually
determines the quality of the TEM images. Intermediate lenses and projection lenses control
the magnification, up to as high as 1.5 million. Images are recorded by a charge coupled device
(CCD) beneath the viewing screen. TEM requires a high vacuum in order to prolong service
life of its filament, reduce the collision between electrons and gas, as well as to reduce sample
contamination.
In summary, this is how a TEM works: first, an electron beam is generated in an electron
gun by heating a filament in vacuum, and further accelerated towards the anode by applying a
high voltage. Then, the beam travels through the condenser lens, forms a coherent beam and
transmits through the specimen. The objective lens and the projector lens focus these
transmitted electrons, to form a final image on the fluorescent screen.

Image and Contrast
Image formation
When the electron beam passes through a crystal sample, it is diffracted into Bragg beams,
with phase and amplitude information that can reflect the structure of specimen. Unfortunately,
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a real lens is imperfect and causes phase shifts of diffracted electron waves. A phase shift is
introduced by the spherical aberration, and can be offset by the defocus effect of the lens.

Figure 2.2 Diagrams showing that an imperfect lens can cause distortion of an image (top). A
defocus condition of the objective lens can move an image behind the focal plane (bottom).
This factor can cancel out the phase shift caused by spherical aberration.

An ideal lens focuses all the incoming waves on the axis of the back focal plane. Spherical
aberration, however, leads to rays far away from the lens optical axis (in the outer portion)
focusing closer to the lens, as demonstrated in Figure 2.2. If the lens is ideally perfect, all rays
will intersect at point A. Due to spherical aberration, rays with a scattered angle α reach at the
point A’ on the plane. The deflected distance, ∆r is proportional to the magnification, M. It
can be expressed as:

r  MCs 3
where Cs is the spherical aberration coefficient and α is the scattered angle.5 Broadening image
is observed on the back focal plane. Variation in focal length generates a path difference, hence
a phase shift can be calculated as:
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Defocus of the lens also generates phase shift, which can compensate the shift introduced
by spherical aberration. As shown at the bottom of Figure 2.2, defocus of lens increases the
path length and produces a phase shift of:
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in which ∆F is the lens defocus.5 In this way, the total phase shift equals to:
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In practical TEM operation, images are usually recorded in slightly under-focused state to
eliminate spherical aberration as much as possible. In the recent decades, there has been big
breakthroughs in aberration corrected TEM. For instance, FEI Titan 80-300 can reach a point
resolution of 0.08 nm with Cs-corrector of the objective lens.7

Contrast
Three types of contrast dominate in TEM images: mass thickness contrast, diffraction
contrast and phase contrast.
The effect of thickness on the contrast is easy to understand: the thicker the specimen,
the darker the contrast. But the effect of mass also needs to be considered. Elements with
different atomic numbers differ in their ability to scatter electrons. Heavy elements are
normally darker in bright field TEM images, because more electrons are scattered. Under high
angle dark field mode, the contrast is reversed: heavy atoms look brighter. In either mode, the
contrast is based on the differences in scattering ability.
Diffraction contrast is caused by differences in diffraction intensity: the intensity of the
transmitted beam is weakened by strong diffraction. Besides, the interference of defects or
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strain on the wave intensities of an electron beam emphasizes the distortion, so that it is useful
to study defects in crystalline materials. Phase contrast comes from a phase shift of the electron
beam when they transmit the specimen. It is sensitive to the atom distribution of the sample.
In a HRTEM image, which corresponds to atoms, the white spots or the black ones? In
fact, it depends on the defocus. White and black spots can reverse their contrast when the
defocus of the objective lens is changed. Simulated HRTEM images of Au nanoparticles in
Figure 2.3 show the contrast reversal with different defocuses. TEM images are a 2D
projection of a 3D specimen. Atom spots represent rows of atoms whose orientations are
parallel to the direction of the incident beam.

Figure 2.3 Simulated images of decahedral Au nanoparticles recorded at focuses of (a) ∆F =
42 nm and (b) ∆F = 70 nm.8

Selected area electron diffraction
Selected area electron diffraction (SAED) can determine the crystallography of a sample.
Electron beams are diffracted to certain angles dependent on the crystal structure of the
specimen. By choosing apertures, users can examine a selected area of the specimen and only
this area contributes to the diffraction pattern. SAED is able to reveal the crystal structure of
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a single small particle, which differs from X-ray diffraction. Basically, there are three different
types of diffraction patterns corresponding to different crystallinities as shown in Figure 2.4.

Figure 2.4 SAED patterns showing (a) a regular two-dimensional arrangement of spots typical
of a single crystal; (b) dotted rings recorded from a polycrystalline particle and (c) solid rings
from an amorphous particle.5

Single crystals produce a 2D pattern of regular spots like Figure 2.4a, while
polycrystalline particles produce dotted rings due to the different crystal orientations. One ring
represents all sets of reflection planes giving similar d-spacings. Amorphous particles give no
diffraction spots, only solid rings. In order to get the best diffraction pattern, the specimen
usually needs be tilted in both the x and y direction, which requires a double tilt specimen
holder. An SAED pattern is a reciprocal projection of a lattice, which means low index planes
correspond to diffraction spots nearer to the center.
HRTEM and SAED normally suffer from a problem called multiple scattering, which
alters intensities of beams related to the specimen thickness. However, for nanomaterials, this
effect can be ignored.
In this project, TEM characterization was carried out on a JEOL JEM-2011 microscope
fitted with a LaB6 filament. TEM image were recorded using a Gatan 794 CCD camera.
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2.2.2 Scanning electron microscopy
Scanning electron microscopy (SEM) forms images by scanning a focused electron beam
across a specimen. Figure 2.5 shows a diagram of an SEM. An electron beam is focused onto
the sample after passing through the first and second condenser lenses and then through pairs
of scanning coils which deflect the beam in the x and y axis. After the electron beam interacts
with the sample, various signals such as secondary electrons, backscattered electrons and Xrays, are generated and collected by detectors. Different from TEM, SEM has no lens behind
specimen stage. SEM increases the magnification by scanning smaller areas of the specimen.
The most common mode for SEM image is to collect secondary electrons that have low
energy (< 50 eV9). Because secondary electrons are emitted usually from 0‒10 nm beneath
the surface,9 and their production is sensitive to the surface morphology. Therefore, they are
mainly used for morphology imaging. The direction of incident beam is fixed in an SEM, but
the uneven surface of the specimen leads to various incident angles and different brightness in
final image.
Another imaging mode is to collect backscattered electrons, which are sensitive to atomic
numbers. Backscattered electrons have higher energy, because they are formed by the
Rutherford backscattering which is an elastic interaction between incident electrons and
sample atoms. Consequently, areas containing heavy elements give brighter contrast than
those with light elements. This is an effective method for qualitative characterization of
elemental distribution of domains.
If the specimen is conductive, it needs no special preparation for SEM. Poorly conductive
specimens, however, have to be coated with a very thin layer of gold or carbon before
characterization. Otherwise charge accumulation will affect the imaging. This is because a
non-conductive sample will become either positively or negatively charged after interaction
with the incident electron beam. This creates an electric field which deflects the beam and
causes image distortion. Since a thick coating layer may mask the real surface of the sample,
another method of avoiding charging effect is to work at a lower working voltage, usually
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smaller than 1.5 kV, to keep the original surface. But image resolution will decrease in such a
condition.

Figure 2.5 Schematic diagram showing the main components within an SEM.

Figure 2.6 (a) SEM and (b) TEM images of a butterfly wing scale. The two images were taken
under a similar magnification. These images are from my own work.

One important advantage of SEM is its larger depth of field. 3D structure can be well
resolved in SEM. For example, Figure 2.6 shows SEM and TEM images of a butterfly wing
scale taken under a similar magnification, which is a topic I investigated in my Phd but not
included in this thesis. It is obvious that the SEM image better reveals the 3D periodic structure
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of the wing scale. In contrast, the TEM image is a 2D projection and loses space information.
In particular, details of the “ridges” are observed clearly in the SEM image, but the TEM
image flattens them and gives an overlapped view of morphology.
Samples in this project were examined by a field-emission scanning electron microscopy
(FE-SEM) on a JEOL JSM-6700F microscope operating at 2-5 kV.

2.2.3 Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDX) is a common technique used to analyze the
chemical composition and elemental distribution in a specimen. EDX works by analysis of the
X-ray produced by the specimen after collision with the incident electron beam, and is widely
equipped in TEMs and SEMs.
An atom has different shells, which are termed with “K”, “L”, “M” and “N” etc. If the
incident electron beam knocks out one electron in the K shell, this creates a vacancy. An
electron in a higher-energy shell will drop down to fill this vacancy (see illustration in Figure
2.7 ). At the same time, radiation will be emitted in the form of an X-ray, based on the energy
conservation laws. The wavelength of the released X-ray corresponds to the energy difference
between two levels, taking the L shell as an example:
hv = EL shell – EK shell
This radiation from L to K shell is Kα. The newly created vacancy in the L shell can be occupied
by an electron from the M shell, giving out an Lα X-ray. The intensity of Kα is stronger than
Kβ, due to the higher probability of electrons dropping from an L shell to a K shell.
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Figure 2.7 Diagram demonstrating that an electron in K-shell is ejected and the vacancy is
filled with an electron dropping from the M-shell. An X-ray is emitted in compensation for
this energy difference.

As a result, a series of discrete X-rays are generated, which are characteristic to each
element due to their unique atomic structure. When the X-ray photon hits the detector, it is
converted into digital signal which is measured by the number of counts. These counts produce
the overall EDX spectrum for the sample. By studying the position and intensity of the
spectrum, the element composition can be determined both quantitatively and qualitatively.
In EDX analysis, we should notice that the intensity of an X-ray generated from a
specimen decreases during travelling towards the detector. In the process before an X-ray
reaches the detector, many factors affect the X-ray intensity: electron scattering in the solid
sample, excitation and absorption of X-rays, and fluorescence excitation and absorption, etc.
As a result, the production of X-rays in a sample does not simply correspond to a function of
composition. For example, the incident electron beam does not only interact with the surface
atoms in a sample, but can penetrate to a depth of 1‒2 μm into the sample. Therefore, an Xray generated inside the sample needs to pass through matter. In such a process X-rays will be
absorbed. The absorption, in fact, strongly depends on the identity of the absorber. Generally
speaking, low energy X-rays have large mass absorption coefficients (are more easily
absorbed), according to calculations from Heinrich’s parameterization.9 Consider both Al and
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Ni generating Kα X-rays (Al 1.49 keV, Ni 7.47 keV) at 1 μm beneath the surface, it can be
calculated Al X-ray only has 8 % probability of reaching the surface while Ni has a 94 %
probability. A large difference exists in absorption between various elements.
ZAF corrections (Z: atomic number, A: absorption, F: fluorescence excitation and
absorption) have been developed to permit corrections of EDX analysis for a more precise
composition. After all, EDX results rely on so many variables, making high-quality
quantitative analysis difficult. In this project, most elements examined are heavy metals, such
as Cu, Pt and Pd, which can give more reliable EDX results than light elements. EDX results
from at least ten different spots in each sample have been measured and averaged in the
analysis, to maximize the accuracy of quantitative examination.
EDX used in this project was carried out using an Oxford Instruments X-ray Analysis
ISIS 300 system on the TEM and Oxford INCA system on SEM.

2.2.4 X-ray diffraction
X-ray diffraction (XRD) is a widely used technique for phase identification and structural
analysis. When X-rays strike a crystal sample, secondary spherical waves are produced after
the interactions between X-rays and electrons without any loss in energy. This scattering
process is elastic scattering, where the frequency of secondary waves is the same as the
original waves. Ordered arrangement of atoms can generate interference peaks that have the
same symmetry as the crystal.
Incident X-ray can produce a peak when the path difference is a multiple of the
wavelength λ, so that the interference is constructive. This is expressed by the Bragg’s law:

2𝑑 sin 𝜃 = 𝑛 λ
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For lattice planes with spacing of d, the lower beam travels an extra distance of 2𝑑 sin 𝜃,
where θ is the incident angle (see illustration in Figure 2.8). Here n is an integer, and
represents the order of diffraction peak.

Figure 2.8 Schematic diagram of Bragg’s diffraction.

Figure 2.9 Schematic diagram of powder XRD and data collection.

According to Bragg’s equation, these spherical waves add constructively in certain
directions. Therefore, part of the incident beam is reflected by an angle of 2θ. With the fixed
λ, different planes in the crystal reflect the beam at different angles. In powder diffraction,
crystals have a variety of orientations, resulting in diffraction rings: the Derby-Scherrer rings.
In order to obtain a diffraction pattern, the detector in most designs rotates to various 2θ angles
to measure diffraction intensities from the sample (see Figure 2.9).
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A crystal has atoms arranged in a periodic manner. The atomic positions in one unit cell
can affect the phase difference and intensity of the X-ray scattering. The sum of scattered
waves from one unit cell for (h k l) reflection can be calculated with the following equation,
also known as structure factor10:

Fhkl   f i exp[2i(hxi  kyi  lzi )]
where f is the atomic scattering factor, (x, y, z) are the fractional coordinates.
Amplitude of the scattered wave is defined by the absolute value of F, so that the intensity of
2

the resultant wave is proportional to Fhkl .
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In this project, most metallic alloys investigated are face-centered-cubic (fcc) structure, in
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Only when h k l are all even or odd, the result is 4f, otherwise is 0. In the final XRD pattern,
reflection peaks such as (100) and (110) cannot be observed, due to this systematical absence
phenomenon.
XRD is a powerful tool to identify the crystallinity and crystal phase of materials. By
comparing XRD patterns with a reference Powder Diffraction File (PDF) from JCPDS database,
we are able to index peaks in the patterns. A XRD pattern also provides information of crystal
sizes according to the Scherrer equation:
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τ=

𝐾𝜆
β cos θ

The average size of crystalline domain τ is determined by: X-ray wavelength λ, which is
usually copper Kα 0.154 nm; β, the full width at half maximum (FWHM) intensity of the peak ;
the shape factor K, which is typically 0.9 but varies with the specific shape of particles; and
diffraction angle θ of the peak.
XRD was performed on a PANalytical Empyrean diffractometer with Cu Kα radiation in
this project.

2.2.5 Infrared spectroscopy
Infrared (IR) spectroscopy is a very common technique used for the identification of
compounds and analysis of their structure. It measures the various IR frequencies absorbed by
the sample. Different functional groups in the sample have characteristic absorption of IR
frequencies; therefore can be determined by the IR spectroscopy.
IR region is divided into three parts: near IR, mid IR and far IR. Mid IR is the most
commonly used region, which is suitable to analyze the vibration frequencies.

wavelength/ μm
wavenumber/ cm-1

Near IR

Mid IR

Far IR

0.78–2.5

2.5–50

50–1000

13000–4000

4000–200

200–10

Atoms in a molecule are in vibration. When the frequency of one vibration equals to that
of the incident IR radiation, absorption will occur. The molecule will jump to a higher energy
state, which has the same vibrational frequency but larger amplitude. The excited molecule
can only remain in this higher vibrational state for a short time, then returns to the ground state
by releasing the extra energy in the form of heat to the surrounding environment. Although
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the vibrational energy levels are quantized, the excitation is usually accompanied with
rotational motions, which leads to absorption bands rather than discrete lines in the final IR
spectrum.
Two major vibration types are stretching and bending, which can be further specialized
into detailed categories such as symmetric/asymmetric stretching, scissoring and rocking.
Bands observed in the IR spectrum are fewer than the fundamental vibrations. One major
reason is that only vibration modes that can change the dipole moment of the molecule can
absorb IR radiation. Generally speaking, the more polar the bond is, the more it can absorb IR
radiation. For example, the absorption ability of carbonyl group is much stronger than alkyne
group. Some vibrations are infrared inactive, because of no change in the dipole moment. For
instance, CO2 symmetric stretching results in no absorption because two C=O bonds stretch
in an opposite, linear direction.
In this project, metallic nanoparticles are prepared with surface ligands, which play
crucial roles during the growth process for shape control. IR spectroscopy tests have been
carried out to confirm the existence of these surface ligands on the as-prepared nanoparticles.
IR is performed on a Thermo Fisher NICOLET 6700 FT-IR spectrometer, which is attenuated
total reflection infrared (ATR-IR) spectroscopy. In ATR-IR, examination of samples can be
carried out directly without any preparation.
When the refractive index of the crystal is larger than that of the sample, total reflection
can take place when the angle of incidence is greater than the critical angle. The basic principle
of ATR is that the IR beam reflects internally in the crystal and the sample (Figure 2.10).
Therefore, the absorption of the sample is enhanced after multiple interactions with IR
radiation.
Total reflection requires the crystal to have a large refractive index. Commonly used ATR
crystals include ZnSe, diamond, and Ge and thallium bromide/thallium iodide. ZnSe and
diamond have a similar refractive index of 2.4. ZnSe is the most common ATR crystal but
needs to be applied in a pH range of 5-9.11 Diamond has no limitation of pH conditions but is
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rather costly. Ge has a high refractive index of 4.0 but is very brittle, and thallium
bromide/thallium iodide is toxic. In Thermo Fisher NICOLET 6700 FT-IR spectrometer,
which is used in the present work, diamond is the ATR crystal.

Figure 2.10 Schematic diagram showing multiple reflections in an ATR system.

Compared with conventional transmission FTIR, ATR-FTIR has several advantages:
preparation of sample is simple and non-destructive. It is a surface technique and obtains
spectrum information from the sample surface, thus particularly suitable for surface
characterization. It can also acquire information from different depths of the sample by
adjusting parameters.

2.2.6 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a thermal method in which the mass of the sample
is measured as a function of temperature or time. The basic principle of TGA is that the
specimen loses weight when heated to high temperature owing to evaporation or
decomposition. TGA depends on the precision of mass loss, temperature and temperature
change. A programmable furnace is used as well as a thermocouple in order to accurately
monitor the temperature.
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A typical TGA curve is illustrated in Figure 2.11. A sample is usually heated up at a
constant rate. When the temperature reaches T1, the sample starts to lose weight. The weight
loss process can last over a fairly wide temperature range, before the plateau comes out from
T2. The weight loss (m1-m2) is associated with the chemical or physical properties of the
sample, for example decomposition content, reduction or combustion. The mass change can
be used for calculation to obtain quantitative result.

Figure 2.11 Schematic diagram of a TGA curve.

TGA can be used to (1) study the thermal stability of a sample, (2) investigate the reaction
kinetics and degradation mechanism, and (3) determine organic or inorganic components in a
sample. In this project, TGA is carried out on CuPt nanorods capped with surface ligands, to
determine the content of organic ligands. The test was carried out on NETZSCH TG 209
instrument at a heating rate of 5 °C/min in air.
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Chapter 3 Ligand Mediated Synthesis of Cu, Pt, Pd Alloyed
Nanoparticles
In this chapter, study of the growth process of CuPt bimetallic nanorods reveals a novel
ligand mediated mechanism, in which the 1D growth of the nanorods is strongly influenced
by the surface ligand monolayer, rather than by the crystal orientation. Photocatalysis testing
carried out on CuPt nanorods shows better activity than that of pure Pt rods. In the same
synthetic system, trimetallic CuPdPt nanospheres with very uniform shape were prepared, and
PdPt and CuPd nanoparticles were also investigated. With the understanding that surface
ligands play important roles in morphology control, the solvent effect was studied by varying
the solvent to change interactions between surface and ligands.

3.1 Ligand mediated growth of CuPt nanorods
3.1.1 Introduction
One dimensional nanomaterials, such as nanowires and nanorods, demonstrate
fascinating properties,1 and have been widely exploited in memory and logic circuits,2 sensing3
etc. A range of approaches have been established to prepare 1D nanomaterials. Template
method is a very common approach, in which the 1D nanomaterial is shaped in the template,
which serves as a scaffold. A variety of materials can be used, including porous materials with
channels,4 stepped solid substrates,5 or micelles self-assemble d from surfactant molecules. 6
Self-assembly of nanoparticles by means of oriented attachment (OA)7, 8 is also widely
reported. Primary particles can attach together driven by sharing the same crystallographic
orientation. The vital question about the assembly method to produce 1D structures is why the
material grows one dimensionally. Currently, there are two principal mechanisms to explain
this. One is that surfactants can selectively bind to some particular facets, in order that fusion
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takes place between facets with fewer surfactants on them (Figure 3.1a). 9, 10 However, this
mechanism cannot explain the formation of CuPt rods. Taking the <111> direction as an
example, there are four equivalent <111> directions with an angle of 70.52°in fcc-structured
CuPt alloy. If fusion occurs in these planes, we should expect a branched structure instead of
1D nanorods. The other mechanisms believe that dipole interactions are the driving force to
form 1D nanostructures of semiconductors (Figure 3.1b).11-13 This mechanism cannot explain
the 1D growth of metallic nanowires. Therefore, CuPt nanorods are investigated to find out
the driving force for 1D growth in the following work. It turns out that surface ligands are an
important factor to control 1D growth and the final morphology.

Figure 3.1 Illustrations of two mechanisms to form 1D nanomaterials, driven by (a)
surfactants selectively capped on specific planes and (b) dipole-dipole interaction.

3.1.2 Experimental section
Synthesis of CuPt nanorods
CuPt nanorods were prepared by a modified synthetic method previously reported by Liu
et al.14 in the ambient atmosphere. A mixture of 40 mg of platinum acetylacetonate [Pt(acac)2],
26 mg of copper acetylacetonate [Cu(acac)2], 70 mg of 1,2-decanediol as reducing agent, 460
mg of hexadecanoic acid, 450 mg of hexadecylamine and 5.0 mL of diphenyl ether as solvent
were added to a round-bottom flask. The mixture was heated to 120 °C to completely dissolve
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all solids, producing transparent blue solution. The solution was then heated to 225 °C and
maintained for 30 min. A series of color changes from blue to green, to yellow and finally
black was observed during the heating process. The flask was cooled down to room
temperature and a black powder product was collected by centrifugation. The as-prepared
specimens often contained both nanospheres and nanorods. The majority of nanospheres can
be removed by adding cyclohexane and ethanol, followed by centrifugation. The supernatant
contains only nanospheres and the precipitate contains mainly nanorods. The precipitate can
be well dispersed in cyclohexane. The solid specimens were washed with ethanol to remove
the remaining organic molecules.
The nominal amounts of hexadecanoic acid, hexadecylamine and 1,2-decanediol were
varied to systematically examine their effects on the morphology of nanorods. A two-step
method was also used to produce strands of ultrathin CuPt wires. The first step was the same
as described above, except no hexadecylamine was added. The solution was cooled down to
room temperature after a 30 min reaction. In the second step, amine was added to the solution
and the procedure was repeated. The details of experimental conditions for the preparation of
CuPt nanorods are summarized in Table 3.1. The mixed ligands (hexadecanoic acid and
hexadecylamine) were also replaced by (octanoic acid, octylamine), (dodecylamine,
dodecanoic acid) and (stearic acid, octadecylamine) with the same molar amount to study how
the chain length of the surface ligands affect the growth of nanorods.
Pt nanorods for catalysis testing were prepared with the same method only in the absence
of Cu(acac)2 precursor. Graphitic carbon nitride (g- C3N4) was synthesized by melamine
condensation.15 Melamine was calcined in an alumina crucible covered with aluminum foil at
600 °C for 2 h. The resulting yellow powder was inspected by XRD and confirmed to be pure
g- C3N4 phase. Loading of cocatalysts (Pt or CuPt nanorods) onto g- C3N4 was simply
performed by dispersing g- C3N4 and Pt or CuPt in cyclohexane solution. The dispersion
solution was then dried at 100 °C and subsequent calcination at 180 °C for 2 h.
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Table 3.1 Experiment conditions in the synthesis of CuPt nanorods. T: reaction time; Amine:
hexadecylamine; Acid: hexadecanoic acid and L: dimension of nanoparticles, length of
nanorods or diameter of nanospheres. Except for the systems marked by C8: octylamine and
octanoic acid; C12: dodecylamine and dodecanoic acid; C18: octadecylamine and stearic acid.

Sample
amine: acid
1: 1

T/
h
0.5

Amine/
mmol
1.8

Acid/
mmol
1.8

Molar ratio
metal: amine: acid
1: 9: 9

1: 1.5
1.5: 1
1.5: 1.5
0.5: 0.5
2: 1
1: 1
(2-step)
1.5: 1
(2-step)
1.5: 1.5
(2 step)
2: 1
at 160 °C
(2-step)
double
decanediol
1: 1 C8
1: 1 C12
1: 1 C18

0.5
0.5
0.5
0.5
0.5
0.5

1.8
2.7
2.7
0.9
3.6
1.8

2.7
1.8
2.7
0.9
1.8
1.8

1: 9: 13.5
1: 13.5: 9
1: 13.5: 13.5
1: 4.5: 4.5
1: 18: 9
1: 9: 9

2

2.7

1.8

1: 13.5: 9

0.5

2.7

2.7

1: 13.5: 13.5

L/
nm
15.7 (rods)
2.8 (spheres)
11.7 (rods)
24.3 (rods)
24.0 (rods)
2.0 (spheres)
28.9 (rods)
strands of
nanowires
strands of
nanowires
nanorods

2

3.6

1.8

1: 18: 9

nanospheres

0.5

1.8

1.8

1: 9: 9

15.6 (rods)

0.5
0.5
0.5

1.8
1.8
1.8

1.8
1.8
1.8

1: 9: 9
1: 9: 9
1: 9: 9

9.5 (rods)
11.4 (rods)
15.2 (rods)

46

Characterization
TEM and HRTEM characterizations were carried out on a JEOL-2011 electron
microscope operated at 200 kV. Samples were diluted in hexane and drop-cast onto a holey
carbon-coated copper grid followed by solvent evaporation in air at room temperature.
Metallic ratios in the samples were examined by EDX using an Oxford INCA system fitted in
a JEOL JSM-6700F field emission scanning microscope operating at 15 kV. Powder XRD
was performed on a PANalytical Empyrean diffractometer with Cu Kα radiation. Attenuated
Total Reflection FTIR (ATR-FTIR) was performed on Thermo Fisher NICOLET 6700 FT-IR
spectrometer. TGA was carried out on NETZSCH TG 209 instrument at a heating rate of
5 °C/min in air.

Photocatalytic hydrogen evolution
The section of photocatalytic testing was carried out by Dr. Xiaoxiang Xu in University
of St Andrews. Measurement of the photocatalytic hydrogen production was carried out in a
home-made Telflon reactor.16 In a typical experiment, 0.2 g catalyst was dispersed in 200 mL
oxalic acid solution (0.025M) and was sealed within the Teflon reactor. The reactor was then
purged with pure Ar gas as a protective atmosphere. A 250 W iron doped metal halide UVVis lamp (Borosilicate Coated Glass HM07, UQG (optic) Ltd., Cambridge UK) filtered with
UV cut-off filter λ ≥ 420 nm was used as the light source. The photon flux of the lamp
generated is calibrated using a quantum meter (Apogee MQ-200), which is 1305 ±27 μmol·m2

·s-1. The gas composition within the reactor was monitored by an on-line gas chromatograph

(Aglient 3000 Micro Gas Chromatograph). The measurements were generally carried out for
20 h and the average results were calculated and used in the manuscript.
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3.1.3 CuPt nanorods and growth process
CuPt nanorods with a length of 15.7 ± 2.5 nm and width of 2.1 ± 0.2 nm were prepared
after a reaction for 0.5 h, as displayed in Figure 3.2. As-prepared product contained a portion
of CuPt nanospheres, 2.8 ± 0.2 nm in diameter (Figure 3.2d), and they can be separated by
further purification via centrifugation. When the reaction time was extended to 3 h, there were
still a large amount of nanospheres observed in the product. Figure 3.2e presents a HRTEM
image of three nanorods. As marked by the arrows, a d-spacing of 0.218 nm was measured
from the lattice fringes, which is assigned to the (111) planes of CuPt 1: 1 alloy. EDX analysis
shows a Cu: Pt atomic ratio of 46: 54, consistent with a nearly 1: 1 CuPt alloy composition.
The crystallographic orientations are obviously not uniform either within one single rod or
among different rods.

Figure 3.2 (a) TEM image of as-synthesized CuPt sample after 0.5 h reaction. (b-d)
Histograms are displayed of (b) length of the rods, (c) width of rods and (d) diameter of
nanospheres. (e) HRTEM image of three nanorods. The lattice fringes marked by the arrows
are measured to have a d-spacing of 0.218 nm, corresponding to the (111) planes of CuPt.
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Both nanospheres and nanorods are well aligned with a uniform distance from each other.
Owing to their uniform size, they can self-organize on the carbon film during the evaporation
of solvent (Figure 3.2a). The concentration of rods in the droplet gradually increased as it
vaporized. As a result, the uniform distance between these rods is kept by the ligands on rods’
surface, regardless of deposition concentration. An inter-particle spacing of ~2.3 nm is
observed, maintained by the surface ligands: hexadecanoic acid and hexadecylamine. The
existence of these two surface ligands is confirmed by FTIR in the latter section.
Hexadecylamine and hexadecanoic acid are bound to the metallic surface via amine and acid
functional groups, leaving behind alkyl tails pointing outwards. These rods can be welldispersed in a non-polar solvent like cyclohexane, due to these hydrophobic tails. The length
of alkyl chain of the capping agents is estimated to be ~1.9 nm long. Considering that: (1) the
equilibrium distance between the alkyl chains is 4.6 Å.17 If all the surface ligands are
perpendicularly absorbed on the surface, the intermolecular spacing between them then will
be around 5.4 Å, considering the distance of surface atoms Cu and Pt. Therefore, the absorbed
ligand molecules will tilt to achieve the shorter equilibrium distance. (2) Molecules are ranged
along the curvature of the surface in a radial way, it is plausible that capping agents
interdigitate into this depth. This inter-particle distance also indicates that these nanorods are
covered by a monolayer of ligands.

Figure 3.3 (a) HRTEM image of nanospheres from the 1: 1 sample, reaction time is 3 h. (b)
TEM image of nanospheres at a low magnification showing the self-assembly of nanospheres
into one layer (right bottom corner) and two layers.
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As seen from Figure 3.3, the majority of the nanospheres are polycrystalline. They can
self-assemble into a close-packed monolayer and a double-layered superstructure, when
nanorods are absent. Figure 3.3b shows the assembly. On the left side it is double-layered
while in the bottom right corner it turns into a monolayer. Likewise, these spheres are bound
with surface ligands to keep them separated from each other with a uniform distance.

Figure 3.4 TEM images of intermediates collected at (a) 10 min, (b) 15 min, (c) 25min and
(d) HRTEM image of nanorods observed from product of 3 h reaction. Boundaries between
nanocrystallites are marked by arrows A and a large single crystalline domain is marked by
the arrow B.

Intermediates were collected at 10, 15 and 25 min during heating from 120 °C (when the
mixture was totally dissolved) to 225 °C, so as to study the growth process of the CuPt
nanorods. Very small CuPt nanoparticles were produced at 10 min (Figure 3.4a). In the 15
min specimen (Figure 3.4b), nanoparticles grew up to an average diameter of 2.1 ± 0.2 nm.
In comparison to the nanospheres from the final product (Figure 3.3) that have an average
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diameter of 2.8 nm, the ones at 15 min were poorly crystalline, smaller and had a less regular
shape. They were randomly sitting on the carbon film rather than well aligned. It indicates that
their surfaces lack the dense coating layer. The low crystallinity of these nanoparticles may be
attributed to the partially reduced metal precursors.
After 25 min, nanospheres exhibited a close-packed manner on the grid and nanorods
with different lengths started to appear (Figure 3.4c). Notably, most of the nanorods were
obviously shorter and wider than the final product at 0.5 h. Plotting the length against width
of the nanorods (see scatter diagram in Figure 3.5a) shows that the width decreases as the
length increases. This result rules out the possibility of a seeded growth mechanism, under
which conditions the width would increase or at least remain unchanged.18 When reaction time
was extended to 3 h, the nanorods were still polycrystalline. Obvious boundaries (arrows A)
as well as single crystalline domains (arrow B) can be observed in Figure 3.4d. The segment
regions may be caused by disorder of the atomic arrangement. In the present work, these
amorphous regions appear in nanorods and are repeated in a periodic manner (about every 2‒
3 nm in distance). It’s unlikely to form such structure in a seed-deposition growth mode, in
which atoms deposit onto the existing rod.

Figure 3.5 (a) Plot of width versus length of the nanorods in the 25 min sample. (b) TEM
image showing a newly formed, dumbbell-shaped particle, as indicted by the dashed lines.
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Figure 3.5b presents one short rod with a dumbbell shape, marked by a rectangle. It
consists of two nanospheres which are joined together and show the smoothing process is not
yet complete. The join has a concave shape, which has lower chemical potential. As a result,
atoms on the surfaces of the spheres would migrate to the join, to fill up the gap. Consequently,
the newly formed rods have a smaller diameter than that of the original spheres. This explains
why the rods become thinner as the length becomes longer.
Observations above reveal that nanorods are formed via attachment of nanospheres as
building units. The spherical crystallites fuse to produce single crystalline domains via further
Ostwald ripening process. Long rods grow slower than the shorter ones due to diffusioncontrolled growth. Consequently the size distribution is narrowed, similar to the “focusing”
effect.19

3.1.4 Crystallographic orientation of CuPt nanorods
Many as reported 1D nanomaterials grow along one specific crystallographic orientation
to eliminate pairs of high energy facets, for instance growth along the [111] zone axis of Au
nanowires and [001] of TiO2 nanorods etc.9, 10 After examining many HRTEM images of CuPt
nanorods, it turns out that nanorods in the present work do not grow along one uniform crystal
zone axis.
Figure 3.6 shows some examples of the different crystallographic orientations in the
nanorods. The red lines in the figures represent the growth direction of nanorods, while the
yellow arrows show the [111] direction. Different angles are observed between these two
directions, which suggest that the nanorods do not grow along a uniform direction. For
example, in Figure 3.6a, the rod grow along a direction perpendicular to [111], which is most
likely to be the [110] or [211] direction. In Figure 3.6d, the growth direction has an angle of
55°with [111] direction. This rod is likely to grow along [100] direction.
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Figure 3.6 (a-d) HRTEM images of nanorods with various growth directions. Growth
directions and [111] directions are marked by red lines and yellow arrows respectively.(e)
XRD pattern of CuPt nanorods. Red and black vertical lines indicate peak positions of pure Pt
and Cu respectively.

Moreover, the XRD pattern on the right in Figure 3.6e gives broadening peaks.
According to the Scherrer equation, the crystal size is calculated to be about 2 nm in all zone
axes.
Zone axis

(111)

(200)

(220)

Calculated crystal size/nm

1.86

2.17

1.85

In addition, the XRD pattern also indicates an alloyed CuPt phase. All peaks are located
between positions of pure Cu and Pt. Two sets of peaks would be observed if Cu and Pt are
segregated in the sample. HRTEM images (such as Figure 3.4d) have shown the spherical
nanocrystallites have different crystallographic orientations within one rod. This implies the
crystallographic orientation is not the dominant factor for a one-dimensional assembly. The
1D growth of nanorods must result from a different factor.
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3.1.5 Effect of surface ligands
In the standard synthesis, hexadecylamine and hexadecanoic acid were applied as surface
ligands. Replacing them with similar amine and acid with different alkyl chain lengths—
octylamine and octanoic acid (C8), dodecylamine and dodecanoic acid (C12) and
octadecylamine and stearic acid (C18) can notably alter the lengths of prepared nanorods.
Using C8, C12 and C18 produced nanorods with a length of 9.5 ± 1.8 nm, 11.4 ± 1.6 nm and
15.2 ±3.0 nm, respectively (Figure 3.7 a-c).

Figure 3.7 TEM images of nanorods prepared with (a) octylamine and octanoic acid (C8), (b)
dodecylamine and dodecanoic acid (C12), and (c) octadecylamine and stearic acid (C18). (d)
Diagram showing the relationship between nanorod lengths and alkyl chain lengths of the
ligands.

Figure 3.7d summarizes the variation of length of the nanorods dependent on carbon
numbers in ligand alkyl chain. Rods prepared with C8, C12 and C18 ligands have inter-particle
spacings of 1.9 nm, 2.0 nm and 2.3 nm, respectively, which are consistent with the increasing
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ligand length. It has been demonstrated that changing surface ligands can simply tune the
lengths of nanorods. Because these ligands are merely different in alkyl chain, their chemical
properties remain similar. This suggests that the growth of nanorods is strongly influenced by
the supramolecular organization of surface ligands.20 Increasing the length of alkyl chains
enhances ligand-ligand interaction. With the assistance of short distance interactions from
ligand alkyl chains, longer rods are well stabilized. On the other hand, too long chains may
make organization and ordering difficult. Replacing the ligands to C18 did not produce longer
nanorods.
Standard preparation condition with metal: amine: acid = 1: 9: 9 is referred to amine: acid
=1: 1 (Table 3.1). Raising amine: acid to 1.5: 1 by increasing the amount of amine will produce
nanorods with an average length of 24.3 ± 5.3 nm (Figure 3.8c). Further increase of amine
amount to a ratio that amine: acid = 2: 1 yielded nanorods of 28.9 ± 9.4 nm (Figure 3.8b).
Increasing the amine content to result in longer rods is a reported phenomenon in literature.14,
21

But the detailed roles of the surface ligands have not been elucidated. To study the effect of

acid and amine on rod morphology, a series of further experiments were carried out.
It is found that increasing the amount of acid to amine: acid = 1: 1.5 produced shorter
rods (length: 11.7 ±2.0 nm, see Figure 3.8a). Keeping the ratio of amine: acid = 1: 1 constant,
increasing both surface ligands to 1.5 (amine: acid = 1.5: 1.5), resulted in rods with length of
24.0 ± 5.2 nm (Figure 3.8e), close to the length of rods prepared with amine: acid =1.5: 1.
Reducing both surface ligands to 0.5 (amine: acid = 0.5: 0.5) led to products containing mainly
smaller spherical particles (~2 nm in diameter, see Figure 3.8d). In the presence of only acid,
nanospheres with uniform sizes and a small amount of short rods were formed (Figure 3.8f).
When amine is the sole surface ligand, the metal precursors were decomposed/reduced at
lower temperature (~130 °C) and nanoparticles with wide size distribution were obtained
(Figure 3.8g).
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Figure 3.8 (a-g) TEM images of CuPt nanoparticles prepared with different amount of amine
and acid. Amine: acid ratios (a) 1: 1.5, (b) 2: 1, (c) 1.5: 1, (d) 0.5: 0.5, (e) 1.5: 1.5, (f) acid
alone and (g) amine alone. (h) Graph demonstrating that when the amount of acid remained
as 1, increasing amine concentration resulted in longer rods. (i) Graph showing that when
amine concentration was either 1 or 1.5, increasing acid concentration did not change the rod
length much.

These results are summarized in the charts in Figure 3.8h, 8i. When the acid concentration
is constant, increase of the amine concentration will lead to longer rods. Keeping the amine
concentration constant but increasing the acid concentration has no significant effect on rod
length.
Observations on the early stage intermediates suggest that the metal precursors may
aggregate with organic ligands into nanospheres, after that decomposition and reduction of the
precursor molecules may occur. The nanospheres may further grow via deposition of metal
precursor molecules, and metals don’t have to be fully reduced to zero-valent atoms. It is
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supported by theoretical study,22,23 revealing that addition of ions to growing clusters takes
place before their reduction. HRTEM images also revealed early stage particles have a low
crystallinity. Therefore partially reduced Pt and Cu cations may be contained within the
nanospheres. This state prefers surface adsorption of organic acidic molecules that have
carboxylic group with negative charge. This is one reason to explain why acid serves as a
stronger ligand than amine. Therefore, nanospheres with a uniform size can form in the acidalone system (Figure 3.8f), but not in the amine-alone system (Figure 3.8g). As the metals
are gradually reduced to zero-valent, adsorption of mixed acid and amine is favored in term
of neutralized charge. Theoretical calculations have found that adsorption of amine functional
group is preferred over the carboxylic acid group on zero-valent PtAg surface.24 A similar
situation in CuPt rods is expected in the present case where amine adsorption is favored when
CuPt is fully reduced. Increasing of the amine concentration in the solution is able to facilitate
amine adsorption, probably with partial replacement of surface acid. Experimental evidence
from IR characterization is presented in a later section. Elongation of nanorods occurs owing
to the increase of surface ligand density, under which circumstances the ligand interactions is
enhanced to better stabilize long rods. In contrast, increasing the acid concentration in solution
gives no help to increase the surface density. As a result, the length of the nanorods remains
constant in spite of the extra acid.
It is known that surface ligands can help reduce monomer oversaturation.25 When half
the amount of amine and acid (0.5: 0.5 in Figure 3.8c) is used, nucleation is less suppressed
and rapid in this solution with a low surface ligand concentration. This results in a large
number of nanospheres with smaller sizes. On the other hand, surface ligands on these
nanospheres are loosely bound, and their interactions are drastically weakened due to the low
density, which is not sufficient to drive the formation of nanorods. Similarly, a reduced ligand
density could be one reason to explain why nanospheres are obtained with only acid as a
surface ligand.
In summary, the nominal ratio between the amine and acid determines the ligand density
on surface of the spheres, which plays a critical role in subsequent nanorods formation.
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3.1.6 Two-step synthesis
A two-step synthesis was performed to verify the mechanism. As discussed previously,
mainly nanospheres were obtained when acid alone was used as a surface ligand (Figure 3.9a).
The acid-capped nanospheres were used as the starting material, then amine was added into
the mixture in the second step. Surprisingly, strands of CuPt nanowires were produced (see
Figure 3.9b). The total length of these strands can be as long as several dozen micrometers.
Figure 3.9c shows ultrathin, around 1.5 nm wide, CuPt nanowires with some nanospheres
incorporated in the strands. These nanowires stack together so as to form large pieces. These
nanowires have a relatively high crystallinity, as crystal fringes could be observed from
HRTEM images in Figure 3.9d. EDX examination shows a Cu: Pt ratio of 42: 58.

Figure 3.9 TEM images of (a) CuPt nanoparticles prepared with only acid in the first step.
The inset is a HRTEM image of a sphere with lattice fringes. (b) Strands of CuPt nanowires
synthesized by two-step method. (c) TEM and (d) HRTEM images of ultrathin nanowires
inside the strand. The lattice fringes have a d-spacing of 2.16 Å, corresponding to (111) planes.
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As-prepared nanospheres were used as the starting reactants in Figure 3.9a, which had
already been reduced to nanocrystals with good crystallinity (see inset of Figure 3.9a, lattice
fringes can be observed). Amine did not participate in any nucleation process. Therefore, the
elongation could only be induced by the addition of amine in the second step. This experiment
supports the proposed sphere-to-rod mechanism.

Figure 3.10 TEM images of (a) CuPt nanospheres prepared with amine: acid = 0.5: 0.5 in the
first step. Inset is a HRTEM image of a nanosphere. (b) Following the addition of amine: acid
= 1: 1 to the mixture in the second step, elongated nanorods were produced.

This two-step method can also be applied to the system of nanospheres prepared with
amine: acid = 0.5: 0.5. Using these nanospheres as the starting material (Figure 3.10a)and
adding amine and acid in the second step, caused elongation to occur and the formation of
some nanorods (Figure 3.10b). Since both amine and acid were used, the nucleation
environment was exactly the same as that in the one-step synthesis. The evolution of rods from
spheres was caused by the addition of more ligands in the second step, which can increase the
ligand density on the surface.
The two-step synthesis results above provide evidence for the sphere-to-rod mechanism.
Density of surface ligands is crucial for 1D growth of CuPt nanorods. This implies that
surfaces of nanospheres need to reach a threshold ligand density before they begin to join
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together. Once the threshold density is satisfied, nanorods can start to form, in which process
uniform crystallographic orientations are not necessary. It is an interesting yet unanswered
question why very long nanowires formed following the addition of amine to acid-capped
nanospheres. Amine would displace or insert into carboxylate species that already exist on the
surface. One possibility is that amine invasion neutralizes the negative charge of acid and this
process leads to the fast growth of nanospheres into long nanowires.

3.1.7 Surface characterization of the CuPt nanorods
Thermogravimetric analysis (TGA) and Fourier Transform Infrared (FTIR)
characterizations were carried out on CuPt nanorods to investigate the surface species. Direct
observation of the organization of the ligand shell by TEM is difficult under our experimental
conditions because the ligand molecules of amine and acid only contains light elements and
give quite light image contrast. However, Rupar et al, 26 have observed cylindrical micelles
consisting of a monolayer coil shell and a crystalline core under TEM, which are formed by
self-assembly of block copolymers containing heavy atoms. A monolayer shell of amine and
acid can be expected to resemble the cylindrical micelles configuration on CuPt rod surface.
TGA of 1: 1 amine and acid sample gives a weight loss of 24.9 % in Figure 3.11. The
molecular weight of surface ligands and CuPt alloy are listed below.

Molecular weight

hexadecylamine

hexadecanoic acid

CuPt

241.5

256.4

258.6

The weight loss of 24.9 % from TGA corresponds to a ratio of ligand molecules: metal
atoms = 1: 5.88. Assuming the sample consists of 75 % nanorods with length of 15.7 nm and
width of 2.1 nm and 25 % nanospheres with the diameter of 2.8 nm. The metal atom density
of all the surfaces are assumed to be the same as that of (100) face in the face-centered-cubic
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unit cell, therefore the product has approximately 40 % atoms on the surface. Therefore, the
result is ligand: metal atom = 1: 2.32. This density means one ligand on every two atoms on
surface. This is a calculated result, and could be a bit larger than the real surface ligand density.
Surface atom percentage out of bulk atoms could be less than 40 %, caused by the amorphous
boundaries existing in the polycrystalline rods. It is worth mentioning that the specimen of
amine: acid = 2: 1 has a larger weight loss of 32.2 %. It validates our previous assumption that
increasing the amine concentration in the solution will increase the density of surface ligands,
thus resulting in longer rods.

Figure 3.11 TGA results from the amine: acid of (a) 1: 1 and (b) 2: 1 nanorod samples.

IR spectra from different samples are displayed in Figure 3.12. Bands at about 2950,
2915 and 2848 cm-1 are observed commonly in the spectra, and can be attributed to the
asymmetric stretch of CH3, asymmetric stretch of CH2 and symmetric stretch of CH2,
respectively. Bands located at 1473 and 1461 cm-1 may be from the CH2 scissor modes of the
methylene units. These bands are expected for both amine and acid.
For the pure mixture of amine and acid in Figure 3.12a, the absence of a band at 1700‒
1750 cm-1 indicates that no free carbonyl band exists associated with -COOH.27 The welldefined peak at 1639 cm-1 is only present in Figure 3.12a, and may be associated with the
δasym(NH3+) mode. The band located at 1508 cm-1 falls in the range of the symmetric NH3+
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deformation.28 The band at 1402 cm-1 might be assigned to the symmetric stretch of the
carboxylate. Hence this spectrum consistently matches a mixture of carboxylate species and
alkylammonium ions.
Spectrum of nanoparticles prepared with acid alone is shown in Figure 3.12b. The two
broad bands at 1560 cm-1 and 1416 cm-1 are characteristic for the νasym and νsym (OCO) of the
adsorbed carboxylate. In fact, this spectrum resembles very closely that reported for
hexadecanoate on aluminum.29 The band centered at 2048 cm-1 is assigned to adsorbed CO on
Pt-like sites, possibly owing to the decomposition of acid. The especially weak band at 1699
cm-1 (ν C=O) is associated with a small amount of carbonyl, which may be derived from free
acid. From this spectrum, it can be concluded that acid bonds to the metal surface via
carboxylate.

Figure 3.12 IR spectra of (a) mixture of 1: 1 amine and acid, (b) nanoparticles prepared with
acid only, (c) nanorods prepared by a two-step method with amine and acid and (d) nanorods
prepared in standard synthesis with amine: acid = 1: 1.

The IR spectrum of nanorods prepared by a two-step method is shown in Figure 3.12c.
It has an extra band located at 2158 cm–1 compared to Figure 3.12b. This band is probably a
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C=N stretch from adsorbed nitrile derived from dehydrogenation of the amine.30 The IR
spectrum from the sample with amine: acid = 1: 1 (Figure 3.12d) resembles that in Figure
3.12c. In both spectra, there is dominant feature of adsorbed carboxylate. But the spectrum in
Figure 3.12d has a broadened 1550 cm–1 band at higher wavenumber, which may be
contributed from adsorbed amine or related species that has amine or alkylammonium bands
in the 1580-1630 cm–1 range. It can be concluded from these two spectra that both amine and
acid are adsorbed.

Figure 3.13 IR spectra of CuPt nanorods synthesized with (a) amine: acid = 2: 1 and (b) amine:
acid = 1.5: 1. The νsym(OCO) band at 1420 cm–1 is observed in spectrum (b), but not in
spectrum (a). Instead, the bands observed in spectrum (a) indicate that amine adsorption is
dominant under these preparation conditions.

As the amine: acid ratio increases, for instance in the samples of 1.5: 1 and 2: 1, the amine
adsorption becomes more obvious and carboxylate adsorption becomes increasingly less
apparent (Figure 3.13). The amine and acid appear to adsorb competitively such that the
adsorption of amine is enhanced by increasing the concentration in a one-step synthesis. A
monolayer of ligands with a high density is formed on the nanorod surface when the amine
concentration is increased, leading to longer nanorods.
In summary, TGA results indicate the surface of nanorods is covered by a dense layer of
ligands. FTIR confirms the existence of both amine and acid adsorbed on nanorod surface.
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Increasing the amine concentration in a solution will increase amine adsorption and further
lead to longer rods, consistent with our previous assumption.

3.1.8 Proposed formation mechanism
Based on the experimental results, a formation mechanism of nanorods controlled by the
organization of surface ligands is proposed. Previous reports9,

11

have proposed that the

anisotropic growth of nanorods are caused by preferential coordination of ligands to a
particular facet, or guided by dipole-dipole interactions to form 1D structures. Either theory
cannot well explain the case in the present work. Experimental results above have excluded
the probability of seeded growth or oriented attachment:
(1) The width of intermediate nanorods decreases with increasing length, while seeded growth
nanorods prepared via atomic deposition should have unchanged or increased width.
(2) Nanorods can form merely using nanospheres as starting materials, in the presence of
surface ligands. No deposition process is involved in this 2-step synthesis.
(3) Changing the alkyl chain length of amine and acid molecules can alter the length of
nanorods.
(4) The nanorods are polycrystalline; nanocrystallites within one single rod can have various
crystal orientations.

The fact that simply changing the ratio of amine and acid can tune the rod length suggests
surface ligands play a crucial role. Based on the experimental evidences and surface analysis,
a stable monolayer of surface ligands is believed to drive the 1D growth. To understand the
formation mechanism of the nanorods, explanation of the connections among three spherical
units will be enough. The mechanism is illustrated in Figure 3.14.
Either the amine or the acid, (or a mixture of both species), is bound to the nanosphere
surface via the terminal functionality. The nanospheres move randomly in the solution with
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the action of Brownian motion, solution convection and stirring, until two spheres
stochastically collide. Then they fuse to form a dumbbell-shaped short rod (Figure 3.14b), in
which process the removal of surface ligands may be involved.11 Atoms on the nanospheres
would migrate to the concave joint that has lower chemical potential. The “neck” goes through
smoothing process, resulting in uniform circular cross-sections (Figure 3.14c, 14d). In this
situation, nearly all the ligands are parallel to each other with stable distances on side surface,
which reduce the surface energy and stabilize the side surface. Van der Waals interactions
between neighboring alkyl chains drive the formation of a densely packed ligand shell. A
cylinder-like secondary particle (Figure 3.14d) formed, which has decreased total energy in
consequence of organized and denser surface ligands and elimination of solid-liquid interface.7
There is no crystallographic requirement for such attachment, thus the nanorods are
polycrystalline containing nanocrystallites with random orientations.

.

Figure 3.14 Illustration of nanorod formation controlled by the structure of the surface ligands.
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The Smoluchowski equation, 31 which has been proven to fit well for the attachment
kinetics of organic ligand capped nanocrystals, 32, 33 can analogously describe the attachment
model in the present system. The model of the Smoluchowski equation involves monomermonomer reaction and addition of monomer to multimer, and multimer-multimer reaction can
be neglected.32,34 It can be expressed as:
𝑘1

A1 + A1 → A2
𝑘𝑖−1

A1 + A𝑖−1 →

A𝑖

In which, A1 is a primary nanosphere, Ai is a nanorod containing i primary spheres, and k is
the reaction rate constant.
It is extraordinary that the nanospheres can attach together one-dimensionally. There
must be some special guiding force involved, otherwise how can the absence of branched
shapes be explained? It is suspected the total energy of surface molecular organization is the
dominant factor in the 1D growth. If the third sphere approaches the cylinder linearly (Figure
3.14e), orientations of surface ligands on the sphere and cylinder particles are consistent
(Figure 3.14f). This guarantees the highest density of molecules bound to surface. On the
contrary, a nanosphere that moves towards the side surface to form a quasi-triangle (Figure
3.14g) suffers strong repulsive forces from adsorbed molecular species. Under this
circumstance, the ligands located at the contact points have to completely reorganize, and a
triangular plate needs to be formed as a prerequisite (Figure 3.14h). Hence, route (d)-(e)-(f)
occurred preferentially but route (d)-(g)-(h) was barely observed.
All of the experimental results support this ligand-mediated hypothesis. A mathematical
model has demonstrated in the case of Au nanorods35 that the ratio of surface energy between
side and cap surfaces, i.e. S = Sside/ Scap determines the final aspect ratio. This model is in
accordance with our mechanism in that no restriction was put on the growth rates of various
crystallographic directions. Due to the limited knowledge of theoretical chemistry, simulations
of interactions of surface ligands were not carried out in the present work, but hopefully will
66

be conducted in collaboration with theoretical chemists in the future, to better support and
validate this mechanism.
Based on the mechanism, it can be assumed that the attachment of a nanosphere to
another nanosphere or to a nanorod only takes place when (1) the surface is covered by a
sufficiently dense layer of ligands; (2) their size are properly matched.

3.1.9 Photocatalysis performance
This work was carried out by Dr. X. Xu from University of St Andrews. CuPt nanorods
were loaded on C3N4 as co-catalyst and applied to generate hydrogen from water under visible
light (λ ≥ 420 nm). Pure Pt nanorods prepared by the same method only in absence of Cu
precursor were also tested for comparison (Figure 3.15).

Figure 3.15 (a) TEM and (b,c) HRTEM images of pure Pt nanorods prepared under the same
experimental condition as described in section 3.1.2.

As shown in Table 3.2, the activity of C3N4 is significantly improved after loading of
metallic nanorods. It is noteworthy that the H2 production rate of CuPt nanorods is 3.5 times
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higher than that of pure Pt nanorods. It is known that cocatalysts promote catalytic reactions
by collecting charges generated on semiconductors.36 Therefore loading either CuPt or Pt
nanorods can considerably enhance the catalytic activity. The better performance of CuPt over
Pt nanorods may be attributed to the following three factors. (1). The work function of Cu is
smaller than that of Pt (Cu: 4.53~5.10 eV, Pt: 5.12~5.93 eV).37 Alloying with Cu may lower
the Schottky barrier between metal CuPt and semiconductor g- C3N4, thus electrons
transferring from g- C3N4 to CuPt nanorods is promoted. (2). The connections between
adjacent Pt atoms are broken down by introducing Cu for substitution, in a manner that is
analogous to isolated Pt clusters. Quantum size effect could be another reason. (3). The CuPt
nanorods are polycrystalline, containing a large quantity of structural defects. As shown in
Figure 3.15, it is obvious that pure Pt nanorods have a higher crystallinity. The positive effect
of defects for photocatalysis activity should not be neglected.

Table 3.2 Photocatalytic hydrogen production rate for different samples under visible light.
Sample

H2 production rate (μmol·h-1/g catalyst)

Pure g-C3N4

1.65

g-C3N4 + 1wt % Pt nanorods

66.35

g-C3N4 + 1wt % CuPt nanorods

234.08

3.2 Ligands capped monometallic, bimetallic and trimetallic nanoparticles
Monometallic Cu and Pt, bimetallic CuPd, PdPt and trimetallic CuPdPt nanoparticles
were prepared under the same experimental conditions as that of CuPt nanorods, except for
the usage of different metal precursors. Cu(acac)2, Pd(acac)2 and Pt(acac)2 were used as metal
precursors in these preparations. These single metal or alloy products were characterized by
XRD, EDX, TGA and HRTEM. The relationship between the adsorption of surface ligands
and morphology is discussed.
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3.2.1 Experimental section
Synthesis of Cu and Pt monometallic nanoparticles
Either 40 mg of Pt(acac)2 or 26 mg of Cu(acac)2 was mixed with 35 mg of 1,2-decanediol
as reducing agent, 230 mg of hexadecanoic acid and 225 mg of hexadecylamine in 5.0 mL of
diphenyl ether solvent in a round-bottom flask. The mixture was heated to 120 °C until a clear
solution was obtained. The solution was then heated to 225 °C and reacted for 30 min. The
flask was removed from the heating mantle and cooled down to room temperature. The product
was collected by centrifugation and washed several times with ethanol.

Synthesis of CuPdPt trimetallic nanospheres
To prepare CuPdPt nanoparticles, 20 mg of Pt(acac)2, 15 mg of Pd(acac)2 and 13 mg of
Cu(acac)2 were mixed with 53 mg of 1,2-decanediol, 345 mg of hexadecanoic acid and 338
mg of hexadecylamine in 5.0 mL of diphenyl ether. In the synthesis of Cu2PdPt nanoparticles,
20 mg of Pt(acac)2, 15 mg of Pd(acac)2 and 26 mg of Cu(acac)2 were mixed with 70 mg of
1,2-decanediol, 460 mg of hexadecanoic acid and 450 mg of hexadecylamine in 5.0 mL of
diphenyl ether. The reaction and post-processing procedures are the same as described above.

Synthesis of CuPd and PdPt bimetallic nanoparticles
15 mg of Pd(acac)2, 35 mg of 1,2-decanediol, 230 mg of hexadecanoic acid and 225 mg
of hexadecylamine were mixed with either 13 mg of Cu(acac)2 or 20 mg of Pt(acac)2 in 5.0
mL of diphenyl ether. The reaction and post-processing procedures are the same as described
above.
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3.2.2 Monometallic Cu and Pt nanoparticles
When Cu(acac)2 was used as the only metal precursor, large Cu nanoparticles and long
rods were produced. The Cu nanoparticles were about 30 nm to 50 nm in size, and the rods
could be as long as several micrometers and ~ 30 nm wide, as shown in Figure 3.16. The large
sizes of the products indicate the weak interactions between surface ligands and Cu. When the
reaction temperature was lowered to 180 °C, only a brown solution formed and no precipitate
could be collected even after high speed centrifugation for a longer period of time, which
suggests Cu precursor is not easy to be fully reduced. The nucleation process of Cu is slow
and the surfaces are not well protected by the ligands due to their weak interactions, therefore
large Cu nanocrystals are produced.

Figure 3.16 TEM images of (a) nanoparticles and (b) rods prepared with Cu(acac)2 as the only
precursor.

Pt nanoparticles with a branched structure were prepared when Pt(acac)2 was used as a
precursor (same product as that used in the photocatalysis test, Figure 3.15). The diameter of
the nanoparticles is ~2.6 nm. After examination of many HRTEM images, it was found that
the crystallographic orientations are almost uniform in these branched nanoparticles. Most
particles grow along the <111> direction (Figure 3.15b), while the <200> can also observed
in some particles (Figure 3.15c). The oriented crystalline structure implies that primary
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crystallites will adjust their orientations to be uniform after aggregation, probably due to the
high diffusion efficiency of Pt (see Table 3.3).38,39

Table 3.3 Self-diffusion parameters for different pure metals.39

a
b

Metal

Temperature Range/ K a

D(Tm)/m2 s -1 b

Cu

1010–1352

5.97 × 10-13

Pt

850–1265

1.4 × 10-12

Pd

1323–1773

4.9 × 10-13

Temperature range of the experimental determination of D.
Value of D (diffusion coefficient) at the melting point.

There is more adsorption of ligands on the Pt surface than in the case of Cu, as Y-shaped
nanoparticles with a smaller size are produced instead of large spheres. Here is evidence from
another aspect: In the case of CuPt nanorods, Pt precursor has a higher redox potential than
that of Cu thus should be reduced first and Cu should be deposited on it. But uniform CuPt
alloy is formed instead of a core-shell structure, which suggests that the ligands can bind more
strongly on Pt to stabilize it.
The surfaces of Pt nanoparticles are well protected and isotropic aggregation is blocked.
But why does Pt form a Y-shape instead of a 1D rod? It is plausible that the formation is
caused by the following two reasons. (1). Reduction of Pt precursor is so rapid that the
adsorption of surface ligands is not complete. So the coalescence occurs before the complete
adsorption and organization of surface ligands. (2). The effect of quick Pt diffusion and
oriented crystalline structure overweighs that of ligand organization.
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3.2.3 Trimetallic CuPdPt nanospheres
Trimetallic CuPdPt nanospheres were prepared with a ratio of Cu: Pd: Pt = 1: 1: 1.
Nanospheres with an average diameter of ~2.7 nm were well aligned in a closed-packed
manner (see Figure 3.17a). Self-assembly of the nanoparticles into a single layer (a), double
layers (b) and multi-layers (c) can be observed (see Figure 3.17). CuPdPt nanospheres act as
building units in a manner close to atoms in the formation of 3D superlattices.

Figure 3.17 Self-assembly of CuPdPt nanodots into superlattices composed of (a) a single
layer, (b) double layers and (c) multi-layers.

EDX analysis confirmed the ternary alloy composition. The XRD pattern in Figure 3.18
shows an alloyed phase. Broadening peaks are observed, indicating the nanoscale size of the
nanospheres: the calculated crystal size from (111) peak is about 2 nm, which is smaller than
the TEM size due to polycrystallinity.
The preparation of trimetallic nanospheres can be extended to a Cu: Pd: Pt ratio of 2: 1:
1. Similar nanospheres were obtained and the corresponding XRD pattern shifted a little
towards the high angle 2θ direction, owing to the increase of Cu composition.
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Figure 3.18 XRD patterns of CuPdPt nanoparticles (red) and Cu2PdPt nanoparticles (blue).
The black vertical line marks the position of reference Cu2PdPt alloy (JCPDS 00-048-1550).

Figure 3.19 TGA results of (a) CuPdPt nanospheres and (b) CuPt nanorods.

To investigate why the CuPdPt ternary system produces nanospheres rather than
nanorods, TGA was performed on the CuPdPt nanospheres. TGA examination of CuPdPt
nanospheres gave a weight loss of 16.6 %, which is smaller than 24.9 % of CuPt nanorods (see
Figure 3.19). The calculated molar ratio of ligand to metal atoms in CuPdPt nanospheres is 1:
10.23, while that of CuPt nanorods is 1: 5.88. This indicates that Pd has a weak adsorption
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ability towards ligands, leading to a decreased surface ligand density. It is consistent with our
previous assumption that the loosely bound surfaces will result in nanospheres. By far, it is
deducted that the adsorption ability ligands can be described as: Cu < PtPd, Pd < average CuPt
< Pt.

3.2.4 Bimetallic CuPd and PdPt nanoparticles
CuPd nanospheres were produced by using Cu(acac)2 and Pd(acac)2 as precursors and
repeating the same experimental procedures (Figure 3.20). The sizes of the CuPd nanospheres
range from 2 nm to 3 nm. Figure 3.20d displays a HRTEM image of nanospheres. The lattice
fringes with a d-spacing of 1.87 Å, can be indexed to (200) planes of CuPd 1: 1 alloy (Cu d200
= 1.808 Å, Pd d200 = 1.945 Å).

Figure 3.20 TEM images of CuPd nanospheres synthesized with (a) amine: acid = 1: 1, (b)
amine: acid = 2: 1 and, (c) amine: acid = 3: 2. (d) HRTEM image of CuPd particles prepared
with amine: acid = 1: 1 showing lattice fringes which index to the (200) planes of CuPd.
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In standard synthesis, the molar ratio of metal precursor: amine: acid = 1: 9: 9, denoted
by amine: acid = 1: 1. Increasing the amount of amine to a ratio of amine: acid = 2: 1 (Figure
3.20b), or increasing both capping agents to amine: acid = 3: 2 (Figure 3.20c), did not change
the morphology of the product.
From previous TGA results of trimetallic CuPdPt nanospheres, we know the ligand
adsorption ability of Pd is weaker than that of Pt. Therefore, it can be deduced that the
adsorption of amine and acid on the CuPd surface is less than those on CuPt nanorods.
Increasing the concentration of capping agents has little effect on increasing the surface ligand
density. The situation of CuPd nanospheres is analogous to CuPt nanospheres prepared with
half concentration of capping agents as discussed previously.

Figure 3.21(a) TEM image showing PdPt nanoparticles with irregular shapes; (b) HRTEM
image and (c) EDX results of PdPt nanoparticles.

PdPt nanoparticles with irregular shapes were produced in combination of Pt(acac)2 and
Pd(acac)2 precursors, as shown in Figure 3.21. These nanoparticles were highly crystalline.
The rugged edges and polycrystallinity of some larger particles indicate that they are formed
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by attachment of smaller particles. Due to the similarity of unit cell of Pt and Pd, it’s not easy
to examine whether the product is alloy by measuring lattice d-spacings or by analyzing the
XRD pattern. To confirm the existence of both metals, EDX analysis in Figure 3.21c was
carried out. Indeed, both peaks of Pd and Pt were detected. Other Cu, Fe and Co peaks came
from the grid and column contamination, which exists in all EDX results examined by EDX
equipped on TEM. Current experimental conditions are not ideal to control the shape of PdPt
nanoparticles. The irregularity of the nanoparticles may be attributed to the weak interaction
of ligands with the PdPt surface as well as the high diffusion efficiency of Pt atoms.

3.3 Solvent effect
Surface ligands play an important part in shape control during synthesis, as discussed in
the above sections. Other than changing surface ligands themselves, varying external
conditions can also have strong influences. By using different solvents, interactions of surface
ligands can be tuned indirectly. For example, if the surface ligands are hydrophobic, using a
polar solvent will weaken the interaction between them yet enhance that between ligands and
nanoparticles. Consequently, nanoparticles are better protected and the effect of surface
ligands becomes significant. In the following discussions, several examples are demonstrated
on controlling morphology of nanomaterials through solvent effect.

3.3.1 Experimental section
Synthesis of trimetallic CuPdPt nanospheres
CuPdPt nanospheres were prepared with the same method described in section 3.2.1. For
CuPdPt nanospheres prepared with octadecene (ODE), all the experiment parameters remain
the same except ODE was used as solvent instead of diphenyl ether (DE).
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Synthesis of Pt nanoparticles
Synthesis of hexagonal Pt nanoparticles
20 mg of Pt(acac)2, 10 mg of polyvinylpyrrolidone (PVP), 218 mg of hexadecyltrimethyl-ammonium bromide (CTAB) were mixed together with 5.0 mL of ethylene
glycol(EG) in a round-bottom flask equipped with a condenser. The mixture was heated to
200 °C for different reaction times. The particles were isolated by precipitating the colloids
from the reaction system using a sufficient amount of acetone followed by centrifugation.
Synthesis of branched Pt nanowires
20 mg of Pt(acac)2, 10 mg of PVP, 218 mg of CTAB and 35 mg of 1,2-decanediol were
mixed in 5.0 mL of ODE. The mixture was heated to 120 °C until the solids were completely
dissolved under stirring and further to 200 °C for reaction. The products were collected by
centrifugation and washed several times with ethanol.

Synthesis of CuPd nanoparticles
CuPd nanowires can be prepared as following. 15 mg of Pd(acac)2, 12.5 mg of
CuSO4·5H2O, 20 mg of PVP Mw = 55000 were dissolved in 5 mL of EG. Under vigorous
stirring, the mixture was heated to 80 °C to produce a clear solution and further heated to
200 °C. After refluxing at 200 °C for 2 h, the mixture was cooled down to room temperature.
The product was obtained by centrifugation and washed several times with ethanol.
CuPd nanospheres were prepared with 15 mg of Pd(acac)2, 13 mg of Cu(acac)2 and 20
mg of PVP with 35 mg of 1,2-decandiol as a reducing agent in 5 mL of 1-octadecene (ODE)
under the same experimental conditions, in order to investigate the effect of solvent.
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3.3.2 Solvent effect in the synthesis of CuPdPt nanospheres
Trimetallic CuPdPt nanospheres were prepared with a ratio of Cu: Pd: Pt = 1: 1: 1 in the
presence of hexadecylamine, hexadecanoic acid and decanediol in either diphenyl ether (DE)
or octadecene (ODE) solvent. It has been discussed in section 3.2.3 that uniform nanospheres
were produced and can self-assemble to form superstructures, when DE was used in the
synthesis. With all the other experimental parameters unchanged, ODE was used as a solvent
instead of DE. Nanospheres with a broad size distribution were produced, and some pear-like
shaped nanoparticles were also observed as shown in Figure 3.22a. A representative HRTEM
image is displayed in Figure 3.22b, in which most nanospheres are polycrystalline. The
nanoparticles can also assemble together, but in a disordered way (Figure 3.22c). This is
because the produced nanospheres were not uniform, making it difficult to form an ordered
assembly.

Figure 3.22 TEM images of CuPdPt nanoparticles synthesized in ODE solvent. Nanoparticles
in (a-c) are produced with both amine and acid. Nanoparticles in (d) are produced with acid
only.
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Scheme 3.1 Different solvents and their corresponding dipole moments, unit in Debye.

If acid alone was used as a capping agent, nanoparticles with an even less regular shape
are obtained (Figure 3.22d). When both amine and acid are applied, there is only a small
amount ligands absorbed on CuPdPt surface (see TGA results in section 3.2.3). Using acid
alone can further reduce the surface adsorption, as that the ligand layer is not dense enough to
generate a good protective shell.
As we can see from the dipole moment in Scheme 3.1, DE (1.05D) is more polar than
ODE (0.47D). Since the ligands used here are hexadecylamine and hexadecanoic acid, which
are bound to the metal surface via terminal functionality. The alkyl tails exposed to solvent
are hydrophobic. Therefore, the interaction between ligands and solvent in the case of DE is
weak. In other words, the ligands are “repelled” to the metal surface, leading to enhanced
interaction between ligands and metal surfaces. As a result, more uniform products were
obtained in comparison with the ones prepared in ODE solvent.

3.3.3 Solvent effect in the synthesis of Pt nanoparticles
Similar solvent effect was also found in the synthesis of Pt nanoparticles. When EG was
used as a solvent in the presence of CTAB and PVP, truncated triangular and hexagonal Pt
nanoplates around 8 nm were produced after reaction for 2 h (see Figure 3.23a).
Extending the reaction time to 20 h, most triangular nanoplates disappeared and
hexagonal plates became the main product, as shown in Figure 3.23c. This can be explained
using the illustration in Scheme 3.2. The fast-growing edges are shortened in the final product,
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forming a hexagonal shape. (111) planes are commonly observed in these nanoplates (Figure
3.23e).

Scheme 3.2 Shape evolution of Pt nanoplates. The slow growing edges (yellow arrows)
elongate at the expense of fast growing ones.

Figure 3.23 TEM images for Pt nanoparticles prepared in either (a, c, e) EG or (b, d, f) ODE.
(a) Truncated triangular and hexagonal Pt nanoplates after 2 h； (c) hexagonal nanoplates after
20 h； (e) HRTEM image of Pt nanoplates with (111) planes parallel to the beam incidence
direction； (b) TEM and (d) HRTEM images of Pt nanodendrites after 1 h; (f) Pt nanodendrites
after reaction for 20 h.
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A plate morphology is not favored thermodynamically.40 Therefore, surface ligands play
an important role in reducing the total surface energy and stabilizing the nanoplates. Synthesis
with KBr replacing CTAB led to smaller nanospheres (~4 nm). This implies the effect of a
long alkyl chain helps retain a plate shape. PVP helps to well disperse the nanoplates;
aggregated products were obtained in the absence of PVP.
If the synthesis was conducted in a nonpolar solvent, ODE, Pt nanodendrites were
produced (Figure 3.23b). The branched morphology remained the same even after reaction
for 20 h (Figure 3.23f). From HRTEM images, it is found that the crystalline orientations of
the branch units tend to be aligned in one dendrite particle. In Figure 3.23d, the lattice fringes
can be indexed to (111) planes in each branch, and the nanocrystallites have a uniform
orientation. By investigating the intermediates at 10 min, 20 min and 30 min, it is found that
the dendrite morphology has formed at very early stage. The branched structure remains as
reaction time is prolonged, with gradually increasing crystallinity.
The situation of Pt nanoplates and nanodendrites is very similar to that of CuPdPt
nanospheres. We believe CTAB (see the chemical structure below) binds to the metal surface
with its functional group and leaves the carbon chain tail exposed to the solvent. The tail is
hydrophobic, thus EG as a polar solvent, can “push” the CTAB ligand onto metal surface,
leading to formation of well-protected nanoplates.

When nonpolar solvent ODE was used, the interactions between ligands and metals were
weakened. Branched structures were produced due to the weakening protection from surface
ligands.
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3.3.4 Solvent effect in synthesis of CuPd nanoparticles
The previous examples are both hydrophobic ligands. To further demonstrate the solvent
effect, the case of PVP, a kind of hydrophilic polymer, is investigated in the synthesis of CuPd
nanoparticles.

Figure 3.24 TEM images of CuPd nanoparticles capped with PVP, prepared in (a) EG and (b)
ODE.

A TEM image of CuPd nanowires prepared in EG is displayed in Figure 3.24a. In
comparison, nanospheres were produced when the solvent was changed to non-polar ODE
(Figure 3.24b). These nanospheres are smaller in diameter. Detailed structure characterization
of CuPd nanoparticles will be discussed in Chapter 5. Herein we mainly focus on the solvent
effect on the morphology. Again, interactions between PVP and solvents will be weakened as
polarity of solvents decreases. Thus, the interactions between surface ligands and metal are
enhanced in a less polar solvent. In other words, the surfaces of CuPd nanoparticles are better
protected by PVP in ODE, resulting in the formation of nanospheres instead of a branched
structure.

The growth of nanoparticles is a complicated process, which can be affected by many
factors. Solvent is one of them and may influence the morphology of nanoparticles in different
ways. For example, epitaxial growth of Fe3O4 on Au seed is affected by polarity of the
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solvent.41 The authors claimed that polar solvents can provide charges to compensate for the
polarized plane at the Au- Fe3O4 interface. In this section, it is demonstrated that solvent can
manipulate morphology control via changing interactions with ligands: metal surface can get
strong protection by choosing combinations of hydrophilic ligands and non-polar solvents,
and vice versa.

3.4 Implication of ligand-mediated growth mechanism
The present work has found it is the ligands bound to the surface that dominate the 1D
growth of CuPt nanorods, in a manner of achieving a stable organization to minimize the
energy. The proposed ligand-mediated growth mechanism highlights the influence of surface
ligands in rod growth. When the rods grow linearly, then the side surfaces are flat, where
parallel surface ligands could obtain strong mutual interactions in this stable configuration.
When the density of ligands on surface decreases—caused by a low ligand concentration in
solution, poor adsorption of ligands on metal surface, solvent effect and so on—interactions
between ligands are weakened and nanocrystals with less regular shapes will form. This
implies that when it comes to energy consideration in crystal growth, the energy of the crystal
itself and the surface ligands should be taken in account as a whole.
Conventional theories believe the growth of crystal is determined by the crystal itself.
The resulting crystal adopts a shape with minimum energy, usually bound with low index
facets. The neglect of surface ligands in directing crystal growth can partially be attributed to
the fact that ligands are invisible to most characterization techniques or are removed after
purification in previous research. The effect of ligands is underestimated and simply regarded
as physical template, or adsorbates that slow down the growth rate of certain facets. For the
former, concentrated surfactant ligands were believed to form a micellar template to assist the
crystal formation. But the surfactant template is soft and dynamic in the solvent, and unlikely
to behave as stable assemblies during the reaction.42 Current research community commonly
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regards surface ligands as adsorbates that affect the surface energy of facets. For instance,
calculations using density functional theory (DFT) suggest that oleic acid (C17H33COOH), a
widely used surface ligands, binds more strongly to the PbSe {111} than to the {100} planes,
which can reverse the surface energy (PbSe bare surface γ100 = 11.4 and γ111 = 20.4 meV/Å2)
and finally alter the equilibrium shape from cubic to octahedral.43
Our CuPt nanorods, however, were polycrystalline and built up by nanospheres with no
well-defined facets. Thus, the selective adsorption of ligands to different facets is not
significant in the nanorods. Our novel ligand-mediated mechanism indicates the importance
of ligand-ligand interactions, which are neglected in the DFT calculation mentioned above. 43
This mechanism can be applied to explain the reported rod growth phenomena. For
example, Au nanorods were prepared in the presence of hexadecyl-trimethyl-ammonium
bromide (CTAB), and it was found that increasing CTAB concentration can enhance the yield
of rods.44 The authors suspected concentrated CTAB can form a longer micellar rod template.
In another report, FePt nanorods were formed by collisions of nanospheres. It was observed
in situ by real time TEM and found that winding rods become straight after adding more
surfactant (additional 10 % oleic acid).45 The authors believed the straightening is caused by
eliminating crystal defects and minimizing surface areas, but did not point out why the
concentration of surfactants affected the straightening process. Both examples are rather
consistent with our ligand-mediated mechanism. Concentrated surface ligands in solution can
increase its density on the rod surface, and ligands tend to be parallel to each other. In this
stable organization, the mutual interactions of ligands are enhanced, which can further reduce
the total energy of the ligand-capped rods.
With limited knowledge in theoretical chemistry, calculations on the degree of
interactions between the ligands in different configurations are not accomplished in the current
work. Future studies should explore a theoretical model of such ligand-interactions, which
could better support our mechanism.
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Findings in the present work demonstrate the effect of surface ligands in 1D growth of
CuPt nanorods, and reveal that the well-known factors such as crystallographic orientations,
specific facet blockings do not dominate the 1D growth in current situations. This is the first
time that a ligand-mediated mechanism is proposed for the growth of 1D alloyed nanomaterial,
which emphasizes the importance of mutual interactions between ligands. 108Our work offers
a new perspective and provides practical knowledge for crystal growth process.
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Chapter 4 Ligand Assisted Formation of Nanosheets Unrolled
from Titanate Nanotubes
4.1 Introduction
Titanate nanomaterials have excellent catalytic and photo-electronic properties1 and have
been applied in a wide range of fields such as lithium batteries, solar cell and various catalytic
reactions.2, 3 Many structures have been developed: nanotubes, nanospheres, nanodisks, to
name a few. Among them, two dimensional nanosheets, as a new class of nanomaterials,
possess intriguing properties owing to their high anisotropic feature with ultrathin thickness.
For instance, it is reported that quasi- TiO2 nanosheets display an optical adsorption peak that
is significantly blue shifted, compared to bulk TiO2.4

Scheme 4.1 Illustration of nanosheets produced from (a) exfoliation of layered compounds
that could be several layers and (b) unrolling of nanotubes that produces single-layer nanosheet.

Conventionally, titanate nanosheets have been prepared by exfoliation of layered titanate
crystals. Precursor titanate crystals are prepared by calcination of alkali carbonate and a
titanium compound.5, 6 The resulting nanosheets, however, are usually not uniform in size,
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because precursor crystals exhibit various shapes. Furthermore, exfoliation cannot guarantee
the thickness of produced titanate nanosheets, which could have several layers as well as
various thickness in different products (see Scheme 4.1).
Herein, we conceive to synthesize monolayer titanate nanosheets by unrolling titanate
nanotubes. In contrast to exfoliation from layered compounds, nanosheets unrolled from
titanate nanotubes are ensured to be monolayer (see Scheme 4.1). In chapter 3, the effect of
ligands on morphology of metal nanoparticles has been discussed. It is envisioned that
introducing ligands into nanotubes can unroll and stabilize them to form nanosheets. In the
following work, titanate nanotubes are prepared and unrolled under different experimental
conditions. The structure of unrolled nanosheets is studied by HRTEM characterization.

4.2 Experimental section
Synthesis of titanate nanotubes
Titanate nanotubes were prepared by a previously reported method.7 0.1 mol of TiO2
(rutile) was added into 25 mL of 10 M NaOH solution. After stirring for 30 min, the slurry
was transferred to a Teflon autoclave. The autoclave was sealed and then thermally treated at
130 °C in oven for 3 days. The solid product was scraped out, washed with water and collected
by centrifugation. The washing step was repeated several times using water to reach a pH of
12. To reach a pH value near 7, the as-prepared product was first stirred in dilute acid (0.1 M
HCl) for 30 min and then centrifuged, followed by washing with water for several times. The
sample was dried at 70 °C in an oven overnight.
Unrolling nanotubes into nanosheets
25 mg of titanate nanotubes was added into the mixture of ligands and 20 mL solvent,
and then reacted under gentle stirring. Hexadecylamine (C16H33-NH2), octylamine (C8H17NH2), tetrabutylammonium hydroxide (TBAOH), gum arabic and triethylamine (Et3N) were
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used as surface ligands. The detailed experimental conditions are summarized in Table 4.1.
Ultrasonication was carried out in UW ultrawave sonicator U300 at 50W, 44 kHz. The product
was collected by centrifugation and washed with ethanol.

Table 4.1 Experimental conditions of unrolling titanate nanotubes.

Ligand/solvent

Concentration

Temperature

Reaction
time

1

C16H33-NH2/ cyclohexane

0.1M

Room temp.

4d/ 1month

2

C16H33-NH2/ ethanol

0.1M

Room temp.

4d

3

Ethanol (200 mL)

--

Room temp.

4d

4

C8H17-NH2/ cyclohexane

0.1M

50 °C

4d

5

C8H17-NH2/ cyclohexane

3M

50 °C

4d

6

TBAOH/ water

0.1M

Room temp.

4d/ 1 month

7

TBAOH/ water

0.5M

50 °C

4d

8

Et3N

--

50 °C

4d

9

C16H33-NH2/ cyclohexane

0.1M

ultrasonication

2h/ 8h

10

Gum arabic/ water

5 wt %

ultrasonication

2h/ 8h

Characterization
Transmission electron microscopy (TEM), and high resolution TEM (HRTEM) images
were obtained on a JEOL-2011 electron microscope operating at 200 kV equipped with an
Oxford Link ISIS system for energy-dispersive X-ray spectroscopy (EDX). Powder X-ray
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diffraction (XRD) was performed on a PANalytical Empyrean diffractometer with Cu Kα
radiation.

4.3 Titanate nanotubes
Titanate nanotubes were obtained via the hydrothermal treatment of TiO2 and NaOH
solution.7 The product was washed with deionized water several times to reach a pH value of
12. After this stage, washing with water has little effect on further lowering the pH value. In
order to reach a pH value near 7, the sample was stirred in a dilute acid solution, followed by
washing several times with deionized water.

pH=7
pH=12

Intensity(a.u.)

(200)

(211)

(020)

(110)

(b)
(a)
10

20

30

40

50

60

2 Theta (degree)

Figure 4.1 XRD patterns of titanate nanotubes with (a) pH = 7 and (b) pH = 12. Table on the
right lists the EDX results and 2-Theta peak positions of the two samples.

The XRD patterns of the nanotubes washed to pH 7 and 12 are displayed in Figure 4.1,
which are consistent with the reported structures of H2Ti3O7 nanotubes.8 Small differences can
be observed between samples with pH value of 7 and 12. For the sample with pH of 12, the
content of Na is higher, and the positions of the XRD peaks are slightly shifted to low angles.
This indicates that d-spacings of the high pH value sample are slightly larger, which is
probably caused by the existence of Na ions. Water can wash away the excess NaOH in the
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beginning, but as the NaOH residue is rinsed off, continuing washing won’t change the pH
much. At this stage, Na ions in the structure need to be exchanged by protons.9 Diluted acid
can facilitate this process and result in a product with lower pH value.

Figure 4.2 (a) Low magnification TEM image of titanate nanotubes and (b) HRTEM image
of a nanotube with 5 layers in the wall.

The morphology of nanotubes was examined by TEM and a typical image is shown in
Figure 4.2a. No obvious difference was observed between samples with pH = 7 and 12. Scrollshaped nanotubes were as long as several hundred nanometers and ~10 nm wide, usually with
4‒6 layers in the wall. The structure of H2Ti3O7 nanotubes has been investigated8 to be
monoclinic with unit cell parameters a = 1.603, b = 0.375, c = 0.919 nm and β = 101.45°. In
HRTEM image Figure 4.2b, the inter-layer distance in the tube wall is ~7.3 Å which
corresponds to (200) planes. Notably, it is smaller than the value of 9.1 Å calculated from (200)
peak at 2θ = 9.6°in the XRD. It has been studied that H atoms are located in the interlayer
space and the “walls” are composed of Ti3O7 2- ions. The increase of (200) interplane distance
could be caused by insertion of H2O molecules, which are stable under XRD but not in TEM.
The loss of H2O under the high energy electron beam will result in the shrinkage of the dspacing back to the normal H2Ti3O7 value. Li and co-workers9 reported that (200) peak of
titanate nanotubes shifted to 2θ = 11°(corresponding d = 7.8 Å) after calcination at 550 °C,
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confirming our assumption. The fringes marked by “b” are parallel to the tube surface and a
bit distorted, with a d-spacing of 3.1Å, corresponding to (211) planes.

4.4 Unrolling nanotubes into nanosheets
Titanate nanotubes can be regarded as rolls of H2Ti3O7 nanosheets. Once these scroll-like
nanotubes are unrolled, monolayer Ti nanosheets, similar to graphene, can be obtained, which
have intriguing properties. As discussed in chapter 3, interactions between ligands and a
surface can have strong effects on nanostructures. To access such a monolayer structure, we
envisioned an approach that introducing ligands into the layers to unroll the nanotubes. At first,
the outermost layer will expand, leading to an exposed inner part of the tubes. As illustrated
in Scheme 4.2, with more and more adsorption of ligands, the nanotubes will be gradually
unrolled into nanosheets, stabilized by surface ligands. Once the nanosheets are formed and
capped with ligands on the surface, it will be difficult to roll them back into tubes.

Scheme 4.2 Proposed formation of nanosheet unrolled from nanotubes with the help of surface
ligands. The cross section view demonstrates the insertion of ligands into interlayer spaces.
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To test the feasibility of this approach, linear ligands (such as hexadecylamine) and bulky
ligands (TBAOH, Et3N) were both studied. Different solvents and ultrasonic synthesis were
investigated to optimize the unrolling process.

4.4.1 Unrolling tubes with primary amine ligands
Nanotubes were treated with hexadecylamine (C16-NH2) in cyclohexane at room
temperature under gentle stirring. The amine ligands are in excess, with a molar ratio of ligand:
H2Ti3O7 = 20: 1. After 5 days, some nanosheets formed, as shown in Figure 4.3. A number of
tubes, however, remained rolled in the product. Some nanosheets are located beneath the tubes
or buried under tubes (Figure 4.3c). At the edges of the sample, a very thin nanosheet can be
observed (Figure 4.3a). Since the unrolled sheets are monolayer, they could be very fragile
and the contrast is rather low. The ragged edges of the nanosheet are probably caused by
damage.
In HRTEM image Figure 4.3b, orthogonal fringes with d-spacings of 3.50 Å and 2.70 Å
are observed, which are discontinuous. The H2Ti3O7 unit cell (b = 0.375, c = 0.919 nm)
illustrated in Figure 4.4, shows it is constructed by edge-sharing Ti-O octahedrons. After
unrolling, the a axis disappears and a two dimensional sheet is formed which originates from
the (100) planes. We will use (k l), two miller indices, to denote planes on the 2D nanosheet.
In the newly formed 2D structure, an inter-fringe spacing of 3.50 Å can be attributed to that
of (10) planes (d10 = 3.75 Å). While 2.70 Å can be attributed to that of (03) planes (d03 = 3.06
Å). This is reasonable considering that c consists of 3 Ti octahedrons. Obviously, these two
planes are orthogonal. The derivation of the d-spacing may be caused by defects and distortion.
In Figure 4.3d, “ridges” can be observed in the unrolled nanosheet. These are where the “walls”
were and therefore a feature of the original tube. Furthermore, orthogonal fringes were also
found on the flat sheet, indicating it is the (100) plane.
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Figure 4.3 TEM images of C16H33-NH2 unrolled nanosheets. (a) Low magnification image
showing ultrathin nanosheets at the edges. HRTEM images of (b) flat nanosheet with
orthogonal d-spacings of 3.50 Å and 2.70 Å; (c) nanosheet beneath nanotubes and (d) unrolled
nanosheet with traces of original tubular shape.

Figure 4.4 Unit cell of H2Ti3O7 and structure viewed from [100] direction. Blue spheres
represent Ti and red spheres represent O atoms.
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Changing the solvent to a protic solvent, ethanol, leads to degradation of the unrolling.
Although some nanosheets were still produced, the amount is significantly reduced. This
implies that C16-NH2 ligands are probably bound to the titanate surface by uniting amine and
the protons located in the layers. Ethanol may compete to seize the C16-NH2 ligands and turn
them into protonated ammonium, weakening the interaction between ligands and nanotubes.
In comparison, cyclohexane is aprotic, thus it facilitates ligands uniting with protons in
nanotubes and further unrolling tubes. To clarify that the unrolling process was induced by
ligands, a blank experiment was carried out in ethanol solution in absence of C16-NH2.
Nanotubes remained tubular after several days of stirring.
Using octylamine (C8-NH2) as the ligand led to a reduced number of nanosheets in the
product, even at a higher temperature of 50 °C. Because the unrolling process depends on the
inserted ligands, the longer the alkyl tails are, the stronger the interactions are between the
surface ligands. As a result, nanosheets are less stabilized in the case of C8-NH2, which is very
similar to the ligand effect in CuPt nanorods. Increasing the concentration of C8-NH2 has a
minor effect on improving the nanosheet yield.
Extending the reaction time to one month can slightly increase the yield of nanosheets.
Whereas, many nanotubes still existed and some were broken into several parts due to the long
time stirring. More efforts are required to optimize this method in order to achieve fully
unrolled products. We are able to conclude that nanotubes can be unrolled into nanosheets
with the assistance of primary amine ligands, although optimization of the experimental
conditions is required to improve efficiency.

4.4.2 Unrolling nanotubes with bulky ligands
We

also

attempted

to

unroll

titanate

nanotubes

with

the

bulky

ligand

tetrabutylammonium hydroxide (TBAOH). It is conceived that OH- will take away the protons
within the tubes and TBA+ ions can take place at the same time. With the assistance of this
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bulky ligand, the layers could be unrolled. Experimentally, nanotubes were partially unrolled
after 4 days of stirring in TBAOH solution. Thin, flat pieces of nanosheets formed, as well as
sheets with curled sides (see Figure 4.5). Nanotubes still existed in the product.

Figure 4.5 TEM images of nanotubes unrolled by TBAOH. Flat and curled sheets were
formed in the product, though some nanotubes remained intact.

Figure 4.6 By-product formed in the unrolling experiment with TBAOH for 1 month. (a) Low
magnification TEM image and (b) HRTEM image showing lattice fringes.

Increasing the reaction time to 1 month or increasing the concentration of TBAOH was
not helpful to increase unrolling yield, yet can lead to a dehydrated byproduct. A typical image
of the byproduct is given in Figure 4.6. Large crystalline particles formed with either a high
concentration or long reaction time in the presence of TBAOH, and all the tubular structures
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were totally destroyed. The HRTEM image in Figure 4.6b shows lattice fringes with a dspacing of 2.18 Å, which does not match the d-spacing of any plane of H2Ti3O7. It is more
likely to be the (111) plane of rutile TiO2 (JCPDS 00-087-0710, Tetragonal).The phase
transition to rutile TiO2 is likely due to dehydration of some titanate after a long reaction time
or in high concentration solution. Transition from titanate nanofibers to rutile has been
reported but in high concentration solution of HNO3.10
As for the byproduct, the tubular morphology was completely destroyed. The difference
in crystal structure between titanate and rutile can provide an explanation for this morphology
change. The structures are illustrated in Scheme 4.3. Both phases consist of edge-sharing
octahedrons. The octahedrons share four edges in titanate, but share only two edges in rutile.11
In rutile, these edge-sharing octahedrons form linear chains, which link together by sharing
vertices to produce a three-dimensional lattice. The zigzag ribbons in the original titanate
structure are separated into detached Ti-O octahedrons or their clusters,10 to form these linear
chains as a building unit for rutile. As a result, the rutile byproduct crystals have no
morphological similarity to the original nanotubes.

Scheme 4.3 Illustration of crystal structures of titanate (left) and rutile (right) and a possible
transition process.

Bulky ligand Et3N was used as both a ligand and solvent to unroll nanotubes. In this
experiment, 25 mg of titanate nanotubes was mixed with 20 mL Et3N. Parts of the tubes were
unrolled, whilst others remained tubular. This indicates that a high concentration of ligand
cannot guarantee an improvement of the yield of nanosheets.
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4.4.3 Unrolling with assistance of ultrasonication
Ultrasonication is reported to be able to assist isolation of carbon nanotubes from the
bundles.12 It is proposed that ultrasonication “frays” the end of the bundle and facilitates
additional surfactant adsorption.13 An isolated, surfactant coated nanotube will be released in
an unzipping way.
A series of experiments were carried out under ultrasonication (50W, 44 kHz) to unroll
titanate tubes. In the presence of C16-NH2 in cyclohexane solvent, a few nanotubes were
unrolled into nanosheets after 2 h ultrasonication. However, when the reaction time was
extended to 8 h, most nanotubes were broken into shorter ones and some were deformed. There
was no obvious increase of nanosheet formation, but the dehydrated product, the same as
byproduct observed in the specimen unrolled by TBAOH (Figure 4.6), was also found.
Gum Arabic (GA) was used as the surface ligand in the ultrasonication-assisted
experiment. GA is a kind of water soluble polysaccharide produced by Acacia Senegal trees.
It is a complex mixture with highly branched structure containing glucuronic acid end units
and a small portion of protein.14 Measurements reported an average molecular weight as large
as ~200,000 g/mol. No nanotubes were unrolled by GA after 2 h ultrasonication. After 8 h, the
nanotubes retained the tubular shape, with a small number of dehydrated byproduct. GA is too
large to insert into the interlayers of nanotubes, which is consistent with our assumption.
Although ultrasonication is reported to be helpful for surfactant adsorption, it has little
effect in unrolling titanate nanotubes under the current experimental conditions. Extending the
reaction time will lead to formation of the byproduct, which might result from the combined
contribution of alkaline conditions and increase of temperature caused by ultrasonication.

In summary, we have demonstrated the feasibility to unroll nanotubes with the assistance
of ligands. It has been reported that the titanate tubes can maintain their structure up to
calcination at 550 °C,9 and theoretical calculations have proposed that surface tension is the
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principal driving force for tube formation.15 Therefore, transforming nanotubes into
nanosheets is a process that increases the surface energy. By introducing surface ligands onto
surface of the sheets, ligand-ligand interactions should be taken into account of the total
surface energy. Thus nanosheets, an unstable structure, can be retained with ligands on them.
Although this method still needs improvement, it has proven the function of ligand interaction
in nanostructuring.
Within these limited experimental results, the best unrolling efficiency was achieved by
C16-NH2 in the aprotic solvent of cyclohexane. C8-NH2 has a similar property as C16-NH2
ligand, but its shorter alkyl chain weakens the interaction between ligand molecules and results
in a little decrease in unrolling yield. Bulky ligands didn’t show better unrolling performance
than primary ligands. Instead, a high concentration of TBAOH can lead to dehydration of
some titanate tubes, resulting in the formation of the rutile byproduct. As polysaccharide gum
arabic (GA) is too large to insert into the nanotube interlayers, it failed to unroll the nanotubes.
Ultrasonication is not helpful in the current experimental condition; on the contrary it
facilitates the formation of byproduct.
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Chapter 5 One-step Synthesis and Shape-Control of CuPd
Nanowire Networks
5.1 Introduction
The morphology of nanomaterials can strongly influence their intrinsic properties.
Networks of metallic and alloyed branched nanowires possess promising advantages including
high surface areas and a hierarchical structure, and have attracted considerable attention.1-3
Many monometallic and bimetallic nanowire networks have been successfully synthesized so
far. For example, Pt nanowire networks have been prepared with the assistance of a template,
either a soft one in a two-phase water-chloroform system formed by cetyltrimethylammonium
bromide,4 or a hard template of mesoporous silica.5 Pd polyhedron networks are prepared by
introducing Cu2+ as foreign ion, which is critical for the network formation.6 CuAu nanowire
networks were fabricated using ethylene glycol, diethylene glycol, triethylene glycol and
glycerol as the solvent. If the solvent was replaced with tetraethylene glycol, discrete CuAu
nanocrystals were produced.7 The authors speculated CuAu networks formed by coalescence
of nanoparticles according to XRD and visible absorption spectra,7 but direct observation of
the growth process was not presented in their work. PdAg and PdAuAg nanosponges were
produced by adding a second or third metal salt sequentially into the solution containing Pd
precursor during the reaction.8 Reports of a CuPd nanowire network are still rare.
CuPd nanomaterial is widely applied in a range of catalysis reactions, such as combustion
of methane,9 hydrogen generation in photocatalysis10 and hydration of acrylonitrile.11 Recently,
CuPd catalyst has shown its potential in oxygen reduction reaction (ORR). Wang et al.12
demonstrated the electrocatalytic activity of CuPd catalysts towards ORR. Based on
experimental results and theoretical calculations,13 the best activity was obtained on CuPd
sample with a composition of Cu: Pd = 1: 1. CuPd nanocubes are reported to have enhanced
activity for ORR by Zhang and coworkers.14
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In this chapter, a one-step method is demonstrated to prepare CuPd nanowire networks
with interconnected, three dimensional structures. Intermediates during the reaction are
examined by direct HRTEM observations to reveal the growth process. Effects of surface
ligands are studied to achieve shape control and AgPd nanowires are prepared to test the
versatility of this method. CuPd nanowires are also loaded on carbon nanoparticles as catalyst,
and show morphology dependent performance towards ORR.

5.2 Experimental section
Synthesis of CuPd nanowires and nanoparticles
In a typical synthesis, 15 mg of palladium (II)-acetylacetonate [Pd(acac)2], 12.5 mg of
CuSO4·5H2O, 20 mg of polyvinylpyrrolidone (PVP Mw = 55000) were dissolved in 5 mL of
ethylene glycol (EG). Under vigorous stirring, the mixture was heated to 80 °C to produce a
clear solution and further heated to 200 °C. After refluxing at 200 °C for 2 h, the mixture was
cooled down. The product was collected by centrifugation and washed several times with
ethanol. Intermediate products were collected at 5 min and 10 min during heating to 200 °C
to study the growth process.
To study the effect of the capping agent, the molecular weight of PVP was varied to
10,000 and 40,000 whilst a constant PVP weight of 20 mg and other parameters were
unchanged. CuPd nanoparticles were prepared with 15 mg of Pd(acac)2, 13 mg of Cu(acac)2
and 20 mg of PVP with either 242 mg of formanilide or 35 mg of 1,2-decanediol added as a
reducing agent in 1-octadecene (ODE) under the same experimental conditions, in order to
investigate the effect of reducing agent and solvent.
Carbon-supported CuPd networks were prepared as follows. As-prepared CuPd
nanowires were dispersed in ethanol by ultrasonication. Pre-weighed Super P carbon
nanoparticles (Timcal, size ~40 nm, BET surface area ~60 m2/g) was added into the dispersion
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and the mixture was ultrasonicated for 1 h followed by stirring overnight. The product was
collected and treated at 400 °C in air for 4 h to remove PVP.

Synthesis of Pd-based nanoparticles
The synthetic procedures were the same as mentioned before except that different metal
precursors were used (AgNO3, HAuCl4 ·3H2O and CoSO4·7H2O).
AuCuPd nanowires were prepared with the following method. 30 mg of Pd(acac)2, 25 mg
of CuSO4·5H2O and 60 mg of PVP Mw = 55000 were dissolved in 5 mL of EG. The mixture
was heated to 80 °C under stirring to dissolve all reactants and further heated to 200 °C for
reaction. After reaction for 10 min, 1 mL of EG solution containing 40 mg of HAuCl4 ·3H2O
was added into the solution. After reaction for another 2 h, the flask was removed from the
heating mantle and the product was collected with the same procedures stated before.
Porous AuCuPd nanowires were prepared by a galvanic replacement reaction. 0.5 mmol
(8 mg) of as-prepared CuPd nanowires were dispersed in 20 mL of deionized water after
ultrasonication for 10 min. Under vigorous stirring (1000 rmp), 5 mL of HAuCl4 solution (6
mM) was added dropwise into the CuPd dispersion. The mixture solution was stirred for 16 h
at room temperature to react thoroughly. The product was collected by centrifugation and
washed several times with acetone.

Characterization
Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images
were obtained on a JEOL-2011 electron microscope operating at 200 kV equipped with an
Oxford Link ISIS system for energy-dispersive X-ray spectroscopy (EDX). Morphology of
the CuPd network was examined by field-emission scanning electron microscopy (FESEM)
on a JEOL JSM-6700F microscope operating at 2-5 kV equipped with an Oxford INCA system
for EDX. Powder X-ray diffraction (XRD) was performed on a PANalytical Empyrean
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diffractometer with Cu Kα radiation. Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) was performed on Thermo Fisher NICOLET 6700 FT-IR spectrometer.

Electrochemical characterization
The electrochemical characterization was carried out by Mr Yuhui Chen at University of
St Andrews. Inks were prepared by mixing the catalyst powder (1 mg/mL in isopropanol), 0.5
mL nafion solution (0.125 wt % solution in isopropanol) and 0.5 mL isopropanol. 3 μl of the
ink was casted on a glassy carbon (GC) cylindrical electrode (diam. 3 mm). Electrochemical
measurements were carried out with a VMP3 potentiostat (Biologic) at room temperature. A
three-electrode cell was built with Pt counter electrode; Ag wire in 3M KCl saturated with
AgCl as reference electrode and Pt electrode or GC electrodes loading with catalyst as working
electrode. The ORR measurements were performed in O2 saturated 0.5 M HClO4 solution at a
scan rate of 100 mV/s.

5.3 CuPd nanowire networks
CuPd nanowire networks were prepared in the presence of PVP in ethylene glycol.
Figure 5.1 shows TEM and SEM images of the networks. CuPd nanowires have an average
width of 18.2 ± 2.2 nm. Their branched feature results in pores within the interconnected
network structure. In the SEM image, a 3D porous structure can be observed in a large scale.
An average Cu/Pd ratio of 58: 42 was obtained by examining ten randomly selected spots in
EDX analysis and elemental mapping shows uniform distributions of Cu and Pd elements (see
Figure 5.1).
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Figure 5.1 (a) TEM and (b) SEM images of CuPd nanowire networks after a reaction for 2 h.
(c) HAADF image. Elemental mapping showing the (d) Cu and (e) Pd distribution. (f) A
typical EDX spectrum of CuPd nanowires. The data in (c-e) were recorded by FEI company.

Normally both Cu and Pd are face-centered-cubic (fcc) structure, but the fcc and bcc
(body-centered-cubic) structures coexist in the CuPd nanowires, according to XRD patterns
presented in Figure 5.2a.
Upon HRTEM examination, the CuPd nanowires were found to be polycrystalline and
consist of single crystalline domains and some defects (Figure 5.3). Both fcc and bcc
structures are present in different areas within a single nanowire. In Figure 5.3a, fcc structure
with a d-spacing of 2.17 Å was observed, corresponding to the (111) planes of CuPd. Bcc
structure with d-spacings of 2.97 Å and 2.08 Å was located in the same branch, which can be
assigned to the (100) and (110) planes respectively (Figure 5.3b).
Nearly pure fcc type CuPd nanoparticles were achieved using formanilide as reducing
agent in the solvent ODE (Figure 5.2b).
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Figure 5.2 XRD patterns of (a) CuPd nanowire networks prepared in EG, (b) CuPd
nanoparticles reduced by formanilide in ODE and (c) CuPd nanoparticles reduced by 1,2decanediol in ODE. Yellow and green vertical lines indicate the position of alloyed CuPd fcc
structure (JCPDS 00-048-1551) and bcc structure (JCPDS 01-078-4406), respectively.

Figure 5.3 HRTEM images of domains with (a) a fcc structure and (b) a bcc structure in a
CuPd nanowire. The inset shows a low magnification image of this nanowire, in which the
areas marked by a and b correspond to HRTEM images (a) and (b).
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Thermodynamically, the fcc phase is more stable, while the bcc phase is a structure with
higher energy. Experimentally, we speculate that strong reducing agents can increase the
reduction rate of CuPd clusters, so as to promote the formation of the bcc phase that is more
loosely packed than the fcc structure. CuPd with pure bcc phase was produced when NaBH4
was used as a strong reducing agent.10, 15 In the present work, EG with moderate reducing
ability was used, resulting in the formation of both bcc and fcc type structures. The use of
formanilide produced a more stable fcc structure, probably due to the weak reducing ability of
formanilide that leads to a slower formation process (Figure 5.2b). CuPd synthesized with
formanilide, however, exhibits morphology of spherical nanoparticles rather than branched
nanowires (Figure 5.4). In Figure 5.4b, crystal fringes of a nanosphere with a d-spacing of
2.16 Å was observed, which is assigned to (111) planes of fcc-type CuPd alloy.

Figure 5.4 TEM images of CuPd nanoparticles reduced by formanilide in ODE, producing
fcc structured CuPd nanoparticles.

5.4 Growth process
Intermediates at early stages were collected to study the growth process. After the
precursors were totally dissolved at 80 °C, the reaction was stopped at 5 min and 10 min during
the process of heating to 200 °C. The images of these intermediates are shown in Figure 5.5.
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After 5 min of heating, nanospheres with an average size of 10.2 ± 1.3 nm (obtained after
measuring 50 particles) had already formed. Most nanospheres are discrete, but some started
to attach together to form peanut-shaped particles attached by two spheres or V-shaped
particles by three (Figure 5.5c-e).

Figure 5.5 TEM images of (a) 5 min, (b) 10 min intermediates. HRTEM images of
nanoparticles formed by attachment of (c) one, (d) two and (e) three spheres.

As the reaction was extended to 10 min, branched particles appeared in the product.
Spherical units can still be distinguished from the branched rods. These branched rods would
continue to join and connect, forming the final three-dimensional structure. The width of 10
min rod is ~10.3 nm, which is close to the diameter of 5 min intermediate spheres but much
smaller than that of the final nanowires after 2 h reaction. It is expected that width of nanowires
increases by the further deposition of CuPd atoms afterwards.
Interestingly, both bcc and fcc structures formed at the early stages. One representative
image is given in Figure 5.5d, a peanut-shaped particle consists of two spheres. The upper
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sphere is fcc-type with a d-spacing of 2.16 Å which corresponds to the (111) planes of fcc
CuPd alloy. The lower one exhibits two dimensional lattice fringes that are perpendicular to
each other. The d-spacings are both 2.09 Å, which can be indexed to {110} planes of bcc
structured CuPd. There is an amorphous boundary lying at the interface.

Figure 5.6 TEM images of agglomerated CuPd particles prepared in the absence of PVP.

After examination of many HRTEM images it was found that the crystallographic
orientations across the newly-formed particles are not uniform. The oriented attachment
mechanism,16 in which adjacent particles join together by sharing the same crystallographic
orientations, is less likely in our work. We suspect the attachment occurs at the sites that are
less passivated, i.e. with fewer capping agents (PVP) on. When PVP is absent in the synthesis,
serious agglomeration happened (Figure 5.6), and particles stuck together in large clusters.
On the other hand, it indicates the protection of PVP prevents the joint of particles. Therefore,
stochastic collisions and attachment are most likely to take place at positions that are not well
proteced by PVP. Repeating adhesion of nanospheres and short rods led to the formation of
nanowires with branches.
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5.5 Surface characterization and shape control
As mentioned above, it is speculated that PVP has strong influence during the growth
process. Fourier-transform infrared (FTIR) measurements and TEM observation were carried
out and the existence of PVP on CuPd surface was confirmed.

Figure 5.7 (a-c) TEM images demonstrating a thin layer of PVP on the surface of CuPd
nanowire. (d) FTIR spectra of (i) CuPd-PVP nanowires and (ii) pure PVP.

Figure 5.7a-7c show that the surfaces of CuPd nanowires are covered by a thin layer,
which has low-contrast and is about 2 nm thick. From HRTEM images Figure 5.7a, 7b, the
low-contrast layer is unlikely to be an oxidized alloy phase. It resembles the polymer coating
observed by Chen, et al.17 As the CuPd sample had been washed several times to remove
residual reactants and excessive PVP, it can be concluded that the thin surface layer observed
is PVP bound on the metal surface.
In the FTIR spectrum of CuPd nanowires (Figure 5.7d), the band centered at 1680 cm−1
is characteristic for PVP adsorption, which can be assigned to stretch of carbonyl.18, 19 The
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similarity between spectra of pure PVP (ii) and CuPd nanowires (i) indicates the existence of
PVP on metal surfaces. This is consistent with the thin polymer layer observed in HRTEM
images.
With this understanding, we are able to tune the morphology of CuPd nanowire networks
by changing the property of the surface ligands and solvent. PVP with different molecular
weights, 10,000 and 40,000 respectively were used, while the weight of PVP was kept constant
in the synthesis. In the presence of PVP 40,000, the morphology of CuPd nanowire networks
remain more or less the same, with only a little degradation of pores and branches (Figure
5.8a). If the molecular weight of PVP is decreased to 10,000, significant changes can be
observed. Figure 5.8b shows a TEM image of the product prepared with PVP 10,000, which
shows aggregation of spherical particles. The network structure is destroyed and only a few
pores were retained. It is known that PVP is polymer, and its average Mw reflects the degree
of polymerization. Smaller Mw suggests shorter molecular chain and reduced steric
hindrance.20 Assuming there are a fixed number of adsorption sites on the metal surface, long
adsorbed molecules are capable of providing better surface protection for the CuPd
nanoparticles. As a result, particles have fewer chances to join together, leading to a network
morphology as seen in Figure 5.8a. On the other hand, smaller Mw means short molecules
and worse protection. Therefore, aggregated particles are produced as seen in Figure 5.8b.
On the other hand, solvent also has strong influence on morphology by changing the
interactions between ligands and metal surfaces, as discussed in chapter 3.3. When 1octadecene (ODE) was used as a solvent, CuPd nanospheres (XRD pattern is shown in Figure
5.2c) were produced as seen in Figure 5.8c. The nanospheres were separated, but
nanoparticles prepared in EG are interconnected (Figure 5.8b).
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Figure 5.8 TEM images of CuPd nanoparticles prepared (a) in the presence of PVP with Mw
= 40,000 (b), Mw = 10,000 in EG and (c) in ODE.

To elucidate the effect of solvent, the polarity of EG and ODE have to be taken into
consideration. The dipole moment of ODE is 0.47D (Debye), while EG has a dipole moment
of 2.28D. PVP is a kind of hydrophilic polymer. Hence, interaction between solvent and PVP
will be weakened as the polarity of solvents decreases. Thus, the interactions between surface
ligands and metal are enhanced in less polar solvents. In other words, the surfaces of CuPd
nanoparticles are better protected by PVP in ODE, resulting in the formation of nanospheres
instead of a branched structure. Similarly, spherical nanoparticles were obtained in ODE when
formanilide was used as a reducing agent (Figure 5.4). It can also be explained by this solvent
effect that better protection of a particle surface by PVP was achieved in ODE solvent,
resulting in separated particles.

5.6 Electrochemical performances
The electrochemical test was carried out by Mr Y. Chen at University of St Andrews.
Performances of CuPd nanowire networks were tested towards ORR. It was studied by cyclic
voltammetry (CV) in 0.5 M HClO4 aqueous solution saturated with O2 at room temperature.
CuPd nanowire networks prepared in the presence of PVP with different molecular weights
are denoted as CuPd PVP 55000 and CuPd PVP 10000 in Figure 5.9, which shows the CVs
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of CuPd catalysts loaded on carbon and Pt electrode for comparison. The curve in black is a
standard CV pattern for O2 reduction/oxidation and H2 absorption/desorption on Pt. The peak
centered at 0.62 V can be attributed to O2 reduction on Pt surface. For CuPd PVP 55000, the
green curve in Figure 5.9, a peak located at 0.65V was observed, which can be assigned to O2
reduction.12, 14, 21 Furthermore, its peak current is very close to that of Pt, which demonstrates
their comparable activity. For CuPd PVP 10000, the O2 reduction peak shifted ~50 mV to the
negative direction in comparison with CuPd PVP 55000. Although CuPd PVP 10000 displays
reasonable peak potential and current, its catalytical performance towards ORR is not as good
as that of CuPd PVP 55000. This could be attributed to its structure: CuPd networks prepared
with PVP 10000 has few branches and is heavily aggregated, leading to a decrease of surface
area as well as fewer exposed active sites.

Figure 5.9 CV curves for CuPd catalysts and commercial Pt electrode in O2 saturated HClO4
solution.

The structure stability of the nanowires was studied after a higher number of cycles. The
loaded CuPd PVP 55000 catalysts were separated from the electrode by dissolution in ethanol,
and further examined by TEM. The CuPd nanowires retained their morphology and structure
with no obvious changes, as shown in Figure 5.10. Figure 5.10d displays a HRTEM image
of nanowires after reaction, showing they are still polycrystalline. But the current decayed
significantly after cycles, possibly due to poisoning of active sites on CuPd catalysts.22
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Figure 5.10 TEM images of CuPd nanowires PVP 55000 loaded on carbon. (a) As-prepared,
(b) after 20 cycles of CV and (c) after 100 cycles of CV. (d) HRTEM image of the nanowires
in (c). After testing, they remain polycrystalline. The structure of CuPd remained unchanged.

5.7 Other Pd-based nanoparticles
Other Pd-based nanoparticles were synthesized under the same experimental conditions.
Monometallic Pd nanoparticles, AgPd and AuCuPd alloyed nanoparticles were prepared and
characterized by TEM, EDX and XRD.

5.7.1 Pd
When Pd(acac)2 alone was used as a metallic precursor under the same synthetic
conditions, Pd nanoparticles possessing a polyhedron and triangular plate morphology were
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produced in the presence of PVP (Figure 5.11a). A small amount of rectangular shaped
nanoplates were also produced (Figure 5.11b).

Figure 5.11(a) Low magnification TEM image of Pd nanoparticles. HRTEM images of (b)
rectangular plate, (c) polyhedron and inset is an icosahedra model and (d) triangular plate.

Pd polyhedrons with a size of ~10 nm possess twinned facets (see Figure 5.11c). The
lattice fringes in (c) have a d-spacing of 2.24 Å, which can be indexed to (111) planes of fcc
Pd. The interplane angle of 70° is consistent with the angle between {111} planes. The
morphology of the Pd polyhedron highly resembles icosahedra (see inset of Figure 5.11c),
and has similarity with the HRTEM image of Pt icosahedra reported very recently.23
A portion of triangular nanoplates with edge length of ~15 nm were also present. The
contrast was uniform across the plate, indicating its plate feature. Figure 5.11d shows a
HRTEM image of a triangular nanoplate. Two dimensional fringes are observed. One has a dspacing of 2.24 Å, which can be indexed to (111) plane of Pd. The other has a d-spacing of
2.38 Å, which equals 3 × {422} fringes (d422 = 0.81 Å). The measured interplane angle
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between {111} and {422} planes is ~59°, matching the theoretical value of 61.8°. Reflections
corresponding to the 3 ×{422} planes are usually forbidden in a fcc structure, but 3 × {422}
fringes are commonly observed in metallic nanoplates,24, 25 which could be caused by stacking
faults.25 Similar Pd nanoplates are also reported by Xia and co-workers

26

prepared by

oxidative etching with the assistance of Fe3+ ions and Cl-/O2 pair using sodium palladium (II)
chloride as precursor. The XRD pattern of Pd nanoparticles (Figure 5.12) can be assigned to
fcc structured Pd (JCPDS 00-005-0681).

Figure 5.12 XRD pattern of Pd nanoparticles. The red vertical lines represent the peak
positions of fcc structured Pd (JCPDS 00-005-0681). The intensity of (111) peak of asprepared Pd is higher than the reference value.

It is noticed that the intensity ratio of (111) peak in XRD is higher than the literature
value for powder samples. For a fcc structured crystal with a lattice constant a, the interfacial
free energy, γ of the {100}, {110} and {111} planes can be estimated to be:
γ{100} = 4 (ε/𝑎)2
γ{110} = 4.24 (ε/𝑎)2
γ{111} = 3.36 (ε/𝑎)2
in which ε is the bond strength.
117

Therefore, low energy {111} facets can compensate the high surface energy caused by
shape. For polyhedron particles, the strain energy caused by twin defects will increase as the
particle grows up.27 Such strain at the interface will cause distorted regions at the boundaries.
Therefore, twinned particles are only favored when they are small in size. Indeed, the
polyhedron particles with twin defects were smaller in size than the other two shapes.

5.7.2 AgPd
AgPd nanowire networks were prepared with the same method simply replacing Cu salt
with AgNO3. AgPd was chosen because it has a different catalytic property: CuPd bimetallic
alloy serves as an electron acceptor but AgPd alloys serve as a donor indicated by XPS study,
due to quantum trapping and charge polarization, respectively.28 The catalytic performance
relies on the alloy’s intrinsic properties. As a result, AgPd alloy may exhibit totally different
catalytic activity in comparison of CuPd.
AgPd nanowires were successfully prepared as shown in Figure 5.13a. The XRD pattern
proves the alloy phase of AgPd (Figure 5.13b). The HRTEM image in Figure 5.13c shows
fringes with a d-spacing of 2.29 Å, which can be assigned to (111) planes of AgPd. EDX
spectrum (Figure 5.13d) further confirmed the alloy composition with a ratio of Ag: Pd = 55:
45. In EDX spectrum, some peaks from Pd and Ag elements overlap. In order to achieve
accurate results, the Kα peaks were chosen to calculate the composition. Ag Kα is located at
2.98 keV while Pd Kα is centered at 2.83 keV, which makes it possible to distinguish between
the two elements.
There are only a few reports of one-pot preparation methods for AgPd bimetallic
nanowires, but mainly by electrochemical deposition or/and with the assistance of porous
aluminum template.29, 30 The synthetic method used in the present work is a simple one-pot
preparation, which has demonstrated its versatility by the successful fabrication CuPd and
AgPd nanowires.
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Figure 5.13 (a) TEM image and (b) XRD pattern of AgPd nanowires. Red and blue vertical
lines indicate the position of Pd (JCPDS 00-005-0681) and Ag (JCPDS 01-071-3762),
respectively. (c) HRTEM image of a AgPd nanowire and (d) EDX spectrum of AgPd alloy,
showing a ratio of Ag: Pd = 55: 45.

5.7.3 AuPd and AuCuPd
Using the same synthetic method for CuPd nanowires but replacing the Cu precursor with
HAuCl4·3H2O produced small AuPd nanoparticles. A TEM image of AuPd nanoparticles is
displayed in Figure 5.14a. The size distribution of AuPd nanoparticles was not very uniform.
Small particles were ~5 nm in diameter, while large ones were ~15 nm in size.
In the HRTEM image in Figure 5.14b, two facets of a polyhedron particle can be
observed. The left facets shows (111) and (200) planes of AuPd alloy with a interplane angle
of 56°(Pure Au d111 = 2.35 Å, JCPDS 00-004-0784, pure Pd d111 = 2.24 Å). While two (111)
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planes with an angle of 71°were observed on the right facets. The lattice d-spacings were
consistent with the values of alloyed phase. EDX analysis (Figure 5.14c) revealed a Au: Pd
ratio of 66: 34.

Figure 5.14 (a) TEM image of AuPd nanoparticles., (b) HRTEM image of a AuPd particle
with fringes that can be indexed to (111) and (200) planes of AuPd alloy and (c) EDX spectrum
showing a ratio of Au: Pd = 66: 34.

The peaks are asymmetric in the XRD pattern of AuPd nanoparticles (Figure 5.15a).
This indicates the composition of different particle varies; Au particles may coexist with AuPd
alloy in the product. This can be attributed to the higher bonding energy of Au-Au ( 226 kJ/mol)
31

while the bonding energy of Au-Pd is 143 kJ/mol.32
In the AuPd system, small nanoparticles instead of nanowires were produced using the

same method as for CuPd nanowire synthesis. The rapid reduction rate of [AuCl4]- precursor
could be one of the reasons.
The standard potentials Eo of the redox pairs are listed below.33 The standard potentials
are measured at a pressure of 101.325 kPa and 298.15 K in aqueous solution. Our experimental
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condition can lead to deviations from the standard potentials, but they can still reflect the
relative activity of different metals.
Co2+ + 2e → Co

Eo = - 0.28V

Cu2+ + 2e → Cu

Eo = 0.34V

Ag+ + e → Ag

Eo = 0.80V

Pd2+ + 2e → Pd

Eo = 0.951V

[AuCl4]- + 3e →Au + 4Cl-

Eo = 1.00V

[AuCl4]- has more positive potential, so it is easier to be reduced. The rapid rate of
nucleation in AuPd system will lead to a large number of seeds, and consequently smaller
particles in the final product.34 The reduction rates in Ag+ and Cu2+ system are slower than that
of Au system as suggested by the potentials. The CoPd system was also studied, in which Co2+
has negative potential and should remain intact. Indeed, only Pd was reduced to Pd
nanoparticles with a morphology very similar to that of the Pd alone system.
A nanowire morphology can be obtained by a combination of Au-Cu-Pd elements.
Alloyed AuCuPd nanowires were prepared by adding Au precursor after Cu and Pd precursors
were reduced. Pd(acac)2, CuSO4·5H2O and PVP were dissolved in EG, and heated to 200 °C
for reaction after complete dissolution. After reaction for 10 min, EG solution of
HAuCl4·3H2O was added into the solution and further reacted for 2 h. Porous AuCuPd
nanowires were synthesized by galvanic replacement reaction between as-prepared CuPd
nanowires and [AuCl4]- at room temperature. HAuCl4 solution was added dropwise into the
CuPd dispersion in water and reacted for 16 h under stirring.
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Figure 5.15 XRD patterns of (a) AuPd nanoparticles, (b) CuPd nanowires after galvanic
treatment of HAuCl4 solution and (c) AuCuPd nanowires. The vertical lines represent the peak
positions of references. Orange: Au (JCPDS 00-004-0784), pink: Pd (JCPDS 00-005-0681)
and green: CuPd fcc (JCPDS 00-048-1551).

Figure 5.16 displays TEM images of nanowires produced by these two methods.
AuCuPd nanowires prepared by co-reduction of three metal precursors (Figure 5.16a, 16b)
were ~25 nm in width. The contrast throughout the nanowires was quite uniform in TEM,
indicating an even elemental distribution. EDX mapping was carried out on the AuCuPd
nanowires and the distribution of Au and Pd was uniform. The XRD pattern of the nanowires
showed no Au peak (or monometallic Cu, Pd peaks) in Figure 5.15c, which confirms the
alloyed phase.
In contrast, porous AuCuPd nanowires were obtained by the galvanic replacement
method. Figure 5.16c, 16d show the images of porous nanowires with some particles attached.
The XRD pattern in Figure 5.15b has very strong Au peaks besides CuPd reflections. It
suggests segregated Au particles has formed. EDX analysis gives an atomic ratio of Au: Cu:
Pd = 47: 21: 32.
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Figure 5.16 TEM images of (a,b) alloyed AuCuPd nanowires prepared by co-reduction and
(c,d) porous AuCuPd nanowires prepared by galvanic replacement reaction between Au(III)
and CuPd nanowires. Left is the illustration of two different reaction methods.

As suggested by the standard potentials of Cu, Pd and Au below,33 AuCl4- can oxidize both Cu
and Pd into ions and produce Au at the same time. The consumption of Cu and Pd leads to the
formation of a porous structure.
Cu2+ + 2e → Cu

Eo = 0.34V

[PdCl4]2- + 2e →Pd + 4Cl-

Eo = 0.59V

[AuCl4]- + 3e →Au + 4Cl-

Eo = 1.00V

In summary, AuPd nanowires were not able to be synthesized due to the very positive
potential of Au ions. But AuCuPd nanowires can be produced with the assistance of coreduction or galvanic replacement methods. Co-reduction produces alloyed phase nanowires,
while galvanic replacement can generate a porous structure.
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Chapter 6 Alloying and Dealloying of CuPt Nanoparticles
6.1 Introduction
Research on alloyed bimetallic nanoparticles has been very intriguing and attracted
considerable attention. Alloying offers a new perspective to reduce cost and improve durability
and intrinsic properties.1 Among many bimetallic nanoparticles, CuPt nanoalloys have various
applications such as in catalysis and fuel cells.2-4
To achieve controllable fabrication of nanocrystals, a fundamental understanding of
growth mechanism is essential. Ostwald ripening mechanism is widely used to explain crystal
growth, in which larger particles grow larger at the expense of consuming smaller ones driven
by decrease of the total energy.5 As synthetic methods of nanocrystals develop and many
capping agents are involved in preparation, Ostwald ripening mechanism cannot well explain
the growth of crystals in many systems, in which aggregation of small particles significantly
disturbs the homogeneous environment. Previous investigations of growth process on zeolite
analcime6 and zeolite A7 reveal that crystallization can start from the surface of amorphous
aggregates, and extend from surface to core. This reversed crystal growth route has also been
observed during the growth process of perovskites prepared in the presence of poly(ethylene
glycol).8,

9

Metallic crystals10 and organic crystals11 have also been found to follow this

reversed crystal growth route. Reversed growth in bimetallic nanocrystals, however, has rarely
been reported.
Dealloying refers to the selective removal of the more active metal element out of an
alloy. Chemical dealloying is a common method to dissolve an active metal by acid and leave
the noble metal behind. It has a history of more than 80 years but has mainly focused on
corrosion. Recently, dealloying has received renewed attention due to its potential as an
effective method to fabricate nanoparticles with interesting properties.12 For instance, coreshell structured nanoparticles with a noble-metal-rich shell were prepared by dealloying and
applied as a fuel cell catalyst.13 Nanoporous nanoparticles were fabricated by acid etching.
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The products have large surface area and small pores, and show better performance than the
solid ones in electrochemical tests.14
In this chapter, bimetallic CuPt nanoparticles with sizes ranging from 3 to 30 nm were
prepared. The growth process of CuPt nanoparticles in the presence of hexadecylamine as
capping agent was studied by HRTEM. A reversed crystal growth route of the nanoalloys is
demonstrated. We also varied the nominal molar ratios of Cu and Pt in the synthesis and the
degree of alloying and alloy compositions were investigated. Nanoalloys with different sizes
were treated with chemical dealloying to examine the influence of size on dealloyed
morphology. The present work provides practical guidelines for the synthesis of CuPt
nanoparticles with various morphologies and structures.

6.2 Experimental section
Synthesis of alloyed CuPt nanoparticles
CuPt nanoparticles capped with hexadecylamine for a study of the mechanism were
synthesized as following. 22 mg of platinum acetylacetonate [Pt(acac)2], 14 mg of
CuSO4·5H2O and 370 mg of hexadecylamine (HDA) as surface ligands were mixed together
with 4.0 mL of ethylene glycol in a round-bottom flask equipped with a condenser. The
mixture was heated to 200 °C at a heating rate of ~20 °C/min. Intermediate products were
collected at different reaction times during the temperature-rising process. The CuPt
nanoparticles were separated by precipitating the colloids using a sufficient amount of ethanol,
followed by centrifugation at 3600 rpm for 10 min. The product was re-dispersed in hexane
for further characterization.
We also varied the nominal ratios of Cu and Pt precursors while keeping the reaction
temperature and concentration of HDA constant. Samples with Cu: Pt molar ratio of 7: 3, 3: 7
and 2: 8 were prepared and the degree of alloying between Cu and Pt were examined.
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Synthesis of dealloyed CuPt nanoparticles
CuPt nanoparticles for dealloying treatment were prepared with the same method except
replacing HDA with poly(vinylpyrrolidone) (PVP) as the capping agent. 0.11 mmol of
platinum acetylacetonate [Pt(acac)2], 0.11 mmol of CuSO4·5H2O, 3 mg of PVP (Mw 55000),
and 5 mL of ethylene glycol were mixed in a round-bottom flask. The mixture was then slowly
heated to dissolve the chemicals under stirring. The solution was further refluxed at 200 °C
for 2 h, where a black colloid suspension formed. The nanoparticles were separated from the
solvent by the addition of acetone followed by centrifugation. In another synthesis, the initial
molar ratio of Cu and Pt precursors was changed from 1: 1 to 7: 3 with all the other experiment
conditions unchanged to obtain larger CuPt nanoparticles.
To dealloy the specimens, as-prepared Cu-Pt nanoalloys were treated with 25 mL of 1 M
H2SO4 at 80 °C for 42 h under stirring to selectively dissolve Cu. The products were then
washed with de-ionized water several times.

Characterization
Selected area diffraction (SAED) patterns, transmission electron microscopy (TEM), and
high resolution TEM (HRTEM) images were obtained on a JEOL-2011 electron microscope
operating at 200 kV equipped with an Oxford Link ISIS system for energy-dispersive X-ray
spectroscopy (EDX). Samples for TEM characterization were diluted in hexane or acetone and
then drop-casted onto a copper grid coated with a carbon film. The grids were dried in air at
room temperature. The chemical composition of the nanoparticles was examined by EDX
using an Oxford INCA system attached to a JEOL JSM-5600 scanning electron microscope
operating at 20 kV. Average EDX results were made on at least ten different regions.
Individual compositions of nanocrystals were determined by the measurement of the lattice dspacings after the camera length of the microscope was carefully calibrated, assuming that the
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unit cell dimensions of the alloys obey Vegard's law. Powder X-ray diffraction (XRD) was
performed on a PANalytical Empyrean diffractometer with Cu Kα radiation.

6.3 Reversed crystal growth of CuPt nanoparticles
CuPt nanoparticles were prepared with 1: 1 molar ratio of Pt(acac)2 and CuSO4·5H2O in
the presence of hexadecylamine (HDA). Figure 6.1a gives a representative TEM image of
CuPt nanoparticles after 10 h reaction. Most of the nanoparticles were single crystals. In
Figure 6.1b a single crystalline particle with lattice d-spacing of 2.18 Å is observed, which is
consistent with the expected d-spacing of (111) planes of the CuPt alloy (2.191Å).

Figure 6.1 Images of CuPt nanoparticles after a 10 h reaction. (a) Low magnification TEM
image and (b) HRTEM image showing lattice fringes of the CuPt (111) planes.

After measurements of ten different spots, EDX results indicate an average Cu: Pt ratio
of 1: 1.04 ± 0.13, matching well with the 1: 1 CuPt alloy. The broadening of XRD peaks in
Figure 6.2a suggest a crystallite size in the nanoscale.
Based on classic crystal growth theory, a crystal is developed from a nucleus via repeated
deposition of atoms onto it. A single crystal state can be expected all through the growth
process, with only gradually increased crystal size. Investigations of the early stage products
in CuPt nanoalloys, however, revealed a different crystal growth route.
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Figure 6.2 XRD patterns of (a) 10 h CuPt nanoparticles prepared with HDA, (b) CuPt
nanoparticles synthesized with PVP and (c) Cu7Pt3 nanoparticles synthesized with PVP.
Yellow and green lines represent peaks of pure Pt and Cu respectively.

The intermediate specimens at early stages were studied to explore the growth
mechanism. During the heating process to 200 °C in the synthesis, the solution underwent a
quick colour change: from deep green to slightly yellow, then to brown and finally to dark
brown, indicating that reduction of metals had occurred. Figure 6.3a shows a typical particle
collected when the solution colour changed to yellow after reaction for 6 min. This spherical
particle is amorphous with a size of about 20 nm. It gave neither diffraction spots in the SAED
patterns nor lattice fringes in the HRTEM images. The low density of the spherical particles,
as indicated by a significant shrinkage of the particle sizes with elongated reaction time
(Figure 6.3c, 3d), implies that they consist of the undecomposed precursors and HDA
molecules. The original green colour of the solution was attributed to a mixture of yellow from
Pt(acac)2 and blue from CuSO4·5H2O. When the temperature increased to over 110 °C,
CuSO4·5H2O underwent a dehydration process and lost the blue colour. The yellow solution
suggests that no metal was reduced at this stage and Pt precursors were intact.
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Figure 6.3 HRTEM images of CuPt nanoparticles after different reaction times: (a) 6 min
when the solution colour changed from green to yellow, (b) 8 min when the solution colour
changed to brown. The arrows indicate some separated nanocrystallites. The inset is the low
magnification TEM image of this particle. (c) and (d) HRTEM images of nanoparticles after
reaction for 0.5 h and 1.5 h, respectively.

Figure 6.3b displays a HRTEM image of a particle from a specimen collected after 8
min reaction when the solution turned brown. Reduction of metals started at this stage. Some
small crystalline islands were observed on the particle, as well as lattice fringes (indicated by
the circle and arrows). It indicates that multiple nucleation occurs on the particle surface.15
The principle reductant is the solvent ethylene glycol in this synthetic system, thus the surface
of the spherical particles has the best contact between the precursors and reductant. Therefore,
nucleation is most likely to take place on the surface in the first place. The inset of Figure
6.3b shows the low magnification TEM image of the same particle. The contrast is not uniform,
and the dark areas induced by diffraction contrast correspond to areas where crystallization
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occurs. In other words, areas with lattice fringes indicated by the arrows are the dark parts in
the low magnification image.

Figure 6.4 EDX spectra from the particles in a sample (a) at early stages of growth and (b) a
10 h reaction time.

Particles in the early growth stages principally consisted of the elements C, O, S and Pt,
with only an extremely small amount of Cu if any (see EDX spectrum in Figure 6.4a). On the
other hand, strong peaks of Pt and Cu are observed in the EDX spectrum from the 10 h sample,
with an atomic ratio of about 1: 1 (Figure 6.4b). According to the EDX results, it is concluded
that the amorphous spheres are mainly composed of Pt(acac)2, HDA and SO42– anions,
presumably owing to their much stronger interaction16 than that between HDA and Cu cations.
A Pt-blank experiment was carried out in the absence of Pt(acac)2 while all the other
parameters remained identical. Due to the weak interactions between Cu and HDA, Cu
particles as large as 200 nm were produced caused by lack of good protection on the surface.
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HRTEM images of particles after reaction for 0.5 h and 1.5 h at 200 °C are displayed in
Figure 6.3c, 3d respectively. After 0.5 h reaction, the crystalline islands grow into larger
pieces, while the whole particle is still polycrystalline. The d-spacing of the marked lattice
fringes is 2.21 Å, which can be assigned to the (111) planes of Pt-rich alloy (d111 =2.19 Å for
1: 1 CuPt alloy). EDX result also shows a Pt-rich composition. The particle from 1.5 h sample
in Figure 6.3d has a core-shell structure. Polycrystalline pieces fused and adjusted their
orientations to form a single crystalline shell, covering an amorphous core. There are clear
boundaries between core and shell in the HRTEM image, which separates the crystalline shell
and disordered core. The d-spacing of the fringes is 2.20 Å, corresponding to the (111) planes
of Pt-rich alloy. It is noteworthy that particles in 0.5 h and 1.5 h samples are ~10 nm in size,
which are much smaller compared with the ones in early stages. This shrinkage is believed to
be associated with the loss of (acac) anions and HDA molecules and the increase in density.

Scheme 6.1 Proposed growth mechanism of CuPt nanocrystals via a surface to core
crystallization route. The yellow colour represents a Pt-rich composition.

Based on the experimental results above, a growth mechanism of CuPt bimetallic
nanocrystals is proposed and illustrated in Scheme 6.1. At a very early growth stage, Pt
precursor molecules and HDA aggregate into amorphous spheres. This aggregation process
suppresses individual nucleation in solution. Instead, multiple nucleation takes place on the
surface of the aggregates where the sites have good contact with the reductant solvent.
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Meanwhile Cu ions gradually migrate into the particles to enhance nucleation on the surface,
which further develops into Pt-rich crystalline islands. These crystalline islands continue to
grow, connect to each other and self-orientate to form a single crystalline shell. Therefore, a
core-shell structured particle is produced with a disordered core covered by crystalline shell.
Finally, the crystallization will extend from surface to core via an Ostwald ripening process.
Single crystals are formed after a longer reaction time.
To our best knowledge, this is the first time a reversed crystal growth route has been
demonstrated in nanoscale metallic crystallites. Uncovering the growth mechanism of CuPt
nanocrystals expands our knowledge on the formation and growth of nanocrystals. It provides
opportunity to tune the morphology of nanocrystals by simply controlling the reaction time.
For instance, early stage intermediates with crystalline islands could be taken as very small
crystallites loaded on support, which could probably exhibit promising catalytic performance
with optimization.

6.4 Alloying Cu and Pt by varying nominal ratios
In this series of experiments, the nominal ratio of Cu and Pt precursors is varied and other
experimental parameters, such as the reaction temperature and concentration of HDA remain
constant. In the following text, products are denoted by the nominal molar ratio of Cu to Pt
precursor in preparation. [e.g. (2: 8) Cu-Pt refers to product prepared with a nominal precursor
of Cu: Pt = 2: 8.]
Composition of the product is determined by measuring d-spacings of nanoparticles,
together with EDX analysis. XRD patterns are not used as the main characterization method
here, because the XRD peaks are broad, overlapped and asymmetric, due to the small size and
maybe continuous compositions of some nanoparticles as well. According to Vegard’s law
illustrated in Scheme 6.2, a linear relation exists in the plot of the crystal lattice parameter
against the concentrations of the constituent elements if the specimens are true solid solutions.
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By measuring the lattice distance of many solitary particles, we can determine whether they
are Cu-rich or Pt-rich alloy and a rough Cu: Pt composition. Though deviations may exist in
the real relationship between composition and lattice distances from ideal Vegard’s law, the
small difference are neglected in the following calculation. EDX can reflect the average
chemical composition of particles in large areas.

Scheme 6.2 Variation of lattice distance of the (111) plane in Cu-Pt alloy as a function of Pt
atomic percentage according to Vegard’s law.

(7: 3) Cu-Pt is taken as an example here to demonstrate how to determine alloy
composition by examining d-spacings with HRTEM images. Nanoalloys were synthesized
with a Cu: Pt precursor ratio of 7: 3 for 1 h, 2 h and 16 h.

Specimen after reaction for 1 h
In most HRTEM images of the 1 h sample, it was hard to observe lattice fringes, which
may be caused by poor crystallization because of the short reaction time and thick HDA layer
on surface. EDX analysis indicates an average Cu content of 37 % and Pt of 63 %. The Cu: Pt
is thus much lower than the nominal ratio of 7: 3. The HRTEM image in Figure 6.5 shows a
particle with a d-spacing of 2.20 Å, corresponding to (111) planes of Pt rich Cu-Pt alloy (Cu
d111 = 2.088 Å, Pt d111 = 2.265 Å, CuPt d111 = 2.176 Å). Both EDX results and d-spacing
measurements are consistent when the composition is concerned.
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Figure 6.5 (a) HRTEM image and (b) EDX spectrum from 1 h sample (7: 3) Cu-Pt.

Specimen after reaction for 2 h
In the 2 h sample, most particles observed can be attributed to a composition of Cu7Pt3,
but many particles are pure Cu. Figure 6.6a gives a representative particle of Cu7Pt3 sample,
with a d-spacing of 1.846 Å which corresponds to (200) planes of Cu7Pt3. The particle in
Figure 6.6b has two dimensional fringes g and h as indicated, which can be indexed to Cu
(111) and (200) planes, respectively.

Figure 6.6 HRTEM images of the 2 h sample. (a) A particle with lattice d-spacing of 1.846 Å,
corresponding to Cu7Pt3 (111) planes. (b) A particle with 2D fringes, g = 2.086 Å and h =
1.812 Å, corresponding to Cu (111) and (200) planes, respectively.

The view direction is therefore along the [110] zone axis. The interplane angle is 48°, smaller
than the standard 55°angle. This could be caused by the distortion of imperfect nanocrystals.
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Though many pure Cu nanocrystals were observed, the possibility that a Pt-containing
core is covered by a Cu shell cannot be excluded. It is very likely that the Pt-containing core
does not have lattice fringes but has a dark contrast due to its low crystallinity at this stage.

Specimen after reaction for 16 h
EDX analysis of the 16 h sample gives an average ratio Cu: Pt = 76: 24. After examining
HRTEM images of the 16 h sample, it is found that most particles are Cu7Pt3, as shown in
Figure 6.7a. A core-shell structure was also observed, as shown in Figure 6.7b. In the core
area, the lattice inter-fringe distance is 2.141 Å, corresponding to (111) plane of Cu7Pt3, while
the shell is pure Cu with a d-spacing of 2.088 Å. The HRTEM image in Figure 6.7c shows a
Cu7Pt3 particle on the left, attached to a Cu particle whose hollow interior could be observed.
Some pure Cu particles were present in the sample (Figure 6.7d).

Figure 6.7 HRTEM images of particles from the 16 h sample. (a) A Cu7Pt3 particle with two
dimensional fringes. (b) A core-shell particle, in which the Cu7Pt3 core is covered by a shell
of pure Cu. (c) Two particles, the left particle is Cu7Pt3 alloy while the right one is Cu and (d)
A Cu polyhedron.
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The XRD patterns of 2 h and 16 h (7: 3) Cu-Pt samples in Figure 6.8 are very similar.
The peaks can be indexed to (111), (200) and (220) reflections of a face centered cubic lattice.
Peaks of the 16 h sample are slightly sharper, owing to better crystallinity after a long reaction
time. Both 2 h and 16 h samples exhibit asymmetric peaks. This is because the product
contains both Cu-rich alloy and pure Cu, so the final shape of the peaks is a combination of at
least two compositions. Pure Cu generates peaks with strong intensity, overlapping the peaks
generated by small crystalline domains of Cu-rich alloy. In particular, the (111) peak of 16 h
sample is more asymmetric than that of 2 h sample, as there exists a broad hump on the left
shoulder of the (111) peak in 16 h XRD patterns. The hump is centered at low angles, which
may originate from increased number of Cu7Pt3 nanocrystallites with prolonged reaction time
due to mutual diffusion of Pt and Cu.

Figure 6.8 XRD patterns of the (7: 3) Cu-Pt sample after reaction for (a) 2 h and (b) 16 h.

Although a high concentration of Cu precursor was used in the synthesis, Pt-rich particles
formed first (1 h sample). Pt(II) ions are more easily reduced than Cu(II). Furthermore, HDA,
the surface ligands used in the preparation, has stronger interaction with Pt(acac)2 as discussed
before. The excess Cu ions in solution could go through homogeneous nucleation and be
reduced to form pure Cu, or nucleate on the existing Pt-rich nanoalloys. For the latter, the Cu
ions that are not fully reduced are more mobile, and can migrate into the Pt-rich nanoalloys to
increase the Cu content. Some may form a Cu shell surrounding the alloy core. As reaction
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time prolongs, Cu and Pt ions are fully reduced to be zero valent. At this stage, Kirkendall
mass transport phenomenon17, 18 can occur, in which differences in mutual diffusion rates of
two metal atoms results in the movement of the interface. The diffusion rate of Pt into Cu is
faster (3.96–8.28 × 10-7 cm2 h-1 at 960 °C) than that of Cu into Pt (7.83–9 × 10-8 cm2 h-1 at
1041 °C).19 Thus the net flux is Pt diffusing into Cu vacancy. Some core-shell particles
transform into uniform Cu7Pt3 alloy via diffusion of Pt atoms from core to Cu shell. Hollow
interiors can be explained by the Kirkendall Effect as well as the surface crystallization process.
The main products prepared with other molar ratios of Cu and Pt precursors are
summarized in Table 6.1. Based on the results in Table 6.1, it can be concluded (1) Pt-rich
alloy is first produced under most reaction conditions, even in the sample with high nominal
Cu concentration; (2) when Pt is in excess, CuPt 1: 1 alloy seems to be a favoured product.
According to phase diagram,20 Cu-Pt solid solution with continuous composition can be
obtained at high temperature (above ~800 °C). There is no data below 300 °C. CuPt 1: 1 alloy
forms in the range of Pt atomic percentage from 30 % to 90 %, while Cu3Pt forms when Pt
atomic concentration is below 30 %.
Our synthesis of Cu-Pt alloys was carried out at 200 °C with a polyol method. Our
observation is consistent with phase diagram in the area of high Pt concentration, that is, CuPt
is the main product with pure Pt as well. As for low Pt concentration in phase diagram, the
Cu3Pt alloy can have two different phase: one is (Fm3̅m) disordered alloy and the other is
(Pm3̅m) ordered intermetallic phase. The ordered Cu3Pt phase (Pm3̅m) is recognized in XRD
by reflections at 24.1°, 34.3°, 55.7°and 61.5°, which are not observed in our product (see
Figure 6.8). XRD obtained is indexed to disordered fcc alloy (Fm 3̅ m). The calculated
composition Cu7Pt3 is actually very close to Cu3Pt. Pure Cu is also produced when Pt
concentration is low.
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Table 6.1 Main products and EDX results of the Cu-Pt bimetallic nanoparticles prepared with
various Cu: Pt ratios after different reaction times.

Cu: Pt ratio

Time

Main products

EDX results of the
alloy composition

7: 3

1: 1

3: 7

2: 8

1h

Pt rich alloy

Cu37Pt63

2h

Cu rich alloy, Cu

Cu77 Pt23

16 h

Cu rich alloy, Cu

Cu76 Pt24

0.5 h

Pt rich alloy

Cu32Pt68

1.5 h

Pt rich alloy, CuPt

Cu26Pt74

10 h

CuPt

Cu51Pt49

1h

Pt rich alloy, CuPt, Pt

Cu35Pt65

10 h

Pt rich alloy, CuPt, Pt

Cu31Pt69

0.5 h

CuPt, Pt

Cu18Pt82

2h

CuPt, Pt

Cu18Pt82

16 h

CuPt, Pt

Cu17Pt83

In summary, Cu-Pt nanoalloys with different compositions were prepared via a polyol
process. In addition to alloyed particles, unalloyed Cu or Pt was also produced when either
precursor is excessive. Under the synthesis conditions used in this study, Pt-rich particles are
formed initially, probably owing to the strong interaction between HDA and Pt precursor. As
reaction time is prolonged, Cu content in the nanoalloys increases by mutual atom diffusion.
CuPt 1: 1 alloy is favored as the concentration of initial Pt precursor increases.
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6.5 Size and composition dependent morphology of dealloyed
nanoparticles
CuPt nanoparticles used for dealloying were synthesized in the presence of PVP with a
molar ratio of Cu: Pt = 1: 1 and 3: 7, with a modified method reported by Zhou et al.3 Asprepared CuPt nanoparticles with different sizes and compositions were treated with 1 M
H2SO4 to selectively dissolve Cu under mild conditions. Chemically dealloyed nanoparticles
exhibit morphologies dependent on size and composition.

6.5.1 Dealloying of CuPt nanospheres
CuPt nanospheres were prepared with Pt(acac)2 and CuSO4·5H2O in the presence of PVP
following a previously reported method.3 The sizes of nanospheres were uniform with an
average diameter of 3.8 ±0.3 nm (Figure 6.9a). The XRD pattern in Figure 6.2b shows broad
and wide peaks, caused by the nanoscale size of the particles. No aggregation was observed in
this system. This is because PVP is hydrophilic and cannot enhance aggregation with Pt(acac)2
in the early stages. Consequently, formation of individual crystallites dominated the growth
all the times. The crystal growth followed the classic route and crystallites with high
crystallinity were produced.
After acid etching, the dealloyed CuPt products maintained their spherical shape with a
slightly decreased size of 3.5 ±0.3 nm in diameter (Figure 6.9c). Whereas, enlarged lattice dspacings were observed in the dealloyed particles. Dealloyed nanospheres have a (111) dspacing of 2.23 Å as shown in Figure 6.9d while that of as-prepared CuPt is 2.18 Å (Figure
6.9b). The increase of lattice d-spacing is caused by a decrease of Cu content in the chemically
dealloyed nanoparticles. This is further confirmed by EDX analysis which shows a Cu: Pt ratio
of 17: 83. Surprisingly, after the dissolution of nearly 80 % Cu out of the alloy the lattice
fringes remain perfect without any detectable defects or lattice distortion. One assumption is
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that the remaining Cu and Pt atoms re-arranged when Cu was slowly etched out. In this case,
volume shrinkage could not be avoided.

Figure 6.9 TEM and HRTEM images of CuPt nanospheres before and after dealloying. (a, b)
As-prepared CuPt nanospheres and (c, d) dealloyed nanospheres.

The reported structure that a Cu-rich core is surrounded by Pt-rich shell in particles
dealloyed by a electrochemical method13 is not observed in our product. We hypothesize that
the dealloying conditions (1M H2SO4 at 80 °C) in the present work left the particles enough
time to reorganize their structures.

6.5.2 Dealloying of Cu7Pt3 nanoparticles
When the nominal Cu: Pt precursor ratio was changed to 7: 3, polycrystalline Cu7Pt3
nanoparticles ~30 nm in size were produced under the same experimental conditions (Figure
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6.10a). From the d-spacings in the HRTEM image in Figure 6.10b, it is found that the
elemental distribution is not uniform in these particles. Most nanocrystallites on the surface
are Cu7Pt3 alloy, but the crystallites in the core are mainly Cu. The d-spacings measured from
the shell and core areas are 2.14 Å and 2.08 Å respectively, which can be assigned to (111)
planes of Cu7Pt3 and pure Cu. The XRD pattern of the as-prepared Cu7Pt3 nanoparticles is
displayed in Figure 6.2c. Compared with the pattern of CuPt nanospheres in Figure 6.2b,
peaks of Cu7Pt3 nanoparticles have significantly shifted to a high angle due to the higher
content of Cu. There is also a small Cu peak on the right shoulder of (111) reflection peaks,
which comes from pure Cu in the Cu-rich cores. By varying the nominal Cu: Pt ratio, a coreshell structure has been produced with a Cu rich core and a polycrystalline shell containing
Cu7Pt3 nanocrystallites.

Figure 6.10 TEM and HRTEM images of Cu7Pt3 nanoparticles before and after dealloying.
(a, b) As-prepared Cu7Pt3 polycrystalline core-shell particles and (c, d) hollow nanoparticles
after dealloying.
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After dealloying Cu7Pt3 particles under the same condition as CuPt 1: 1 nanospheres, all
dealloyed products showed a hollow structure as seen in Figure 6.10c. This is because the
original cores of the particles were Cu rich and most Cu atoms have been dissolved out of the
interior area. As shown from a typical HRTEM image in Figure 6.10d, the shell has higher
crystallinity after dealloying. Alloy nanocrystallites on the surface underwent a recrystallization process during dealloying, leading to the formation of single crystal areas
extended in the shell. The observed fringes with a d-spacing of 1.90 Å can be indexed to the
(200) planes of Cu-Pt alloy, which is consistent with the approximate Cu: Pt ratio of 4: 6
detected by EDX. As the size of Cu7Pt3 particles is big in comparison with the 3 nm ones, the
large loss of Cu in core area leads to the formation of hollow particles.

In summary, when PVP was used as a capping agent, CuPt nanoparticles with different
morphologies can be prepared by varying the nominal ratio of precursors. CuPt nanospheres
were prepared with a ratio of Cu: Pt = 1: 1.When a high nominal ratio of Cu: Pt was used,
large core-shell particles were produced where a Cu rich core covered a polycrystalline shell
consisting of Cu7Pt3 nanocrystallites. Dealloying these nanoparticles by acid etching produced
either solid or hollow particles. Dealloying CuPt nanospheres ~3 nm in size produced solid
particles with volume shrinkage. On the other hand, dealloying of Cu7Pt3 nanoparticles lead to
the formation of a hollow structure.
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Chapter 7 Conclusions and Future Work
Metallic nanomaterials are a focus of interest, owing to a range of fascinating potentials
and their wide applications in both science and engineering. As the morphology of
nanoparticles can strongly affect their performance such as catalytic activity, optical, electric
or magnetic properties, shape-control is an important topic in the field of nanomaterials. In
this project, the influence of surface ligands and solvents on the shape of nanoparticles is
studied, to expand the knowledge of shape-control in metallic nanoparticles.
Despite that much effort has been put into the synthesis of nanomaterials in last few
decades, research on growth process of nanoparticles is still limited. Our current understanding
is not able to present a detailed evolution pathway for nanocrystals. The growth mechanisms
of CuPt nanoparticles are studied in this project. This reveals other driving forces instead of
conventional oriented attachment can dominate in the growth of nanocrystals.
Synergistic effect makes nanoalloys exhibit enhanced catalytic performances.
Photocatalytic testing is carried out on CuPt nanorods in chapter 3, and electrochemical testing
on CuPd nanowire networks in chapter 5, in which both alloys show outstanding activity. The
CuPt nanorods and CuPd nanowire networks are potential candidates for efficient catalysts.

7.1 Conclusions
Most reported one dimensional nanowires or nanorods form in the following two manners:
by deposition of atoms on seeds; or orientated attachment of primary units along one specific
direction. In this study, CuPt nanorods are found to grow by coalescence of nanospheres, to
form polycrystalline rods. The attachment relies on a stable layer of surface ligands, regardless
of the crystallographic orientations of the nanospheres. The total energy of the surface ligands
is crucial for their assistance of linear growth. Therefore, the ligand-ligand interaction on the
surface determines the final length of the nanorods. The length of the nanorods can be
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successfully tuned by varying the ratio, the alkyl chain length and the addition sequences of
amine and acid ligands. This new mechanism reveals the importance of surface ligands in
nanomaterial synthesis.
Ligand interaction can be varied in different solvents, which is an indirect control method.
With all the other experimental parameters the same, different solvents produce particles with
distinct morphologies. This is because enhancing the ligand-solvent interaction can reduce the
interaction between ligands and nanoparticles, and vice versa.
Surfaces can be stabilized by capping with ligands. With the assistance of surface ligands,
monolayer titanate nanosheets were successfully unrolled from nanotubes, which
demonstrated the feasibility of this method. Various combinations of experimental conditions,
surface ligands and solvents were tried, and the structure of titanate nanosheets is analyzed.
Three dimensional metallic nanostructures, with the advantages of high surface area,
enhanced properties and reduced cost, have emerged as a highly intriguing class of materials.
To the best of our knowledge, there are no reports of CuPd networks. A one-step synthesis of
CuPd nanowire networks has been demonstrated. After investigation of the growth process, it
is found that nanowires are formed by attachment of spherical particles and affected by
interactions between metal and surface ligands. Preliminary tests of the CuPd nanowires
towards ORR were carried out, and showed comparable performance to a Pt electrode. This
general method can also be applied to prepare AgPd nanowire networks. Further galvanic
replacement reaction can be carried out between as-prepared CuPd nanowires and gold salt,
to produce porous nanowires.
Reversed crystal growth route was discovered in CuPt nanoparticles prepared in the
presence of hexadecylamine in ethylene glycol. The aggregation was enhanced in this system
and surfaces are the most active sites, where nucleation and crystallization start and then
extend inwards. This is the first example of reversed crystal growth in nanoscale bimetallic
particles. The size and composition dependent morphology of dealloyed particles are studied:
dealloying of 3 nm CuPt nanospheres lead to a volume shrinkage; while dealloying Cu 7Pt3
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particles with Cu-rich core resulted in a hollow structure. Varying the nominal ratio of Cu and
Pt precursors can produce nanoparticles with different degrees of alloying. The investigation
of alloying and dealloying of CuPt nanoparticles provides practical guidelines for controlling
the composition and morphology in Cu-Pt system via polyol process.

7.2 Future work
In the study of CuPt nanorods, only linear rods were produced in the intermediates, and
a triangular shape particle was never observed. It is suspected that attachment of primary
spherical units from a side surface is higher in energy and thus not favored in the growth. We
cite the theoretical calculations of the energy difference in Au rod system, which has similar
situation to ours. To better support the conclusion, simulation and calculation of energy in
CuPt nanorod and triangular shape CuPt particles capped with ligands could be done to
validate the assumption.
Titanate nanosheets were unrolled from nanotubes in the presence of surface ligands.
Many tubes, however, remained their tubular shape in the product. The aim of future work is
to increase the unrolling yield, and to find out the most efficient experimental conditions.
Application of the monolayer titanate nanosheets could also be tried in photocatalysis, for
example as catalysts for solar cells. The ultrathin nature of the nanosheets is very promising
for the outstanding performance.
CuPd nanowire networks were applied as electrochemical catalysts for ORR, and the
results presents a promising prospect of using them as a cheaper alternative to Pt. The 3D
structure of nanowires was well maintained but activity reduced after higher numbers of CV
cycles, therefore the further work would focus on improvement of the activity and stability of
the CuPd network.
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