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ABSTRACT

Bimetallic nanoparticles have attracted significant interest in the field of heterogeneous
catalysis due to their unique and tunable properties, arising from synergistic effects. Of
particular interest are gold-copper nanoparticles, which demonstrate potential in catalyz-
ing the oxidation of carbon monoxide (CO). While gold can act as an active site for CO,
copper can facilitate the dissociation of oxygen, thereby enabling an efficient conversion
of CO. This is important for reducing the negative impact of CO on human health and

the environment.

The conventional synthesis of gold-copper nanoparticles has primarily been limited to or-
ganic synthesis due to the instability of copper towards oxidation. Nonetheless, an aqueous
synthesis of gold-copper nanoparticles would offer a more sustainable, non-toxic and in-
expensive alternative. Therefore, the synthesis of gold-copper nanoparticles in aqueous
solvents has been investigated in this work. The synthesis was based on colloidal strategies
to gain a high degree of control over the morphology. The nanoparticles were character-
ized with state-of-the-art electron microscopy techniques, ultraviolet-visible spectroscopy,
x-ray diffraction, Fourier transform-infrared spectroscopy, thermal gravimetric analysis

and inductively coupled plasma atomic emission spectroscopy.

This thesis presented three colloidal, aqueous synthesis routes to obtain gold-copper
nanoparticles. The routes were based on a novel approach of growing oxidized copper
on gold nanoparticles in an aqueous solution, followed by thermal reduction. The first
synthesis route utilized gold nanoparticles coated with a mesoporous silica shell. Although
the silica shell provided stability, it restricted the copper content (<30%) in the obtained
gold-copper nanoparticles. The second synthesis route eliminated the silica shell, thereby
obtaining Au@Cu,O nanoparticles with higher copper contents up to approximately 87%.
However, the nanoparticles clustered upon deposition on a silica support, leading to ag-
gregation when subjected to thermal treatment. The synthesis third route, in which

Cu,0 was grown on supported gold nanoparticles, resulted in well-dispersed gold-copper



nanoparticles, but also the formation of monometallic Cuy,O particles on the support.
Although further optimization would be beneficial, the third method showed promise for

synthesizing gold-copper nanoparticles in aqueous solution.

The catalytic potential of supported gold-copper nanoparticles, synthesized via the third
method, was evaluated for CO oxidation. The supported bimetallic gold-copper nanopar-
ticles exhibited higher turnover frequency values compared to their monometallic gold
counterparts. Furthermore, gold-copper nanoparticles with a higher copper content were
found to be more active. Additionally, core-shell Au@Cu,O nanoparticles were found
to be significantly less active. Further research is necessary to obtain a more in-depth

understanding of the catalytic performance of AuCu NPs in CO oxidation.

Keywords: aqueous solution, bimetallic nanoparticles, CO oxidation, colloidal synthesis,

gold-copper, heterogeneous catalysis



ABBREVIATIONS

Abbreviation Meaning
NP nanoparticle
LSPR localized surface plasmon resonance
EM electron microscopy
BF-TEM bright-field transmission electron microscopy
HAADF high-angle annular dark-field
STEM scanning transmission electron microscopy
EDX energy-dispersive X-ray diffraction
SAED selected area electron diffraction
XRD X-ray diffraction
UV-VIS ultraviolet-visible
FT-IR Fourier transform-infrared
ICP-AES inductively coupled plasma -
atomic emission spectroscopy
TGA thermal gravimetric analysis
MS mass spectrometry
TOF turnover frequency
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1 Introduction

Heterogeneous catalysts play a crucial role in industrial chemical processes by enabling ac-
celeration of chemical conversions. Metal nanoparticles (NPs), in particular, have emerged
as important heterogeneous catalysts due to their unique properties [1]. Their small size
provides a high surface-to-volume ratio, which leads to a relatively high surface area avail-
able for catalytic reactions. Additionally, the limited dimensions of NPs can affect their
optical and electronic properties with respect to their the bulk counterpart, making metal

NPs even more useful in certain (catalytic) applications.

Particularly interesting metal NPs are those composed of gold (Au). Au was once consid-
ered to be inert due to its lack of reactivity towards many chemical reactions. However,
this perception changed when Haruta demonstrated the effectiveness of Au NPs as a cat-
alyst for CO oxidation [2]. Since Haruta’s discovery in 1989, numerous studies involving
the utilization of Au NPs as catalysts have been published. Nowadays, Au-based catalysts
have found to be useful in selective oxidation and hydrogenation reactions, the water gas

shift reaction and several other chemical reactions [3, 4].

The incorporation of a second metal to monometallic NPs can result in improvement
of their catalytic properties. These NPs, referred to as bimetallic NPs, offer a promising
strategy to design new catalyst materials with unique properties. The interaction between
the two metals can change the electronic and geometric structures, which can lead to
enhanced catalytic activity and selectivity [5]. The extent of this synergistic effect is

highly influenced by the metal composition and distribution of bimetallic NPs [6].

An interesting Au-based bimetallic NP is obtained with the combination of copper (Cu).
Cu is an earth-abundant and inexpensive metal, which was also found to be active as a
catalyst for oxidation and hydrogenation reactions [7]. As a result, gold-copper (AuCu)

bimetallic NPs have shown promising catalytic activity for oxidation reactions, such as



the oxidation of CO [8]. They have also been demonstrated to be a suitable catalyst for

various hydrogenation reactions [9, 10] and electrochemical CO, reduction [11].

Another interesting feature of AuCu bimetallic systems is its ability to form chemically
ordered structures with stoichiometry AuzCu, AuCu, and AuCus. The uniform surface
geometry and well-defined composition of these ordered compounds are beneficial for
catalysis and fundamental research. Additionally, the incorporation of relatively inexpen-

sive Cu offers AuCu catalysts a commercial advantage over pure Au catalysts.

A straightforward method for the synthesis of AuCu NPs in high weight loadings is via a
co-impregnation, in which a Cu and Au precursor are simultaneously reduced under ele-
vated temperatures on a support [8]. Alternatively, colloidal methods are also attractive
for catalyst preparation due to their versatility in property tailoring. They provide a high
degree of control over the size and shape of the metal NPs [12]. In addition, colloidal syn-
thesis allows for variation in the metal distribution by enabling the synthesis of bimetallic
NPs with diverse structures, such as core-shell and alloys. This versatility enables easier

optimization into the desired catalyst.

The co-reduction of Au and Cu precursors in solution is the most common colloidal method
for synthesizing AuCu NPs. In literature, the colloidal synthesis of AuCu NPs is mainly
limited to organic solutions due to the instability of Cu towards oxidation [13, 14, 15].
The lack of research into the aqueous synthesis of AuCu NPs is unfortunate, as it offers
several advantages over organic synthesis. For instance, an aqueous synthesis would be
more sustainable, non-toxic and inexpensive. Besides, less strongly binding ligands are

required, making ligand removal prior to catalysis more facile.

In this thesis, three aqueous synthesis routes are demonstrated to obtain AuCu NPs
via colloidal strategies. We aimed for different metal compositions with particular focus
on the ordered phases that could be formed. Furthermore, the potential of AuCu NP

catalysts for the oxidation of CO is investigated.



Scope of the thesis

This thesis can be divided into two research questions with several sub-questions. The
main research question is based on the synthesis of AuCu NPs, while the second research

question studies the potential of AuCu NPs as a catalysts:
1. How can AuCu NPs be synthesized via aqueous colloidal synthesis?
(a) Can we control the metal composition of AuCu NPs with an aqueous synthesis
method?
(b) How does the metal distribution of the NPs change upon thermal treatment?

(¢) To what extent are the NPs stable upon thermal treatment?
2. What is the catalytic performance of AuCu NPs for CO oxidation?

(a) What is the effect of the metal compositions of AuCu NPs on their catalytic

performance

(b) What is the effect of the metal distribution of AuCu NPs on their catalytic

performance

The theoretical background required to understand the thesis is provided in chapter 2.
Chapter 3 outlines the methods used to synthesize and characterize AuCu NPs. The
results are discussed in chapter 4 of which a conclusion is provided in chapter 5. Finally,

chapter 6 presents the outlook in which further research opportunities are discussed.



2 Theoretical background

The following chapter provides a concise overview of the relevant theoretical concepts

required to understand the results presented in this thesis.

2.1 Basic principles of colloids

Colloidal NPs can be described as inorganic particles with a size range between 1 and
1000 nm that are dispersed within a liquid medium [16]. An important characteristic of
colloids is their Brownian motion, which refers to a random motion caused by collision
with the surrounding solvent molecules [17]. As a result, colloidal NPs tend to spread
themselves homogeneously throughout the medium. The extent of this homogeneity is
dependent on the interparticle interaction. The balance of attractive and repulsive inter-
actions determines the stability of a colloidal system. The DLVO theory, developed by
Derjaguin, Landau, Verwey, and Overbeek, is often used to understand the stability of
colloids by analysing the energy of the system as the sum of attractive van der Waals
forces and repulsive electrostatic forces [18, 19]. If the attractive forces are stronger than

the repulsive forces, the colloidal NPs start to combine into larger aggregates.

Aggregation of colloidal NPs can be prevented by using ligands for stability. Ligands are
molecules that can adsorb on the surface of the NPs, thereby altering the interparticle
interactions. Polymers are commonly used as ligands because of their large chains to
provide sterically hindrance [20]. When two NPs approach each other, the polymer chains
will overlap each other. As a result, strong repulsion steric forces arise that counterbalance
the attractive forces, preventing the NPs from coming closer (figure 2.1). Another form of
stabilization is through electrostatic (coulombic) repulsion, which can be provided with
ionic compounds [21]. In addition to ligands, the stability of colloids can also be influenced

by the presence of electrolytes, pH, and temperature.
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Figure 2.1: Simplified schematic illustration on how colloidal stability can be achieved by
b) electrostatic repulsion or ¢) steric repulsion to balance the attractive van der Waals
forces. Reprinted from [22].

2.2 Colloidal synthesis of Au NPs

A common technique for synthesizing colloidal Au NPs involves the reduction of Au
precursor, HAuCl,, with citrate in water. This method was pioneered by Turkevich in
1951 and later adapted by Frens to adjust the particle size by the amount of reducing
agent /stabilizing agent, sodium citrate [23, 24]. Further modifications to the Turkevich-
Frens method have been made over time. A particular important one is the separation of
the nucleation and growth stage, leading to high level of structural control (figure 2.2).
During the nucleation stage, small clusters of atoms, known as nuclei, are formed. Once
the nuclei reach a critical size, where the rate of growth equals the rate of dissolution,

they enter the growth stage where they continue to grow into a colloidal NP [25].
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Figure 2.2: Simplified schematic illustration of the nucleation and growth stage in the
colloidal synthesis of Au NPs. Modified from [26, 27].

A strategy for separating the nucleation and growth stage is through utilization of two
reducing agents. The approach is used in a protocol for synthesizing monodisperse Au

NPs, reported by Piella et al. [28]. It is based on the Turkevich-Frens method and involves
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the reduction of tetrachloroauric acid (HAuCly) with tannic acid (TA) and sodium citrate
(SC). The nucleation is promoted by the stronger reducer agent TA. Once TA is consumed,
the nucleation stage is ended and the growth stage is promoted by SC. The reducing power
of SC is too weak to promote homogeneous nucleation, but can induce growth on existing
nuclei. Hence, the nucleation of small Au NPs (seeds) is separated from the growth
solution. This so-called seed-mediated growth leads to the formation of monodisperse,
spherical Au NPs with tunable particle size. In addition, the weak interaction between

the Au surface and the citrate molecules results in a relatively accessible surface.

2.3 Mesoporous silica shell growth

Stability is one of the main criteria for metal NPs to be a well-designed catalyst. Metal
NPs, despite being surrounded with stabilizing ligands, tend to become unstable at ele-
vated temperatures. A surface coating is considered to be an effective way of providing
thermal stability [29]. The coating is preferred to be porous, as this allows access to the
metal surface, which is crucial for catalysis. It has been demonstrated that a mesoporous
silica shell around Au NPs can effectively inhibit their aggregation, while remaining active

as a catalyst [30, 31].

Mesoporous silica is typically synthesized by the sol-gel process in the presence of a
templating surfactant. This process involves the hydrolysis and condensation of a silicate
precursor (figure 2.3). The most common precursor is tetraethylorthosilicate (TEOS).
The ethoxy groups of TEOS are converted to hydroxyl groups upon contact with water.
This initiates the condensation process where Si—O—Si linkages are made to form silica
oligomers. The hydrolysis and condensation rate are both dependent on the pH of the
solution. The hydrolysis occurs through a bimolecular nucleophilic substitution reaction
(Sn2 mechanism), which can be catalysed by a base or acid. At pH values above 7,
silicates are easily deprotonated and silica is highly soluble, providing more species for

growth.
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Figure 2.3: Base-catalysed hydrolysis and condensation of silica precursors. The R-group
for the most common precursor, TEOS, is an ethyl group (—C,Hj). Reprinted from [32].

Porosity in silica can be generated by surfactants, serving as structure-directing agents.
These surfactants can self-assemble into micelles to form a framework for silica to grow
in an ordered mesoporous manner. The pore size and structure of the silica is, therefore,
determined by the type of surfactant used. A commonly used surfactant for synthesizing
mesoporous silica is cetyltrimethylammonium bromide (CTAB) [33]. CTAB has a pos-
itively charged, hydrophilic head group connected to a hydrophobic carbohydrate tail.
This amphipathic structure allows CTAB molecules to form micelles in aqueous solutions
above the critical micelle concentration. A mechanism for mesoporous silica growth, pro-
posed by Nooney and coworkers, suggests that silica oligomers form primary particles
with CTAB through a strong interaction with the positive ammonium group and the
negatively charged siloxide ions (figure 2.4) [34]. Subsequently, these primary particles
aggregate around the CTAB framework, leading to mesoporous growth. After removal of
the template, mesoporous silica is yielded. This procedure for mesoporous silica can also
be used for CTAB-stabilized Au NPs in such a manner that a mesoporous silica shell is

grown on Au NPs [33].
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Figure 2.4: A schematic drawing of the formation of a mesoporous silica with CTAB as a
template surfactant. The CTAB molecules self-assembly in rod micelles and form primary
particles with silica oligomers, which can grow further around the micelles. After removal
of the CTAB template, mesoporous silica is obtained. Reprinted from [35].

2.4 The overgrowth of Cu,O

The synthesis of AuCu NPs in an aqueous solution is a promising area of research, but
limited studies have been conducted on the topic. Current methods rely on co-reduction
of Au and Cu precursors, resulting in alloyed AuCu NPs. Mixing Cu directly with Au can
decrease the instability of Cu towards oxidation, which may account for its popularity.
While co-reduction can result in uniform metal distributions, it can also lead to a wider
size distribution. For example, Andoline et al. reported a co-reduction using sodium
borohydride (NaBH,) as reducing agent. Their AuCu NPs exhibited average diameters
of 1.9-3.0 nm, but were relatively polydisperse [36]. Also, thiol ligands (PEG-SH) were
used as ligands, as they adsorb strongly on Au NPs. However, thiol ligands tend to be
unstable at elevated temperatures and can be sensitive to oxidation [37], which makes
this procedure unsuitable. Another study by R. He et al. used glucose as reducing agent
in the presence of hexadecylamine ligands and obtained more monodisperse AuCu NPs
[38]. However, non-spherical shapes were obtained due to strong ligand binding to certain
facets. The size could be tuned from 45 to 200 nm, which is relatively large for catalytic

purposes. These examples illustrate that the synthesis of monodisperse, spherical AuCu
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NPs through co-reduction in aqueous solution is challenging. Consequently, a sequential

reduction could be considered more suitable.

In this strategy, a Cu precursor can be reduced in the presences of pre-synthesized Au
NPs, which can act as a nucleation site. As a result, a Cu-based layer can be grown around
the Au NPs, resulting in a core-shell structure. It is probable that Cu oxidizes when a
sequential reduction is performed in an aqueous solution. Procedures for the aqueous
synthesis of core-shell Au@QCu,O NPs have been reported in literature, which involve the
reduction of CuSO, with ascorbic acid [39, 40]. Ascorbic acid, also known as vitamin C,
is a mild, non-toxic reducing agent. The redox half reactions involved in the reduction of

Cu®" ions with ascorbic acid (CgHgOg) are shown in equation 2.1 and 2.2.

CﬁHgOG - CGHGOﬁ + 2H+ + 2¢ (21)

Cu’t +2e — Cu (2.2)

In this reaction, ascorbic acid donates two electrons to reduce Cu®*" to metallic Cu and
forms dehydroascorbic acid. The reducing potential, and thereby the reducing rate, can be
adjusted by the pH value of the solvent. The reduction potential of a chemical compound
shows its tendency to gain or lose electrons and be reduced or oxidized, respectively. For
instance, the more negative the reduction potential, the higher the tendency to donate
electrons. This property can be used to predict whether a redox reaction will occur,
as the difference in reduction potentials between two species describes the amount of
energy required or generated from the reaction. The Nernst equations, simplified for the
reduction of CuSO, with ascorbic acid, is displayed in equation 2.3 where E is reduction
potential (V) and F is the standard reduction potential (V). This equation shows that
the reduction potential of ascorbic acid decreases with increasing pH, thereby increasing
the reduction power [41]. As a result, the reduction of Cu*" with ascorbic acid will be

accelerated when the pH value is increased.

E=E"—0059pH ; E°=0.08V (2.3)
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The pH of a solution can be increased by the addition of sodium hydroxide (NaOH). This
can also promotes the formation of Cu(OH),, which can subsequently be reduced to Cu

by ascorbic acid (equation 2.4 and 2.5).

Cu’t + 20H — Cu(OH), (2.4)

CU(OH)Q + CGHgoG- — Cu + CGHGOﬁ + 2 HQO (25)

2.5 AuCu phase diagram

The phase diagram of a binary system is a graphical representation of the phases present
in the system as a function of temperature and composition. It provides information about
the relative stability of different phases and the conditions under which they transform
into one another. The phase diagram of the bimetallic AuCu is particularly interesting

due to the variety of disordered and ordered structures that can be formed upon alloying.

A phase diagram of AuCu systems has been presented in a study by Fedorov and Volkov
(figure 2.5) [42]. This diagram shows the presence of both solid and liquid phases. The
boundary between the solid and liquid phases is presented by the liquidus line, indicating
the minimum temperature of 910°C at which a solid mixture of Au and Cu begins to
melt. At temperatures below the liquidus line, intermediate compositions, represented
between the two endpoints Au and Cu in the phase diagram, form a solid solution of Au
and Cu. Upon cooling below 410°C, the AuCu alloys can undergo a transformation from
disordered to ordered structures with stoichiometry of AusCu, AuCu, and AuCus. Their
corresponding structural symmetries are displayed in figure 2.5. However, it should be
noted that this phase diagram was designed for AuCu systems in bulk form. The phase
diagram for NPs would differ. For instance, theoretical calculations have shown that the

phase transitions occur at lower temperatures with decreasing particle sizes [43].
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Figure 2.5: The phase diagram of AuCu systems with the crystal structures of ordered
phase. Reprinted from [42].

2.6 Plasmon resonance

Colloidal metal NPs have been employed for their intense colors since ancient times. An
extraordinary example is the Lycurgus cup, dated to the fourth century AD. The optical
properties of the cup depend on the location of illumination. The colors arise from the
Au and Ag NPs, which are incorporated in the glass [44]. The strong interaction between

light and the metal NPs is attributed to plasmon resonance.
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Figure 2.6: The Lycurgus cup exhibits different colors, depending on the position of
illumination. It appears a) green when light is reflected off the surface of the cup and b)
red when light is transmitted through the cup. This effect is caused by colloidal metal
NPs in the glass. Reprinted from [44].

Plasmon resonance is an important optical property of metal NPs, since it allows for easy
characterization and enables multiple applications. When the electromagnetic field of a
light wave passes through a metal NPs, a collective oscillation of conduction electrons,
known as plasmon, can be induced [45]. For NPs smaller than the wavelength of the
incoming light, the electrons become spatially confined, restricting rapid dephasing of
the oscillating electrons. Hence, the surface plasmon resonance is no longer delocalized,
resulting in a strong interaction between metal NPs and light. This is referred to as
localized surface plasmon resonance (LSPR). Au, Ag and Cu NPs have a strong plasmon
resonance in the visible spectral region [46]. Most other transition metals have a weak

plasmon resonance in the ultraviolet region.

Surface plasmon resonance can be detected with a ultraviolet-visible (UV-VIS) spectro-
meter. Strong extinction of light is measured when the frequency of the incident light
corresponds to the frequency of the resonating electrons. This causes a peak in the UV-
VIS spectrum. The wavelength at the maximum extinction of this peak is referred to
as Arspr. This resonance frequency is dependent on the size, shape, composition and
medium of the metal NPs. It also defines the color of a colloidal suspension of metal NPs.
The effect of particle size on the exhibiting color of colloidal dispersions of Au NPs is
demonstrated in figure 2.7. As the particle size decreases, the extinction shifts towards

shorter wavelengths, thereby yielding deep red colors for Au NPs smaller than 30 nm, and
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purple-blue colors of larger Au NPs. As a result, the color of the colloidal dispersion can

be used as an indication of size and aggregation.

.'nm 15nm 30nm 60nm

Figure 2.7: A colloidal dispersion of Au NPs in water with particle sizes ranging from
4nm up to 80nm. Reprinted from [25].

This size effect, described by Mie’s theory, only holds for NPs larger than 20nm [46].
Otherwise, the dielectric function of the metal NPs becomes size-dependent, such that
intrinsic size effects dominate. The amount of electrons in NPs smaller than 20 nm is
significantly low. Since the plasmon resonance is caused by a collective oscillation of
electrons, the intensity of the plasmon resonance peak dampens instead of shifting its
position [46]. This intrinsic size effect can also be observed in figure 2.7, as the color of

the Au NPs dispersion does not significantly change between 4 nm and 15 nm.

Altogether, UV-VIS spectroscopy is a valuable technique for characterization of metal
NP dispersions. It can be used to monitor the diameter and concentration of the NPs.
In this thesis, UV-VIS spectroscopy has also been applied for characterizing the Cu,O
overgrowth on Au NPs. A successful overgrowth can be indicated by a shift of the LSPR
band towards longer wavelengths, as shown in figure 2.8 [39]. This red-shift is attributed
to the significant change in dielectric media. The Au atoms are no longer surrounded by
water molecules when Cu,O is grown on the surface, resulting in a change of dielectric
constant from 78 to 7.5 [47]. The extinction of the LSPR peak also increases after the
CuyO overgrowth due to the expanding particle size. The increase of extinction at short

wavelengths arises by interband transitions (e.g. charge transfer) of the Cu,O shell [48].
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Figure 2.8: An UV-VIS spectrum of core-shell Au@QCu,0O NPs with a varying thickness
of the Cu,0 shell. The thicker the CuyO shell on the Au NPs, the more the LSPR band
is shifted towards longer wavelengths. Reprinted from [39].

2.7 CO oxidation

Carbon monoxide (CO) is a dangerous gas. Exposure can be fatal to humans, as CO
can strongly bind to hemoglobin in blood cells, thereby hindering oxygen from being
transported. Due to its lack of colour, taste and odour, CO is often referred to as the
‘Silent Killer’ [49]. CO is mainly emitted by incomplete combustion of fossil fuels [50].
As these fuels are used in daily life, CO emission poses a serious threat for human health
and the environment. Catalytic CO oxidation is regarded as one of the most effective
methods to remove CO pollution from the air [50]. CO oxidation is the chemical reaction

between oxygen and CO leading to the formation of carbon dioxide (CO,):

In addition to its practical significance, catalytic CO oxidation is also extensively inves-
tigated for fundamental purposes [51]. Owing to its simple molecules, CO oxidation is a
valuable probe reaction to fundamentally study catalytic properties and reaction mecha-

nisms.

Many noble metal catalysts have been of interest for the oxidation of CO. For instance,

platinum (Pt) and palladium (Pd) are widely used in automotive catalytic converters
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to eliminate CO from exhaust gases. Au-based catalysts have also found promise for
CO oxidation. On the contrary to Pt and Pd, Au NPs catalysts have shown to provide
excellent activity at low temperatures [50, 2]. Due to the high cost and scarcity of noble
metals, transition metal NPs also gained attention as catalysts for CO oxidation. Among
these metals, Cu-based catalysts are considered as a plausible replacement for noble metal
catalysts [52]. Cu mainly exist in the form of metallic Cu, and oxides CuO and Cu,O. In
the past decades, it has been demonstrated that CO oxidation can be catalysed by all three
Cu species [53]. However, it is still unclear which oxidation state exhibits the best catalytic
performance, as the preparation and composition of catalysts material differ throughout
reports [54]. Additionally, the oxidation state of the Cu species can change in the course
of the reaction, which makes the identification of the most active state challenging. It is

even probable that CuO, CuyO and Cu coexist, depending on the reaction temperature

and CO/O, ratio.

The reaction mechanism of CO oxidation has been studied extensively. Although, it has
been classified as a simple reaction, different reaction mechanism were found to prevail
for different catalysts materials. The traditional Langmuir-Hinshelwood (LH) and Eley-
Rideal (ER) mechanism have been linked to CO oxidation on Pt-based catalysts [51, 55].
When CO oxidation follows the LH mechanism, O, is dissociated on the metal surface to
react with adsorbed CO and desorb as CO, [56]. The ER mechanism involves the direct
reaction of gas molecule CO with pre-adsorbed and activated O,. On the other hand, the
Mars van Krevelen mechanism has been reported for catalysts with O-vacancies [50]. The
initial step in the MvK mechanism is the oxidation of adsorbed CO by a lattice oxygen
atom. Subsequently, molecular oxygen replenishes the surface vacancy. This activates Oq

to react with another adsorbed CO molecule and restore the catalytic surface.

Jernigan and Somorjai proposed the LH mechanism for reactions over a Cu surface [53].
However, the MvK mechanism is mainly reported for Cu-based catalytic CO oxidation,

since Cu undergoes oxidation during the reaction, forming catalysts with O-vacancies

52, 57].
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Regarding Au catalysts in CO oxidation, it has been established that CO adsorbs on its
metal surface. However, Au does not oxidize due to its extreme nobility. DFT calculations
showed that the energy required for O, dissociation on Au surfaces is too high at the
conventional reaction temperatures, prohibiting activation of O, on the Au surface [58, 59].
Consequently, it is more probable that O, is activated by an active oxide support, such as
TiO,. This could proceed via a LH and/or MvK mechanism. However, CO oxidation can
also occur on Au NPs dispersed on an inactive support, such as SiO,. It has been suggested
that CO oxidation could be initiated via an interaction between Oy and adsorbed CO to
form an O—OCO complex, thereby activating O, (figure 2.9) [59]. This would explain

why CO oxidation is slower on Au supported on inert materials.

Possible mechanism for CO oxidation
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[ N
a e
a
c é\;rticle o. ) o~ j
o ." 4 ‘:> 4 \;. .~..~
o, .‘ o = = @ =

(i) on Au/active oxide

| 4

=

active oxide, e.g. TiO,

Figure 2.9: Possible mechanism for CO oxidation on Au catalysts dispersed on an inert
oxide or active oxide. Reprinted from [59].

To promote the catalytic performance of these Au catalysts, Cu can be introduced. While
Au can act as the active site for CO, Cu can play a significant role in activating O, [14].
The catalytic performance of AuCu NPs on supports, such as SiO,, TiO, and SBA-15 for
CO oxidation has already been studied [60, 61, 62]. It has been observed that a phase
separation into Au—Cu, O or AuCu—Cu,O structures is crucial for high catalytic activity
[14]. However, the optimal metal composition has yet to be determined as a thick layer

of Cu,O might block the Au-active sites for CO adsorption.
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3 Experimental methods

The following chapter describes experimental details regarding synthesis and characteri-
zation methods used throughout this thesis. This thesis covers three different routes for
synthesizing AuCu NPs in aqueous solution. Generally, the methods involve the growth
of oxidized Cu on Au NPs, followed by a thermal treatment under reducing atmosphere

in order to obtain AuCu NPs. The routes are further elaborated in chapter 4.

3.1 Chemicals

The chemicals were purchased from Sigma-Aldrich, unless indicated otherwise.

L—ascorbic acid (AA, > 99%), copper(II)sulphate pentahydrate (CuSO,-5 H,O), hydrochlo-
ric acid (HCI, 37 wt.%), hydrogen peroxide (HyO,, 30 wt.%), methanol (MeOH), polyvinyl-
pyrrolidone (PVP, MW 55000), potassium carbonate (K,CO3, > 99%), sodium borohy-
dride (BH), sodium hydroxide (NaOH, pellets, > 98%), tannic acid (TA), tetrachloroauric
(ITT) acid (HAuCly, 99.9%), tetraethyl orthosilicate (TEOS, 98%), toluene and trisodium
citrate dihydrate (SC, > 99%). Aerosil (OX50 and 300) was purchased from Degussa,
cetyltrimethylammonium bromide (CTAB, > 98%) from TCI America and ethanol (EtOH,
99.5%) and ethylene glycol (> 99%) from Acros Organics. Ultrapure water was used with
a resistivity of 18.2 MQ cm (Millipore Milli-Q grade).

The chemicals were used as received without further purification. The glassware used for

synthesis was cleaned with aqua regia (HC1 / HNOs3) in a 3:1 ratio by volume.

3.2 Au NPs synthesis

The Au NPs were synthesized following a seed-mediated growth method based on the
work of Piella et al. [28].



Au seeds The Au seeds were prepared by adding 450 mL 2.2 mM sodium citrate (SC),
0.3mL 2.5 mM tannic acid and 3mL 0.15 M K,COj3 to a 1 L round bottom flask placed in
a 70°C oil bath. While stirring at 700 rpm (revolutions per minute), 3mL 25 mM HAuCly
was added. The reaction mixture immediately turned black-purple. After several minutes,

the color changed to red-orange, which indicates the formation of tiny Au NPs.

seeded-growth For growing the Au seeds, the reaction mixture was diluted by adding
165mL 2.2 mM SC solution and extracting 165 mL seed solution (referred to as batch 1).
Next, 1.5 mL 25 mM HAuCl, was added twice with a 10 min time interval. Subsequently,
165 mL of the reaction mixture was extracted (batch 2). The dilution with SC solution and
addition of HAuCl, can be repeated until the desired particle size is reached. Typically,
the steps were repeated four times, so that six batches of citrate-stabilized Au NPs were

obtained.

3.2.1 PVP functionalization

The citrate ligands surrounding the Au NPs were exchanged for PVP ligands by adding
4.8mL of PVP (1g/10mL H,0) to 200 mL of as-synthesized Au NPs solution (A gpr =
400, Ext = 0.33). The solution was stirred overnight at 500 rpm . Thereafter, the mixture
was centrifuged at 15000 rcf (relative centrifugal force) for an hour (Rotina 380R Hettich
centrifuge). The supernatant was discarded and the PVP-functionalized NPs (Au@PVP)

were redispersed in 200 mL water.

Extinction spectra of the Au NPs were recorded before and after performing the ligand

exchange.

3.3 Synthesis route 1

The following experimental details are applicable for the first synthesis route.

3.3.1 Mesoporous silica coating

The Au NPs were coated with a mesoporous silica shell according to the method of

Gorelikov et al [33], typically yielding a 13-15 nm coating.
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First, the PVP ligands on the Au NPs were exchanged with CTAB ligands. 100 mL of
the stored Au@PVP solution (Arspr = 400, Fxt = 0.33) was transferred to a 250 mL
round bottom flask, placed in a 40°C water bath. Then, 1.0mL 0.15M aqueous CTAB
solution was added, while magnetically stirring at 750 rpm. After cooling down to 30°C,
1.0mL of 0.1M NaOH was added to the reaction mixture, while stirring at 400 rpm.
Next, 0.33 mL of TEOS in EtOH (20 vol%) was added three times with 45 minutes time
intervals. After 48h, the silica-coated Au NPs (Au@SiO,) were washed with water and

EtOH by centrifugation (15000 rcf, 30 min), and redispersed in 100 mL EtOH for storage.

3.3.2 Removal of CTAB ligands

The mesopores of the silica coated Au NPs were opened by removal of the CTAB ligands
with an acid treatment. 5mL dispersion of Au@SiO, in EtOH was centrifuged at 10 000
rcf for 15 minutes, and redispersed in 5 mL EtOH with 41 ul of concentrated HCI (12.1
M) was added. After several minutes, the NPs were washed twice with EtOH (15000 rcf,

30 min) and stored at 4°C.

3.3.3 Oxidative etching

The Au@SiO, NPs can be etched with H,O, as oxidizing agent to create more space
between the Au core and silica shell to accommodate the metal overgrowth. The oxidative
etching was carried out on untreated Au@SiO, NPs, according to the procedure of Van
der Hoeven et al. [68]. Etching of the Au core can be tuned by varying the amount of

H,0, solution, the temperature and the etching time.

First, 2.4mL stored Au@SiO, (ALspr = 525, Ext = 0.53) were centrifuged at 10000
rcf for 30 minutes, and redispersed in 2.4 mL MeOH. The Au@SiO, NPs in MeOH were
added to a 20 ml vial and placed in a 60°C oil bath, while stirring at 400 rpm. 41 pl
HCI (12.1 M) and 41 pl of HyO5 (0.5 vol%) in MeOH were added to initiate the etching.
After 4 minutes, the reaction mixture was removed from the oil bath and quenched with
2.4mL ice cold MeOH. The etched Au@SiO, NPs were washed with MeOH and water
by centrifugation (15000 rcf, 1h), and redispersed in 2.4 mL EtOH for storage. The NPs

were redispersed in 5.0 mL ethylene glycol if the etched Au@SiO, NPs were directly used
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for the Cu,O overgrowth.

3.3.4 Cu,0O overgrowth on Au@SiO, NPs

The procedure for the Cu, O overgrowth is based on the aqueous synthesis of Cu NPs, re-
ported by Khan et al. [70]. The following procedure is described for non-etched Au@SiO,

NPs, but can also be performed on etched NPs.

First, 5.0mL Au@SiO, in ethylene glycol (Aspr = 525, Ext = 0.25) and 0.25mL 10
mM CuSO, were added to a 50mL three neck flask. The flask was then attached to
a Schlenk line, and degassed by flushing 10 times with nitrogen. Next, the flask was
placed in an 80°C oil bath, followed by addition of 0.25mL 80 mM ascorbic acid (AA)
solution under a nitrogen flow. The flask was degassed again to remove residual air.
After 5 minutes, the color of the reaction mixture slowly changed from pink to dark red,
indicating the formation of individual Cu-based particles. After approximately an hour,
the color changed to slightly darker pink than the initial color. Subsequently, the NPs
were washed with water and EtOH (20 000 rcf, 1h), and redispersed in 5.0 mL EtOH. The

NPs were stored at 4°C to slow down the dissolution of Cu,O.

3.4 Synthesis route 2

The following experimental details are applicable for the second synthesis method.

3.4.1 Cu,0 overgrowth on Au NPs

The Cuy,O overgrowth on Au NPs synthesis was performed according to the procedure
of Liu et al. [39]. The following description is for the synthesis of Au@Cu,O NPs with
an atomic fraction of approximately 90% Cu. The metal composition can be tuned by

varying the concentration of Au NPs, which is discussed in section 4.3.1.

First, 120 ul PVP (1g/10mL) and 125 pl 20mM CuSO4 were added to 5.0 mL Au@PVP
in water (Arspr = 522, Ext = 0.2), while stirring at 400 rpm. The reaction mixture
was cooled down to 10°C' with an ice-water bath. Next, 5.0mL 0.1M AA and 5.0mL 0.4

NaOH were added with a 5 minutes time interval. As the Cu content on the Au cores
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increased, the color of the reaction mixture changed from red/pink to purple, blue, and
green. After 15 minutes, an extinction spectrum was recorded. Thereafter, the Au@QCu,O
NPs were washed with water and EtOH, and redispersed in 5.0 mL EtOH (10000 rcf, 45
min). The Au@QCuy,O NPs were stored at 4°C.

The immobilization of Au@QCuyO NPs on silica was carried out using the method for

colloidal deposition, which is described in section 3.5.1.

3.5 Synthesis route 3

The following experimental details are applicable for the third synthesis method.

3.5.1 Colloidal deposition on a silica support

The NPs were stabilized on a mesoporous silica support (Aerosil OX50) with a reported
surface area of 35 - 65 m?/g. The following procedure describes the deposition of Au NPs,

but this procedure can also be performed with Au@Cu,O NPs.

First, 10 mL EtOH was added to 0.5 g of the silica support in a 20 mL vial, and sonicated
for 10 minutes. Then, 50 mL Au@PVP in EtOH (Arspr = 522, Ext = 1.0) was added,
while stirring 400 rpm. The resulting turbid reaction mixture was equally divided in two
50 ml centrifuge tubes and sonicated for an hour. Next, 15 mL toluene was added to each
centrifuge tube to promote the deposition on the silica support, followed by sonication
for 5 minutes. The mixture was centrifuged at 2000 rcf for 15 minutes. The colorless
supernatant, indicating the immobilization of Au NPs, was discarded. The pink colored
support (Au@aerosil) was dried under a nitrogen flow for several minutes, and dried

further at 60°C overnight in an oil bath.

3.5.2 Cu,0 overgrowth on supported Au NPs

This procedure is based on the procedure for Cuy,O growth on the Au NPs, described in
section 3.4.1. The following description is for the synthesis of supported Au@Cu,O NPs
with approximately 0.87 wt.% Cu. The amount of CuSO, can be modified to obtain a

different Cu content, which is further discussed in section 4.4.1.
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First, 0.5g of Au@aerosil is redispersed in 20mL water in a 20mL vial, followed by
sonication for 10 minutes. The turbid mixture was further diluted by adding 50 mL water
in a 100 mL round bottom flask. Then, 3.0 mL 20mM CuSO, solution was added to the
reaction mixture, while stirring 400 rpm. The reaction mixture was cooled down in a
10°C water bath, followed by the addition of 4.0mL 0.1M AA solution and 3.0 mL 0.4M
NaOH with a 5 minute time interval. This resulted in a color change from dark pink
to dark purple to blue in 10 minutes. Next, 20mL EtOH was added and the reaction
mixture was washed with a EtOH:water mixture (3:1) after centrifugation (2000 rcf, 15

min). After drying at 60°C overnight, the powder was sieved in a fraction of 75-150 pm.

3.6 Alloying via thermal reduction

After the metal overgrowth, a thermal treatment under a reducing atmosphere was applied
to the NPs to reduce the oxidized Cu to its metallic form, resulting in mixing of Cu and

Au atoms.

3.6.1 Ex-situ

On TEM grid The thermal treatment of non-supported NPs was carried out in a tubu-
lar oven (Thermolyne 79300 tube furnace) under a constant 10% Hy/Ar flow (~100 mL/min).
The NPs were first dropcasted onto a grid and then heated in a the tubular oven. After
removing air with an Ar flow for 30 minutes, the NPs were heated to 300°C for an hour
with a heating rate of 2°C/min. The NPs were cooled down under 10% Hy/Ar to room

temperature before taking them out of the oven.

On SiO, support The supported NPs were heated in a tubular fixed bed reactor with
a diameter of 2.4cm. A flow of 10% H,/N, flow was used with a rate of 300 mL/(min -
gcat). The NPs were heated to 500°C for an hour with a heating rate of 5°C/min. The
NPs were cooled down under 10% Hy/N, to room temperature before removal from the

oven.
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3.6.2 In-situ

An in-situ alloying experiment was conducted, using a FEI Talos F200X operating at
200kV. A solution of non-supported Au@Cu,O NPs in EtOH was dropcasted on a silicon
nitride chip, which was placed in a gas cell holder from Protochips. The chip was first
heated to 150°C with a heating rate of 25°C/min and kept constant for 45 minutes.
Then, the temperature was raised in increments of 50°C, starting at 150°C and reaching
a final temperature of 400°C. The temperature was kept constant for 10 minutes. The
measurements were performed under a 10% Hy/Ar flow. The exposure of the NPs to
the electron beam was limited to HAADF-STEM imaging. The imaging was performed
twice at each temperature, first when reaching the desired temperature and then after 10

minutes.

3.7 Catalytic testing

For testing the catalytic performance of the supported NPs in CO oxidation, a glass plug-
flow reactor was used with a diameter of 4 mm and bed length of approximately 2.5 cm.
The samples Au@aerosil, AuCu_1 and AuCu_2 on silica (AerosilOX50) were used, which
are discussed in section 4.5.3. Since the particle size of the samples varied, their total
metal surface area was corrected by adjusting the catalyst loading. The catalysts were
mixed with silicon carbide (1:9) to avoid heat transfer limitations. Due to exposure of the
catalysts to air, the NPs were pretreated in-situ at 300°C for an hour with a heating rate
of 5°C/min. This pretreatment was performed under a flow of 10% H,/He and a total
flow rate of 40 mL/min, which was kept constant throughout the entire catalytic test. The
reactor was cooled down to 30°C under 10% H,/He. This pretreatment was not performed
on calcined AuCu_2. After removal of H, through a He flow for 15 minutes, the reactor
was exposed to 1% CO and 10% O, balanced with He. The temperature of the reactor
was raised with 5°C/min from 150°C to 300°C in increments of 50°C. The temperature
was kept constant for an hour. Subsequently, the reaction was stepwise cooled down with
the same temperature profile. A gas chromatograph was recorded every 10 minutes to

monitor the gas composition.
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Table 3.1: The amount of loaded catalyst material based on the metal surface area.

catalyst material | average particle | metal surface | loaded to
size (nm) area (nm?)* | reactor (mg)

Au@aerosil 123+£0.9 492 + 52 16.4

AuCu_1 14.7+1.6 685 + 135 11.6

AuCu 2 15.8+24 802 £ 253 10.1

*The metal surface area was calculated with the average particle size, determined from BF-TEM
1mages.

3.8 Characterization

The NPs were characterized with bright field-transmission electron microscopy (BF-TEM),
energy dispersive x-ray (EDX) measurements obtained in scanning transmission elec-
tron microscopy (STEM) mode, selected area electron diffraction (SAED), Ultraviolet-
visible (UV-VIS) spectroscopy, Fourier-transform infrared spectroscopy (FTIR) and X-ray

diffraction (XRD). Details of the measurements are presented below.

Electron Microscopy BF-TEM images and electron diffractograms were obtained
with a Technai20 microscope operating with an acceleration voltage of 200kV. Prior
to imaging, the samples in EtOH were dropcasted onto a Cu grid (200 mesh, Ted Pella)
coated with a formvar/carbon film. HAADF-STEM images and EDX spectra were recorded
using a Talos F200X microscope (acceleration voltage of 200kV). The samples were pre-
pared by casting few droplets of the sample on a 200 mesh molybdenum (Ted Pella) or

aluminum (Van Loenen Instruments) grid, coated with a formvar film.

UV-VIS spectroscopy UV-VIS spectra were recorded with a Cary 60 UV /Vis spec-
trophotometer in a range of 400 nm to 800 nm. The samples were measured in a disposable
plastic cuvette with a path length of 1cm. Before recording the spectra, the cuvette was

cleaned with EtOH on the outside.

ATR-FTIR spectroscopy ATR-FTIR measurements were recorded with a Nicolet iS5
FTIR spectrophotometer in the range of 4000 cm™! to 400 cm™!. 32 scans were accumu-
lated for each spectrum with a peak resolution of 4cm™!. Prior to the measurement, the

ATR crystal was cleaned with EtOH and a background spectrum was recorded.
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XRD The X-ray diffractograms were obtained with a D2Phaser X-ray generator, equipped
with a cobalt source (A = 1.79026 A). A voltage of 30kV and a current of 10 mA was used.
The diffractograms were recorded overnight in a 26 range of 20° to 90° with a increment
of 0.03° and a rotational speed of 15°/min. 2 seconds were spent on each step. Both lig-
uid and solid phase samples were measured with XRD. A liquid sample was prepared by
dropcasting a few droplets onto a low background silicon wafer sample holder, such that
the entire surface was covered. The solvent was left to evaporate, resulting in a layer of
NPs. The dropcasting was repeated 10-12 times. A solid sample was prepared by placing
the sample in a powder sample holder. Care was taken that the sample did not stick out

of the surface of the XRD holder.
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4 Results and discussion

This chapter presents and discusses the results of synthesizing AuCu NPs via three dif-
ferent methods, which are explained in section 4.2, 4.3 and 4.4. In general, the three

synthesis methods follow a similar approach:
1. Synthesis of Au NPs
2. Cu,O overgrowth on Au NPs
3. Alloying via thermal reduction

The characterization of Au NPs is discussed in section 4.1. The results for the metal
overgrowth on Au NPs is discussed for each synthesis route in section 4.2, 4.3 and 4.4.
In section 4.5, the results on thermal reduction to obtain AuCu NPs are discussed. The
catalytic performance of AuCu NPs in CO oxidation is discussed in section 4.6. Some sam-
ples are abbreviated with a sample ID. A description of the sample ID with corresponding

synthesis route are listed in Appendix A (table A.1).

4.1 Characterization of Au NPs

The procedure from Piella et al. was used to synthesize Au NPs [28], as described in
section 3.2. This protocol is well-established in literature and offers a high level of control
over the size of the NPs. Hence, the synthesis of colloidal Au NPs is the starting point for
all three methods for synthesizing AuCu NPs. Control over the particle size was achieved
by separating the nucleation and growth steps (section 2.2). As a result, multiple growth
cycles can be performed until the desired particle size is reached, resulting in multiple

batches of Au NPs with different particle sizes.

The desired size range for this research was between 10 nm and 13 nm, which required four
to six growth cycles. This range of particle size was of interest due to its relatively high

surface area and ease of purification. Small particles have a relatively high surface area,



which is suitable for catalytic applications, because the catalytic reaction takes place on
the surface of the metal NPs. However, particles smaller than 10 nm can be difficult to
isolate from the reaction mixture by centrifugation, which makes the purification time-

consuming.

Extinction spectra of six batches of Au NPs were recorded, as shown in figure 4.9a. These
spectra exhibit a peak that corresponds to the collective oscillations of free electrons in the
Au NPs when excited by electromagnetic radiation, known as localized surface plasmon
resonance (LSPR). As explained in section 2.6, the LSPR peak is dependent on the size,
shape, and composition of the NPs. Figure 4.9a demonstrates that the LSPR peak shifted
from 502 nm to 519 nm, and the extinction increased after each growth cycle, as indicated
by the arrow. This is attributed to the increasing particle size and corresponds well with
previous research [28]. The particle size of the last three growth cycles (batch 4, 5 and
6) were determined with BF-TEM. A representative TEM image of batch 6 Au NPs is
shown in figure 4.9b. The average particle size of batch 4, 5 and 6 Au NPs with their

corresponding LSPR peak position is presented in table 4.1.

batch 1
——batch 2
——batch 3

batch 4
———batch 5
——batch 6
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Figure 4.1: a) An UV-VIS spectrum of Au NPs after each growth cycle. The evolution
of the LSPR peak maximum is indicated with an arrow. b) A representative BF-TEM
image of batch 6 Au NPs with an average particle size of 12.3 £ 0.9 nm.

After the Au NPs synthesis, the citrate-stabilizing ligands were substituted for polyvinyl-

pyrrolidone (PVP) ligands. This amphiphilic, bulky polymer is widely used as a stabilizing
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Table 4.1: The LSPR peak position and average particle size of the last three growth

cycles of Au NPs. The average particle size is determined from BF-TEM images.

batch | LSPR peak position (nm) | average particle size (nm)
4 516.9 10.1£1.1
5 517.8 11.3+ 1.0
6 518.5 123 +£0.9

agent for metal NPs in aqueous and many non-aqueous solvents. For instance, PVP has

been used as a stabilizing agent for the growth of a silica shell on Au NPs [63, 64] and

for the aqueous synthesis of Cu NPs [65]. Additionally, it has been reported that PVP

can form a complex with Cu*™-ions by donation of its lone-pair electron, which could

facilitate the Cu,O overgrowth on NPs [66]. Hence, PVP is often employed for the Cu,O

overgrowth on Au NPs [39, 67]. PVP is also a non-ionic compound, which enables ligand

exchange with charged ligands, such as CTAB. This ligand exchange is essential for the

growth of a mesoporous silica shell on Au NPs, as explained in section 2.3

Batch 6 Au NPs were also analyzed with XRD (figure 4.2). The diffraction peaks at

20 of 44°, 52°, and 77° correspond to Au(111), Au(200) and Au(220), respectively. The

broadening near 77° corresponds to the background of the silicon wafer sample holder.

Intensity (a.u.)

Figure 4.2: A XRD pattern of batch 6 Au NPs, stabilized with PVP ligands.
diffraction peaks are labeled with the miller indices of the corresponding lattices.
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From the XRD pattern, the crystallize size of the Au NPs can be approached with the

Scherrer equation:
K\
~ PBcosh

(4.1)

where L is the average crystallize size, K is a shape factor, A\ is the wavelength of the

X-rays, [ is the peak full width at half maximum (FWHM) and 6 is the Bragg angle.

The Scherrer equation relates the broadening of a peak in a diffraction pattern with the
crystalline size. Since the particles are spherical, a shape factor of 0.9 was used. By ap-
plying the Scherrer equation to the diffraction peak at 44°, corresponding to Au(111), the
calculated crystalline particle size was found to be approximately 11 nm. This crystallize
size is similar to the average particle size of 12.34+0.89 nm, determined with BF-TEM. As
the crystalline size represents the size of the individual crystals within a material, while
the particle size refers to the size of the entire particle, including any non-crystalline re-
gions, this result shows that the Au NPs are highly crystalline and have low degree of

aggregation.

35



4.2 Synthesis route 1: Cu,O overgrowth on silica coated Au

NPs

The first route for synthesizing AuCu NPs is based on the synthesis of AuPd nanorods
with a mesoporous silica shell, reported by Van der Hoeven et al. [30]. This route was
used due to the high level of stability provided by the mesoporous silica shell, which can
effectively prevent aggregation, thereby reducing loss of activity during catalysis. The

protective silica shell also facilitates deposition on a support.

This route for synthesizing AuCu NPs involves the overgrowth of Cu,O on Au NPs coated
with a protective mesoporous silica shell, resulting in a core-shell structure (figure 4.3).
The Cu content was modified through oxidative etching of the Au core [68]. The results

on the silica shell growth and metal overgrowth are discussed in the following sections.

b‘i'-i'.\ Cu0,
-0 ‘ —

Au NPs synthesis Silica shell growth Metal overgrowth Alloying
. .
Etching

Figure 4.3: A schematic illustration of the first synthesis method for AuCu NPs. The
procedure involves the sequential steps of (1) the growth of a mesoporous silica shell on
Au NPs, (2) overgrowth of Cu,O on the Au@SiO, NPs, and (3) thermal treatment under
reducing conditions to promote mixing of the metals.

4.2.1 Characterization of Au@SiO, NPs

Prior to growing a silica shell on Au NPs, the PVP ligands were replaced by CTAB ligands,
because the CTAB ligands serve as a template for the mesoporous structure. After the
silica coating, the CTAB ligands were removed with an acid treatment (section 3.3.1),

aiming for a more accessible metal surface. This did not have a significant effect on the
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particle size, which was determined from BF-TEM images (figure B.1). A representative
BF-TEM image of the Au NPs coated with a mesoporous silica shell (Au@SiO,) is shown
in figure 4.6. An average shell thickness of 13.9 4+ 1.00 nm was measured from BF-TEM

images.

The optical properties of Au NPs can be affected by a change in chemical environment,
resulting in a shift in the LSPR peak. For instance, binding of different ligands on the
Au core often changes the local refractive index. This was also observed for the ligand
exchange from citrate to PVP. Figure 4.4 demonstrates the red-shift of several (2-3)
nm was observed, as an indication of a successful ligand exchange. The effect of the
mesoporous silica shell on the optical properties of Au NPs is also demonstrated in figure
4.4 in which a small peak shift of 3-4 nm towards longer wavelength can be observed.
This red-shift is also caused by an increase in refractive index near the Au surface, as the

refractive index of silica (1.45) is larger than water (1.33) [69].

Au@citrate
Au@PVP
— Au@SiO,

1.0

0.8
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Figure 4.4: UV-VIS spectra of Au NPs stabilized by citrate (black), PVP (blue) and a
mesoporous silica shell (red), normalized by peak height.
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4.2.2 Cu,O overgrowth on Au@SiO, NPs

After the silica shell growth and subsequent acid treatment, the Au core was overgrown
with a CuyO shell by the reduction of CuSO, with ascorbic acid at 80°C [70]. This
procedure was performed in ethylene glycol instead of water due to its reducing properties
[66]. When using water as a solvent, it was necessary to increase the reducing power of
ascorbic acid by lowering the pH in order to reduce the Cu*" ions, as explained in section
2.4. However, by using ethylene glycol as solvent, the amount of ascorbic acid could be
reduced and the silica shell was found to be more stable, because no basic condition were

required to facilitate the reduction process.

Variation in CuSO, quantity

The procedure for the Cu,O overgrowth on Au@SiO, NPs was performed, as described in
section 3.3.4. The overgrowth was repeated with different quantities of Cu precursor with
the objective of obtaining NPs with different Cu fractions. The results are presented in
table 4.2. The samples are denoted by a sample ID, indicating the composition and the
amount of Cu precursor utilized during synthesis.

Table 4.2: The peak position and average particle size of the NPs after the Cu,O over-
growth on non-etched Au@SiO, NPs with various quantities of Cu precursor.

sample ID amount of CuSO, (nl) | LSPR peak average particle
position (nm) | size (nm)
Au@SiO, 0 525 10.1 +£1.3
AuCux0@Si0,-100 100 528 106 +1.4
AuCu,0@Si0,-250 250 529 10.8 £ 1.8
AuCux0@Si0,-1000 1000 580 not specified

Extinction spectra of the samples were recorded an hour after the addition of ascorbic acid
(figure 4.5). The LSPR peak position of sample AuCu,O@QSiO,_100 and AuCu, O@SiO, 250
shifted to longer wavelengths compared to Au@SiO,, indicating the presence of Cu,O on
the Au core. The size distributions, determined with BF-TEM images, also shifted to-
wards larger particles sizes with increasing Cu precursor (figure 4.6). The average size of
Au@SiO, NPs prior to the metal overgrowth was 10.1 + 1.3 nm, while the particle size
of AuCu,0@Si0,_100 and AuCu,OQ@SiO,_250 increased to 10.6 == 1.4 nm and 10.8 £ 1.8
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nm, respectively. The increasing average particles size together with the LSPR peak shift

in the UV-VIS spectra indicates a successful Cu,O overgrowth.
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Figure 4.5: UV-VIS spectra of Au@SiO, after the Cu, O overgrowth with different amount
of Cu precursor. The extinction is normalized at 400 nm.

EDX measurements of sample AuCu,O@SiO,_250 confirmed that Cu species were ac-
cumulated around the Au cores (figure 4.7a). The core-shell structure was difficult to
observe due to the small particle size, but became more discernible in EDX maps at a
higher magnification (figure 4.7b). The presence of a core-shell structure is supported
with a RGB plot in which the pixel intensity is plotted over particle distance. The plot
demonstrates that the Cu signal is more extended than the Au signal, indicating a core-
shell structure. The atomic Cu fraction, determined with EDX, corresponded to 11.4 +
1.6%, which corresponds relatively well to the estimated Cu fraction of 14%, based on
the particle volume increase from BF-TEM images. Remarkably, more Cu signal was
observed on regions of the Au core where the silica shell was thinner in figure 4.7a. This

suggests that the silica shell may restrict the metal overgrowth.
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Figure 4.6: Histograms of Au@SiO,, AuCu,OQ@SiO,_100 and AuCu,0QSiO,_250 with
their mean particle size and corresponding BF-TEM images.
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Figure 4.7: a) An EDX map of AuCu,OQSiO, 250 with an average atomic fraction
of 11.4 +£ 1.59% Cu. b) A RGB profile plot of a particle from an EDX map of
AuCu,0@Si0,_250 over which the intensity of the red (Au) and green (Cu) pixels is
plotted as a function of distance.
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The LSPR peak corresponding to sample AuCu,O@SiO, 1000 shifted to much longer
wavelengths, as shown in figure 4.5. The shoulder at 529 nm suggests that the NPs were
overgrown with a similar Cu fraction as sample AuCu, O@QSiO,_250. However, the presence
of a second peak at 580 nm indicates the formation of individual Cu-based particles. This
is in agreement with BF-TEM images, which show many polydisperse particles around
the NPs (figure 4.8). EDX measurements confirmed that the polydisperse particles were
composed of Cu species. This result shows that an excess of Cu precursor did not increase

the Cu fraction on the Au core, but resulted in the formation of monometallic Cu species.

Figure 4.8: a) A BF-TEM image and b) EDX map of sample AuCu,O@SiO,_1000, con-
firming the formation of monometallic Cu-based particles.

The time-evolution of the CuxO overgrowth

The Cu,O overgrowth was studied over time by taking aliquots during the reaction of
AuCu,0@Si0,.250. The aliquots were measured with UV-VIS spectroscopy and are
shown in figure 4.9a. 5 minutes after the addition of ascorbic acid (t = 5 min), the
LSPR peak shifted from 525nm to 569nm. This shift was observed by the reaction
mixture turning from clear pink to turbid red-brown. EDX was performed to determine
if this peak shift to 569 nm occurred due to overgrowth of Cu,O. Although an atomic Cu
fraction of 26.7 &= 1.74% was detected on the Au core, the EDX map in figure 4.9b shows
that a substantial Cu signal originated from the silica shell. Additionally, individual Cu-
based particles were observed with BF-TEM (figure B.3). At t = 40 min, a second peak

was measured at 524 nm, confirming the presence of monometallic Cu species, similar
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to AuCu, O@Si0,.1000. At t = 60 min, the reaction mixture returned to a clear pink
color, slightly darker than initially. This corresponded to a single LSPR peak at 529 nm,
as demonstrated in figure 4.9. This peak was previously shown in figure 4.5 for sample
AuCu,0@Si0,_250. Since the individual Cu-based particles were not observed at t = 60
min, it appears that the particles were not stable without ligands over time. No significant
changes were observed after 24 hours, although the minor blue-shift of the LSPR peak

indicated small amounts of Cu,O dissolution from the Au core (figure B.2).

1.0 -
525 ——1t=0min
nm "

0.8 . t=5min
. t=20 min
3 1 528 mm t = 40 min
% 0.6 - 560 ——t =60 min

nm

E H
— '
() 4 S
& 04+
©
£
=
L

0.2 4

0.0 ’ , ’ . . , . , : T : .

400 450 500 550 600 650 700

Wavelength (nm)

(b)

Figure 4.9:  a) The time-evolution of the Cu,O overgrowth during the reaction of
AuCu,0@Si0, 250, studied with UV-VIS spectroscopy. The extinction spectra are
normalized at 400nm. b) A HAADF-STEM image with corresponding EDX map of
AuCu,0@Si0,_250 at t = 5 min.
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The extinction spectra, demonstrating the evolution of the metal overgrowth over time,
show that Cu,O did not gradually grow on the Au surface, but also grew in the silica
shell and even outside the Au@SiO, NPs. Since this already occurred 5 minutes after the

addition of reducing agent, it appears that the chemical reduction proceeded too rapidly.

Slowing down the CuxO overgrowth

In general, heterogeneous nucleation dominates homogeneous nucleation, because less en-
ergy is required for nucleation on a pre-existing surface. Therefore, the formation of
monometallic Cu species suggests that the chemical reduction is taking place at an accel-
erated rate, where excess Cu can nucleate outside the Au surface. A strategy to regulate
the reaction rate is adjusting the rate of reactant addition. It was hypothesized that a
slower addition of the reducing agent could result in a more gradual reduction of the Cu
precursor, thereby slowing down the metal overgrowth. Hence, the Cu,O overgrowth was
repeated with the addition of ascorbic acid at a rate of 4.167 pl/min with a total volume
of 250 pl, using a syringe pump. However, extinction spectra, recorded during the reac-
tion, in figure 4.10a illustrate that the results are similar as sample AuCu, O@SiO,_250.
Although, the reaction proceeded slower, the presence of two peaks in the extinction spec-
trum at t = 60 min indicates the formation of individual Cu-based particles. Moreover,
the LSPR peak at t = 120 min was less red-shifted, suggesting that a lower amount of

Cu,O had grown over the Au cores.

An alternative method to reduce the reaction rate is to lower the reaction temperature.
Therefore, the synthesis of sample AuCu,O@QSiO, 250 was repeated at 60°C instead of
80°C, and characterized with UV-VIS spectroscopy. The extinction spectra in figure
4.10b exhibit one single peak, indicating the absence of monometallic Cu species during
the overgrowth. Unfortunately, the LSPR peaks were again less shifted compared to the

reaction at 80°C in figure 4.9a.
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Figure 4.10: Extinction spectra of the Cu,O overgrowth after decreasing the addition rate
of ascorbic acid to 4.167 ul/min and decreasing the reaction temperature from 80°C to

60°C

These results demonstrate that adjusting the reaction temperature and the rate of ascorbic
acid addition affected the rate of the chemical reduction. Furthermore, a lower reaction
temperature appears to inhibit the formation of monometallic Cu species. However, the
reduction in the red-shift of the LSPR peaks relative to AuCu,O@Si0,_250 indicates a

decreased deposition of Cu,O onto the Au@SiO, NPs.

Oxidative etching on the CuxO overgrowth

Section 4.2.2 demonstrated that the atomic fraction of Cu could not exceed approximately
11% by increasing the quantity of Cu precursor without the formation of individual Cu-
based particles. The EDX map in figure 4.7 showed that the silica shell could have limited
the Cu,O overgrowth. Hence, the Au core was etched to determine if more Cu,O could

be deposited on Au@SiO, NPs by creating more space between the silica shell and Au
core [30].

The oxidative etching of Au@SiO, NPs was performed according to the protocol in section
3.3.3. During an etching time of eight minutes, aliquots were taken every two minutes.

Extinction spectra were recorded of each aliquot after quenching. The extinction drop
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Extinction

in figure 4.11a indicates the decrease in particle volume with etching time. This trend is
verified by the decrease in mean particle size, determined with BF-TEM (figure 4.11b).
Figure 4.11b also shows that the standard deviation increases with etching time, indicating
that the Au@SiO, NPs became more polydisperse after etching. This is also evident by
the broadening of the LSPR peaks after etching in the extinction spectra. The BF-TEM
images in figure 4.12 provide a visual representation of the etched Au@SiO, NPs and
demonstrate the growing polydispersity in the particles. In particular, BF-TEM images
of the NPs after 6 or 8 minutes of etching show that some Au cores were subjected to

significant etching while others remained relatively unchanged.
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Figure 4.11: a) The extinction spectra of Au@SiO, after various etching times. b) A box
plot showing the development of particle size over etching time. The boxes represent the
particle sizes with a probability between 25% and 75%, with whiskers for 5% and 95% of
the data set. The median size is presented by a line inside the box. The mean diameter
is indicated with a bullet. The range of particle size was determined through BF-TEM
images.
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Figure 4.12: BF-TEM images of Au@SiO, after etching for 0, 2, 4, 6 and 8 minutes.
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The Cu,O overgrowth was performed on Au@SiO, after etching for 4 minutes (sample
AuCu,0@Si0,_E4), because these NPs were significantly etched and relatively monodis-
perse. The overgrowth was performed through a chemical reduction with 250 ul Cu
precursor, as described in section 3.3.4. The reaction was monitored with UV-VIS spec-
troscopy over time (figure 4.13), which showed a similar trend as the non-etched equivalent
(sample AuCu,O@Si0, 250) in figure 4.10. The LSPR peak shifted from 525 nm to 587
nm within the first 60 minutes. This significant red-shift indicates the formation of large
monometallic Cu-based particles. The formation of these aggregates was confirmed with
BF-TEM and EDX measurements (figure 4.14). The aggregates were observed in all
aliquots except for those at t = 0 min and t = 75 min, which explains the peak shift to

528 nm after 75 minutes. A similar observation was made for non-etched NPs in which

the LSPR peak also blue-shifted.
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Figure 4.13: Extinction spectra of the Cu,O overgrowth of sample AuCu,OQSiO, E4
over reaction time, normalized at 400 nm.

The AuCu, O@SiO,_E4 sample at t = 75 min was also characterized with EDX. An average
atomic Cu fraction of 10.7 & 1.3% was determined, which is similar to the Cu content

of AuCu, 0@Si05_250. These findings indicate that the increasing space between the Au
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core and silica shell due to oxidative etching, did not promote the deposition of higher

amounts of Cu, O on the Au core.

20 nm

Figure 4.14: a) A BF-TEM image and b) an EDX map of AuCu,OQSiOy_E4 at t = 60
min. The black aggregates were formed during the Cu,O overgrowth, and are composed
of Cu species.

The results presented in this section demonstrated the challenge of controlling the Cu,O
overgrowth on Au@SiO, NPs. The Cu content could not be increased after increasing the
amount of Cu precursor, slowing down the reaction and creating more space between the
Au core and silica shell through etching. Given that higher amounts of Cu,O overgrowth
on Au NPs have been reported in the literature [39], it can be inferred that the silica
shell may have limited the overgrowth. Consequently, we decided to pursue a different
route for synthesizing AuCu NPs in which the metal overgrowth is performed on Au NPs

without a silica shell. The results are discussed in the following section (4.3).
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4.3 Synthesis route 2: Cu,0 overgrowth on ligand-stabilized Au
NPs

The second route for synthesizing AuCu NPs involves the overgrowth of Cu,O on Au
NPs stabilized by PVP ligands, as reported by Liu et al. [39]. The resulting core-shell
Au@Cuy,0O NPs were immobilized on a silica support. This route was designed and used

to achieve higher Cu fractions compared to the first synthesis route.

— AuCu

Au NPs synthesis Metal overgrowth Immobilization Alloying

Figure 4.15: A schematic illustration of the second synthesis method for AuCu NPs. The
procedure involves the sequential steps of (1) overgrowth of Cu,O on presynthesized Au
NPs, (2) immobilization of the resulting Au@Cu,O NPs onto a silica support, and (3)
thermal treatment under reducing conditions to promote alloying.

4.3.1 Characterization of Au@Cu,O NPs

Synthesis route 2 involves the Cu,O overgrowth on Au NPs stabilized by PVP ligands.
The overgrowth was performed as outlined in section 3.4.1. A BF-TEM image of the
NPs, obtained after the Cu,O overgrowth, is presented in figure 4.16a. This image reveals
the presence of a substantial shell around the Au core, indicating a high Cu content.
Additionally, the NPs were characterized with selected area electron diffraction (SAED)
to determine the composition of the shell structure (figure 4.16b). The lattice spacings
of the ring patterns were determined from SAED and compared to literature [71, 72].
This analysis resulted in the identification of crystalline Cu,O and Au. Thus, it can be
confirmed that Au@Cu,O NPs were synthesized. The lattice spacings with their corre-

sponding crystal planes of Cu,O and Au are displayed in table 4.3.

The Cu,O overgrowth was controlled by varying the concentration of AuQPVP NPs, as
previously reported by Liu et al. [39]. The concentration Au@PVP used for the over-

growth is specified for each sample, denoted with a sample ID, in table 4.4. The BF-TEM
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Figure 4.16: a) A BF-TEM image and b) corresponding SAED pattern of Au@Cu,O NPs.
The ring patterns are labeled with the miller indices of the corresponding lattices of Au
(red) or Cu (green).

Table 4.3: The interplanar latice spacing determined from SAED with corresponding
crystal planes specified by Miller indices

calculated interplanar spacing (A)
lattice | (110) | (111) | (200) | (220) | (311)
Au - 2.35 2.02 1.44 1.21
Cuy,0 3.02 2.47 2.12 1.50 1.28

images presented in figure 4.17 demonstrate the decrease of the Cu,O shell thickness with
increasing Au@QPVP concentration. EDX was used to verify this decline in Cu content.
Noticeably, the standard deviation of metal composition increased significantly with de-
creasing Cu content, indicating an increased level of inhomogeneity in the overgrowth.
This inhomogeneity with decreasing Cu content is also observable in the BF-TEM im-
ages in figure 4.17. For instance, it can be noticed that the shell thickness in sample
Au@Cuy0_59 significant varied between particles and within the particles itself. Ad-
ditionally, the HAADF-STEM image with corresponding EDX map of Au@QCu,O_53 in
figure 4.18 shows that the thickness of the CuyO shell is highly polydisperse, resulting in
a mixture of Au@Cu,O NPs ranging from 35% to 75% Cu. Therefore, this Cuy,O over-

growth protocol is more suitable for obtaining Au@Cu,O NPs a with high Cu content (>
75%).
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Table 4.4: The concentration of Au@PVP NPs used for the Cu,O overgrowth leading to
various Cu content, determined with EDX.

sample 1D concentration of average atomic Cu content | LSPR peak
Au@PVP (mmol/l) | in Au@CuyO NPs (%)* position
Au@Cu,0O_87 0.08 87+ 4.6 611
Au@Cu,0.75 0.16 75 £ 12 598
Au@Cu,0.59 0.33 59 4+ 16 592
Au@Cu5,0.53 0.41 53 + 19 578

*determined with EDX

75 + 12% Cu . , 59 + 16% Cu

,n“& 87 + 4.6% Cu

»
.

25 nm 25 nm 25 nm

Figure 4.17: BF-TEM images of samples Au@QCu,0_87, Au@Cu,0O_75 and Au@Cu,0_59
in order from left to right. The atomic Cu percentages were determined with EDX.

Figure 4.19 presents the extinction spectra of the Au@Cu,O NPs with various Cu frac-
tions. It is evident that the LSPR peak shifted to longer wavelengths with increasing
atomic Cu fraction. This red-shift was also observable during the metal overgrowth, as
the color of the reaction mixture changed from red to magenta, blue and green accord-
ing to different shell thicknesses. The interband transition of Cu,O around 450 nm also
became more significant with increasing Cu content [48]. The broadening of the LSPR
peaks after the Cu,O overgrowth can be attributed to an increase in polydispersity. This
peak broadening is particularly pronounced for the NPs with lower Cu contents, which

have been determined to exhibit a broader range in particle size and composition.
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Figure 4.18: a) A HAADF-image with b) corresponding EDX map of Au@Cu,O NPs with
an average Cu content of 53 19 %, determined with EDX.
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Figure 4.19: The extinction spectra of Au@QCu,O NPs with increasing atomic Cu fraction,
determined with EDX.
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4.3.2 Cu,0 overgrowth on Au@SiO, NPs

Section 4.2.2 demonstrated that we were not able to increase the Cu content more than
approximately 11% in silica-coated NPs. Since this Cuy,O overgrowth procedure that was
discussed in this section differs, we were interested to investigate if this procedure could be
applied on Au@SiQO,. This would enable higher Cu contents, while having the advantages
of the silica coating. Hence, the protocol for CuyO overgrowth, as described in section

3.4.1, was repeated on Au@SiO, NPs instead of Au@PVP NPs.

Two experiments were performed: one with the addition of PVP ligands, according to the
protocol, and one without the addition of PVP, as the Au@SiO, NPs were already stabi-
lized with the silica shell. An extinction spectrum and BF-TEM image of the NPs after the
overgrowth are displayed in figure 4.20. The LSPR peak did not shift in the experiment
without the addition of PVP, indicating that Cu,O did not grow on the Au@SiO, NPs.
However, the presence of the interband transition around 450 nm indicates that Cu,O
is present. Notable, there was no peak detected near 600 nm, as the Cu was oxidized
[73]. The results from UV-VIS spectroscopy are supported with corresponding TEM im-
ages, showing that individual Cu,O particles had formed. The extinction spectrum of the
experiment with PVP addition shows a shift in the LSPR peak position to 547 nm, sug-
gesting that Cu,O has been deposited on the Au cores. However, its corresponding TEM
image shows that CuyO is rather attached to Au@SiO, NPs. This could be attributed to
the ability of PVP to form complexes with Cu®"-ions, thereby attaching Cu,O to the NPs
[66, 74]. Altogether, these results confirm that the mesoporous silica shell around the Au

NPs restricts the Cuy,O overgrowth.
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Figure 4.20: An extinction spectrum and BF-TEM image of the Au@SiO, NPs after the
Cuy,0 overgrowth without and with the addition of PVP ligands.
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Since we could not achieve high Cu contents on silica-coated NPs, it was investigated if
growing a mesoporous silica shell on the NPs after the CuyO overgrowth was possible.
This would provide stability, and the resulting NPs could be compared with the NPs
synthesized through route 1. Although the Au@Cu,O NPs were stable after the ligand
exchange with CTAB (figure B.4), the NPs were found to be unstable in water at 30°C'
for multiple hours, as the Cuy,O layer dissolved from the Au cores. Given that water is
essential for CTAB to form micelles, it was concluded that growing a mesoporous silica
shell on Au@Cu,0O nanoparticles was not feasible. As a result, the Au@Cu,O NPs were

directly deposited on a silica support for stabilization.

4.3.3 Immobilization of Au@QCu,O NPs

The colloidal deposition was carried out as described in section 3.5.1, and briefly consisted
on the addition of an antisolvent to a solution consisting of presynthesized Au@Cu,O NPs
and a silica support. The apolar solvent, toluene, was used as an antisolvent to lower the
solubility of the NPs in solution, thereby promoting deposition on the support. The
Au@Cu,O NPs were deposited onto Aerosil 300, which is a hydrophilic fumed silica sup-

port with a specific surface area between 270 - 330 m? /g, as specified by the manufacturer.

The colloidal deposition was performed with sample Au@Cu,0_87 due to the homogeneous
core-shell structure that was well-observable with electron microscopy. BF-TEM images
of the green powder in figure 4.21 show the successful immobilization of Au@Cu,0O NPs on
the silica support, but revealed clustering of NPs. This is disadvantageous, as clustering
of NPs can lead to sintering upon thermal treatment. Moreover, a catalyst is generally
more active when the active sites are dispersed over the surface rather than concentrated

in hot spots [75].

Several parameters were adjusted to examine their impact on the clustering of the Au@Cu,O
NPs on the silica support. For instance, the deposition was repeated with Au@QCu,0_87
stabilized with different ligands, such as citrate and CTAB, based on the hypothesis that
charged ligands could exhibit a stronger interaction with the hydrophilic support. The

stirring and sonication duration was also evaluated. Additionally, the impact of the addi-
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Figure 4.21: BF-TEM images of the colloidal deposition of Au@Cu,O_87 NPs on
Aerosil300, revealing clustering.

tion method (step-wise or instantaneous) and the added amount of toluene on the colloidal
deposition was studied. Despite these efforts, none of the adjusted parameters resulted in

a more homogeneously deposition over the silica support.

Furthermore, the effect of the solvent hydrophilicity was studied by performing the col-
loidal deposition in water instead of ethanol. After centrifugation, the silica support
retained its white color and was separated from the colored supernatant, indicating that
the NPs did not attach to the support. The effect of solvent hydrophilicity was futher in-
vestigated by including methanol as a solvent, which has a lower hydrophilicity compared
to ethanol and water. This resulted in deposition of the NPs on the support, but they

were still clustered.

Another adjusted parameter was the surface area of the support material. In order to
study its effect on the clustering of the Au@QCu,O NPs, the colloidal deposition was
performed on Aerosil OX50. This support has larger silica particles, and therefore a lower
specific surface area (35 - 65 m?/g) compared to Aerosil300. The results in figure 4.22
show that while the NPs remained clustered, Aerosil OX50 did provide more space for

them to distribute.
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Figure 4.22: BF-TEM images of the colloidal deposition of Au@QCu,O_87 NPs on Aerosil
0X50.

Overall, the clustering of the Au@QCu,O NPs on a silica support was not significantly
affected by any of the presented modifications to the procedure. This led to the hypothesis
that the Au@QCu,O NPs were already clustered prior to their immobilization. To verify
this hypothesis, the colloidal deposition was performed with monometallic Au NPs. Figure
4.23 shows a BF-TEM image of PVP-stabilized Au NPs on Aerosil OX50. The uniform
deposition of the Au NPs supports that clustering of the Au@QCu,O NPs was caused by
the grown Cu,O shell around the Au cores. As a result, a different approach was required

to obtain well-dispersed supported Au@QCu,O NPs, which is presented in section 4.4 .

25 nm

Figure 4.23: A BF-TEM image of PVP-stabilized Au NPs immobilized on Aerosil OX50.
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4.4 Synthesis route 3: Cu,0 overgrowth on supported Au NPs

As the Cu,O overgrowth on unsupported Au NPs resulted in clustering, a third synthesis
method for synthesizing AuCu NPs was designed in which the overgrowth of Cu,O was
performed on supported Au NPs (figure 4.24). This route was used to achieve well-

dispersed Au@QCu,0O NPs on a silica support.
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Figure 4.24: A schematic illustration of the third synthesis method for AuCu NPs. The
procedure involves the sequential steps of (1) colloidal deposition of Au NPs on a silica
support, (2) the overgrowth of CuyO on immobilized Au NPs, (3) thermal treatment
under reducing conditions to promote alloying.

Since the results of the colloidal deposition of PVP-stabilized Au NPs had already been
discussed in section 4.3.3, only the results of the metal overgrowth are discussed in the

following section. The removal of ligands prior to catalysis will be discussed in section

4.4.2.

4.4.1 Characterization of supported Au@Cu,O NPs

The Cuy0O overgrowth on supported Au NPs was performed as described in section 3.5.2.
The result in figure 4.25a shows NPs with a core-shell structure spread out over the silica
surface, indicating the formation of well-dispersed Au@CuyO NPs. However, the silica
support also promoted heterogeneous nucleation, leading to the formation of individual
Cu species (figure 4.25b). This appears to be locally, as parts of the support did not

contain Cuy0O particles and some contained many, characterized with TEM.
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Figure 4.25: BF-TEM images showing a) Au@CuyO NPs on Aerosil OX50, synthesized
following route 3 and b) the presence of monometallic Cu,O NPs.

The thickness of the Cu,0O shell was varied with the amount of Cu precursor added to
the reaction mixture. The resulting Au@Cu,O NPs on Aerosil OX50, referred to as
Au@Cu,0O_1 and Au@Cuy,0_2 , were synthesized with 1.0 ml and 3.0 ml 20mM CuSQy,,
respectively. Their BF-TEM images in figure 4.26 show that the thickness of the Cu,O

shell increased with increasing amount of Cu precursor.

Figure 4.26: A BF-TEM image of samples a) Au@Cu,0_1 and b) Au@Cu,0_2

Sample Au@Cu,0_2 was also characterized with EDX, which confirmed the formation of
well-dispersed core-shell Au@Cu,O NPs (figure 4.27). EDX also detected the presence of
monometallic Cu species, demonstrated in figure 4.27a. Futhermore, figure 4.27b shows

that certain NPs exhibited a thin Cu,O shell, whereas other NPs exhibited a thicker shell.
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The atomic Cu fraction of the NPs was 53+26%, where the high standard deviation points
out the polydispersity. An EDX image of two core-shell NPs of sample Au@QCu,0O_1 with

both approximately 38% Cu is shown in figure B.5.
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Figure 4.27: EDX maps on HAADF-STEM images of sample Au@QCu,0_2, indicating the
presence of monometallic Cu species and polydisperse Au@QCu,O NPs.

The metal composition of Au@QCu,O_1 and Au@Cu,O_2 was also quantified with Induc-
tively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The results in table
4.5 confirm that sample Au@QCu,O_2 has a higher Cu weight percentage compared to
Au@Cu,O_1. Remarkably, the Au content in Au@QCu,O_1 and Au@Cu,O_2 decreased
compared to Au@aerosil. This suggests that NPs were removed from the samples during
the synthesis of AuQCu,0_1 and Au@Cuy,O_2. The atomic Cu percentages of Au@QCu,O_1
and Au@Cu,O_2 were calculated from the weight percentages, which are 86% and 89%,
respectively. These values significantly differ with the Cu fraction determined with EDX.
It is important to note that ICP-AES is a bulk technique, and therefore does not dis-
tinguish the Cu content in the Au@Cu,O NPs from the monometallic Cuy,O NPs in the
sample. Thus, the actual atomic Cu content in the NPs themselves is lower than indicated
by the ICP-AES results.

Table 4.5: The metal composition of Au@Cu,0_1 and Au@Cu,0_2, determined with ICP-
AES.

sample ID Au wt. % Cu wt.% Au : Cu ratio
Au@aerosil 0.38 n.a. 1.0 : 0.0
Au@Cu,0._1 0.24 0.47 1.0 : 6.3
Au@Cu,0_2 0.34 0.87 1.0: 7.9
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The x-ray powder diffraction (XRD) patterns of samples Au@aerosil, Au@Cuy,O_1 and
Au@Cu,0O_2 are presented in figure 4.28. The XRD pattern of Au@aerosil exhibits diffrac-
tion peaks at 20 angles of 44°, 52°, and 77°, corresponding to the crystal planes Au(111),
Au(200) and Au(220), respectively. The diffraction peak at approximately 25° is at-
tributed to the silica support. After the Cu,O overgrowth, the diffraction peaks shifted
to 43°, 50°, 73° and 88°, which correspond to Cu,O(111), Cuy,0O(200), Cuy,O(220) and
Cuy,0(311), respectively. This result confirms that the shell on the Au cores consist of
crystalline Cu,0, as determined with SAED. The diffraction peaks of CuyO were more
pronounced in the diffractogram of Au@QCu,0O_2 than in that of Au@QCu,O_1, owing to
its higher Cu content. Additionally, the diffraction peaks assigned to Au were shifted to
higher angles, as indicated by the dashed line in figure 4.28. This shift is a result of the

interaction between Au and Cu,0, leading to a variation in lattice spacing.
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A Cu20

Au@Cu,0_2
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Figure 4.28: X-ray diffractogram of sample Au@aerosil (red), Au@Cu,O_1 (light green)
and Au@QCu,0_2 (dark green). The dashed line through the Au(111) diffraction peak
shows indicates its shift upon the CuyO overgrowth.
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4.4.2 Ligand removal

The synthesis of Au@QCu,O NPs required stablizing agents to inhibit aggregation. As a
result, the supported Au@Cu,O NPs were surrounded with PVP ligands after the metal
overgrowth. However, these ligands can block the access of reactants to the active metal
surface. The PVP ligands adsorbed on the metal surface are, therefore, detrimental when
the NPs are used as catalysts. Consequently, it is important to remove the ligands from
the metal surface prior to catalysis. It has been demonstrated that PVP ligands can be
removed via thermal degradation or calcination. Typically, these treatments require high
temperatures (> 300°C), although the removal of PVP via calcination can be achieved
at lower temperatures than treatment in an inert atmosphere [76]. However, it would
be efficient to combine the removal of PVP ligands with alloying of the NPs, which
would require a thermal treatment under reducing atmosphere. An alternative treatment
to remove PVP ligands from the Au surface has been reported in literature in which
Au/TiO,y was washed with sodium borohydride in methanol [77]. The supported metal
NPs were characterized with TGA-MS and FT-IR spectroscopy to determine the most

suitable treatment for the removal of PVP ligands.

TGA-MS analysis

Thermogravimetric analysis combined with mass spectroscopy (TGA-MS) was used on
supported Au NPs to determine the conditions at which the PVP ligands are removed.
To examine if the treatment with sodium borohydride (BH) can be employed for Au NPs
on a SiO, support, TGA was performed with and without the treatment, respectively
referred to as Au@aerosil BH and Au@aerosil. The treatment with BH was performed
according to the protocol by Donoeva et al. [77]. The TGA results in an atmosphere of
20% O,/Ar and 5% H,/Ar are shown in figure 4.29.

The TGA plot shows that the weight of both samples are relatively unstable between
30°C - 50°C due to the removal of volatile compounds. Analysis of MS data at m/z = 18
shows that water was removed in this temperature range under 20% O,/Ar, resulting

in a relatively small weight loss (figure B.6). On the contrary, the MS signal for water
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significantly increased under a 5% H,/Ar flow, indicating the formation of water during
the thermal treatment. Water could have been formed during the reduction of Cu,O and

decomposition of PVP.
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Figure 4.29: TGA plot of sample Au@aerosil before and after treatment with sodium
borohydride (BH) in 20% O,/Ar and 5% H,/Ar. The dashed lines represent the temper-
ature at which half of the weight loss due to PVP removal is detected.

Above 50°C, the weight is relative stable until PVP is removed, resulting in a significant
weight loss. Figure 4.29 shows that this weight loss due to the removal of PVP started
at lower temperatures under 20% O,/Ar in comparison with 5% H,/Ar. This was ex-
pected, as oxygen facilitates the oxidation, and thereby decomposition of PVP [78]. The
temperature range in which PVP was removed is determined with the derivative of the
TGA plot, and detailed in table 4.6. The results obtained in an oxidative atmosphere is
in accordance with the MS signal for CO, (figure 4.30). As CO, is formed when PVP is
decomposed, its MS signal can be used to determine when PVP is removed. Figure 4.30

also shows that less CO, is detected for Au@aerosil BH than Au@aerosil, suggesting that
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less PVP ligands where present to be removed after the treatment. This result is also
evident in the TGA plots in figure 4.29, as the relative weight loss for Au@aerosil BH
was significantly less compared to untreated Au@aerosil. Thus, the treatment with BH
on silica-supported Au NPs had removed part of the PVP ligands. This is in accordance
with previous research, which showed that a substantial amount of PVP was still present

in titania-supported Au NPs, but resided exclusively on the support [77].

Table 4.6: The estimated temperature range in which PVP is removed based on the
derivative of the TGA plot.

atmosphere
sample ID 20% Oy /Ar 5% Ho/Ar
Au@aerosil 270°C - 500°C | 300°C - 480°C
AuQaerosil_BH 300°C - 400°C 370°C - 450°C
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Figure 4.30: Mass spectrometry (MS) data showing the intensity for CO, (m/z = 44)
of sample Au@aerosil before and after treatment with sodium borohydride (BH) in 5%
H,/Ar and 20% O,/Ar. The CO, signal under 5% H,/Ar is relatively zero, since no O, is
present to oxidize PVP to form CO,.
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FT-IR spectroscopy analysis

Next to TGA-MS, Fourier transform-infrared (FT-IR) spectroscopy can also be used to
determine the removal of PVP. Due to its organic structure, PVP exhibits characteris-
tic peaks in the infrared region, which can be measured with FT-IR spectroscopy. The
FT-IR spectra of Au@aerosil and Au@aerosil BH are shown in figure 4.31. The peaks
at 2157 cm™!, 1072cm™t, 806 cm ™! and 457 cm™! correspond to the silica support (figure
B.8). Both samples exhibited peaks at 2956 cm ™!, 1663 cm ™! and 1462 cm ™ correspond-
ing to C—H stretching, C=0 stretching and C—H bending vibrations, respectively [79].
These peaks, which can be assigned to PVP, were less present in Au@aerosil BH than
in Au@aerosil. Additionally, the band around 3437 cm™! of Au@aerosil can be assigned
to water, but also to a O—H stretching vibration in PVP (figure B.8). As a result, FT-
IR spectroscopy confirms that the treatment on Au/SiO, with BH leads to partial PVP

removal.
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Figure 4.31: FT-IR spectra of sample Au@aerosil before and after treatment with sodium
borohydride (BH).

Table 4.6 and figure 4.29 show that treating supported Au NPs with BH reduced the
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temperature required to remove the PVP ligands. Therefore, this treatment was also
performed on supported Au@Cu,O NPs. Unfortunately, the color of the reaction mixture
changed from blue to purple during the treatment, suggesting that Cu,O was partially
removed from the Au cores. As the Au@QCu,0O NPs did not appear stable upon the
treatment with BH, a temperature up to 500°C was required to remove PVP, according

to the TGA results.

Figure 4.31 demonstrated that FT-IR spectroscopy can be employed to determine the
removal of PVP ligands. Therefore, sample Au@Cu,O_2 was characterized with FT-IR
before and after a thermal treatment at 500°C. The Au@QCu,O NPs were heated under
both 10% H,/Ny and 10% Oy/N,. The results in figure 4.32 show that the C=0 stretching
vibration at 1663 cm~! was less significant after the thermal treatments, indicating that
PVP had been removed. This is supported by a TGA measurement of Au@Cu,O_2 after

thermal treatment at 500°C in 10% Hy/N,, showing no significant weight loss (figure B.7).
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Figure 4.32: FT-IR spectra of sample Au@QCu,0O_2 before and after heat-treatment at
500°C under 10% Hy/N, and 10% Oy/N,.

Noticeably, the peak at 1663 cm~! in sample Au@Cu,O_2 was already less pronounced in
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comparison with Au@aerosil. This suggests that some PVP was already removed after
the Cuy,O overgrowth, which can be attributed to the extra washing step. The peak at
2375cm™! in figure 4.32 after heating in 10% H, could correspond to the reduction of
Cuy0 to metallic Cu [80]

Calcination of sample Au@Cu,0_2

A BF-TEM and HAADF-STEM image of sample Au@QCu,O_2 after its calcination at
500°C in 10% O,/N, is presented in figure 4.33, showing that the core-shell structure
retained after the treatment. In this case, the Cu,O shell cannot be reduced to metallic
Cu under oxidative conditions, and the oxidized Cu does not mix with Au. This result
shows that the PVP ligands can be removed, while maintaining the core-shell structure

through calcination.

Figure 4.33: a) A BF-TEM image and b) HAADF-STEM image with EDX map of
Au@Cu,0_2 after a thermal treatment at 500°C in 10% O,/N,. The green and red
pixels represent Au and Cu, respectively. The small dots on the silica support in the
HAADF-STEM image correspond to oxidized Cu particles.

Further characterization of sample Au@Cu,O_2 after its thermal reduction at 500°C in

10% Hy/Ny (referred to as sample Au@Cu_2) is discussed in section 4.5.3.
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4.5 Alloying

The final step of the three synthesis routes involves the thermal treatment of the core-shell
Au@Cu,O NPs in a reducing atmosphere to obtain alloyed AuCu NPs. The results are

discussed in the following section, which are divided for each synthesis route.

4.5.1 Synthesis route 1: Au@QCu,0@SiO,

The results discussed in section 3.3.4 demonstrated that core-shell Au@Cu, O NPs, sta-
bilized with a mesoporous silica shell, can be obtained via synthesis route 1. In order to
determine the temperature required for mixing the Au and Cu atoms, the Au@QCu, O NPs
were heated at 100°C, 200°C and 300°C in 10% H,/Ar. Figure 4.34 presents the EDX
maps of sample AuCu,OQ@SiO,_250 after the thermal reduction at 200°C and 300°C. The
metal redistribution from a core-shell structure to a mixed phase was difficult to observe
due to the small particle size. Hence, the intensity of the Au and Cu signal within the
NPs were mapped in RGB plots to gain a better understanding of the metal distribution.
The RGB plot of a NP heated at 200°C shows that the Cu signal was more extended
compared to the Au signal, indicating a core-shell structure. In contrast, the RGB plot of
a NP heated at 300°C shows an equivalent extension of the Cu and Au signals, indicating
an alloyed structure. Thus, these results demonstrate that the Au and Cu atoms were

mixed between temperatures of 200°C and 300°C under a 10% H,/Ar atmosphere.

The atomic Cu fraction of AuCu,OQSiO,_250 was determined before and after the thermal
treatment in 10% H,/Ar from EDX maps. The results, displayed in table 4.7, show that
the Cu content remained similar after a thermal reduction at 100°C, compared to its
untreated counterpart. However, the Cu content significantly increased upon thermal
reduction at 200°C and 300°C. This suggests that Cu, O was present outside of the NPs
and had been able to migrate to the Au core. It is possible that some Cu,O had been
stuck in the silica shell after the metal overgrowth and was therefore not removed during
the washing steps. The migration of Cu could have been initiated by the reduction of
oxidized Cu to metallic Cu between 100°C and 200°C, thereby enhancing the interaction

with the Au core. Mixing of the metals, Au and Cu, between 200°C and 300°C might
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have further driven this migration. Temperature-programmed reduction (TPR) analysis
of AuCu,OQSiO5 250 are necessary to determine the reduction temperature of Cu,O,
which would provide greater insight into the migration of Cu under these conditions.

Table 4.7: The average Cu content of sample AuCu,OQSiO, 250 after various thermal
treatments under a 10% H,/Ar flow, determined from EDX.

thermal treatment | average atomic Cu percentage (%)
non-treated 114+ 1.6
100°C 125+24
200°C 17.0+ 2.6
300°C 21.3+44
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Figure 4.34: EDX maps with corresponding RGB plot of AuCu,O@SiO,_250 after thermal
reduction in 10% Hy/Ar at a) 200°C and b) 300°C.

Furthermore, the effect of thermal treatment on etched Au@QCu,O NPs was studied by
reducing sample AuCu,O@SiO,_E4 at 300°C. The average Cu content was found to be
28.3 £+ 2.3% using EDX, which is significantly higher compared to the non-etched equiv-
alent, which contained 21.3 4= 4.4% Cu. This is noteworthy, as the untreated etched and
non-etched AuCu,O@SiO, NPs contained a similar Cu content (as described in section
4.2.2). Altogheter, these results indicate that the atomic Cu fraction of AuCu,O@SiO,

NPs can be adjusted via oxidative etching after thermal reduction.
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4.5.2 Synthesis route 2: Au@Cu,0O

The results in section 4.3 demonstrated that core-shell Au@QCu,O NPs with an average
Cu content ranging from 53% — 87% could be obtained via synthesis route 2. In order
to investigate the impact of the shell thickness on the temperature required for alloying,
a similar experiment was performed in which Au@Cu,O NPs were reduced at various
temperatures. Since the colloidal deposition of Au@Cu,O NPs on a silica support resulted

in clustering (as discussed in section 4.3.3), the NPs were heated with and without support.

BF-TEM images of sample Au@QCu,O_87 after thermal treatment at 200°C and 300°C
in 10% H,/Ar are presented in figure 4.35. The transition from a core-shell to an al-
loyed structure between 200°C and 300°C is evident for both supported and unsupported
Au@Cuy,0O NPs. The unsupported NPs exhibited aggregation during the alloying pro-
cess, indicated by the presence of significantly large particles. On the other hand, the
supported NPs appeared to be less aggregated, and therefore more monodisperse. This
results shows that the NPs were more stable on a support during the thermal treatment.
In contrast with unsupported NPs, individual particles of several nm were observed after
the treatment of supported NPs, indicating the presence of monometallic Cu particles.
The structural reformations of core-shell Au@QCu,O NPs is further studied in the following

in-situ experiment.

To gain more insight in the metal distribution of the Au@Cu,O NPs, an in-situ TEM heat-
ing experiment was performed, using unsupported sample Au@Cu,O_87. The NPs were
heated from 150°C to 400°C in increments of 50°C under a 10% Hy/Ar flow. The results
are presented in figure 4.36 through HAADF-STEM images of the NPs, taken with a 10
minute time interval at each temperature. Figure 4.36 shows that the core-shell structure
of the NPs disappeared around 300°C, marking the temperature necessary to form AuCu
NPs. This is in accordance with previous findings that suggested an alloying temperature
between 200°C-300°C. The reformation and sintering appeared to occur at earlier stages,
resulting in aggregation as the temperature increased. It can be noticed that part of the
shell structure split from the NPs at 200°C, which became more pronounced at higher

temperatures. This could explain the observation of individual Cu NPs in the supported
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Unsupported Au@Cu,0_87

Figure 4.35: BF-TEM images of sample Au@QCu,0O_87 after thermal treatment at 200°C
or 300°C under a 10% H,/Ar flow. Note that the images correspond to the same sample,
but not to exactly the same NPs.

NPs after thermal reduction in figure 4.35. In contrast to the unsupported sample, the
Cu NPs that were formed during the thermal reduction, were able to attach to the silica

support, which could explain that the Cu NPs were observed for supported AuCu NPs,

but not in unsupported ones.
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Figure 4.36: HAADF-STEM images of Au@QCu,O_87 recorded during in-situ heating un-
der a 10% Hy/Ar flow.
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4.5.3 Synthesis route 3: supported Au@QCu,0O

It has been demonstrated in section 4.4 that the Cu,O overgrowth via route 3 resulted in
well-dispered Au@QCu,O NPs over a silica surface. This homogeneous distribution should
make the NPs less prone to sintering, leading to more stable NPs. As a result, the NPs

could be interesting for catalytic purposes.

As the treatment with BH could not be carried out without altering the Au@Cu,O NPs,
as discussed in section 4.4.2, a thermal treatment was required to remove the PVP ligands.
Although, a temperature of 300°C would have been sufficient to form AuCu NPs (section
4.5.2), TGA-MS analysis revealed that a temperature of 500°C was required to fully
remove the PVP ligands. As ligand removal is a crucial step prior to catalytic testing,
the Au@Cu,0O NPs, synthesized via route 3, were heated to 500°C instead of 300°C. This
was performed under reducing conditions to alloy the Au@QCu,O NPs together with the

ligand removal.

A BF-TEM image of sample Au@Cu,O_2 after treatment at 500°C in 10% H,/N, (referred
to as sample Au@Cu_2) in figure 4.37a shows that the NPs remained distributed over
the silica surface after the ligands were removed. A thin layer with low Z-contrast was
observed around many of the AuCu NPs, suggesting that a shell of oxidized Cu might
have formed, as a result of exposure to air after the treatment (figure 4.37b). This was also
observed in figure 4.35, showing supported NPs of sample Au@Cu,O_87 after the thermal
treatment at 300°C in 10% H,/Ar. This is consistent with previous studies reporting

phase segregation in AuCu particles under oxidative conditions [14].
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Figure 4.37: BF-TEM images of sample Au@Cu,0O_2 heated at 500°C under 10% Hy/N,
(sample Au@Cu_2) with an average particle size of 15.8 £ 2.36 nm.

The metal composition of samples Au@Cu_1 and Au@Cu_2

XRD Powder XRD was used to study sample Au@QCu_2. Figure 4.38 shows that the
diffraction peaks shifted compared to the untreated sample (Au@QCu,O_2 in figure 4.28)
due to the reduction of CuyO and mixing of the Au and Cu atoms. The diffraction peaks
at 49° and 59° could correspond to references Aug33Cuggs and Augo5Cug 75, as depicted
in figure 4.38. The diffraction peak at 46° could represent CuO, which can be formed
due to air exposure, but then a peak around 42° would also be expected [81]. However,
it could be possible that this peak is hidden in the background of the silica peak at 26°.
Monometallic Cu-based peaks should be in the diffractogram, as it was observed in BF-
TEM images. However, the weight percentage could be too low, resulting in a peak too
weak to be apparent. The oxidized Cu layer around the NPs could also be amorphous.
Alternatively, the peak at 46° could correspond to AuCu NPs with a lower Cu content,
such as reference Augo5Cug75. This would indicate an inhomogeneous Cu,O overgrowth,

leading to AuCu NPs with different compositions.

The peaks in the XRD pattern for sample Au@Cu_1 (Au@Cu,O_1 after thermal treatment
at 300°C in 10% H,/N,) were less significantly shifted, indicating a lower Cu content in
the AuCu NPs (figure 4.38). The peaks around 46° and 53° could correspond to reference
Augo5Cugrs. Overall, the resuls obtained with XRD indicate that the AuCu NPs in

sample Au@QCu_1 have a lower average Cu content than the AuCu NPs in Au@QCu_2.
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Figure 4.38: XRD profiles of Au@Cu_2 and Au@Cu_l with references of Aug75Cug o5
(NO 01-071—5023), AUO.500110,50 (NO 00-025—1220), AUO.gchO.ﬁg (NO O4—006—2799) and
Augo5Cug 75 (No. 00-035-1357) from The International Centre for Diffraction Data [81,

82, 83].
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BF-TEM The metal composition of samples Au@QCu_1 and Au@Cu_2 was calculated
based on the average particle size, determined with BF-TEM (table 4.8). The average
particle size of Au@Cu_1 was determined to be 14.7+ 1.4 nm, while that of Au@QCu_2 was
found to be 15.8 +£2.4 nm. These particle sizes corresponded to a Cu content of 47 £+ 16%

and 59 + 25%, respectively.

EDX The metal composition was also determined with EDX (table 4.8). The atomic
Cu fraction of the AuCu NPs in Au@Cu_1 and Au@QCu_2 was 34 + 10% and 53 + 31%,
respectively. Notably, the average Cu content of Au@QCu,O_2 and Au@QCu_2 were both
determined to be approximately 53%, which suggests that the metal composition of the
NPs remains similar after thermal reduction. However, the metal composition of Au@QCu_1
and Au@Cu_2 was based on EDX measurements of six particles each, which makes the
accuracy of the values uncertain. The determined Cu content of 53 + 31% with EDX is
inconsistent with the XRD profile of Au@Cu_2, but it has to be noted that this is an
average value. On the other hand, a Cu content of 34 + 9.5% of sample Au@QCu_1 would

fit its XRD profile (figure 4.38).

Table 4.8: The atomic Cu percentages of AuCu NPs in Au@QCu_l and Au@Cu_2,
determined with the average particles size according to BF-TEM and with EDX.

atomic fraction of Cu (%)

BF-TEM EDX
Au@QCu.l | 47+£16 34+ 10
Au@Cu 2 | 59+ 25 53 + 31

Overall, the exact metal composition of Au@QCu_1 and Au@Cu_2 is unclear due to the
presence of monometallic Cu species and the inhomogeneous Cu,O overgrowth. However,
the results of BF-TEM, EDX, ICP-AES and XRD show that the Cu content of the AuCu

NPs in sample Au@Cu_2 is higher than in sample Au@QCu_1.
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4.6 Catalytic tests

The catalytic properties of AuCu NPs with various metal compositions, as synthesized in
synthesis route 3, were tested for the oxidation of CO to CO, in the presence of excess O,.
Samples Au@QCu_1l and Au@QCu_2, which contained supported, alloyed AuCu NPs and
their monometallic counterpart, sample Au@aerosil, were tested. It is important to note
that Au@Cu_2 had a higher Cu content than Au@Cu_1 (section 4.5.3). As the particle size
differed for each sample, the metal surface area was corrected with the amount of sample
loaded in the reactor (detailed in section 3.7). The catalytic activity was determined from

the decline of CO concentration, using gas chromatography (GC).

The catalytic tests briefly consisted of a pretreatment at 300°C under a 10% H,/Ar flow
to reduce the re-oxidized Cu after air exposure. Subsequently, the samples were tested in
1% CO and 10% O, while step-wise heating from 50°C to 300°C in increments of 50°C.
The temperature was kept constant for an hour. The cooling down proceeded with the

same, reversed temperature profile as heating up.

4.6.1 Metal composition

Figure 4.39 shows the CO conversion against the reaction temperature for samples Au@QCu_1,
Au@Cu_2 and Au@aerosil. The figure demonstrates that the catalytic activity was de-
pendent on the temperature. The AuCu NPs showed little CO conversion until the
temperature approached 200°C. The activity increased further upon heating to 300°C,
where Au@Cu_2 even reached full conversion. This result is in accordance to literature,
as it has been reported that AuCu NPs show little activity for CO oxidation, until a phase

segregation is caused by the oxidation of Cu between 150°C and 240°C [14, 84].

This increase in catalytic activity for the supported AuCu NPs is in contrast with the sup-
ported Au NPs, which showed little CO conversion throughout the entire test. As a result,
the catalytic activity of AuCu NPs significantly exceeded the Au NPs between 200°C and
300°C. The turnover frequency (TOF) values at 200°C and 250°C were also significantly

larger for bimetallic AuCu NPs than monometallic Au NPs (table 4.9). However, it can
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not be concluded that the activity of AuCu NPs was enhanced due to synergistic effects,

since monometallic Cu NPs were not tested.

The calculated TOF values of the NPs could unfortunately not be compared to literature,
as the metal loading, metal composition and particle size significantly differed [85]. How-
ever, a similar conclusion that bimetallic AuCu NPs were more active for CO oxidation

than monometallic Au NPs has been drawn in literature [85].

Figure 4.39 shows that the CO conversion of sample Au@QCu_2 was generally higher than
for sample Au@Cu_1. A similar trend can be observed for the TOF values in table 4.9.

These results suggest that the catalytic activity of AuCu NPs increases with Cu content

for CO oxidation.
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Figure 4.39: The CO conversion plotted against the reaction temperature for samples
Au@aerosil (Au), Au@QCu_1 and Au@Cu_2

Table 4.9: The turn-over frequency (TOF) of the catalysts at 200°C and 250°C during
heating up and cooling down. TOF is defined as turnover frequency in terms of converted
CO molecules per metal surface atom per second.

heating up cooling down
sample ID | TOF @200°C (s7') | TOF @250°C (s7') | TOF @250°C (s~') | TOF @200°C (s7')
Au@aerosil 0.00 0.01 0.01 0.02
Au@Cu.1 0.11 0.47 0.34 0.09
Au@Cu.2 0.13 0.56 0.47 0.14
Au@Cu_2_0, 0.00 0.01 0.02 0.01
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The CO conversion over reaction time for the different samples is presented in figure 4.40.
This figure shows that the activity-vs-temperature curves for the AuCu NPs are not super-
imposable for heating and cooling, indicating deactivation of the catalysts. In particular,
the CO conversion at 250°C was significantly higher upon heating up than cooling down.
This trend is also evident in the TOF values, presented in table 4.9. Additionally, the
activity of sample Au@QCu_1 appeared to be unstable at 300°C. The structural changes in
the NPs due to oxidation of Cu during the reaction could have resulted in the deactiva-
tion of the catalysts. A BF-TEM image of Au@QCu_2 after the catalytic test shows that
the structure had been rearranged in a core-shell structure, indicating the segregation of
AuCu NPs to AuCu,O heterostructures (figure 4.41). Further investigation into the re-
arrangement of the metals during the catalytic reaction can be conducted through in-situ

TEM heating experiments under a 1% CO/10% O, gas flow.
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Figure 4.40: The temperature-dependent CO conversion as a function of reaction time
for samples Au@QCu_l, Au@Cu_2 and Au@aerosil. The temperature profile is plotted as
a gray line (right-axis), The CO conversion reached value below 0% and above 100% due
to small errors in the catalytic test and data collection (e.g. small variations in gas flow,
error in GC peak area integration).
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Figure 4.41: a) A BF-TEM image and b) EDX map with corresponding HAADF-STEM
image of Au@QCu_2 after the catalytic test in CO oxidation.

4.6.2 Metal distribution

In general, synergistic effects are heavily dependent on the metal distribution in bimetallic
NPs [6]. It would, therefore, be interesting to test different structures of AuCu NPs
to gain more insight in the influence of the metal distribution on the catalytic activity
in CO oxidation. It has been demonstrated in section 4.4.2 that the removal of PVP
ligands could be carried out at 500°C in a reducing and oxidative atmosphere, resulting
in different distribution of the metals. The treatment in 10% H, resulted in alloyed AuCu
NPs, whereas the treatment in 10% O, retained the core-shell structure (figure 4.33).
The effect of these different metal distributions on the catalytic activity were studied by
comparing sample Au@QCu,0_2 after its ligand removal in 10% H,/N, (previously referred
to as Au@Cu_2) and 10% O,/N,. It is important to note that the oxidized Cu shell acts

as the active side in the core-shell NPs, as Au is not exposed to the surface.

The results in figure 4.42 show that sample Au@Cu,0_2 was more active for CO oxidation
when treated under reducing atmosphere than under oxidizing atmosphere. The TOF
values of Au@Cu,0_2 treated in 10% O, (referred to as Au@QCu_2_O, in table 4.9) were
significantly lower than the TOF values of Au@QCu,0O_2 treated in 10% H,. This indicates

that a mixed phase of Au and Cu atoms was catalytic more active than only a oxidized
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Cu phase on the surface. Furthermore, this result gives more insight in the deactivation
of AuCu NPs, as figure 4.41 shows that the NPs had been redistributed in a core-shell
structure during the reaction. However, it should be noticed that the oxidation state of
Cu after the catalytic reaction is unknown, and could differ with the tested core-shell NPs.
Further characterization of the NPs with XRD, SAED or electron energy loss spectroscopy
(EELS) can provide more information of the oxidation state of the oxidized copper after

the catalytic test.
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Figure 4.42: The temperature-dependent CO conversion as a function of reaction time
for sample Au@QCuy,0O_2 after thermal treatment at 500°C under different atmospheres
for ligand removal. The blue and black lines correspond to sample Au@Cu,O_2 heated
under a 10% H,/N2 (sample Au@Cu_2) and 10% O,/N, atmosphere, respectively. The
temperature profile is plotted as a gray line (right-axis)
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5 Conclusion

In this thesis, three synthesis routes were presented to study how AuCu NPs can be syn-
thesized via aqueous colloidal synthesis. These synthesis routes involved the overgrowth
of oxidized Cu on Au NPs in an aqueous medium, followed by a thermal treatment under
reducing atmosphere. Through this novel approach, AuCu NPs were obtained in a more
sustainable manner compared to literature, without the use of toxic chemicals. How-

ever, limitations were encountered regarding the control over the metal composition and

stability of the AuCu NPs.

In the first route, the metal overgrowth was performed on Au NPs coated with a meso-
porous silica shell, hereby obtaining AuCu NPs with approximately 21% Cu after thermal
reduction. This Cu content could be increased to approximately 28% by etching the Au
core prior to the overgrowth. While the silica shell provided stability to the NPs, it lim-
ited the synthesis of AuCu NPs with higher Cu contents. This drawback was tackled in
the second synthesis route by performing Cu,O overgrowth on Au NPs, stabilized with
PVP ligands. This resulted in Au@QCu,O NPs with a Cu content up to 87%. The metal
composition was adjusted by varying the Au concentration. Unfortunately, synthesizing
NPs with a lower Cu percentage resulted in polydisperse particle sizes and compositions.
The deposition of the NPs on a silica support was also challenging, as clustering occurred,
leading to aggregation upon thermal treatment. The third synthesis route avoided clus-
tering by growing a Cu,O shell on supported Au NPs, resulting in well-dispersed NPs.
However, control over metal composition was limited due to the formation of monometal-
lic CuyO particles. In conclusion, AuCu NPs can be synthesized via aqueous colloidal
methods, but further optimization is necessary to obtain monodisperse AuCu NPs with

various metal compositions, without the formation of individual Cu species.



It was determined with electron microscopy techniques and XRD that the metal distribu-
tion of core-shell Au@QCu,O NPs changed to alloyed AuCu NPs upon thermal treatment
(> 300°C) under a reducing atmosphere. It was also demonstrated that the core-shell
structure could be retained under oxidizing conditions, while removing the ligands prior

to catalysis.

This thesis also shed a light on the potential of AuCu NPs as a catalysts for CO oxidation.
Bimetallic AuCu NPs, obtained using synthesis route 3, were found to be significantly
more active compared to monometallic Au NPs. Additionally, the catalytic activity of the
supported AuCu NPs enhanced with higher Cu content. To exclude the influence of the
monometallic Cu particles in the samples, the catalytic performance of Cu NPs should
also be examined. Results have showed that alloyed AuCu NPs were significantly more
active than core-shell Au@QCu,O NPs, illustrating the importance of a mixed phase of Au
and Cu for the oxidation of CO. Further research is required to obtain a more in-depth
understanding of the catalytic performance of AuCu NPs in CO oxidation (as discussed

in chapter 6).
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6 Outlook

6.1 The aqueous synthesis of AuCu NPs

This thesis demonstrated three synthesis routes for obtaining AuCu NPs in an aqueous
solution. The third method presented a promising pathway for obtaining well-dispersed
AuCu NPs on a silica support. However, several issues were encountered upon upscaling
from 25 mg to 500 mg. First, the Cu,O overgrowth occurred not only on the Au core, but
also resulted in the formation of monometallic Cu,O particles on the silica support. This
affected the reproducibility of the synthesis protocol and the catalytic performance of the
samples. Interestingly, individual Cu species were not observed with electron microscopy
in small-scale syntheses, using relatively low amounts of Cu precursor. Additional wash-
ing steps prior to drying the support could remove the Cu,O particles. Secondly, the
overgrowth of CuyO became more inhomogeneous upon upscaling. Further investigation
into the optimal amount of reactants is required to address this issue. However, this
problem likely stems from the accelerated rate of the CuyO overgrowth, as observed by
the rapid color change of the reaction mixture. Slowing down the chemical reduction of
the Cu*™-ions could result in more homogeneous particles and even prevent the formation
of individual Cu,O particles. Adjusting the addition rate of reactants by using a syringe

pump or lowering the reaction temperature could mitigate the issue.

The first synthesis method also provided stable AuCu NPs due to the mesoporous silica
shell around the NPs. However, the silica shell restricted the metal overgrowth, thereby
limiting the range of metal compositions that could be obtained. An alternative approach
to etching the Au core, could be to selectively etch the silica shell with etching agents,
such as NaOH or NaBH, [82]. If the silica shell can be etched in a controlled manner, the

Cu,O overgrowth coud be regulated through the etching of the silica shell.



6.2 The catalytic performance of AuCu NPs

This thesis merely touched upon possible catalytic tests that can be conducted. The
catalytic activity of bimetallic AuCu NPs have been compared to monometallic Au NPs
in CO oxidation. In order to draw conclusions on the synergistic effects of AuCu NPs, it
is also important to investigate the catalytic performance of monometallic Cu NPs. Ad-
ditionally, it would be interesting to test a broader range of metal compositions in order
to determine the most effective AuCu catalysts for the oxidation of CO. In particular,
composition with 25%, 50% and 75% Cu would be valuable due to the potential forma-
tion of ordered intermetallic phases, which provide well-defined metal compositions and

relatively uniform surface geometry.

This thesis also compared the activity of core-shell Au@QCu,O NPs in CO oxidation with
alloyed AuCu NPs. In addition, it would be interesting to compare these NPs to core-
shell Au@QCu NPs to further study the role of the metal distribution on the catalytic
activity in CO oxidation. Temperature-programmed reduction (TPR) analysis could be
used to determine at which the temperature Cu,O is reduced. If this temperature is below
the minimum temperature required to mix Au and Cu, core-shell Au@Cu NPs could be

obtained and studied.

A better understanding on the structural changes of the AuCu NPs during the oxidation
of CO could give more insight into their catalytic performance. The metal rearrangement
could be observed with in-situ TEM heating experiments combined with EDX under
similar conditions as the reaction. Electron energy loss spectroscopy (EELS), electron
diffraction and XRD can be employed to gain more information on the oxidation state of

Cu after the reaction.

In addition to studying the metal distribution and composition, the effect of particle size
on catalyzing CO oxidation could be studied. The syntheses methods presented in this
thesis rely on colloidal strategies, providing precise control over the morphology of NPs.

In particular, AuCu nanoparticles between 1-10 nm could be of interest, as it has been
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reported that Au NPs with a diameter smaller than 2 nm exhibit enhanced catalytic
activity [2]. Furthermore, varying the support material by replacing silica with more
active metal oxides, such as titania, may enhance dissociation of oxygen, and thereby the

catalyst performance [62].

In addition to investigating the catalytic activity of the supported NPs, their stability
should also be examined in order to draw conclusions on the catalytic performance. Cat-
alytic tests could be conducted where the CO conversion is monitored under a constant
temperature for several hours. This allows for detection of potential deactivation of the
catalyst material over a longer time period, indicated by a significant decrease in CO
conversion. Additionally, deactivation could be avoided by performing catalytic tests at

lower temperatures than 300°C.

Furthermore, the versatility of the AuCu NPs as a catalyst can be examined by investi-
gating other chemical reactions beyond the oxidation of CO. For instance, studying their
potential as a catalysts for electrochemical reduction of CO, or selective hydrogenation
of unsaturated compounds could be a promising area of research. Beside their catalytic
applications, AuCu NPs have also found interest in optical and biomedical applications

[86, 36, 87], which could be further investigated.
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LAYMAN’S ABSTRACT

Catalysts are compounds that accelerate chemical reactions. They play a vital role in
many industrial processes and chemical reactions. Many catalysts are composed of tiny
particles, called nanoparticles. Due to their small size, many atoms in the nanoparti-
cles are exposed to the surface, making them active in chemical reactions. Nanoparticles
consisting on two metals are known as bimetallic nanoparticles. Their catalytic activity
can be enhanced due to the interaction between these two metals. This thesis focused on
bimetallic gold-copper nanoparticles. Gold-copper nanoparticles are promising catalysts
for the conversion of carbon monoxide (CO), as gold and copper atoms can work together

to facilitate the interaction of CO with oxygen.

Traditionally, gold-copper nanoparticles have been synthesized in organic solutions. How-
ever, synthesizing the nanoparticles in aqueous (water-based) solutions would be more
sustainable, less harmful and less expensive. This thesis has demonstrated synthesis
strategies to obtain gold-copper nanoparticles in aqueous solutions. The strategies showed
promise, but each had their limitations. Optimization is required to synthesize stable gold-

copper nanoparticles with different gold and copper contents in aqueous solution.

We found that gold-copper nanoparticles exhibited enhanced activity in converting CO
compared to monometallic gold nanoparticles. This shows the potential of gold-copper
nanoparticles as a catalyst for CO oxidation. Additionally, the catalytic activity increased
with increasing copper fraction in gold-copper nanoparticles. Further research is needed

to get a better understanding on the catalytic performance of gold-copper nanoparticles.
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APPENDIX A
SUPPORTING INFORMATION

In this thesis, samples where referred to by a sample ID. This appendix provides a com-

prehensive description of the samples with corresponding synthesis route.

Table A.1: A list of the samples denoted with their sample ID, including a description
and corresponding synthesis route

sample 1D description synthesis route
AuCu, 0Q@SiO,_100 | core-shell Au@QCu,O NPs coated with 1
a mesoporous silica shell, synthesized
with 100 pl Cu precursor
AuCu,0@Si04_250 | core-shell Au@QCu, O NPs coated with 1
a mesoporous silica shell, synthesized
with 250 pl Cu precursor
AuCu,0@Si05-1000 | core-shell Au@QCu, O NPs coated with 1
a mesoporous silica shell, synthesized
with 1000 pl Cu precursor
AuCu,0QSiO,_E4 | core-shell Au@QCu_xO NPs coated with 1
a mesoporous silica shell, synthesized
with etched Au NPs

Au@Cu,O_87 core-shell Au@Cu,O NPs with ~87% Cu 2
Au@QCu,0_75 core-shell Au@Cu,O NPs with ~75% Cu 2
Au@QCu,0_59 core-shell Au@QCu,O NPs with ~59% Cu 2
Au@QCuy,0_53 core-shell Au@QCu,O NPs with ~53% Cu 2
Au@aerosil immobilized Au NPs on Aerosil OX50 3
Au@QCu,0_1 Au@aerosil after Cu,O overgrowth, 3
synthesized with 1.0 ml Cu precursor
Au@QCu,0_1 Au@aerosil after Cu,O overgrowth, 3
synthesized with 3.0 ml Cu precursor
Au@aerosil BH Au@Qaerosil treated with sodium 3
borohydride
Au@QCu_1 Au@Cu,0O_1 after thermal treatment 3
at 500°C in 10% H,/N,
Au@QCu_2 Au@QCuy,0_2 after thermal treatment 3
at 500°C in 10% H,/N,
Au@QCu_2_0, Au@QCu,0O_1 after thermal treatment 3

at 500°C in 10% O,/N,
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Figure B.1: The size distribution of Au NPs before (red) and after (blue) the acid treat-
ment to remove CTAB ligands. The average particle size before and after the treatment
was 10.1 £ 1.1 nm and 10.1 + 1.3 nm, respectively.
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Figure B.2: The extinction spectra of AuCu,O@SiO,_250 before (t = 0), and 1h and 24h
after the Cu,O overgrowth.

Figure B.3: A BF-TEM image of AuCu,O@QSiO, 250 at t = 5 min, showing individual
Cu, O particles.
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Figure B.4: A representative BF-TEM image of Au@QCu,O NPs after the ligand exchange
of PVP with CTAB.

Figure B.5: a) A HAADF-STEM image with b) corresponding EDX map of sample
Au@Cu,O_1. The Cu content of the two Au@QCu,O NPs was determined to be 38 £0.3%
with EDX.
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Figure B.6: Mass spectrometry (MS) data showing the intensity for H,O (m/z = 18)
of sample Au@aerosil before and after treatment with sodium borohydride (BH) in 5%
H,/Ar and 20% O,/Ar.
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Figure B.7: TGA plot of sample Au@Cuy,O_2 after treatment in 5% Hy/Ar at 500°C
(sample AuCu_2), measured in 20% O,/Ar.
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Figure B.8: FT-IR spectra of Aerosil OX50 and PVP-K55
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