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When you really want something to happen, the whole universe will conspire so
that your wish comes true
Paulo Coelho, The Alchemist
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General Introduction
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Chapter 1
1.1. Gold in catalysis
Gold (symbol Au, from Latin: aurum) is a shiny, slightly reddish yellow, soft, and
conductive metal. Gold belongs to group 11 of the periodic table of the elements and has
the electron configuration of [Xe] 6s1 4f14 5d10. It is a noble metal and owes its cultural and
financial value to its relative rarity, shiny color, and chemical inertness. Gold is an
important element of Alchemy (Figure 1.1), a
philosophical and protoscientific tradition that aims at
the transmutation of metals to gold and symbolizes
humankind's goal to obtain perfection in mind and
spirit.2
At the end of 2015, existing gold reserves were
estimated to be 186,700 ton.3 According to the World
Gold Council, a market development organization for Figure 1.1. Au symbol in Alchemy1
the gold industry, the main demand for gold is for
jewelry (50 % of the world demand), followed by financial investment (40%) and industry
(10%). In industry, gold is mainly used for the electronics, followed by dentistry. Owning to
its inertness and optical and photo‐thermal properties, gold is the material of choice for
different medical applications.4
Considering that Au has always been praised for its inertness, it seems irrational to think
of Au as a catalyst. However, it was firstly proposed and proven by Cha and Parravano5 in
1970 that Au becomes less noble as its particle size decreases. They showed catalytic
activity of 5‐15 nm Au particles supported on MgO for O‐transfer,5 a redistribution of
isotopes of carbon between CO and CO2, and H‐transfer,6 a redistribution of isotopic
carbon between benzene and cyclohexane. Hydrogenation over supported Au
nanoparticles was another example that was reported in 19737 and 19798 by Bond and
Sermon. A major advance in Au catalysis was introduced by Haruta, who discovered the
activity of supported Au nanoparticles for CO oxidation in 1983.9 Since then, supported Au
catalysts have been studied for a wide range of reactions.
Supported Au nanoparticles are very attractive catalysts owing to their unique properties
like high activity at low temperatures for CO oxidation and high selectivity for different
hydrogenation and oxidation reactions.10‐12 Some examples are: selective hydrogenation
of unsaturated aldehydes13‐14 and esters,15 selective hydrogenation of polyunsaturated
(alkynes and alkadienes) impurities in an excess of alkene,16‐17 selective oxidation of
organic compounds,18‐19 direct epoxidation of propene with molecular O2,20 the water‐gas
shift reaction,21‐23 and the hydrochlorination of ethyne to vinyl chloride.24
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1.2. Preparation of Au catalysts

Figure 1.2. Cranberry glass
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Embedded Au nanoparticles have been produced from
Roman times to make Cranberry glass (Figure 1.2). Au
nanoparticles of 5‐60 nm dispersed in glass yield a ruby
color due to their surface plasmon resonance light
absorption. In a typical procedure, a solution of
tetrachloroauric acid (HAuCl4) or potassium
dicyanoaurate (KAu(CN)2) is dispersed in molten glass
at about 1,400 °C. The glass remains colorless after
rapid cooling to ambient temperature. Upon annealing
at 500–700 °C, the red color appears as a result of the
nucleation and growth of Au nanoparticles.25

Gold catalysts typically consist of Au particles of smaller than 10 nm that are anchored on
a suitable support. Small nanoparticles with a narrow size distribution and a homogenous
distribution over the support are key for effective catalysis. The catalyst preparation
method strongly affects the particle size and catalytic properties.26 An ideal catalyst
preparation method facilitates the Au‐support interaction, hence prevents growth of
particles. It is also important to minimize the contaminants that could negatively affect
the catalytic properties. Several procedures for the preparation of supported Au
nanoparticles will be discussed below.27
A common method for the preparation of supported metal catalysts is incipient wetness
impregnation in which a porous support is impregnated with a solution of the metal
precursor. This method is widely used in heterogeneous catalysis owing to its versatility.
Besides, effective use of costly precursors like those based on Au is important.28 Au
precursors are typically salts or complexes containing Au in an oxidation state of +1 or +3.
Examples are tetrachloroauric acid (HAuCl4) and potassium dicyanoaurate (KAu(CN)2),
which are commercially available. Other precursors like the ethylene diamine complex
(Au(en)2Cl3) can be prepared in a laboratory. Gold acetate (Au(O2CCH3)3) and gold‐
phosphine complexes are less common and are more challenging or expensive to use.
After impregnation, the sample must be dried and thermally treated to form metal Au
nanoparticles. During the thermal treatment, variables like the nature of the gas (reducing
or oxidizing), the flow rate, the heating rate and the final temperature, all influence the
resulting metal particle size. If a chloride (Cl) containing precursor is used, an important
consideration is the Cl content of the final catalyst.17, 29 Chloride promotes the growth of
some metal particles upon thermal treatment and can affect the catalyst performance.
Washing the prepared catalyst before thermal treatment with alkaline solution is the best
known way to remove the Cl.30
3
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An often used method for the preparation of supported Au nanoparticles is deposition‐
precipitation (DP).31 In a typical procedure, the support is suspended in an aqueous
solution of HAuCl4, and the pH of the suspension is raised slowly for instance by gradual
decomposition of urea at 80 °C.32 Au nanoparticles preferentially nucleate onto the
support and gradually grow. At high pH, most of the Au‐Cl bonds are hydrolyzed forming a
compound like Au(CO(NH2)2).32 Washing with water at the end of the deposition can
remove the remaining chloride and other contaminants like sodium. The product is further
dried under vacuum and often calcined in air at high temperatures. The method is ideal
for deposition of Au onto supports with a point of zero charge (PZC) higher than pH of 5,
for instance, TiO2, CeO2, Al2O3, MgO, ZrO2, but the method is not suitable for deposition of
Au onto SiO2, WO3, or common carbon supports.
Electrostatic adsorption is another method,33 in which an Au precursor, usually the
negatively charged tetrachloroaurate ion (AuCl4‐), is adsorbed onto the support surface by
electrostatic interaction. The criterion here is that the support must be positively charged,
and hence the pH of the solution must be lower than the PZC of the support. Support
functionalization to modify the surface properties is a way to fulfil this criterion.34
Reduction of Au ions to metallic nanoparticles can be done using a reducing agent or via
treatment at high temperatures.
Deposition of colloidal Au onto supports is another method that can provide a well‐
defined and narrow particle size distribution.35 However, for gas‐phase reactions,
elimination of organic ligands that stabilize Au nanoparticles is usually necessary and often
induces growth of particles. Nevertheless, a promising method is developed recently to
remove the organic ligands by mild treatments.36 Other methods like chemical vapor
deposition are not easily scaled up but provides model catalysts for fundamental research.
1.3. Activity of Au catalysts
d‐Metals (Figure 1.3) are widely used as catalysts. Among them, group 8, 9, and 10 of
elements show excellent catalytic activity. They are usually applied as supported
nanoparticles as a small particle size gives a high surface to volume ratio and hence a large
fraction of atoms at the surface which are the active sites per unit mass of metal. Metals
of group 11 are usually less reactive because they have high ionization potentials and high
electronegativities.37 The highest ionization potential makes Au the least reactive metal of
its group in reaction with for example O2. However, nanoparticles behave differently than
bulk metal.38 Au is an example of a metal for which nanoparticles smaller than 10 nm
become active catalysts.
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1
Figure 1.3. The position of transition metals in the periodic table of the elements39

It has been suggested that the high number of low‐coordinated atoms in smaller
nanoparticles has a major influence on the activity of Au nanoparticles, for instance, for
CO oxidation.40 The fraction of corner atoms increases rapidly when the particle size
decreases (Figure 1.4), whereas number of other sites on the surface, like surfaces and
edges, changes slightly when the particle size decreases from 10 nm to 2 nm. The increase
in CO oxidation activity with decreasing Au particle size (Figure 1.4) coincides with the
fraction of low‐coordinated corner sites, which suggest that they are the active sites.
Unsupported Au nanoparticles are also reported to be active for CO oxidation.23, 41
Nevertheless, on a reducible support, Au nanoparticles are at least an order of magnitude
more active.10, 42 This means that the support affects the activity of supported Au
nanoparticles as well. The interface between Au nanoparticles and a metal oxide support,
specifically reducible ones like TiO2, is widely accepted as a main active site for CO
oxidation.9, 43‐46 Hence, the nature of the support often matters in Au catalysis.

Figure 1.4. Calculated fractions of Au atoms at
corners (red), edges (blue), and crystal faces
(green) in uniform nanoparticles40 and CO
oxidation turnover frequencies at RT on Au/TiO2
(black dots) as a function of Au particle
diameter.47
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H2 dissociation on Au is relatively slow, hence in hydrogenation reactions, H2 dissociation
is typically the rate‐limiting step. Experimentally48 and theoretically,49‐50 Au sites at the
interface with the support are shown to be the most active ones. However, other
experimental data17 show no difference in activity for Au catalysts on a range of different
selected supports, suggesting that the most active sites are not Au sites at the support
interface, but rather low‐coordinated sites on the Au particles.13, 51‐53 Nevertheless, there
is consensus that a small size for supported Au nanoparticles is essential for effective
hydrogenation catalysis.
1.4. Selectivity of Au catalysts
Selectivity is essential for the efficiency of chemical reactions. This is exactly where Au
shows superiority over many other catalysts like Pd, Pt, or Ni. Au catalysts are among the
most selective catalysts for direct epoxidation of propene using molecular O2 and in the
presence of H2, with 90% selectivity to propylene oxide.54 Au catalysts have shown
outstanding selectivity for oxidation of different oxygenates, for instance selective
oxidation of alcohols and aldehydes.18 Au is also very selective for hydrogenation
reactions, for instance Au is very selective for the hydrogenation of unsaturated aldehydes
to unsaturated alcohols,55 and selective hydrogenation of polyunsaturated (alkynes and
alkadienes) to alkenes.17
The selectivity of heterogeneous catalysts is determined by the binding strength of
different reactants, intermediates, and products on the active site.56 The relative binding
strength depends on the electronic nature of the metal active sites. The high electron
negativity of Au and its weak binding of O2 and H2 probably play an important role in the
relatively low activity and at the same time high selectivity of Au catalysts.57
1.5. Stability of Au catalysts
Catalysts often lose their activity (deactivate) over time. Carbon footprint, economic profit
and process design all depend on the lifetime of the catalyst.58‐59 The lifetime of catalysts
can be very short, like for fluid catalytic cracking (FCC) catalysts that deactivate within
seconds, or it can be very long, like for exhaust catalysts that may last for 15 years.
Fundamental understanding of the factors that shorten or enhance the lifetime is crucial.
Only after understanding the deactivation of the catalyst, a catalytic process can be
optimized, such as to either avoid the conditions that cause catalyst deactivation, for
instance by removing a catalyst poison upstream, or redesign the catalyst to enhance its
lifetime. One interesting example is the FCC process during which deposition of
carbonaceous material (see section 1.6.2) upon reaction causes rapid deactivation of the
catalyst. The process design includes very short catalyst exposure times (2‐4 seconds) and
continuous catalyst regeneration to burn off the carbonaceous deposits around 700 °C.
6

According to the World Gold Council, gold’s catalytic properties are beginning to create
demand in the chemical industry (see section 1.9). Potential application of Au catalysts in
industry strongly depends on the catalyst lifetime. Hence, the issue of catalyst stability is
very important to be studied. The stability of Au catalysts has been studied for CO
oxidation,60‐63 water‐gas shift reaction,64 benzyl alcohol oxidation,65 epoxidation,66 PROX
reaction,67 acetylene hydrogenation,68‐72 acetylene hydrochlorination,73 and p‐
chloronitrobenzene hydrogenation.75 In different reactions, catalyst stability is affected by
different deactivation pathways that are discussed below in detail.
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1.6. Deactivation mechanisms
1.6.1. Particle growth
High temperature treatment often causes growth of Au nanoparticles.59, 76‐82 For bulk Au
the melting point is 1064 °C, and the Hüttig temperature at which surface atoms become
mobile is 319 °C. For Au nanoparticles with a diameter of 2.5 nm, the melting point is close
to 600 °C,83 and the Hüttig temperature is only 180 °C. Hence, one can expect the growth
of small Au nanoparticles at elevated temperatures. Different state‐of‐art strategies84‐87
have been employed to combat particle growth.
In principle, Au is too noble to easily become oxidized88 or chemically poisoned,89‐90
therefore, it is a good catalyst for oxidation reactions. Nevertheless, Au catalysts often
encounter particle growth under oxidative conditions.47, 54 For gas phase reactions under
oxidizing conditions like during CO oxidation, Au nanoparticles on TiO2 and CeO2 grow.54,
91‐92
Though the exact conditions that cause the growth are under discussion,91‐92 it is
reported that at nominal room temperature, Au/TiO2 sinters in the presence of O2 or a
CO/O2 mixture.47, 93 However, one must consider that CO oxidation is a highly exothermic
reaction; therefore the temperature can be locally much higher than room temperature.
Au/TiO2 catalysts are known to deteriorate during storage as they are light and moisture
sensitive.94‐95 Also for liquid phase oxidation reactions, at temperatures lower than 80 °C,
deactivation due to particle growth has been observed.88, 96‐97
Deactivation due to particle growth is irreversible and detrimental to the long term
activity of the catalyst. Particle growth can take place via two major mechanisms (Figure
1.5).86 The first one involves nanoparticle diffusion over the support surface and
coalescence to form larger particles (particle diffusion and coalescence). The diffusion is
more likely for smaller particles, and it is accelerated when the temperature increases,
roughly following Arrhenius behavior.98 Near the Tamman temperature, at which the
atoms or molecules of the solid acquire sufficient energy for their bulk mobility, particle
diffusion becomes more dominant. Hence, it is expected that the stability of metal
nanoparticles with respect to particle diffusion and coalescence should roughly increase as
7
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their melting point increases: Ag ≈ Au < Pd < Rh=Pt < Ru < Ir < Os. Alloying with metals
with higher melting points is expected to promote stability. 98‐99

Figure.1.5. Schematic presentation of particle growth mechanisms

Secondly, larger particles may grow at the expense of smaller particles (Ostwald
ripening).79, 100 The driving force is that the higher surface energy of low coordinated metal
atoms at the surface of small particles destabilizes the small particles and makes the larger
particles, compared to smaller particles, energetically more favorable. Hence, metal
species may detach from small particles, diffuse over the support or through the vapor
phase, and attach to larger particles with a lower chemical potential. This leads to the
growth of larger particles at the expense of smaller particles.
According to fundamental studies by Wynblatt and Gjostein,98 Ostwald ripening can have
two possible rate‐limiting steps: detachment of metal atoms from small particles to form
mobile species, the so called interface‐controlled regime, and diffusion of mobile species
from smaller particles to the larger one, the so called diffusion‐controlled regime. Mobile
species can be metal atoms or metal ions of metal containing molecules. In the latter, the
metal or metal ions are complexed and stabilized by surface groups and/or species from
the gas phase that act as ligands. Ligands decrease the activation energy for the
detachment of a metal (ion) from a nanoparticle. Hence, the formation of mobile species
depends on the presence of reactive gases, certain surface groups, and/or oxidizing or
reducing conditions.101
For example, fast growth of Pt/Al2O3 under O2 atmosphere was attributed to the
formation of volatile PtO2 species under oxidizing atmosphere as well as a high diffusivity
of PtO2 over the support surface.102 The growth of Ni nanoparticles during the
methanation reaction was ascribed to the formation of gas phase Ni(CO)4 as mobile
species.103 DFT methods can predict the most likely mobile species in different reactive
conditions by calculating thermodynamics and energy barriers for the diffusion of the
different possible complexes. For instance, based on DFT calculations, CuCO species were
8

Different approaches exist to distinguish different particle growth mechanisms. The basis
of the first approach is that particle size distribution evolves to log‐normal size distribution
with a long tail toward the larger particle sizes when particle growth and coalescence is
the dominant mechanism whereas it evolves to a bimodal type with a tail toward the
smaller particles when Ostwald ripening is dominant.100 However, the relevance of this
approach has been questioned especially given the in practice wide particle size
distributions.100, 102, 105 However, some general conclusions based on this approach are still
accepted and referred to in different reports. For example, it is often assumed that
particle growth by Ostwald ripening is the main growth mechanism for Au/TiO2 at a high
temperature treatment under vacuum,54, 106‐109 based only on the evolution of particle size
distribution.106, 109
A second approach is in situ observations of the growth. In situ TEM is a tool to monitor
growth of particles under reactive gases. Different observations by in situ TEM have been
reviewed by Datye et al.100 As an example, for model supported Pt nanoparticles, growth
by Ostwald ripening at temperatures up to 650 °C under 10 mbar of air was observed.79 In
a similar way, particle diffusion and coalescence was observed for SiO2 supported Au
nanoparticles upon treatment at 700 °C under vacuum.92 Though in situ TEM is an
advanced technique that helps to observe and understand particle growth phenomena,
one must keep in mind that the conditions are far from real catalysis and particle growth
occurs on a different time scale and at different temperatures. The effect of exposure to
the high energy electron beam on particle growth is another issue.
Scanning tunneling microscopy (STM) is another tool that has been widely used to study
particle growth mechanisms. Different observations by STM have been reviewed by
Gong.54 Results based on STM observation must be treated with cautious too because
supports under study are mainly clean and flat single crystals rather than real supports in
catalysis with rough surfaces.
Another approach is describing the experimentally observed growth of particles in a
catalytic process using kinetic models for different particle growth mechanisms. Models
for particle growth kinetics for supported metal nanoparticles were firstly developed by
Wynblatt and Gjostein.98 The models were improved mathematically further by Campbell
et al. and corrected by considering size‐dependent surface energies, γm, for particles
smaller than 5 nm.108 Those models were advanced by Li et al. who adapted them for
particle growth under reactive gases.101 As an example, growth of supported Ni particles
observed by in situ TEM was fitted well in kinetic model of Ostwald ripening under
interface control regime which was suggested as dominant particle growth mechanism.110
9
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assumed to be the mobile species in Cu/ZnO catalysts under methanol synthesis
conditions and during water‐gas shift reaction.104
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1.6.2. Coke formation
Formation of different kind of carbonaceous deposits on active sites,111 generally called
coke formation, is a common deactivation mechanism. It is often dominant under
reducing conditions where Lewis acid sites are available, in the presence of hydrocarbons,
under oxygen deficient conditions, and/or at low temperature reactions. For example,
Au/TiO2 catalysts deactivate during acetylene hydrogenation due to coke formation.68
Passivation of active sites by carbonates also deactivates the catalyst during low
temperature CO oxidation.112 Adsorption of carboxylates on the active Ti sites deactivates
Au/TiO2 catalysts during propene oxidation.10
Different types of coke can be formed under different reaction conditions, on different
sites, and at different temperatures.113 At low temperatures (˂200°C), coke mainly
consists of strongly adsorbed reactants, products, intermediates, and aliphatic compounds
that are formed by condensation and rearrangement reactions. At high temperatures,
coke typically consists of poly‐aromatic and graphitic compounds. Coke can have a
dynamic structure and transform to more complicated structures during catalysis.
Determination of the chemical nature of coke is not always trivial, particularly when the
amount of coke is small. If separation and direct identification of coke is not possible,
there are still different techniques that can identify the coke on the spent catalyst, such as
infrared, ultraviolet‐visible, X‐ray photoelectron spectroscopies, and solid state carbon
nuclear magnetic resonance. Determination of the amount of coke is easier. Elemental
analysis for the determination of carbon content and thermogravimetric analysis are two
examples. Deactivation by coke formation can be reversed by burning off the coke at high
temperatures in the presence of O2, but only if high temperature treatment does not
damage the catalyst and/or induce significant particle growth.
1.6.3. Poisoning and Leaching
In general, Au is too noble to be oxidized, leached out88 or chemically poisoned.89‐90
However, Au nanoparticles on reducible supports like TiO2 and ZnO and under reducing
conditions can undergo strong‐metal‐support‐interaction (SMSI), 61, 114‐119 which means
that a support under reaction conditions is partially reduced, and as a result has a high
affinity for the metal nanoparticle and can partially or fully cover the (active) surface of
metal nanoparticles. Another example of Au poisoning is the deactivation of Au/CeO2
catalysts during water‐gas shift reaction due to formation of cerium (III) hydroxycarbonate
on the active sites.64 A small dosage of the feed with O2 could inhibit the deactivation in
this case.
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Support effects on the activity of Au catalysts have been investigated for different
oxidation and hydrogenation reactions.17, 44‐45, 120‐122 As mentioned earlier, supports affect
the activity of Au catalysts, especially in gas phase reactions.123 A broad range of supports
like CeO2, TiO2, Fe2O3, ZnO, ZrO2, Mg(OH)2, Al2O3, SiO2 with different characteristics like
reducibility, conductivity, and surface acidity or basicity have been investigated. Supports
affect the stability of Au nanoparticles as well,101, 124 however, the support effect on the
stability of Au catalysts has been less investigated. Studies on the stability of Au catalysts
are often performed on the same type of support, usually CeO2, Al2O3, or TiO2, with
Au/TiO2 catalysts discussed in most detail. This thesis focuses on the stability of Au
catalysts supported on TiO2 and SiO2 as two supports with very different properties.
1.7.1. Titania
Titania (titanium dioxide, TiO2) is the most used support for Au nanoparticles. It has been
widely used in industry as a white pigment because of its high refractive index. TiO2 occurs
in nature in three different allotropes: anatase, rutile, and brookite.125 Anatase can be
prepared with high specific surface areas (~ 300‐400 m2/g). Temperatures around 500 °C
initiate a phase change from anatase to rutile that is transformed into brookite at much
higher temperatures126 accompanied by a loss of surface area. As a catalyst support,
mixed phases of anatase and rutile (commercially available as P25) are commonly used.
Crystalline TiO2 consists of a titanium atom (Ti4+) surrounded by six oxygen atoms in a
slightly distorted octahedral configuration. However, the surface of TiO2 is slightly
different. A schematic presentation of the TiO2 surface structure (rutile, 110) is presented
in Figure 1.6. The surface
consists of alternate rows of 6
and 5 fold coordinated Ti
atoms. Six coordinated Ti atoms
are like Ti atoms in bulk TiO2,
but 5 coordinated ones have
one unsaturated bond oriented
perpendicular to the surface.
The surface also consists of two
kinds
of
O
atoms:
Figure 1.6. Schematic presentation of rutile (110) surface
3 coordinated, which are like
calculated by DFT127
O atoms in bulk TiO2, and
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bridging 2 coordinated, which are exposed on the surface and are under‐coordinated with
only two Ti neighbors each. The anatase surface is similar.127 Ti groups on the surface act
as Lewis acid sites128, while O groups act as Brønsted acid sites.
TiO2 is a semiconductor and a reducible support. It can be easily reduced, for instance by
heating. Upon reduction, its color changes to dark blue due to formation of oxygen
defects in the structure. This also leads to a high conductivity and different reactivities.
The defect formation depends on temperature, gas pressure, and impurities.129 Further
reduction to Ti2O3 and TiO are possible. There is a rich literature about the surface
chemistry of clean single crystal surfaces of TiO2 under vacuum.130 However, the nature of
the TiO2 surface under real catalysis conditions is complicated and has not been described
in detail.
1.7.2. Silica
Silica (silicon dioxide, SiO2) is a non‐reducible oxidic support and has a less pronounced
interaction with Au particles than reducible supports like TiO2. SiO2 supports are widely
used in heterogeneous catalysis.131‐132 They can be prepared with different specific surface
areas (50‐2000 m2/g) and structures (Figure 1.7), for example, spheres of Aerosil, ordered
mesoporous structures like SBA15133 with uniform hexagonally arranged pores and a
narrow pore size distribution, SBA16 with small cage and narrow neck sizes134, and
mesoporous cellular foam (MCF) with large cage and wide neck sizes.135

Figure 1.7.
Schematic presentation of
different mesoporous SiO2
materials with different
structures

The flexibility in having supports with different surface areas and structures allows the
design of catalysts with precise inter‐particle distances. High surface area supports
facilitate a homogeneous distribution of particles over the support surface as well.
Previously, our group reported that homogeneous distribution of nanoparticles as well as
high inter‐particle distances minimizes particle growth.103, 136
SiO2 supports are used in heterogeneous catalysis for different reactions,137 for instance,
chromium on SiO2 or SiO2 containing supports known as Phillips catalyst is used to
produce 40–50% of the world's high‐density polyethylene.138 However, the Au/SiO2
12

catalysts have been rarely studied mainly due to difficulties in preparation of these
catalysts. There are not many possibilities for the deposition of small Au particles on
SiO2.30, 34 By applying typical deposition methods, large particles are often formed, due to
the low point of zero charge of this support and the fact that most accessible Au
precursors are anionic.139 Alternative deposition methods of Au on SiO2 are more
complicated, such as physical preparation methods which can change the surface
properties140 and colloidal methods which are often associated with interfering organic
ligands141 or Cl contaminants.34

One strategy to improve the activity and stability of Au catalysts is to add a second
metal.142‐144 Superior activity and stability of bimetallic Au‐based catalysts has been shown
in many reports.144‐145 Among them Au‐Pd144, 146‐147 and Au‐Pt148‐149 are the most studied
ones. Addition of a second metal modifies the electronic structure of the catalysts,150‐151
decreases the surface free energy of the supported nanoparticles,142 and makes them
thermodynamically more stable. Therefore, addition of a second metal can induce
synergism to enhance activity144, 152 and can make the metals more resistant to
oxidation,153 leaching,154 or particle growth.142, 155‐156
Bimetallic nanoparticles can have different structures (Figure 1.8). The two most possible
structures are: core‐shell structure, where one component at the core of the nanoparticle
is fully surrounded by a second component, and random alloy, where two components are
homogeneously mixed.143

Figure 1.8. Schematic presentation of the two
most possible structures of bimetallic
nanoparticles:157 a) core‐shell and b) random
alloy

The structure of bimetallic nanoparticles is influenced by many factors.157 Two metal
atoms may tend to form alloy or may tend to bind to the metal atom of the same type. A
metal atom with higher binding energy as well as a metal with relative smaller atomic size
tend to occupy the core.157 A metal with relative lower surface energy tend to segregate
to the surface. Electron transfer from less to more electronegative elements favors mixing.
Experimental conditions also affect the structure of bimetallic nanoparticles. The metal
that binds stronger to the support, ligands, or surrounding gases may be pulled out
13

1

1.8. Bimetallic catalysts

Chapter 1
toward the surface. For example, Fe segregates to the surface of Fe‐Au nanoparticles
under O2 atmosphere at 250 °C,158 and Cu moves to the surface of Co‐Cu if it is exposed to
H2 and to the core if it is exposed to CO at 370 °C.159‐160 However, higher temperatures
often favors mixing.161 Preparation of bimetallic nanoparticles affects the (initial) structure
as well, for instance consecutive deposition of a metal on another metal nanoparticle can
lead to a core‐shell structure.
1.9. Commercial application of Au catalysts
The high selectivity of Au catalysts is very interesting for the chemical industry. Au is as
abundant as typical metal catalysts like Pt, and in price, it competes with Pt. However, the
main drawback in industrial application of Au catalysts is that Au is often less active than
other metal catalysts like Pt or Pd. Another drawback is that Au is dominantly being
preserved as an investment and its price is fluctuating with political and economic
instabilities. This makes building up a catalytic process based on Au catalyst risky unless
the catalyst long‐term performance and/or its regeneration is guaranteed.
Nevertheless, three Au‐based catalysts are commercially available: an Au‐doped Pd
catalyst for the synthesis of vinyl acetate, a core–shell AuNiOx catalyst for the oxidative
esterification of methacrolein to methyl methacrylate, and carbon‐supported Au for
hydrochlorination of acetylene as a replacement for currently used mercury catalyst.162
One potential application of Au catalysis is in catalytic exhaust gas converters where
typical catalysts, based on platinum‐group metals, encounter cold start issues. More than
50 % of the CO produced by incomplete combustion is emitted while the engine is still at
temperatures below 200 °C.163 By development of environmental protection regulations,
less carbon mono‐oxide emission is demanded. Au is the most active catalyst for CO
oxidation at room temperature which makes Au catalysts very interesting for this
application.9, 164‐165 However, when the engine becomes hot, it reaches temperatures as
high as 700 °C. Application of the Au catalysts in catalytic converters would require a
better thermal stability.10
Preferential oxidation of CO, that can be performed at much milder conditions for
instance for fuel cell feed gases, and direct epoxidation of propene with molecular O2 and
H2 are other potential applications of Au catalysts.
1.10. Scope of the thesis
The selectivity, activity, and stability of supported Au catalysts for different model gas
phase hydrogenation and liquid phase oxidation reactions are discussed. The main
question is the stability of the catalysts, and the focus is on Au/SiO2 catalysts. Another goal
is to compare the catalytic performance of the Au supported on SiO2 as well as its thermal
14

Chapter 2 discusses the catalytic properties of the Au catalysts supported on SiO2 for the
selective hydrogenation of butadiene in comparison to Au catalysts supported on TiO2. For
the first time, a superior stability of Au/SiO2 compared to Au/TiO2 catalysts is reported.
Insight is provided into the deactivation mechanisms for supported Au catalysts in gas‐
phase hydrogenation reactions. Chapter 3 builds on chapter 2, treating bimetallic catalysts
prepared by adding Ag to Au catalysts supported on SiO2. The goal is to improve the
activity while the selectivity is preserved. A correlation between surface composition and
the activity of Au‐Ag catalysts is studied besides the role of dynamic restructuring of Au
and Ag atoms over the nanoparticles upon exposure to the catalysis conditions on the
stability of the catalysts. Synchrotron‐based near‐ambient pressure X‐ray photoelectron
spectroscopy is employed as a tool to detect changes in structure of bimetallic
nanoparticles.
Chapter 4 focuses on thermal stability of Au nanoparticles on different supports and
under different reactive atmospheres. Different possible particle growth mechanisms are
discussed in this case study.
Chapter 5 presents the catalytic properties of Au on SiO2 with different structures, varying
from spheres of Aerosil to cage like SBA16 structures, for liquid phase oxidation of 5‐
hydroxymethyl furfural (HMF) to furan‐2,5‐dicarboxylic acid (FDCA). Chapter 6 continues
the work of chapter 5 on selective oxidation of HMF to FDCA by using bimetallic catalysts.
The activity, selectivity, and stability of Au‐Ag catalysts as well as possible synergism
effects were evaluated.
Finally, a summary, some concluding remarks, and an outlook are provided in chapter 7.
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You are not a drop in the ocean, you are the entire ocean in a drop
Rumi
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Chapter 2
Superior Stability of Au/SiO2 Compared to Au/TiO2 Catalysts for the
Selective Hydrogenation of Butadiene

Abstract: Supported gold nanoparticles are highly selective catalysts for a range of both
liquid‐phase and gas‐phase hydrogenation reactions. However, little is known about their
stability during gas‐phase catalysis and the influence of the support thereon. We report on
the activity, selectivity and stability of 2‐4 nm Au nano‐particulate catalysts, supported on
either TiO2 or SiO2, for the hydrogenation of 0.3 % butadiene in the presence of 30 %
propene at a total pressure of 1 bar. Direct comparison of the stability of the Au catalysts
was possible as they were prepared via the same method but on different supports. At full
conversion of butadiene only 0.1% of the propene was converted for both supported
catalysts, demonstrating their high selectivities. The TiO2‐supported catalysts showed a
steady loss of activity, which was recovered by heating in air. We demonstrated that the
deactivation was not caused by significant metal particle growth or strong metal‐support
interaction, but rather related to the deposition of carbonaceous species under reaction
conditions. In contrast, all the SiO2‐supported catalysts were highly stable, with very
limited formation of carbonaceous deposits. It shows that SiO2‐supported catalysts,
despite their 2‐3 times lower initial activities, clearly outperform TiO2‐supported catalysts
within a day of runtime.

Based on: N. Masoud, L. Delannoy, H. Schaink, A. v. d. Eerden, J. W. d. Rijk, T. Artur,
D. Banerjee, J. D. Meeldijk, K. P. de Jong, C. Louis, P. E. de Jongh, ACS Catal. 2017, 7,
5594−5603, DOI: 10.1021/acscatal.7b01424.
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2.1. Introduction
Gold is an active catalyst for different selective hydrogenation reactions, for instance, α,β‐
unsaturated aldehydes,1 nitroaromatics,2 and acetylene in the presence of an excess of
ethylene3 as well as butadiene in the presence of an excess of alkenes.4 Strikingly, for the
selective hydrogenation of butadiene, Au is highly selective for hydrogenation of
butadiene without over‐hydrogenation to alkanes.5
The activity of Au catalysts for hydrogenation reactions has been investigated extensively
and is affected by many factors6‐9 such as particle size, nature of the support, and catalyst
preparation method. For example, Fujitani et al.10 reported that smaller Au nanoparticles
supported on TiO2 are more active for H2‐D2 exchange reaction than larger particles in the
range of 3.4‐10 nm particles. H2 dissociation is believed to be the rate determination step
for the hydrogenation reaction catalyzed by Au.11‐13 Corma et al.14 postulated, based on
computational studies, that H2 dissociation is also influenced by the nature of the support,
and Louis et al.15 reported that Au/Al2O3 catalysts prepared by anionic adsorption were
less active than similar catalysts prepared by deposition‐precipitation with urea for the
selective hydrogenation of butadiene.
The stability of Au catalysts for hydrogenation reactions has been less investigated. Louis
et al.15 suggested that Au catalyst deactivation might depend on the nature of the support
for hydrogenation of butadiene: Au on TiO2 showed the highest deactivation rate in a
series of Au on TiO2, Al2O3, ZrO2, and CeO2. Sárkány16 also reported faster deactivation of
Au/TiO2 than for Au supported on SiO2 for the acetylene hydrogenation.
In this chapter, we present the selectivity, activity, and stability of the Au/TiO2 catalysts for
gas phase hydrogenation and compare it to Au catalysts supported on SiO2. We chose the
selective hydrogenation of butadiene in propene feedstocks for polyolefin production as a
test reaction. Since impurities like butadiene poison the polymerization catalysts, these
dienes must be hydrogenated to concentrations less than 100 ppm, without significant
hydrogenation of alkenes in the reaction mixture.4
As mentioned in the introduction (section 1.2), the catalytic properties are affected by the
catalyst preparation method. Hence, we used a method that is well established for the
preparation of Au/SiO2 catalysts17 to also prepare similar Au nanoparticles on TiO2
supports. To the best of our knowledge, this is the first study to compare the stability
during continuous time‐on‐stream for Au catalysts prepared by the same method but on
different supports for a hydrogenation reaction. We provide insight into the deactivation
mechanisms for supported Au catalysts in gas‐phase hydrogenation reactions.
Interestingly, Au/SiO2 catalysts clearly outperform Au/TiO2 catalysts after a certain time‐
on‐stream.
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2.2. Experimental

Commercially available TiO2 (P25, Degussa, BET surface area of 50 m2.g‐1) was chosen
which contains anatase and rutile phases in a ratio of about 3:1. For SiO2 supports,
commercially available Aerosil 50 (Evonik, BET surface area of 50 m2.g‐1, denoted as SiO2‐
A50) and Aerosil 300 (Evonik, BET surface area of 300 m2.g‐1, denoted as SiO2‐A300) were
used. Additionally, SBA15 was prepared by the method of Sayari et al.18 In a typical
preparation, poly (ethylene oxide)‐block‐poly (propylene oxide)‐block‐poly (ethylene
oxide) triblock copolymer (4.0 g, EO20PO70EO20, Pluronic P123, Mav of 5800 D, Sigma
Aldrich) was dissolved in mixture of diluted HCl (120 g, 2 M) and water (30 g) at room
temperature (RT). After at least 45 min at 35 °C, tetraethoxysilane (8.5 g) was added and
stirred for 5 minutes. After 20 hours at 38 °C under static conditions, the cloudy mixture
was kept at 90 °C for 24 hours. The precipitate was filtered and washed at RT until all
chloride ions are removed and was dried at 60 °C in static air overnight. Then, the
precipitate was calcined at 550 °C in static air for 6 hours to yield SBA15.
All supports (3 g) were functionalized using aminopropyl triethoxysilane (APTES). First,
they were dried at 140°C under vacuum for 24 hours. Then, dry toluene (50 mL) and
APTES (0.27 g for TiO2, 0.18 g for SiO2‐A50, 1 g for SiO2‐A300, and 3 g for SBA15) were
added. We added the amount of APTES needed for covering the support surface based on
the BET surface area of the supports, considering five OH groups per nm2 for TiO2 and
three OH groups per nm2 for SiO2.19 The mixture was refluxed for 24 hours at 110 °C in a
N2 atmosphere. The functionalized supports were recovered by centrifugation, washed
with ethanol (40 mL) at RT twice, and dried at 60 °C in static air overnight.
All catalysts were prepared by the method of Mou et al. for the deposition of Au on SiO2.17
The functionalized supports (1 g) were dispersed in water (15 mL, doubled distilled). To
deposit 1 wt % Au on TiO2 and SiO2‐A50, 2 wt % Au on SiO2‐A300, and 4 wt% Au on SBA15,
appropriate amount of an aqueous Au solution (0.06 M HAuCl4.3H2O, Sigma Aldrich) were
added. The mixture was stirred at RT for two hours, and the powder was recovered by
centrifugation and washed with H2O (40 mL) at RT twice. Then, the powder was re‐
dispersed in water (15 mL) and reduced by a rapid addition of an excess of a reducing
agent (10 mL, 0.2 M NaBH4) under vigorous stirring at RT. After 20 minutes, the product
was collected by centrifugation, washed with water (40 mL) five times at RT and dried at
60 °C in static air overnight. To eliminate the organic groups, the catalysts were calcined at
500 °C in static air for 4 hours. The catalysts are denoted as Au/TiO2, Au/SiO2‐A50,
Au/SiO2‐A300, and Au/SBA15.
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2.2.2. Characterization
Nitrogen physisorption measurements were done at −196 °C (Micromeritics, TriStar 3000).
Thermogravimetric analysis (TGA) was performed on a PerkinElmer balance (Pyris 1)
connected to a Pfeiffer mass detector on around 10 mg of the powder sample heated for
30 min at 150 °C and further heated to 800 °C (5 °C.min‐1) under a flow of oxygen
(10 mL.min‐1) over the sample. Elemental analysis was performed on an inductively
coupled plasma‐mass spectrometry analysis (Mikroanalytisches Laboratorium Kolbe,
Germany) after destruction of the samples at high temperature and pressure. Chloride
content of the samples was determined by ion chromatography (Mikroanalytisches
Laboratorium Kolbe). Transmission Electron Microscopy (TEM) imaging was performed on
a Tecnai 12 (FEI) microscope operated at 120 kV. Particle sizes were determined from the
TEM micrographs by measuring the sizes of typically 200‐300 individual particles on
different areas of the sample. High‐angle annular dark‐field scanning transmission
electron microscopy (HAADF‐STEM) was performed on a Talos F200X microscope
operated at 200 kV. Energy‐dispersive X‐ray (EDX) spectroscopy was performed by four
windowless SuperX EDX‐detectors with a resolution of 128 eV arranged around the
sample. STEM image processing and identification of the EDX signal was carried out using
Tecnai Imaging Analysis (TIA) software.
X‐Ray Diffraction (XRD) analysis was carried out with a Bruker D2 phaser diffractometer
with Co Kα source. The extended X‐ray absorption fine structure spectroscopy (EXAFS)
spectra were acquired at the Dutch‐Belgian beamline (DUBBLE) of the synchrotron facility
in Grenoble and at the ROCK beamline of the Soleil synchrotron radiation facility, both in
France. The measurements, at DUBBLE, were performed in fluorescence mode using a
Si (111) monochromator at RT on a pellet sample under atmospheric condition20. X‐ray
flux was 3 × 1010 photons.s‐1. The measurement at ROCK was performed in transmission
mode using Si (111) at 8.0 keV with flux of 2 × 1012 photons.s‐1 at RT on a powder sample
under atmospheric condition. The collected EXAFS spectra were background corrected
and analyzed using XDAP software. The Au coordination number (Au CN), the Au–Au
distance (R), the difference of the Debye–Waller factor from the reference (Δσ2), and the
correction of the threshold energy (ΔE0) were treated as free parameters during the
fitting. The quality of the fit was estimated from the values of k3 variance (Vk3) which
represents the difference between the experimental data and fitted spectra in the fitted
range. The values lower than 0.4 indicate a good agreement between experimental data
and the fit.
Particle sizes were calculated based on the EXAFS‐derived Au coordination numbers
following Vaarkamp et al. calculations,21‐22 where the structure of spherical particles of a
given diameter assuming as FCC structure is simulated and the corresponding
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coordination number is calculated. The particle sizes from the samples are then derived
from the relation between average coordination number and particle size.

The hydrogenation of butadiene was performed in a Pyrex plug flow reactor (internal
diameter of 4 mm). Prior to reaction, the catalysts (sieve fraction of 150‐212 μm) were
reduced in situ under pure H2 (1 bar, 50 mL.min‐1) from RT to 450 °C (ramp 3 °C.min‐1) and
kept at 450 °C for 180 min, and then cooled down to RT. Ex situ reduction of the catalysts
was performed under the same conditions to analyze the properties of the catalysts
before the catalytic test. The reaction mixture consisted of 0.3 % butadiene, 30 %
propene, 20 % H2, and helium for balance with a flow rate of 50 mL.min‐1 (normal
temperature and pressure conditions). The product mixtures were analyzed every 15 min
with on‐line gas chromatography.
After in situ reduction, to test the activity and the selectivity, the catalyst (100 mg) was
exposed to the reaction mixture (gas hourly space velocity (GHSV) is 20000 h‐1 for Au/TiO2
and 11700 h‐1 for Au/SiO2), while the catalyst was heated at a rate of 1 °C.min‐1, from RT
up to 300 °C. Turnover frequencies (TOF) were calculated from the activity×MAu/D, where
the activity is calculated as rate of butadiene conversion divided by the total mass of Au in
the reactor, MAu is the Au molecular weight, and the dispersion (D) is calculated by
6(νm/am)/dVA. Here, am is the area occupied by a surface atom, vm is the volume occupied
by an atom in bulk metal, and dVA is the surface‐averaged particle size.23
To verify that the reaction was not mass transfer limited for Au on mesoporous SBA15, Au
catalysts with different sieve fractions (75‐150, 150‐212 and 212‐425 μm) were tested.
Also, half the amount of catalyst was tested with the same GHSV. The activity was similar
in all these tests within the range of 6% of conversion of butadiene at 120 °C, showing that
there were no internal or external mass transfer limitations.
To test the stability, either the Au/TiO2 or Au/SiO2‐A50 (150 mg), or the Au/SiO2‐A300
(100 mg), or the Au/SBA15 (50 mg) were loaded to the reactor. For SiO2 supported
catalysts that have different Au loadings, different weights of catalyst were used to have
high initial conversions but below full conversion. The maximum amount of SiO2
supported catalysts that can be loaded in the reactor is 150 mg. After in situ reduction, the
reactor was cooled down to 200 °C, and the catalytic reaction was performed for 16 hours
at this temperature. To perform the stability tests on the Au/TiO2 and Au/SiO2‐A50 with
the same GHSV, the catalytic beds were adjusted to the same height: the Au/TiO2 (60 mg)
was diluted with bare TiO2 (280 mg) and the Au/SiO2‐A50 (60 mg) was diluted with bare
SiO2 (105 mg). Re‐activation tests were performed after a stability test on the Au/TiO2
catalyst (60 mg) in situ by passing a flow of dry air or H2 (50 mL.min‐1) for 1.5‐3 hours
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through the spent catalyst at 450 °C. In all experiments, carbon was balanced within the
accuracy of the GC analysis, which is 1%. All catalytic tests and analytical measurements
were performed at least twice to ensure reproducibility of the results, in general the
deviations for instance in absolute conversion levels at a given temperature were less than
10%.
2.3. Results and discussion
2.3.1. Structural characterization
Table 2.1 presents the structural properties for the relevant Au on TiO2 and on SiO2
catalysts. For the first two catalysts, Au/TiO2 and Au/SiO2‐A50, similar structural properties
was targeted. The BET surface areas of the TiO2 and SiO2‐A50 supports were similar
(50 m2.g‐1). Elemental analysis showed similar Au loadings and Cl contents for these two
catalysts.
Table 2.1. Structural properties of the Au catalysts

Au/TiO2
Au/SiO2‐A50
Au/SiO2‐A300
Au/SBA15
a

BET surface
area (m2.g‐1)

Au loading
(wt %)

Cl content
(wt %)

50
50
300
800

0.5
0.6
1.7
3.6

0.19
0.17
0.65
0.11

TEM particle size (nm)
number‐
surface‐
a
averaged
averaged b
3.8 ± 0.9
4.3
3.1 ± 1.6
5.8
2.9 ± 1.1
3.8
2.6 ± 0.7
3.0

XRD
crystallite
size (nm)
‐
‐
4.1
3.2

Calculated as ∑nidi/∑ni, b Calculated as ∑nidi3/∑nidi2, di is the particle diameter

Transmission electron microscopy (TEM) (Figure 2.1a and 1b) showed a similar particle
size for Au nanoparticles on TiO2 and SiO2 supports. The size distribution of Au/SiO2‐A50
was slightly broader, as occasionally much larger particles were observed in the sample.
This led to a somewhat larger surface‐averaged particle size for this catalyst. The error in
surface‐averaged particle sizes was between 0.1‐0.4 nm. However, for the Au/SiO2‐A50
the error was larger, due to a few larger particles in some areas of the sample. Crystallite
sizes could not be derived from XRD for the Au/TiO2 and Au/SiO2‐A50 catalysts due to
their low metal loadings.
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Figure 2.1. Transmission electron micrographs and particle size histograms of a) 0.5 wt% Au/TiO2, b) 0.6 wt%
Au/SiO2‐A50, and c) 3.6 wt% Au/SBA15

The accuracy of the particle size for the Au/TiO2 obtained by TEM is limited by the fact
that Au and TiO2 display little contrast in bright‐field TEM. Hence, we employed high‐angle
annular dark‐field scanning transmission electron microscopy (HAADF‐STEM, Figure 2.2).
Clusters of smaller than 1 nm were visible additionally in Au/TiO2 (red arrows in Figure
2.2.a), while no small clusters were detected in Au/SiO2‐A50. Energy‐dispersive X‐ray
spectroscopy analysis confirmed that small clusters consist of Au (Figure 2.2.c). To validate
the particle sizes for Au/TiO2 and Au/SiO2‐A50, extended X‐ray absorption fine structure
spectroscopy (EXAFS) measurements were performed on the as prepared samples. The
particle sizes and other EXAFS fitting parameters are shown in Table 2.2.
EXAFS gave an average Au coordination number of 9.2 for the Au/TiO2 and 10.9 for the
Au/SiO2‐A50 which corresponds to particle size of 1.9 nm and 4.0 nm respectively. The fact
that the EXAFS particle size (1.9) was smaller than one obtained by TEM (4.3 nm)
confirmed that next to the larger nanoparticles, small Au clusters were present on
Au/TiO2, which can be explained by a strong interaction of the Au negative precursor with
the TiO2 surface. Summarizing, the Au/TiO2 and Au/SiO2‐A50 catalysts presented similar
Au loading, support surface area, and particle size, except the fact that Au/TiO2 also
contained a minority of small Au clusters.
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Figure 2.2. High‐angle annular dark‐field scanning
transmission electron micrographs of a) 0.5 wt%
Au/TiO2, b) 0.6 wt% Au/SiO2‐A50, red arrows show Au
clusters of smaller than 1 nm, and c) energy‐
dispersive X‐ray spectroscopy analysis of the area
indicated in (a). The Cu and Si signals originate from
the TEM grid.

Table 2.2. EXAFS fitting results for as prepared Au/TiO2 and Au/SiO2‐A50 and spent Au/TiO2
ΔE0
Particle size
Au
R
Δσ2
Vk3
k range
‐4 Å2)
(nm)
(CN)
(Å)
(10
(eV)
(1/ Å)
Au/TiO2 a
1.9 ± 0.1
9.2 ± 0.2
2.86
86
‐6.5
0.23
2.85‐10.50
Au/SiO2‐A50 b
4.0 ± 0.2
10.9 ± 0.2 2.86
82
‐5.4
0.13
3.30‐15.80
2.0 ± 0.1
9.4 ± 0.2
2.86
82
‐6.7
0.24
2.85‐10.50
Au/TiO2 spent a
a spectra were acquired at the Dutch‐Belgian beamline (DUBBLE), b spectra were acquired at the
ROCK beamline, distance fit range is 1.5‐3.5 Å

For the Au/SiO2 catalysts, different support surface areas and pore structures were used.
Thermogravimetric analysis (TGA) (Figure 2.3) showed that the number of functional
groups on the supports scales linearly with the support specific surface areas. For
example, it was two times higher for SBA15 than for SiO2‐300.
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Nitrogen physisorption isotherms showed
Figure 2.3. Thermogravimetric curves of
that SBA15 contains monodisperse
functionalized supports.
mesopores with a pore size of 8 nm
(Figure 2.4). There was a loss of support porosity upon Au deposition, but no significant
change in the average pore size of the SiO2.

Figure 2.4. Nitrogen adsorption‐desorption isotherms (a) and pore size distribution derived from the adsorption
branch of the isotherm for SBA15 and Au/SBA15 normalized per gram of samples.

TEM showed Au nanoparticles inside the pores of the SBA15 (Figure 2.1c). Crystallite sizes
obtained by XRD (Table1 and Figure 2.5) confirmed particle sizes obtained by TEM for the
Au/SiO2‐A300 and Au/SBA15 catalysts. Note that the EXAFS particle size for Au/SiO2‐A50
(4.0 nm) was also in the range of sizes for Au nanoparticles on other SiO2 supports (3‐
4 nm). Thus, the Au/SiO2‐A50, Au/SiO2‐A300, and Au/SBA15 catalysts had the same
chemical nature of the support, but different support specific surface areas and pore
structures, which influences the Au loading but has almost no influence on the Au particle
size.
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The number of functional groups on the
support limits the maximum metal loading
that can be achieved. Hence, we targeted
a higher Au loading for the Au/SBA15
catalyst (800 m2/g) than for the Au/SiO2‐
A300 and Au/SiO2‐A50 catalysts (300 m2/g
and 50 m2/g respectively). In all cases the
achieved loading was close to the targeted
loading.
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Figure 2.5. X‐ray diffraction patterns of the 3.6 wt%
Au/SBA15, 1.7 wt% Au/SiO2‐A300, 0.6 wt% Au/SiO2‐
A50, and 0.5 wt% Au/TiO2 catalysts and the
corresponding supports.

2.3.2. Catalytic selectivity and activity
The selectivity and activity of the catalysts were assessed by measuring the concentrations
of the reactants and products during reaction while the temperature was increasing
gradually. Figure 2.6 shows the evolution of the concentrations of all reactants and
products for the Au/TiO2 and Au/SiO2‐A50 catalysts in the temperature range of 50‐300 °C.
The main products of hydrogenation of butadiene for both catalysts, in order, were: 1‐
butene, cis‐2‐butene, and trans‐2‐butene. This is consistent with the earlier reported
selectivities for Au catalysts for the hydrogenation of butadiene.15, 24

Figure 2.6. Concentrations of reactants and products for a) 0.5 wt% Au/TiO2 b) 0.6 wt% Au/SiO2‐A50 (both
100 mg) for the hydrogenation of butadiene while heating from 50 to 300 °C with 1 °C.min‐1. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene, 20 % H2, and He for balance, and flow rate was 50 mL.min‐1.

For the Au/TiO2 catalyst (Figure 2.6a), at 240 °C the remaining butadiene concentration in
the product stream was less than 100 ppm, while the propane concentration was only
180 ppm, and the butane concentration was below the detection limit. This means that
while more than 96.7 % of the butadiene was hydrogenated, only 0.1 % of the propene
was hydrogenated, despite a two orders of magnitude higher concentration. In other
words, the selectivity for hydrogenation was above 99.9 % towards the butadiene; the
Au/TiO2 catalyst was very selective. This selectivity is similar to that reported for Au/TiO2
and Au/Al2O3 prepared via deposition‐precipitation with urea (DPU).15
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The concentrations of all reactants and products for the Au/SiO2‐A300 and Au/SBA15
catalysts in the temperature range of 50‐300 °C are shown in Figure 2.7. Table 3 presents
an overview of the activities and turnover frequencies (TOF) of the catalysts at 120 °C
obtained from measuring the butadiene conversion during a temperature ramp (Figure
2.6 and Figure 2.7). Studies on the kinetics of hydrogenation of butadiene in the presence
of an excess of propene at different temperatures5 shows that at 120 °C the conversion of
butadiene is kinetically controlled, the reaction rate is close to zero order in butadiene
concentration and decreases slightly with increasing propene concentration due to
competitive adsorption. The estimation of the average TOF based on the EXAFS particle
size for the Au/TiO2 catalyst is 15 × 10‐3 s‐1. This TOF is comparable to the literature values
for Au/TiO2 catalysts: A TOF of 20 × 10‐3 s‐1 at 120 °C is reported for Au/TiO2 prepared via
DPU.15

Figure 2.7. Concentrations of reactants and products for a) 1.7 wt% Au/SiO2‐A300, and b) 3.6 wt% Au/SBA15
(both 100 mg) for the hydrogenation of butadiene while heating from 50 to 300 °C with 1 °C.min‐1. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene, 20 % H2, and He for balance, and flow rate was 50 mL.min‐1.

The TOF is 4 × 10‐3 s‐1 for the Au/SiO2‐A50 catalyst at 120 °C (Table 3), which is lower than
that of the Au/TiO2 catalyst (15 × 10‐3 s‐1). A lower activity for Au/SiO2 than for Au/TiO2 for
the hydrogenation of butadiene has been also reported by Haruta et al. (TOF of 6 × 10‐3 s‐1
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For the Au/SiO2‐A50 catalyst (Figure 2.6b), at 285 °C, the remaining butadiene
concentration was less than 100 ppm (96.7 % of the butadiene was hydrogenated), while
the propane concentration was 200 ppm (only 0.1 % of the propene was hydrogenated),
and the butane concentration was not detectable. In comparison to the Au/TiO2 catalyst,
the Au/SiO2‐A50 catalyst reached the same conversion of butadiene (96.7%) at a higher
temperature (285 °C instead of 240 °C), and is therefore less active. However, at the same
conversion of butadiene, for the Au/TiO2 and Au/SiO2‐A50 catalysts, propane
concentrations were similar (200 ppm and 180 ppm, respectively), which means the
Au/SiO2‐A50 catalyst was as selective as the Au/TiO2 catalyst toward hydrogenation of
butadiene.

Chapter 2
for the Au/SiO2 versus 20 × 10‐3 s‐1 for the Au/TiO2 (particle sizes of 7.0 ± 3.0 and 3.5 ± 1.3,
respectively) at 150 °C).25‐26
Table 3. Particle sizes, activity, and TOF for Au/TiO2 and Au/SiO2 catalysts
particle size (nm)
Au/TiO2
1.9 a
Au/SiO2‐A50
4.0 a
Au/SiO2‐A300 3.8 b
Au/SBA15
3.0 b
a EXAFS particle size, b TEM particle size

Activity (µmol.s‐1.gAu‐1)
at 120 °C
48
6
6
9

TOF (10‐3 s‐1)
at 120 °C
15
4
4
5

The lower activity seems specific for SiO2 supports since higher and very similar activities
were found for Au on Al2O3, ZrO2 and CeO2 as well as for Au on TiO2 by Louis et al.15 Kinetic
studies showed that the apparent activation energy for Au catalysts on different supports,
including SiO2 and TiO2, does not depend on the support,15, 27 suggesting that similar active
sites are present in all supported Au catalysts. There is consensus in literature that H2
dissociation is the rate determining step for hydrogenation reaction, but no clear
consensus on which sites are the most active ones. Experimentally10 and theoretically,28‐29
Au sites at the interface with the support are shown to be the most active ones. However,
other experimental data15 show no difference in activity for Au catalysts on a range of
different supports (not including SiO2), suggesting that the most active sites are not Au
sites at the support interface, but rather low‐coordinated sites on the Au particles.12‐14, 30
In any case, the higher average TOF on the non‐silica supports might be explained by the
presence of additional highly active sites, either at the interface with the support, or low
coordination surface sites. In the present study, particularly the small clusters that are
exclusively present on the TiO2 support might be an important factor in causing a higher
activity for Au/TiO2 than for Au/SiO2.
To compare the activity and selectivity of the different Au/SiO2 catalysts, the
concentrations of butadiene and propane are given in Figure 2.8. The Au/SBA15 catalyst,
Au/SiO2‐A300 and Au/SiO2‐A50 catalysts reached the same conversion level of butadiene
(>96.7 %) at different temperatures: 195, 240 and 285 °C, respectively. Since the same
mass of catalyst was used for each test (100 mg), this is due to the higher Au loading of
the Au/SBA15 catalyst (3.6 wt%) in comparison to the Au/SiO2‐A300 (1.7 wt%) and
Au/SiO2‐A50 (0.6 wt%) catalysts. The turnover frequencies were in the range of 4 to
5 × 10‐3 s‐1 for all the Au/SiO2 catalysts at 120 °C. Hence, the Au/SiO2 catalysts have similar
intrinsic activities. At the same butadiene conversion (> 96.7 %), only 0.1 % of the propene
was converted to propane for the three Au/SiO2 catalysts. Thus, all the Au/SiO2 catalysts
showed similar selectivities for the hydrogenation of butadiene. Hence, the selectivity and
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the activity of the Au/SiO2 catalysts were independent of the support surface area and
pore structure.
Figure 2.8. Concentrations of butadiene (solid
lines) and propane (dashed lines) for Au/SiO2
catalysts (all 100 mg) with loadings from 0.6‐
3.6 wt% and on SiO2 with different surface
areas and pore structures while heating from
50 to 300 °C with 1 °C.min‐1. The reaction
mixture consisted of 0.3 % butadiene, 30 %
propene, 20 % H2, and He for balance, and flow
rate was 50 mL.min‐1.

Figure 2.9 shows the evolution of the butadiene conversion comparing the Au/TiO2 and
Au/SiO2‐A50 catalysts at 200 °C during prolonged time‐on‐stream. The Au/TiO2 was
initially 2.4 times more active than the Au/SiO2‐A50. However, the Au/TiO2 gradually lost
activity from 80 % to 9 % conversion, hence loosing 88% of its initial activity during
16 hours of time‐on‐stream, while the Au/SiO2‐A50 was much more stable. At the first
8 hours of reaction, the Au/TiO2 catalysts exhibited close to second‐order deactivation,
but on longer timescales, deactivation was slower than expected based on a second order
dependence on the activity. Stability tests at higher conversions (Table of Content Figure
on page 22), for which 150 mg of catalyst was used instead of 60 mg, confirmed that the
Au/SiO2 catalysts clearly outperform the Au/TiO2 catalysts after several hours of reaction.
The difference in catalyst stability is striking. Although it has been suggested before that
the support might have an influence on the Au catalyst stability for hydrogenation
reactions15‐16 this is the first study directly comparing the stabilities of Au catalysts with
similar structural properties but on different supports during extended run time.

Figure 2.9. Evolution of the butadiene conversion
comparing the Au/TiO2 to the Au/SiO2‐A50 catalysts
(both 60 mg) during the hydrogenation of butadiene
at 200 °C. The reaction mixture consisted of 0.3 %
butadiene, 30 % propene, 20 % H2, and He for
balance, and flow rate was 50 mL.min‐1. The height of
the catalytic beds was the same.
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2.3.3. Catalyst stability
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We will discuss first the origin of the deactivation for Au/TiO2 before we look in detail into
the stability of the SiO2 supported Au catalysts. A common reason for activity loss in
supported metal nano‐particulate catalysts is particle growth and hence loss of active
metal surface area. However in this case, EXAFS performed before and after catalysis
(Table 2) showed only a very slight increase in average coordination number, from 9.2 for
the as‐prepared Au/TiO2 catalyst to 9.4 for the spent one, a difference which is close to or
within the error margin. Also from TEM images of the spent catalysts neither for the TiO2
supported catalyst, nor for the SiO2 supported catalyst, particle growth was observed.
Hence, metal particle growth did not, or only to a very minor extent, contribute to the
activity loss.
A second possible reason for the deactivation of the catalysts is carbonaceous deposit
formation, which has been reported before as a major cause of activity loss in
hydrogenation reactions.16, 31‐35 Carbonaceous deposit formation is the main cause of
deactivation for Pd catalysts used for the selective hydrogenation of butadiene in
industry.15, 36 By heating the sample in oxygen, these carbonaceous deposits are burned
off, and the weight loss can be used to quantify the extent of carbon deposition. Figure
2.10 shows the weight loss of the Au/SiO2–A50 and Au/TiO2 catalysts just before catalysis
(after in situ reduction), and after catalysis. Figure 2.10 also shows the weight loss of the
bare supports after exposure to the reaction mixture under similar conditions. The
Au/SiO2 after catalysis as well as the bare SiO2 exposed to reaction conditions showed a
limited and very gradual weight loss only at temperatures above 350 °C, which is rather
due to the condensation of surface hydroxyl groups than to carbon combustion. In
contrast, the Au/TiO2 after catalysis as well as the bare TiO2 exposed to the reaction
conditions showed a weight loss of 2.0 % at temperatures between 150 and 450 °C, which
is attributed to the combustion of carbonaceous species. Interestingly the presence or
absence of Au had little influence.
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Figure 2.10. Weight loss upon heating with 5 °C.min‐1 under a 10 mL.min‐1 flow of oxygen (indicative of the
amount of carbon present on the samples) for the Au/SiO2–A50 and Au/TiO2 catalysts before and after catalysis
(top), and the results for the bare supports after exposure to the reaction mixture (bottom) under similar
conditions (60 mg, for 16 hours, at 200 °C). The reaction mixture consisted of 0.3 % butadiene, 30 % propene,
20 % H2, and He for balance, and the flow rate was 50 mL.min‐1.

The amount of carbonaceous species corresponds to a monolayer flat deposition of
aliphatic compounds (like butadiene, assuming one molecule of butadiene occupies
surface of 20 Å2) on the TiO2 support (BET surface area of 50 m2/g). We attribute the
difference in carbon deposition to the difference in surface Lewis acidity, which is
reported to lead to conversion of olefins into carbonaceous deposits37‐38. A high number of
surface groups with Lewis acidity are present on TiO2 but not on SiO239, although also basic
surface groups on the TiO2 could contribute to the coke formation. Note that without Au
no hydrogenation products were detected in the outlet stream; hence the carbonaceous
deposits remained strongly adsorbed on the TiO2 surface.
Although the exact nature of the active sites for hydrogenation reaction on the Au on TiO2
catalysts is not known, it is clear that the use of a TiO2 support induces a high initial
activity which is probably related to sites close to the Au/TiO2 interface. It is likely that the
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carbon deposition rapidly deactivates these active sites especially on the small supported
Au clusters and possibly via spill‐over also gradually other active sites on the supported Au
nanoparticles. This offers an explanation for the fast activity decrease of the Au/TiO2
catalysts at the early stage of reaction, and explains why their activity becomes even lower
than the activity of the Au/SiO2 catalysts in the long term.
A third possible reason that might lead to deactivation especially under reducing
conditions is strong‐metal‐support‐interaction (SMSI), which means that a support under
reaction conditions is partially reduced, and as a results has a high affinity for the metal
nanoparticle and can partially or fully cover the (active) surface of metal nanoparticles.
This effect is known to occur for metal particles supported on reducible supports like TiO2
under reducing conditions at temperature higher than 477 °C.40‐41
One of the ways to allow distinction between the different deactivation pathways is to
heat the sample to high temperatures after it has lost activity due to time‐on‐stream. If
particle growth is the main deactivation mechanism, regeneration of the activity is not
expected. If deposition of carbonaceous species is the main reason for deactivation,
heating to high temperatures under oxidizing atmosphere removes the carbon species (as
illustrated in Figure 2.10) and reactivates the catalyst. If the SMSI effect is the dominant
deactivation mechanism, oxidative treatment can reverse the SMSI effect,41 but high
temperature treatment under reducing conditions is expected to enhance the SMSI effect
and hence lead to a low activity.
Figure 2.11 shows the evolution of the butadiene conversion for the Au/TiO2 catalyst:
after 16 hours on stream at 200 °C the catalyst lost 93% of its activity. The spent catalyst
was subjected to a 1.5 hours air treatment at 450°C. This treatment revived the catalytic
activity confirming that particle growth cannot be a deactivation mechanism. After
renewed time‐on‐stream, the spent catalyst was subjected to a 1.5 hours air treatment at
450 °C followed by a 3 hours H2 treatment at 450 °C. This high temperature treatment
under reducing conditions left the catalyst fully active. It is highly unlikely that the SMSI
effect does not occur at 450 °C during treatment in reductive atmosphere, but would
occur to a large extent at 200 °C during time‐on‐stream. This is in line with the literature
which reports that the SMSI effect occurs only at 477 °C and above for Au/TiO2.40‐41 Hence,
carbon deposition was the main deactivation mechanism of the Au/TiO2 catalyst, and it
could be regenerated by burning off all carbonaceous deposits in air.
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The catalyst stability is very different for the SiO2‐based catalysts. Figure 2.12 shows the
evolution of the butadiene conversion for the three Au/SiO2 catalysts at 200 °C, comparing
Au catalysts on the two amorphous SiO2 supports (Aerosil 50 and 300) and on the ordered
mesoporous SBA15. As discussed before, all three Au/SiO2 catalysts showed similar
intrinsic initial activities at 120 °C. Note that different initial conversions were observed in
this experiment, as different amount of catalysts with different Au loadings were used.

Figure 2.12. Evolution of the butadiene conversion for
the Au/SiO2 catalysts: Au/SBA15 (50 mg), Au/SiO2‐
A300 (100 mg), Au/SiO2‐A50 (150 mg) during the
hydrogenation of butadiene at 200 °C. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene,
20 % H2, and He for balance, and flow rate was
50 mL.min‐1.

Nevertheless, a common feature that was observed for all SiO2‐supported Au catalysts
that we tested is that all of them showed an excellent stability, retaining most of their
initial activity during 21 hours of reaction. The Au/SBA15 catalyst was even tested for
5 days, and retained almost all of its initial activity (at about 90 % of conversion) at this
period (Figure 2.13). Hence we can conclude that, regardless of the support surface areas,
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Figure 2.11. Evolution of the butadiene conversion during the hydrogenation of butadiene at 200 °C for, in time
order, the Au/TiO2 catalyst (60 mg), after air regeneration (50 mL.min‐1, at 450 °C for 1.5 hours), and after
consecutive air‐regeneration (50 mL.min‐1, at 450 °C for 1.5 hours) and reduction (50 mL.min‐1, at 450 °C for
3 hours). The reaction mixture consisted of 0.3 % butadiene, 30 % propene, 20 % H2, and He for balance, and
flow rate was 50 mL.min‐1.

Chapter 2
pore structure, and conversion level, SiO2 supports lead to exceptional long term stability
for Au catalysts for butadiene hydrogenation.

Figure 2.13. Evolution of the conversion for the
3.6 wt% Au/SBA15 catalyst during the hydrogenation
of butadiene at 200 °C. The reaction mixture
consisted of 0.3 % butadiene, 30 % propene, 20 % H2,
and He for balance, and flow rate was 50 mL.min‐1.
The longer test was performed on the spent catalyst
of the shorter test (and as only part of the catalyst
was retrieved, the starting conversion of the second
run was somewhat lower).

2.4. Conclusion
The selectivity, activity, and stability of Au/TiO2 and Au/SiO2 catalysts for the selective
hydrogenation of butadiene in the presence of an excess of propene were investigated.
The Au/TiO2 and Au/SiO2 catalysts were prepared with the same method (by Au
deposition on intermediate functional groups on the both supports) and showed similar
structural properties (Au loading and support surface area) except from the fact that the
TiO2 supported catalysts additionally showed some smaller Au clusters. SiO2 supported
catalysts were as selective as the Au/TiO2 catalysts, but showed lower initial activities.
The TiO2 supported catalysts showed high initial activity, but rapidly lost activity during
time‐on‐stream at 200°C and 1 bar pressure. No significant growth of the Au nanoparticles
was observed, and the initial activity was readily recovered by heating in air, even if this
was followed by a high temperature reductive treatment. Therefore, strong metal‐support
interaction was excluded as a main reason for the activity loss. Instead the deposition of
carbonaceous species, facilitated by the surface properties of the TiO2 support, was the
main cause for activity loss. Probably active Au sites on the small clusters and close to the
TiO2 support are most susceptible to deactivation.
In contrast, for the SiO2 supports very limited coke deposition was measured under the
prevailing reaction conditions. Au/SiO2 catalysts showed excellent stabilities, generally
loosing less than 10% of the initial activity during 5 days of run time, independent of the
SiO2 specific surface area or pore size. As a result, despite their lower initial activities, they
clearly outperformed the Au/TiO2 catalysts within several hours of runtime.
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Chapter 3
Silica‐supported Au‐Ag Catalysts for the Selective Hydrogenation of
Butadiene

Abstract: Gold and silver are miscible over the entire composition range and form an
attractive combination of metals for fundamental studies on bimetallic catalysts. Au‐Ag
catalysts have shown synergistic effects for different oxidation and liquid‐phase
hydrogenation reactions, but have rarely been studied for gas‐phase hydrogenation. For
the selective hydrogenation of butadiene in an excess of propene, the reaction also
discussed in the previous chapter, we now compare 3 nm particles of Au, Ag and Au‐Ag
supported on silica (SBA15) as catalysts. The Au catalyst was over an order of magnitude
more active than the Ag catalyst at 120 °C. The initial activity of the Au‐Ag catalysts scaled
linearly with the Au‐content, suggesting a direct correlation between the surface and
overall compositions of the nanoparticles and the absence of synergistic effects. All Au‐
containing catalysts were highly selective for hydrogenation of butadiene to butenes
(>99.9%). The Au catalysts were stable, whereas the Au‐Ag catalysts lost about half of
their activity during 20 hours run time at 200 °C, but the initial activity was restored by a
consecutive oxidation‐reduction treatment. Near ambient pressure X‐ray photoelectron
spectroscopy showed that exposure to H2 at elevated temperatures led to a gradual
enrichment of the surface of the Au‐Ag nanoparticles by Ag. These observations highlight
the importance of considering progressive atomic rearrangements in bimetallic nano‐
catalysts under reaction conditions.

Based on: N. Masoud, L. Delannoy, C. Calers, J.J Gallet, F. Bournel, K.P. de Jong, C. Louis,
P.E. de Jongh, ChemCatChem 2017, 9, 2418 –2425, DOI: 10.1002/cctc.201700127.
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3.1. Introduction
As discussed in chapter 2, the Au/SiO2 catalysts demonstrated a very high stability for
removal of butadiene impurities from alkene feedstocks for polyolefin production. In
industry, palladium‐based catalysts are used to reduce the butadiene concentration from
1% to 100 ppm or less in a C4 alkene gas stream through selective hydrogenation.1‐3 The
development of a more selective catalyst, that reaches full conversion of butadiene
without converting any alkenes, is desirable. Gold catalysts are very selective for this
reaction, but far less active than Pd catalysts.4 For example, in the hydrogenation of
acetylene at 30 °C, the activity of Au is about two orders of magnitude lower than that of
Pd.4 To increase the activity of the catalyst for hydrogenation reactions, Au has been
alloyed with other metals, such as Pd,5 Pt,6 and Ni,7‐8 but this led to lower selectivities than
for Au alone. For instance, for the hydrogenation of butadiene with an excess of propene,
it is reported that at the lowest temperature that yields full conversion of butadiene, the
propene conversion to propane is 0.03% when catalyzed by Au, whereas it is 0.3% if it is
catalyzed by Au‐Pd with Au to Pd atomic ratio of 20.9
Cu as well as Au‐Cu nanoparticles have shown catalytic activity and selectivity for the
hydrogenation of butadiene.10 Silver catalysts selectively catalyze different hydrogenation
reactions11‐12 such as the hydrogenation of unsaturated aldehydes, for instance, acrolein,
crotonaldehyde,13‐15 or citral,16 and hydrogenation of unsaturated esters,17
nitroaromatics,18 and acetylenic compounds.19 Grünert et al. reported that for the
hydrogenation of unsaturated aldehydes, the only monometallic metals selective to allyl
alcohol products are Ag and Au.20 According to a computational study by Nørskov et al., Ag
is more active than Au in H2 dissociation,21 and Cu is more active than Ag. Copper catalysts
are indeed more active than Au catalysts in alkyne hydrogenation.10, 22‐23
Au‐Ag catalysts have been extensively studied for oxidation reactions,24‐27 but have been
less explored for hydrogenation reactions. The main studies on hydrogenation focus on
liquid‐phase rather than gas‐phase catalysis. For instance Au‐Ag catalysts showed much
higher activity than monometallic Au and Ag catalysts for the selective hydrogenation of
dimethyl oxalate to methyl glycolate and ethylene glycol in the liquid‐phase.17 The Au‐Ag
catalysts also showed activity for the selective hydrogenation of acetylene in the presence
of excess ethylene.28 To the best of our knowledge, the catalytic properties of Au‐Ag
catalyst for the selective hydrogenation of butadiene have not been studied yet.
In addition to different deactivation pathways that are discussed in the introduction
(section 1.6) for bimetallic catalysts, redistribution of atoms within the nanoparticles due
to reaction conditions (elevated temperature, oxidative or reductive atmosphere) can play
an important role. Au‐Ag nanoparticles are a very interesting model system due to
similarity of Au and Ag in lattice spacing and hence miscibility of these two metals over the
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In this paper, we discuss the selectivity, activity, and the stability of the Au‐Ag as well as
Au and Ag catalysts for the selective hydrogenation of butadiene in a gas stream
containing an excess of propene. As a support we chose an ordered mesoporous silica
(SBA15)30 with uniform hexagonally arranged pores and a narrow pore size distribution.
Surface functionalization of the SiO2 support with aminopropyl groups facilitates the
preparation of small Au and Au–Ag nanoparticles and a homogenous distribution over the
support. The activities of Au, Ag and Au‐Ag catalysts with different compositions but with
similar, all 3 nm, particle sizes in gas‐phase hydrogenation are compared. An interesting
question is how active Ag is for this type of reaction, and whether synergistic effects,
resulting from either electronic or ensemble effects, on the activity are observed in the
case of the bimetallic catalysts. We are also particularly interested in the stability of the
different catalysts. Furthermore near‐ambient pressure X‐ray photoelectron spectroscopy
is used as an important tool to detect changes in the atomic distribution of Au and Ag over
the nanoparticles. We will show that there is a correlation between surface composition
and the activity and stability for these bimetallic catalysts.
3.2. Experimental
3.2.1. Catalyst preparation
The SiO2 support (SBA15, 1 g, BET surface area 800 m2/g) was prepared by the method of
Sayari et al.30 as described in section 2.2.1. The SiO2 support was first functionalized using
aminopropyl triethoxysilane31 as described in section 2.2.1. The metals were deposited
following the method of Mou et al. on the functionalized support.32 The functionalized
SiO2 (1 g) was dispersed in water (15 mL, doubled distilled). To prepare the monometallic
Au or Ag catalyst, either a HAuCl4.3H2O aqueous solution (0.05 M, 3 mL) or an AgNO3
aqueous solution (0.05 M, 3 mL) was added, and the mixture was stirred at RT for 2 hours.
The powder was recovered by centrifugation and washed twice with water at RT. Then,
the powder was re‐dispersed in water (15 mL), and the metal ions reduced by a rapid
addition of a NaBH4 solution (0.2 M, 5 mL) under vigorous stirring at RT. After 20 min, the
product was collected by centrifugation, washed with water (80 ml) twice at RT and dried
at 60 °C in static air overnight.
Following this, to prepare Au‐Ag catalysts, Ag precursor was deposited on previously
reduced Au/SBA15 keeping the total mole percentage of metal constant to ensure an
atomic ratio of (Au:Ag) of 3:1 and 2:1, which are denoted as Au3Ag1 and Au2Ag1,
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entire composition range. Ag has a lower surface tension and has a higher affinity for
oxygen than Au, hence in Au‐Ag systems, Ag atoms tend to segregate to the surface under
oxidative conditions.24, 29 However, the surface composition of Au‐Ag nanoparticles under
H2 atmosphere has not been reported yet.
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respectively. To eliminate the amine groups, the catalysts were calcined either at 500 °C
for Au and Au‐Ag catalysts, or at 450 °C for the Ag catalyst in static air for 4 hours. The Ag
catalyst was calcined at lower temperatures to limit particle growth.
3.2.2. Characterization
To obtain suitable samples for Transmission Electron Microscopy (TEM) characterization,
the samples were cut into slices of 70 nm thickness using an Ultracut E Reichert‐Jung
microtome (Leica). TEM imaging was performed on a Tecnai 12 (FEI) microscope operated
at 120 kV. To assure Ag nanoparticles are imaged properly, high angle annular dark‐field
scanning transmission electron microscopy was performed on a Tecnai 20 (FEG)
microscope operated at 200 kV. Particle sizes were determined from the TEM images by
measuring the sizes of typically 300 individual particles on different areas of the sample. X‐
Ray Diffraction (XRD) was carried out with a Bruker D2 phaser diffractometer with Co Kα
source. Elemental analysis was performed using inductively coupled plasma‐mass
spectrometry at the Mikroanalytisches Laboratorium Kolbe, Germany. Ultraviolet‐Visible
spectroscopy (UV‐Vis) analysis was performed on a VARIAN 5000 spectrometer.
Thermogravimetric analysis (TGA) was performed on a PerkinElmer balance (Pyris 1)
connected to a Pfeiffer mass detector. The powder sample (approximately 10 mg) was
heated for 30 min at 150 °C and further heated to 800 °C (5 °C.min‐1) under a flow of O2
(10 ml.min‐1) over the sample.
3.2.3. Catalysis
The hydrogenation of butadiene was performed at atmospheric pressure in a pyrex plug
flow reactor (internal diameter 4 mm). To test the activity and the selectivity, 100 mg
catalyst (sieve fraction, 150‐212 μm) was exposed to a reaction mixture which consisted of
0.3 % butadiene, 30 % propene, 20 % H2, and helium as balance with a flow rate of
50 mL.min‐1 (normal temperature and pressure conditions, Gas Hourly Space Velocity
(GHSV) =11700 h‐1). The catalyst was heated at a rate of 1 °C.min‐1, from RT to 300 °C,
while monitoring the product flow every 15 min with on‐line gas chromatography.
After cooling down to RT, the same catalyst was reduced in situ under pure H2
(100 mL.min‐1) from RT to 450 °C (ramp 2 °C.min‐1) and kept at 450 °C for 180 min to test
the effect of reduction on the activity. The activity and selectivity of the same catalyst was
subsequently tested again.
Turnover frequencies (TOFs) were calculated from the activity×MAu/D, in which the activity
is calculated as rate of butadiene conversion divided by the total mass of Au in the
reactor, MAu is Au molecular weight, and D is 6(νm/am)/dVA. Here, am is the area occupied
by a surface atom, vm is volume occupied by an atom in bulk metal, and dVA is the surface‐
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averaged particle size.33 The apparent activation energy was calculated from the Arrhenius
plots (ln (activity) versus 1/T) in the range of 75‐120 °C, as in this temperature range the
reaction is zero order with respect to butadiene.34 The pre‐exponential factor was
calculated from the intercept.
For the stability tests, either Au catalyst (45 mg) or Au3Ag1 catalyst (68 mg) or Au2Ag1
catalyst (75 mg), which contain the same amount of Au in mole, were loaded into the
reactor. After in situ reduction, the reactor was cooled and maintained at 200 °C, and the
catalytic reaction was performed for 21 hours.
Regeneration was performed after a stability test on Au2Ag1 catalyst in situ by
consecutive oxidation (air flow, 100 ml.min‐1) and reduction (H2 flow, 100 ml.min‐1) both
for 180 min at 450 °C followed by another stability test.

The near ambient pressure (NAP) XPS experiments were performed on the branch 2 of the
TEMPO beamline of the SOLEIL synchrotron radiation facility in Paris,35 using the NAP‐XPS
end station of Paris 6 University. It is equipped with a SPECS Phoibos 150‐NAP electron
analyzer, the detector is a 3D(x, y, t) delay detector. The base pressure in the main
chamber is in the low 10‐9 mbar and XPS can in principle be performed up to 25 mbar. The
photon beam enters the chamber through a windowless aperture differentially pumped.
At a photon energy of 500 eV and a pass energy of 50 eV, the overall resolution is greater
than 0.2 eV. The emitted electrons are collected at normal emergence from the sample
and the probe size was 100×100 µm2. The experiments were performed on the Au2Ag1
catalyst. To compensate charge effects, carbon nanotubes (1 wt%) were dispersed in the
sample by sonication in ethanol. After the sample was dried, a copper grid (used for TEM)
with window size 200×200 µm2 was pressed on a thin layer of powder samples to limit the
surface charging. The grid was mounted on a handmade XPS sample holder (Figure 3.1).
The sample position was optimized by minimizing
the copper intensity. To obtain the surface
composition, the photo‐emission spectra were
collected under ultra‐high vacuum (10‐9 mbar) with
photon energy of 500 eV and 700 eV at RT. Au and
Ag XPS regions were obtained by adding up 40
individual spectrum, and Si and C XPS regions were
obtained from a single spectrum (step size of 0.1 eV
and step time of 0.1 s). To investigate the effect of
H2 on the surface composition, the analyzer
chamber was pressurized with 1 mbar of H2. The

Figure 3.1. Schematic representation of
the sample holder for the NAP‐XPS
experiments, and showing two copper
TEM grids that were fixed to it.
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sample was heated using a button heater (filament in Al2O3 ceramic) and the temperature
measured with a K‐type thermocouple. The temperature was controlled by increasing
manually but gradually the heater output in order to have a heating rate of around
5 °C/mi. The series of spectra were collected at around 135 and 210 °C ± 10 °C (dwell time
of 30 min at each step before collecting spectra) with photon energy of 500 eV.
Background correction was performed by using a Shirley background and the spectra were
calibrated with respect to the Si2p peak. The spectra were fitted using Casa XPS v.2.3.16
software (Casa Software Ldt, UK) with voigt profile applying a Gaussian/Lorentzian ratio
equal to 70/30. For semi‐quantitative analysis, the Au:Ag ratio was calculated from the
measured Au 4f5/2 and Ag 3d3/2 intensities weighted by their respective photoionization
cross section.
3.3. Results and discussion
3.3.1. Structural characterization
Structural properties of the catalysts are summarized in Table 3.1. Transmission electron
microscopy (TEM) images (Figure 3.2.a‐d) showed that particles with an average size of 2‐
4 nm were present inside the 8 nm pores of the ordered mesoporous SiO2. Inductively
coupled plasma‐mass spectrometry (ICP‐MS) confirmed the intended Au and Ag loadings.
Thermogravimetric analysis (TGA, Figure 3.3) showed that the removal of aminopropyl
groups started at 250 °C, and that all aminopropyl had been removed after calcination for
4 hours at 450 °C. Hence, these 3 nm Au, Ag and Au‐Ag particles on SiO2 with 3 wt% metal
loading and well‐defined composition range formed the basis for the studies presented in
this chapter.
Table 3.1. Structural properties of the SiO2‐supported Au, Ag, and Au‐Ag catalysts
Catalyst Particle size (nm) a
Au loading (wt%)
Ag loading (wt%)
Atomic Au:Ag ratio
Au
2.6 ± 0.5
3.7
0
1:0
Au3Ag1
2.9 ± 0.6
2.6
0.5
3:1
Au2Ag1
3.1 ± 0.8
2.1
0.7
1.7:1
Ag
2.9 ± 0.8
0
1.8
0:1
a Number‐averaged diameter calculated as ∑n d /∑n , in which d is the individual particle diameter
i i
i
i

Ultraviolet‐Visible (UV‐Vis) absorption spectra (Figure 3.4) showed clear surface plasmon
resonance absorption for all samples after calcination. For the Ag nanoparticles the
maximum absorption occurred at 390 nm, whereas it occurred at 510 nm for the
supported Au nanoparticles. The maximum absorption for the Au‐Ag catalyst lies in
between these two values; at 500 nm and 485 nm for the Au3Ag1 and Au2Ag1 catalysts,
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respectively. No remaining peaks at the Au or Ag absorption wavelength were observed
for the bimetallic samples suggesting alloy formation for that the Au‐Ag nanoparticles.36‐38
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Figure 3.2. Bright field TEM images of the Au (a),
Au3Ag1 (b), and Au2Ag1 (c) catalysts, and high angle
annular dark‐field STEM images of the Ag catalyst (d)

Figure 3.3. Amount of CO2 desorbed during heating of
the Ag catalyst before and after calcination (4 hours
at 450 °C in air) during heating with 5 °C.min‐1 under a
10 ml.min‐1 flow of O2

Figure 3.4. Ultraviolet‐Visible absorption spectra of
the Au, Au3Ag1, Au2Ag1, and Ag catalysts
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3.3.2. Activity
The butadiene conversions in the temperature range of 50‐300 °C for the in situ reduced
Au, Ag and Au‐Ag catalysts are shown in Figure 3.5. An overview of the activities at 120 °C
and apparent activation energies for these catalysts is given in Table 3.2. The Au catalyst
started to hydrogenate butadiene at 60 °C and fully converted the butadiene at 225 °C and
above. The in situ reduced Au catalyst was slightly more active than the not reduced
catalyst (Figure 3.6.a): the in situ reduction increased the activity of the catalyst at 120 °C
from 6.5 to 8.7 µmol.s‐1.gAu‐1.
Figure 3.5. Butadiene conversions for the in situ
reduced Au, Ag, Au3Ag1, and Au2Ag1 catalysts for the
hydrogenation of butadiene while heating from 50 to
300 °C with 1 °C.min‐1. The reaction mixture consisted
of 0.3 % butadiene, 30 % propene, 20 % H2, and He
for balance. Flow rate was 50 mL.min‐1, and GHSV was
11700 h‐1.

Table 3.2. Activities and TOFs of the Au, Ag, and Au‐Ag catalysts at 120 °C for the hydrogenation of
butadiene
Ln (A) c
Particle sizes Activity (µmol.s‐1.gAu‐1) TOF (10‐3 s‐1) Eact
at 120 °C
at 120 °C b
(KJ.mol‐1)
(nm) a
Au
3.0
8.7
4.4
49.4 ± 0.7
17.3 ± 0.2
Au3Ag1
3.1
7.7
5.4
52.3 ± 1.2
17.9 ± 0.4
Au2Ag1
3.4
6.1
5.6
55.7 ± 1.5
19.1 ± 0.5
0.2 d
22.5 ± 4.2
6.8 ± 0.2
Ag
3.4
0.6 d
a Surface‐averaged, calculated as ∑n d 3/∑n d 2, in which d is the particle diameter, b Calculated based
i i
i i
i
on Au surface atoms obtained from surface‐averaged particle size, considering that the fraction of
Au surface atoms corresponds to the overall Au fraction, c A is the pre‐exponential factor from the
Arrhenius plot, d Based on Ag content

The apparent activation energy for butadiene hydrogenation was 49.4 ± 0.7 KJ.mol‐1, as
obtained from the Arrhenius plot shown in Figure 3.7. This value is similar to the reported
value of 50 ± 2 KJ.mol‐1 for Au/TiO2 prepared by deposition‐precipitation with urea,34
suggesting that the apparent activation energy does not strongly depend on the support,
in agreement with the literature.4 The turnover frequency (TOF) at 150 °C (9.9 × 10‐3 s‐1) is
also in good agreement with the value reported by Haruta et al. for the hydrogenation of
butadiene at 150 °C (6 × 10‐3 s‐1, Au on SiO2 catalyst prepared by gas‐phase grafting, 7.0 ±
3.0 nm).39‐40 Hence, the activity of our Au catalyst, if reduced in situ, is in good agreement
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Figure 3.6. Butadiene conversion for the Au (a) and Ag (b) catalysts, as prepared and after additional in situ
reduction. The butadiene conversion was measured while heating from 50 to 300 °C with 1 °C.min‐1. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene, 20 % H2, and He for balance. Flow rate was 50 mL.min‐1, and
GHSV was 11700 h‐1.
Figure 3.7. The Arrhenius plots for the Au, Ag, and Au‐
Ag catalysts. For the Au‐containing catalysts the
apparent activation energy and pre‐exponential factor
were obtained from a linear fit of the data between
75 and 120 °C (2.9 and 2.5 on the x‐axis, respectively).
At lower temperatures the conversion is low and the
error in the data points is large. At higher
temperatures the activity (µmol.s‐1.gAu‐1) approaches
saturation as the conversion is close to 100%. For the
Ag catalyst the curve has been fit between 75 and
300 °C (2.9 and 1.7 on x‐axis, respectively).

The Ag catalyst started to hydrogenate butadiene only at 120 °C and barely reached
15% conversion of butadiene at 300 °C, even though it was in situ reduced (Figure 3.6b).
At 120 °C, the Ag catalyst was an order of magnitude less active than the Au catalyst. The
Ag catalysts are reported to have comparable or even higher activity than Au catalysts in
liquid‐phase hydrogenation,17, 19, 41 however, for gas‐phase hydrogenation of m‐
dinitrobenzene, a carbon‐supported Ag catalyst is reported to be five times less active
than a similar Au catalyst.42 The activation energy for the gas‐phase hydrogenation of
butadiene was 22.5 kJ.mol‐1 for the Ag catalyst (Table 3.2 and Figure 3.7). It is slightly
different from the reported value of 38.4 kJ.mol‐1 (for this reaction but performed in
different conditions and determined in the temperature range of 50‐110 °C),12 but less
than half of that for the Au catalyst. This is in line with reports showing that Ag catalysts
are in principle more active than Au in H2 dissociation,21 which is often the rate limiting
step in hydrogenation reactions for Au.34 The lower activity of Ag catalyst, despite its low
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with literature.34 All results discussed from now on are on in situ reduced catalysts unless
stated otherwise.
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activation energy, can hence be ascribed to the pre‐exponential factor in the Arrhenius
model, which is three orders of magnitude lower than that for Au (Table 3.2). In other
words, apparently it is the low probability of the reactants to be adsorbed on relevant
sites on the Ag nanoparticles surface which causes the low conversion in this gas‐phase
reaction, although this is less of a limiting factor for (low temperature) liquid‐phase
hydrogenation reactions. This might be caused by inherently small heat of adsorption of
the butadiene on the Ag surface at these temperatures, or by competitive adsorption of
intermediates, products or other species present in the reaction mixture. Ag is active for
hydrogenation reactions that involved oxygen containing substrates like crotonaldehyde13‐
15
can support this hypothesis, as high affinity of Ag for oxygen might lead to a higher heat
of adsorption of the substrates and therefore a higher activity.
The Au‐Ag bimetallic catalysts showed activities intermediate between that of Au and that
of Ag (Figure 3.5). Notably, at 120 °C, the apparent activation energy (Table 3.2), deduced
from the corresponding Arrhenius plots (Figure 3.7), was very similar for all Au‐containing
catalysts. This strongly suggests, as might be expected given the much lower activity of Ag,
that the reaction on the Au surface atoms dominates. Table 3.2 shows the TOF of the
catalysts based on the assumptions that only Au surface atoms are active (because the
activity of Ag was negligible), and that the fraction of Au atoms of the surface is the same
as the overall Au fraction, assuming that an alloy had formed. It seems a valid assumption,
as we in situ reduced all the catalysts at 450 °C, and Au‐Ag alloy formation upon high
temperature reduction has been already reported by Mou et al.32, 43 The TOF per Au
surface atom was constant and independent of the metal nanoparticle composition: there
was apparently no significant influence due to nearby Ag atoms on the activity of the
individual Au surface atoms. Synergistic effect for Au‐Ag catalysts have been previously
reported mainly for oxidation reactions.24‐25, 44 For instance, Zheng et al. reported
synergistic effects for Au–Ag catalysts with atomic Au to Ag ratios of 4 in the
dehydrogenation of benzyl alcohol.45 For the selective hydrogenation of acetylene, Liu et
al. reported slightly higher activities for the Au–Ag catalysts than for the Au catalysts. The
catalysts were prepared by the same method that is used in the present study, but they
obtained larger Au nanoparticles (4.9 nm). The higher activity of Au–Ag catalyst might be
attributed to its smaller particle size (2.9 nm) rather than to Au‐Ag synergism.28 For liquid‐
phase hydrogenation reaction, Qiang Xu et al. reported a synergistic effect for Au‐Ag core
shell structure for reduction of p‐nitrophenol46 and showed that the synergistic effect is
getting weaker if the Au and Ag formed alloy. However, Yang et al. reported the
synergistic effect for alloyed Au‐Ag catalysts for the liquid‐phase hydrogenation of
crotonaldehyde.47 Thus, it appears that for gas‐phase butadiene hydrogenation reaction
there is no evidence of a synergistic effect for Au‐Ag catalysts.
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Figure 3.8 shows the evolution of the concentrations of all the reactants and products for
the catalysts in the temperature range of 50‐300 °C. The main products of the
hydrogenation of butadiene in decreasing concentration were 1‐butene, cis‐2‐butene, and
trans‐2‐butene. This is consistent with the reported selectivities for Au catalysts for the
hydrogenation of butadiene.34, 48 The butane concentration was below the detection limit
for all the catalysts.

Figure 3.8. Evolution of the concentrations of reactants and products for the a) Au, b) Au3Ag1, c) Au2Ag1, and d)
Ag catalysts during the hydrogenation of butadiene while heating from 50 to 300 °C with 1 °C.min‐1. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene, 20 % H2, and He for balance. Flow rate was 50 mL.min‐1, and
GHSV was 11700 h‐1.

To compare the selectivity of the Au catalyst to that of the Au‐Ag catalysts, the propene
conversions versus butadiene conversion were extracted from the Figure 3.8 and were
plotted in Figure 3.9. For the Au catalyst at full conversion of the butadiene, the propene
conversion was only 0.1%, indicating that the Au catalyst is very selective towards
hydrogenation of butadiene.
As the activity of the Ag catalyst was low, measuring the selectivity of this catalyst
accurately was difficult (Figure 3.8d). Concerning the bimetallic catalysts, for the Au3Ag1
catalyst at full conversion of butadiene, propene conversion was also close to 0.1 %.
Hence the bimetallic Au–Ag catalysts displayed high selectivities at 100% butadiene
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conversion similar to the Au catalyst, and the presence of Ag had no influence on the
selectivity of the Au atoms at the surface.
Figure 3.9. Propene conversions at different
butadiene conversions for Au, Au2Ag1, and Au3Ag1
catalysts. The reaction mixture consisted of 0.3 %
butadiene, 30 % propene, 20 % H2, and He for
balance. Flow rate was 50 mL.min‐1, and GHSV was
11700 h‐1.

3.3.4. Stability
The catalyst stability was assessed by monitoring the butadiene conversion at 200 °C over
21 hours (Figure 3.10). The Au catalyst showed 96 % initial conversion and no significant
decrease in conversion over 21 hours. We previously reported the high stability of Au
supported on SiO2 for the selective hydrogenation of butadiene.49 In contrast, the Au‐Ag
catalysts gradually lost activity. The Au3Ag1 catalyst initially converted 77 % of the
butadiene, and only 47 % after 21 hours on stream. The main activity loss occurred within
the first 5 hours. The Au2Ag1 catalyst showed a very similar profile.
Figure 3.10. Evolution of the butadiene conversion for
the Au (45 mg) and Au‐Ag catalysts: Au3Ag1 (68 mg)
and Au2Ag1 (75 mg) at 200 °C. The reaction mixture
consisted of 0.3 % butadiene, 30 % propene, 20 % H2,
and He for balance. Flow rate was 50 mL.min‐1, and
GHSV was 11700 h‐1.

Deactivation by deposition of carbonaceous species is a first possibility. Figure 3.11
compares the weight loss monitored during TGA for the Au and Au3Ag1 catalysts, before
and after 20 hours of catalysis. Although some carbonaceous species were formed during
reaction, the amounts deposited for both catalysts seem very similar and hence the
deposition of carbonaceous species can likely not explain the difference in stability. A
second common reason for catalyst deactivation is metal particle growth. Crystallite sizes
of the Au3Ag1 catalyst before and after catalysis were the same (3.8 and 3.9 nm,
respectively). Furthermore, the initial activity of the Au‐Ag catalysts was re‐generated by
in situ oxidation and reduction of the spent catalyst (at 450 °C, Figure 3.12). After
regeneration the conversion was slightly higher than the first time likely due to that high
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Figure 3.11. Mass loss of the Au3Ag1 (left) and Au (right) samples during heating with 5 °C.min‐1 under a
10 ml.min‐1 flow of O2
Figure 3.12. Evolution of the butadiene conversion
for the Au2Ag1 during the first run and after
regeneration (regeneration by consecutive in situ
oxidation (air flow, 100 ml.min‐1) and reduction (H2
flow, 100 ml.min‐1) both for 180 min at 450 °C).
Reaction was performed at 200 °C. The reaction
mixture consisted of 0.3 % butadiene, 30 % propene,
20 % H2, and He for balance. Flow rate was
50 mL.min‐1, and GHSV was 11700 h‐1.

Specifically for bimetallic catalysts, an additional reason for deactivation can be the
rearrangement of the metal atoms within the nanoparticles. Notably, the time scale of this
rearrangement for particles of 3‐4 nm at 200 °C, using Fick’s first law of diffusion and the
bulk diffusion coefficient of Au metal of 10‐22 m2.s‐1,50 corresponds to the deactivation
time scale which is around 5 hours for both Au‐Ag catalysts. The surface composition of
the Au‐Ag catalysts was assessed using near ambient pressure (NAP) XPS analysis under
vacuum and H2 atmosphere at photon energies of 500 and 700 eV. This experiment could
not be performed in the presence of butadiene because hydrocarbons decompose in the
beam, resulting in carbon contamination. The inelastic mean free path for both Au and Ag
is short (0.7 nm at 500 eV 51 and 1.0 nm at 700 eV). Hence, especially at 500 eV the
measurements preferentially probe the surface, despite the Au‐Ag particle size of only
3.4 nm. Photo‐emission spectra of the Au2Ag1 catalyst at photon energies of 700 and 500
eV are shown in Figure 3.13.
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temperate oxidation burns off some carbon contamination on the as prepared catalyst or
due to improved Au‐Ag alloy formation upon further high temperature treatment. As
metal particle growth is in general not reversible, it cannot be considered as the reason
for the loss of activity.
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Figure 3.13. Au 4f XPS region (right) and Ag 3d XPS region (left) for the Au2Ag1 catalyst (top to bottom), under
UHV (at RT): at photon energies of 700 and 500 eV, under 1 mbar H2 (at photon energy of 500 eV): at RT, 135 °C,
and 210 °C.

A binding energy (BE) of 368.1 eV for Ag 3d5/2 of pure metallic Ag nanoparticles, and a BE
of 367.2 eV for Ag 3d5/2 of Ag alloyed with Au were expected.52 For the Au‐Ag alloy, a shift
in BE was expected, as Ag has a greater tendency to lose electrons when it is alloyed with
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Quantification of the areas of the Au 4f and the Ag 3d peaks is given in Table 3.3. The
higher Ag/Au ratio at photon energy of 500 eV than the one at 700 eV suggests that
already at room temperature and under vacuum, Ag preferentially resided near the
surface. This might be explained by the lower tabulated vacuum surface energy of Ag in
comparison to Au.53 Subsequently, the samples were exposed to 1 mbar of H2 and
gradually heated. The peak intensities of the spectrum recorded at RT were a factor 3
lower due to absorption of X‐rays by the gas. However, the peaks were still intense
enough for quantification. The shift in peak positions due to charging was constant during
the experiment and was on average 7 eV. The absolute peak intensities, also that of the Si,
were not constant during the experiments. As there was no physical loss mechanism for
SiO2, this was probably due to beam effects. Hence conclusions are based on the relative
peak ratios.
The spectra showed (Figure 13 and Table 3.3) no effect of the H2 exposure at room
temperature or 135 °C, but upon heating to 210 °C the fraction of Ag atoms near the
particle surface increased. As Au and Ag are miscible at all temperatures, and as at higher
temperature entropy effect normally leads to alloy formation rather than the phase
segregation, it can safely be assumed that the Ag surface enrichment is a result of H2
exposure and not just due to heating.
Table 3.3. Quantification on the Au 4f, Ag 3d, and Si 2p peaks obtained from the photo‐emission
spectra of the Au2Ag1 catalyst
Photon energy
(eV)
700

Condition

Temperature
(°C)

Ag
(wt % to SiO2)

Au
(wt% to SiO2)

Ag/Au ratio

UHV

RT

1.23

1.49

1.5

500

UHV

RT

2.34

1.77

2.4

500

1 mbar H2

RT

0.90

0.76

2.2

500

1 mbar H2

135

1.40

1.06

2.4

500

1 mbar H2

210

2.30

1.23

3.4

It is known from literature,32, 43, 52, 54 that heating in an oxidizing atmosphere leads to Ag
surface enrichment, and high temperature reduction reverses it to form an Au‐Ag alloy.
However, this is the first time that it is shown that at intermediate temperatures H2
exposure induces Ag atoms segregation to the surface of Au‐Ag nanoparticles. The driving
force for such segregation can be a stronger Ag‐H bonding than the Au‐H bonding
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Au. A BE of 83.8 eV for Au 4f5/2 of pure metallic Au nanoparticles, and BE of 83.2 eV for Au
4f5/2 of Au alloyed with Ag were expected.52 The peak resolution was not high enough to
distinguish the chemical state of Au and Ag or degree of alloying; hence we just used the
peaks for quantification.
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suggested by Hammer et al.21 Notably, in the NAP‐XPS experiments, H2 pressure was only
1 mbar which was far less than the 200 mbar partial pressure of H2 under reaction
conditions, under which hence the driving force for Ag segregation was probably much
higher. Hence one can assume that under reaction conditions at 200 °C a gradual
enrichment of the surface of these bimetallic particles by Ag also occurs. As Ag is less
active for the hydrogenation of butadiene than Au, this atomic redistribution can explain
why the bimetallic catalysts gradually deactivate whereas the monometallic Au catalyst
remains stable. The fact that the catalytic activity of the Au‐Ag catalysts is revived by high
temperature oxidation/reduction (Figure 12) is related to reformation of the Au‐Ag alloy,
and hence confirms the rearrangement of the metal atoms within the nanoparticles as a
major cause of bimetallic catalyst deactivation.
3.4. Conclusion
The activity, selectivity, and stability of the Au, Ag, and Au‐Ag catalysts, as model
bimetallic catalysts, for the gas‐phase selective hydrogenation of butadiene in a propene
gas stream were investigated. The Au catalyst was more than an order of magnitude more
active than the Ag catalyst at 120 °C. The low activity of the Ag catalysts, despite lower
activation energy for the reaction than for Au, was ascribed to the low concentration of
butadiene molecules adsorbed on the Ag surface under these conditions. All Au‐
containing catalysts were selective, and equally active if the activity is normalized per Au
content; hence the presence of Ag does not affect either initial activity or selectivity of the
Au in the bimetallic particles. These results highlight the sometimes very different
behavior of catalysts in liquid and gas‐phase hydrogenation reactions. Although the Au
catalyst was stable, the bimetallic catalysts showed a gradual activity loss during the first
5 hours on stream at 200 °C, which was explained by the segregation of the less active Ag
atoms to the surface under reaction conditions. The initial activity of the bimetallic
catalysts was restored after regeneration by oxidation/reduction at 450 °C. Furthermore,
it is the first report of Ag surface segregation under H2, illustrating the sensitivity of Au‐Ag
catalysts to atomic rearrangement under reaction conditions.
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Chapter 4
Thermal Stability of Oxide‐Supported Gold Nanoparticles

Abstract: Supported Au nanoparticles are selective and active catalysts for different gas
phase hydrogenation and oxidation reactions for instance low temperature CO oxidation.
Industrial application of Au catalysts critically depends on their thermal stability. In this
chapter, we report on the influence of support and gas atmosphere on the thermal
stability of Au nanoparticles on oxidic supports. All samples were prepared with a
modified impregnation method, and have initial Au particle sizes in the range of 3‐4 nm.
We observed that in air, Au nanoparticles on SiO2 and Al2O3 are thermally much more
stable than Au nanoparticles on TiO2. For instance, upon treatment up to 700 °C, on SiO2
Au particles grew from 4 to 6 nm while on TiO2 from 3 to 13 nm. For Au nanoparticles on
TiO2, growth is accelerated by oxidizing atmospheres and the presence of water and/or
chloride. On non‐reducible supports and in non‐oxidizing atmosphere, the supported Au
nanoparticles were remarkably stable. The insight into the growth of oxide‐supported Au
nanoparticles in reactive atmospheres offers an additional tool for a rational choice of a
support for high‐temperature gas phase reactions involving gold nanocatalysts.
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4.1. Introduction
High temperature treatment often causes growth of Au nanoparticles,1‐8 as discussed in
section 1.6.1. Supports stabilize Au nanoparticles by anchoring them, and enhancing inter‐
particle distances.9‐10 For instance, Au nanoparticles on Al2O3 have shown excellent
stability upon treatment at 650 °C under oxidizing conditions.11‐13 However, Au
nanoparticles on TiO2, which are the most studied type of Au catalyst, are known to grow
during CO oxidation 14‐16 as well as during high temperature treatment under oxidizing
atmosphere.1 The stability of Au/SiO2 is under debate.17‐24 Though, there are some
examples of stability and/or instability of supported Au nanoparticles, the influence of the
nature of the support and reaction conditions on the stability are not well understood.
Importantly, the mechanisms that are involved in Au particle growth under different
conditions are unclear. To the best of our knowledge, there is no systematic study on the
thermal stability of Au nanoparticles on different supports that are prepared with the
same method and have similar composition, support porosity, and initial Au particle size.
In this study, we report on the growth of Au nanoparticles on supports with different
properties using non‐reducible ones (SiO2 and γ‐alumina) and a reducible one (TiO2). We
employed a modified incipient wetness impregnation method to prepare 3 to 4 nm Au
nanoparticles on TiO2, Al2O3, and SiO2 supports.25 The effect of different reactive gases on
the particle growth was investigated. The activation energies of particle growth for Au on
different supports and in different reactive gases were experimentally obtained as well.
4.2. Experimental
4.2.1. Sample preparation
Commercially available supports, TiO2 (rutile, BET surface area of 30 m2.g‐1, pore volume
of 0.12 mL.g‐1, Sigma‐Aldrich), SiO2 (Aerosil, BET surface area of 50 m2.g‐1, pore volume of
0.12 mL.g‐1, Evonik), and Al2O3 (gamma phase, BET surface area of 120 m2.g‐1, pore volume
of 0.46 mL.g‐1, Alfa‐Aesar) were used. Not the most commonly used P25, TiO2 with mixed
phases of anatase and rutile, but instead pure rutile was used because at 500 °C and
above, anatase phase transforms to rutile phase,26 and this change in support phase could
contribute to particle growth.
Gold was deposited on the supports by a modified incipient wetness impregnation
method 25 developed by Delannoy et al. In a typical preparation, the support (1 g) was
dried under vacuum at 200 °C and was impregnated with an aqueous Au solution
(appropriate concentration of HAuCl4.3H2O, Sigma Aldrich) to prepare 1 wt % Au on TiO2
and SiO2 and 4 wt % Au on Al2O3. The sample was aged at room temperature under
vacuum for one hour and then washed twice with ammonia solution (30 mL each time,
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Another sample of Au/TiO2 was prepared with the method of deposition precipitation
with urea27 to promote preparation of a Cl free sample. In a typical preparation, the
support (1 g, rutile, Sigma‐Aldrich) was dispersed in water (100 mL) in a 500 mL
polyethylene bottle, and the reaction mixture was stabilized in an oil bath at 80 °C. An
aqueous Au solution (2 mL, 0.027 M, HAuCl4.3H2O precursor, Sigma Aldrich) and urea
(300 mg) were added. The reaction mixture was stirred for 16 hours in the closed
container at 80 °C in the dark. Then, the solid was recovered by centrifugation and was
washed 8 times with water (40 mL each time) at RT. The sample was then dried in a freeze
drier at ‐20 °C under 0.1 mbar vacuum for 17 hours. The dried samples were further
reduced in H2 (100 mL.min‐1) from RT to 300 °C (ramp 2 °C.min‐1) and kept at 300 °C for
2 hours before cooling down and storage in a desiccator in the dark.
4.2.2. Characterization
Elemental analysis was performed on an inductively coupled plasma‐mass spectrometer
(Mikroanalytisches Laboratorium Kolbe, Germany) after destruction of the samples at high
temperature and pressure. Chloride content of the samples was determined by ion
chromatography (Mikroanalytisches Laboratorium Kolbe). Transmission Electron
Microscopy (TEM) imaging was performed on a Tecnai 12 (FEI) microscope operated at
120 kV. Particle sizes were determined from the micrographs as ∑nidi/∑ni, where di is the
diameter of typically 200‐300 individual particles on different areas of the sample. High
angle annular dark‐field scanning transmission electron microscopy (HAADF‐STEM) was
performed on a Talos F200X microscope operated at 200 kV. STEM image processing was
carried out using Tecnai Imaging Analysis (TIA).
4.2.3. Thermal treatment
The thermal treatment of the samples was performed under either static condition or in a
gas flow. The experiments under static condition were performed in a temperature
calibrated muffle furnace. Typically, 40 mg of the sample was heated in air from RT to 500,
600, or 700 °C (ramp 5 °C.min‐1) and kept at the specified temperature for 4 hours. The
experiments in flows of different gases, compressed air (wet air), synthetic air (dry air), H2,
N2, or N2 that was bubbled through water at RT (100 mL.min‐1), were performed on
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1 M) to remove Cl and twice with water (30 mL each time) at RT. Each time the solid was
recovered by centrifugation. The Au/SiO2 sample was washed with diluted ammonia
solution at lower pH (pH=8) to remove Cl and to avoid dissolution of SiO2 as well. The
sample was then dried under vacuum at room temperature for 48 hours or was dried in a
freeze drier at ‐20 °C under 0.1 mbar vacuum for 17 hours. The dried samples were further
treated in air (100 mL.min‐1) from RT to 300 °C (ramp 2 °C.min‐1) and kept at 300 °C for
4 hours before cooling down and storage in a desiccator in the dark.
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200 mg of the sample in a plug flow reactor with diameter of 2 cm at 500 °C with the same
heating program. The experiments in a flow of H2 at 600 and 700 °C were done in a
crucible with a horizontal tubular furnace under the flow of 25 mL.min‐1 to imitate the
static condition in air. The experiments and analytical measurements were performed at
least twice to ensure reproducibility of the results.
Activation energy of particle growth was calculated from the Arrhenius plots (ln (particle
growth rate) versus 1/T), where particle growth rate is estimated from the changes in
particle sizes upon 4 hours of thermal treatment at different temperatures (T).
4.3. Results
4.3.1. Structural characterization
Figure 4.1a‐c shows transmission electron micrographs of Au nanoparticles supported on
three different supports. Particle sizes for these prepared samples were between 2.5 to
4.0 nm (Table 1). Determination of particle sizes relied on TEM micrographs, as crystallite
sizes could not be derived from X‐ray diffraction patterns owing to low Au loading and
overlap of diffraction patterns. With bright‐field TEM particle sizes were difficult to
determine for the Au/TiO2 sample due to a low contrast. Therefore, in this case
additionally high angle annular dark‐field scanning transmission electron microscopy
(HAADF‐STEM) was employed. HAADF‐STEM micrographs (Figure 4.1d) showed particle
sizes of 2.6 ± 0.6 nm for the Au/TiO2 which confirms the accuracy of the particle size
obtained by bright‐field TEM.
Table 1 presents the structural properties of the samples. The Au loading for each sample
was chosen based on the BET surface areas of the corresponding supports aiming for
similar inter‐particle distances for all samples. For instance, the surface area of the
commercially available γ‐Al2O3 is 4 times higher than for TiO2; hence a 4 times higher Au
loading for the Au/Al2O3 was targeted. The inter‐particle distances were around 50 nm for
all the supported Au nanoparticles. Elemental analysis showed that targeted Au loadings
were achieved and the Cl content of all samples was between 0.3‐0.4 wt %. For
comparison, an Au/TiO2 sample with negligible Cl content was prepared by the method of
deposition‐precipitation with urea. Hence, all the supported Au samples had similar
properties, though the as‐prepared Au nanoparticles on TiO2 had slightly smaller sizes
than the two other samples.
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Figure 4.1. TEM micrographs for the 0.9 wt% Au/TiO2 (a), 1.0 wt%
Au/SiO2 (b), and 4.0 wt% Au/Al2O3 (c), and HAADF‐STEM micrograph of
the 0.9 wt% Au/TiO2.

Table 1. Structural properties of the samples
Au loading (wt %)
Cl content (wt %)
Particle size (nm)
BET surface
area (m2.g‐1)
Au/TiO2
30
0.9
0.4
2.7 ± 1.2
Au/TiO2‐DPU a 30
1.0
<100 ppb b
2.3 ± 0.6
50
1.0
0.4
3.6 ± 0.9
Au/SiO2
Au/Al2O3
120
4.0
0.3
3.8 ± 1.3
a Sample was prepared by deposition‐precipitation with urea . All other samples were prepared by
modified incipient wetness impregnation. b below the detection limit

4.3.2. Impact of the support on the thermal stability
Figure 4.2 shows TEM micrographs of the Au on three different supports upon treatment
to temperatures up to 700 °C in static air. These figures demonstrated that all supported
Au nanoparticles have grown upon thermal treatment. However, growth for Au
nanoparticles on TiO2 was more extensive.
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Figure 4.2. TEM micrographs of (from top to bottom) 0.9 wt% Au/TiO2, 1.0 wt% Au/SiO2, and 4.0 wt% Au/Al2O3
that has been treated, from left to right, at 500, 600, and 700 °C in static air for 4 hours.

Figure 4.3 shows the evolution of particle size distributions, and shows that the particles
grew with increasing temperature. The particles for the Au/TiO2 sample were initially
smaller than for the Au/SiO2 and Au/Al2O3 samples, but they grew more upon thermal
treatments: 2.1 fold increase in diameter at 500 °C, 2.4 fold at 600 °C, and 5.0 fold at
700 °C. Furthermore, the particle size distribution was broadening. The Au nanoparticles
on SiO2 and Al2O3 grew too, but to a limited extent: for the Au/SiO2, no significant growth
at 500 °C, 1.1 fold at 600 °C, and 1.8 fold at 700 °C. The particle size for the Au/TiO2‐DPU
that contained no Cl increased too: 1.7 fold at 500 °C, 2.4 fold at 600 °C, and 4.3 fold at
700 °C. This particle growth was less than for the Au/TiO2 with some Cl, in agreement with
literature that suggests Cl residue enhances growth of Au nanoparticles on TiO2.28
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Nevertheless, Au nanoparticles on TiO2, even with negligible Cl content, were thermally
less stable than the ones on SiO2 and Al2O3 in air.
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Figure 4.3. Evolution of particle size distributions and log normal fits for the as‐prepared Au on TiO2, SiO2 and
Al2O3 as well as for the samples that have been treated at 500, 600, and 700 °C in static air for 4 hours.

4.3.3. Effect of atmosphere
Figure 4.4 compares the thermal stability of Au nanoparticles on TiO2 and SiO2 under
different atmospheres, varying from reducing (a flow of H2) via inert (a flow of N2) towards
oxidizing (a flow of wet air). First, for the Au/TiO2, the particle growth was negligible in
either H2 or N2, but it became more pronounced in the presence of water vapor (~2 mole
% water in N2, 1.6 fold increase) and in the presence of dry air (3.1 fold increase). It means
that the presence of O2 and/or water accelerated the thermal growth of Au nanoparticles
on TiO2 supports. In contrast, no significant difference in particle growth, and in both
cases a high thermal stability, was observed in either inert atmosphere or in the presence
of H2. This observation excluded strong metal support interaction between Au and the
reducible TiO2 support, which typically occurs under reducing conditions, as a reason for
the high stability of Au nanoparticles on TiO2 in the flow of H2. Hence, the particle growth
occurred for the Au/TiO2 only in the presence of O2 and/or water.
In contrast, Figure 4.4 shows that for the Au/SiO2, the particle growth was negligible under
all atmospheres tested. In summary, the growth of Au nanoparticles was influenced by the
atmosphere only when they were supported on the TiO2, but not when they were
supported on SiO2, and particle growth was more pronounced in an oxidizing atmosphere.
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Figure 4.4. Effect of gas composition on the size of Au nanoparticles on TiO2 or SiO2 (200 mg) that have been
treated at 500 °C in different flow of gases (100 mL.min‐1) for 4 hours.

Figure 4.5 shows the Arrhenius plots for rates of Au nanoparticles growth (dR/dt, where R
is the particle diameter and t is time) on the TiO2 and SiO2 under different atmospheres.
The activation energies of particle growth (Ea) estimated from the plots are given in Figure
4.5 as well. In air, Ea for Au/TiO2 (36 ± 10 KJ.mol‐1) was lower than the one for Au/SiO2
(86 ± 14 KJ.mol‐1). However, in H2 the Ea was similar for Au nanoparticles on both TiO2 and
SiO2 (80 ± 6 vs 81 ± 13 KJ.mol‐1). Notably, Ea for the Au/SiO2 under different atmospheres
was also similar. This suggests that the rate limiting step in particle growth for the Au/TiO2
and Au/SiO2 in H2 and for the Au/SiO2 in air might be similar whereas rates of Au
nanoparticles growth on TiO2 was apparently not or much less limited by this step in air.
This will be discussed in more detail in the discussion section.

Figure 4.5. The Arrhenius plots of the rates of Au nanoparticles growth on TiO2 and SiO2 in static air (left) and in a
flow of H2 (25 mL.min‐1, in a tubular furnace) (right ) after 4 hours. R is particle size and t is time.
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There are a few reports on the growth of Au nanoparticles supported on TiO2 upon high
temperature treatment and under oxidizing atmosphere.1 Akita et al. reported that Au
nanoparticles of 2.1 nm on TiO2 grew to 9.7 nm particles upon calcination in air at 600 °C
for 4 hours.37 A high thermal stability of Au nanoparticles on Al2O3 upon treatment at
650 °C in three‐way catalysis conditions11, 13 and in a flow of O212 was previously reported.
There is no consensus on the thermal stability of Au nanoparticles on SiO2. Some reports
suggested that they grow.17‐22 For instance, Bore et al.21 showed that Au nanoparticles of
around 1 nm on mesoporous SiO2 grew to in average 6 nm upon H2 exposure at 200 °C. In
contrast, some other reports claimed that if the Au/SiO2 contains little or no Cl, the Au
nanoparticles are actually stable upon O2 exposure at 500°C.23‐24 In the latter case, the
high stability of Au nanoparticles on SiO2 was attributed to a strong bond between Au and
defects on the surface of SiO2. It was proposed that the defects on the surface were made
during deposition of Au on the SiO2 by magnetron sputtering.24 All mentioned reports are
examples obtained under catalysis conditions on powder catalysts. On 2D model systems
in vacuum, the interaction of Au with reducible supports like TiO2 is suggested to provide
stable Au nanoparticles.14, 29 Accordingly, Au on non‐reducible Al2O3 and SiO2 supports are
suggested to be less stable.30 Our study clearly proves a higher thermal stability of Au
nanoparticles on the non‐reducible supports SiO2 and Al2O3 than on TiO2.
It is known that the gas atmosphere can affect the growth of metal nanoparticles.
Oxidizing atmospheres typically induce faster rates of particle growth than reducing
atmospheres.31‐32 Particularly for Au/TiO2, it was reported that Au particle sizes are smaller
if the sample is prepared in H2 or argon than when it is prepared in O2.33 However, to the
best of our knowledge, this is the first report that shows that the situation is different for
different supports and that the Au, regardless of the atmosphere, is thermally stable on
the SiO2 support.
This is also the first time that the activation energies of particle growth under conditions
closer to catalytic reaction conditions for Au on different supports and in different reactive
gases are obtained. For comparison; the activation energy of particle growth for Ni
nanoparticles catalysts under steam reforming condition was estimated to be
46 ± 8 KJ.mol‐1.34 The activation energy of particle growth for Au particles supported on
single crystal TiO2 (110) under ultra‐high vacuum was estimated as high as 280 kJ.mol‐1.35‐
36
Notably, this higher value was obtained under UHV conditions rather than relevant
catalytic conditions and on atomically flat clean surfaces rather than powder supports
with surface groups and adsorbed molecules.35 Hence, one can conclude that under
conditions closer to the catalytic reaction conditions, the activation energy of particle
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4.4. Discussion
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growth is much lower and often particle growth is much faster than for 2D model systems
in vacuum.
As mentioned in the introduction, particle growth can take place via two mechanisms:
particle diffusion and coalescence or Ostwald ripening. Our results suggest three main
conclusions on involved particle growth mechanisms: First, particle diffusion and
coalescence as a major particle growth mechanism is unlikely. The distance between the
particles is estimated to be around 50 nm for all the samples. Our previous reports on the
growth of Cu nanoparticles during methanol synthesis showed a very strong dependence
of particle diffusion and coalescence on inter‐particle size with diffusion dominating at
such large distances unlikely.37‐38 Furthermore, DFT calculations showed that Au
nanoparticles interact much stronger with TiO2 surfaces than SiO2 surfaces.24 If high
temperature treatments do not induce particle diffusion and coalescence for the Au
nanoparticles on SiO2, it is unlikely that particle diffusion and coalescence takes place for
the TiO2 surfaces under similar conditions. Therefore, particle growth by Ostwald ripening
most likely is the main particle growth mechanism at least under oxidizing atmospheres. It
has been suggested that particle growth by Ostwald ripening is also the main growth
mechanism for the Au on single crystal TiO2 (110) under ultra‐high vacuum upon a high
temperature treatment.14
Identifying the mobile species is not trivial.39 Because of the large influence of the
chemical nature of the support on particle growth observed in this study, a second
conclusion would be that the mobile species is at the support surface rather than in gas
phase. At temperatures of 177 °C and above, Au does not form any stable oxides40 or
volatile compounds like Pt does in the form of PtO2. The energy required to remove a
metal atom from a metal particle is high, close to the heat of sublimation of metals,34
which is 368 KJ.mol‐1 for Au.35 The fact that the experimentally observed Ea for growth of
Au nanoparticles are an order of magnitude lower leads to a third conclusion that Au is
unlikely to detach from a nanoparticle in metallic form. The observation that the
formation and/or diffusivity of mobile species are accelerated on TiO2 and under oxidizing
atmosphere as well as in the presence of Cl‐ ions strongly suggest adsorbed complexed
and oxidized Au species being the mobile species.
It is remarkable that the Ea for particle growth in air on Au/TiO2 is smaller than for Au/SiO2.
This means that either the formation and/or the diffusivity of the Au‐complex mobile
species is less favorable on SiO2. It is known, for instance from CO oxidation studies41‐51
that Au and TiO2 have a very specific interaction, that leads to very active and possibly
cationic Au species at the interface between the two, which might also play a role in
diminishing the thermal stability of the TiO2 supported particles. It is also remarkable that
the Ea under other conditions, whether on SiO2 in either reducing or oxidizing conditions,
or on TiO2 under reducing conditions, are all similar and in the range of 80‐86 kJ/mol. This
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suggests that in the absence of this specific Au‐TiO2 interaction in oxidizing atmosphere,
particle growth follows a similar mechanism. Tentatively we propose that under oxidizing
conditions cationic Au species are mobile species that are stabilized on TiO2 to a larger
extent that on SiO2 in line with the lower activation energy for growth on the former
(Figure 4.5). In any case, the fact that Au catalysts on non‐reducible supports show such
high thermal stability, even though they often show lower activities than on reducible
supports like TiO2,52 is a very relevant consideration for the potential application of Au
nanoparticles in gas‐phase catalysis.

For the first time, the thermal growth of Au nanoparticles on different oxidic supports and
under different reactive atmospheres was studied. Similar initial particle sizes, in the 2.5‐
4 nm range, allowed direct comparison for the different supports. All supported Au
nanoparticles grew upon thermal treatment. Particle growth on TiO2 was much more
pronounced than on either SiO2 or Al2O3. Particle growth on TiO2 was particularly
enhanced by an oxidizing atmosphere, the presence of water, and/or the presence of Cl‐.
Particle growth by Ostwald ripening involving cationic Au species complexed by ligands
was the most likely dominating growth mechanism. On non‐reducible supports and in
non‐oxidizing atmosphere, the supported Au nanoparticles were remarkably stable. These
results provide a better understanding of the growth of supported Au nanoparticles, and
tools for a rational choice of a support for high‐temperature gas phase reactions involving
gold catalysts.
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Chapter 5
Stability of Gold on Mesoporous Silica Supports for the Oxidation of
5‐Hydroxymethyl furfural to Furan‐2,5‐dicarboxylic acid

Abstract: The synthesis of furan‐2,5‐dicarboxylic acid (FDCA) via catalytic oxidation of 5‐
hydroxymethyl furfural (HMF) is an important step for the production of bio‐sourced
polymers. We report on the activity and stability of SiO2‐supported Au catalysts for this
reaction. These catalysts reached FDCA formation rate of 60 moles per Au surface atom
per hour at 90 °C, and 74 % FDCA yield in 5 hours (HMF to Au mole ratio of 72). These
rates are lower than those reported for Au on reducible oxide supports, but higher than
those reported for carbon‐supported Au catalyst under similar conditions. Upon catalysis,
extensive growth of Au nanoparticles on SiO2, Aerosil with 50 nm pores, occurred: Au
nanoparticles grew from 2.4 to 10.1 nm. Different measures to restrict the growth of Au
nanoparticles were investigated: deposition of Au nanoparticles on supports with different
morphologies (this chapter) and applying bimetallic catalysts (next chapter). Particle
diffusion and coalescence was proposed to be the dominant particle growth mechanism.
The reaction conditions as well as the morphology of the SiO2 support affected the growth
of Au nanoparticles. Using a mesoporous support with relatively small pore neck size
(15 nm or smaller) was a successful measure to restrict Au particle growth.
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5.1. Introduction
Furan‐2,5‐dicarboxylic acid (FDCA) can be used as a renewable building block for the
production of polymers like polyesters, polyamides, and polyurethanes.1‐3 For example,
FDCA is reacted with ethylene glycol to produce polyethylene furanoate which is a bio‐
based polymer. Production of FDCA via catalytic oxidation of 5‐hydroxymethyl furfural
(HMF) has been widely studied using air or O2 as the oxidant, typically under basic
conditions. Commercialisation of the FDCA production is planned by BASF and Avantium,4
based on a process involving Co/Mn/Br homogeneous catalysts.5 The design of an
alternative heterogeneous catalyst that fulfills the industrial requirements is highly
desirable.
The quest is for catalysts that allow the oxidation of HMF, which contains an alcohol and
an aldehyde group, to FDCA, which contains two acid groups.6 The reaction occurs in
consecutive steps via a 5‐hydroxymethyl furan carboxylic acid (HMFCA) intermediate
(Scheme 1). Supported metal catalysts, for instance Pt,6‐10 Pd,11‐13 Ru,14 and Au15‐17 have
been extensively studied for this reaction. In general, higher metal to HMF ratios,18 more
alkaline conditions,15, 18 and smaller metal nanoparticles19‐20 lead to higher activities of the
supported metal catalysts. It is also reported that the chemical nature of the support can
affect the catalytic activity.10, 15, 17, 21‐24

Scheme 1. Oxidation of 5‐hydroxymethyl furfural (HMF) to furan‐2,5‐dicarboxylic acid (FDCA) via formation of
intermediate 5‐hydroxymethyl furan carboxylic acid (HMFCA), as generally observed on Au catalysts.

Gold catalysts are more active than Pt, Ru, and Pd,3, 18, 21 and more resistant than for
instance Pt catalysts to poisoning3, 7, 10 and leaching.6 However, Au catalysts are prone to
particle growth especially under oxidative conditions,25‐30 as also observed for Au
nanoparticles supported on carbon during the oxidation of HMF.31 Detailed investigations
of the factors that affect the stability of the Au catalysts as well as strategies to alleviate
Au particle growth are needed.
In this chapter, the activity and stability of Au on SiO2 for liquid phase oxidation of HMF to
FDCA are investigated. This is the first time that the activity of Au/SiO2 for this reaction is
investigated. In general, carbon supports are better candidates for this type of reactions
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due to their higher hydrothermal stability in particular under alkaline conditions.
However, the SiO2 supports can be prepared with high surface areas and different
structures, which allow a uniform distribution of well‐defined Au nanoparticles, and a
detailed investigation of the effect of support morphology on the stability of Au
nanoparticles. Our results show that the morphology of the support plays an important
role in the stability of the SiO2‐supported Au catalysts.
5.2. Experimental

Aerosil 300 (BET surface area of 270m2.g‐1, mesopore volume of 0.78 mL.g‐1) was
purchased from Evonik. Mesoporous SiO2 supports (SBA16 and MCF) were prepared in
house. MCF32 was prepared by dissolving Pluronic P123 (2.0 g, EO20PO70EO20, Mav = 5800,
Sigma Aldrich) in aqueous HCl solution (75 mL, 1.6 M) at room temperature (RT). Then,
1,3,5‐trimethylbenzene (TMB, 2.0 g) was added. After stirring at least 45 min at 35 °C,
tetraethoxysilane (4.4 g, TEOS) was added, and the mixture was transferred to a 200 mL
Teflon‐lined autoclave. After 20 hours at 38 °C in static condition, the cloudy suspension
was further kept at 100 °C for 24 hours in static condition. The precipitate was filtered and
washed at RT until no chloride ions were left (verified using an AgNO3 solution to test the
washing liquid) and subsequently dried at 120 °C in static air overnight. Finally, the
precipitate was calcined at 500 °C in static air for 6 hours to yield MCF (BET surface area of
610 m2.g‐1, total pore volume of 2.01 mL.g‐1).
SBA1633 was prepared by dissolving Pluronic F127 (4.7 g, EO106PO70EO106, Mav = 12600,
Sigma Aldrich) in a mixture of aqueous HCl solution (75 mL, 1.6 M) and water (210 mL) at
RT. Then, 1‐butanol (13.2 g) was added, and the mixture was stirred at 35 °C for 1 hour.
Then, tetraethoxysilane (20.8 g, TEOS) was added dropwise under fast stirring. The
mixture was transferred to a Teflon‐lined autoclave, and after 20 hours at 35 °C in static
condition, the cloudy suspension was further kept at 100 °C for 24 hours. The precipitate
was filtered and washed at RT until no chloride ions were left and subsequently dried at
120 °C in static air overnight. Finally, the precipitate was calcined at 540 °C in static air for
6 hours to yield SBA16 (BET surface area of 780 m2.g‐1, total pore volume of 1.04 mL.g‐1).
The catalysts were prepared by support modification and subsequent Au deposition as
described in section 2.2.1 on page 25. The targeted weight loading was 1.5 and 3 wt% Au
on Aerosil, and 3 wt% Au on MCF and SBA16.
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5.2.2. Characterization
Elemental analysis was performed using inductively coupled plasma‐optical emission
spectrometry in geosciences laboratory in Utrecht University. X‐Ray Diffraction (XRD) was
carried out with a Bruker D2 phaser with Co Kα source. Crystallite sizes were obtained
from the peak broadening at 2θ=44° using the Scherrer equation. For transmission
electron microscopy (TEM) imaging on MCF and SBA16 samples, they were firstly
embedded in epoxy resin (Epofix, EMS) and were cut to slides of 70 nm thickness using a
Diatome 35° diamond knife mounted on an Ultracut E Reichert‐Jung microtome (Leica)
and were collected on TEM grids. TEM imaging was performed on a Tecnai 12 (FEI)
microscope operated at 120 kV. High angle annular dark‐field scanning transmission
electron microscopy (HAADF‐STEM) was performed on a Talos F200X microscope
operated at 200 kV. Energy‐dispersive X‐ray (EDX) spectroscopy was performed by four
windowless SuperX EDX‐detectors with a resolution of 128 eV arranged around the
sample. STEM image processing and identification of the EDX signal was carried out using
Tecnai Imaging Analysis (TIA) software. Particle sizes were determined from the TEM
images by measuring the sizes of typically 300 particles on different places of the sample.
Nitrogen physisorption measurements were performed at −196 °C (Micromeritics, TriStar
3000) to determine the BET surface area of the supports as well as the size distribution of
the cage sizes and neck sizes for the MCF and SBA16 samples. The size distribution of the
cage sizes was derived from the adsorption branch using the Barrett−Joyner−Halenda
model modified according to the Faas correction for MCF and modified according to the
Kruk−Jaroniec−Sayari correc on for SBA16.33 The size distribution of the neck sizes was
derived from desorption branch using the same model. An empirical form of the
Harkins−Jura‐de Boer equation was considered as a thickness reference curve.33
To estimate the inter‐particle distances for Au on different SiO2 supports and with
different loadings, we first estimated the number of Au nanoparticles per surface unit by
dividing the total number of Au atoms in the sample by the number of Au atoms in one
particle of determined crystallite size34 and by the BET surface area. If evenly distributed,
one can estimate that x nanoparticles per 106 nm2 of support form arrays of x0.5
nanoparticles on a square of 1000 × 1000 nm2 surface; therefore, average inter‐particle
distances given in nm can be estimated by 1000 divided by x0.5.
5.2.3. Catalytic tests
HMF (0.2 mmol), NaHCO3 (0.4 mmol), and the catalyst (25 mg) were added to a 12 mL
stainless steel autoclave containing 8 mL of deionized water. The autoclave was heated to
80 °C and pressurized with O2 (10 bar) under vigorous stirring (900 rpm). During the
reaction, 0.1 mL sample was taken at regular intervals, filtered with 0.2 µm PTFE filters,
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diluted with water and analyzed using high‐performance liquid chromatograph (Shimadzu
LC‐20AD equipped a Bio‐Rad Aminex HPX‐87H column). Sulfuric acid (5 mM) at 84 °C with
a flow rate of 0.55 mL.min‐1 was used as an eluent. Each catalyst was tested at least twice
to check reproducibility. The reproducibility of conversion levels and yields were within
5%.
Turnover frequencies (TOF) for HMF conversion were calculated by dividing the initial
reaction rates (in moles per unit time) by the moles of Au surface atoms. Initial rate of
HMF conversion were obtained by first‐order kinetics fitting of the data points before the
catalyst reaches 100% conversion. The moles of Au surface atoms were calculated by L ×
m × D / MAu, where L is the catalyst Au loading, m is amount of used catalyst, MAu is the Au
molecular weight, and the D, dispersion, is calculated by 6(νm/am)/dVA. Here, am is the area
occupied by a surface atom, vm is the volume occupied by an atom in the bulk metal, and
dVA is the crystallite size.35
Maximum FDCA formation rates per surface Au atom were calculated by dividing the
FDCA formation rate (in moles per unit time) by the moles of Au surface atoms. The
maximum FDCA formation rates were calculated by the steepest part of the curve,
typically between 0.75 and 2 hours.
5.3. Results and discussion

5

5.3.1. Structural Characterization
Table 5.1 presents the structural properties of the Au catalysts on different SiO2 supports.
The BET surface areas of the Au/SiO2 samples as well as cage and the neck sizes for the
MCF and SBA16 samples were obtained from the N2 physisorption isotherms (Figure 5.1).
Transmission electron micrographs (Figure 5.2) show that nanoparticles with an average
size range of 2.0‐3.5 nm were deposited inside the pores of the mesoporous SiO2
supports. Different pore structures of the supports were imaged by TEM. The Aerosil had
a very open 3D pore structure, while the SBA16 had much smaller pores and the MCF
clearly showed the presence of large pore cages. In X‐ray diffraction patterns (Figure 5.3a)
peaks at 2θ= 25° correspond to SiO2 and peaks at 2θ of 44°, 52°, and 78° correspond to Au
(111), (200), and (220), respectively. The crystallite sizes, as obtained from the peak
broadening of the diffraction line at 2θ= 44° varied from 2.4‐3.0 nm confirming the
particle sizes obtained by TEM.
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Table 5.1. Characteristics of the as prepared Au supported on different mesoporous SiO2
Sample
name

Au loading
(wt%)

Au/Aerosil 2.2
Au/Aerosil 1.3
Au/MCF
2.4
Au/SBA16 2.6
a Average pore size

BET Surface
area (m2/g)

Cage size
(nm)

Neck size
(nm)

TEM particle
size (nm)

230
230
430
420

50 a
50 a
26
9

‐
‐
15
7

2.3 ± 0.5
2.2 ± 0.5
3.0 ± 0.5
3.3 ± 0.6

XRD
crystallite
size (nm)
2.4
2.6
2.8
3.0

Figure 5.1. Nitrogen adsorption‐desorption isotherms for Au/Aerosil, Au/MCF, and Au/SBA16 samples (a), size
distribution of the pores for Au/Aerosil (b), and cage and neck size distribution for Au/SBA16 (c) and Au/MCF (d).
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Figure 5.2. TEM micrographs of a) 2.2 wt% Au/Aerosil, b) 2.6 wt% Au/SBA16, and c) 2.4 wt% Au/MCF

Figure 5.3. X‐ray diffraction patterns of Au on Aerosil, MCF, and SBA16 a) before, and b) after 6 hours of catalysis.
Peaks at 2θ= 25° correspond to SiO2 and peaks at 2θ of 44°, 52°, and 78° correspond to Au (111), (200), and
(220), respectively.

5.3.2. Activity
Figure 5.4 shows the evolution of the HMF conversion and the FDCA yield. It shows that
Au on all different SiO2 supports was active for the conversion of HMF to FDCA. Full
conversion of HMF, which contains an alcohol and an aldehyde group, was achieved in
2 hours of reaction. Products were 5‐hydroxymethyl furan carboxylic acid (HMFCA), which
contains an alcohol and an acid group, the desired FDCA, which contains two acid groups,
and a minor side product of 2,5‐formylfurancarboxylic acid (FFCA), which contains an
aldehyde and an acid group. After 6 hours of catalysis, the products mixture consisted of
42‐55 % FDCA. Reaction profiles were very similar for the Au on different SiO2 supports.
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Figure 5.4. Evolution of HMF conversion (left) and FDCA yield (right) catalyzed by the Au on different SiO2
supports. Conditions: HMF (0.2 mmol), catalyst (2.2‐2.6 wt% Au/SiO2, 25 mg Au/Aerosil, 17 mg Au/MCF or 17 mg
Au/SBA16, HMF to Au mole ratio is 72‐97), NaHCO3 (0.4 mmol), H2O (8 mL), O2 (10 bar), at 80 ˚C, 900 rpm
stirring.

FDCA production was rather low for our Au on SiO2 catalysts compared to Au on reducible
oxide supports reported in literature. Gorbanev et al.36 reported the base‐promoted
aqueous oxidation of HMF using a Au/TiO2 catalyst. Full conversion of HMF and a FDCA
yield of 71% (HMF/Au mole ratio: 100, 20 equivalent of NaOH, 20 bar O2, at 30 °C, in 18 h)
were reached. Casanova et al.15 demonstrated full conversion of HMF and a FDCA yield of
>99% for Au/TiO2 and Au/CeO2 catalysts (HMF/Au mole ratio: 150, 4 equivalent of NaOH,
10 bar O2, at 65 °C, in 5 h). Gupta et al. reported that Au/SiO2 in the absence of a base was
inactive for the oxidation of HMF.17 However, a direct comparison of FDCA productivities
is not possible, because different reaction conditions (HMF/Au mole ratio, temperature,
reaction time, and different bases) were used. This is the first time that an activity of
Au/SiO2 for this reaction is reported.
Table 5.2 gives an overview of the catalytic activities of Au on different SiO2 supports. The
turnover frequency (TOF) of the Au/Aerosil catalyst for HMF conversion was 513 h‐1, and
the rate of FDCA formation was 13 moles per Au surface atom per hour, both at 80 °C.
Notably, no activity was observed in the absence of NaHCO3. In the presence of a base,
the initial pH of the reaction mixture was 8.5. Upon reaction and production of the acid
products, the pH slowly decreased to 7 after 6 hours of catalysis.
Gold on different SiO2 supports showed approximately similar activities. If the
temperature is 90°C, the oxidation reactions run faster (as expected for any activated
process) and the rate of FDCA formation is 60 moles per Au surface atom per hour for
Au/Aerosil (Table 5.2). This is in agreement with Casanova et al.15 who showed the
reaction at higher temperatures up to 130 °C yields to a higher FDCA production.
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Table 5.2. HMF oxidation in the presence of Au catalysts on different supports. Conditions: HMF
(0.2 mmol), catalyst (25 mg of 2.2 wt% Au/Aerosil, 17 mg Au/MCF or 17 mg Au/SBA16, HMF to Au
mole ratio is 72‐97), NaHCO3 (0.4 mmol), H2O (8 mL), O2 (10 bar), at 80 ˚C, 900 rpm stirring, HMF
conversion was always >99%. HMF conversions and product yields are calculated after 6 h. TOF of
HMF conversion and FDCA formation rate are calculated based on the Au crystallite size before
catalysis and were normalized to number of Au atoms on the surface.
yield FDCA yield
TOF of HMF FDCA formation HMFCA
rate/Ausurf (h‐1)
(%)
(%)
conversion (h‐1)
Au/Aerosil
513
13
55
44
Au/MCF
648
23
43
55
Au/SBA16
487
19
55
42
1550
60
21 b
74 b
Au/Aerosil a
a, c
d
273
4
93
6d
Au/C (PZC of 4.0)
a, c
d
1195
46
22
75 d
Au/C (PZC of 9.9)
a Catalysis was performed at 90°C. b Yield was calculated after 5 h of catalysis. c Au on carbon
supports with different point of zero charge (PZC) from ref.31 d Yield was calculated after 12 h of
catalysis.

Table 5.2 also gives a comparison of the catalytic properties of the current Au/Aerosil to
literature results on Au on different carbon supports, all tested under the same reaction
conditions at 90 °C.31 One may compare Au on SiO2, which has point of zero charge (PZC)
of 2‐4,37 to Au/C with a similar PZC. Hence, Au/SiO2 is 6 times more active in HMF
conversion and much more active in FDCA production. The activities of Au/SiO2 and Au/C
with a PZC of 9.9 are much closer. Generally, the activity of carbon‐supported Au catalysts
for FDCA production is strongly affected by the surface properties of the supports.31 The
comparison of SiO2‐supported Au catalysts to those on reducible oxide supports (which
show higher activity) and to those on carbon supports (which show a lower activity under
similar conditions) shows that the chemical nature of the support very likely plays an
important role in determining the activity of the supported Au catalysts, although it
cannot be excluded that the different preparation and reaction conditions applied in the
different studies also play a role.
5.3.3. Stability
Figure 5.3 shows XRD patterns of Au on different SiO2 supports before and after 6 hours of
catalysis, and Figure 5.5 shows the TEM images of the catalysts after 6 hours of catalysis.
Table 5.3 summarizes the sizes of the Au nanoparticles before and after catalysis as
characterized by TEM and XRD. The average crystallite size for the spent 2.2 wt%
Au/Aerosil was 10 nm which suggest a severe particle growth, and the corresponding XRD
peak showed two components which suggest a bimodal particle size distribution.
Au/Aerosil catalyst with a lower Au loading (1.3 wt% instead of 2.2 wt%) grew severely too
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(to 10.5 nm). TEM images showed large particles next to the 2‐3 nm Au particles on the
spent Au/Aerosil catalysts.

Figure 5.5. a) High angle annular dark‐field STEM images of 2.2 wt% Au/Aerosil, and bright field TEM images of b)
2.6 wt% Au/SBA16 and c) 2.4 wt% Au/MCF the after 6 hours of catalysis

Table 5.3. Changes in the size of Au nanoparticles on different SiO2 supports and with different Au
loadings upon 6h of catalysis. Conditions: HMF (0.2 mmol), catalyst (1.3‐2.6 wt% Au/SiO2, 25 mg,
HMF to Au mole ratio is 60‐120), NaHCO3 (0.4 mmol), H2O (8 mL), O2 (10 bar), at 80 ˚C, 900 rpm
stirring.

a

Sample name

Crystallite size
(nm) before
catalysis

Particle size
(nm) before
catalysis

Crystallite size
(nm) after
catalysis

Particle size
(nm) after
catalysis

Au/Aerosil a

2.4

2.3 ± 0.5

10.1

‐

Au/Aerosil b

2.6

2.2 ± 0.5

10.5

‐

Au/MCF

2.8

3.0 ± 0.5

4.5

3.4 ± 1.1

Au/SBA16

3.0

3.3 ± 0.6

4.6

3.3 ± 1.1

Au loading is 2.2 wt%, b Au loading is 1.3 wt%.

Dark‐field TEM images of the spent Au/Aerosil (Figure 5.6a) also showed the presence of a
few large agglomerates of Au particles of 10‐30 nm. Energy‐dispersive X‐ray spectroscopy
confirmed the presence of very large Au particles (Figure 5.6b). Since the distribution of
small and large particles was inhomogeneous, accurate determination of the average
particle size from the TEM images was not possible.
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Figure 5.6. a) High angle annular dark‐field‐scanning TEM image, and b) energy‐dispersive X‐ray spectroscopy
image of the spent 2.2 wt% Au/Aerosil. Green dots are representatives of Au entity

Obviously, extensive growth of Au nanoparticles on Aerosil occurred, however,
comparison of the crystallite sizes and particle sizes of Au on MCF and SBA16, before and
after catalysis (Table 5.3 and Figure 5.5) showed that they were much more stable (growth
to 4.5 nm). TEM images of Au on MCF and SBA16 after catalysis (Figure 5.5) showed
limited particle growth, and no large particles were observed on these spent catalysts. The
question is hence why the Au nanoparticles supported on Aerosil grew and why this
growth was much less on mesoporous silica with smaller pore sizes and different
morphologies.
To answer the first question, we first discuss the factors that affect the growth. Upon
6 hours exposure of the Au/Aerosil catalyst to the reaction mixture that contains HMF in
an aqueous solution under the pressure of O2, but in the absence of the NaHCO3, particle
growth was limited (particles grew to 4.4 nm). In the absence of the HMF (all other
reaction components were present), the particles were even more stable (growth to
3.0 nm). Surprisingly, in a solution with an initial pH of 8.5, particle growth was much less
pronounced (to 3.5 nm instead of 10.1 nm) if a diluted solution of NaOH in the reaction
mixture instead of NaHCO3 was used as a base. It suggests that the nature of the anions
present in the solution plays role in determining the particle growth. In the absence of O2
(under 10 bar N2 and in the presence of all other reaction components), the particle
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Elemental analysis of the post‐reaction mixture for the 2.2 wt% Au/Aerosil catalyst
showed no significant leaching of Au. The analysis also showed that 3.7 % of the SiO2
support dissolved during catalysis. This means, as expected, that the SiO2 support slowly
dissolves and hence will not withstand long‐term exposure to these basic reaction
conditions.
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growth was still pronounced (to 14 nm), probably because without O2 the pH remains
high, while normally in the course of the reaction it decreases from pH 8.5 to 7. Hence,
particle growth was enhanced by the presence of HMF and NaHCO3, and also proceeded
without catalytic action taking place.
The inter‐particle distances of Au nanoparticles on different SiO2 supports were ~40 nm
for Au/Aerosil (with 2.2 wt% Au loading) and ~60 nm for Au/Aerosil (with 1.3 wt% Au
loading) as well as for the Au/MCF and Au/SBA16. Hence, it is suggested that the inter‐
particle distances in the range of 40‐60 nm are not critical for particle growth. The fact
that large agglomerates of Au particles were formed on Aerosil‐supported samples
suggests that some particles were freely moving during the reaction, and somehow collide
and form larger crystallites and aggregates thereof. NaHCO3 and/or HMF could act as
capping agents, attaching strongly to the nanoparticles, and weakening support‐metal
nanoparticle interaction. Though the reaction temperature is not very high, we suggest
that movement and coalescence of Au particles is the dominant particle growth
mechanism.
The particle growth was limited for both Au/MCF, with medium cage (26 nm) and neck
(15 nm) sizes, and Au/SBA16, with small cage (9 nm) and neck (7 nm) sizes, whereas the
growth for Au/Aerosil with a large pore size of 50 nm was much more pronounced. Apart
from different pore structures, these silicas also vary in pore corrugation and acidity. More
detailed studies would be needed to pinpoint exactly which factor of the silica support is
decisive, for instance by comparing ordered and non‐ordered silica’s with the same pore
size, or by comparing silica supports with different pore sizes but with similar pore
corrugation and acidities. However, it is clear that diffusion of Au particles through the
pore system, and hence Au particle growth, can be effectively counteracted by carefully
selecting the silica support, preferably with small pore sizes, or more precisely in our case
by having windows between pore spaces of dimensions of 15 nm or smaller.
The growth of Au nanoparticles supported on SiO2 agrees with the information on Au
nanoparticle growth using other supports for aqueous phase oxidation reactions. Carbon‐
supported Au nanoparticles grew upon HMF oxidation in the presence of NaHCO3 (initial
pH of 8‐8.5), and the extent of particle growth depended on the surface properties of the
support.28 Casanova et al. suggested particle growth as a deactivation mechanism for
Au/TiO2 and Au/CeO2 for HMF oxidation in the presence of NaOH as a base at 45 °C,
though a full characterization of the spent catalysts was not given.15 Cai et al. reported
that Au nanoparticles inside cages of a zeolite structure did not grow during HMF
oxidation in the presence of NaOH as a base at 60°C, however it is not clear from their
study if Au on a similar non‐cage structure would grow in a similar reaction conditions.16
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Our observations agree with Gupta et al. who reported that Au/hydrotalcite is stable
during oxidation of HMF at pH of 10 where the high pH was caused by solid basicity of
support.17 Gupta et al. also reported growth of Au on MgO in a base free condition,
suggesting that particle growth depends on the support. Furthermore, Prüße et al.
showed a long term stability of the Au on TiO2 and Al2O3 during selective oxidation of
glucose at 40°C and in the presence of KOH or NaOH as a base at pH of 9.38‐39 Hence it is
clear that the reaction conditions, such as pH and the presence of particular anions as well
as the morphology of the support affect the growth of the supported Au nanoparticles.
5.4. Conclusion

5

The activity and stability of SiO2‐supported Au catalysts for the oxidation of HMF to FDCA
were investigated. SiO2‐supported Au catalysts were more active than Au on carbon
supports under similar conditions, but less active than Au on reducible oxide supports.
Upon catalysis, Au nanoparticles supported on SiO2 (Aerosil) severely grew. The particle
growth under these reaction conditions was likely caused by diffusion and coalescence of
the Au nanoparticles to form agglomerates containing 10‐30 nm Au nanoparticles. Particle
growth was very limited for Au supported on ordered mesoporous SiO2 supports (SBA16
and MCF) with much smaller pore and pore neck sizes. Hence the choice of the silica
support morphology can help to provide more stable Au catalysts for liquid phase
oxidation reactions.
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There is only one thing that makes a dream impossible to achieve: the fear of
failure
Paulo Coelho
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Chapter 6
Au‐Ag Catalysts for the Selective Oxidation of
5‐Hydroxymethyl furfural to Furan‐2,5‐dicarboxylic acid

Abstract: In the previous chapter it was shown that Au catalysts are active for the
selective oxidation of 5‐hydroxymethyl furfural (HMF) to furan‐2,5‐dicarboxylic acid
(FDCA), especially for the first step of the oxidation, which is conversion of HMF to the
intermediate 5‐hydroxymethyl furan carboxylic acid (HMFCA). Au/Aerosil catalysts gave
full conversion of HMF within first two hours of catalysis at 80 °C, but yielded a mixture of
HMFCA and FDCA, and showed severe Au particle growth. Now we turn our attention to
Au‐Ag catalysts. As shown in chapter 3, SiO2 supports allow to prepare these bimetallic
catalysts with controlled particle size (3 nm), and systematically varied Ag:Au ratio. An
addition of an optimum amount, 10‐16 mole %, of Ag to Au increased the FDCA yield from
44% to 100 % upon 6 hours of catalysis at 80 °C. Furthermore, the addition of Ag restricted
the growth of Au nanoparticles. While Au crystallites grew from 2.4 to 10.1 nm, and Ag
nanoparticles from 2.2 to 9.6 nm, the Au‐Ag nanoparticles grew only from 2.6‐3.6 nm to
3.6‐4.3 nm particles. We propose that in the presence of Ag, the formation of Au mobile
species is inhibited.
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Chapter 6
6.1. Introduction
As already discussed in chapters 4 and 5, Au nanoparticles are prone to thermally grow
under oxidizing atmospheres, and Au nanoparticles on SiO2 (Aerosil 300) grow during
aqueous phase oxidation of HMF to 2,5‐furandicarboxylic acid (FDCA) from 2.4 to 10.1 nm
at 80 °C during 6 hours of catalysis. A possible strategy to improve the activity and stability
of Au nanoparticles is to add a second metal.1‐2 Addition of a second metal can modify the
electronic structure of the catalyst,3 decrease the surface free energy of the supported
nanoparticles,1 and/or make the metals more resistant to oxidation4 and leaching5 by
making them more thermodynamically stable. Therefore, the use of bimetallic catalysts
can be a good strategy to mitigate the growth of metal nanoparticles as well as to improve
catalytic activity.1, 6‐7 Indeed for the oxidation of HMF, higher activities and stabilities of
Au‐Cu/TiO2,8‐9 Au‐Pd/activated carbon,10 and Au‐Pd/CNT11 catalysts than their equivalent
monometallic catalysts have been reported.
In literature, several studies report a synergistic effect between Au and Ag both in terms
of catalytic activity and stability for oxidation reactions, such as the oxidation of CO,
benzyl alcohol, glucose and volatile organic compounds.12‐21 The improved activity of Au‐
Ag nanoparticles has in some cases been ascribed to an electronic effect namely charge
transfer from Ag to Au as well as to the cooperative effects between the metals.19, 22,21 The
higher stability of colloidal Au‐Ag nanoparticles compared to pure Au colloids during the
aerobic oxidation of benzyl alcohol has also been reported.23 Other examples of improved
stability of Au‐Ag catalysts include a higher thermal stability of Au‐Ag catalysts,7 and
higher durability in catalyzing the CO oxidation reaction,13, 24 as well as improved Ag
leaching resistance.5
In this chapter we describe the effect of the addition of Ag to SiO2 supported Au
nanoparticles on the catalyst activity and stability for the aerobic oxidation of HMF. We
demonstrate that the addition of Ag enhances the second oxidation step and hence the
formation of the desired dicarboxylic product and restricts the growth of supported metal
nanoparticles during catalysis.
6.2. Experimental
6.2.1. Catalyst preparation
The 2.2‐2.4 wt% Au, Ag, and Au‐Ag catalysts were prepared by deposition of Au or Ag, or
consecutive deposition of Au and Ag on modified SiO2 supports as described in chapter 3.
The applied SiO2 support was Aerosil 300 purchased from Evonik. The Au‐Ag catalysts
were prepared with Au to Ag atomic ratio of 9:1, 6:1, 5:1, and 3:1, which are denoted as
Au9Ag1, Au6Ag1, Au5Ag1, and Au3Ag1, respectively.
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6.2.2. Characterization
Elemental analysis, X‐Ray Diffraction, Transmission Electron Microscopy (TEM) imaging
were performed as described in chapter 5. Additionally, diffuse‐reflectance UV‐vis spectra
were recorded using a Varian Cary 500Scan UV‐vis‐NIR spectrophotometer. Catalysts
(80 mg) were loaded into a metal sample holder with a quartz window and the spectra
were recorded in reflectance mode with BaSO4 as a reference.
6.2.3. Catalytic tests
The catalysts were tested as described in chapter 5. Additionally, recyclability tests were
done on the Au6Ag1 catalyst. For this, the spent catalysts were separated from the
reaction mixture by centrifugation, washed with methanol and dried at 60 °C prior to
reuse.
6.3. Results and discussion

Table 6.1 presents the structural properties of the catalysts for which the catalytic results
will be discussed in this chapter. For all catalysts, an Au weight loading of 2.2 % was used,
while the Ag loading was varied to obtain a range of Au to Ag ratios. Elemental analysis by
ICP confirmed the intended Au and Ag loadings. Transmission electron micrographs (TEM,
Figure 6.1) showed nanoparticles with an average size of 2.0‐3.5 distributed uniformly
over the SiO2 (Aerosil) for all samples. As bright field did not yield sufficient contrast, for
the Ag sample high angle annular dark‐field scanning transmission electron microscopy
was employed (Figure 6.1.d).
Table 6.1. Characteristics of the Au, Ag, and Au‐Ag catalysts supported on SiO2 (Aerosil 300)
Sample name
Au
Au9Ag1
Au6Ag1
Au5Ag1
Au3Ag1
Ag

Au loading
(wt%)
2.18
2.21
2.16
2.15
2.18
0

Ag loading
(wt%)
0
0.14
0.20
0.25
0.38
1.77

Atomic
Au/Ag ratio
1:0
9:1
6:1
5:1
3:1
0:1

TEM particle
size (nm)
2.3 ± 0.5
3.6 ± 1.9
3.2 ± 1.1
3.3 ± 1.5
2.7 ± 0.9
2.2 ± 1.3

XRD crystallite size
(nm)
2.3
3.0
3.0
3.1
3.2
‐
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Chapter 6
Figure 6.1. Bright field TEM micrographs of Au (a),
Au5Ag1 (b), and Au6Ag1 (c), and High angle annular
dark‐field STEM image of the Ag catalyst (d), all
catalysts supported on SiO2

Figure 6.2a shows the diffraction patterns
for the Au, Ag, and Au‐Ag catalysts. The
crystallite sizes as obtained from the peak
broadening of the reflection at 2θ= 44°
(Table 6.1) varied from 2.3‐3.2 nm,
confirming the particle sizes obtained by
TEM, and hence suggesting that the
majority of the particles was single
crystalline. For the Ag catalyst, no
diffraction peaks were observed (expected
for (111) at 2θ= 44°). However, this does not mean that no crystalline Ag was present, but
it is probably due to the fact that Ag is difficult to detect at low loadings and for small
particles, as it diffracts X‐rays less strongly than Au. The XRD patterns after catalysis
(Figure 6.2.b) will be discussed below in section 6.3.3 on page 105.
Figure 6.3 shows the absorption spectra for the Au, Ag, and Au‐Ag catalysts. The
supported Au nanoparticles showed a maximum in the absorption around 510 nm and the
supported Ag nanoparticles around 390 nm. The light absorption is due to the surface
plasmon resonance. For the Au‐Ag catalysts, the absorption maximum occurred at
500 nm, in between the maximum for Au and Ag, which indicates the formation of Au‐Ag
alloys.25

Figure 6.2. X‐ray diffraction patterns of the Au, Ag, and Au‐Ag catalysts supported on SiO2 a) before, and b) after
6 hours of catalysis

100

Figure 6.3. Diffuse reflectance visible absorption
spectra of the Au, Ag, and Au‐Ag catalysts supported
on SiO2.

6.3.2. Activity

6

Figure 6.4 shows the evolution of the HMF conversion (left frame) and the FDCA yield
(right frame) catalyzed by a series of Au, Ag, and Au‐Ag catalysts supported on SiO2. As
discussed in section 5.3.2, Au catalyst fully oxidized the HMF, which contains an alcohol
and an aldehyde group, within 2 hours of reaction. Products were 5‐hydroxymethyl furan
carboxylic acid (HMFCA), which contains an alcohol and an acid group, and the desired
FDCA, which contains two acid groups. After 6 hours of catalysis at 80 °C, the product
mixture consisted of 44 % FDCA. Upon addition of increasing amount of Ag, the rate of
HMF conversion continuously decreased. Pure supported Ag catalyst was not active.

Figure 6.4. Evolution of the HMF conversion and FDCA formation (yield) catalyzed by Au, Ag, and Au‐Ag catalysts
supported on SiO2. Conditions: HMF (0.2 mmol), catalyst (25 mg, HMF to Au mole ratio is 72), NaHCO3
(0.4 mmol), H2O (8 mL), O2 (10 bar), at 80 ˚C, 900 rpm stirring. A physical mixture of Au/SiO2 and Ag/SiO2 with Au
to Ag ratio of 6 to 1 is included as reference. The lines are to guide the eye.

Strikingly, the rate of the next step, FDCA production, increased upon addition of small
amounts of Ag in the catalyst. An optimum Au to Ag ratio was 6:1 that gives the highest
FDCA yield following by ratio of 9:1 and 5:1 that were all more productive than pure Au
catalysts for FDCA formation.
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Table 6.2 gives an overview of the catalytic activities of the catalysts. Turnover frequencies
for Au‐Ag catalysts were calculated per surface Au atom, and assuming that the fraction of
Au atoms at the surface was the same as the overall Au fraction. The turnover frequencies
of HMF formation were in the range of 42‐513 h‐1. The TOF of HMF conversion decreased
continuously upon addition of an increasing amount of Ag. This could be a real
cooperative effect. However, it is also possible that the decrease in TOF is the result of
surface enrichment of Au‐Ag nanoparticles with Ag, and therefore overestimation of the
number of surface Au sites, as it is known that Ag under oxidative conditions segregate to
the surface.54
None of the catalysts was active for the HMF conversion under base‐free conditions. The
highest rate of FDCA formation (60 moles per Au surface atom per hour) was achieved for
the Au6Ag1 catalyst (Table 6.2). The Au9Ag1 and Au5Ag1 catalysts showed slightly lower
rates of FDCA formation (48–53 moles per Au surface atom per hour) but still higher than
that of the pure Au catalyst (13 moles per Au surface atom per hour). Au3Ag1 was less
active in FDCA formation than the pure Au catalyst, indicating that an Ag fraction of 10‐16
mole % is optimum for the overall FDCA yield. Despite the lower activity of bimetallic
catalysts in the first step compared to the pure Au catalyst, their substantially higher
activity in the second step allowed for almost quantitative yield of FDCA after 6 h, while a
FDCA yield of only 44 % was achieved for Au.
Table 6.2. HMF oxidation catalysed by Au, Ag and Au‐Ag catalysts supported on SiO2. Conditions:
HMF (0.2 mmol), catalyst (25 mg, HMF to Au mole ratio is 72), NaHCO3 (0.4 mmol), H2O (8 mL), O2
(10 bar), at 80 ˚C, 900 rpm stirring, HMF conversions and product yields are tabulated after 6 h. TOF
of HMF conversion and FDCA formation rate are calculated based on the crystallite sizes before
catalysis and were normalized to number of Au atoms on the surface, assuming homogeneous alloy
composition.
Catalyst

TOF of HMF
conversion (h‐1)
513
318
250
172
42
0
90

FDCA formation
rate (h‐1)
13
53
60
48
6
0
13

HMF conversion
(%)
100
100
100
100
71
0
97

Au
Au9Ag1
Au6Ag1
Au5Ag1
Au3Ag1
Ag
Physical
mix a
a Physical mixture of Au and Ag with Au to Ag ratio of 6 to 1.

HMFCA yield
(%)
55
3
‐
6
53
0
55

FDCA yield
(%)
44
96
100
94
15
0
38

A physical mixture of Au/SiO2 and Ag/SiO2 with a Au/Ag ratio of 6/1 was tested to mimic
the Au6Ag1 catalyst (Table 6.2). In this case the rate of HMF conversion was lower than
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that of monometallic Au, while the rate of FDCA formation was similar to that of pure Au.
These results proof that Au‐Ag nanoparticles with Au and Ag sites in close proximity are
necessary for the synergistic effect. Since addition of Ag had a positive effect only on the
second step of the reaction (oxidation of HMFCA), but did not convert the initial HMF, we
tested pure Ag with the intermediate HMFCA as a starting substrate. No activity was
observed in this case. Therefore, there was a real synergistic effect between Au and Ag for
the second oxidation step.

Earlier, the synergism between Au and Ag was also observed for the oxidation of benzyl
alcohol17‐18, 23, 26‐27 and glucose.16‐17, 19, 21, 28 Similar to our results, catalysts with low Ag to
Au ratio that is typically less than 25 mol%, demonstrated the highest catalytic activities.
In most cases, the improvement in catalytic performance upon alloying was proposed to
be due to electronic interaction between Au and Ag. For example, Tsukuda et al. showed
that a Au‐Ag composition of 90/10 led to the most pronounced charge transfer from Ag to
Au,26 and therefore to the highest catalytic activity. In contrast, some studies did not
detect any changes in the electronic structure upon alloying Au and Ag. For the oxidation
of glucose, Benko et al. proposed a cooperative effect between Au and Ag.21 They
reported that glucose activation on Au atoms combined with more facile O2 activation on
neighbouring Ag sites results in the improved activity. They included an explanation of the
optimal ratio between Au and Ag (less than 20 mol% Ag): since a glucose molecule is much
larger than O2, larger Au atom assemblies are necessary. Thus only at low Ag content
efficient adsorption of glucose is realized. However, our study is the first to report a
synergistic effect between Au and Ag for the oxidation of HMFCA to FDCA.
To understand the reason for this specific synergism, one must consider the mechanism of
the reaction. The reaction mechanism is presented in Scheme 6.1, and based on the work
of Davis et al.,29‐30 which proposed the following steps for the oxidation of HMF catalysed
by Au under basic conditions. In the first step, the carbonyl group of HMF reacts with
water to form geminal diol (a compound with two hydroxyl groups bound to the same
carbon atom, step 1), followed by the removal of two hydrogen atoms (while being
adsorbed on the Au in the presence of an adsorbed hydroxyl ion) to form the carboxylic
group of HMFCA (step 2). Then two hydrogen atoms are abstracted from the alcohol
group of HMFCA to form a carbonyl group (furanformylcarboxylic acid, FFCA, step 3). The
aldehyde group of the FFCA is then quickly transformed into a geminal diol group (step 4),
and dehydrogenated to give FDCA (step 5). Step 5 and 6 (the transformation of
furanformylcarboxylic acid into FDCA) is very rapid, explaining why we did not detect FFCA
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In summary, addition of Ag to Au had a detrimental effect on the conversion of the
aldehyde group of HMF to form HMFCA. However, it increased the rate of the second step
of the reaction which is oxidation of alcohol group of HMFCA to give FDCA. The addition of
10‐16 % Ag to Au was optimum under these conditions.

Chapter 6
in our experiments. The electrons produced in steps 2, 3 and 5 are postulated to react
with molecular oxygen to regenerate the hydroxyls, and complete the reaction cycle. An
important point is hence that the molecular oxygen does not directly react with the
organic molecules, as has been proved by Davis et al.29

Scheme 6.1. Schematic presentation of the reaction mechanism29‐31

Thus, both HMF and HMFCA conversions involve the removal of hydrogen atoms from
alcohol or diol groups catalysed by Au (or Au‐Ag). The fact that the increase in the reaction
rate upon Ag addition to Au is observed only for the second step makes it unlikely that an
electronic effect of Ag on Au is the main reason for the synergism, as in this case it is likely
that the rate of both steps would have changed and not only the rate of HMFCA
conversion.
Another possible explanation of the synergism between Au and Ag could be related to the
activation of O2. It is known that Au catalysts are highly active in hydrogen abstraction
from alcohols under basic conditions, however they show no activity in the absence of a
base.29 The pH of the reaction mixture in the beginning of the reaction is approximately
8.5. Therefore, it is likely that in the beginning of reaction the active sites are Au atoms,
even in the presence of Ag, because the pH is high enough and therefore hydrogen
abstraction by the Au surface in combination with the adsorbed hydroxyls is favoured.
Upon HMFCA formation, however, the pH decreases (to pH 7), and therefore hydrogen
abstraction cannot be efficiently realized on Au. It could have been that for the second
step (conversion of HMFCA) Ag would play an important role for the activation of O2 also
under less basic conditions. However, this possibility can be excluded, because in the
104

absence of a base, also Au‐Ag catalysts are not active, neither for HMF nor for HMFCA
conversion. Therefore it is unlikely that absence of the synergistic effect in the first step
and its presence in the second step are due more facile O2 activation over bimetallic
catalysts.
Another possible explanation for the specific synergistic effect of Au and Ag in the
oxidation of HMFCA to FDCA is that the presence of Ag might enhance the adsorption of
HMFCA. Previously we showed that the adsorption of HMFCA on a Au/C catalyst is weak,
and that the adsorbed amount is approximately 6 times lower than that for HMF (at
pH 8.5 in 5 mL of an aqueous solution containing HMF/HMFCA, 25 μmol, with 50 mg of
catalyst at RT).31 The presence of Ag might improve the adsorption of oxygen‐containing
compounds due to the higher oxophilicity of Ag compared to that of Au. If this is true, it
could explain the high rate of HMFCA conversion in the presence of Ag. A further increase
in the Ag content might decrease the reaction rate as its surface coverage becomes too
high, and it is without Au not able to catalyze the oxidation of these compounds. However,
this hypothesis needs to be verified by a carefully designed set of adsorption experiments,
which is unfortunately outside the scope of this thesis.

As discussed already in the chapter 5, Au nanoparticles grew extensively under the
reaction conditions. Table 6.3 summarizes the sizes of the nanoparticles before and after
6 hours of catalysis extracted from the XRD results shown in Figure 6.2. While Au
crystallites grew from 2.4 to 10.1 nm, and Ag nanoparticles from 2.2 to 9.6 nm, the Au‐Ag
nanoparticles grew only from 2.6‐3.6 nm to 3.6‐4.3 nm particles. Hence, Au‐Ag
nanoparticles were much more stable than pure Ag or Au nanoparticles under the same
reaction conditions.
TEM micrographs of spent catalysts are given in Figure 6.5 and show that for the Au
catalyst large aggregates of several tens of nanometers of Au nanoparticles were present.
However, for the Au‐Ag catalysts (figure 6.5. b and c) nanoparticles of a size of 2.6‐4.3 nm
were observed after catalysis. This confirms that the Au‐Ag nanoparticles were much
more stable than the Au nanoparticles, as also concluded from the XRD results.
Interestingly, the monometallic Ag nanoparticles grew extensively too (see XRD results),
despite their lack of catalytic activity. This shows that the particle growth was not directly
related to the catalytic action, but rather to the reaction conditions. Adding Ag to Au, and
from another viewpoint, adding Au to Ag made the Au‐Ag nanoparticles stable for this
aqueous phase oxidation reaction.
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6.3.3. Stability
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Table 6.3. Changes in the size of Au, Ag, and Au‐Ag nanoparticles upon 6h of catalysis. Conditions:
HMF (0.2 mmol), catalyst (25 mg, HMF to Au mole ratio is 72), NaHCO3 (0.4 mmol), H2O (8 mL), O2
(10 bar), at 80 ˚C, 900 rpm stirring.
Catalyst
Crystallite size before Particle size before Crystallite size after Particle size after
catalysis (nm)
catalysis (nm)
catalysis (nm)
catalysis (nm)
Au
2.4
2.3 ± 0.5
10.1
‐a
Au9Ag1
3.0
3.6 ± 1.9
4.3
4.3 ± 1.5
Au6Ag1
3.0
3.2 ± 1.1
3.9
3.1 ± 1.4
Au5Ag1
3.2
3.3 ± 1.5
3.6
3.8 ± 1.5
Au3Ag1
3.2
2.6 ± 0.9
3.7
2.6 ± 0.9
Ag
‐
2.2 ± 1.3
9.6
‐
a Since the distribution of particles is very inhomogeneous, determination of average particle size
from TEM images for the spent Au catalyst is not possible.

Figure 6.5. Transmission electron microscopy micrographs of the Au (a), Au6Ag1 (b), and Au5Ag1 (c) catalysts
after 6 hours of catalysis, all catalysts supported on SiO2

The long‐term stability of Au6Ag1 catalyst, which performs the best amongst all Au‐Ag
catalysts, was assessed by performing three cycles of HMF oxidation, which corresponds
to a total of 18 hours of catalysis. Table 6.4 gives an overview of the catalytic activity
during each cycle, as well as the crystallite sizes before and after the run. The activity for
both HMF conversion and FDCA formation was lowered upon each additional cycle of
catalysis. However, the crystallite size was growing only to 4.1 nm after the second cycle
and to 5.1 nm after the third cycle. Notably, after 18 hours of reaction, the particle growth
for the Au6Ag1 catalyst was still relatively limited in comparison to Au nanoparticle
growth to 10 nm after 6 hours of catalysis. Hence, although the Au‐Ag nanoparticles grew
slightly, this was not enough to explain the 70 % loss of activity.
Elemental analysis of the post‐reaction mixtures for the Au‐Ag catalysts showed that
neither Au nor Ag leached out (Au and Ag concentrations less than 0.2 mg per kg of the
solution). Also analysis on the spent catalyst showed no Au loss. However, the analyses
showed varying Ag contents. This suggests that the spent Au‐Ag catalyst was
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heterogeneous in distribution of Ag, and possibly the Au‐Ag nanoparticles were de‐
alloyed. De‐alloying of Au‐Ag nanoparticles and Ag segregation under oxidizing
atmosphere especially in the presence of SiO2 has been reported in the literature.32‐33
Furthermore, the physical mixture of Au and Ag showed a low TOF for HMF conversion
(90 h‐1) and for FDCA production (FDCA formation rate of 13 moles per Au surface atom
per hour). Therefore, the loss of activity and synergism of Au‐Ag catalysts might be a
consequence of de‐alloying.
Table 6.4. Activity of the Au6Ag1 catalyst after three 6 hours cycles of catalysis, and crystallite sizes
of nanoparticles after catalysis. Conditions: HMF (0.2 mmol), catalyst (25 mg, HMF to Au mole ratio
is 72), NaHCO3 (0.4 mmol), H2O (8 mL), O2 (10 bar), at 80 ˚C, 900 rpm stirring, HMF conversions and
product yields are calculated after 6 h. TOF of HMF conversion and FDCA formation rate are
calculated based on the Au crystallite size before catalysis and were normalized to the number of Au
atoms at the surface.
TOF of HMF
conversion
(h‐1)

First cycle
Second cycle
Third cycle

250
112
44

FDCA
formation
rate
(h‐1)
60
35
12

HMF
conversion
(%)

HMFCA
yield (%)

100
94
63

‐
21
38

FDCA
yield
(%)
100
73
25

Crystallite size
after catalysis
(nm)
3.9
4.1
5.1

Another interesting observation is that the Au/SiO2 and Ag/SiO2 that are physically mixed
grew only little as well (to 5.0 nm). Hence, it seems that the presence of Ag inhibits the
extensive growth of Au nanoparticles, even if Au and Ag are not in the same nanoparticle.
This observation excludes cathodic protection,4 which means protection of a metal by a
less noble metal, as an explanation for the higher stability of the Au‐Ag nanoparticles,
since Au and Ag in a physical mixture are not in electronic contact. Another explanation
could be that Ag quenches the formation of Au mobile species by electrostatic adsorption
of counter ions/ligands. We discussed in chapter 5.3.3 that the presence of both HMF and
NaHCO3 contribute to growth of Au nanoparticles, and it is known from literature that
carbonate‐form species/ligands are adsorbed stronger on Ag than Au.34 However, further
studies would be warranted to pinpoint the exact mechanism by which the presence of Ag
mitigates the mobility of Au species.
A higher stability of polymer stabilized colloidal Au‐Ag nanoparticles than for similar Au
colloids during the oxidation of benzyl alcohol in aqueous solution was reported by Huang
et al.23 They also reported only slight growth of the Au‐Ag nanoparticles during the aerobic
oxidation of cyclohexanol at 40 °C for 5 hours and at the presence of Na2CO3 as a base in a
solvent free condition.18 Hence, one can conclude that Au‐Ag, either colloidal or
supported, is more stable than the monometallic Au equivalent during oxidation of
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organic compounds. To the best of our knowledge, ours is the first study that investigates
the stability of Au‐Ag catalysts for aerobic oxidation of organic compounds in the aqueous
phase, and shows that adding a second metal, even in form of a physical mixture, does
mitigate the growth of Au nanoparticles.
6.4. Conclusion
The activity and stability of SiO2 supported Au‐Ag catalysts for the two‐step oxidation of
HMF to FDCA via HMFCA were investigated. Addition of Ag to Au has a negative effect on
the conversion rate of the first step of the oxidation; the HMF conversion to HMFCA.
However, the second step of the oxidation, the HMFCA conversion to FDCA, showed an
increased rate upon addition of an optimum amount of Ag (10‐16 mole %). The highest
rate of FDCA formation (60 moles per Au surface atom per hour) was achieved for a
catalyst with an atomic Au to Ag ratio of 6:1. We propose that the synergistic effect in the
second step is because of the improved adsorption of HMFCA on the metal surface in the
presence of Ag, compared to pure Au. Interestingly the addition of Ag greatly enhances
the stability of the Au catalyst, even if it is present in a physical mixture of Ag/SiO2 with
Au/SiO2. Our well defined catalysts provide a strong tool for systematic studies on the
impact of composition on activity, selectivity and stability of bimetallic oxidation catalysts.
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Come you lost Atoms to your Centre draw, And be the Eternal Mirror that you saw
Rays that have wander'd into Darkness wide, Return and back into your Sun subsid
Attar of Nishapur
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Chapter 7
7.1. Summary
Gold catalysts have demonstrated superior selectivity over many other metal catalysts for
different industrially relevant reactions such as the selective hydrogenation of
polyunsaturated impurities from alkene feedstocks, direct epoxidation of propene with
molecular O2, and selective oxidation of organic compounds. Gold catalysts are more
active than for instance Pt catalysts for low temperature CO oxidation and more active
than currently used mercury catalysts for the hydrochlorination of acetylene. These
intriguing properties have spurred demand in the chemical industry for Au catalysts, the
application of which strongly depends on their lifetime and regenerability.
Effective Au catalysts consist of small nanoparticles with a narrow size distribution and a
homogenous distribution over a support. If particles grow, or if the Au active sites are
covered by strong adsorption of the reactants, products, or intermediates, the catalyst is
deactivated. Catalyst stability is affected by different deactivation pathways for different
reaction conditions. To design a durable catalyst for a certain reaction, understanding the
relevant deactivation pathways is important.
In chapter 2 the stability during gas‐phase hydrogenation and the influence of the support
thereon was reported. Au nano‐particulate catalysts, supported on either TiO2 or SiO2,
were used for the hydrogenation of 0.3 % butadiene in the presence of 30 % propene.
Direct comparison of the stability of the Au catalysts was possible as they were prepared
via the same method but on different supports. At full conversion of butadiene only 0.1%
of the propene was converted for both supported catalysts, illustrating a high selectivity of
the Au catalysts independent of the type of support for the hydrogenation of
polyunsaturated impurities from alkene feedstocks. The Au/SiO2 catalysts were initially
three times less active than the Au/TiO2 catalysts (turnover frequencies of 5 × 10‐3 s‐1 vs 15
× 10‐3 s‐1 at 120 °C). However, Au/SiO2 clearly outperformed the Au/TiO2 catalysts within
several hours of runtime. Au/SiO2 catalysts showed excellent stabilities, generally loosing
less than 10% of the initial activity at about 90% of conversion during 5 days of run time.
Coke formation was the main cause for deactivation particularly for the Au/TiO2 catalysts.
This was proven by thermogravimetric analysis of the spent catalysts and further by the
regenerability of the activity upon heating to high temperatures under oxidizing
atmosphere (removing the carbon species). The surface groups of the TiO2 support, most
likely the Lewis acid sites on the surface, induced strong adsorption of the reactants,
products, and/or intermediates. The amount of carbon species after 16 hours of catalysis
at 200 °C corresponded to a monolayer of aliphatic compounds on the TiO2 support. In
contrast, for the SiO2 supports that do not have Lewis acid sites, very limited coke
deposition was observed, and hence the activity was maintained for much longer periods
of time.
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In chapter 4 the influence of the chemical nature of the support and of different
atmospheres on the thermal growth of Au nanoparticles on oxidic supports were
discussed. As the samples were prepared via the same method but on different supports
and had a similar properties, a direct comparison was allowed. All supported Au
nanoparticles grew upon thermal treatment. Particle growth on reducible TiO2 was much
more pronounced than on non‐reducible SiO2 or Al2O3 supports. For instance, at 700 °C
during 4 hours in air, Au on TiO2 grew from the initial 2.7 nm particles to 13.4 nm. Particle
growth on TiO2 was particularly enhanced by an oxidizing atmosphere, the presence of
water, and/or the presence of Cl‐. On non‐reducible supports and in non‐oxidizing
atmosphere, the supported Au nanoparticles were remarkably stable. For Au/SiO2, at
700 °C in air, particle growth was from 3.6 to 6.5 nm in 4 hours. The most likely
dominating particle growth mechanism was Ostwald ripening involving cationic Au
species. The fact that Au catalysts on non‐reducible supports showed such high thermal
stability is an important consideration for a rational choice of a support for high‐
temperature gas phase reactions involving gold nanocatalysts.
In chapter 5, the stability of Au catalysts for a liquid phase oxidation reaction was studied.
The focus was on the activity and stability of SiO2‐supported Au catalysts for the oxidation
of 5‐hydroxymethyl furfural (HMF) to furan‐2,5‐dicarboxylic acid (FDCA). SiO2‐supported
Au catalysts were almost six times more active than carbon supported catalysts, and
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The main drawback in industrial application of Au catalysts is that Au is often less active
than other metal catalysts like Pt or Pd. One strategy to improve the activity as well as the
stability of the Au catalysts is to add a second metal. Chapter 3 continued the work of
chapter 2 based on the fact that Au/SiO2 is highly stable for gas‐phase hydrogenation
catalysis. The goal was to improve the activity while the selectivity is preserved by adding
Ag to Au catalysts supported on SiO2. Au‐Ag catalysts displayed a similarly high selectivity
as the Au catalysts. However, they were even less active than the Au catalysts, although in
general Au‐Ag catalysts often show synergistic effects for different oxidation and liquid‐
phase hydrogenation reactions. These results highlight the sometimes very different
behavior of catalysts in liquid and gas‐phase hydrogenation reactions, and that in this case
not the lower activation energy for hydrogen dissociation on silver is decisive, but rather
the fact that Ag adsorbs less strongly the reactants than Au. The initial activity of the Au‐
Ag catalysts scaled linearly with the Au‐content, suggesting the absence of synergistic
effects and a direct correlation between the surface and overall compositions of the
nanoparticles. The bimetallic catalysts showed a gradual activity loss during the first
5 hours on stream at 200 °C, which was explained by the segregation of the less active Ag
atoms to the surface of the metal nanoparticles under reaction conditions. This is the first
report of Ag surface segregation under H2, illustrating the sensitivity of Au‐Ag catalysts to
atomic rearrangement under reaction conditions.

Chapter 7
reached FDCA formation rate of 60 moles per surface Au atom per hour and 74 % FDCA
yield after 5 hours of catalysis at 90 °C while the HMF to Au ratio was 72. Upon catalysis,
extensive growth of Au nanoparticles on Aerosil SiO2 with 50 nm pores occurred. Particle
diffusion and coalescence was suggested as the dominant particle growth mechanism.
Deposition of Au nanoparticles inside pores of an ordered mesoporous support with
narrower pore constrictions successfully restricted the growth and led us to conclude that
the morphology of the SiO2 support affects the growth of Au nanoparticles.
In chapter 6, the addition of Ag to Au was shown to be a successful measure to enhance
the Au catalyst activity and stability. Addition of an optimum amount, 10‐16 mole %, of Ag
to Au increased the FDCA yield from 44% to 100 % in 6 hours at 80 °C. Furthermore, the
addition of Ag, even in form of a physical mixture, restricted the growth of the Au
nanoparticles. While monometallic Au crystallites grew from 2.4 to 10.1 nm, and Ag
nanoparticles from 2.2 to 9.6 nm, the Au‐Ag alloy nanoparticles grew only from 2.6‐3.6 nm
to 3.6‐4.3 nm. Hence, Au‐Ag nanoparticles are much more stable than pure Ag or Au
nanoparticles under the same reaction conditions.
In summary, the support is a very important factor for the activity and stability of Au
catalysts. In the gas phase hydrogenation of butadiene, TiO2 supports induce formation of
carbonaceous deposits creeping up the gold nanoparticles, and in this way deactivating
the active sites. SiO2 supports lead to much more stable catalysts. Upon treatment at high
temperatures, Au nanoparticles on TiO2 grow fast under oxidizing atmospheres, whereas
Au nanoparticles on SiO2 are much more stable. In liquid phase oxidation in which major
particle growth occurs, the support pore structure can be chosen such that it limits the
particle growth.
Another main conclusion is that deactivation pathways are different under different
reactive conditions. Deactivation due to coke formation is the main reason in the gas
phase hydrogenation reaction that we studied. However under oxidizing atmospheres
particle growth is the main issue especially at higher temperatures and in liquid phase
reactions.
Furthermore, by adding a second metal, the catalytic properties of the Au catalysts are
altered but not necessarily improved. Atomic rearrangements in bimetallic nano‐catalysts
under reaction conditions and their effect on the stability are very important
considerations as well.
7.2. Outlook
For hydrogenation reactions, one open question is the nature of the Au active sites for H2
dissociation. Fundamental understanding of the nature of the active sites can make
understanding of the exact deactivation pathways easier. To recognize the active sites,
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one method could be preparation of Au nanoparticles with different sizes on a support like
SiO2 that does not interact electronically with the Au nanoparticles and that does not have
active Au‐support interface sites. A higher turnover frequency of the hydrogenation
reaction for the smaller particles, with higher number of low‐coordinated Au atoms, in
comparison to the larger particles would mean that low‐coordinated sites rather than the
Au‐support interfaces are the active sites for the H2 dissociation.
Another idea is to design catalysts with different Lewis acidities of the support surface. For
instance by deposition of Al and/or Ti Lewis acid sites on the SiO2 surface, and subsequent
deposition of Au, one might expect to enhance the catalytic activity. Furthermore, a
higher activity of the Au on the TiO2 support with a high stability of Au/SiO2 may be
combined, and in this way the nature of active sites can be clarified and a more active and
durable Au catalysts might be introduced.
The stability studies can be extended to a feedstock that mimics industrial hydrocarbon
streams with different possible contaminants like sulfur‐containing compounds that might
deactivate the catalyst via different deactivation pathways. An experiment could be that
some contaminants are, on purpose, added to the feed and that the stability of the
catalyst is investigated.

The growth of Au nanoparticles on TiO2 supports upon high temperature treatment under
oxidizing atmospheres was observed. We proposed that particle growth by Ostwald
ripening involving cationic Au species is the most likely dominating growth mechanism.
However, further experiments would be needed to, firstly, determine the nature of mobile
species, and secondly, understand the different behavior of Au nanoparticles supported
on non‐reducible supports like SiO2. The determination of mobile species under real
catalysis conditions at high temperatures would be a challenge. One could try near
ambient pressure XPS with low photon energy to monitor changes on the surface of
Au/TiO2 sample and compare it to the changes on the Au/SiO2. Possible changes of Au
and/or Ti oxidation states as well as possible adsorption of oxygen on the surface would
provide information to understand the differences of Au supported on different supports
upon thermal treatment under reactive gases. Probably computational efforts will be
needed to fully understand the particle growth mechanism and identify mobile species.
Adding Ag to Au was very effective to improve the activity and stability of the Au catalysts
for the liquid phase oxidation of HMF. Adsorption studies could shed light on why AuAg
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Boosting the activity of the Au catalysts while the selectivity for the hydrogenation of
butadiene is preserved remains a challenge. The choice of Ag as a second metal was not
successful. However, it would be interesting to investigate other combinations of metals,
preferably based on an understanding of the strength with which they adsorb specific
hydrocarbons.
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catalysts with an optimum Au to Ag ratio show such synergism particularly for the
oxidation of HMFCA to FDCA. Also it is rather surprising that the presence of Ag even
physically mixed with Au strengthens to such an extent the resistance of Au nanoparticles
against growth. We proposed that that in the presence of Ag, the formation of Au mobile
species is inhibited. Further studies are needed to pinpoint the exact mechanism by which
the presence of Ag mitigates the mobility of Au species. In‐situ EXAFS using a liquid cell
can be used to determine the degree of alloying/dealloying, chemical bonds between Ag
to Si, or changes in metals oxidation state upon catalysis, and that might provide
information on the mobility of Au species.
Finally, an important lesson is that the deactivation mechanism, and hence how the
chemical nature or structure of the support and/or composition of the metal
nanoparticles can be tweaked, really depends on the specific reaction and conditions. It
would be highly interesting to extend the studies on the stability of Au catalysts to other
relevant reactions involving Au catalysts like direct epoxidation of propylene, CO oxidation
for exhaust catalytic converters, and other selective oxidation and hydrogenation
reactions.
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Goud is van groot financieel en cultureel belang vanwege zijn relatieve zeldzaamheid,
bijzondere kleur, en edelheid. Gegeven dat goud altijd geprezen wordt om zijn edelheid,
lijkt het minder logisch om na te denken over de mogelijkheden van goud als katalysator.
Toch hebben gouddeeltjes kleiner dan 10 nm bijzondere katalytische eigenschappen, en
bieden ze een superieure selectiviteit voor diverse industrieel relevante omzettingen.
Selectieve vorming van de gewenste producten is vaak cruciaal. Daarnaast is goud actiever
dan standaardkatalysatoren voor de oxidatie van koolstofmonoxide naar koolstofdioxide
bij lage temperatuur, en actiever dan de huidige kwik‐gebaseerde katalysatoren voor de
hydrochlorinering van acetyleen naar vinylchloride, een belangrijke uitgangsstof voor de
productie van het plastic polyvinylchloride (PVC). Deze intrigerende eigenschappen
hebben geleid tot een grote interesse, ook vanuit de industrie, voor goudkatalysatoren.
Hun levensduur en de mogelijkheden tot regenereren na het verlies van activiteit zijn
echter cruciaal voor praktische toepassingen.
Doelmatige goudkatalysatoren bestaan uit kleine nanodeeltjes die verankerd worden op
een geschikt dragermateriaal. Als de goudnanodeeltjes groeien, of als het oppervlak van
de gouddeeltjes wordt bedekt door sterk adsorberende reactanten, tussenproducten of
eindproducten, zal de katalysator geleidelijk zijn werking verliezen. Om voor een bepaalde
omzetting een katalysator met een lange levensduur te ontwerpen is het essentieel te
begrijpen welke mechanismen een rol spelen bij het geleidelijke verlies van activiteit.
In dit proefschrift worden de selectiviteit, de activiteit, en de stabiliteit van gedragen
goud katalysatoren voor hydrogenering in de gasfase, alsmede voor oxidatie in de
vloeistoffase, besproken. Centraal staat het begrip van de stabiliteit van de katalysatoren.
Om hier fundamenteel inzicht in te krijgen wordt veel gebruikt gemaakt van silica‐
gedragen goudkatalysatoren, voornamelijk voor hydrogenatiereacties in de gasfase.
Daarnaast wordt vergeleken met andere dragermaterialen, zoals het meer gebruikelijke
titania. De stabiliteit wordt niet alleen onderzocht tijdens katalyse maar, om meer
fundamenteel inzicht te krijgen, wordt ook de thermische stabiliteit op verschillende
dragermaterialen besproken. Tenslotte wordt de studie doorgetrokken naar bimetallische
katalysatoren, om te kijken wat de invloed is van een tweede metaal op de stabiliteit.
In hoofdstuk 2 wordt de stabiliteit tijdens de hydrogenatie in de gasfase, en de invloed
van de katalysatordrager, behandeld. Goudnanodeeltjes, verankerd op ofwel silica ofwel
titania, werden gebruikt als katalysator voor de hydrogenering van 0.3% butadieen in
aanwezigheid van 30% propeen. Een directe vergelijking van de twee typen katalysatoren
was mogelijk omdat de deeltjesgrootte vergelijkbaar was, ondanks de verschillende
dragermaterialen. Onder omstandigheden waarbij nagenoeg alle butadieen werd
omgezet, werd voor beide katalysatoren slechts 0.1% propeen omgezet, . Dit laat zien hoe
hoog de selectiviteit is van deze goudkatalysatoren voor de hydrogenatie van meervoudig
onverzadigde verontreinigingen in alkenen, onafhankelijk van het type dragermateriaal.
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De goudkatalysatoren op silica waren aanvankelijk drie keer minder actief dan de titania‐
gedragen katalysatoren. Echter, na enkele uren katalyse hadden de titania gedragen
katalysatoren een duidelijk lagere activiteit, vanwege een snel verlies van werkzaamheid.
Goudkatalysatoren op silica vertoonden een uitstekende stabiliteit, en verloren minder
dan 10% van de oorspronkelijke activiteit in 5 dagen katalyse en ongeveer 90% omzetting
van butadieen.
Afzetting van koolstof was de voornaamste reden voor verlies van activiteit, met name bij
gebruik van titania als drager. Dit werd aangetoond met behulp van gravimetrische
analyse, en ook door te laten zien dat de katalysatoren hun activiteit herwonnen door
afbranden van de koolstofafzetting in zuurstof bij hoge temperatuur. De
oppervlaktechemie van de titaniadragers was de oorzaak van sterke adsorptie van
reactanten, en (tussen)producten. Dit in grote tegenstelling tot de silicadragers, die een
andere oppervlaktechemie hebben, en waarvoor nauwelijks koolstofafzetting
waargenomen werd. Dit betekende dat deze laatste katalysatoren hun activiteit lange tijd
konden behouden.
Een belangrijk nadeel van goudkatalysatoren voor industriële toepassingen is dat goud
vaak minder actief is dan andere metaalkatalysatoren, zoals platina of palladium. Een
mogelijkheid om de activiteit te verbeteren is het toevoegen van een tweede metaal.
Hoofdstuk 3 bouwt voort op het werk in hoofdstuk 2, en beschrijft de invloed van het
toevoegen van zilver voor silica gedragen goudkatalysatoren. Het doel was om de activiteit
van de katalysatoren te verbeteren, met behoud van de goede stabiliteit. Inderdaad
hadden de goud‐zilver katalysatoren een vergelijkbare goede selectiviteit als de
goudkatalysatoren. Ze waren echter minder actief dan de goudkatalysatoren, hoewel
bekend is dat goud‐zilver vaak synergie vertoont bij gebruik voor oxidatie en
hydrogenatiereacties in de vloeistoffase. De resultaten benadrukken het vaak zeer
verschillende gedrag van katalysatoren in vloeistoffase‐ en gasfasereacties. In dit geval is
niet bepalend dat zilver gemakkelijker waterstofmoleculen kan dissociëren dan goud,
maar geeft de doorslag dat zilver nauwelijks de reactanten adsorbeert. De initiële activiteit
van de katalysatoren schaalt direct met het goudgehalte, wat erop wijst dat er geen
synergistisch effect is in dit geval tussen goud en zilver, en dat waarschijnlijk de
oppervlaktesamenstelling hetzelfde is als de totaalsamenstelling van de deeltjes. De
bimetallische katalysatoren verloren binnen 5 uur bij 200 oC geleidelijk hun werking, wat
veroorzaakt werd door segregatie van zilver atomen naar het oppervlak van de
metaalnanodeeltjes onder reactieomstandigheden. Dit benadrukt de grote gevoeligheid
van goud‐zilver katalysatoren voor herrangschikking van de atomen binnen de
metaalnanodeeltjes.
Hoofdstuk 4 behandelt de invloed van de chemische eigenschappen van de drager en van
verschillende reactieomstandigheden, op de thermische stabiliteit van goudnanodeeltjes
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op oxidische dragermaterialen. Alle goudnanodeeltjes groeien geleidelijk groter wanneer
ze worden blootgesteld aan een hoge temperatuur. Deze groei was echter duidelijk meer
uitgesproken op titania dan op silica dragers. Om een voorbeeld te geven: binnen 4 uur bij
700 oC in lucht groeiden de goudnanodeeltjes op titania van 2.7 nm naar 13.4 nm
diameter. De groei op titania dragers werd versterkt door oxiderende omstandigheden, de
aanwezigheid van water, en/of de aanwezigheid van chloride‐anionen. De gouddeeltjes
waren opmerkelijk stabiel op silicadragers en in niet‐oxiderende omstandigheden.
Bijvoorbeeld bij 700 oC in lucht waren de silica gedragen gouddeeltjes na 4 uur slechts
gegroeid van 3.6 naar 6.5 nm. De wetenschap dat goudnanodeeltjes op silicadragers
thermisch zo stabiel zijn, is een belangrijke overweging bij het kiezen van de meest
geschikte drager voor goudkatalysatoren die aan hoge temperaturen worden
blootgesteld.
Hoofstuk 5 beschrijft een studie naar de stabiliteit van goudkatalysatoren tijdens oxidatie
in de vloeistoffase. Specifiek werd gekeken naar de activiteit en stabiliteit van silica‐
gedragen katalysatoren voor de oxidatie van 5‐hydroxymethylfurfural (HMF) naar furaan‐
2,5‐dicarbonzuur (FDCZ), een belangrijke bouwsteen voor de productie van biopolymeren.
Silica‐gedragen goudkatalysatoren leverden 74% FDCZ op na 5 uur reactie bij 90 oC. Dit
ging echter wel gepaard met groei van de goudnanodeeltjes, vooral als een silicadrager
met grote poriën werd gebruikt. We denken dat de goud nanodeeltjes onder
reactieomstandigheden loslaten van de drager, zich door de oplossing verplaatsen, en
uiteindelijk samenklonteren in grotere clusters. Wanneer een silicadrager met nauwere
poriën werd gebruikt, was de groei van de gouddeeltjes veel minder. Het is duidelijk dat
de morfologie van de silica drager een grote invloed heeft op de groei van de
gouddeeltjes, waarschijnlijk omdat de kleinere poriën de gouddeeltjes verhinderen zich
over grote afstanden te verplaatsen.
In hoofdstuk 6 laten we zien dat het toevoegen van zilver in dit geval wel succesvol is om
de activiteit en stabiliteit van de katalysatoren te verbeteren. Toevoeging van een
optimale hoeveelheid, tussen de 10 en 15 mol%, verhoogde de FDCZ opbrengst van 44%
naar 100% in 6 uur bij 80 oC. Bovendien zorgde de toevoeging van zilver ervoor, zelfs
wanneer het niet in direct contact was met het goud, dat de groei van de
goudnanodeeltjes werd beperkt. Waar monometallische goudnanodeeltjes groeiden van
2.5 naar 10.1 nm, en monometallische zilverdeeltjes van 2.2 naar 9.6 nm, bleef de groei
van de gemengde goud‐zilvernanodeeltjes beperkt tot slechts 2.6‐3.6 nm naar 3.6‐4.3 nm.
De gemengde deeltjes zijn dus veel stabieler dan zowel pure goud‐ als pure
zilvernanodeeltjes onder dezelfde omstandigheden.
Samenvattend is de aard van de drager zeer bepalend voor de activiteit en stabiliteit van
gedragen goudkatalysatoren. Bij de gasfase hydrogenatie van butadieen zorgt een titania
drager voor de vorming van koolstofafzettingen die zich verspreiden over het oppervlak
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van de goudnanodeeltjes en zo de katalysator zijn activiteit doen verliezen, terwijl silica
dragers tot stabiele katalysatoren leiden. Bij hogere temperaturen groeien
goudnanodeeltjes op titania dragers zeer snel als de omstandigheden oxiderend zijn,
terwijl goudnanodeeltjes op silica veel minder groeien. Wanneer een reactie in de
vloeistoffase wordt uitgevoerd, en sterke groei en klontering van de gouddeeltjes
plaatsvindt, kan dit worden tegengegaan door een drager met de juiste poriestructuur te
kiezen. Door het toevoegen van een tweede metaal, zilver, werden de katalytische
eigenschappen van goud veranderd, maar niet noodzakelijkerwijs verbeterd.
Herrangschikking van de atomen in een nanodeeltjes tijdens gasfase katalyse, en het
effect daarvan op de stabiliteit van katalysatoren zijn belangrijker overwegingen.
Een andere belangrijke conclusie is dat de manier waarop katalysatoren hun activiteit
verliezen afhangt van de exacte omstandigheden. Afzetting van koolstof was de
belangrijkste reden voor het verlies aan activiteit voor de gasfasereactie die we
bestudeerd hebben. Onder oxiderende omstandigheden speelt groei van de
metaaldeeltjes echter een belangrijke rol, vooral bij hogere temperaturen en in de
vloeistoffase. Een belangrijkste laatste conclusie is dan ook dat de stabiliteit van deze
gedragen goudkatalysatoren, en hoe factoren zoals de aard en de structuur van de drager
en de samenstelling van de metaaldeeltjes deze beïnvloeden, sterk afhankelijk is van de
specifieke omzetting en omstandigheden.
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طال به دلیل کمیاب بودن و رنگ درخشان همواره فلزی گران بها بوده است .با توجه به اینکه طال همیشه برای واکنن
ستای

ناذن یری منورد

بوده ،در نظر گرفتن طال به عنوان یک کاتالیزگر کمتر منطقی به نظر می رسد .با این حال ،ذرات طالی کنوککتر ا  10ننانومتر

ویژگیهای کاتالیزی ویژه ای برای برخی واکن های صنعتی مهم نشان دادهاند؛ ا جمله گنزین
دیگر آن ،فعالیت بات برای اکسای

ذن یری محصنوتت .ا ویژگنیهنای

مونوکسید کربن به دی اکسید کربن در دمای ذایین و همچنین فعالیت باتتر به نسبت کاتالیزگرهای

رایج برذایه جیوه برای کلردار کردن استیلن به وینیل کلراید است .وینیل کلراید یک تکپار بسیار مهم برای تولید ذالستیک ذنی وی سنی
است .این ویژگیهای ج اب موجب شده است تا کاتالیزگرهای طالی مورد توجه و مطالعه قرار گیرند .در این میان ذاینداری کاتنالیزگر و
امکان فعالسا ی دوباره کاتالیزگر غیرفعالشده حائز اهمیت است.
کاتالیزگرهای طالی موثر ،نانوذراتی هستند که روی بستری مناسب ثابت شدهاند .اگر این ذرات رشد کنند ،یا مواضع فعنال طنال توسن
ج ب سطحی واکن

دهندهها ،فراوردهها ،یا فراوردههای واس ذوشیده شنوند ،کاتنالیزگر بنه تندریج غیرفعنال منی شنود .ذایندار بنودن

کاتالیزگر ا فرایندهای گوناگونی که در طی واکن
یک واکن

موجب غیرفعالشدن آن میشوند ،اثر میگیرد .برای طراحی کاتالیزگری بادوام بنرای

خاص ،درک فرایندی که درغیرفعالشدن کاتالیزگر نق

در این ذایان نامه ،گزین
همچنین برای اکسای

با ی میکند بسیار مهم است.

ذ یری ،فعالیت و ذایداری کاتالیزگرهای طال در فرایند هیدروژندار کردن الفین های غیراشباع در فا گا ی و
ترکیبات آلی در فا مایع بررسی و بحث شده اند .محور اصلی مطالعه ذایداری کاتالیزگر و تمرکز بر کاتالیزگرهای

طالیی است که روی بستر سیلیکایی ثابت شدهاند .هدف دیگر مقایسه عملکرد کاتالیزگر طال روی بستر سنیلیکایی بنا کاتنالیزگر مشنابه
روی بستر متداولتر و بیشتر مطالعه شدهی تیتانیم دیوکسنید ،همچننین مقایسنه ذاینداری حرارتنی آنهاسنت .در نهاینت ،ویژگنیهنای
کاتالیزی کاتالیزگرهای دوفلزی بر ذایه طال به منظور افزای

فعالیت و ذایداری کاتالیزگرها و همچنین به منظور ار یابی اثنر فلنز دوم بنر

ویژگیهای کاتالیزی طال بررسی شدهاند.
در فصل  ،2ذایداری کاتالیزگر در حین واکن

هیدروژندار کردن در فا گا ی گزارش شده است .نانو کاتالیزگرهای طال ،روی دو بسنتر

سیلیکا و تیتانیم دی اکسید ،برای هیدروژن دار کردن گزینشی بوتادیان که ناخالصی یان آوری برای گا صنعتی ذروذیلن اسنت ،منورد
استفاده قرار گرفت .در اینجا به طور خاص ،اثر نوع بستر روی ذایداری کاتالیزگر مورد توجه بود .مقایسنه مسنتقیم ذاینداری اینن دو ننوع
کاتالیزگر بر دو بستر گوناگون ا آنجا که اندا ه ذرات روی آنها مشابه بود ممکن شد .برای هر دو نوع کاتالیزگر ،در شنرایطی کنه تبندیل
بوتادیان به فرآوردههای هیدروژندار شده  100درصد بود ،تنها  0.1درصد ذروذیلن هیدروژندار شد ،در حنالی کنه در مولنوا واکنشنی
تنها  0.۳درصد بوتادیان و مقدار فراوان ذروذیلن ( ۳0درصد) وجود داشت .اینن نشنان ا گنزین ذن یری بناتی کاتنالیزگر طنال بنرای
هیدروژندار کردن الفینهایی با کندین ذیوند غیراشباع در حضور الفینهایی با یک ذیوند غیراشباع ،صرفنظنر ا ننوع بسنتر ،دارد .قابنل
توجه است که کاتالیزگر طال روی بستر سیلیکا ،در ابتدای واکن  ،سه مرتبه ا کاتالیزگر مشابه روی بستر تیتانیم دیوکسنید کمتنر فعنال
بود .با این حال ،کاتالیزگر روی بستر تیتانیم دیوکسید ،ذس ا کند ساعت ،فعالیت خود را ا دسنت داد .امنا ،کاتنالیزگر طنال روی سنیلیکا
ذایداری بسیار باتیی نشان داد ،ذس ا کند ساعت عملکرد بهتری ا مشابه تیتنانیم دیوکسنید ذیندا کنرد و حتنی بیشنتر ا  90درصند ا
فعالیت اولیه را طی  5رو ذیدرذی واکن

و تبدیل حدود  90درصد ا بوتادیان حفظ کرد.

رسوب گونههای کربنی ،دلیل اصلی غیرفعالشدن کالیزگرها ،به ویژه هنگام استفاده ا بستر تیتانیوم دی اکسید است .تجزیه گرماو ننی و
همچنین فعال سا ی دوباره کاتالیزگر غیرفعالشده وقتی که رسوب کربنی در حضور اکسیژن و در دمای بات سو انده میشود تاییندی بنر
این فرضیه است .شیمی سطح تیتانیم دیوکسید باعث ج ب سطحی واکن
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دهندهها ،فراوردهها ،یا فراوردههای واس میشود .در مقابل،

سیلیکا که شیمی سطح متفاوتی دارد رسوب کربنی بسیار کمی به همراه دارد .این بدان معنی است کنه کاتنالیزگرهنای طنال روی بسنتر
سیلیکا ،میتوانند فعالیت خود را برای مدت طوتنی حفظ کنند.
نقطه ضعف کاتالیزگر طال برای کاربردهای صنعتی این است که طال اغلب کمتر ا دیگر کاتالیزگرهای فلزی ماننند ذالتنین ینا ذناتدیوم
فعال است .بهبود فعالیت و همچنین ذایداری با افزودن فلز دومی به طال ممکن است .فصنل  ۳بنر ذاینه دسنت آوردهنای فصنل  ،2اثنر
افزودن نقره به کاتالیزگر طال ،روی بستر سیلیکایی ،را توصیف می کند .هدف این بنود کنه فعالینت کاتنالیزگربهبود یابند ،در حنالی کنه
گزین ذ یری باتی کاتالیزگر حفظ شود .نانوذرات دو فلزی طال-نقره گزین ذ یری کاتنالیزی بناتی طنال را برخنوردار هسنتند ،امنا ا
نانوذرات طال برای هیدروژن دار کردن بوتادیان فعالتر نبودند ،اگر که در حالت کلی کاتالیزگرهای طال-نقنره اغلنب در واکنن
اکسایشی و واکن

هنای

های هیدروژندار کردن در فا مایع فعالتر ا کاتالیزگرهای طال هستند .این نتایج بر رفتار بسیار متفاوت کاتالیزگرها

در واکن های فا مایع و فا گا تاکید می کنند و نشان میدهد در فا گنا ی تفکینک مولکنول هیندروژن کنه بنه طنور کلنی مرحلنه
تعیین کننده سرعت واکن

است ،در واقع عامل تعیین کننده نیست و ج ب واکن دهنده ها روی نقره عناملی تعینین کنننده تنر اسنت.

فعالیت اولیه کاتالیزگرهای دو فلزی طال-نقره متناسب با محتوای طالی آنها بود .این نشان می دهد اینن اسنت کنه موضنع فعنال روی
سطح طالست ،نقره فعالیت کاتالیزگری کندانی ندارد و اثر هم افزایی بین طال و نقره نیز وجود نندارد .کاتالیزگرهنای دو فلنزی در مندت
 5ساعت در  200درجه سانتی گراد ،فعالیت خود را به مرور ا دست داده ،که دلیل آن مهاجرت اتم نقره به سطح نانو ذرات تحت شنرای
واکن

بود .این مشاهده حساسیت کاتالیزگرهای دوفلزی طالی-نقره ای به نوآرایی اتم ها در داخل نانوذرات فلزی را نشان میدهد.

در فصل کهارم اثر خواص شیمیایی بستر و شرای موتلف واکن

بر ذایداری حرارتی نانوذرات طال که روی بسنترهای اکسنیدی ثابنت

شدهاند بررسی میشود .نانوذرات طال هنگامی که در معرض دمای بات قرار میگیرند رشد میکنند .با این حال ،این رشد به وضنو روی
بستر تیتانیم دیوکسید نسبت به سیلیکا بیشتر بود .برای مثال :در طی کهار ساعت در 700درجه سانتیگراد در معرض هوا ،نانو ذرات طنال
روی تیتانیم دیوکسید ا قطر  2.7تا  1۳.۴نانومتر رشد کردند .رشد ذرات روی تیتانیم دیوکسید به طور خاص در شرای اکسایشی ،حضور
آب و یا حضور آنیونهای کلریدی افزای

یافت .ذرات طال روی بستر سیلیکایی و در شرای غیر اکسایشی (برای مثال در جو هیدروژن)

به طور قابل مالحظه ای ذایدار بودند .در دمای  700درجه سانتیگراد در معرض هوا ،ذرات طال روی سیلیکا ذس ا  ۴ساعت فق

ا ۳.6

تا  6.5نانومتر رشد کردند .دانستن اینکه نانوذرات طال روی سیلیکا ا لحاظ حرارتی بسیار ذایدار هستند ،نکتهای مهم در انتوناب مناسنب
ترین بستر برای کاتالیزگر طالیی است که در معرض گا های گوناگون در دمای بات قرار میگیرد.
در فصل  5ذایداری کاتالیزگرهای طال در طول یک واکن
طال روی بستر سیلیکا برای اکسای

اکسایشی فا مایع مطالعه میشود .به طور خاص فعالیت و ذایداری کاتنالیزگر

-5هیدروکسی متیل فورفورال به فوران-5،2-دی کربوکسیلیک اسید که تکپاری مهم برای تولیند

بسپارهای یست وابسته است مورد بررسی قرار گرفت .کاتالیزگرهنای طنال ذنس ا  5سناعت واکنن

در دمنای  90درجنه سنانتیگراد،

 7۴درصد فوران-5،2-دی کربوکسیلیک اسید تولید کردند .با این وجود ،این با رشد نانوذرات طال همراه بود ،به ویژه هنگامی کنه بسنتر
سیلیکایی متولول با حفرههای بزرگ به کار گرفته شده بود .فرض میشود که نانوذرات طال در شرای واکنشی ا بستر جندا منیشنوند،
در محلول حرکت می کنند و در نهایت خوشه های بزرگتری میسا ند .هنگامی که سیلیکا با حفرههای کوکک به کار گرفتنه شند ،رشند
ذرات طال بسیار کمتر بود .این مشاهده ما را به این نتیجه رساند که ریوتشناسی بسترسیلیکای تأثیر یادی بر رشد ذرات طنال دارد ،بنه
این دلیل که حفرههای کوککتر بستر ،حرکت ذرات طال را محدود می کند.
در فصل  6اثر مثبت افزودن نقره به نانوذرات طال در بهبود فعالیت و ذایداری کاتالیزگرها در شرای واکنشی اشاره شده در فصل  5نشنان
داده شده است .افزودن مقدار بهینه نقره ،بین  10تا  15درصد مولی ،تولید فوران-5،2-دی کربوکسنیلیک اسنید را ا  ۴۴تنا  100درصند
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طی  6ساعت واکن

در  80درجه سانتی گراد بهبود بوشید .عالوه بر این افزودن نقره ،مانی کنه تنهنا بنا کاتنالیزگر طنال بنه صنورت

فیزیکی مولوا شده بود و اتمهای طال و نقره در تماس مسنتقیم نبودنند ،رشند ننانوذرات طنال را کناه

داد .در حنالی کنه ننانوذرات

تک فلزی طالی  2.5نانومتری در شرای واکنشی تا  10.1نانومتر و نانوذرات تک فلزی نقرهای  2.2نانومتری تا  9.6نانومتر رشد کردنند،
رشد نانوذرات دو فلزی طال و نقرهای  ۳.6-2.6نانومتری تنها تا  ۴.۳ -۳.6نانومتر محدود بود .بنابراین نانوذرات دو فلزی طنال-نقنره ،در
شرای مشابه واکنشی ،بسیار ذایدارتر ا هر دو نانوذرات خالص طال یا نقره هستند.
به طور خالصه ،ماهیت بستر برای فعالیت و ذایداری کاتالیزگرهای بسیار تعیین کننده است .در فرایند هیدروژندار کردن گنا بوتنادیان،
بستر تیتانیم دیوکسید رسوبات کربن را به همراه دارد که بوشی ا سطح نانو ذرات طال را میذوشاند و ا این راه مواضع فعنال کاتنالیزگر
را غیر فعال میسا د .در حالی که بستر سیلیکا کاتالیزگر ذایدارتری فراهم میآورد .در دماهای باتتر ،نانوذرات طال روی تیتانیم دیوکسنید
به سرعت در شرای اکسید کننده رشد میکنند ،در حالی که رشد نانوذرات طال روی سیلیکا بسیار کمتر است .در واکن

فا منایع انجنام

شده ،که در آن رشد و تجمع ذرات طال صورت می گیرد ،انتواب درست بستر متولول ،ذایداری ننانوذرات طنال را بنه ارم نان منیآورد.
همچنین با افزودن فلز دوم ،نقره ،خواص کاتالیزگری طال ت ییر میکند ،اما لزوما بهبود نمییابد .نوآرایی اتم ها در ننانو ذرات دوفلنزی در
شرای واکنشی گوناگون و اثر آن بر ذایداری کاتالیزگر ا مالحظات مهم است .نتیجهگینری مهنم دیگنر اینن اسنت کنه غیرفعنالشندن
کاتالیزگرها بستگی به شرای واکنشی دارد .غیرفعال شدن ناشی ا رسوبات کربنی در واکن
نق

عمده با ی میکند .در حالی که در شرای اکسایشی ،رشد نانو ذرات فلزی نق

هیدروژن دار کردن بوتادیان در فا گنا ی

مهمی ایفا می کند ،به ویژه در دماهای بناتتر و در

فا مایع .نتیجه مهم نهایی این است که غیر فعال شدن کاتالیزگرها واین که ککونه خواص شیمیایی بستر ،ریوتشناسنی آن و ترکینب
نانوذرات فلزی روی آن غیر فعال شدن اثر دارد ،در شرای واکنشی گوناگون قابل کنترل است.
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