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Abstract
The transition from microscale to nanoscale materials design leads to immense

changes of physical and chemical properties of the materials. For decades, the
design and making of functional nanomaterials have been at the frontier of what
can be achieved, even with the more sophisticated synthesis methods. Thanks
to the recent rapid development of synthesis and characterization techniques,
multicomponent nanoparticle catalysts are gaining more and more interest
because they can be tailored to exhibit higher catalytic efficiency than their
monocomponent counterparts. Among them, Au and Pd based catalysts with
core@shell structure has attracted great attention due to the possibilities of tuning
the catalytic activity by the utilization of unique surface properties such as strain.

In this study, Au@Pd core@shell nanoparticles were synthesized by a
two-steps seeded growth method. The effects of different synthesis parameters,
including temperature and Au/Pd molar ratio, on the size of Au@Pd core@shell
nanoparticles were investigated. The morphology of the as prepared Au@Pd
and Au@Pd/γ-Al2O3 core@shell nanoparticles was imaged by high resolution
transmission electron microscopy (HRTEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF - STEM). It is shown that
Au@Pd core@shell nanoparticles with thin Pd shell can be successfully synthesized
and loaded onto alumina using precise synthesis conditions. Moreover, neither
agglomeration nor destruction of the core@shell motif under CO oxidation reaction
conditions could be observed, indicating good structural stability. Further, in situ
infrared spectroscopy reveals that palladium surface properties differ compared to
palladium only particles suggesting electronic and structural modification of the
Pd shell surface by the Au core.

Keywords: Supported core@shell nanoparticles, structural stability, CO
oxidation
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MSI metal support interaction.
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1 Introduction
Due to the increasing price of crude oil and depletion of fossil resources, as

well as the environmental issues caused by combustion processes, the catalytic
conversion of one-carbon compounds into high-value chemicals and clean fuels
is of outmost importance [1]. This includes conversion of, e.g., CO, CO2, CH4,
CH3OH, HCOOH and is often referred to as C1 catalysis. In the recent decades,
C1 catalysis has been progressed significantly thanks to the development of new
methodologies broadly, ranging from theoretical studies to industrial applications
[1]. Heterogeneous catalysts play important roles in C1 catalysis, and the synthesis
and development of highly efficient catalysts (high catalytic activity) with low cost
has been a focus area [1]. Among the common catalysts used for C1 chemistry,
noble metals supported on metal oxide carriers are known to have unique catalytic
properties [2]. Such catalysts are applied to many C1 reactions, for example, CO2
hydrogenation over Al2O3 supported Ir, Rh, Pt and Pd [3–7], oxidation of methane
[8–22] and CO [23–30] over supported Pd and Pt catalysts.

As a member of the d-block metal groups, Pd exhibits superior performance
in heterogeneous catalysis due to its 4d105s0 electron configuration [31]. As an
example, the 2010 Nobel Prize in chemistry dealt with C-C coupling reactions
facilitated by Pd catalysts in organic synthesis [32]. Further applications include
CO oxidation [33, 34], catalytic methane combustion [35], petroleum cracking [36],
just to name a few.

With the development of synthesis and characterization techniques, bimetallic
Pd based catalysts with either alloy structure or core@shell structure have
been synthesized and developed [31]. Among them, gold-palladium bimetallic
nanoparticles have shown pronounced enhancement of catalytic activity compared
to monometallic Au and Pd nanoparticle catalysts in many prototypical reactions,
for instance, CO oxidation [33, 37], direct synthesis of hydrogen peroxide using
H2 and O2 [38], and synthesis of vinyl acetate [39]. In recent decades, the Au and
Pd bimetallic nanoparticles with core@shell structure has gained more and more
interest thanks to their specific catalytic properties [31, 40–43]. The strain and
ligand effects induced by adding a second metal component, which has different
lattice parameters from the parent metal, trigger the complicated reaction between
the two electron-rich elements, leading to the modification of surface electronic
properties of the core@shell nanoparticles [44]. Hence, the catalytic activity,
selectivity and stability of the nanoparticles can be enhanced [45]. Although
above mentioned studies successfully demonstrated the synthesis strategy and
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2 Chapter 1. Introduction

superior catalytic activity of Au@Pd core@shell nanoparticles, systematic insights
linking the catalytic performance and the interplay of Au core and Pd shell is still
lacking [46]. Especially rare are such insights in the context of thermal catalytic
conversion of C1 molecules.

1.1 Objective
The present objective is to develop synthesis routes for making of Au@Pd/Al2O3
core@shell nanoparticles and study their catalytic performance in prototypical CO
oxidation, comparing with conventional Pd and Pt based supported catalysts.
In particular, batches of Au@Pd core@shell nanoparticles were synthesized by
a two step seeded-growth method for which the effect of different operational
parameters on the morphology of the obtained nanoparticles were investigated.
Au@Pd nanoparticles with thin Pd layers (1.5 nm) were loaded onto a γ-Al2O3
support in order to study the nanoparticles when used for CO oxidation catalysis.
Surface properties and stability of the as-prepared Au@Pd/Al2O3 were studied by
in situ infrared spectroscopy. The comparison between Au@Pd/Al2O3 core@shell
nanoparticle catalysts and conventional Pd/Al2O3 and Pt/Al2O3 monometallic
catalysts are also discussed.



2 Background

2.1 Supported monometallic catalysts
Supported monometallic noble metal catalysts offer venues for various
heterogeneous catalytic reactions [28]. For example, supported Pd catalysts
have been widely used for total oxidation of methane [12, 17–22, 47–49] and
other hydrocarbons [50, 51], supported Pt catalysts and oxide supported Au
nanoparticles have been used for low temperature CO oxidation [9–11, 23–25,
27, 52, 53]. Among all kinds of supporting materials, metal oxides are the
most adopted due to the possibility for tuning of the catalytic activity [54].
The properties of metal oxide supports and the metal-support interactions pose
significant impacts on the catalytic performance of the catalyst. For instance,
the dispersion, and consequently the catalytic behavior of the catalyst, is often
influenced by the support. In general, metal oxides can be classified into two
categories based on their ability to be reversible reduced: reducible metal oxides
and non-reducible metal oxides. Commonly used non-reducible metal oxides
supports in previous studies include La2O3, SiO2, and Al2O3 etc. Especially,
γ-Al2O3 have received substantial research interest due to its high specific surface
area and low cost [21, 55, 56], and thus applicability. Reducible metal oxides
have also been widely studied as they can participate in the catalytic reactions
and induce strong metal-support interaction (MSI) that can promote catalytic
conversions [52, 57, 58]. The main difference between non-reducible and reducible
metal oxides is the different possibility creating oxygen vacancies, which can be
useful when created close to metal particles [59].

2.1.1 Promotion by active supports
Decoding the underlying mechanisms and the promoting effects of
catalyst-support interactions on a catalytic reactions is challenging but
desired because it may guide how to tailor and moderate catalytic properties
by the deliberate choice of included elements [52]. A general consensus is that
in the metal-support system, the role of support is not simply to provide high
metal dispersion but rather is a number of other effects also important [60]. The
support itself may expose active sites for catalytic reactions and can provide
oxygen vacancies that can promote desired reactions [61] Particularly, in some
cases, the metal-support boundary seems to provide, predominantly, the active
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4 2 Background

sites [54, 62]. In addition to providing oxygen vacancies as active sites for direct
participation in the reaction, there are several other possibilities that affect the
catalytic activity [54], i.e. effect on the shape and size of the metal nanoparticles,
as well as the activation procedure, by metal-support interactions (MSI) [63];
introducing strain in the metal nanoparticles [64]; or charge transfer between
support and particles [65].

The promotion of catalytic activity by metal-support interaction was thought
to be crucial in tuning the catalytic performance for supported metal species by
affecting the size of metal species and the surface properties of some substrates
[57]. The effect on metal nanoparticle sizes is the consequence of different interface
energy, leading to different number of low-coordinated atoms [63]. Moreover, the
lattice strain either on the support surface or at the interface between metal species
and support, will influence the electronic and mechanical properties of metal
species [66]. The smaller the particle size, the more significant the interatomic
strain [67]. Another promotion pathway is the charge transfer between small
metal clusters and the substrates, in which defect sites (vacancies, holes, etc.) are
created. Those defect sites are essential to the catalytic activity and selectivity
[61].

2.2 Supported bimetallic catalysts
Introduction of a second metal is also considered as an attractive way to promote
catalytic activity. Compared to the corresponding monometallic catalysts,
bimetallic catalysts exhibit superior performances in various applications, which
can be ascribed to the modification of chemical properties induced by the addition
of the second metal [68]. There are two mechanisms accounting for the chemical
property changes, namely strain effects and ligand effects [44]. Strain effects are
generated by lattice mismatch, which alters the adsorption energy of surface atom
by changing the d-band center through the long-range effect [69]. The adsorption
energy is related to binding strength. It occurs in solid solution alloy systems
wherein metals with various lattice parameters are joint together, or in core@shell
systems where the shell metal possesses lattice parameters different from the
underlying core metal [69]. Ligand effects arise due to the change of coordination
conditions of a metal atom induced by the presence of another metal, leading to
the formation of hetero-nuclear metal-metal bonds, which involves charge transfer
and orbital hybridization of metals [70]. However, those two effects always occur
at the same time, and it is not straightforward to separate their individual effects,
and experimentally observed effects are the sum of the two [71].

It is also important to understand the electronic structure of the surface atoms
that interact with the adsorbates (adsorbed reactants). Generally, during the
adsorption, the valence state of the adsorbate first couples with the s state of
surface metal atoms, then turns to couple with metal d states, resulting in the
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separation of d states into bonding and anti-bonding states [72–74]. The binding
strength between an adsorbate and surface metal atom will increase with the filling
of bonding d states or unfilling of anti-bonding states, and the occupancy of the
anti-bonding states is only related to their location with respect to Fermi level
[72, 73]. Kitchin et al. [71] presented a simple explanation about the electronic
modification by strain and ligand effects. Basically, the d-band width, which
affects the d-band energy, are found to be proportional to the interatomic bonding
between the d orbitals of both surface atom and its neighboring atom. When the
d-band width becomes narrower, to maintain a constant d-band filling, the average
d-band energy will increase, and vice versa [71]. The combination of strain and
ligand effects can be used to tune the chemical properties of the surface, potentially
leading to enhancement of surface reactivity and/or catalytic activity.

2.2.1 Alloyed nanoparticles
Since the definition of various kinds of multimetallic systems is not always
consistent in the literature, one should distinguish between alloyed catalysts and
bimetallic catalysts. Ponec and co-authors [75] defined alloy as a metallic system,
which contains two or more metal components, irrespective of their degree and
mode or mixing [75]. The alloys defined in this way could form either a continuous
monophasic alloys, or segregate into biphasic alloys under certain conditions (for
example with temperature [75]). However, Zafeiratios et al. described the alloy as
a chemical compound of two or more metallic parts that adopt at least partly to
an ordered crystal structure differing from their corresponding constituent metals
[76]. To clarify, in the present study, an alloyed system is regarded as a bimetallic
system in which two different metals are joint together to form an ordered crystal
structure. The enhancement of catalytic activity caused by strain and ligand
effects in alloyed systems has been widely studied, especially in the treatment of
vehicle emissions [33, 77–80]. In bimetallic alloy system, the strain and ligand
effects are caused by size mismatch in the fcc random alloy and the redistribution
of noble metal 5d states in the form of intermetallic interaction [81].

2.2.2 Core-shell nanoparticles
Another bimetallic structure is the so-called core@shell structure. The
terminology ‘core-shell’ (and also denoted as ‘core@shell’) can be broadly defined
as an combination of a core (inner) material and a shell (outer layer) material.
Among different classes of core@shell nanoparticles, the concentric spherical
core@shell nanoparticles are the most common one, in which a spherical core
particle is entirely coated by a shell of another material [82]. The intrinsic aspect
that distinguish core@shell from alloy system is, in the alloy system, the energy
bands of the constituting metal elements are overlapped, while this is not the
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case in the core@shell system [83]. In the core@shell system, when the shell metal
atoms have smaller lattice parameter than the underlying core metal atoms, the
surface atoms will be subjected to tensile strain. In this case, the d-band width will
be broader due to the narrowing of overlapped d states between surrounding metal
atoms caused by enlarged interatomic distances [69]. Moreover, as Pd has highly
filled d-band (4d105s0), the d-band center will up-shift to a higher level in order
to maintain the fixed d occupancy, leading to the enhanced chemical-adsorption
affinity towards some intermediates [69], especially some small adsorbates such
as O, H and CO [44]. On the contrary, if the surface metal have larger lattice
parameter than the underlying core metal, the surface atoms will be subjected
to compressive strain, leading to increased d-orbital overlaps, which cause the
broadening of d-band and lowering of average energy. Correspondingly, the affinity
towards simple molecules is lower than those of the parent metal surface [44].

There are vast amount of studies on transition metal core@shell nanoparticles
in the field of catalysis [84, 85]. Among these transition metal core@shell
nanoparticles, well-defined Au@Pd core@shell nanoparticles have been widely
studied and have been shown to exhibit excellent catalytic activity and stability.
For example, Hosseini et al. compared the catalytic performance of total
VOC oxidation over Au@Pd/TiO2 core@shell, Pd@Au/TiO2 core@shell and
Au-Pd/TiO2 alloy nanoparticles , and observed higher toluene and propane
oxidation activity over Au@Pd/TiO2 core@shell nanoparticles [86].

2.3 Synthesis of core@shell nanoparticles
Thanks to the development of modern techniques, tuning the core@shell
nanoparticles with different chemical and physical properties could be achieved,
by modifying the synthesis parameters or using various synthesis techniques.
The obtained nanoparticles with, for example, different metal distribution and
atomic arrangement, offers a way to tailor the catalytic activity of core@shell
nanoparticles [40].

Generally, the approaches for synthesis of nanomaterials could be broadly
divided into two categories, namely ‘top-down’ and ‘bottom-up’ [82]. The
‘top-down’ method is using external tools, such as micro-fabrication and
mechanical stress, to break down the bulk materials and obtain the desired
nanomaterials with different sizes and shapes [87]. However, in the ‘bottom-up’
method, materials are synthesized from molecular or atomic building blocks. The
whole process depends on the mutual interaction and the individual chemical
properties of the included elements, which determine the shape and size of
the resulting material [87]. Both ‘top-down’ and ‘bottom-up’ method have
their pros and cons, but the ‘bottom-up’ methods provide possibility producing
nanoparticles with much smaller size, which has the potential to be cost-efficient
considering the high control of the entire process and the minimum energy loss
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[82].
In this study, the focus is on synthesizing core@shell nanoparticles using

chemical methods (‘bottom-up’ methods). The synthesis of core@shell
nanoparticles follows a two-step method: synthesis of the core, followed by
synthesis of the shell [82]. Depending on the availability of the core particles,
the synthesis method could be defined into two types: (i) the core nanoparticles
are first prepared, washed and dried separately, then the shell material is
coated onto the core particles using a proper surface modification [88–90]; (ii)
the core nanoparticles are first synthesized by suitable reducing agent, then a
precursor solution is added to the as-prepared core solution to form and deposit
shell nanoparticles onto the core surface [91, 92]. The main difficulties during
synthesis are (i) agglomeration of core particles in reaction system; (ii) preferential
formation of particles of shell materials instead of coating on the core particles
surfaces; (iii) control of the reaction rate [82]. Therefore, the synthesis of tailored
Au@Pd is challenging.

The metallic nanoparticles are mainly obtained via reduction of the
corresponding metal-salts by using external reducing agent (such as hydrogen,
tannic acid, citric acid, etc.) or intrinsic redox properties of the precursor [93–95].
During the synthesis, the reaction medium, temperature, pH, and the type of
reducing agents strongly affect the reaction kinetics, leading to the different
sizes, shapes, chemical and physical properties. After the core nanoparticles
are prepared, the precursor solution of shell materials is added into the reaction
medium, followed by the addition of reducing agent, the core@shell nanoparticles
are obtained.





3 Methodology

3.1 Synthesis
3.1.1 Au@Pd core@shell nanoparticles and Au@Pd/Al2O3

nanoparticle catalyst
The Au@Pd core@shell nanoparticles were synthesized by a two-step seeded
growth method based on Pella et al.[96] and Hu et al.[97] with some modifications.
First of all, the Au core nanoparticles were synthesized through reduction and
nucleation. 150 mL sodium citrate was mixed with 3 mL L-ascorbic acid and
1 mL K2CO3 under vigorous stirring. When the temperature reached 70 °C,
1 mL 25 mM HAuCl4 was injected. The color of solution changed immediately
to dark red, indicating the formation of Au nanoparticles [96]. To obtain the
Au@Pd core@shell nanoparticles, certain amount of H2PdCl4 precursor solutions
were added into the as-prepared Au nanoparticles solution, the freshly prepared
L-ascorbic acid was added dropwise into the solution. The color of reaction
solutions changed to dark brown after the addition of L-ascorbic acid, indicating
the formation of Au@Pd nanoparticles [97].

To load the Au@Pd core@shell nanoparticles onto alumina support, γ-Al2O3
powder was weighted and directly mixed with as-prepared Au@Pd core@shell
nanoparticles solutions and stirred overnight at room temperature. The obtained
slurries were centrifuged under 5000 rpm and freeze-dried. A briefly synthesis
procedure is described in Figure 3.1.

Among the factors exerting effect on the characteristics of core@shell
nanoparticles, reaction temperature [98] and precursor molar ratios [99] are two of
the vital parameters that control the growth of core@shell nanoparticles. However,
the effects of those two factors vary among different systems. Hence, to study
the effect of different operational parameters during synthesis, different reaction
temperatures and Au/Pd molar ratios were investigated and were listed in table
3.1. The reaction temperatures were designed to be 1, 25, and 80 °C. The molar
ratio of Pd/Au were 0.31, 3.1, 31 and 310, respectively.

9
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Figure 3.1: Graphical description of synthesis of Au@Pd/Al2O3 nanoparticles.

Sample number Temperature (°C) Pd/Au molar ratio
1 1 0.31
2 20 0.31
3 80 0.31
4 1 3.1
5 1 31
6 1 310

Table 3.1: Different operational parameters.

3.2 Characterization

3.2.1 Transmission Electron Microscopy (TEM) and High
Resolution Transmission Electron Microscopy (HRTEM)

Transmission electron microscopy is a commonly used technique in the field of
nanotechnology because the short wavelength of the electron with high energy
could pass through the sample and achieve subnanometer resolution. During the
imaging procedure, an electron beam passes through the sample, being absorbed
and scattered, producing contrast and images [100]. TEM is regarded as a
powerful tool to reveal the atom distribution of a nanocrystal structure even when
they are passivated with polymers [79]. Nowadays, TEM is not only providing
the atomic information of materials, but also chemical information about a single
nanocrystal at a spatial resolution of 1 nm or even better [101].

High resolution TEM (HRTEM) is a modern TEM consisting of an illumination
system, a specimen stage, an objective system, a magnification system, data
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recording system, and the chemical analysis system [79]. The electron gun, which
uses FEG gun as illumination source, gives high illumination current. The key
to carry out the analysis of structure is the specimen stage due to its ability to
perform in situ observation. The resolution of the image is determined by the
objective lens [79].

Herein, the morphology of Au@Pd nanoparticles and Au@Pd/Al2O3
nanoparticle catalysts were investigated by FEI Tecnai T20 transmission electron
microscopy (TEM) at 200 kV and FEI Titan 80 - 300 STEM at 300 kV. High angle
annular dark field scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-Ray spectroscopy (EDS) linescan were used for further
indication of core@shell structure.

3.2.2 X-ray Diffraction (XRD)
The X-ray diffraction (X-ray diffraction (XRD) is regarded as a powerful tool
that is widely used in both research and industry [102]. It is always used to
quantify or qualify the crystalline phases in materials based on their diffraction
patterns [102]. It is based on the constructive interference between monochromatic
X-rays and a crystalline material. The source of these X-rays is a cathode ray
tube. After generation, the X-rays are filtered to be monochromatic, collimated
to be concentrated, and directed towards the sample. When the condition fits the
Bragg’s law (2dsinθ = nλ), the incident X-rays would interact with the sample,
leading to the production of a constrictive interference as well as a diffracted ray.
The Bragg’s law connects the diffraction angle to the lattice spacing of crystal
phase and the wavelength of electromagnetic radiation. The generated diffracted
rays are detected and analyzed. By scanning the sample through a range of 2θ
degrees, all the diffraction directions of the sample lattice could be obtained due
to random orientation.

3.2.3 In situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (in situ DRIFTS)

Infrared spectroscopy is one of the important techniques for characterization
of catalysts and catalytic reactions. It is based on measuring the absorption
of infrared radiation by chemical bonds [103]. For a molecule to be capable
of absorbing infrared radiation, it must have specific features, i.e. it must
possess a change in the electric dipole moment during the vibration of the bond
under consideration [104]. The vibration involves a change of either bond length
(stretch) or bond angle, and the stretch mode includes symmetrical stretches
and asymmetrical stretches, which depend on the feature of the molecule. [104].
For example, the CO2 has symmetrical vibration whereas H2O has asymmetrical
vibration.



12 3 Methodology

The reflection of light could mainly be divided into two cases termed specular
and diffuse reflectance [105]. The specular reflection is defined as an ideal
reflection, whereas diffuse reflectance refers to the reflection of light when radiation
incident on the surface of the material and then is scattered in many directions
rather than just one single angle as in specular reflection. The diffuse reflectance
on a solid surface is not only caused by the rough surface, but also from the near
surface within a layer [105]. When the light enters the material, it is absorbed,
scattered and finally exited from the material. The light reflected back is recorded
and the absorption can be obtained. As the light is scattered by materials
multiple times, the direction at which it exit the material is random [105]. In
case of diffuse reflectance infrared Fourier transform spectroscopy, the material is
usually in powder, and act as its own mirror and is capable for light penetration.
The advantage of this technique is easier sample preparation as compared to
transmission or specular modes.

The in situ diffuse reflectance infrared Fourier transform spectroscopy (in situ
DRIFTS) was used to study the interactions of gaseous species (CO and O2) on
the catalyst surface, and the effect of Au core on the electronic structure of surface
Pd atoms.



4 Results and Discussion

4.1 Effect of operational parameters

4.1.1 Temperature
According to previous studies, the morphology of core@shell nanoparticles
is dependent on the competition between the surface diffusion rate and the
deposition rate of shell atoms, which is sensitive to the reaction temperature
[91]. To investigate the effect of temperature on the morphology of Au@Pd
core@shell nanoparticles, Au@Pd nanoparticles were synthesized under different
temperatures, and there morphologies were characterized by transmission electron
microscopy (TEM). TEM images of Au@Pd nanoparticles synthesized under
1 °C, 20 °C and 80 °C are shown in Figure 4.1. The results show that when
the temperature was 1 °C, the obtained core@shell nanoparticles have an evenly
distributed shell with a shell thickness ranging from 1.5 to 2 nm. However, when
the temperature increased to room temperature (20 °C) or even higher (80 °C),
both the thickness and the roughness of the shell increased dramatically with
increasing temperature.

To understand how temperature influence the nanoparticles morphology, one
should be clear about the growth mechanism of core@shell nanoparticles. As
previously reported by Tan et al. [91], there are mainly two routes for the
growth of core@shell nanoparticles: (i) nuclei coalescence, where the shell
nanoparticles are formed in the solution and adsorbed onto the as-prepared core

(a)

2 nm
2 nm

(b)

5 nm

(c)

Figure 4.1: TEM images of Au@Pd nanoparticles synthesized under different
temperatures (a) 1 °C (b) 20 °C (c) 80 °C.

13



14 4 Results and Discussion

nanoparticles, and (ii) monomer attachment, where shell atoms deposit onto
the core nanoparticles and then are reduced on the core surface [91] resulting
in epitaxial growth. The reaction temperature plays an important role in
determining the final morphology of the core@shell nanoparticles, because it
controls whether the growth is under thermodynamic control or kinetic control
[98]. Another study by Tan et al. also suggested this. By performing
real-time imaging, using in situ TEM, the growth mechanism of Au@Pd core@shell
nanoparticles under 25 °C and 80 °C was studied, and they figured out that under
room temperature, the growth is under kinetic control, forming arrow-headed
nanorods with thin Pd shell. When the temperature increased to 80 °C, the surface
diffusion rate is faster, leading to a transfer of most of the Pd adatoms from tips
to the side facet and the formation of a cuboical shell [92].

Guided by this information, one may propose the following mechanism for the
growth of Au@Pd in the present study. In the case of using a temperature of
1 °C, the growth of Pd shell follows the monomer attachment pathway as the
predominant mechanism. The [PdCl4]2– anion replaces the citrate anion on the
Au nanoparticle surface, and the reduction of Pd2+ happens on the surface. Under
this circumstance, the obtained Pd shell becomes thin and evenly distributed.
This hypothesis is also in line with the study from Sarkany et al. [106]. However,
when the temperature was increased to 25 °C, the nuclei coalescence became
the dominating growth pathway. Here, the Pd nanoparticles first formed in the
solution, and then deposited onto the Au nanoparticle surface. The deposition
rate of the formed Pd nanoparticles is faster than its surface diffusion rate, leading
to rough and thick shell. Further increasing the temperature lead to even faster
deposition of Pd nanoparticles. Hence, the Au@Pd core@shell nanoparticles
synthesized under 80 °C possessed thicker shell than the ones synthesized under
25 °C.

4.1.2 Pd/Au molar ratio
The shell thickness, a crucial parameter affecting the electronic structure and
therefore the catalytic activity of a core@shell catalyst, is also controlled by the
molar ratio of Pd to Au in reaction solution [107]. Therefore, we investigated the
effect of Pd/Au ratio on the morphology of the synthesized Au@Pd nanoparticles,
by varying the dosage of Pd precursor during Au@Pd synthesis (the reaction
solution was kept at 1 °C). Figure 4.2 shows TEM images of Au@Pd nanoparticles
synthesized with different Pd/Au ratios, namely 3.12, 31.2 and 312. It is obvious
that the Pd shell thickness increases with the increasing Pd/Au value. This
can be attributed to the increased availability of Pd in the reaction solution
for the growth of the Pd shell on the Au core at higher Pd/Au ratio. This
finding is in accordance previous studies. [97]. Moreover, with high Pd/Au
ratio (310), the obtained Au@Pd nanoparticles lost the smooth shell structure
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Figure 4.2: TEM images of Au@Pd core@shell nanoparticles with different Au/Pd
molar ratios (a) 0.32 (b) 0.032 and (c) 0.0032.

and appeared a flower-like morphology. One hypothesis is that when the Pd
precursor concentration was too high, the obtained Pd nanoparticles were no
longer spherical, but in urchin-like shape due to the fast reaction kinetics.
Hence, the urchin-like shaped Pd nanoparticles deposited onto Au surface led
to flower-shaped Au@Pd nanoparticles. [108]. Another hypothesis is that the
high concentration of Pd in the reaction solution disrupted the dispersion of
fine Pd nanoparticles and led to agglomeration of these nanoparticles. The
agglomerated Pd clusters deposited onto Au surface, resulting in flower-shaped
Au@Pd nanoparticles [109].

4.2 Effect of Au core on properties of surface Pd
atoms

In order to study how the Au core would affect the electronic structure of shell
Pd atoms, the Au@Pd/Al2O3 nanoparticles with 1.5 nm Pd thickness (around
5 atomic layers) were used as the model catalysts, because thicker shell would
cover the interactions of both Au and Pd. [110, 111]. The catalytic activities
of the model bimetallic Au@Pd catalyst and the Pd catalyst were studied by in
situ DRIFTS using CO as probing molecule. CO adsorption experiments under
descending temperature ranging from 198 °C to 33 °C were performed, and the
DRIFTS spectra are shown in Figure 4.3. The peaks located at 2082 cm−1 in
both Figure 4.3(a) and (b) are assigned to linearly bonded CO species on Pd
atoms, while the peaks located at 1997 cm−1 in Figure 4.3(a) and 1985 cm−1

in Figure 4.3(b) are referred to bridge-bonded CO species on Pd atoms [112].
For Au@Pd/Al2O3 nanoparticles, the bridge bonded CO peaks started to show
up from 176 °C in a broad shape, whose peak intensity increased with the
descending temperature. Comparing the spectra under 33 °C of Au@Pd/Al2O3
to Pd/Al2O3, no notable change of linear bounded peaks was observed, while
the bridge-bonded CO species had a blue-shift of 12 cm−1. One explanation is
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Figure 4.3: DRIFTS spectra of CO adsorption experiment over (a) Au@Pd/Al2O3
nanoparticle catalyst. (b) Pd/Al2O3 nanoparticle catalyst.

the electrons transferred from Pd to Au core, leading to the weakening of back
donation from Pd to CO. However, as the abundance of linearly bonded CO
species was low, the change of linear peak was negligible.

4.3 Stability study over Au@Pd/Al2O3 with thin Pd
shell thickness

The physical and chemical properties of nanoparticles and therefore their catalytic
activities are strongly dependent on their compositions and configurations, which
influence the defects density at the nanoparticle surfaces [113]. Hence, it is
very important to investigate the structure stability of the Au@Pd/Al2O3 during
the CO oxidation experiment. Figure 4.4 shows TEM images, HAADF-STEM
images, and EDS linescan profiles across the surface (orange line) of as-prepared
Au@Pd/Al2O3 nanoparticle catalyst and the catalyst collected after CO ignition
and extinction experiments. The TEM images suggest no notable agglomeration
of Au@Pd nanoparticles on Al2O3 surface. Moreover, the HAADF-STEM images
as well as EDS linescan profile suggest that the core@shell structure was remained
upon exposed to CO oxidation condition, which indicate good structural stability
of Au@Pd/Al2O3 core@shell nanoparticle catalyst.
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Figure 4.4: (a) TEM image of as-prepared Au@Pd/Al2O3 nanoparticles. (b)
HAADF-STEM image of as-prepared Au@Pd/Al2O3 nanoparticles. (c) Linescan
profile of Au@Pd/Al2O3 nanoparticles collected after DRIFTS experiment. (d)
TEM image of Au@Pd/Al2O3 nanoparticles collected after DRIFTS experiment. (e)
HAADF-STEM image of as-prepared Au@Pd/Al2O3 nanoparticles. (f) Linescan
profile of Au@Pd/Al2O3 nanoparticles collected after DRIFTS.

4.4 In situ DRIFTS study over conventional
supported noble metal catalysts

When exploring the advantages of bimetallic core@shell system, it is also
important to have knowledge about the catalytic performance of traditional noble
metal catalysts for exhausted gases treatment (CO oxidation), and to compare
the catalytic behavior of core@shell system to them. Among all traditional noble
metal based catalysts, the Pd and Pt based catalyst are the most common ones
that has been widely used for CO purification from vehicle emission [114]. CO is
excessively adsorbed on both Pd and Pt surface, which causes the self-poisoning
and the O2 is unable to be dissociated and activated on the catalyst surface,
improving the temperature could assist the CO oxidation reaction to happen
[115]. In spite of this, the interaction between CO species and the metal surface
during CO oxidation is still different between Pd and Pt based catalyst. Hence,
a comparison of Au@Pd/Al2O3, Pd/Al2O3 and Pt/Al2O3 was carried out in our
study.

CO oxidation (extinction) experiment over Pd/Al2O3 and Pt/Al2O3 were



18 4 Results and Discussion
A

bs
or

ba
nc

e/
a.

u.

Wavenumber /cm-1

2086

49

33
41

57
66
74
82
90
98
106
114
122
131
139
146
153
161
169
176
183
191
198

1934

1984

T/°C

2100 2000 1900 1800 1700

2349

2400 2350 2300

(a)

2112

2090

19002000
Wavenumber /cm-1

A
bs

or
ba

nc
e/

a.
u.

53

34
44

62
72
81
90
99
108
116
125
133
140
148
156
164
172
180
188
195
203
211

(a) 2065

2400 23002350 2100 1800 1700

2349

T/°C

2348
2086

2100 2000 1900 1800 1700

1997

A
bs

or
ba

nc
e/

a.
u.

2400 2350 2300
Wavenumber /cm-1

33
41
49
57
66
74
82
90
98
106
114
122
131
139
146
153
161
169
176
183
191
198

T/°C

(c)

1943

Figure 4.5: DRIFTS spectra of CO oxidation (extinction) over (a)Pd/Al2O3 from
198 °C to 33 °C; (b)Pt/Al2O3 from 211 °C to 34 °C; (c) Au@Pd/Al2O3.

performed under descending temperature using in situ DRIFTS. Figure 4.5
(a) shows the DRIFTS spectra of CO oxidation (extinction) experiment over
Pd/Al2O3 catalyst from 198 °C to 33 °C. The peak located at 2349 cm−1 is
assigned to CO2 in gas phase, and starts to show up from 198 °C and vanish at
122 °C, where the linearly and bridge-bonded CO species started to be observed.
The intensity for both the linear and bridge bonded CO peaks increased with the
decreasing temperature, indicating higher CO coverage. Figure 4.5 (b) shows the
CO oxidation (extinction) spectra of Pt/Al2O3 catalyst (from manuscript II). The
result shows similar increasing trend for the intensity of linearly bonded CO peak
when decreasing the temperature. However, an abrupt increase of linearly-bonded
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CO species at 116 °C, and the production of CO2 was also encountered with an
sudden diminution, which was caused by the sudden build-up of adsorbed CO
species on Pt surface.

As for DRIFTS spectra of CO extinction experiment over Au@Pd/Al2O3 in
Figure 4.5(c), no drastic increasing of linear bonded CO species were observed
when decreasing the temperature, and they are constant throughout the whole
experiment procedure.





5 Conclusions and Future Work
Au@Pd core@shell nanoparticles with different shell/core ratio were synthesized
by a two-step seeded-growth method, and were loaded onto γ-Al2O3 support.
Among all the operational parameters that affect the morphology of Au@Pd
nanoparticles, reaction temperature and Pd/Au molar ratio were investigated.
Results suggest that at 1 °C, very thin and evenly distributed Pd shell could be
obtained, while when increasing the temperature to 25 °C and 80 °C, the Pd shell
became thicker and possessed rougher surface. The reasons lie in the competition
between the deposition rate of pd nanoparticles onto the surface and their surface
diffusion rate on Au core surface. Moreover, the Pd shell thickness and roughness
also increased with the increasing Pd/Au molar ratio. When the value reached
310, the obtained Au@Pd nanoparticles were in flower shape, which was attributed
to the larger amount of Pd nanoparticles and the lack of stabilizer.

To study the electronic structure of Pd shell under the effect of Au core, the
Au@Pd/Al2O3 with thin shell thickness (around 1.5 nm) was chosen as the model
catalyst. The alteration of electron arrangement in Pd d state was probed by CO
adsorption experiment using in situ DRIFTS under descending temperature from
198 °C to 33 °C. The obtained spectra were compared to the DRIFTS spectra of
CO adsorption over Pd/Al2O3. A blue-shift of bridge-bonded CO on Pd peak was
observed. The reasons could be the net charge flew from Pd to Au, leading to
the weakening of back-donation from Pd to CO. However, the change of linearly
bonded CO peak was negligible. That is due to little abundant of linearly adsorbed
CO on Pd surface.

In addition, the structural stability of Au@Pd/Al2O3 nanoparticles during CO
oxidation process was investigated by TEM, HAADF-STEM, and EDS linescan.
No significant agglomeration was observed upon the CO oxidation process, and
the core@shell structure remained by the indication of EDS linescan profile of the
sample collected after DRIFTS experiment.

The comparison of CO oxidation (extinction) behaviors over traditional
Pd/Al2O3 and Pt/Al2O3 nanoparticle catalysts was also performed. The obtained
CO adsorption behaviors were different. The intensity of linear CO adsorption
peaks on Pd/Al2O3 catalyst increased gradually with the decreasing temperature,
while the peaks on Pt/Al2O3 had a drastic change that was caused by sudden
build-up of surface CO species.

The upcoming research will focus mainly on Au@Pd core@shell nanoparticles
and traditional Pd based catalyst. The core@shell architecture by controlling
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strain effect is regarded as an effective way to tune the electronic structure of
shell atoms for enhanced catalytic activity [107]. There are several ways to control
the strain effect, among them, varying the core/shell ratio is of great interest. It
is known that the smaller the particle size, the more significant the interatomic
strain [67]. However, to the best of our knowledge, studies are mainly focusing
on the effect of diverse shell thickness on the catalytic performance, little studies
about the effect of core size have been performed, especially the one relating the
strain effect to the core size under thermal induced catalytic conditions [116].
With this purpose, we plan to synthesize Au@Pd core@shell nanoparticles with
fixed Pd shell thickness (around 1.5 nm) while varying the size of Au core. The
as-prepared Au@Pd will be loaded onto γ-alumina support, and be investigated
by in-DRIFTS.

In parallel to this, to better understand the difference of CO oxidation procedure
between traditional Pd based catalysts and Pt based catalysts, as well as the
promotion effect induced by different support, a comparison study on Pd/CeO2
and Pt/CeO2 will be performed.
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