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Abstract
For supported nanoparticulate catalysts, the effect of their properties, such as size and
interaction with support, on a catalytic process is still in debate. This is partially caused
by the limited control that typical nanoparticle preparation methods offer which may
lead to the presence of nanoparticles possessing a range of sizes and shapes, leading
to a lack of clarity in the correlation between properties and catalysis. The work
presented in this thesis focuses on producing size-selected monometallic supported
nanoparticles and their detailed characterisation, both ex situ and in situ (under
reaction conditions) mainly through the application of the technique of X-ray
absorption spectroscopy (XAFS).
Chapter 3 of this thesis focuses on understanding the mechanism of formation of Au
nanoparticles produced by reverse micelle encapsulation, through a combination of
various techniques (transmission electron microscopy, dynamic light scattering, UVvis, combined small angle X-ray scattering/XAFS). From the combined data, it is
possible to rationalise the synthesis process, which can be divided into three steps: fast
reduction of Au (III) species to Au (I), slow reduction and agglomeration of Au atoms
in sub-nanometric clusters and a final agglomeration to form the nanoparticles.
Chapter 4 and 5 focus on the application of monometallic nanoparticles to the catalytic
hydrogenation of 1,3-butadiene, used as a model reaction, using in situ XAFS to
correlate size and support effect with their catalytic activities. For Au nanoparticles
(chapter 4) it appears that a restructuring process takes places under reaction
conditions. Depending on the sample, this process can be favourable (Au/SiO2) or
detrimental (Au/Al2O3) and is highly dependent on particle size. For Pd nanoparticles
(chapter 5) it was possible to identify the active species necessary (Pd0), and
detrimental (PdH and PdC) for the selective hydrogenation of 1,3-butadiene in Pd as
well as the role of support and size in promoting the presence of each phase.

Impact Statement
The knowledge acquired from the data presented in this thesis would improve the
understanding of the hydrogenation of 1,3-butadiene to butenes, an important
chemical reaction which is paramount in reducing the amount of waste caused by the
presence of 1,3-butadiene in industrial feeds. Understanding the behaviour of Pd
catalysts would help to reduce the amount of catalysts needed and reuse the one
already present. The possibility of Au catalysts, despite their high cost, would further
reduce waste by improving the selectivity. Furthermore, the improvement brought to
the synthesis of nanoparticles, thanks to the information obtained by the combination
of both ex situ (DLS, TEM) and in situ techniques (XAFS,SAXS), would help to move
forward toward the ability to produce monodisperse nanoparticles, which would be
helpful both for academic and industrial purpose. Having monodisperse nanoparticles
would help academics to correlate structure and activity, which in turn would help the
catalysts development toward a greener economy.
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1 Introduction
Introduction to catalysis
Catalysis is the science and technology of influencing the rates of chemical reactions
[1]. An acceleration of the reaction rate and a reduction of the energy expenditure,
paired with an increase in selectivity, results in a decrease of the costs, both in term of
energy and materials, necessary to obtain the same amount of product.
This improves not only the profit generated by the industry but also reduces the
amount of waste towards resulting in a eco-friendlier approach to synthesis. It is also
a key technology in emissions abatement.
“Catalysis” is a term introduced by Berzelius in 1836, in order to identify and classify
chemical reactions whose progress is affected by additional substances which are not
part of the reaction (be it either as reagent or product) [2].
Considering a simple chemical reaction, such as:
𝐴↔𝐵+𝐶

Eq. 1.1

as written, this equation represents a reaction where a species A transform to give
species B and C. The energetics of the process, if thought as a exothermic process (ΔH
< 0) can be described in the schematic in figure 1.1.1
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Figure 1.1.1. Energetics of a possible reaction A → B + C
In order to for the species A to transform into the products it must form an activated
state, also called transition state, A* which then decomposes to form the product, as
expressed in the equation
𝐴 → 𝐴∗ → 𝐵 + 𝐶

Eq. 1.2

The energy required for the formation of the transition state is E1, which is well above
the average thermal energy of A molecules. The same concept can be applied for the
reverse reaction, where B and C can form an activated state B-C* and transform back
in A, with an energy requirement which is expressed by E2.
Considering the situation when A decomposes in the presence of a solid surface which
would adsorb A. The equation will then change to the following
𝐴 → 𝐴𝑎𝑑𝑠 → 𝐴∗ → 𝐵𝑎𝑑𝑠 + 𝐶 𝑎𝑑𝑠 → 𝐵 + 𝐶

Eq. 1.3

If the energy required for the various process (adsorption, activation, desorption) is
lower than the energy reaction, as shown in figure 1.1.2, the process can be said to be
catalysed.
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Figure 1.1.2 Schematic diagram of the energy profile for a reaction A → B+C with
and without a catalyst.

Lowering the activation energy is only one of the advantages of using a catalyst.
Catalysts also have a very significant effect on the selectivity of a process. Taking as
example two hypothetic reactions:
𝐴+𝐵 ↔𝐶

Eq. 1.4

𝐴+𝐵 ↔𝐷

Eq. 1.5

where two reagents A and B can react to give two different product, C and D whose
schematic are represented in figure 1.1.3

3

Figure 1.1.3. Energy profile for the reaction A + B → C (on the left) and A + B → D (on
the right). The dotted lines represent the catalysed reactions.

The rates of production of C and D, in an uncatalysed reaction, are only dependent on
the activation energies, E1C and E1D assuming no significant difference in the
Arrhenius constant A of the Arrhenius equation
𝑘 = 𝐴𝑒

−𝐸1
𝑇

Eq. 1.6

The Arrhenius equation (eq 1.6) then determines the rate of reaction according to
d[𝐶]
d𝑡

= k[A][B]

Eq.1.7

Where [A] and [B] are the concentration of the reactant in a A+B ↔ C reaction, [C]
the product and t the time of reaction.
As the ΔHC is higher than ΔHD, the product C is more thermodynamically favoured
(E1C < E1D), and therefore will be the product that is formed selectively. If the
catalyst is introduced, allowing the formation of an intermediate for the product D
with a lower activation energy compared to the one formed for product C, the rate of
reaction for D therefore increases and D is therefore selectively produced. Thus,
catalysts are able to change the selectivity toward the products by providing different
reaction energetic paths.
4

In order to simplify the comparison between catalysts the turnover number (TON) or
turnover frequency (TOF) are used. The TON is the number of times n that the
reaction takes places per catalytic site for a fixed set of reaction condition
(temperature, concentration or pressure among others) as expressed by equation 1.8
𝑇𝑂𝑁 =

𝑝
𝑆

Eq. 1.8

Where p is the number of molecules of a given product and S the number of active
sites. If to eq. 1.8 the time factor (t in eq. 1.9) is added TOF is obtained
𝑇𝑂𝐹 =

1 d𝑝
𝑆 d𝑡

Eq. 1.9

However, there are some limitation in this approach, whereas for some catalysts is
possible to accurately determine the number of active sites, for other, such as
nanoparticles, it is much more complex.
Early examples of catalytic reactions include the production of sulfuric acid, through
vanadium-assisted oxidation of SO2 to SO3 (Contact process [3]), ammonia synthesis
(the Haber-Bosch process using an iron (+ chromium) catalyst [4]) and oxidation (the
Ostwald process using platinum as catalyst [5]). A major advantage of catalysis is the
ability to use less reagents to obtain the same amount of product as an uncatalysed
reaction, or completely alter the procedure required for the synthesis of a particular
chemical. These properties make catalysis an important asset in green chemistry
studies. Green chemistry is a branch of chemistry which focus on the efficient use of
raw materials, preferably renewable, eliminating waste and avoid the use of toxic
and/or hazardous reagents and solvents in the manufacture and application of chemical
products [6]. The principles of green chemistry, defined by Anastans [6], are the
following:
1. Waste prevention instead of remediation
2. Atom efficiency
3. Less hazardous/toxic chemicals
4. Safer product by design
5. Innocuous solvents and auxiliaries
6. Energy efficient by design
7. Preferably renewable raw materials
8. Shorter synthesis
5

9. Catalytic rather than stoichiometric reagents
10. Design product for degradation
11. Analytical methodologies for pollution prevention
12. Inherently safer process
In order to define the potential environmental acceptability of chemicals process two
parameters are taken in account: the E factor, which is defined are mass ratio of waste
to desired product, and atom efficiency, calculated by dividing the molecular weight
of the desired product by the sum of the molecular weights of all the substance
produced in the stoichiometric reaction [6].
Catalysis can be delineated into three main categories: homogeneous, heterogeneous
and bio-catalysis. In homogeneous catalysis, the catalyst is in the same physical phase
as the reagents (e.g. the catalyst/reagents are dissolved into the reaction media).
Metallocenes, such as Ziegler-Natta catalysts, are a class of homogenous catalysts
widely used, usually in the form of Cp2MX (Cp= η5-C5H4R, M= Ti, Zr, Hf, X= Me,
Cl), for polymerization of 1-alkenes [7]. In bio-catalysis, the role of the catalysts is
taken by the enzymes, highly optimized catalysts necessary in biological systems to
allow chemical transformations necessary to the life to take place [8]. These catalysts
are capable of accepting a wide array of molecules and are extremely selective,
catalysing reaction with unparalleled enantio- and regio- selectivity [9].
Heterogeneous catalysis concerns different physical states, usually a liquid or gas
reagent typically reacting with a solid catalyst. Heterogeneous catalysis offers various
advantages compared to homogeneous and bio catalysts, such as ease of recycling and
separation from the products. [10]. Nowadays heterogeneous catalysis has become
overwhelmingly important in our society, with more than 90 % of the chemical
manufacturing process using as a mean to obtain their product throughout the world,
in various processes from food to medicine to fuels [11]. But is not only industry which
is interested, academia is also interested by the challenge of the ability to rationally
design new catalyst, and improve the performances [11]. However, there is still much
debate regarding the importance of the physico-chemical properties of the catalyst and
the effect this has on a reaction. For example, the nature of the exposed surface may
influence on the adsorption of reactant species, for example in the adsorption of
methane over MgO catalysts [12]. Moreover, the atomic structure of the metal oxide
or a crystal face may also play a role in influencing the activity, due to example defects
6

on surfaces [12], [13]. Another parameter influencing the activity of the catalyst is
their surface area [14]. The rate of product formation is often a function of the available
surface area accessible to the reactants, so the larger the amount of surface area
available to the reactants, the greater the conversion [15]. One way to increase the
amount of surface area would be introducing porosity, such as in the case of zeolites
or metal-organic frameworks [16]–[18]. If the pores of the catalysts are sufficiently
wide not to impede the passage of the reactant or products, and the internal surface is
homogenous, the conversion rate is directly proportional to the catalytic surface area.
Another way to improve the catalytic activity is to reduce the size, as shown in figure
1.1.4-5. As the catalyst particle size decreases linearly, the area exposed increases
exponentially, thus making the catalyst sites more available for the reactant. When the
subdivision is taken to an extreme, i.e. down to the nm scale, the catalyst become a
nanoparticle, which results in a change in its properties. It is this aspect that renders
them so appealing for study and application as heterogeneous catalysts.

Figure 1.1.4. Schematic representation of the increase of surface area caused by subdividing a cube
of a solid material.
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Figure 1.1.5. Increase of surface area as function of particle size

Properties of nanoparticles
While many catalysts were discovered largely by trial and error via the mixing of
different reagents (i.e. different metals and ceramic supports), molecular insights into
the catalytic processes are mainly derived from the study of model catalysts (well
defined single-crystal metal surfaces or metal particles supported on oxide surfaces)
[19]. Moreover, research is headed towards the creation of functional materials,
devices, and systems through the control of matter on a scale of nanometres [20].
”Nanoparticle” is a term employed to describe a class of materials with structural
features and behaviours which are intermediate between that of atoms and bulk
materials, with at least one dimension in the nanometre range [21]. Materials science
and technology is a field that is evolving and is providing the most significant
contributions to nanoscale research.
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Figure 1.2.1. Proportion of surface atoms for spherical particles comprising Nv atoms with Ns at the
surface.

Nanoparticles frequently show behaviours which are intermediate between that of a
macroscopic (also known as bulk) solid and that of a molecular system [22]. For
example, in the case of a nanoparticle it can be seen that its properties differ from that
of a single atom, but it cannot be said that they will be the same of a bulk solid. The
number of atoms on the surface of the particle is a significant fraction of the total
number of atoms and therefore will have a huge influence on the properties of the
nanoparticles, such as chemical reactivity or melting point [23]. It can be seen from
figure 1.2.1 that these considerations are especially true when the size of an object is
less than 10 nm. Around 5 nm diameter (approximately 8000 atoms) the proportion
between surface and bulk atoms is about 20 %, while at 2 nm (around 500 atoms) it’s
50 %. This proportion can be estimated for the transition metals by the relation shown
in equation 1:
9

𝑁𝑆
𝑁𝑉

≈

1
2𝑅

Eq. 1.

where R is the radius in nm [22]. This empirical law is true only up to 1 nm, where the
proportion of surface atoms approaches 100 %. Size effects can also include atom
magic numbers (such as 1, 13, 55, 147 atoms depending on the number of shell, which
represent the lowest energy atom configuration in a nanoparticle [24]) following of
atoms in metallic clusters, quantum mechanical effects [25] etc. In figure 1.2.2. it is
shown how the electronic structure of a nanocrystal differs from those of bulk
materials or molecules.

In atoms the atomic orbitals are discrete and defined, but as the atoms interact to form
molecules they combine in molecular orbitals. As the number of atoms increases the
difference in energy between the molecular orbitals decreases until, instead of discrete
energy levels, they can be described as broad energy bands. This assumption is only
valid however in the case of a periodic combination of atomic orbitals, where the
contribution from the surface of the material are neglected by assuming an infinite
solid [26], [27]
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Figure 1.2.2. Formation of discrete electronic orbital energy levels moving from bulk structure
(band structure) towards a single molecule (molecular orbitals).

In very small nanoparticles, the assumption of infinite size is no longer applicable and
thus, these system cannot be described with the same model used for bulk solid. It is
possible to imagine the electronic structure of a nanoparticle somewhere in between
the behaviour of atomic system (discrete energy levels) and a bulk solid

(band

structure)[26]. The mixing between the electronic characteristics of atomic and bulk
systems gives nanoparticles a huge range of applications, for example in electronics
and electromagnetism [23].
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Figure 1.2.3. Truncated cube or cubo-octahedron, the equilibrium shape of an Face-centered
cubic (fcc) crystal comprising 586 atoms. Indicated by the arrows are respectively the [110],
[111] and [100] faces of the crystal.

A nanoparticle, in principles, could be considered no more than a fraction of the
corresponding bulk crystal. However, the structure of a nanoparticle is dependent on
the most favourable energy state, thus assuming even amorphous structures [22]. It
should be noted that the modification happens differently depending on the metal, for
example for silver, the icosahedral form (with a C5 symmetry axis) is the most stable
packing arrangement up to several hundred atoms, whereas the cubo-octahedron (the
structure of the bulk crystal) is already the most stable for a few tens of atoms in the
case of noble metals (Pd, Pt or Au) [22]. The equilibrium shape expected for a metal
particle with the fcc structure is generally a cube truncated to form a cubo-octahedron
as shown in figure 1.2.3. In particular, for a cubo-octahedron five types of surface
atoms can be identified: corners (C66), atoms within (100) faces (C84,5), atoms within
(111) faces (C93), edges between two (111) faces (C79) and edges between (100) and
(111) faces (C75) [28]. Of course, as the size of the nanoparticle gets bigger there is a
rapid diminishing importance of corner and edge atoms and a dominance of terrace
atoms. At the surface the interatomic distances are generally known to contract. This
is a consequence of the fact that the surface atoms are undercoordinated. The higher
reactivity of atoms with lower coordination (situated on edges or corners) in the case
of nanoparticles or on steps in the case of a monocrystal with regard to the breaking
of chemical bonds has been demonstrated on many occasions [29]. The contraction
12

between surface atoms and the immediate underlying plane depends on the
coordination number Z of the surface atoms, increasing as the coordination number of
the atoms decreases [22].

1.2.1 Nanoparticles in catalysis
One of the first applications of nanoparticles (NPs) in catalysis can be dated back to
1899 with the work from Bredig involving the catalytic decomposition of hydrogen
peroxide over platinum nanoparticles [30]. Further pioneering catalytic applications
of NPs were reported in 1940 on nitrobenzene hydrogenation by Rampino et al. [31]
but research interest in nanoparticles became popular in the second half of the 20th
century, when they became relevant for an important group of reactions, such as
hydrogenation, hydrosilylation or reduction, with works such as that of Parravano on
hydrogen atom transfer between benzene and cyclohexane in 1970 [30]. Later Bond
and Sermon reported AuNP-catalysed olefin hydrogenation, and the work from Haruta
on CO oxidation by O2, emphasised the importance of nm-size in catalysis [32]–[34].
Nanoparticle-based catalysts are used nowadays in many different areas such as
industrial catalysis such as in the Fischer-Tropsch process [35]–[37] or methanol
synthesis [38], [13], [39], [40] or fuel cells [41] as well as water purification [42].
However the question regarding the nature of the active sites and the structure
dependence of heterogeneous catalysts has been debated for almost a century [43].
Whereas some reactions are defined as structure insensitive, reaction which exhibit
nearly identical turn-over frequencies (TOF) independent of the structure of the
catalysts, such as ethylene hydrogenation on Pt [28], [44], a large number of reactions
are affected by the particles size and shape. One example of the effect of particle size
on catalysis is the Fischer-Tropsch reaction using Co nanoparticles [35]. Whereas it
has been shown that the turn-over frequency, if the activity is calculated taking in
account the surface specific activity, is not a function of the particle size when the Co
nanoparticles are in the size range 6 to 27 nm, when nanoparticles becomes smaller
than 6 nm the TOF becomes dependent on the particle size [45], [46]. The reason for
this behaviour could be attributed to the surface residence time of reversibly bonded
CHx and OHx intermediates, paired with a decrease of the CO residence time;
moreover the surface coverages of the CHx, OHx and CO intermediates decreased for
small particles and the combination of these two effects causes a decrease in the TOF
that does not appears on larger particle (> 6 nm), presenting constant values for these
13

parameters. Another important reaction regarding the particle size effect can be seen
in the work by Haruta et al on the CO oxidation on Au nanoparticles [32], [47] where
it was shown that only particles in a particular size range (3 – 4 nm) were active. As
for the particle size effect in hydrogenation reaction, Bertolini et al [48] have shown
that the activity of surface atoms with regard to hydrogenation of unsaturated carbon
on Pd atoms can be independent of the particle size (as in the case of 1-butene), but it
can be strongly dependent on the dispersion (as happens with alkynes and conjugated
dienes). Once again strong variations can be seen over a size range spanning 1.5 to 4
nm, as shown in figure 1.2.4, and in particular that very small particles are selective to
over hydrogenation.

Figure 1.2.4. Variation of the turn-over number (TON) as a function of Pd nanoparticle dispersion/particle
size/number of atoms for hydrogenation of butene-1 (black squares), butyne-1 (), butadiene-1,3 (+), and
isoprene (). Reproduced with permission from Springer, Bertolini et al., Nanomaterials and Nanochemistry,
2007, chapter 10, pg. 293 [49].

A problem arises however when comparing catalysts prepared using different
methods; the use of different precursors, catalyst support or preparation conditions
may lead to catalysts whose property could be completely different disregarding their
particle size [50]. Moreover, a particular attention must be placed on the
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characterisation of particle size; often the reported particle size is the mean particle
size; an average over a large number of particles. Methods of preparation such as
impregnation may cause a large particle size distribution, as seen in a typical paper by
Okumura et al. where a standard deviation ~50 % of the total gold nanoparticles were
present [51]. This might cause problems in the identification of the real active part of
the particle size due to possible interference of larger and smaller nanoparticle, or even
atomically dispersed species such as in the case of a study from Rogers et al where the
presence of ultra-small Au clusters (1-5 atoms) produced an increase in the catalytic
capability for the reaction of glycerol oxidation [52]. Colloidal preparation methods,
in particular reverse micelle techniques, might provide a suitable catalyst for a
structure sensitivity study [53]. In this respect the reverse micelle method using
polystyrene-b-poly(2)vinylpyridine co-block polymer method, developed by Spatz et
al., has shown remarkable success in producing metal nanoparticles with a narrow
particle size distribution, with a size distribution << 1 nm [54]. This method has been
used by Croy et al for the decomposition of methanol on Pt catalysts, with particle
sizes of 4, 6 and 8 nm, all with a standard deviation < 17 % [55]. The results obtained
show a strong particle size dependency, with the smaller sized particles being the most
active, in term of conversion, towards the reaction. In another study from Mistry et al.,
Au nanoparticles prepared using reverse micelle encapsulation were used to test the
electrocatalytic reduction of CO2 to CO, and, in the same reaction pot, CO reaction
with hydrogen, to produce useful hydrocarbons, using nanoparticles in the size range
of ~ 1 – 8 nm. The results showed again a remarkable size effect with a drastic increase
in activity observed for nanoparticles below 2 nm, explained by the increase in the
presence of low-coordinated sites. Furthermore, the results show an interesting
selectivity dependence on particle size, with the lower part of the distribution (up to 5
nm), results in catalysts that are more active toward the production of CH4, the
intermediate sizes (between 5 and 7 nm) where methanol and Fischer-Tropsch is the
predominant reaction, and above 7 nm where the selectivity shifts towards
hydroformylation of alkenes to aldehydes [56].
An important role is also played by the support due the fact that while a support offers
a facile way to immobilise nanoparticle catalysts, they also interact with the
nanoparticle itself changing the morphology or the electronic properties [57], [58].
The interaction with the support depends on two primary effects; the first and foremost
15

is the electron transfer to or from the support; the particle has an excess or a deficit of
electrons depending on the nature of the support. For example in the case of electron
transfer between Pt nanoparticles and CeO2, which causes a partial oxidation of the Pt
paired with a reduction of the ceria nanoparticles [59]. The electron transfer may also
depend on the reaction conditions, such as in the case of Au/ZnO nanorods. According
to Liu et al. if this system is reduced thermally under an O2 atmosphere the electron
would be transferred from the gold to the support, causing the appearance of Auδ+
species [60]. If H2 is used for reduction instead, the opposite behaviour occurs where
the electrons are more attracted to the gold forming Auδ- species. The second effect is
thought to be related to a metal-support interaction and epitaxial stress that can modify
the particle structure, the lattice parameter and/or the particle morphology, such as in
the case of a Pd cluster on MgO(100), where, depending on the cluster size, different
atomic arrangements appear either at the interface between Pd and MgO or on the
facets of Pd nanoparticles [61]. These effects will be more marked the smaller the
particle is, and will also change its chemical reactivity [22]. The support could also be
part of the catalytic process as a whole, acting as an O2 reservoir such in the case of
CO oxidation on Au nanoparticles, where it is believed that the presence of a reducible
support, such as TiO2 or ZrO2, leads to an increase of the catalytic activity due the role
of support as an oxygen source, leaving Au nanoparticles the role of CO activation for
the reaction [11], [62]. However, it is important to note that the advantage of having
highly active sites may be offset by their blocking (deactivation) by strongly adsorbed
residues [29] such as carbon and CHx species on Pd nanoparticles, for example, during
methanol decomposition [63].

16

Gold nanoparticle in catalysis
1.3.1 A brief history of gold nanoparticles and their use in catalysis
Gold is one of the oldest metals with an important significance in human culture. It
has been excavated since 5000 B.C. and has always played a pivotal role in the
development of humanity [64]. Art has grown with the use of gold and wars have been
fought for the ownership of the ore mines. It has been used in the past for a variety of
purposes: as a currency and as a base for jewels and artefacts, due its rarity, colour and
the ability to reflect the light and as a medicinal ingredient, due the association of gold
with immortality [65].
Gold possesses a unique combination of physical and chemical properties in both
macroscopic and microscopic states. Its properties do not follow the trends observed
in other groups and bear few resemblance to the other members of its group (copper
and silver) [65]. For a wide range of metallic properties gold behaves as one of the
extremes, having excellent resistance to corrosion, high ductility and malleability as
well as possessing high chemical stability and redox potential (E0 Au0-Au3+ = 1.5 eV, E0
Au0-Au1+

= 1.6981 eV) [65]. The high chemical stability makes gold lack reactivity,

demonstrated by its inability to dissolve in most acids (with exception of aqua regia)
or else an interaction with atmospheric gases to form oxides or sulphides like copper
and silver [66]. These properties lead to a low, or in some cases no, catalytic activity
of gold towards most chemical species. However, if gold is brought down to the
nanoscale many of its properties change. One of the first things to notice is the change
in colour, from yellow to deep red when particles reduced below 100 nm in size [67].
This change in colour has been used in the past such as the famous example of the
Lycurgus Cup, manufactured between the 5th and 4th century B.C., as well as multiple
other cases throughout history such as the Kunckel glass in the 17th century or the
Perrot works from the early 18th century. [65]. It was Michael Faraday who first
proposed that, after producing a deep red solution via reduction of the chloroaurate
anion ([AuCl4]-), the presence of a “finely divided metallic state” gold was present
[68]. Other effects that arise from the reducing of the size of gold particles down to
the nanometre regime include: a sharp decrease in melting temperature (~ 500 K for a
2 nm nanoparticle compared to 1337 K for bulk gold) as well a decrease of interatomic
separation (from 1.4 % of the normal Au-Au bond distance for 30 Å particle to 5.5 %
for 8 Å particles) [69], [70]. These effects are caused by the increased presence of
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surface atoms; the surface atoms energies produces behaviours akin to the surface
tension of liquids [65]. At the same time the surface atoms, possessing a lower
coordination number, possess increased chemical reactivity [65]. Whereas this type of
effect is known in other types of metal catalyst e.g. palladium [71], [72], platinum
[73], [74], in the case of gold, it makes a non-active element active and therefore an
important subject of research with over 9,900 publications on gold + catalysis in 2017
alone according to Web of Science.
The reason for the ‘enhanced’ catalytic activity has not been fully explained, as it is
thought to be a consequence of a series of effects occurring at the same time. It is
however known that as the nanoparticle gets smaller, the gold becomes more active,
with ~10 nm being the limit above which the catalytic activity drops dramatically [75].
This particle size effect could be correlated with an increase in the number of undercoordinated atoms (corners and edges) and the reduction in size and importance of
larger [111] planes, previously showed to be catalytically negligible [65], [66].
Moreover, the support appears to plays an important role in the activity of Au cluster.
In general for Au nanoparticles support can be distinguished in two categories:
reducible (e.g. TiO2. CeO2) and non-reducible (e.g. Al2O3, SiO2) [76], with the former
usually more active. This distinction is mostly inferred from CO oxidation studies
[32], [77], but it appears relevant for other reactions such as water gas shift reaction
[78], [79]. The cause for this support dependency are not fully clear; whereas a general
agreement is that the reducible support acts as an oxygen reserve during the reaction
[76], [80], it has been suggested that the support may also interact with the Au causing
a charge transfer [81], such as in the case of Au/CeO2 [82], [83], where cationic Auδ+
species appear to be stabilised, or in Au/MgOx where instead Auδ- is present [84].
Therefore, whereas for most of the metals the activity can be estimated as the turnover
frequency (mole of surface metal per s), for gold it is not recommended as is difficult
to define which of the surface atoms are active [65].

1.3.2 Gold nanoparticles and catalysis
Gold holds an important place in catalysis industry, as a possible substitute for
platinum group metal catalysts because of its ability to selectively reduce or oxidise
molecules [81], [85]–[88]. Whereas real-world application of gold catalysis is not
widespread, due to the high cost of the material compared to other commonly used
PGM catalysts (~1200 $/oz for gold and ~700 $/oz for palladium as this thesis is being
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written), it has been used industrially in three major reactions, two of which (synthesis
of vinyl acetate, and oxidative esterification of methacrolein to methyl methactrylate)
where gold is used in combination with other metals (Pd [89], [90] or Ni [91]) and the
reaction of hydrochlorination of acetylene for the manufacture of vinyl chloride
monomer, then used for the production of polyvinyl chloride [92], [93]. However, it
is plausible that in the future gold will replace other catalyst due its higher selectivity
and abundance compared to the other metals [94]. In particular regarding the
selectivity it has been shown that gold has the ability to stop the reaction when the
useful intermediate product is formed [95], [96].
It has also been shown in the past that Au nanoparticles show a high chemoselectivity
even in the presence of more than one reactive group [97], [98]. An example of this
behaviour is the oxidation of allylic alcohols, where Au/CeO2 is able to
chemoselectively oxidize, in a solvent free environment, the hydroxyl group while
avoiding oxidation, isomerization or polymerization of the olefinic group. Another
example of the chemoselectivity of Au nanoparticle includes their ability to
chemoselectively reduce nitro groups when other reducible functionalities (e.g. C=C,
C=O) are present, in particular when supported on TiO2, Fe2O3 or γ-Al2O3 [99], [100].
Since the initial observation of the catalytic activity of gold nanoparticles, the research
has moved toward understanding the possible application in various reaction. For
example, the discovery from Haruta et al. of the ability of small gold nanoparticles (<
3 nm), supported on reducible transition metal oxide (TiO2, Fe2O3 etc), to catalyse the
oxidation of CO to CO2; a reaction having vast environmental applications [34]. The
reaction is not catalysed by single crystal surfaces (e.g. Au[111]) and only marginally
catalysed by atomically dispersed species deposited on bulk metal or large particles (>
40 nm). Thus there is a clear importance of corners and edges with low coordination
atoms, capable of chemisorb CO sufficiently but not too strongly [65], [101], [102].
The importance of undercoordinated atoms is particularly evident in the case of subnm Au cluster, which appears to be more active than larger species (1-3 nm) [103].
Moreover the capability of gold to oxidize CO extends even to the conditions when
the CO is present in a high concentration of H2, whilst at the same time it does not
catalyse the reverse water gas shift reaction (H2 + CO2 ↔ CO + H2O), making gold
catalysts potentially viable in fuel cells [65].
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Another oxidation reaction concerns that of alcohols and polyols. This set of reactions
is usually performed using platinum and palladium nanoparticles which, albeit
showing high activity, show a poor selectivity when the substrate is more complex in
structure, e.g. long-chain alcohols/presence of multiple functional groups (such as NO
or C-C double and triple bonds). The Rossi and Prati group have shown the ability of
gold nanoparticles to oxidize alcohols very effectively [104] even at mild reaction
condition (T = 343-363 K, pO2 = 300 kPa) , and in a particular study from Carretin et
al. it was shown that gold can even oxidize glycerol to glycerate with 100 % selectivity
still under mild conditions (T = 333 K, using water as solvent) [105].
However one of the earliest and definitive pieces of work on supported gold
nanoparticles, concerns the study performed by Bond et al in 1973 demonstrating the
capacity of supported gold nanoparticles on ceramic oxides (e.g. SiO2 and Al2O3) to
hydrogenate double bonds, in particular 1-pentene, at temperatures lower than 473 K
[106]. In particular the ability of gold to either selectively hydrogenate the C-C double
bond

[107]–[109], such as in the α,β-unsaturated aldehydes[110]–[112], or the

important selective reduction of nitro groups [99], [100], [113], in the presence of
other reducible functional groups. Furthermore, gold has shown the remarkable ability
to not over-hydrogenate conjugated dienes, improving the purification of C4 olefin
industrial cuts [32], [114], [115].

1.3.2.1 Particle size effects in catalysis
Whereas many parameters influence the catalytic activity of gold nanoparticles, such
as facet expression (whether Au [111] or Au [100]) and the metal-support interaction,
particle size is one of the most important in the regards of the reactivity of gold [75],
[116]. One of the first to discover the importance of particle size was Haruta [32]. He
demonstrated that only particles of gold in a certain size range (<3 nm ) were active
towards CO oxidation [32]. Since then the literature has explored the effect of particle
size towards a variety of reactions. The catalysis being performed using gold
nanoparticles can be delineated into two major branches: reduction (using H2) and
oxidation (using O2 or sacrificial oxidant such as H2O2). Dealing with the former first,
the interaction between molecular hydrogen and gold has been reported to be affected
by the particle size through H2-D2 exchange (HD formation), in a study from Kartusch
[112] et al. and Fujitani et al. [117]; the smaller the particles, the more hydrogen atoms
adsorb onto the gold nanoparticles. This is reflected in an early study from Bond et al.,
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where ethane hydrogenation was investigated on Au nanoparticles supported on silica
[118]. They calculated that the rate of hydrogenation per unit weight of gold increased
as the gold loading on the support decreased (thus decreasing the particle size), with a
similar rate as the one shown from H2-D2 exchange, thus implying that the rate of
hydrogenation of ethene to ethane is dependent on the hydrogen dissociation on Au
NP. A similar behaviour appears for the hydrogenation of acetylene to ethylene in a
study from Gluhoi et al. where they showed that the more the particles grow the less
active they become [119]. For example, CO oxidation, as shown in figure 1.3.1, when
Au nanoparticles are supported on TiO2 a sharp increase in the turnover frequency
(TOF) when the particle size is below 4 nm is observed; this is in contrast to Pt/SiO2
which shows a degree of particle size insensitivity with the TOF that is
steady/decreasing with size.

Figure 1.3.1. Turnover frequency (TOF) for CO oxidation over Au/TiO2 as a function of the
mean diameter of Au particles. Reproduced with permission from Wiley, Haruta, Chem. Rec.,
2002, vol 3, pg 75-87 [33]

Another reaction showing a particle size dependency is propylene epoxidation to
produce propylene oxide [33]. In this reaction it has been shown by Hayashi. et al. that
a particle size of 2 nm is critical toward the successful reaction; nanoparticles smaller
than 2 nm sees the product of the reaction switch from propylene oxide to propane
[120]. This phenomenon implies that a change in surface property of Au clusters might
be induced by electron donation from Au towards O2 to form negatively charged
oxygen species [33]. This effect could also explain the catalytic activity of ethanol
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dehydrogenation to acetaldehyde [58]. This reaction, studied for nanoparticles in a
range of 2-15 nm, behaves differently depending on reaction conditions; when the
reaction is performed without an O2 co-feed it appears that nanoparticles < 2 nm are
less active than 5 nm nanoparticles, which appear to peak in activity, only to decrease
again and being more or less constant for particles bigger than 7 nm as shown in figure
1.3.2. [58]. This behaviour drastically changes when O2 is introduced in the reaction
mixture. The overall activity increases, even for the smaller particles, but,
interestingly, the activity stays constant until a particle size of 7 nm is reached when
activity starts to increase; after the increase in activity it can observed again to reach
a constant rate independent from the particle size when reaching 10 nm or larger.

Figure 1.3.2. Turn-over frequency (TOF) for ethanol dehydrogenation in the absence (■, 250 °C)
and presence (▴, 200 °C) of oxygen as a function of the gold particle size. Reproduced with
permission from Elsevier, Guan et al, Appl. Catal. A, 2009, vol 361, pg 49-56 [58]

Although in the first case the behaviour could be explained from the rate limiting β-H
elimination of the adsorbed alcohol, the second has been attributed again to strongly
adsorbed O2 atoms on the surface of Au nanoparticles. Overall there is still a lot of
debate on the effect of particle size mostly due to underlying questions regarding the
true active site of the reaction [65]. Whereas the number of edges and corners, the sites
considered to be active, increase in number as the particles get smaller, it is not clear
if the activity of those sites remains the same as the particle size increases [64], [121].
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This leads to the supposition that changing the particle size only changes the total
number of active sites rather than the behaviour of the active sites itself, and therefore
that research effort should lead towards increasing the total number of particles
supported rather than changing the size [122]. However as shown from the
dehydrogenation of ethanol this is not as simple as it appears and information about
the interaction of reactant with the Au nanoparticle is paramount in order to define the
true effect of particle size [58].

Palladium nanoparticles in catalysis
1.4.1 A brief history of Pd nanoparticles and their use in catalysis
Compared to other metals, such as Au or Cu, Pd was unknown until the early 18th
century AD, when William Wollaston managed to separate it from Pt when dissolved
in aqua regia. Pd, as part of the residue, was then identified as a new metal [123].
While Pd belongs to the Pt-group of metals (composed of Ru, Rh, Os, Ir and Pt) it
possess atypical characteristics. The configuration of its outermost electron shells (Pd
4d10 5s0) is different from that of Ni (3d8 4s2) and Pt (3d9 4s1). It is also the least dense,
with the lowest melting point in the group [124]. Pd is used in many different fields:
jewellery (especially in combination with Au to form white gold), dentistry, electrical
contacts (for active components such as diodes, transistors, semiconductors etc.
etc.)[125]–[127]. However in industry, arguably the most important property of Pd is
its capability to catalyse a various number of reactions [128]–[130]. Economically the
most important reaction, in terms of Pd usage (more than half of the world supply), is
the catalytic conversion of harmful automobile exhaust. The use of Pd in catalytic
converters dates back to 1974 [127], [131], when Pd was mixed with Rh and Pt to
form a three-way catalyst (TWC), capable of ‘neutralising’ unburned hydrocarbons,
nitrogen oxides and CO. However, the high cost of Pt and Rh, in particular for Rh due
to the scarce availability, lead the research toward the usage of Pd only TWC, due to
the lower cost of Pd, and since then numerous studies has been performed in order to
improve catalytic performance[130], [132]. In 1994 the Ford Motor Company
successfully applied a Pd-only three-way catalyst, which allowed a significant cost
saving in precious metal usage [131]. The advantages of Pd-based TWC, apart from
the obvious economic one, includes a faster light-off, which lead to an improvement
in hydrocarbon (HC) conversion [133], [134], their ability to adsorb more oxygen over
23

a wide temperature range, influencing the oxidation capacity [135], as well as their
high resistance to temperature-induced sintering when compared to Pd and Rh, which
lead to a higher overall stability [136]. Of course there are also drawbacks: it is
susceptible to poisoning from sulfur and lead, although this has been mitigated
somewhat by the improvement of fuel quality. Furthermore Pd catalysts show a lower
activity compared to Pd/Rh catalysts towards NOx reduction and HC oxidation [131].
Research has then been focused on improving the catalytic performance of Pd-based
TWC [137], [138].
Pd, in various forms, has been used to catalyse a vast series of reactions in the
laboratory, i.e. alkane oxidation, hydrogenation of alkynes to alkanes and carboncarbon bond forming reactions (Heck reaction and Suzuki coupling)[128], [139]–
[141]. In particular, the Suzuki coupling reaction using Pd has been widely studied,
even leading to the Nobel Prize being awarded to Akira Suzuki in 2010. In the Suzuki
coupling reaction, coupling between arylboronic acid and aryl halide is traditionally
performed using Pd (II) complexes, the majority of which contain phosphine ligands.
These compounds, whereas very active, present problems regarding toxicity and cost
[142], moreover there is the more general issue regarding the recoverability of
complexes from the reaction mixture [129]. Phosphine-free compounds such as Pdcarbene complexes or phospa-palladacycles, as well as simple Pd salts such as PdCl2
or Pd(OAc)2 are being used in Heck and Suzuki reactions [143], as a substitute for
phosphine-based compound. In particular for the reaction of aryl bromides with olefins
to produce substituted olefins with an aryl group, Pd(OAc)2 with or without N,Ndimethylglycine, has been shown to be one of the cheapest and most active catalysts
[144]. However, it has been found by Reetz et al. [143] that the actual active
component in the catalyst is the reduced Pd0 forming Pd colloids, with an average
particle size of 1.6 nm. This led to the idea that other phosphine-free Heck reactions
and other C-C bond-forming processes (such as aryl-aryl bond formation [145] in the
presence of Pd salts without special ligands) were actually catalysed by nanosized Pd
colloids [143].

Since then PdNPs have attracted great interest, as a promising

alternative in the search for a catalyst with milder reaction conditions and a more
environmentally friendly approach [146]. However, a strong debate has developed
whether the catalysis arises from leached metal atoms from the nanoparticles or the
nanoparticles themselves [146]. According to a Pérez-Lorenzo study [146], due to
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variations in reaction conditions from author to author, a direct comparison is difficult.
It could be thought that Suzuki cross-coupling reactions may operate under
homogeneous or heterogeneous catalytic conditions depending on a variety of factors,
such as the nature of PdNPs and their stabilizers as well as the properties of the
reactants involved. Both mechanisms could be considered as complementary and
dependent on immobilization degree of PdNPs. The application of unsupported
nanoparticles has been used for other coupling reactions such as Heck and
Sonogashira, usually protected by some form of capping agent in order to prevent
aggregation [139]. Simple filtering allows the recovery of the metal in order to start a
new cycle.

Figure 1.4.1. (a) Low- and (b) high-hydrogen-concentration portions of the miscibility gap in the
Pd-H phase diagram. The phase-boundary positions derived from [147] for samples CCx (●), N1
(○), N2 (□), and N3 (△) are compared with the results of Miitschele and Kirchheim ([148]) for
coarse-grained (+) and nanocrystalline (X) Pd at 333 K and with literature results for the phase
boundaries in coarse-grained Pd given by Kuji et al. ([149]) (■), Wicke, Brodowsky, and Ziichner
([150]) (▲), and Lasser ([151]) (◆). Reproduced with permission from American Physical
Society, Kestel B. J., Physical Review B, 1993, vol 48, pg 84-92 [147]

Pd has also shown an unique ability to selectively hydrogenate alkynes even in a large
excess of alkenes. The reason for this high activity towards the hydrogenation reaction
could be attributed to the high extent of interaction between Pd and hydrogen; Pd has
shown the ability to dissolve hydrogen in the bulk as well as high activity for molecular
hydrogen splitting [152]. The hydrogen dissolved in the Pd bulk forms a new phase,
Pd hydride. This phase is an intermetallic species where hydrogen atoms occupy
interstitial octahedral vacancies in the Pd lattice. Depending on the hydrogen
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concentration two Pd hydride phases can be formed; alpha and beta phases as shown
in figure 1.4.1. The two phases coexist over a broad range of H/Pd concentration, with
pure alpha phase present a low concentration (H/Pd <0.017) and beta phase at higher
concentration (H/Pd >0.55) [152], [153].
The reaction mechanism for the hydrogenation of C-C double and triple bonds was
proposed by Horiuti and Polany [154]. They identified the following steps involved
in the reaction: hydrogen dissociation on the metal surface, alkene adsorption,
subsequent hydrogen addition to the alkene and desorption of the product. Debate
arises regarding the role of different species of hydrogen on Pd, surfaces and bulk.
Bulk hydrogen atoms are proposed to be key for the hydrogenation process of
olefins[19]. Nowadays most of the research regarding hydrogenation reactions is
focused on examining the role of particle size in the catalytic hydrogenation of carboncarbon double bonds [155]–[158].

1.4.2 Particle size effect
As with most nanoparticulate systems, the size of the Pd particle is an important factor
in catalytic performance. For example in the Suzuki reaction, a study performed on
nanoparticles in the range of 3.0 to 6.6 nm shows a particular trend: as the nanoparticle
decreases in size the activity (normalised per surface atoms) increases until 3.9 nm, to
then decrease when the particle size is 3 nm [159] as shown in figure 1.4.2.
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Figure 1.4.2. Turnover frequency (TOF) as a function of particle size for Pd catalysts supported
on SiO2 in the Suzuki coupling reaction. The TOF is calculated on the basis of the total number
of surface atoms. Reproduced with permission from American Chemical Society, Li et al.,
Langmuir, 2002, vol. 18, pg. 4921-4925 [159]

This suggests that the reaction does not take place on all the surface atoms, otherwise
there would be no difference in activity. The Suzuki reaction is suggested to be
“structure-sensitive”; the active sites thought to be the low coordination number atoms
situated at the vertex and edges of the nanoparticles and that their number increases as
the particles get smaller. However, if the particle gets too small the strength of
adsorption of some intermediates increases to the point of blocking the active sites,
thus reducing the activity [159]. Similar behaviour was observed in the Heck reaction;
according to a study performed by Le Bars et al. the active sites are low coordinated
atoms. However, in the hydrogenation of allyl alcohol an interesting behaviour is
observed; there is a particle size effect but not just because of changes in geometric
configuration, but also due to a variation in electronic properties [160]. In this study
Pd nanoparticles encapsulated in a dendrimer showed a monotonous decrease of the
TOF as the particle size got smaller, if the TOF (mol H2 consumed/ mol active sites*h)
is calculated taking into consideration either surface or defect atoms as active sites.
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However, if the TOF is calculated as a function of the number of face atoms for
nanoparticles smaller than 1.5 nm the plot of TOF vs particle size presents a slope
different than 0. The authors attribute this effect to a change in the electronic properties
when the particle size reduces from 1.5 to 1.3 nm. In particular they define two
“zones”: when the particles are smaller than 1.5 nm the effects are predominantly
electronic, while for bigger nanoparticles the effects are due to geometry [161]. For 1hexyne hydrogenation however, the relationship between size and activity is
negatively correlated, i.e. activity decreases as the particle size increases. In particular,
a study from Semagina et al, showed that 11 nm is a critical particle size, above which
the activity increases by an order of magnitude relative to Pd black (large Pd
particulate of Pd metal) activity.

Figure 1.4.3. S2-hexenes/Sn-hexane (S2-hexenes = selectivity towards 2-hexenes; Sn-hexane = selectivity
towards n-hexane) at 25% conversion and a ratio of initial TOFs of a 1-hexyne hydrogenation
to 2-hexenes formation (isomerization) vs Pd particle size. Reproduced with permission from
American Chemical Society, Semagina et al, Journal of Physical Chemistry C, 2007, vol. 111,
pg. 13933-13937 [72]

However, the selectivity towards the two by-products of the reaction (2-hexenes and
n-hexane) varies only if the particle size gets smaller, with the unsaturated by-product
increasing as the particle gets smaller as shown in figure 1.4.3 [72]. These results are
explained by the need of 1-hexyne for a large ensemble of Pd atoms in order to adsorb
and react. This could be explained by low coordinated atoms being responsible for
isomerization, thus increasing the 2-hexene concentration. A different approach from
Ruta et al [162] suggests the reason for a Pd particle size effect lies in the presence of
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carbonaceous deposits on the nanoparticles. In their work they prepared highly
monodisperse Pd nanoparticles (Pd nanoparticles size distribution < 20 %) with three
different particle sizes (8, 11, 13 nm) on supported carbon nanofibers, and tested them
for acetylene hydrogenation. It was shown that the 11 nm NPs represent somehow a
critical diameter, above which the specific activity of the nanoparticles are not sizedependent. Interestingly, the sample possessing 8 nm sized particles shows a lower
TOF than the 11 nm, an effect which cannot be explained by simply an electronic
effect, since Pd particles > 5 nm exhibit bulk metallic (electronic) properties [38]. The
difference might lie in the formation of Pd-Cx surface phases, a structure sensitive
reaction, thus modifying the Pd surface [163]. On smaller particles C/Pd ratio is
higher, leading to a smaller available Pd surface for reaction, thus reducing the TOF.
Regarding the ability of Pd to adsorb hydrogen this capability appears to be dependent
on the particle size as well. A study from Tew et al showed that the formation of
hydride is strongly particle size dependent, large particles form a higher amount of
hydride, due to the existence of more interstitial spaces, whereas smaller particles offer
a higher amount of surface adsorbed hydrogen.[164] Another study from Sachs et al
shows that particle size presents a role in the behaviour towards the solubility of H2 in
the α-phase of PdH. The nanoparticles studied, in the range 2-5 nm, present a higher
solubility compared to the bulk phase, up to 10-fold, as well a narrower miscibility
gap. Interestingly a slope in the plateau region of the concentration-pressure plot for
the two-phase system, albeit small, can be found, differently from bulk Pd which
present a flat plateau. The reason for this plateau is not related to a particle size effect
(the samples present negligible difference in the slope) but it is connected to the twophase system phase transition [165]. The presence of the slope is also confirmed by
Nutzenadel [166], however in their work they show that the plateau is particle size
dependent, decreasing as the particle size gets smaller. The authors explain this effect
as caused by the lattice relaxation close to the surface.
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Hydrogenation of 1,3-Butadiene
1.5.1 Hydrogenation of 1,3-butadiene over gold catalysts
Light alkanes produced by catalytic cracking of petroleum contain significant amounts
of dienes and alkynes. Typically, the ethylene cuts contain 0.5 to 3 % of acetylene and
the propene cuts 2 to 8 % of propyne and propadiene [167]. For further polymerisation
processing, however, the level of impurity in alkadienes or alkynes must be as low as
10 ppm [87], [167]. The production of high-purity butene streams for polymerization
or copolymerization processes requires the hydrogenation of the butadiene impurities
contained in butene cuts. The hydrogenation of 1,3-butadiene can lead to different
products: partial hydrogenation yields of butene, while total hydrogenation leads to
butane. As the target product is the alkene, the catalyst must not hydrogenate any of
the butene molecules and reduce the di-olefin to butene rather than butane. Moreover
the selective hydrogenation of 1,3-butadiene (C4H6) produces three isomers of butene
(C4H8); 1-butene, cis-2-butene and trans-2-butene. The control over the selectivity of
this catalytic reaction is then an important aspect regarding the preparation of the
appropriate catalyst. The active components of the catalysts are usually noble metals,
such as palladium, gold and platinum. The butadiene hydrogenation reaction
mechanism is shown in the figure 1.5.1.

Figure 1.5.1 Reaction process for the hydrogenation of 1,3-butadiene leading to three possible
(ideal) alkene products.
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Palladium (supported) catalysts are so far regarded as the only commercially available
catalyst to selectively hydrogenate alkadienes or alkynes in an excess of alkenes.
However oligomers form during hydrogenation which increases the number of
regeneration cycles for the catalyst and shortens its life time, due to long term catalyst
poisoning [167]. Also, due to the high reactivity of palladium, at high conversion,
alkenes start to be (over)hydrogenated, leading to decreasing selectivity in palladium
catalysts [168].
Studies performed over supported gold catalysts showed that it was highly selective
for hydrogenation of dienes or alkynes at low conversion, even though it was not as
active as palladium. Bond and Wells reported that gold supported on γ-Al2O3 and
boehmite (hydrated alumina) (AlO(OH)) was able to selectively hydrogenate, at 130
and 260 °C, 1,3-butadiene into butenes without butane formation[87], [167]. This lead
to the idea of using supported gold catalysts in order to reduce or remove totally the
amount of butane which the palladium usually forms. Gold nanoparticles also show
high selectivity for a C4 cut (1-3% presence of alkadienes), as proved by Hugon et al.
They studied the reaction of hydrogenation of butadiene in the presence of an excess
of propene and confirmed the high selectivity of gold even in the presence of a large
amount of alkenes (1:100 ratio between 1,3-butadiene and propene) [167]. They
proposed the high selectivity could be attributed to the stronger interaction between
1,3-butadiene and gold compared to propene-gold interaction. Moreover, opposite to
palladium there is no competition between the hydrogenation of 1,3-butadiene and
alkene hydrogenation (butenes and propene). Over gold catalysts, these two
hydrogenation reactions operate over two different temperature ranges (T < 433 K 1,3butadiene hydrogenation; T > 433 K propene hydrogenation), making the gold
nanoparticles good catalysts for selective removal of butadiene [87]. Okumura et al
studied the effect of particle size and support on Au nanoparticles prepared through
different approaches [51]. The Au loadings of these catalyst were around 1 wt. % with
different particle size and diameters. They made a comparison according to the turn
over frequencies (TOF), based on the number of gold atoms exposed at the surfaces,
of the catalyst with different preparation method [51]. Apart from the catalyst prepared
via impregnation, the TOF were similar over the different catalysts, while the reaction
rate increase with the decrease in the diameter of Au particles. Here it was proposed
that H2 is activated at the exposed surface of the Au particles; the total amount of the
exposed surface area of Au particles was monotonically increased with a decrease of
31

the size of Au particle although the number low coordinated atoms (corners and edges)
of Au particles increase with a decrease in size. Similar results were obtained with Au
nanoparticles on different supports, although this showed minimal variation in the
TOF across the three different support types (Al2O3, SiO2 and TiO2) studied. They
concluded that for the 1,3-butadiene hydrogenation there is no structural effect in
terms of particle size or support [51]. However, in a review by Nikolaev et al., a
comparison of various types of hydrogenation reaction, acrolein, crotonaldehyde,
acetylene and 1,3-butadiene was made and they observed that for most of these
reactions, up to 3 nm, the activity would increase as the particle size decreased [109].
However, if the nanoparticle size decreases further, the activity starts to drop.
Decreasing the size of gold nanoclusters from 10 to 3 nm lead to an increase in the
number of sites and therefore activity. A problem which may arise when comparing
catalysts with a large difference in particle size (e.g. 2 versus 20 nm) is the presence
of a possible volcano plot in an activity/particle size correlation. The two systems,
albeit being drastically different in term of properties, could show similar TOFs, as
illustrated in figure 1.5.2, thus biasing the interpretation of the particle size
dependency for the reaction [109].

Figure 1.5.2. Turnover frequency of immobilized gold particles in hydrogenation of buta-1,3diene at 423 K vs. Au particle size. Adapted with permission from Turpion, Nikolaev et al., Russ.
Chem. Rev., 2009, vol 78, pg 231-247 [109].

Further analysis from Yang et al found out that adsorption of cis-1,3-butadiene at the
low-coordination sites of the edges or corners of gold nanoparticles is much more
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favoured than for trans-1,3-butadiene, which is caused by the stronger orbital
interactions between cis-1,3-butadiene and the low-coordination gold atoms. The
adsorption of the cis isomer on gold nanoparticles is thus thermodynamically
favoured. Transition state calculations indicate that the trans-to-cis transformation of
butadiene is also kinetically facile. Therefore, gold catalysts exhibit a unique
preference toward cis-2-butene as compared to the trans-2-butene, and the ratio of
cis/trans isomers over gold nanoparticles is found to be highly size-dependent [169].

1.5.2 Hydrogenation of 1,3-butadiene over palladium catalysts
As aforementioned, Pd catalysts are the only commercially available system which
allows the selective hydrogenation of 1,3-butadiene. While this is nowadays the
standard process, it is limited by the tendency of Pd to hydrogenate the desired
olefins and to isomerize those containing more than 3 carbon atoms[124]. However,
a lot of debate has arisen regarding the effect of Pd particle size on the reaction. For
Pd, a decrease in particle size apparently leads to a decrease in activity. For example,
Tardy et al. showed a particle size dependence for the 1,3-butadiene hydrogenation;
while particles with a diameter larger than 2.8 nm behave like bulk Pd, below this
value a size-effect is observed, especially when the particle size is between 2.8 and
1.4 nm. This behaviour can be explained by deactivation due to strong butadiene
adsorption; in addition some change may occur due to a geometric effect, and
structural properties which can be induced by an epitaxial relation between the
support and the metal [170]. However, this explanation cannot be extrapolated to
particle sizes greater than 2.8 nm. Pd has shown structure sensitivity, with Pd(110)
faces 5-fold more active than Pd(111) for single crystal catalysts. Pd nanoparticles
usually exhibit facets of different crystallographic orientations. Variation in the
relative abundance of the different facets with particle size will also affect the
catalytic activity [171]. In a recent study from Silvestre-Albero et al, Pd
nanoparticles are analysed with STM and reveal the Pd particles to be not always
perfect cuboctahedra, presenting incomplete (111) and (100) terraces. The small
(smaller than 3.5 nm) metal clusters were highly defective, and a slight increase in
particle size led to an increase in the proportion of defects at the boundary of the
incomplete facets. In contrast, particles > 3.5 nm started to develop large and well
defined (111) and (100) facets [172], [173]. If the number of Pd atoms in incomplete
(111) terraces is used for the rate normalisation, a plot of activity vs particle size
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yields a constant TOF for particles larger than 4 nm. The authors therefore conclude
that the selective hydrogenation of 1,3-butadiene was particle size independent for
Pd particles ≥ 4 nm. For Pd particles < 4 nm, the normalisation was not
straightforward due the highly defective nature of the small nanoparticles, which did
not allow clear analysis. However, TOF values approached those of the Pd(110)
single crystal when it was calculated considering the cuboctahedra model. Therefore
the relative greater abundance of surface defects may allow for an enhanced
hydrogen penetration, giving rise to greater-than-expected activity [172], [173]. This
is further confirmed in a review Nikolaev et al concerning the hydrogenation
reaction on different systems. The authors discerned that an increase in particle size
from 1 to 5 nm results in a 25-fold increase in the catalyst activity for 3,7dimethylocta-2,6-dienal hydrogenation, while a 5 to 30 nm increase barely affected
the activity [109]. A recent study from Dal Santo et al [174] show that a
combination of both particle size and morphology of PdNPs (the exposed plane)
affect the catalytic behaviour for 1,3-butadiene hydrogenation. In the study they
prepared two sets of supported nanoparticles on different oxides (TiO2, CeO2, ZnO)
through chemical vapour deposition, with different pre-treatment of the support
(namely calcination at 300 °C in air for one set and no pre-treatment for the other).
The pre-treated supports give rise to highly dispersed nanoparticles (1.2 nm for TiO2,
0.8 for ZnO) compared to the non-treated sample. The highly dispersed samples
showed an overall higher selectivity to butenes compared to the non-treated larger
particles. According to Lee et al. [175], a way to control Pd nanoparticles selectivity
would be through a modification of the surface properties of Pd, such as decoration
with TiOx species formed by the addition of TiO2 to SiO2 supported Pd nanoparticle.
Partially reduced TiOx species migrates onto and decorates the Pd surface,
significantly suppressing H2 uptake; this lead to a lower hydrogenation rate for the
butene species indicating that the amount of H2 species on Pd nanoparticles affects
the activity. Furthermore, the selectivity is affected by the suppression of π-allylic
species, formed preferentially on a large ensemble surface of Pd. This has been
shown by Goetz et al. [176], analysing Pd nanoparticles supported on Al2O3. Two
type of nanoparticles structures are formed depending on the Pd concentration on the
support; i.e. flat (111) surfaces (Pd = 0.1%) and particles with less interaction with
the support (10) (Pd = 0.3%). Two reaction mechanisms for isomerization of 1butene to 2-butenes species, and vice versa, are identified: a Horiuti-Polanyi
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mechanism involving the addition of hydrogen atoms to form a half-hydrogenated
radical and an intramolecular hydrogen shift mechanism which occurs without
addition of hydrogen; the Horiuti-Polanyi occuring on corner and edge atoms, with
the hydrogen shift thought to occur on face atoms. Therefore, decorating the Pd
nanoparticles with TiOx species reduces the Pd ensemble surfaces, thus reducing the
rate of isomerization of 1-butene and facilitating its desorption [175].

Characterization of nanoparticles
Obtaining information regarding the properties of the nanoparticles has always been
an important objective in order to understand structure activity relationships in
heterogeneous catalysis. Whereas various techniques allows the determination of
some of these properties, either through straight correlation between the physical
interaction of the method and the nanoparticles, such as the use ultraviolet-visible
spectroscopy in the qualitative determination of Au nanoparticles size through
plasmon resonance [177], or through derivation from a different type of interaction,
as in the case H2 chemisorption for estimation of particles size of various metal
element nanoparticles, Pd, Co, Pt [178]–[180], where the amount of H2 chemisorbed
can be directly linked to the nanoparticle size, as well as IR spectra of CO adsorbed
on the nanoparticles to define the facets [52], [181] as depending on the facets of the
nanoparticle different mode of adsorption are present. The development of techniques
that allow for the visualization of the nanoparticles, such as transmission electron
microscopy (TEM) [182], [183] and scanning tunnel microscopy (STM) [184],
enables a particularly detailed interpretation of nanoparticle properties’ in correlation
with their function. Information regarding their electronic and structural properties can
be obtained through the use of X-ray based techniques such as X-ray absorption fine
spectroscopy (XAFS) or X-ray diffraction (XRD) [185].
The major difference between microscopy techniques and X-ray based techniques lies
in their local versus averaging techniques. In particular, in the case of microscopy, the
user is only able to observe a small fraction of the system, varying from few
nanometres up to hundreds of nanometres, depending on the required resolution. This
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severely limits the ability to observe changes to the nature of the catalysts, also
introducing bias in the selection of the observable area. X-ray based techniques
instead, thanks to their more averaging nature, are able to observe the catalyst as a
whole, rather than a small part, and help to have a better understanding of the catalyst
behaviour under reaction conditions.
However, one of the challenges with nanoparticle-catalysed reactions concerns
knowledge of their behaviour under reaction conditions. Most of the studies regarding
the structure of catalysts are performed ex situ or “post mortem” [1], thus it is not
possible to exclude a structural plasticity and the ability or even a requirement to
respond to the reactant ‘environment’ in a reversible way. Structural changes during
CO oxidation of Au nanoparticles at room temperature have been observed through
aberration-corrected environmental TEM by Yoshida et al [186] where [100] facet
restructure itself in a Au[100]-hex configuration, shown in figure 1.6.1, where the
atoms at the topmost layer have an unusual bonding configuration with the Au atoms
of the second surface layer, which allows the adsorption of CO molecules in high
density. This lead to the idea of nanoparticles being not inert during catalytic reaction
but as dynamic, able to change and reshape according to their reaction environment.
Under catalytic reaction conditions, active centres are created, produce products and
then disappear [1]. The assumption that the catalysts do not change under reaction
conditions is only acceptable for limiting case, with small conversions and simple
reactions which lead to thermodynamically stable products [187]. However, if the
local chemical potential at the active site is increased it could lead to a change in the
surface of the catalyst under reaction condition, which may cause the formation of new
active phases. The new phases might only be stable under given chemical potential of
the reaction, and could be metastable or turn back to the original phase once the
potential is changed [187].
Unfortunately, electron microscopy techniques cannot always be applied when the
catalyst is under “operando” reaction conditions due technical limitations, such as the
attenuation of electron beam due the presence of reactant molecules affecting image
quality and resolution.
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Figure 1.6.1. a) Au nanoparticles with a Au{100}-hex reconstructed without CO adsorption; b)
enlargement of the selected rectangular area; c) simulated TEM image of Au{100}-hex. Reproduced
with permission from American association for the advancement of science, Yoshida et al, Science,
2012, vol 335, pg 317-319 [186]

1.6.1 In situ techniques
The necessity to identify the physico-chemical characteristics of catalysts under
reaction conditions has become paramount in industry in order to optimize the process
of building a better catalyst [14]. In order to obtain information regarding the nature
of the active sites a wide variety of analytical techniques have been applied. Whereas
most of these techniques can be applied both ex situ, where the sample is kept in
atmospheric conditions with no external interaction, be it gases, electricity,
temperature, as well as in situ, where the sample is subject to reaction condition or
conditions relevant to the reaction [188], only few of these can be used in operando
condition, which, as defined by Schögl, involves identify the geometric or electronic
structure of a catalysts under simultaneous documented production of the desired
products. Whereas XRD is an example of a commonly used technique for in situ
characterization, it presents a serious limitation in sensitivity on highly dispersed
nanostructures, where the common size of the nanocrystal is less than 2 nm [189]. On
the other hand X-ray absorption spectroscopy (XAS) does not have any lower
limitation in the regards of crystallite size (although providing less and less
information as the number of surface atoms becomes smaller [190]) and can be used
even on sub nanometre species, such as in the case of the atomically dispersed Pd on
γ-Al2O3 in the study from Peterson et al [191]. In this study the Pd was deposited on
both pure γ-Al2O3 and a La2O3 doped γ-Al2O3 (La-Al2O3) and tested for CO oxidation
using XAS to investigate the behaviour under reaction conditions. In both cases (pure
and doped γ-Al2O3) the extended X-ray absorption fine structure spectroscopy
(EXAFS) data showed the presence of oxidised Pd, under reaction conditions the Pd
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state changes. The reaction examined was the oxidation of CO, with data taken over a
range of temperature, from 60 to 125 °C and using a mixture of O2/CO in a ratio
53.3/46.6 diluted in He. Whereas in both cases there is a decrease in the intensity of
the Pd-O first shell, in the case of pure γ-Al2O3 there is the appearance and then a
gradual increase of the Pd-metal first-shell peak height, implying the growth of Pdmetal at the expense of Pd-oxide. On the other hand, for the Pd/La-Al2O3 there is no
appearance of Pd-metal first shell peak up to 363 K. This could be explained by the
formation of a chemical state for Pd with an average Pd-O coordination << 4, which
could be attributed to a Pd+ species. This is further proved by the X-ray absorption
near edge structure spectroscopy (XANES) where the edge energy observed for this
state (24,3516 ± 0.3 eV) falls between that for Pd metal and PdO (24.350 and 24.353
keV respectively).
Since the development of QEXAFS (Quick-scanning EXAFS) by Frahm and the first
experiment in 1987 [192] the time required for a scanning EXAFS experiment has
being brought down dramatically, from ~ 15 min. to a few milliseconds [193]. This
allows for the clarification of some processes where the higher length of time required
for normal EXAFS would not allow for the details requires, such as in the formation
of Cu nanoparticles due to the reduction of CuO on Cu/ZnO/Al2O3 methanol synthesis
catalysts [194]. Copper reduction from CuO takes place within an extremely narrow
temperature range and QEXAFS performed during the heating process hint to the
formation of small cluster which then grow into nanoparticles. Moreover the smooth
changes in the intensity of the QEXAFS curves indicated the lack of formation of other
intermediate species, such as Cu2O. The application of QEXAFS has then allowed
time-resolved in situ measurement to be available such as in the case of the study
performed by Paredis et al. [195] where it has been found that Pd nanoparticles
supported on ZrO2 undergo to drastic structural and chemical change under NO
reduction with H2. In particular the presence of the cationic Pd species are observed
upon the introduction of the reactants and a redispersion of the Pd nanoparticles on the
ZrO2 surface, with the formation of small Pd clusters. These phenomena appear to stop
when the temperature necessary for the onset for NO reduction is reached (393 K).
This could be explained by the interaction with NO with surface atoms in the metallic
Pd cluster; Pdδ+ species appear at the expense of Pd0 from room temperature to 393 K
which are thought to be stabilized by the OH defect on the ZrO2 surface thus not
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forming PdOx species. Interestingly the selectivity depends on this redispersion since
high selectivity toward N2O is detected at the onset of the reaction (T ≥ 393) but shifts
towards N2 as the temperature increases ( T > 423 K) as the Pdδ+ species disappear to
form larger metallic aggregates. Another example is a study from Föttinger et al. on
Pd/ZnO where the formation of a PdZn alloy on the surface of the Pd nanoparticles is
observed when the catalyst undergoes methanol steam reforming (MSR). This
behaviour appears to be due to hydrogen spillover and reduction of ZnO as it is present
as the catalyst undergoes a prolonged reduction under H2 at 623 K as well as in the
presence of methanol/water through the hydrogen formed during the reaction. As the
time on stream increases the degree of alloying goes from 10 % after 1 h of reaction
in methanol/H2O atmosphere up to 20 – 25 %. This allowed the identification of the
active phase for the MSR, PdZn, thanks to a change in selectivity from methanol
decomposition (CO/H2) to MSR (CO2/H2) as the amount of PdZn increased.
In situ techniques can be applied not only to observe the behaviour of nanoparticles
under catalytic conditions but also to rationalize the formation of metal nanoparticles.
A good example of this can be seen in the work of Polte et al. [196] where timeresolved small-angle X-ray scattering (SAXS) in combination with XANES has been
used in order to identify the steps involved in the process of gold nanoparticle
formation. In this study the XANES were used to investigate the degree of reduction
of Au3+ (in the form of [AuCl4]-) to metallic Au0. SAXS on the other hand allowed for
observing the formation of the nanoparticles size and the degree of polydispersion.
The authors were then able to deduce a mechanism for the formation of Au NP,
following 4 distinct phases: nucleation, growth by aggregation, slow further growth
and a fast, final growth step. The information obtained could then increase the degree
of control on the nanoparticle synthesis toward nanoparticles tailored for the required
catalytic system.

Synthesis of nanoparticles
To produce nanoparticles and nanostructures many methods are available. The
methods could be classified depending on either the resulting structure, technique used
or type of material processed. One of the most employed classifications in the
synthesis of nanoparticles is the distinction between top-down and bottom-up methods
[197] In top-down methods a macroscopic structure is subdivided until the desired
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nanostructure is obtained. In a bottom-up approach, building blocks (atoms,
molecules) are built up using chemical reactions or self-assembly processes.

1.7.1 Solid-phase synthesis
Top-down methods involve the breakdown of larger material until the required size is
reached. Methods such as ball milling are commonly employed for the synthesis of
catalysts [198]–[200], and sometimes in the synthesis of nanoparticulate catalysts
[86],[87], the broad size produced by the catalysts makes it not ideal in particle
selected reaction [203]. However, methods to produce top-down size selected
nanoparticles are possible, using lithographic techniques. Lithography involves the
interaction between a radiation and a resist material [204]. The radiation could come
from electrons, ions or X-ray, with the first two radiation involving serial writing of a
pattern with a small focused probe, whereas for X-ray a radiation resistant mask is
used to produce a defined patted [204]. Whereas these methods are able to produce
nanoparticles with regular physical attributes (e.g. size, shape, pattern) they are
generally not viable on an industrial scale. It has been used however to produce model
catalysts, such as in the case of the preparation of Pt nanoparticles array for ethylene
hydrogenation through electron beam lithography [205] or formation of Au
nanoparticles through chemical electron beam lithography [206] .

1.7.2 Gas-phase synthesis
Preparation through vapour phase is one of the old method to produce nanoparticles.
Champion defines gas phase synthesis as divided in three stages [22]:
•

Introduction of the compound in vapour form

•

Condensation of the vapour in form of nanoparticles, with a chemical reaction in
some cases.

•

Control and preservation of the dispersed nanocrystalline state.

Depending on the process it can be either called physical vapour deposition (PVD) or
chemical vapour deposition (CVD). In PVD the target material is vaporised using heat
or an electron beam. The evaporated atoms are the deposited on the surface of the
substrate with no chemical reaction involved [207]. In CVD the reactant species are
introduced in the reaction chamber, where they react with each other and deposit one
layer of product material. CVD offers a uniform, robust method of deposition of
materials and can be used to deposit nanoparticle on a wide variety of materials,
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including SiO2, Al, W [207]. A subclass of chemical vapour deposition is called
atomic layer deposition (ALD), where the precursor species are not introduced in the
chamber simultaneously but in series of sequential, non-overlapping pulses. In this
manner the reactant are kept separate and react on the surface in a self-limiting process,
without the presence of a gas phase reaction step [208].
Whereas these methods have been applied successfully to produce well defined
nanoparticles, the high length of time required and the small quantity of material
produced, paired with the high cost of equipment, makes these methods only useful
to produce model catalysts [209]–[211].

1.7.3 Liquid-phase synthesis
Liquid synthesis provides a versatile, low-cost method to produce nanoparticles, as it
does not require the use of a complex mechanical system and can be performed in any
laboratory. Moreover, the homogeneous nature of the starting block (dissolved metal
ions) helps in the formation of homogeneous products. As such they are by far and
away the most common methods used to prepare nanoparticles for use in
heterogeneous catalytic reactions.

1.7.3.1 Impregnation method
Impregnation denotes a procedure whereby a certain volume of the solution containing
the precursor of the desired element is contacted with a solid support. After a certain
time, the sludge is separated from the solution and the excess solvent is dried. The
amount of the active precursor mounted onto the support, its concentration profile and
the chemical environment of the catalyst on the support surface depend on the
condition during the mixing and the drying process steps. A post treatment in order to
reduce the precursor (a positive charged metal ion) to a nanoparticle is then required.
The reduction process could be chemical (e.g. reduction under H2 atmosphere) paired
with a thermal treatment. Depending on the volume of precursor solution used, the
technique can be called wet-impregnation or incipient wetness impregnation. In wet
impregnation the solution is in large excess compared to the support and the quantity
deposited depends on the solid/liquid ratio [212]. In the incipient wetness
impregnation the volume of solution is empirically determined to correspond to that
beyond which the catalyst begins to look wet and is used for the deposition of species
with very weak interaction with the support surface or for the deposition of quantities
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which exceed the number of adsorption sites on the surface [212]. However, this
synthesis method does not prevent the agglomeration of the nanoparticle thus causing
a wide particle size distribution and inhomogeneous particle to be formed [213].

1.7.3.2 Deposition-Precipitation/Co-precipitation
Marcilly, in 1984, introduced a method of catalyst production through precipitation,
which has become commonly used to produce supported metal nanoparticles [214]–
[216]. The chemical process involves a reactant (commonly a reducing agent) which
transforms the metal precursor into a solid phase and allows for its deposition onto a
support which has been previously added to the solution. In co-precipitation both the
catalyst and the support are produced at the same time, such as in the synthesis of
Au/Fe2O3 [217] and Pd/Al2O3 [218], being able to produce relatively well dispersed
nanoparticles. However a drawback which has to be taken in account, due the
interference which the metallic precursor may cause with the polymerization
chemistry of the material, often resulting in sample with undesired properties [213].
In the deposition precipitation, the metallic precursor instead precipitate to the metal
hydroxide first (e.g. Au(OH)3) and then are deposited on the support. A further
calcination is required in order to produce the metal nanoparticles [213]. Deposition
precipitation has shown better results in the synthesis of smaller nanoparticles, such
as in the case of Au and Pt supported on TiO2 [219], [220], however particle
agglomeration is quite common [213].
Whereas impregnation, deposition-precipitation, co-precipitation methods present
some advantages (ease of production and scale up, low cost) the lack of control in the
nanoparticles properties, paired with the tendency of nanoparticles to agglomerate,
does not allow in-depth studies on the correlation between catalytic activity and
nanoparticles properties.

1.7.3.3 Colloidal methods
One of the problems that arise during the synthesis of metal nanoparticle is the
agglomeration of the particles due to a combination of attractive Van der Waals forces
and the tendency of the nanoparticles to minimize their surface energy. In order to
prevent this, repulsive interparticle forces are required [221]. One way to produce
these forces would be the dispersion by electrostatic repulsion using electric double
layers surrounding the particles the repulsion force is produced [221]. This
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stabilization method is mostly effective in dilute systems of aqueous or polar organic
solvents. The method itself is very sensitive and a change in concentration of the
electrolyte might cause sudden agglomeration due destruction of the electric double
layer [222].
Another way would be to use steric forces to prevent agglomeration via a steric
interaction [221]. This is obtained by the coordination of bulky organic molecules that
act as protective shields on the metallic surface. Nanoparticles are thus separated and
agglomeration is prevented. There are many protective group in the literature:
polymers and block copolymers; phospane, amine, thioethers; solvents such as THF,
THF/MeOH, surfactants (e.g. long-chain alcohol)[223] .
One of the most well-known approaches that uses the colloidal method is the
Turkevich method, which uses citrate both as reductant and as capping agent and is
one of the most common and simple methods for the preparation of gold nanoparticles
[224]–[235]. In the Turkevich method a solution of HAuCl4 in water is brought to boil
in a beaker. Subsequently a small amount of a solution containing sodium tris-citrate
is added and after 15 min the solution is cooled down to room temperature [224].

1.7.4 Surfactant based synthesis

Figure 1.7.1. Formation of a micelle. (a) Surfactant with bulky polar head (grey block in the figure)
and short non-polar chain (black in the figure). (b) Surfactants join together. (c) A micelle forms.

Surfactants (portmanteau; surface active agent) are molecules with a hydrophilic polar
head and a hydrophobic hydrocarbon chain. These molecules usually position
themselves at the interface between two phases, such as water and oil, lowering the
surface tension [236]. If dissolved in water, above certain concentrations (termed the
critical micelle concentration, CMC), the chains will associate together, as a result of
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entropy/enthalpy balancing, to form aggregates called micelles (figure 1.7.1). While
the micelles are usually spherical at low concentration of surfactant, they may change
shape with increasing concentration, assuming cylindrical shapes or multi-layered
spheres (with a hydrophilic core and hydrophilic shell, as in figure 1.7.2) [237]. The
value of phase change concentration (from dispersed surfactant to micelles, to a more
complex form) depends on the structure and the chain length of the hydrophobic
group, the shape of the hydrophilic group and the presence of salts in the solution
[238]–[240]. For example when the chain length of the polystyrene-b-poly(acrylic
acid) changes from 170 units to 1400 the radius of the micelles changes from 23 to 90
nm [241], and a similar effect can be seen in the case of PS-P4VP, in a study from
Förster, where the radius changes from 39.5 to 10.2 nm when the number of P4VP
unit changes from 142 to 35 [242]. Moreover, it’s also possible for the micelles to
confine a second phase in their core, for example oil which has an affinity for the
hydrophobic chain. This way an oil droplet can be dispersed in a water matrix, being
stabilized by the surfactant.
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Figure 1.7.2. Different form that the micelles can assume at higher concentration level, a) interconnected
cylinder; b) double layer. In gray the bulky polar hear, in black the non-polar chain.

Micellar systems are dynamic; each surfactant chain comprising the micelle can be
easily replaced by free chains moving freely in the aqueous phase [243]. However, the
shape of the micelle structure itself is always conserved. While the term “micelles” is
commonly associated to a system where the surfactant, containing a polar head and
the non-polar chains, is dispersed in water, micellar structures can be formed also in
different solvents, including non-polar solvents. In this case the micelles are termed
”reverse micelles” possessing a hydrophobic head and a hydrophilic chain (figure
1.4.3-1). The reverse micelle can collapse and exchange their aqueous content, to form
again two reverse micelles (figure 1.4.3-2) [237]. Moreover, another property of
reverse micelles that is different from micelles: their size changes linearly with the
amount of water added to the system, from 4 to 18 nm [238] . The water content of the
system is defined as w = [H2O]/[SA], where [SA] is the surfactant concentration.
The concept of nanoparticle synthesis through the use of reverse micelles was
proposed around 1988 by Petit et al. [229]. Since there is a size control on the reverse
micelles and due to the capability of exchange their aqueous contents, the reverse
micelles were thought to be a good variable-size nanoreactors [238]. Considering two
reactants A and B, dissolved separately in two micelle solutions; upon mixing they
would make contact through the exchange induced by Brownian motion, allowing
them to react. This made it possible to fabricate many nanosized compounds [244].
Since the size of the reverse micelles is controlled by their water content, also the size
of the resulting nanocrystal can be controlled. However, this method has some
disadvantages. First of all, the more the reverse micelles become smaller (in order to
synthesize smaller nanoparticles) the more unstable they become with the amount of
metal salt added, limiting the yield of nanoparticles when compared to the amount of
surfactant and solvents added [237]. Furthermore, many nanoparticles can be formed
in a single reverse micelle, raising the polydispersity. To avoid this a stabilizing agent
can be added, raising the total cost of the synthesis. Nevertheless, these problem can
be circumvented by using polymer-based micelles [238].
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1.)

2.)

Figure 1.4.3. 1.) Formation of a reverse micelle. (a) Surfactant with small polar head (gray block
in the image) and ramified chain (black line in the figure). (b) Surfactants join together. (c) A reverse
micelle forms. 2.) Exchange of aqueous cores. (a) Reverse micelles subject to Brownian motion
filled with two different compound (shown in orange and green). (b) Collapsed reverse micelles and
mixing of aqueous contents. (c) Formation of two micelles, identical to the initial micelles with one
containing the result of the mixing (in yellow in the figure). In gray the bulky polar , in black the
non-polar chain.

1.7.4.1 Polymer-based reverse micelles encapsulation
In 1992 Saito et al. prepared silver colloids using poly-2-vinyl pyridine block of
polystyrene-b-poly-2-vinyl pyridine (PS - P2VP) [245]. In the same year the synthesis
of a narrowly distributed gold colloids was demonstrated using polystyrene-b-poly-4vinyl pyridine (PS - P4VP) [246]. Spatz et al. [54] used the co-block polymer
Polystyrene-b-Poly(2-vinyl) Pyridine in order to create reverse micelles in toluene,
then used to produce nanoparticles as shown in figure 1.4.5.
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Figure 1.4.4. Structure of a) polystyrene-b-poly-2-vinyl pyridine; b) polystyrene-b-poly-4-vinyl
pyridine

The presence of nitrogen in the structure of the pyridine decreases its affinity for the
organic solvent compared to the polystyrene part. This led to the formation of micelles
with a CMC between 0.01 and 0.1 mg/mL [247], consisting of P2VP cores and PS
tails, estimated to consist of approximately 50 polymer strands. Moreover, Spatz
discovered that the nitrogen atom can be protonated or form a complex with metal
salts. Depending on the salt the pyridine group is either protonated to a pyridium ion,
with the metal salt acting as counter ion, or using the free electron pair of the nitrogen
the metal salt, can form a complex with the pyridine [54], [248]. Furthermore, the
metal salts act as a stabilizer for the micelles when occluded into the core [238].
Comparing the polymer-based micelles with the normal surfactant micelles numerous
advantages can be seen. The lower CMC (for comparison 0.1 mg/mL of PS-P2VP
versus 7 mg/ml of AOT (sodium bis[2-ethylhexyl] sulfosuccinate) [249], a commonly
used surfactant in reverse micelle encapsulation [243], [250]) means that less polymer
is needed in order to form a stable structure. The structure is more kinetically stable
compared to surfactant-based micelles, with less agglomeration and less spontaneous
breakup; therefore no additional stabilizer is needed [238]. Due to this stability,
polymer-based micelles can be adapted to many different substrates and many
different metals [251]. In this particular system the interparticle distance is given by
the length of the polystyrene chain while the nanoparticles size can be controlled by
the P2VP core and the amount of salt added [54]. Moreover the results obtained by
this method in term of particle size distribution, often with a standard deviation << 1
nm [55], [252]–[259], compared to other commonly used method such as [51], [220],
[260], [261] makes it an ideal approach for studying effect of nanoparticles properties
such as particle size. Moreover, the reproducibility and the wide applicability of this
method allows the study of other properties, such as support effect, being able to
exclude other effect related to intrinsic nanoparticles properties such as shape and
size.
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Figure 1.4.4. Formation of the micelle and loading of the metal salt inside the core.
Reproduced with permission from ACS Publications, Cuenya et al., Accounts of Chemical
Research, 2013, vol 46, pg 1682-1691 [262]

Aim of this thesis
The focus of this work is to prepare, characterise and test, Au and Pd nanoparticles,
presenting an highly homogenous particle size (σ << 1 nm), over a range of nonreducible supports, Al2O3, SiO2 and Si3N4. The nanoparticles will be prepared using a
slightly modified reverse micelle method, firstly developed by Spatz et al. [54]. The
modification lies in the use of p-toluene sulfonyl hydrazide instead of the commonly
used hydrazine (N2H4), in order to avoid the use of toxic and explosive reagent as well
as reduce the rate of reduction. In order to understand the mechanism of formation of
the Au nanoparticles during the synthesis procedure, XAFS/SAXS measurement were
performed, paired with ex-situ dynamic light scattering (DLS), UV-Vis and TEM
measurements. Understanding the mechanism of formation allows for the
identification of the key parameters which affect the resultants Au nanoparticles. The
then formed nanoparticles were used in the hydrogenation of 1,3-butadiene, where the
behaviour of the nanoparticle were examined using in situ XAFS measurements. This,
paired ex-situ characterisation, TEM, and testing, allows to form structure-activity
correlations for the 1,3-butadiene hydrogenation using Au and Pd nanoparticulated
catalysts.
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2 Methodology
Sample preparation
2.1.1 Micellar encapsulation
Following the paper of Spatz et al [54] a methodology was devised to synthesize gold
and palladium nanoparticles. The method itself follows Spatz et al. recipe for most of
the synthesis a part for a change in the usage of p-toluene sulfonyl hydrazide instead
of hydrazine. First of all, the polymer was dissolved in Toulene (Fluka, puriss. p.a.
ACS reagent 99.7 %) at a concentration of 0.5 wt % (5 mg/mL). The polymers used
in the synthesis are:
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-

P4708-S2VP (Polystyrene(PS)=16000 MW, Poly-2 Vinyl
pyridine(P2VP)=3500 MW), polydispersity = 1.05;

-

P18226-S2VP (Polystyrene(PS)=30000 MW, Poly-2 Vinyl
pyridine(P2VP)=8500 MW), polydispersity= 1.06,

-

PS5073-S2VP(Polystyrene(PS)=175000 MW, Poly-2 Vinyl pyridine
(P2VP)=70000 MW, polydispersity= 1.08),

After three days it is proposed the micelles are formed and the chloroauric acid
(HAuCl4) (Aldrich 99.99999% trace metal basis) or potassium tetrachloropalladate
(K2PdCl4) (Aldrich 99.99999% trace metal basis), depending on the metal
nanoparticles prepared, was added in order to load the micelles with metal salt. The
amount of metal salt to be loaded is determined as follows: the mass of the polymer
dissolved, the amount of polymer strands including the micelle and also the amount
of nitrogen sites available for metal salt attachment as shown in Eq. 2.1. The number
of sites actually occupied divided by the number of sites available is defined as the
loading factor L. Previous studies have determined that only half of the available
nitrogen ligands can be associated with the metal salt [238]. A combination of selected
loading factor with the number of sites available gives the amount of metal salt needed
which can be calculated as a mass. Finally, the formula in order calculate the metal
salt needed is as follows:
𝑚𝑠𝑎𝑙𝑡 =

𝑚𝑝𝑜𝑙𝑦 𝑀𝑀𝑝𝑣𝑝 𝑀𝑀𝑠𝑎𝑙𝑡 𝐿
𝑀𝑀𝑝𝑜𝑙𝑦 𝑀𝑀𝑣𝑝

Eq. 2.1

with msalt and mpoly being the mass in grams of the metal salt and the polymer, MMpvp
the molecular mass of the P2VP part of the polymer in g/mol and MMvp the molecular
mass of a single 2-vinyl pyridine unit (105 g/mol). The resulting particle size can be
estimated once the amount of metal salt per strand is known, keeping in mind a single
micelle is composed approximately of 50 polymer strands according to previous
studies [238]. Considering the low concentration the micelles are assumed to have
perfect spherical shape which results in:
4

𝑚𝑝

3

𝜌𝑝

𝑉𝑝 = 𝜋𝑟 3 =

𝑚𝑝 = 𝑛𝑝 𝑀𝑀𝑚𝑒𝑡𝑎𝑙
4
3

𝜋𝑟 3 = 𝑛𝑚𝑒𝑡𝑎𝑙

𝑀𝑀𝑚𝑒𝑡𝑎𝑙
𝜌𝑝

Eq. 2.2
Eq. 2.3
Eq. 2.4
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#𝑎𝑡𝑜𝑚
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
#𝑠𝑖𝑡𝑒𝑠
𝑚𝑖𝑐𝑒𝑙𝑙𝑒

= 𝑛𝑚𝑒𝑡𝑎𝑙 𝑁𝐴
= 50

𝑀𝑀𝑝𝑣𝑝
𝑀𝑀𝑣𝑝

Eq. 2.5
Eq. 2.6

With Vp the particle volume, nmetal the amount of metal in the particle (moles), ρp the
particle density, mp the mass of the polymer, and NA Avogadro’s number. Assuming
that every micelle forms exactly one particle consisting of all the attached metal atoms,
the loading factor L becomes by definition:
𝐿=

#𝑎𝑡𝑜𝑚𝑠/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
#𝑠𝑖𝑡𝑒𝑠/𝑚𝑖𝑐𝑒𝑙𝑙𝑒

=

𝑛𝑚𝑒𝑡𝑎𝑙 𝑁𝐴 𝑀𝑀𝑣𝑝
50𝑀𝑀𝑣𝑝

𝑛𝑚𝑒𝑡𝑎𝑙 =50 𝐿𝑀𝑀𝑝𝑣𝑝
𝑁𝐴 𝑀𝑀𝑣𝑝

Eq. 2.7
Eq. 2.8

Inserting Eq. 2.8 into Eq. 2.4:
4
3

𝜋𝑟 3 =
3

50𝐿𝑀𝑀𝑝𝑣𝑝 𝑀𝑀𝑚𝑒𝑡𝑎𝑙
𝜌𝑝 𝑁𝐴 𝑀𝑀𝑣𝑝

150𝐿𝑀𝑀𝑝𝑣𝑝 𝑀𝑀𝑚𝑒𝑡𝑎𝑙

𝑟= √

4𝜋𝜌𝑝 𝑁𝐴 𝑀𝑀𝑣𝑝

Eq. 2.9

Eq. 2.10

Finally the interparticle distance and thus, the deposition density, can be estimated
according to Spatz et al [248]:
50𝑀𝑀𝑝𝑜𝑙𝑦
𝑁𝐴

=

4

𝜌
𝜋𝑟 3
3 𝑝𝑜𝑙𝑦 𝑚𝑖𝑐𝑒𝑙𝑙𝑒

Eq. 2.11

With ρpoly the polymer density (1100 kg/m3) and rmicelle the radius of the micelle
(including the poly(styrene) corona).
After four days of stirring the metal salt will have been incorporated into the micelle.
A reducing agent (P-Tosyl hydrazide used with 4-fold the metal concentration) is then
dissolved in toluene, in a 1:1 volume ratio, and added to the solution. After ~3 minutes,
in some instances a small amount of 37 % HCl (0.5 ml for 50 ml) is added to the
solution. After ~10 minutes the support, in powder form, is added to the solution in
order to obtain a 1 % metal/support weight and left to stir-dry in air overnight or until
toluene is completely evaporated. The samples were then calcined at 500 °C in a static
air for 2.5 h in an alumina crucible using a ramp rate of 1 °C/min. The calcination was
performed in order to remove all the ligand and obtain bare particles and the
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temperature was necessary as evidenced by Thermogravimetric analysis (TGA) shown
in figure S2.1

Sample characterisation
2.2.1 Transmission Electron Microscopy (TEM)
2.2.1.1 Introduction to TEM
Obtaining information about particle size and shape is paramount in order to
understand the properties of nanoparticles. A classical technique such as light
microscopy, however, does not allow the visualization of the particle in the submicrometre size due to the Rayleigh criterion [263] (Eq. 2.12)
0.61𝜆

𝛿=

Eq.2.12

𝜇 sin 𝛽

Where δ is the spatial resolution, λ is the wavelength of the radiation, μ the refractive
index of the viewing medium, and β the semi-angle of collection of the magnifying
lens. This problem has been solved when, in 1927, De Broglie enunciated the matterwave relationship
𝜆=

ℎ

Eq. 2.13

𝜌

where λ is the wavelength of the matter, h is Plank’s constant (6.626 x 10-34 J⋅s) and ρ
is the momentum associated with the particle. In the particular case of the electron the
relationship in Eq 2.13 can be written as
𝜆 ≈

ℎ
√2𝑚0 𝐸(1+

𝐸
)
2𝑚0 𝑐2

Eq. 2.14

where m0 is the rest mass of the electron, c is the speed of light and E is the energy of
the accelerated electron [263]. When the energy of the electron reaches between ~100
to 300 keV the wavelength becomes sufficient to obtain a spatial resolution in the
nanometre regime. Using this principle, Ernst Ruska, in 1932, managed to develop
what would be a prototype of the TEM, allowing direct imaging of a specimen, further
developed 4 year later to create a commercially available TEM instrument [263].
A TEM consists principally of a column subject to a vacuum in the region of 10-8 bar,
in order to reduce the absorption and scattering from any molecules contained in air.
The filament (or electron gun), on the top of the column, emits an electron beam which
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is then accelerated to an energy of 200 keV in most cases. The beam is focused through
a series of electromagnetic lenses and then reaches the specimen, giving rise to the
interaction phenomena of absorption and scattering. Depending on the electron density
these phenomena will be more or less pronounced. Through the use of projector lenses
the beam is then shone upon a fluorescent screen, forming a rough resolution contrast
image based on the electron density (e.g. Au atoms appear darker than Si atoms).
Underneath the fluorescent screen is positioned a charge couple device (CCD) camera,
which is able to accurately map the variation in electron density. The information is
then processed using software in order to obtain an image [264].

2.2.1.2 TEM sample preparation
A small amount of sample is dispersed in ethanol and then sonicated in order to
improve the dispersion and reduce the catalyst particle volume. Following sonication,
a drop of solution is dropped onto a holey carbon film supported by a 300 mesh copper
TEM grid. The TEM used for catalyst analysis at Research complex at Harwell
(RCaH) is a JEOL: JEM-2100 operating at 200 keV with a LaB6 filament. Depending
on the sample 5 to 20 micrographs were taken at different points in the sample in order
to give a representative overview. Subsequently the micrographs were analysed
through the use of the software ImageJ [265] in order to obtain information regarding
average particle size of the sample, with at least 150 nanoparticles counted per sample.

2.2.2 Ultraviolet-Visible Spectroscopy (UV-Vis)
In the particular case of Au nanoparticles ultraviolet-visible spectroscopy (UV-Vis) is
well established as a method of characterization [177], [266]–[268]. One of gold
nanoparticles’ properties is the appearance of a peak in the UV-Vis spectra, called a
plasmon peak. The word plasmon corresponds to the quantum of energy associated
with an eigenfrequency of plasma oscillation [66]. In the case of a metal, the
conduction electrons play a role similar to the electric charges in a plasma gas, since
they are detached from their ionic core and can be excited by an electromagnetic wave
such as an optical beam. Therefore, when a small spherical metallic nanoparticle is
irradiated by light, the oscillating electric field causes the conduction electrons to
oscillate coherently. This phenomenon is clearly exemplified by the red-purple colour
of a solution containing gold nanoparticles. This is called the localized surface
plasmon resonance (LSPR) [65].
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The position and intensity of the plasmon peak resulting when UV-Vis radiation
interacts with the nanoparticles can be calculated according to Mie theory: given that
the sum of the incident electric field and a second field produced by the nanoparticle
is expressed by the following relationship
𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃
𝐸⃗𝑒𝑥𝑡 = 𝐸⃗0 − 𝛼𝐸0 [−2 3 𝑢
⃗𝑟− 3 𝑢
⃗ 𝜃]
𝑟

𝑟

Eq. 2.15

Where 𝐸⃗ is the electric field, and α is the sphere polarizability, given by:
𝛼 = 4𝜋ε0 𝑅3

ε−εdiel
ε+2ε𝑑𝑖𝑒𝑙

Eq.2.16

Where ε is the dielectric function (ε = ε(ω)). Therefore │α│ (and therefore the
intensity of the plasmon resonance) is maximized when the following relationship is
fulfilled:
│ε + 2 εdiel│ is a minimum.

Eq.2.17

This relationship identifies the position of the plasmon peak depending on the
surrounding media (air, Al2O3 etc etc) [65].
Amongst the factors that influence the position of the plasmon peak one of the most
important is the medium surrounding the nanoparticles, through its optical index n
[269], [270] along with the shift of the plasmon resonance to higher wavelengths, the
increase of the index of the surrounding medium is accompanied by a sharp increase
of the absorption cross section. Another factor determining the shift and the intensity
of the plasmon peaks is the size and the shape of the nanoparticles [177], [268].
According to Mie theory nanoparticle size does not affect the LSPR. However, this
approximation does not stand anymore when the particle is larger than 60 nm, as
multipolar effects come into play, as well as when the particle size becomes smaller
than the mean free path of the free electrons [66]. Under these conditions collisions of
electrons with the particle surface becomes important. This results in a slight
broadening of the plasmon band for AuNPs smaller than 10 nm, culminating in a blueshift for gold nanoparticles smaller than 2.5 and a decrease of intensity to total
disappearance as shown in figure 2.1 [65].
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Figure 2.1. Calculated extinction efficiency (Qext) in dependence of λ for particle diameters of
2.5, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 nm (from bottom to top). Reproduced with
permission from the American chemical society, Haiss et al., Analytical chemistry, 2007, vol. 79,
pg. 4215-4221 [177].

2.2.2.1 UV-Vis measurements
UV-Vis spectroscopy measurements were performed using a Shimadzu UV-1800
spectrometer, with the samples loaded into a cuvette with 5 mm pathlength to
determine the nature of the Au species present and to determine the presence and
position of an Au plasmon peak. For solid samples the UV-Vis measurements were
taken using a Shimadzu UV-2600 spectrometer in reflective mode, using a light spot
of 2 mm. A small amount of sample is pressed into a sample holder (5 mm in diameter
and 1mm deep) and the surface was smoothed. The reflectance versus wavelength data
obtained is the converted to intensity vs wavelength data through the use of the
Kubelka-Munk theorem [271].
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2.2.3 Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) is a technique that is used to obtain information
regarding the size distribution of small particles in suspension.
Dynamic light scattering has numerous advantages such as:


Short measurement duration (in the order of seconds)



Ease of use due to high automatization of the process of data acquisition

to cite the most relevant. But some disadvantages are to be noted: the possible non
trivial analysis for non-rigid macromolecules, the low sensitivity to small oligomers
and the fact that above 0 K the molecules deviate from their average position since
particles suspended in liquid undergo Brownian Motion [272]. The smaller the
particle, the greater the Brownian motion. The technique works by the shining of
monochromatic light, a laser for example, leading to a Doppler shift when the light
hits the moving particle, changing the wavelength of the incoming light [273]. The
change of the wavelength is related to the size of the particle and it is possible to
calculate the size distribution, assuming a spherical shape, and its motion through the
medium by measuring the diffusion coefficient of the particle and using the
autocorrelation function of the intensity trace recorded during the experiment [274].

2.2.3.1 DLS measurement
DLS measurements were performed using Zetasizer nano ZS from Malvern. The
refractive index used in the setup was derived from polystyrene (η=1.5). Micelles
containing solutions were loaded into a cuvette with 5 mm pathlength.

2.2.4 X-ray Absorption Fine Structure Spectroscopy (XAFS)
2.2.4.1 A brief history of XAFS
X-ray absorption fine structure (XAFS) spectroscopy is a powerful characterization
technique for determining the local structural and electronic properties of a material
under investigation. The development in 1916 in Lund (Sweden) of the first vacuum
X-Ray spectrometry by Siegbahn and Stenström and successive improvements can be
considered as the birth of X-Ray spectroscopy [275]. In 1931 Hanawalt observed the
effect that the chemical and physical state of the sample have on the fine structure of
the XAS (X-ray Absorption spectroscopy) spectra. He proved that substances
sublimating in the molecular form As (4Assolid → (As4)gas) or AsCl3 are characterized
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by XAFS spectra exhibiting different fine structure above the edge when measured in
the solid or in the vapour phases, and he observed that the monatomic vapours of Zn,
Hg, Xe, and Kr elements exhibit no such structure. These experiments were some of
the first to contain basic XAFS spectroscopy methods but decades were needed in
order to fully explain and exploit XAFS [276].
The first theoretical attempt to explain fine structure in the XAFS spectra was
proposed in the years 1931-32 by Kronig who developed a model based on the
presence of known long-range order in the system [275]. Several other authors
attempted to establish the basis of the modern concept of XAFS but at that point it was
merely a spectroscopic curiosity. No quantitative information was extracted and only
qualitative conclusions could be reached. For example, the decrease of the amplitude
of XAFS oscillations when increasing the sample temperature and that metals with the
same crystal structure had similar fine structure. During the sixties, commercial
diffractometers were modified so that absorption spectra of much better quality could
be obtained using conventional X-ray tubes as sources [275]. The first example of the
application of EXAFS in catalysis was reported by Van Nordstrand et al, who
performed a systematic study on many transition metal compounds and classified their
XANES spectra according to the atomic structure and valence of the metal element in
the compound, subsequently noting the electronic shift with valence [277]. However
in 1971 Sayers, Stern and Lytle applied a Fourier transformation on the backgroundsubtracted oscillations giving, in reciprocal-space (”R-space”), a pattern close to the
function of radial distribution of atomic density. The work represented a milestone for
EXAFS spectroscopy and thanks to the progressive availability of several and more
brilliant synchrotron radiation sources determined the establishment of EXAFS and
XANES spectroscopies as reliable tools to understand the structural and electronic
configuration of unknown systems [276].
2.2.4.2 EXAFS Theory

The aim of XAFS is the measure of the absorption coefficient of a given sample, μ(E),
as a function of the photon energy E. For any sample μ(E) is a monotonically
decreasing function of the photon energy, given in a first approximation by
𝜇(𝐸)
𝜌

≈

𝑍4
𝐴𝐸 3

Eq. 2.18
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where ρ is the sample density, Z the atomic number and A the atomic mass. When a
beam of X-ray photons passes through a material, the incident intensity I will be
decreased by an amount that is determined by the absorption characteristics of the
material being irradiated. For a path length dx of the radiation through the material the
decrease dI is given by
𝑑𝐼 = −𝜇(𝐸)𝐼 𝑑𝑥

Eq. 2.19

with the linear absorption coefficient μ(E) a function of the photon energy, when eq.
2.19 is integrated over the total thickness x gives Lambert’s law
𝐼𝑡 = 𝐼0 𝑒 −𝜇(𝐸)𝑥

Eq. 2.20

When the energy of the incoming photons is large enough to excite an electron from
a core level to a vacant excited state or to the continuum, a sharp rise in the absorption
intensity appears, called an absorption edge. At the absorption edge, Eedge, the kinetic
energy of the electron (Ek) is defined to be equal to E0, often referred to as the zeropoint energy.
For any energy above this, the photoelectron kinetic energy is given by
𝐸𝑘 = ℎ𝜈 − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔

Eq. 2.21

The photoelectron can be represented as a spherical wave with a wavelength defined
as
2𝜋

𝜆=

Eq. 2.22

𝑘

where
8𝜋2 𝑚

𝑘 = √(

ℎ2

) (𝐸𝑘 )

Eq. 2.23

where k is the wave-vector, m the electron mass and h Plank’s constant [278].
The linear absorption coefficient μ(E) is proportional to the transition probability of
the photoelectric event according to Fermi’s Golden Rule:
2

𝜇(𝐸) = 𝐶|〈𝜙𝑓 |𝑒̂ 𝑟|𝜙𝑖 〉| 𝜎(𝐸𝑓 − 𝐸𝑖 − ℎ𝜈)

Eq. 2.24

Here ê is the electric field polarisation vector of the photon, and r the coordinate vector
of the electron. The interaction of an atom with a photoelectron will produce a
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backscattered wave with a kinetic energy given by Eq. 2.21 The outgoing electron can
be viewed as a spherical wave that scatters off neighbouring atoms, producing a
backscattered wave as shown in Figure 2.2.The outgoing and backscattered waves
interfere, causing an interference pattern. Since the path length of both waves define
their final phase, it can be seen that the distance to the neighbouring atoms determines
the interference pattern [278].
𝜒(𝑘) =

[𝜇(𝑘)−𝜇0 (𝑘)]

Eq. 2.25

𝜇0 (𝑘)

Figure 2.2. Scattering of a spherical wave from the absorbing atom to a neighbouring atom. The
incoming X-ray beam causes the transition of an electron from the core to the continuum forming a
spherical wave (depicted in red in the figure). After interacting with a scattering atoms, a
backscattered wave is formed (in black in the figure) and the interaction between the two waves
causes the formation of an interference pattern.

To separate the structural information from the energy dependence of the absorption
cross sections, the normal EXAFS spectrum is usually defined as the normalized
oscillatory part of μ(E). The obtained EXAFS function, or χ function, is conventionally
expressed versus k, the wavenumber of the photoelectron out-going from the absorber
atom, according to the k-E relationship reported in Eq. 2.23 [278].
In the Single-Scattering (SS) approach, the k-weighted χ (k) function can be modelled
using the equation known as the “standard EXAFS equation”
2𝑟𝑗

𝜒(𝑘) =

2 2
𝑁𝑗 𝐴𝑗 (− )
𝑆02 ∑𝑗 2 𝑒 𝜆 𝑒 (−2𝜎𝑗 𝑘 ) sin[2𝑘𝑟𝑗
𝑟
𝑖

+ 2Φj (𝑘)]

Eq. 2.26

where 𝑆02 is the so-called amplitude reduction factor, λ is the photoelectron mean-free
path, the sum over i runs over the different coordination shells around the absorbing
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atom, Ai(k) is the backscattering amplitude function of the scattering atom [279]
(measured in Å), e Φi(k) is the phase function of the couple absorber/scatterer, defined
as
𝜙𝑗 (𝑘) = 2𝜙𝑎𝑑𝑠𝑜𝑏𝑒𝑟 (𝑘) + 𝜙𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑟 (𝑘)

Eq. 2.27

Ni is the coordination number, ri is the interatomic distance and σi is the Debye-Waller
factor that quantifies the disorder of the ith shell. For each shell, σi consist of a dynamic
term due to the thermal motion of the atoms (σi;T ) and a static term due to structural
disorder (σi;D)
2
2
𝜎𝑖2 = 𝜎𝑖,𝑇
+ 𝜎𝑖,𝐷

Eq. 2.28

The equation plays a relevant role in the interpretation of the EXAFS spectra collected
on catalysts, because disorder is often an important parameter in such materials [278].
The standard EXAFS formula provides a convenient parametrization for fitting the
local atomic structure around the absorbing atom to the experimental EXAFS data.
The short-range structure probed by an EXAFS experiment is easily explained by
considering the finite lifetime of the core-hole and the limited mean free path (λ) of
the photoelectron as expressed by the exponential term e

-2rj/λ

[278]. The strength of

the interfering waves depends on the type and number of neighbouring atoms through
the backscattering amplitude Aj(k) and the coordination number Nj and, is primarily
responsible of the magnitude of the EXAFS signal [276].

2.2.4.3 EXAFS Data analysis
By performing a Fourier transform of the χ(k), weighted by kn (n=1, 2 or 3) to
empirically balance the loss of EXAFS signal in the high k region, it is possible to
single out the contributions of the different coordination shells in the R-space. Once
the Aj(k) and ϕj(k) functions have been independently measured on model compounds
or determined using ab initio methods, the structural parameters Nj, rj and 𝜎𝑗2 , can be
determined in a least-squares approach where the difference between the experimental
and the modelled knχ(kj) function is minimized using least squares regression along
the sampled experimental points kj [275]. The minimization routine can be done either
in k-space, directly on the measured knχ(kj) function, or in R-space, working on the
Fourier transformed functions. The maximum number (nind) of analysable parameters

60

is defined, according to the Nyquist theorem, by the product of the examined k-space
(δk) and the interval in R-space (δR) containing the optimized shells
𝑛𝑖𝑛𝑑 =

2𝛿𝑘𝛿𝑅
𝜋

Eq. 2.29

The distance resolution (λr) of an EXAFS spectrum is defined from kmax as
𝛿𝑟 =

𝜋
(2𝑘𝑚𝑎𝑥 )

Eq. 2.30

The standard EXAFS formula considers only single scattering contributions. Actually,
all possible scattering paths where the photoelectron is diffused by N different
neighbours can contribute to the interference phenomenon. All the paths where the
number of different scattering atoms involved in the scattering process is higher than
two are called multiple scattering (MS), as for example a triangular path A-S1-S2-A
where A is the atom of origin and S1 and S2 two different scattering atom. Very often
MS paths have a low or very low contribution to the EXAFS signal with respect to
single scattering ones, since the low free mean path of the photoelectron penalizes
longer paths [276].
2.2.4.3.1 XAFS Measurement
Measurements were performed on the B18 beamline at Diamond Light Source at the
palladium K edge (24.35 keV) and gold LIII edge (11.91 keV) in transmission mode
for the solid-state samples, and on the DUBBLE beamline (BM26A) of the European
Synchrotron Radiation Facility (ESRF) using gold LIII edge (11.91 keV) in
fluorescence mode using a 9-element monolithic Ge detector (Ortec). For each sample
a series of spectra were collected and summed in order to improve the signal to noise
ratio.The parameter used for data acquisition are shown in table 2.1.
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Table 2.1. Acquisition parameter for XAFS data
Sample

Energy

range Acquisition time (min)

(keV)

Current Number of
(mA)

spectra

Au Pellets

11.714 – 13.116

2

300

3

In situ Au

11.714 – 13.017

1.33

300

10

Pd Pellets

24.150 – 25.600

2

300

3

In situ Pd

24.150 – 25.600

1.5

300

10

Au Solution

11.819 – 12.500

11.1

200

3

Data processing and analysis were performed using the Athena and Artemis software
from the Demeter IFEFFIT package [280][281]. The FEFF6 code was used to
construct theoretical EXAFS signals that included single-scattering contributions from
atomic shells through the nearest neighbours in the face-centered cubic (FCC)
structure of Au and Pd. The k-range used for the fitting 2.5 to 10.3 Å-1 and the r-range
from 1 to 3.7 Å respectively. The path degeneracy was allowed to vary in order to
account the size effects that cause surface atoms to be less coordinated than those in
the particle interior. The amplitude reduction factor (S20) was fixed at 0.860, as
obtained from the fitting of the bulk Au foil and bulk Pd foil.

2.2.5 Small Angle X-ray Scattering (SAXS)
Small-angle X-ray scattering (SAXS) is a small-angle scattering technique which uses
X-rays as a mean to investigate the shape of “large-scale” nanostructures (from 10 Å
to micrometre). The scattering intensity distribution contains information regarding
particle size distribution, particle shape and orientation [282]. In particular, it is used
for interrogating dilute systems under dynamic conditions i.e. chemical aggregation,
surfactants, colloids etc. [196], [283]. SAXS measurements require an X-Ray beam to
pass through the sample, which can be either generated by a sealed tube, a rotating
generator anode or from synchrotron radiation. In the set up an X-ray beam hits a
sample and an elastic scattering phenomena occur due to the interaction between Xrays and the sample. The scattered X-rays are recorded at low angle (usually between
0.1 – 10 °), forming a scattering pattern recorded usually by a 2-dimensional flat XRay detector, as shown in figure 2.3.
62

Figure 2.3. Schematic of SAXS experiment, with K being the incident beam and K’ the scattered
beam. The detector is positioned perpendicular to the incoming beam.

The 2D SAXS frames are then converted through integration into a plot of scattering
intensity versus scattering angle 𝑞 =

4𝜋 sin(𝜃)
𝜆

where θ is the scattering angle and λ the

wavelength of the incident X-ray.

2.2.5.1 SAXS measurement
SAXS measurements were conducted on the DUBBLE beamline (BM26A) of the
European Synchrotron Radiation Facility (ESRF) using X-ray photons of 11.850 keV.
The 2D SAXS images were recorded in transmission using the Mar CCD 165 detector
with the pixel size of 80 µm. The modulus of the scattering vector q was calibrated
using silver behenate (AgC22H43O2).

The sample to detector distance was

approximately 2 m, resulting in a q range between 0.016 and 0.4.
The data were corrected for the detector dark field and background scattering from the
capillary with polymer and solvent only. The data reduction was performed using
Fit2D and 1D curves were fitted using SANS Analysis package for the Igor Pro
software [284].
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2.2.5.2 Scattering Intensity Calculation
Scattering intensity of the Au NPs solution reads as follows
∞

𝐼(𝑞) = 𝐴 ∙ ∫0 𝐹(𝑞)𝑓(𝑅)𝑑𝑅

Eq. 2.31

where A-scaling parameter, F(q) - NP form factor, f(R) – NPs distribution function.
The Schultz-Zimm distribution function was chosen, that can account for the
assymetrical NPs size distribution based on the microscopy data. Also this model was
successfully used in the past to reveal the mechanism of the Au NPs formation in the
classical citrate method [196]. The Schultz-Zimm distribution can be written as [285]
𝑧+1 𝑧+1

𝑓(𝑅) = (

𝑅𝑎

)

𝑧+1

𝑅 𝑧 𝑒𝑥𝑝 [− (

𝑅𝑎

𝑅)]

1
Г(𝑧+1)

Eq. 2.32

where Ra - is the mean radius, z – is a parameter related to the polydispersity (ρ=σ/Ra)
by ρ =1/(z+1)0.5 where σ is the root-mean-square deviation from the mean size.
NP is considered to be a hard (uniform density) sphere with the radius R and volume
V and its form factor is given by the Rayleigh formula[286]
𝐹(𝑞) = (∆𝜌)2 ∙ 𝑉 2 [3

sin(𝑞𝑅)−𝑞𝑅𝑐𝑜𝑠(𝑞𝑅) 2
]
(𝑞𝑅)3

Eq. 2.33

where Δρ-density difference between the particle and the medium, q – modulus of the
scattering vector.
The SAXS data analysis were performed by a collaborator within the group.

64

Catalyst testing
2.3.1 Fixed bed reactor
Figure 2.4 shows a schematic set up of the fixed bed reactor which was set up in
RCaH. A catalyst bed is located in the middle of a quartz tube (ø = 7 mm), using quartz
wool in order to hold the catalyst in place. The tube is then put inside a tubular furnace
and connected to the gas inlet and outlet. In order to monitor the temperature of the
catalyst, a thermocouple is inserted inside the tube, in contact with the catalyst. The
reaction is carried in gas phase by flowing the reaction mixture through the catalyst
bed (top-to-bottom). The course of the reaction was followed by mass spectroscopy,
as well as gas chromatography, which were connect directly to the tube exit. The gas
outlet was not heated as no resultant product would incur in phenomena of
condensation.

Figure 2.4. Schematic set up of a fixed bed reactor.

2.3.1.1 Reaction procedure and conditions
A typical reaction procedure for 1,3-butadiene hydrogenation is as follows; the
catalyst is pressed into a pellet and then sieved down to a sieve fraction of 250/425
μm. The amount of catalyst needed in each experiment was determined by the space
velocity, defined the volumetric flow rate (ml/h) per mass of catalyst, desired (7500
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and 22500 h-1 ml/g catalyst for gold and palladium catalysts respectively) and in order
to keep a bed length of 1 cm. Depending on the metal species (Au or Pd) the reaction
conditions were slightly different due to the different catalytic behaviour. Au catalysts
were heated to 433 K ramping at 10 °C/min from room temperature under a H2
atmosphere (4% H2/Helium BOC) and cooled down to 383 K. Pd catalysts were
treated for 30 min. under H2 at 323 K. This was done in order to avoid any possible
presence of oxides, either AuxOy or PdO. After this reduction treatment the catalysts
were brought room temperature (~298 K) and the reaction mixture introduced into the
reactor. The pre-treatment in H2 was necessary in order to remove any possible AuO
or PdO which could have been formed in the catalysts.

2.3.2 Gas Chromatography (GC)
Gas chromatography (GC) is a type of chromatography used for separating and
analysing different gaseous compounds present in a reaction mixture. Through
calibration it is possible to obtain quantitative information about the composition of
the mixture, making this technique an important tool for quantitative catalytic studies.
Samples can to be either gas or liquid (which are then vaporised without
decomposition in order to be analysed). In particular, in this project GC has been used
to obtain information about the product distribution and yield for the reactions.
Usually, a sample is injected into a column using an inert gas (i.e. He or Ar). The
compounds flow inside a separation column at different speeds, dependent on their
affinity to the stationary phase packed inside the column. The column is placed inside
an oven in order to enable temperature control. The temperature plays a role in the
mobility of the compound thus by changing the temperature profile it is possible to
vary the speed of the compounds inside the column. After separation and elution from
the column the constituents of the sample are passed through a detector. The signal
obtained from the detector is proportional to the concentration of the individual
constituents of the sample allowing for quantification. The GC used in this project
were a SRI 8610C for gas phase 1,3-butadiene hydrogenation.

2.3.2.1 SRI GC
In figure 2.5 a schematic of the setup of the SRI GC used (SRI 8610C Chromatograph
Multiple Gas #3). In the image are indicated in black the valve connection during the
“load” phase and in red the valve connection during the “inject” phase. The machine
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is directly connected to the outlet of the catalyst reactor; when the load phase is
activated, 10 ml of sample is injected into a sample loop. The sample would then flow
through column 1 (Agilent J&W, 2 meter, Hayesep D packing), which only retains
lighter gases (i.e. H2,O2), and then flows to column 2 (Restek MXT-1, 15 meter,
packed with cross-bonded dimethyl silane) which enables for the separation of the
heavier compound (i.e. CxHy, CxOyHz). The columns were selected in order to archive
the highest product separation possible. The compound then is separated by the
column before reaching the detector.

Figure 2.5 Schematic of SRI GC machine. The number represent the valves, with the carrier gas
entering through valve 4, and the sample in and out phase managed by valve 2 and 1 (for in and out
respectively). Depending on the phase, different valve connection are used. In black valve connection
during the “load” phase and in red the valve connection during the “inject” phase

2.3.2.1.1 Flame Ionization Detector (FID)
A flame ionization detector (FID) was used to analyse the products of the reaction
after being separated by the column. This detector works via the detection of ions
formed during the combustion of organic compounds in a hydrogen flame. The
concentration of the ions generated is directly proportional to the concentration of the
organic species in the gas stream. The molar response for a hydrocarbon is typically
equal to the number of carbon atoms in the structure, whereas, in compound containing
heteroatoms, the response factor is lower. Moreover, CO and CO2 are not detected at
all.
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2.3.2.2 Calibration of 1,3-butadiene hydrogenation reaction product for
SRI GC
The required calibration for quantitative measurement of the product of 1,3-butadiene
hydrogenation (1-butene, trans/cis-2-butene, n-butane) was performed using a
calibration mixture (0.05 % cis-2-butene, 0.15 % trans-2-butene, 0.1 % N-butane, 0.3
% 1-butene all balanced in He, BOC). 1,3-butadiene calibration was performed as well
in order to monitor the total conversion, using a 1 % 1,3-butadiene in He gas mixture.
The calibration has been performed using a similar total gas flow as the one used in
the reaction, using He to dilute the pure mixture. The amount of 1,3-butadiene is varied
to simulate a products to reactant ratio between 0 and 1. A similar approach was used
for the calibration mixture, with the calibration mixture volume based on a
hypothetical conversion rate between 20 and 100 %. Table 2.2 shows the concentration
of calibration mixture and 1,3-butadiene. The concentration is calculated as ml/min of
the compound. Each concentration was measured 3 times, with the average taken for
the calibration curve. In table 2.3 the area associated with each peak at different
products to reactant ratio.

Table 2.2. Concentration of each compound used for calibration as a function product to
reactant ratio.
Products/Reactant

1,3-Butadiene

n-Butane

Cis-2-butene

Trans-2-butene

1-butene

ratio

(ml/min)

(ml/min)

(ml/min)

(ml/min)

(ml/min)

0

0.16

0

0

0

0

0.2

0.128

0.00533

0.00267

0.008

0.016

0.4

0.096

0.01067

0.00533

0.016

0.032

0.6

0.064

0.016

0.008

0.024

0.048

0.8

0.032

0.02133

0.01067

0.032

0.064

1

0

0.02667

0.01333

0.04

0.08
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Table 2.3 Peak area associated of each compound used for calibration as a function of the
conversion rate
Conversion

Area

Area

Area

Area

Area

Rate

1,3-Butadiene

n-Butane

Cis-2-butene

Trans-2-butene

1-butene

0

736.4

0

0

0

0

20

585.9

23.4

11.9

34.7

70.7

40

438.

48.2

24.7

71.4

145.2

60

293.9

72.4

37.1

107.2

218.1

80

147

104.9

55

157

313.7

100

0

125.1

64.4

184

374.6

A linear fit, following the formula y = ax, where y area of the peak, x is the flow rate
of the gas and a is the slope of the straight line, was performed, and the results are
shown in table 2.4 and in figure 2.6, with R2 being the error from the fit and slope
being the value obtained from the fit.
Calculation of the concentration of the compounds were done using eq. 2.24
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (

𝑚𝑙

)=

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎

min

Eq. 2.24

𝑆𝑙𝑜𝑝𝑒

Once the flow rates are calculated, assuming that the flow rate correspond to the
concentration of 1,3-butadiene, the conversion for the hydrogenation is therefore
expressed by eq. 2.25.
100 − (100 ∗

𝐹𝑖𝑛𝑎𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

) = 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

Eq. 2.25

and the selectivity of each product as described in eq. 2.26
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 100 ∗

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

Eq. 2.26

Table 2.4. Result of the fits

Compound

R2

Slope

1,3-Butadiene

1

17892.295

n-Butane

0.9973

19161.589

Cis-2-butene

0.9978

18906.581

Trans-2-butene

0.9975

19108.023

1-butene

0.9981

19873.136
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Figure 2.6. a) 1-butene; b) cis-2-butene; c) trans-2-butene; d) n-butane; e) 1,3butadiene calibration plot
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3 Investigation of Au NP self-assembly process
in reverse micelle
Introduction
Metal nanoparticles (NPs) can be used in a variety of applications ranging from
catalysis to sensors, antibacterials and drug delivery [28], [287]–[289]. In order to
prepare a nanoparticle, various methods have been developed [290], [291]. Methods
can be divided into top-down methods (NPs are removed from ‘bulk’ material) and
bottom-up (atoms are built-up in order to form NPs) [290], [291]. Whereas top-down
approaches, such as e-beam lithography [292], allow NP production with regular
physical attributes (e.g. size and shape), it is generally not viable on the industrial scale
due to expensive instrumentation and the fact that it only allows for the formation of
1D and 2D supported NP arrays [293] and therefore is only suitable for the model
systems. The bottom-up approach is the most commonly used method to prepare NPs,
where ions are reduced in a solution before they agglomerate [196], [290], [294],
[295]. Bottom-up methods include chemical [196], electrochemical [294], templating
[290] and sonochemical [295] reduction, with the common occurrence in these types
of synthesis of a capping agent, often a surfactant, in order to reduce the NPs growth
to the desired size and shape. The main disadvantage of these bottom-up approaches
is that they do not produce homogeneous NPs, often resulting in a broad particle size
distribution and the average particle size varies from batch to batch. This uncertainty
in the NP size makes it difficult to truly understand the impact of NP size on its
properties e.g. catalytic activity [296], [297] or colorimetric sensing [288]; the
synthesis of NPs with a particle size distribution as narrow as possible is therefore
critical in this regards.
The fabrication of monodisperse NPs is not trivial and is hampered by our lack of
detailed knowledge of the self-assembly process [290]. Various studies have been
performed in order to understand the evolution of colloidal solution from the ions to
NPs in different systems, such as Au [196], Fe2O3 [298], Ag [299], and several NPs’
growth modes including Ostwald ripening, fusion, coalescence, condensation and
coagulation, and combinations of these modes, thoroughly described in a review
article from Thanh et al [300] Despite similarities in the fabrication mechanisms, the
NP growth appears to depend on the synthesis method [196],[301]. Polte et al. studied
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the mechanism of Au NPs formation in the commonly used citrate method and showed
that the combination of small-angle X-ray scattering (SAXS) and X-ray absorption
near edge structure (XANES) is able to reveal insight into the growth of metal
nanoparticles during synthesis [196]. In that study the authors affirmed that NP growth
goes through four different phases:
- fast initial formation of small gold nuclei comprising a few atoms;
- coalescence of these nuclei into a nanoparticle;
- slow growth of the nanoparticle sustained by an ongoing reduction of the precursor;
- fast reduction ending with the complete consumption of the precursor species.
The second step (coalescence of the nuclei) has been identified as a key step in order
to form monodisperse nanoparticles.[196] On the other hand, a study from Sakai et al
shows that in the case of a block copolymer (poly(ethylene oxide)-poly(propylene
oxide)- poly(ethylene oxide), also known as PEO-PPO-PEO) the NPs can be grown
in a single step, due to the presence of the polymer acting both as a stabilizer as well
as a reductant [301]. Here the presumed mechanism of gold NPs formation is proposed
as below:
- reduction of the metal ions facilitated by the polymer to form clusters (i.e. structures
containing a small number of atoms);
- simultaneous adsorption of the polymer on these clusters and a reduction of [AuCl4]ions adsorbed on the surface of the clusters;
- growth of the NP through a repeat of step 2 until stabilisation.
In this process the polymer plays an important role in determining the particle size
resulting from the synthesis. This is due to the dual attribute of the polymer as
reductant and stabilizer, which varies the reaction activity of [AuCl4]- based on the
polymer molecular weight [301].
By comparing the citrate[196] and copolymer-assisted [301] methods one can
conclude that the reduction of metal ions into a cluster and the coalescence of the
clusters are two common steps during metal NP synthesis. However, there are also key
differences in the mechanism for gold NP growth. This could be, for example, due to
the different stabilizer (citrate in one case and block copolymer in the other) that
changes the pathway of the reduction process.
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Polymer-encapsulated reverse micelle synthesis, introduced by Spatz et al, can be used
to prepare uniform, monodisperse metal NPs [54]. This advanced fabrication method
mimics water-in-oil system by employing precursor filled micelles formed by PS-bP2VP diblock-copolymer in organic solvent, that allows to fully encapsulate all metal
ions and inhibits the formation of sub-species [302]. Another advantage of this
approach includes self-assembly into regular arrays with considerably larger interparticle distances when deposited on a flat substrate that plays an important role for
many applications e.g. minimises the magnetostatic interaction of NPs and prevents
sintering during heat treatment [302], [303]. The size of the deposited NPs and their
density (e.g. inter-particle distance) can be conveniently controlled by altering the
length of shell- (PS) or core-forming (P2VP) copolymer blocks [303]. In particular by
increasing the length of the PS it is possible to increase the separation between the
micelles, whereas the P2VP length determines the size of the Au containing core.
Despite multiple reports where this synthesis method has been shown to produce welldefined metal NPs with suitably small particle size distributions [54], [302], [303], to
the best of our knowledge no detailed studies have been performed to understand the
mechanism of gold-containing micelles formation. Questions remain regarding the
time required to complete the reduction process, and the step-by-step pathway to selfassemble metal ions into Au NPs.
In situ X-ray absorption fine structure (XAFS) is a powerful method to follow the
changes in the electronic structure of metals during the reduction process [304]. In
particular, XANES is used to observe changes in oxidation state of the Au species,
whereas extended X-ray absorption fine structure (EXAFS) can monitor the formation
of Au clusters through detection of the Au-Au scattering pair evolution [196], [304].
Whereas XAFS reveals information on the local environment of the gold atoms (i.e.
the short-range order) in the micelles, SAXS is sensitive (in a size range of 1 to 100
nm) to the changes in the electron density fluctuations and is more suitable to probe
the micelles’ core where gold clusters formation occurs [196], [299]. Thus, a
combination of these two X-ray techniques with the use of other more commonly
available experimental methods such as dynamic light scattering (DLS), ultravioletvisible spectroscopy (UV-Vis) and transmission electron microscopy (TEM), allows
to understand the chemical and physical processes happening during the formation of
the metal NPs.
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This work is focused on the investigation of gold NP formation during polymerencapsulated reverse micelle synthesis using in situ X-ray spectroscopy and scattering.
The reverse micelle method, by offering tight control over the NPs’ size, allows a more
detailed mechanistic insight into the process of homogeneous NP formation. Key to
this study is the avoidance of ‘fast’ reducing agents such as NaBH4 [305] or citrate
[196], that can often result in uncontrolled particle growth and a large particle size
distribution, hindering our attempts at a detailed understanding of the self-assembly
process [306]. The insight obtained using these advanced characterization methods in
combination with the reverse micelle method allow us to identify key stages in the
self-assembly process that are useful when trying to optimize NPs for a wide range of
practical applications.

Materials and Methods
3.2.1 Nanoparticles preparation
Gold nanoparticles solutions were prepared by the polymer-encapsulated reverse
micelles method [54]. Two block-copolymers P18226-S2VP and P5073-S2VP were
purchased from the Polymer Source Inc (electronic grade purity). The metal salt used
was chlorauric acid (HAuCl4) (Aldrich 99.99999% trace metal basis). P-Toluene
sulfonyl hydrazide (P-Tosyl hydrazide) (Aldrich 97%) was used as the reducing agent,
as an alternative to the more commonly used toxic and explosive hydrazine [307]. All
reagents were used as received. 0.5 wt % polymer (c= 5 mg/ml) solution was prepared
in 25 ml of toluene (Aldrich 99.9%) and left to stir for 3 days in order to allow the
polymer to dissolve and homogenize. After 3 days, the metal precursor was added to
the solution depending on the polymer used (0.021 g for P18226-S2VP and 0.0335 g
for P5073-S2VP) in order to obtain an Au/pyridine atomic ratio of 0.3 and the
solutions were left to allow the metal salt to incorporate inside the micelles. The
polymers were selected in order to obtain different particle size. Before the
measurements 10 ml of each solution was put in a glass vial with a 10 ml of a solution
of P-tosyl hydrazide. To compare the effect of the HCl, used in literature to remove
the excess of hydrazide[54], on the metal reduction inside the polymer micelle, 50 μl
of HCl (ACS reagent 37%, Fluka) was added to the solutions after ~30 seconds and
left to stir. Table 3.2.1 summarises a list of the samples used in this work.
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Table 3.2.1. Samples list.
Sample

Polymer

name

Mn x 103

PDI1

HCl

PS-b-P2VP

A

P18226-S2VP

30.0-8.5

1.06

no

A-HCl

P18226-S2VP

30.0-8.5

1.06

yes

B

P5073-S2VP

175.0-70.0

1.08

no

B-HCl

P5073-S2VP

175.0-70.0

1.08

yes

1.

Polydispersion Index

In order to verify the stability of the system after toluene evaporation we filled one
capillary with an aliquot of sample A solution and let the toluene evaporate in an oven
set at 70 °C.

3.2.2 In situ SAXS
In situ Small-angle X-ray Scattering SAXS measurements were conducted on the
DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF)
using X-ray photons of 11.850 keV. The 2D SAXS images were recorded in
transmission mode using the Mar CCD 165 detector with a pixel size of 80 µm. The
modulus of the scattering vector q = 4 πsinθ/λ, where θ is the Bragg angle and λ is the
wavelength, was calibrated using silver behenate. The sample to detector distance was
approximately 2 m, resulting in a q range comprised between 0.016 and 0.4 nm-1.
For the sample measurement, an aliquot of each solution, taken at different reduction
time (0, 20, 75, 135, 410 min), was loaded in 1 ml quartz capillary of 1 mm diameter.
The data were corrected for the detector dark field and background scattering from the
capillary with polymer and solvent only. The data reduction was performed using
Fit2D and 1D curves were fitted using SANS Analysis package for the Igor Pro
software [284]. The scattering intensity calculation were performed using the method
described in chapter 2.

3.2.3 In situ XAFS
In situ Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption
Near Edge Structure (XANES) were measured on the DUBBLE beamline (BM26A)
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of the European Synchrotron Radiation Facility (ESRF) using gold LIII edge (11.91
keV) in fluorescence mode using a 9-element monolithic Ge detector (Ortec).
An aliquot of each solution, taken at different times during the reduction process (5
and 150 min), was loaded in 1 ml quartz capillary and mounted on the sample holder.
In order to verify the stability of the system after toluene has been evaporated, a 1 ml
capillary was filled with the sample B-HCl and left to dry at 120 °C for 2 h. In order
to observe the stability of the micelles a solution loaded capillary has been put into an
oven and set at 70 °C in order to allow toluene to evaporate. The micelles deposited
on the surface of the capillary were analysed using XAFS. The sample holder was
mounted at 45 ° with respect to the incident beam in order to maximize the
fluorescence yield.
EXAFS analysis was performed on samples listed in Table 3.3.1. The FEFF6 code
was used to construct theoretical EXAFS signals that included single-scattering
contributions from atomic shells through the nearest neighbours in the chlorinebridged dimer, as well as the face-centered cubic (FCC) structure of Au. The k-range
used for the fitting 2.5 to 10.3 Å-1 and the r-range from 1 to 3.7 Å. The path degeneracy
was allowed to vary in order to account the size effects that cause surface atoms to be
less coordinated than those in the particle interior. The amplitude reduction factor (S20)
was fixed at 0.860, as obtained from the fitting of the bulk Au foil.

3.2.4 TEM
Transmission Electron Microscopy (TEM) was measured using JEOL: JEM-2100
operating at 200 KeV using a LaB6 filament, after deposition through drop-casting on
a film supported by a 300 mesh copper TEM grid. Sample A and B solutions before
and after the addition of HAuCl4 and after the reduction treatment were analysed. In
the case of Sample A the small scattering contrast compared to the carbon paired with
the smaller size of the polymer made impossible to obtain information regarding the
state of the micelles before the addition of the Au precursor.

3.2.5 UV-Vis spectroscopy
UV-Vis spectroscopy measurements were obtained using the methods described in
2.2.2.1.
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3.2.6 DLS
Dynamic light scattering (DLS) measurements were performed on samples reduced
over different times using Zetasizer nano ZS from Malvern. The incident laser
wavelength used in the setup was 532 nm and the refractive index was derived from
polystyrene (η=1.5). Micelles containing solutions were loaded into a cuvette with 5
mm pathlength. Three scan per point, each with the duration of 3 min, was taken in
order to average the results.

Result and Discussion
3.3.1 DLS
With the help of DLS one can observe how the micellar system in its entirety responds
during the reduction of metal ions through the impact this has on the micelles’
hydrodynamic radius.
DLS plots for the sample A during reduction are exemplarily shown in Figure 3.3.1.
The average radius of micelles is 32 ± 6 nm (Figure 3.3.1a) and it increases to 36 ± 4
nm after addition of the reducing agent (Figure 3.3.1b). As can be seen on
Figure 3.3.1c-d the swelling of the metal-containing polymer particles continues and
results in doubling of the average micelle size, to 55 ± 3. A similar effect is observed
in sample A-HCL when HCl is added during the reduction process (Figure 3.3.2),
where the micelles radius increases, from 32 to 55 nm, with the reduction time.
DLS plots for sample B and B-HCl, shown in figure 3.3.3-4, show a proportional
increase during the reduction process, as the average radius of the micelles increases
from 90 ± 15 nm (figure 3.3.3 a) to 146 ± 9 nm (figure 3.3.3d) and 150 ± 12 nm (figure
3.3.4d) for sample B and sample B-HCl respectively.
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Figure 3.3.1. DLS plots of sample A before reduction (a) and after 10 min (b), 1h (c) and 1 day
(d) of the reduction process. The average size of the polymer micelle increases from ~30 to ~55
nm after the reduction.

78

Figure 3.3.2. DLS plots of sample A-HCl before reduction (a) after 10 min (b), 1h (c) and 1 day
(d) of the reduction process. The average size of the polymer micelle increases from ~30 to ~55
nm after the reduction. After 1h the presence of very large particles, ~1µm, was observed and
they were cut off from the graph due to the lack of relevance.
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Figure 3.3.3. DLS plots of sample B before reduction (a) and after 10 min (b), 1h (c) and 1 day (d)
of the reduction process. The average size of the polymer micelle increases from ~100 to ~150 nm
after the reduction.
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Figure 3.3.4. DLS plots of sample B-HCl before reduction (a) and after 10 min (b), 1h (c) and 1 day
(d) of the reduction process. The average size of the polymer micelle increases from ~100 to ~150
nm after the reduction

We suggest that the observed increase of the micelle size is due to the distortion of the
P2VP backbone chain during the reduction of the metal salt. Considering the reduction
reaction of [AuCl4]- with H2, produced by the P-tosyl hydrazide decomposition, to
Au(I) that reads as follows
𝐻[𝐴𝑢𝐶𝑙4 ] + 𝐻2 → 𝐴𝑢𝐶𝑙 + 3𝐻𝐶𝑙

Eq. 3.4

and the reduction of Au(I) to form metallic Au
2 𝐴𝑢𝐶𝑙 + 𝐻2 → 2𝐴𝑢 + 2 𝐻𝐶𝑙

Eq. 3.5

which can be recap as follows
2𝐻[𝐴𝑢𝐶𝑙4 ] + 3 𝐻2 → 2 𝐴𝑢0 + 8 𝐻𝐶𝑙

Eq. 3.6
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With HCl staying in the core of micelles due to its hydrophilic nature. There is a large
increase in moles (from 5 of the reagents to 8 of the products) which can contribute to
the increase volume from within micelles size. Furthermore, this may provide a strong
entropic driving force for the formation of Au0 species and its further agglomeration
in nanoparticles.
The technique was employed in the past to probe similar systems including
copolymer- and surfactant-based reverse micelles [308]–[310], colloidal gold and
polystyrene nanoparticles [311], [312], and even reverse micelles filled with Au
nanoparticles [247], [313]. The most relevant study is a piece of work from Mössmer
et al [313] where, using a PS-P2VP of similar blocks length to the one here employed,
a radius of 28 nm for the micelles filled with H[AuCl4] was observed, similar to the
one here reported, and 30 nm for the Au nanoparticles filled one, compared to the 55
nm radius obtained for sample A at the end of the reduction process. This discrepancy
could be due to the different reductant used, hydrazine for reported result and the much
bulkier P-tosyl hydrazide for sample A, which should cause a larger steric strain of the
micelles. However, no information was given for the intermediate phase of the
reduction process whereas here it appears that the swelling of the micelles is not an
instantaneous process but evolves gradually as the reduction process is taking place.
This swelling process, which as aforementioned can be related to the growth of the
nanoparticles inside the micelles, has, to the best of our knowledge, never been
reported.
Note that DLS is only capable of measuring the total diameter of the core-shell
polymer micelle, consisting of PS core and P2VP shell based on the miscibility of
copolymer blocks, and does not allow for probing the local structural changes
concerning the atoms of interest [313]. Therefore, the combination of microscopic and
spectroscopic methods have also been employed to obtain information regarding the
local environment of the gold loaded P2VP core and the role of HCl in the reduction
process.
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3.3.2 TEM
TEM has been used to characterize the morphology (e.g. shape and size) of the
polymer micelles during Au NP synthesis and to identify the location of Au species
inside the micelles. Figure 3.3.5a shows the micelles formed by dissolving the PS-bP2VP polymer in toluene above the critical micelle concentration (CMC) [247].
Spherical polymer micelles form a close-packed hexagonal array where P2VP cores
are embedded in the PS matrix. As a result of the low Z-contrast it was not possible to
obtain an accurate measure of the micelles’ core size. Due to the smaller P2VP chain,
and therefore smaller P2VP core, it was not possible to obtain any information on
sample A. However, for sample B, with a much denser P2VP core, it was possible to
determine the core size distribution plot of the micelles without metal, which, as shown
in the TEM image corresponds to the size of ~15 nm (Figure 3.3.5a).

Figure 3.3.5. a) TEM micrograph of sample B without HAuCl4 precursor. The core of the micelles
appears as white due the lower contrast compared to the outer shell. b) particle size distribution
Average core size 15 ± 2 nm.

Figure 3.3.6-7 show the PS-b-P2VP micelles loaded initially only with HAuCl4. It can
be seen that the metal ions are preferentially located in the micelle cores, in particular,
in the case of sample B with larger amount of the gold precursor providing a clear Zcontrast (figure 3.3.6). For sample A, the gold appears as sub-nanometre clusters
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inside the core of the micelle (figure 3.3.6b). Similar clusters have been reported
previously and could be accounted for the reduction of HAuCl4 in the electron beam
[313]. This does not appear to be present in the case of sample B due to both dense
packing of Au clusters and more protection from the larger polystyrene shell in
comparison to sample A. TEM data shows that the cores become more separated as
the PS block length increases and the micelles’ core size depends also on the P2VP
block length, with sample A and B possessing a core size of ~11 nm (Figure 3.3.6)
and ~22 nm (Figure 3.3.7), respectively. An effect of gold precursor on the micelle’s
core size can be clearly seen for sample B, where spherical P2VP core increases from
~15 to ~22 nm, possibly due the steric strain caused by the formation of a complex
between the protonated pyridine moieties of the P2VP core and [AuCl4]- ions.

Figure 3.3.6. a) TEM micrograph of sample A loaded with HAuCl4; b) an enlargement. Average
micelle core size is 11 ± 1 nm.

Figure 3.3.7. a) TEM micrographs of sample B loaded with HAuCl4; b) an enlargement. Average
micelle core size is 21 ± 2 nm
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After P-tosyl hydrazide is added to the micelles-containing solution, reduction of Au
ions occurs and leads to the formation of nanoparticles, as shown in Figure 3.3.8 for
the reduced sample A-HCl after 24 h. The particle size calculated from the TEM data
is 4.5 ± 0.8 nm. Considering that during TEM analysis the micelles are removed from
the solution containing reducing agent, it does not allow to determine the exact time
to complete the reduction process that is one of the purposes of this study.
Furthermore, the possible Au species which have yet to be reduced could suffer from
beam damage, thus causing the enlargement of the particle size obtained by TEM.
However, it is not possible to correlate DLS measurements, which take in account the
whole micelle, with the TEM data, which only show the Au containing P2VP core.
The use of spectroscopic techniques is then required in order to really ascertain the
behaviour of Au species in solutions.

Figure 3.3.8. a) TEM micrographs of sample A-HCl after reduction process; b) an enlargement.

3.3.3 UV-Vis

Figure 3.3.9. UV-Vis spectra of: a) samples A and b) A-HCl during reduction. The grey line,
used an eye guide, represents the common position for the plasmon peak.
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UV-vis spectroscopy was employed to follow Au species evolution in solution during
the reduction process. The UV-vis spectra shown in Figure 3.3.9 contains a plasmon
peak at 550 nm characteristic of Au0 clusters of around 2 nm, formed by the reduction
of HAuCl4 [268]. The increase in intensity with time suggests continuous reduction
and formation of Au NPs; interestingly the band does not change position suggesting
a continue increase in the amount of Au nanoparticles present in solution without any
dramatic change in size. In the case of sample A-HCl the red shift of the plasmon peak
from 550 to 600 nm could be explained by nanoparticle aggregation which could also
be observed in the DLS where the presence of large aggregate (> 1µ) was observed,
possibly caused by the presence of “water pockets” caused by the addition of HCl, or
by he unlike possibility of particles larger than the micelles themselves (>> 100 nm)
or else anisotropic particles [177]. This makes difficult to obtain size from the λ max
due to the interference of the nanoparticles aggregation. It was not possible to record
the UV-Vis spectra after 1 day of reduction since the micelles containing reduced Au
NPs were observed to precipitate as can be seen in Figure S3.3.5.

3.3.4 XAFS
XAFS was used to determine further mechanism of the Au reduction and aggregation
in the gold clusters. In figure 3.3.10 are shown XANES, EXAFS and the EXAFS
Fourier transform. The results of the EXAFS fit for all four samples after 5 and 150
min of the reduction process are summarised in Table 3.3.1. Figure 3.3.11-12 contains
the XANES spectra and EXAFS Fourier Transforms (FTs) for sample A and B. A
reference AuCl3 solution which contains a strong white line at 11.920 keV is also
shown, related to the electronic transition from 2p to unoccupied 5d orbitals [314].
After the reductant is added there is a drop in the intensity in the white line (reduced
transition probability) as a consequence of increased filling of the Au 5d orbitals. This
change is observed in conjunction with a slight shift of the edge position towards
higher energies (from 11.197 to 11.199 keV). Both changes are consistent with
reduction of Au (III) to Au (I) [315]. However, no further changes were observed with
increasing reduction time suggesting the Au(I) species formed are stable (Figure
3.3.9a-b). The EXAFS data for samples A and B in Figure 3.3.11b and Figure 3.3.12b
are clearly different to that of the reference compounds but do possess a peak at ~ 2.24
Å which can be assigned to a Au-Cl scattering contribution, although the reduced
amplitude (when compared with AuCl4 in solution) suggests the presence of Au(I)Cl
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species (see Eq (3.4)). These values (and FTs) are similar to those observed previously
by Salama et al [316] in Na-Y zeolites and are consistent with the formation of a linear
AuCl2 species. Au(I) species in the form of a Au2Cl2 closed square dimer configuration
previously reported by Hargittai et al. [317] can be ruled out on the basis that the AuCl distance reported there (2.567 Å) is too long. Interestingly, the Debye-Waller
factors obtained for both samples are comparatively low suggesting low static/thermal
disorder in the AuCl species. No sign of any metallic Au NPs were observed after 150
min of reaction (see Figure 3.3.11b and Figure 3.3.12b).

Figure 3.3.10. XAFS spectra of all samples including AuCl3 and Au0 reference; a) XANES spectra;
b) EXAFS k-range data; c) EXAFS Fourier transform
Table 3.3.1. EXAFS fit results for Au species. CN is the coordination number, R the radial distance and σ2
the Debye-Waller factor
Sample
Au foil
AuCl4 in

Reduction
time
-

solution
A
A-HCl

A-HCl
B
B

B-HCl

B-HCl

150 min
5 min

150 min

5 min
150 min

5 min

150 min

CNAu-Cl RAu-Cl ( Å) σ2Au-Cl ( Å-2)

CNAu-

RAu-Au ( Å) σ2Au-Cl ( Å-2) ΔE Rfactor

Particle

Au

4.3 ± 0.2

-

-

12 ± 0.5 2.86 ± 0.002 0.008 ± 0.0002

2.9 ± 0.4 2.266 ± 0.009

0.0025 ±
0.0013
0.0027 ±

0.7 ± 0.4

2.25 ± 0.02

1.9 ± 0.3

2.24 ± 0.02 0.002 ± 0.0033

2.05 ± 0.5

2.24 ± 0.01

2.5 ± 0.3

2.28 ± 0.09

1.8 ± 0.6

2.21 ± 0.06

0.0018

0.0012 ±
0.0022
0.0015 ±
0.0013
0.0034 ±
0.0003

0.3
4.3 ±

2.28 ± 0.003 0.002 ± 0.0003

2.0 ± 0.2 2.248 ± 0.008 0.003 ± 0.0012

4.3 ±

0.3

0.014

0.007

-

-

-

7±1

0.02

-

-

-

8±1

0.03

8±2

2.86 ± 0.01

0.007 ± 0.002

-

-

-

6±2

0.02

-

-

-

4±3

0.06

-

-

-

8±1

0.02

1.7 ± 0.7 2.866 ± 0.02 0.0016 ± 0.004 4 ± 4

0.06

7±
1

size
Bulk

-

-

1.5

0.05

-

-

0.4
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Figure 3.3.11. XAFS spectra of sample A after 150 min of the reduction process; a) XANES spectra
including AuCl3 and Au0 reference ; b) EXAFS Fourier Transform.

Figure 3.3.12. XAFS spectra of sample B after 5 and 150 min of the reduction process; a) XANES
spectra including AuCl3 reference; b) EXAFS Fourier Transform.

For sample A-HCl, the higher Au-Cl coordination number (> 2) after 5 min suggests
that initially the reduction process is slightly less advanced in comparison to the nonHCl samples. However, after 150 min the formation Au NPs can be seen by the
presence of the Au-Au scattering contribution at 2.86 Å in the second shell of the FT
(Figure 3.3.13b). Assuming an isotropic shape, one can estimate the size of the Au NPs
from the CNAu-Au value to be of the order of ~ 1.5nm, similar to the information
obtained from UV-Vis [190]. However, reduction is not complete at this stage as a
clearly discernible, if low, CN value is obtained for the Au-Cl first shell. XANES
spectra also confirm the presence of metallic Au by the increase intensity of the feature
located at 11.945 keV which can be attributed to a multiple scattering path of metallic
Au [318] (Figure 3.3.13a). However, the higher edge energy and the intense white line
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of sample A-HCl compared to Au0 also suggest that AuCl species are still present after
150 min.

Figure 3.3.13 XAFS spectra of sample A-HCl at 5 and 150 min reduction time; a) XANES spectra
including AuCl3 reference; b) EXAFS Fourier Transform.

XAFS data shown in Figure 3.3.14 and Table 3.3.1 for sample B-HCl also appears to
contain more unreduced AuCl4 after 5 min similar to A-HCl and in comparison to the
non-HCl samples. After 150 min. reduction has occurred although to a lesser extent
than in sample A-HCl; this we conclude based on the Au-Cl CN of 1.8 for sample BHCl and an Au-Au CN contribution of < 2, the latter value of which suggests very
small Au clusters have begun to form. Further confirmation of Au reduction can be
observed in the XANES (Figure 3.3.14a) however, in contrast to samples without HCl,
it appears that, with time, as the reduction process continues the intensity of the white
line, at 11.920 keV, increases and the edge position shifts from 11.918 to 11.917 keV.
A similar spectra was reported by Salama et al [316] in Na-Y zeolites treated at 353 K
and indeed seems consistent with the continued presence of Cl in the coordination
shell of the Au species. However, it seems likely that in the B-HCl sample, part of the
Au has oxidized back to form Au(III)Cl3 most likely due to water-promoted
disproportionation of the AuCl [316].
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Figure 3.3.14. XAFS spectra of the sample B-HCl at 5 and 150 min reduction time; a) XANES
spectra including AuCl3 reference; b) EXAFS Fourier Transform.

3.3.5 SAXS
In order to investigate the structural transformation, in particular in terms of size and
polydispersity, of the nanoparticles formed in the micelle’s core during the reduction
process in situ SAXS studies were conducted. 1D SAXS profiles for all the samples
during the reduction process is shown in Figure 3.3.15. 1D SAXS profiles for sample
A during the reduction process are shown in Figure 3.3.15a. According to the fit (for
the details see Experimental section and Figure 3.3.16) there is a slight increase in the
scattering component size from 6.8 to 6.9 nm (Figure 3.3.17a and Table 3.3.2) after
400 min of reduction. For sample A-HCl a shift of the scattering component towards
smaller q-values can be seen (Figure 3.3.15b) which corresponds to sizes from 7.9 to
8.9 nm depending on reduction time, with 75 min being the time when the size
stabilizes (Figure 3.3.17a and Table 3.3.2). The changes observe for sample B during
reduction, whereas following same trend as sample A, are more pronounced, as can be
seen from Figure 3.3.15c, apart from an abrupt increase in size from 14.3 to 20.5 nm
at 400 min of reduction (Figure 3.3.17b and Table 3.3.3). Sample B-HCl shows a
similar behaviour to A-HCl, however P2VP cores containing gold species achieve the
same size of 20.5 nm after 400 min of reduction with or without the presence of HCl
(Figure 3.3.15d; Table 3.3.2).
The in situ SAXS fit results summarised in figure 3.3.17 indicate a growth of the NPs
of both sizes during the reduction process that is in a good agreement with the DLS
data (Figure 3.3.1-4) whereas the difference in size obtained (~ 7 nm SAXS, ~ 30 nm
DLS) is due to the PS shell which is not detected by the SAXS due the low electron
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density contrast between toluene and polystyrene (see appendix figure S3.3.5). The
increase of the P2VP core size, as shown in Figure 3.3.17a-b, from 7 to 9 nm for
sample A and from 14 to 21 nm for sample B, when HCl is included into the solution
can be attributed to an increment in the speed of NPs’ growth. This was also suggested
from the XAFS analysis, indicating that HCl acts as a catalyst for the reduction of the
Au species.

Figure 3.3.15. Structural changes during reduction as followed by in situ SAXS. 1D SAXS profiles
for the sample A (a), A-HCl (b), B (c) and B-HCl (d).
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Figure 3.3.16. Examples of the SAXS data fit. 1D SAXS curves and corresponding fitted curves
for samples B (a) and B-HCl (b) at 2h15 min.

Figure 3.3.17. Evolution of the micelles core radius with time for the samples A and A-HCl (a), B
and B-HCl (b).
Table 3.3.2 Summary of the NP size and polydispersity resulting from the SAXS fitting
for sample A and A-HCl.
Micelle core radius

Micelle core radius sample

sample A (nm)

A-HCl (nm)

0

6.8 ± 0.1

7.9 ± 0.1

20

-

8.7 ± 0.1

75

6.8 ± 0.1

8.9 ± 0.1

135

6.9 ± 0.1

8.9 ± 0.1

400

6.9 ± 0.1

8.9 ± 0.1

Reduction Time (min)
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Table 3.3.3. Summary of the NP size and polydispersity resulting from the SAXS
fitting for sample B and B-HCl.
Micelle core radius sample

Micelle core radius sample

B (nm)

B-HCl (nm)

0

14.34 ± 0.05

15.82 ± 0.05

20

14.24 ± 0.06

19.18 ± 0.07

75

14.72 ± 0.05

20.46 ± 0.05

135

14.75 ± 0.05

20.55 ± 0.05

400

20.47 ± 0.04

20.44 ± 0.06

Reduction Time (min)
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Discussion
From the results obtained by the combination of time-resolved DLS, UV-Vis, XAFS,
SAXS and TEM it was possible to propose a model for the self-assembly of the metal
nanoparticles in the reverse micelles system shown in Figure 3.4.1, that can be divided
in the three steps:
- an initial fast reduction of [AuCl4]- to Au (I) species;
- further slow reduction of the Au (I) and formation of Au clusters;
- agglomeration of the small clusters to form nanoparticle confined inside the core of
the micelle.
According to TEM data (Figure 3.3.6-7), the micelle core is loaded with the gold
precursor at the beginning of synthesis (stage 1 in Figure 3.4.1). We propose that Au
is initially homogeneously dispersed all over the micelle cores by forming a complex
between the nitrogen from pyridine and [AuCl4]-, in a similar way to that seen for iron
and molybdenum precursors [238]. After the reductant is added (stage 2 in Figure
3.4.1) the [AuCl4]- ions reduce almost immediately to Au(I) species, namely AuCl, as
shown by XAFS results (Table 3.3.1). The NP radius obtained by the SAXS fit, ~7 nm
for sample A and ~15 nm for sample B (Figure 3.3.15c-d), in addition to the TEM data
suggest the size obtained by the SAXS measurement appears to correspond to the size
of the micelle core when filled with Au (I) species (Figure 3.4.1). After 150 min (stage
3 in figure 3.4.1) the formation of Au0 species can be seen for sample A-HCl and BHCl (Figure 3.3.12b and 3.3.13b), that represent a combination of atoms and small
clusters (2-4 atoms) based on CNAu-Au shown in Table 3.3.1. The large increase of the
NP radius during the reduction process measured using SAXS, for the samples
containing HCl, further confirms the self-assembly of gold clusters into the NPs
(Figure 3.3.17). The swelling of the micelle core continues (~75 min) until an
equilibrium state is reached.
Due to the time constrains during in situ XAFS/SAXS studies, the further
agglomeration of the gold cluster to form nanoparticles (stage 4 in figure 3.4.1) was
confirmed only with the help of TEM analysis (Figure 3.3.8), showing, that once the
reduction process is complete, the formed NPs are positioned at the centre of the
micelles. Moreover, time-resolved DLS data allowed us to conclude that the whole
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Figure 3.4.1. Proposed schematic for the formation of Au nanoparticles in the reverse micelles
for sample A, stating the techniques used to identify the step properties: 1. The [AuCl4]- ions
attach to the pyridine group; 2. The [AuCl4]- species get reduced to Au (I) species; 3. Au (I) start
to agglomerate to form Au nanoclusters 4. The Au nanoparticles are formed inside the micelles.
The addition of HCl increase the rate of formation of Au clusters
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micelle, and not just its core, is affected during the reduction of the gold precursor to
the metal NP (Fig. 3.3.1-2).
The XAFS, UV-Vis and SAXS data suggested that the presence of HCl speed the
reduction process of Au (I) to Au0 and its agglomeration. We rationalise that HCl helps
with the in situ formation of hydrazine through the following reaction sequence:
NH2 − NH − p − toluensulfonyl + HCl ↔ NH2 NH2 + Cl − p − toluensulfonyl Eq. 3.7

which will then act as a reducing agent according to the following equations
H[AuCl4 ] + N2 H4 → N2 + 6HCl + 2AuCl

Eq. 3.8

4AuCl + N2 H4 → N2 + 4HCl + 4 Au

Eq. 3.9

that can be summarised as:
4H[AuCl4 ] + 3N2 H4 → 4Au + 3N2 + 16HCl

Eq. 3.10

We rationalize that the rate and extent of N2H4 production (Eq. 3.7) increases
becoming autocatalytic due to the formation of HCl as a by-product of Au reduction
(Eq. 3.8-9). Therefore, it is plausible to assume that HCl added at the start accelerates
the formation of N2H4 and therefore the extent of reduction earlier. This increased
N2H4 productions seems to lead, in addition to fast Au(I) reduction, to nucleation of
Au clusters (see UV-Vis data in Figure 3.3.7 b) although the final Au NPs possess
similar characteristics to those obtained from the samples in which no HCl is added.
This suggests that the final step, agglomeration, was given sufficient time to occur in
both cases (with and without HCl) and that this step is important for realizing
uniformity in the particle size. However, this understanding of the self-assembly
mechanism and the impact of HCl allows to realise when it is possible to utilize
different reaction times/conditions to change the properties of the final nanoparticles
i.e. stopping the reaction earlier may allow for realizing ‘raspberry type’ Au NPs or
else to control the incorporation of different species, for example metal ions, to
produce either bimetallic nanoclusters/alloys (a second metal precursor is added
during nucleation process) or core shell NPs (a second metal is added to the already
formed nanoparticle) [190], [319]. This would help to design better and more efficient
catalyst for a wider range of reactions.

The low polydispersity values calculated from the SAXS data are consistent with the
presence of micelles containing evenly loaded and highly dispersed Au ions attached
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as molecular species to the pyridine groups of the P2VP chain. We propose that this
interaction is important as it slows the Au reduction and agglomeration process,
compared to more commonly used Au NP synthesis procedures such as the Turkevich
method [196], [224]. This retardation then seems to realise a more controlled Au NP
nucleation and growth process resulting in a much more narrow particle size
distribution in comparison (often << 1 nm). This also demonstrates the protective
effect of the polymer micelles, preventing undesired coalescence of metal NPs. Our
results can be interpreted as being more widely reflective of how Au NP assembly
occurs in the presence of species that can coordinate and/or complex with Au species
(i.e. block co-polymers, capping agents such as PVP [52], PVA [320] etc.) For example
Sakai et al. using block PEO-PPO-PEO co-polymers observed the reduction of
[AuCl4]- precursor to Au0, simultaneous formation of Au clusters and finally formation
and growth of the nanoparticles [301]. However, since their study did not obtain timeresolved X-ray data, they could not have seen the presence of Au(I) species as
intermediates in the formation process. Indeed such Au(I) species are often suspected
but rarely seen in Au NP self-assembly.

Conclusion and future work
The self-assembly of gold nanoparticles prepared using polymer-encapsulated reverse
micelles was studied using XAFS and Small Angle X-ray Scattering (SAXS)
supported by DLS, UV-Vis spectroscopy and transmission electron microscopy
(TEM). The combination of spectroscopic and scattering techniques with the reverse
micelle approach allows for detailed insight into the self-assembly process leading to
the formation of uniform monodisperse Au NPs. The mechanism comprises three key
steps: fast reduction of gold precursor to Au (I) species, slow reduction of Au (I) to
Au atoms and their agglomeration in sub nanometric clusters, final coalescence of Au
clusters into the nanoparticles. The presence of HCl appears to considerably accelerate
the formation of the Au clusters during the second step due to the higher production
of in situ hydrazine. Moreover, whereas this mechanism has been explored for the
reverse micelle method, it is reasonable to assume that other reaction procedures,
which employ polymers as capping agent, follow a similar, if not identical, reaction
process. The detailed mechanistic insight will enable to modulate the synthesis
process by changing the variables involved in the metal nanoparticles formation, such
as time or presence of HCl, thus allowing a better control over NP size and particle
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size distribution. Moreover, the high control over the synthesis process allows for
modification in the preparation method, such as addition of other species to form
bimetallic nanoparticles. Challenges for future studies are an improved resolution for
the time-resolved techniques (SAXS, XAFS) paired with an exploration of the various
synthesis parameter, such as metal/pyridine ratio or concentration of HCl, to derive
kinetic parameters for this important metal NP’s synthesis method.
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4 Particle size and support effect on the
catalytic properties of Au nanoparticles for
1,3-butadiene hydrogenation
Aim of the chapter
The main aim of this chapter lies in understanding particle size and support effects for
gold nanoparticles when used to catalyse 1,3-butadiene hydrogenation. The
nanoparticles were prepared using reverse micelle encapsulation, which provides a
method to produce highly homogenous nanoparticles. In situ XAFS spectroscopy will
be used to characterize the nanoparticles (previously characterized through TEM, UVvis and ex situ XAFS) in order to identify any modification caused by adsorption and
interaction of the reaction gases (H2, 1,3-butadiene and the mixture of the two during
the hydrogenation of 1,3-butadiene to produce butenes).

Methods
4.2.1 Synthesis
Gold nanoparticles were synthesized by the reverse micelle methods, as previously
explained in chapter 2. The polymer used were:


P4708-S2VP (Polystyrene(PS) = 16000 MW, Poly-2 Vinyl
pyridine(P2VP)=3500 MW), polydispersity = 1.05;



P18226-S2VP (Polystyrene(PS) = 30000 MW, Poly-2 Vinyl pyridine(P2VP)
= 8500 MW), polydispersity = 1.06,



PS5073-S2VP(Polystyrene(PS) = 175000 MW, Poly-2 Vinyl pyridine
(P2VP) = 70000 MW, polydispersity = 1.08),

all from Polymer Source Inc, the polymer purity is 100 % for all of them.
The metal salt used was chlorauric acid (HAuCl4) (Aldrich 99.99999 % trace metal
basis). The metal atoms to pyridine ratio MS/Pyr (metal loading) was fixed at 0.3
MS/Pyr for all the samples while the reducing agent used was P-toluene sulfonyl
hydrazide (P-tosyl hydrazide) (97 % Aldrich). A 0.5 wt % (c = 5 mg/ml) solution (50
ml) was prepared and left it to stir for 3 days in order to let the polymer dissolve and
homogenize. After 3 days, metal precursor was added to the solution depending on the
polymer used in order to obtain an Au/pyridine ratio 0.3 of (0.052 g for P4708-S2VP,
0.043 g for P18226-S2VP and 0.067 g for PS5073-S2VP) and left it to incorporate
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inside the micelles After a further 3 days an aliquot of P-tosyl hydrazide (4-fold the
concentration of metal) was dissolved in 50 ml of toluene and added to the solution.
After ~3 minutes 500 µl of HCl (ACS reagent 37 %, Fluka) was added and after a
further ~ 10 min. the support, in powder form, was also added to the solution. The
supports used are listed in table 4.2.1.
Table 4.2.1 List of supports and their properties
Support

Molecular

Surface area

Purity

Source

100 m2/g

99.9 % (0.1 % SiO-

Alfa Aesar

Formula
Aluminium oxide

Al2O3

2)

Silicon (IV) oxide

SiO2

85-113 m2/g

n.a.

Alfa Aesar

Si3N4

103-123 m2/g

98.5 + %

Alfa Aesar

amorphous
Silicon (IV)
nitride amorphous

The solids were mixed with the solution in order to obtain a 1 % metal/support weight
and left to stir-dry in air overnight, until all toluene had evaporated. The samples were
then calcined at 500 °C, in a static air for 2.5 h in an alumina crucible and subsequently
characterized. Shown in table 4.2.2 is a summary of the samples prepared.

Table 4.2.2. List of samples. The samples name is expressed as Au/X Y-Z where X is the
support used, Y and Z are the molecular weights of the polymer used in the synthesis (Y = PS,
Z = P2VP) divided by 103
Sample Name

Polymer

Support

Au/SiO2 30-8.5

P18226-S2VP

Silicon oxide (SiO2)

Au/SiO2 175-70

PS5073-S2VP

Silicon oxide (SiO2)

Au/SiO2 16-3.5

P4708-S2VP

Silicon oxide (SiO2)

Au/Al2O3 175-70

PS5073-S2VP

Aluminium Oxide (Al2O3)

Au/Si3N4 175-70

PS5073-S2VP

Silicon Nitride (Si3N4)
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4.2.2 TEM
The various samples have been characterized with transmission electron microscopy
(TEM), using a JEOL: JEM-2100 operating at 200 keV with a LaB6 filament, in order
to define the particle size and the particle size distribution. A small amount of sample
is dissolved in ethanol and subject to sonication to allow dispersion. Subsequently a
few drops of the resulting solution is deposited onto a holey carbon film supported by
a 300 mesh copper TEM grid.

4.2.3 XAFS
Ex situ XAFS measurement at B18 beamline at Diamond Light Source using gold LIII
edge (11.91 keV) using the detector in transmission mode. The samples (300 mg for
SiO2 and Si3N4 supported samples, 250 mg for Al2O3 supported samples) were pressed
in pellet form, in a 1.3 mm pellet press, and then mounted on a sample holder. XAFS
spectra were then collected and data processing and analysis was performed using the
Athena and Artemis software from the Demeter IFEFIT package.[280], [281]

The 1,3-Butadiene hydrogenation reaction has been followed using X-ray absorption
spectroscopy in order to identify any modification happening during the reaction
conditions. The measurements were performed on the B18 beamline at Diamond Light
Source at the Au LIII edge (11.91 keV) using the detector in transmission mode. The
catalysts, after being pressed in a form of a pellet, were sieved in fraction of 125/250
μm, loaded into a capillary (ø = 3mm), and mounted on a catalysis testing station, with
the capillary connected to gas lines on one side and a residual gas analyser (Mass
Spectrometer) on the other [321]. While under helium flow the catalysts were brought
to 413 K and subsequently different gas composition (hydrogen (10% in He, BOC),
1,3-butadiene (1% in He, BOC) and a mixture of butadiene and hydrogen (2/98 ratio))
were passed through the catalysts and XAFS spectra were recorded at steady state for
30 min for each gas composition.
The resultant EXAFS data have been used to determine changes in particle structure
and metal-support interaction as explained in chapter 2. Due to the high correlation
between Deybe-Waller factor (DWF) and First shell coordination number (1CN)
(>0.95) fitting where both parameters are allowed to freely refine leads to unphysical
values. Therefore, the standard procedure for fitting was slightly modified in order to
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obtain significant information from the samples. The spectra were fitted keeping one
of the parameter, either DWF or 1CN as a constant determined from a fit of the Au
foil at room temperature.

4.2.4 Catalytic testing
The samples in table 4.2.2 were tested for 1,3-Butadiene hydrogenation. The reaction
was performed in a flow reactor as shown in chapter 2. The catalysts, in different
amount dependent on the density of the material, (550 mg for Au/Al2O3 175-70 and
Si3N4 175-70, 330 mg for Au/SiO2 175-70 and 30-8.5, 200 mg for Au/SiO2 16-3.5), in
the sieve fraction 250/425 µm, were loaded inside the reactor tube (7 mm diameter
quartz tube), and then placed inside a tubular furnace and connected with the gas lines
through a Swagelok fitting. The reactions were performed using a space velocity of
7500 h-1 ml/g catalyst using a reaction mixture composed of hydrogen (4% in Helium,
BOC) and 1,3-butadiene (1% in Helium, BOC) in a percentage ratio of 98/2, with a
total flow of 135 ml/min, of which 125 ml/min of H2 and 10 ml/min of 1,3-Butadiene.
The samples were brought to 160 °C from room temperature under hydrogen
atmosphere and cooled down to 120 °C. After flowing 1,3-butadiene over the catalyst
for 15 minutes, H2 was injected together with the 1,3-butadiene in the reactor tube.
For Au/SiO2 175-70, Au/SiO2 30-8.5 and Au/Al2O3 175-70 further data were taken as
the samples cooled down to room temperature in order to obtain the evolution of
activity/selectivity as function of temperature. The activity and selectivity were
obtained using mass spectroscopy and gas chromatography and compared after the
presence of a steady state (~15 min after injection of H2). The gas chromatograph
response has been calibrated using a mixture of products (0.05 % cis-2-butene, 0.15
% trans-2-butene, 0.1 % n-butane, 0.3 % 1-butene all balanced in He, BOC). The error
on the catalytic results is estimated 10% of the value.

Results
4.3.1 Ex situ characterisation
4.3.1.1 TEM
In Figure 4.3.1-5 are shown the TEM micrographs obtained, paired with the particle
size analysis, derived through ImageJ software package [265]. The average particle
size was obtained by analysing different figures taken at different position (10 images
on average) on the catalyst in order to obtain a more representative view of the catalyst
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system. As seen from the figures the particles, identified as darker spots due to the
higher atomic weight of Au, appear to be densely packed. This could be due the
electrostatic attraction between the nanoparticles which usually causes nanoparticles
to agglomerate. This is prevented in the deposition phase on the support by the steric
interaction caused by the polymers. Moreover, the particles appear to possess a regular
circular shape, which suggests the formation of spherical nanoparticles. Unfortunately,
due to high support agglomeration, gold nanoparticle presence could only be
determined with confidence on the flatter surfaces. In table 4.3.3 are shown the results
of TEM analysis of the samples described in table 4.2.2. The standard deviation
obtained by analysis show a particle size distribution lower than << 1 nm, depending
on the particle size. Moreover, the three samples prepared using the same polymer
type (175-70) appears to possess very similar particle size.

Table 4.3.3. Summary of the size and size distribution of sample obtained by TEM
Sample

Particle Size (nm)

Au on SiO2 (30-8.5)

1.9 ± 0.3

Au on SiO2 (16-3.5)

2.1 ± 0.6

Au on SiO2 (175-70)

2.7 ± 0.5

Au on Si3N4 (175-70)

2.7 ± 0.53

Au on Al2O3 (175-70)

2.7 ± 0.6
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Au/SiO2 175-70

Figure 4.3.1. On the left: TEM micrograph of Au/SiO2 175-70 samples; on the right: particle size
distribution (200 particles counted toward particle size distribution). Average particle size 2.7 ± 0.5
nm

Au/SiO2 30-8.5

Figure 4.3.2. On the left: TEM micrograph of Au/SiO2 30-8.5 samples; on the right: particle size
distribution (200 particles counted toward particle size distribution). Average particle size 1.9 ± 0.3
nm
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Au/SiO2 16-3.5

Figure 4.3.3. On the left: TEM micrograph of Au/SiO2 16-3.5 samples; on the right: particle size
distribution (200 particles counted toward particle size distribution). Average particle size 2.1 ± 0.6 nm

Au/Al2O3 175-70

Figure 4.3.4. On the left: TEM micrograph of Au/Al2O3 175-70 samples; on the right: particle size
distribution (200 particles counted toward particle size distribution). Average particle size 2.7 ± 0.6
nm
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Au/Si3N4 175-70

Figure 4.3.5. On the right: TEM micrograph of Au/SiO2 16-3.5 samples; on the left: particle size
distribution (200 particle counted toward particle size distribution). Average particle size 2.7 ± 0.5
nm

4.3.1.2 UV-Vis
One of the properties of gold nanoparticles (AuNPs) is the behaviour of their
conduction electrons that gives rise to a plasmon resonance [322]. Shown in figure
4.3.6, are the UV-Vis spectra for the samples listed in table 4.2.2. As can be seen, the
centroid position of the plasmon peak appears for all the samples close to 520 nm,
indicating the presence of nanoparticles below 5 nm [268]. The position and the
intensity of the peak does not only depend on the particle size but also in the media
surrounding the nanoparticles, in this case the supports [65]. As it can be seen from
figure 4.3.7 the intensity of the plasmon peak drops as the particle size gets smaller
due to limited interaction of the photons with the Au nanoparticles electronic clouds
[323].
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Figure 4.3.6. UV-Vis spectra of Au nanoparticles on various supports. The intensity and the
position varies depending on the particle size and the surrounding media. The position of this
plasmon peak around 520 nm (grey line), suggests the particle size of the AuNP to be smaller
than 5 nm

Figure 4.3.7. UV-Vis spectra of SiO2 supported nanoparticles
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4.3.1.3 EXAFS
In table 4.3.4 are shown the results obtained by analysis of the EXAFS data via least
squares analysis. In figure 4.3.6 are shown XANES, EXAFS and the EXAFS Fourier
transform for all the samples in table 4.3.4. The FT plots of the EXAFS show the
presence of a peak at ~2.9 Å which can be ascribed to a metallic Au-Au scattering
pair. According to Beale et al. [190] the intensity of the 1CN can be used to estimate
particle size assuming a sphere. Moreover, it can be seen that for all the samples the
radial distance for the 1st shell is smaller than the one present in bulk Au (2.884), which
is consistent with the previously reported results indicating the contraction of Au-Au
as the nanoparticles become smaller [69]. In addition, we include a comparative
particle size determination previously obtained by TEM. It appears that there is good
correspondence between the particle size determined from EXAFS and the TEM
measurement (within the experimental error), although as the nanoparticles become
larger the mismatch becomes greater. We note however that we did not observe any
larger Au species in any of the samples and as such we ascribe any mismatch to error
in the accurate determination of particle size which would be particularly exacerbated
by any deviation from the assumed isotropic shape. Other fits to the data can be seen
in figure SI 4.3.1-4.

Table 4.3.4. EXAFS fit results for supported gold nanoparticles and comparison with TEM
results
1st shell

1st shell

Sample

CN

radius ( Å)

Au on SiO2

9.97±

2.847 ±

(30-8.5)

0.9

0.007

Au on SiO2 10.22 ±
(16-3.5)

0.93

Au on SiO2 10.59 ±
(175-70)

1.88

2.852 ±
0.007
2.84 ±
0.01

Au on Si3N4 11.032 ± 2.859 ±
(175-70)

2.39

Au on Al2O3 10.71 ±
(175-70)

2.13

0.008
2.861 ±
0.007

σ2 ( Å-2)

Rfactor

ΔE

Particle Size Particle Size
EXAFS (nm) TEM (nm)

0.0079 ± 0.06446
0.0005

2

0.0081 ± 0.108564
0.0006

0.0005

0.0009
0.0078 ± 0.09702
0.0008

1.9 ± 0.3

2.6 ± 0.2

2.2 ± 0.6

2.9 ± 0.5

2.7 ± 0.5

3.3 ± 0.1

2.7 ± 0.5

3 ± 0.1

2.7 ± 0.6

2. ±
3

0.1218

1.9 ± 0.2

4±
2

0.0082 ± 0.3037

0.008 ±

3±

4±
2
5±
2
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Figure 4.3.6. XAFS spectra of all samples ; a) XANES spectra; b) EXAFS k-range data; c) EXAFS
Fourier transform

4.3.2

Catalytic test results

4.3.2.1 Particle size and support effect
As seen in figure 4.3.7, the support plays an important role in the activity and the
selectivity of the catalysts. The most active catalyst after 15 min of reaction at 120 °C
in this comparison, summarized in table 4.3.5, is the SiO2 supported one, with a
conversion of 94.9 %; however, the presence of a significant amount of n-butane (~15
%) lowers the yield of butenes to 76.4 %. The Al2O3 supported sample is the second
most active catalyst, but it possesses a lower activity, at 42.43 % conversion, with no
presence of n-butane as a product. The least catalytically active sample is Au/Si3N4
175-70, with a total conversion of 15.5 % and a yield (due presence of n-butane
produced) of 13.1 %.
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Table 4.3.5. Catalytic activity/selectivity comparison at 120 °C between samples with similar
Au particle size, 2.7 nm, but different support, SiO2, Si3N4 and Al2O3 after 15 min of time. The
error for each measurement is 10% of the measurement.
Trans-2-

Cis-2-

Yield
(%)

N-Butane

Butene

1-Butene

Butene

Conversion

selectivity

selectivity

selectivity

selectivity

Sample

(%)

(%)

(%)

(%)

(%)

Au/Si3N4 175-70

15.4

15.4

2.1

47

36.4

84.7

Au/Al2O3 175-70

42.4

0

39.6

51.6

8.7

100

Au/SiO2 175-70

94.9

23.5

44.9

15.3

16.2

76.4

A major difference which appears comparing the results obtained is the butene product
distribution. For the Si3N4 sample the primary products are 1-butene and cis-2-butene
(46.7 and 36.3 % selectivity respectively) with only a minor presence of trans-2-butene
(2.1 % selectivity). On the other hand, for the Al2O3 sample, an opposite behaviour,
with trans-2-butene and 1-butene being the major products (39.6 and 51.6 %
selectivity respectively) and cis-2-butene being lower in presence (8.7 % selectivity)
is observed. When the results for the Au/SiO2 175-70 are considered, there is a further
difference in performance; in this sample the major product is trans-2-butene (44.9 %
selectivity), with the other two products, cis-2-butene and 1-butene, being produced
to about at the same extent (16.2 and 15.3 % selectivity respectively).

Figure 4.3.8 shows the effect of particle size on the reaction, summarized in table
4.3.6; note that we exclude the Au/SiO2 16-3.5 results from too close scrutiny since
the lower conversion observed could be caused by the different amount of catalyst
used in the reaction. Comparing then the two remaining catalysts it can be seen that
when the particle size increases the activity drops by ~ 10 % in the same conditions
while keeping the same selectivity. In addition, the production of n-butene decreases
as the particle size gets smaller, from ~20 % to ~6 %. This difference in selectivity
could be due to a different adsorption energy of hydrogen and the butenes on the
distinct particle size [169]. Although the results for the Au/SiO2 16-3.5 are most likely
compromised for the aforementioned reasons, it should be noted that the particular
selectivity of Au/SiO2 samples appears comparable to the other two samples.
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Table 4.3.6. Catalytic activity/selectivity comparison at 120 °C between samples supported on
SiO2 with different particle size (Au/SiO2 30-8.5 particle size (PS) = 1.9 nm, Au/SiO2 16-3.5
PS= 2.6 nm, Au/SiO2 175-70 PS= 2.9 nm). The error for each measurement is 10% of the
measurement.
Trans-2-

Cis-2-

Yield
(%)

N-Butane

Butene

1-Butene

Butene

Conversion

selectivity

selectivity

selectivity

selectivity

Sample

(%)

(%)

(%)

(%)

(%)

Au/SiO2 30-8.5

100

6.3

53.4

19.5

20.8

93.7

Au/SiO2 16-3.5

51.2

0

46.4

43.1

10.4

100

Au/SiO2 175-70

96.4

24.2

44.3

13.1

18.4

76.4

Figure 4.3.7. Catalytic activity/selectivity comparison between samples with similar particle size but
different support at 120 °C using 1,3-butadiene/H2 mixture in a 98/2 ratio.
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Figure 4.3.8 Catalytic activity/selectivity comparison between samples with different particle size
but same support. (Au/SiO2 30-8.5 particle size (PS) = 1.9 nm, Au/SiO2 16-3.5 PS= 2.6 nm, Au/SiO2
175-70 PS= 2.9 nm) at 120 °C using a 1,3-butadiene/H2 mixture in a 98/2 ratio.

4.3.2.2 Temperature effect
In figure 4.3.9 and 4.3.10 are shown the evolution of butadiene, butenes and butane as
a function of reaction temperature for Au/SiO2 30-8.5 and Au/SiO2 175-70
respectively. As it can be seen the conversion profile varies depending on the particle
size; Au/SiO2 30-8.5 reaches 100 % conversion at just 90 °C while it requires a
temperature higher than 120 °C for Au/SiO2 175-70. Furthermore, the selectivity
varies depending on the temperature: for Au/SiO2 30-8.5 as the conversion changes
from 70 % at 70 °C to 100 % at 90 °C the selectivity switches from a higher production
of 1-butene to trans-2-butene. This increase of trans-2-butene as the temperature
increases has been previously reported by Hugon et al. but the change here observed
appears at a much lower temperature (90 °C) than the one reported (> 300 °C) [167].
The reason for a higher presence of 2-butenes species as the temperature increase
could be attributed to an increase in the isomerization rate of 1-butene as the
temperature increases, in particular toward the production of trans-2-butene, which is
the most thermodynamically stable butene [167]. The lower production of 1-butene
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can be further seen when the temperature increases from 90 °C to 150 °C, and, while
the conversion is 100 %, the amount of 1-butene decreases while the cis-2-butene
increases as well as, interestingly enough, the amount of n-butane. Regarding Au/SiO2
175-70, the selectivity toward trans-2-butene remains constant for the whole catalytic
test. However, the ratio between 1-butene and cis-2-butene changes as the temperature
rises, with 1-butene decreasing and cis-2-butene increasing. For Au/Al2O3 175-70, as
shown in figure 4.3.11, in contrast with the SiO2 samples, the product selectivity does
not change as the temperature changes but the conversion increases.

Figure 4.3.9. Evolution of the conversion and products as function of reaction temperature in
selective hydrogenation of butadiene for Au/SiO2 30-8.5 using 1,3-butadiene/H2 mixture in a 98/2
ratio

113

Figure 4.3.10. Evolution of the conversion and products as function of reaction temperature in
selective hydrogenation of butadiene for Au/SiO2 175-70 using 1,3-butadiene/H2 mixture in a
98/2 ratio
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Figure 4.3.11. Evolution of the conversion and products as function of reaction temperature in
selective hydrogenation of butadiene for Au/Al2O3 175-70 using 1,3-butadiene/H2 mixture in a
98/2 ratio

4.3.3 In situ XAFS
4.3.3.1 X-ray Absorption Near Edge Structure (XANES)
It has been shown in the past that the adsorption of reactive gases, such as H2 [324] or
ethene [325], may cause a change in the XANES spectra. This change has been
explained by Weiher et al [326], in the case of the absorption of CO, as a back-bonding
of the gold d-band to the 2π* of the molecular orbitals of CO, reducing the density of
d-states, making the 2p3/2-5d dipole transition allowed [327]. The effect of this
absorption is not readily noticeable when observing the XANES data due to the low
intensity but by subtracting a reference spectrum the changes are made more
pronounced (with the resulting spectra called delta-mu or Δμ spectra) [327]. In figure
4.3.12 are shown the XANES (a) as well as the delta-mu (Au0 foil taken as reference)
(b) spectra of Au/SiO2 30-8.5. Whereas no discernible change can be observed from
the XANES spectra, the delta-mu is able to provide some additional information here.
As it can be seen from 4.3.12b the delta-mu spectra show a peak for the sample at
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11.919 keV under the various atmospheres. This positive delta-mu spectra is
consistent with the previously reported data for Au nanoparticle subject to H2 [324]
and C=C double bond [327]. This suggests a depletion of the density of d-states under
1,3-butadiene atmosphere and that this appears to be more pronounced than under
other atmospheres, a result which can be rationalize by the larger back-bonding effect
of the C=C double bond. Interestingly the mixture of H2/1,3-butadiene appears to
possess an intensity in between the H2 and 1,3-butadiene atmospheres respectively.
This could be interpreted by an almost equal coverage of the two species on the surface
of Au nanoparticles under reaction condition. A similar behaviour can be seen in
figures 4.4.7a and 4.4.7c for the Au/SiO2 175-70 and Au/SiO2 16-3.5 samples, albeit
in a much lower intensity scale whereas for Al2O3 supported sample, no peak can be
seen at the 11919 eV position and in the case of Si3N4 supported sample (figure 4.4.7d)
no changes can be seen as the atmosphere changes.
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Figure 4.3.12. a) XANES spectra of Au/SiO2 30-8.5 catalyst under different atmospheres; b)
Delta-mu XANES spectra of Au/SiO2 30-8.5 under different atmospheres. The spectra obtained
from Au0 foil was used as starting position. The atmospheres involved are: He, H2, 1,3-butadiene
and H2/1,3-butadiene
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Figure 4.3.13. Delta-mu XANES spectra of a) Au/SiO2 175-70; b) Au/Al2O3 175-70; c) Au/SiO2
16-3.5 and d) Au/Si3N4 175-70 under different atmospheres. The spectra obtained from Au0 foil
was used as starting position. The atmospheres involved are: He, H2, 1,3-butadiene and H2/1,3butadiene
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4.3.3.2 EXAFS
Tables 4.3.7-11 show the fit results obtained for each sample obtained keeping the
DWF constant for the 1st shell of Au-Au; the fit was performed up to the 4th shell and
the values obtained for these are given in the appendix in table S4.1-5. Figures 4.3.1415 show the results of the fit for k3-weighted spectra for Au/SiO2 30-8. under H2 and
1,3-butadiene atmosphere. The fit results for the other samples can be found in the
appendix at figure S4.5-12. The decision to focus only on changes concerning the first
shell is based on there being already enough information present here to understand
how the sample responds to its atmosphere; especially since the particles are small i.e.
high surface to volume ratio. It is due to be noted that, since the DWF used in the fit
is fixed, the 1CN obtained may not reflect the true value of coordination number;
however, the variation of the 1CN as function of the gas composition, as the only
variable, can give an indication of the catalyst response. The most intense peak in all
sample appears at ~2.9 Å, which is attributed to the Au-Au scattering pair of bulk gold.
Moreover, the values obtained for the 1st shell radii are also consistent with that
obtained from the fit at room temperature shown in table 4.3.4. It can be seen however
that the 1st shell radius decreases as the atmosphere changes from He to H2 in the case
of SiO2 supported samples. The presence of AuH species, assuming a similar
behaviour to PdH [328], would have caused an increase in the 1st shell radius under a
H2 atmosphere due to presence of H interstitials within the Au cubic lattice. The
contraction in the lattice allows us to exclude the presence of the formation of a
significant amount of AuH species under a H2 atmosphere.
It appears, (see figure 4.3.16), that for all the samples supported on SiO2 the 1CN
grows as the atmosphere switches from H2 to 1,3-butadiene, compared to the
behaviour of Al2O3 and Si3N4 supported samples, figure 4.3.17, where it decreases or
does not change respectively. Moreover, it seems that this behaviour is affected by the
particle size, with the smallest particles (Au/SiO2 30-8.5, PS = 1.9 nm) being subject
to changes in a greater extent (~24 % variation versus ~6 % of the Au/SiO2 175-70).
Furthermore, when subject to the reaction mixture (H2/1,3-butadiene) the 1CN appears
to assume value which is intermediate between the H2 and 1,3-butadiene atmospheres,
as shown in figure 4.3.18-19 for Au/SiO2 30-8.5, here taken as example for the
Au/SiO2 samples, and Au/Al2O3 175-70.
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Figure 4.3.14. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of Au/SiO2 308.5 under H2 atmosphere. The blue and grey box represent the fit range.

Figure 4.3.15. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of Au/SiO2 308.5 under 1,3-butadiene atmosphere
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Figure 4.3.16. k3-weighted Fourier Transform, under two different atmosphere, hydrogen and 1,3butadiene, of a) Au/SiO2 30-8.5; b) Au/SiO2 16-3.5; c) Au/SiO2 175-70; d) ratio between the
coordination number obtained by the fit when the samples are subject to H2 atmosphere to 1,3Butadiene atmosphere as function of PS.
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Figure 4.3.17. k3-weighted Fourier Transform, under two different atmosphere, hydrogen and 1,3butadiene, of a) Au/Al2O3 175-70; b) Au/Si3N4 175-70; c) Au/SiO2 175-70; d) ratio between the
coordination number obtained by the fit when the samples are subject to H2 atmosphere to 1,3Butadiene atmosphere.
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Figure 4.3.18 k3-weighted Fourier Transform of Au/SiO2 30-8.5, under different atmospheres:
helium, hydrogen, 1,3-butadiene and the mixture of the two gas. The intensity of the Au-Au
scattering peak at ~2.8 Å varies as the composition changes.

Figure 4.3.19. k3-weighted Fourier Transform of Au/Al2O3 175-70, under two different
atmosphere, hydrogen and 1,3-butadiene. The intensity of the Au-Au scattering peak at ~2.8 Å
varies as the composition changes.
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Table 4.3.7. EXAFS fit results obtained from Au/SiO2 30-8.5, using a constant Debye-Waller
factor, as a function of the gas composition
1CN

Rfactor

ΔE

2.86 ± 0.01

6.1 ± 0.6

0.191

5±2

2.84 ± 0.01

5.7 ± 0.9

0.2

4±3

2.845± 0.009

7.1 ± 0.7

0.147

4±2

2.856 ± 0.01

6.6 ± 0.6

0.122

5±2

2.851 ± 0.009

6.8 ± 0.6

0.0147

5±2

st

Gas composition 1 shell radius ( Å)
Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)

Table 4.3.8. EXAFS fit results obtained from Au/SiO2 16-3.5, using a constant Debye-Waller
factor, as a function of the gas composition
1CN

Rfactor

ΔE

2.82 ± 0.02

7±1

0.191

2 ±1

2.85 ± 0.02

6±1

0.2556

4 ±3

2.86 ± 0.01

7±1

0.147

5±3

2.84 ± 0.01

6.7 ± 0.7

0.122

3±2

2.83 ± 0.01

7.3 ± 0.8

0.0147

2±2

Gas composition 1st shell radius ( Å)
Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)

Table 4.3.9. EXAFS fit results obtained from Au/SiO2 175-70, using a constant Debye-Waller
factor, as a function of the gas composition
1CN

Rfactor

ΔE

2.850 ± 0.01

6±1

0.156

5±2

2.841 ± 0.009

6±1

0.157

3±2

2.856± 0.009

7±1

0.161

5±2

2.857 ± 0.009

6.7 ± 0.7

0.169

5±2

Gas composition 1st shell radius ( Å)
Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
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Table 4.3.10. EXAFS fit results obtained from Au/Al2O3 175-70, using a constant Debye-Waller
factor, as a function of the gas composition
1CN

Rfactor

ΔE

2.84 ± 0.01

6.3 ± 0.8

0.23

4±3

2.84 ± 0.01

6.4 ± 0.9

0.25

4±2

2.84 ± 0.01

6.0 ± 0.89

0.27

3±3

2.84 ± 0.01

6.3 ± 0.98

0.29

3±3

2.85 ± 0.02

7±1

0.32

4±4

Gas composition 1st shell radius ( Å)
Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)

Table 4.3.11. EXAFS fit results obtained from Au/Si3N4 175-70, using a constant Debye-Waller
factor, as a function of the gas composition
1CN

Rfactor

ΔE

2.85 ± 0.01

7.1 ± 0.8

0.175

4±2

2.84 ± 0.01

6.9 ± 0.8

0.183

4±2

2.85 ± 0.02

7±1

0.268

4±3

2.85 ± 0.02

7.1 ± 0.8

0.185

4±2

2.85 ± 0.01

7±1

0.343

4±4

Gas composition 1st shell radius ( Å)
Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)
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Discussion
4.4.1 In situ XAFS
The results show that as the atmosphere surrounding the samples change, (switching
from H2 to 1,3-butadiene) so a change in the 1CN value is observed. In the case of the
Au/SiO2 30-8.5 there is an increase of intensity of the 1st shell peak, of ~ 20% whereas
for the Al2O3 supported sample there is a decrease of ~ 6 %. This change could be
attributed to a change in nanoparticles’ structure as a result of adsorption of reactant
gas at the nanoparticle surface [259]. Whereas the delta-mu XANES obtained for
Au/SiO2 30-8.5 suggest that the adsorption of the various gases influences the 5d
electron density of Au nanoparticles, it is not possible to affirm with certainty that a
similar effect could be seen in the other samples. It can be however seen that for
Au/SiO2 30-8.5 the gas dependency of delta-mu XANES intensity mirrors the one
appearing in 1CN under similar reaction condition. It is therefore possible to assume
that the delta-mu XANES is actually observing the restructuring process which Au
nanoparticles undergo under the various gas atmospheres. Considering that the
restructuring process is both particle size and support dependent, it is possible to
rationalize the results obtained for the other samples, showing almost no discernible
changes in the delta-mu XANES, comparing to the smaller amount of restructuring
shown in the EXAFS. It has to be noted that, while it is not possible to exclude an
electronic effect caused by the adsorption of the gas, it is hard to extricate the effect
of reshaping and adsorption on delta-mu XANES separately. When flowing the
reaction mixture (1,3-butadiene/H2 ratio: 1/49) the results obtained show a behaviour
intermediate between the gas compositions. This is further confirmed by the analysis
of the FT intensity of 2CN:1CN ratio as a function of gas atmosphere, shown in figure
4.4.1 for the Au/SiO2 30-8.5 and Au/Al2O3 175-70, which, according to Beale et al.
[190], could be used to identify the shape of nanoparticles. Whereas it is not possible
to directly compare the absolute values obtained here with those reported in that study,
it is possible to rationalize trends in the changes occurring as the atmosphere around
the nanoparticles changes.
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On the basis that the shape of Au nanoparticles under He atmosphere can most likely
be approximated to a supported hemisphere, the increase in the 2CN:1CN ratio when
H2 is introduced to the system, paired with the slight decrease in the 1CN for Au/SiO2
30-8.5, suggest that the nanoparticles become more cylindrical. Whereas the
successive decrease in the 2CN:1CN ratio, when the nanoparticles are subject to a 1,3butadiene and H2/1,3-butadiene atmospheres, paired with the aforementioned increase
of 1CN in the H2 atmosphere, suggests that under these gas atmospheres a change
towards a more isotropic shape occurs. This effect is however, less apparent with
larger particle sizes. This lack of a response could be explained by two factors: first of
all, the increase in size of the nanoparticle leads to an increase in the number of AuAu interactions; therefore, the changes happening due to reshaping have a lower
impact on the intensity of the first shell peak (Au-Au scattering pair contribution).
Secondly the interaction of 1,3-butadiene with the Au surfaces is weaker as the particle
gets bigger. These effects reflect as well on the catalytic activity: larger particles
appear to perform slightly worse, both in terms of conversion and selectivity, than the
smaller particles over a wide range of temperatures in hydrogenating 1,3-Butadiene.
A similar behaviour could be seen in figure 4.4.2a-b with the Au/SiO2 16-3.5 and 17570 which suggest that the restructuring process happen on all SiO2 supported samples.
In the case of the Al2O3 supported sample, the reshaping appears to proceed in the
opposite direction to that of Au/SiO2 30-8.5 where a decrease in 1CN is observed when
the nanoparticles are subject to 1,3-butadiene atmosphere and which can be
rationalised in terms of a flattening of the hemisphere; a flattening of the Au
nanoparticles over the support increases, albeit slightly, the contact surface between
the Au and the support thus decreasing the Au-Au scattering pair contribution. For the
Si3N4 supported sample, no discernible nanoparticle restructuring is observed in the
1CN as the atmosphere changes from H2 to 1,3-butadiene. However, the 2CN:1CN
ratio (Figure 4.4.2) shows, under 1,3-butadiene, a change which we interpret to
indicate reverting back towards a more hemispherical shape, i.e. a shape similar to the
one observed under a H2 atmosphere. Another way to rationalise the process would be
to take in account the different surface energy of the supports. Unfortunately, in the
literature, no information is available regarding the surface energy interaction between
Au and the support. However, from the surface energy obtained from the support
interaction with H2O some information could be inferred. In particular Al2O3 possess
the highest surface energy, ~1.6 J/m2 [329], followed by Si3N4 at 1 J/m2 [330] and last
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SiO2 at 0.34 J/m2 [331]. The flattening of the nanoparticle on the case of Al2O3 could
then be attributed to a stronger interaction of Au with the support surface compared to
SiO2. In fact, in the case of SiO2, the low surface energy could favour a reshaping
toward a more spherical, and therefore more thermodynamically favoured, shape.
The three different behaviours could be summarized in the model depicted in figure
4.4.3

Figure 4.4.1. Variation of 2CN:1CN ratio as function of the gas atmosphere for a) Au/SiO2 30-8.5;
b) Au/Al2O3 175-70

Figure 4.4.2. Variation of 2CN:1CN ratio as function of the gas atmosphere for a) Au/SiO2 30-8.5;
b) Au/Al2O3 175-70
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Figure 4.4.3. Model representation of the reshaping process the Au nanoparticles undergo during
1,3-butadiene hydrogenation. For all the samples an exposure to H2 atmosphere causes a slight
reshaping toward a more “cylindrical” shape. Under 1,3-butadiene, SiO2 supported samples see the
height/diameter (H:D) ratio of the Au nanoparticles increasing, whereas on Si3N4 the H:D ratio does
not change and on Al2O3 it decreases. The mixture of H2 and 1,3-butadiene causes the nanoparticles
to assume a shape intermediate between the H2 and the 1,3-butadiene configuration.

4.4.2 Catalytic activity
According to Okumura et al. for nanoparticles of similar size, SiO2 supported samples
should show lower activity compared to Al2O3, but in the work here presented the
relationship is reversed [51]. This could be due to the different synthesis methods used
for preparing the nanoparticles. In the Okumura et al. study the synthesis method
applied (gas-phase grafting method) produces a wider particle size distribution
(standard deviation > 3 nm) that might lead to formation of nanoparticles with lower
if not null catalytic activity, lowering the TOF for the SiO2 samples analysed. The
higher control offered by reverse micelle methods allows for a more direct comparison
of the support effect thus resulting in a different catalytic profile.
Regarding selectivity, it can be seen that the support plays an important role in the
product distribution. Bond et al divides the selectivity of gold nanoparticles in two
main categories: those which behave as Pt does in which the butene yields follow: 1Butene > Cis-2-Butene > Trans-2-Butene, and Iridium, where the amount of 1-Butene
is reduced and trans-2-butene replaces cis-2-butene in the product distribution [66].
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Most of the reported literature regarding butadiene hydrogenation with Au catalysts
falls into the platinum group [66] . In particular the product profile from the Au/Si3N4
catalyst falls into this category eventually going on to form n-butane. Regarding Al2O3
the selectivity appears to follow the Iridium group, having lower amounts of cis-2butene produced and no formation of n-butane. The SiO2 samples tested show a
completely different selectivity than the previously reported result: trans-2-butene is
the principal product, and 1-butene and cis-2-butene appear in similar quantities.
However, it produces a higher quantity of n-butane. Moreover, contrary to the previous
claim from Okumura et al [51], it appears that particle size does affect the catalytic
performance of Au. The smaller particle size sample (Au/SiO2 30-8.5, 1.9 nm) appears
to convert more 1,3-butadiene than the larger particle containing Au/SiO2 175-70
sample, not only at 120 ° (figure 4.3.8) but also at all the temperatures (figures 4.3.910). More interestingly, it appears that the selectivity towards n-butane is particle size
dependent, with the smaller particle size being more selective toward the butenes than
the larger one. The reason for the presence of an indicative particle size dependency,
compared to previous studies, can, as mentioned previously, be attributed to the lack
of control in the particle size distribution present in the previous work, not being able
to fully explore the characteristic of supported Au catalysts.

4.4.3 Correlation between catalytic performance and particle
properties
In light of the results obtained is it possible to rationalize the correlation between the
particle properties and their catalytic performance. It is clear that the nanoparticles
behaviour is highly dependent on their support, both in terms of catalytic results
(figure 4.3.7) as well as the nanoparticle (re-)shape (figure 4.4.2). Focusing only on
the behaviour of the Au nanoparticles and their response to the various gas
atmospheres we can rationalise the importance of these changes in terms of butadiene
hydrogenation as follows. On the basis that the Au/SiO2 30-8.5 sample responds the
most and is the most active we propose that the reaction-gas-induced restructuring,
leads to an increase in the presence of Au sites such as edges and corners, suitable for
the adsorption, and subsequently hydrogenation, of 1,3-butadiene and hence the
increased activity. We propose that the number of these species are most numerous in
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Au/SiO2 30-8.5 and least prevalent in Au/Si3N4 175-70. This may also influence the
selectivity between the cis- and the trans-2-butene species formed. On the basis that
1,3-butadiene can exist in both trans- and cis-1,3-butadiene configuration due to the
free rotation of the C=C double bond around the central C-C bond, as illustrated in
figure 4.4.3, the modality of adsorption may be dependent on the arrangement of atoms
at the nanoparticle surface. A lower number of undercoordinated sites, as in the case
of Au/Si3N4 175-70, could be rationalised as allowing for the stabilization of the cis1,3-butadiene configuration adsorbed on the surface due to the interaction between the
Au atoms and the free rotating C=C double bond. Yang et al. has shown that the
adsorption of 1,3-butadiene in a cis- configuration leads to a higher formation of cis2-butene instead of the more thermodynamically stable trans-2-butene [169]. On the
other hand, the presence of undercoordinated atoms such as those found at edges and
corners of nanoparticles, as in the case of SiO2 and Al2O3 supported samples, may
induce an adsorption in a trans configuration, thus resulting in a higher presence of
trans-2-butene in the product distribution.

Figure 4.4.3. Proposed mechanism of absorption of 1,3-butadiene on a) low defective Au
surfaces; b) high defective Au surfaces.

Regarding the selectivity toward n-butane it appears again that this is affected by both
the support and the particle size. The support effect could again be explained by the
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different shapes assumed by the nanoparticles on different support types. Taking the
two opposite situation, Au/SiO2 175-70 and Au/Al2O3 175-70, and considering the
shapes the nanoparticles assumes (a truncated sphere for Au/SiO2 175-70 and a
flattened hemisphere for Au/Al2O3), one can assume that the interfacial site formed
between the nanoparticles and the supports (highlighted by figure 4.4.4 for Au/SiO2
175-70) may be the source of the site for hydrogenation of butenes. A reason for this
behaviour may be caused by a longer retention time of butenes species in these
interstitial sites, ready to be hydrogenated. This effect is reflected also in the particle
size dependency of n-butane selectivity, since is reasonable to assume that a larger
particle size (2.7 versus 1.9 nm) possess a larger number of these Au-support
interfacial atoms, thus causing a higher production n-butane.

It is important to note that as the nanoparticle get smaller the melting temperature
decreases exponentially, in particular in the region between 3-2 nm, where the melting
temperature (Tm) goes from ~800-900 K for a 3 nm particle to ~600K for a 2 nm one
[332]. However, atoms start to become mobile at temperatures much lower than the
melting temperatures, with surface and bulk atoms becoming mobile at different
temperature, Hütting temperature (TH = 0.3 Tm) for surface atoms and Tammann
temperature (Tt = 0.5 Tm) for bulk atoms [333]. This could explain the higher activity
of smaller nanoparticles, for which the reaction temperature is always above the
Tammann temperature (Tt = ~300 K for a 1.9 nm Au nanoparticle), whereas only
approach at higher temperature for the larger particles (Tt = ~400-450 K). The higher
fluxionality of smaller-sized Au nanoparticles is much higher than for the larger
sample and this could be correlated with the higher activity. However, as the
temperature increases to ~400K and the larger nanoparticles approach Tammann
temperature the difference become less significant.
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Figure 4.4.4. Highlight of the Au-Support interfacial sites

Summary and Conclusion
From the data obtained a clearer understanding of the effect of particle size and support
for Au nanoparticles in the hydrogenation of 1,3-butadiene has been reached an in
particular we observe:
1. The hydrogenation of 1,3-butadiene present both a particle size and support
dependency; in particular it appear that smaller particle size cause higher
conversion at the same temperature. Furthermore SiO2 appear to be the most
active support, followed by Al2O3 lastly SiC
2. Au nanoparticles appears to be undergoes a restructuring process as the gas
atmosphere surrounding the catalysts changes and the extent of restructuring
is dependent on particle size while the shape assumed under reaction condition
is dependent on the support
It is reasonable to assume that the restructuring process which the nanoparticles
undergo when subject to the reaction mixture might lead to an effect on the catalytic
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performances of supported Au nanoparticles due to a change in the presence of suitable
active sites for the hydrogenation, as well as increasing the number of defective sites
on the Au nanoparticles surfaces. However, the high degree of nanoparticles
modification in sample containing small nanoparticles (Au/SiO2 30-8.5, PS= 1.9 nm)
could be the result of combination of factor. One is the interaction of the nanoparticles
with the gas, while the other could be due to the enhanced mobility of surface atoms
at the reaction temperature, which allows a higher degree of fluxionality of Au
nanoparticles. Thus, considering the structure-performance relationship which has
been described, future approaches should focus in designing catalysts which present
the required structural characteristic for the required reaction.

5 Particle size and support effect on the
catalytic properties of Pd nanoparticles in
1,3-butadiene hydrogenation
Aim of the chapter
The main aim of this chapter lies in understanding particle size and support effects for
Pd nanoparticles when used to catalyse 1,3-butadiene hydrogenation. The
nanoparticles were prepared using reverse micelle encapsulation, which provides a
method to produce highly homogenously sized nanoparticles. In situ XAFS
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spectroscopy will be used to characterize the nanoparticles (previously characterized
through TEM and ex situ XAFS) in order to identify any modification caused by
adsorption and interaction of the reaction gases (H2, 1,3-butadiene and the mixture of
the two during the hydrogenation of 1,3-butadiene to produce butenes).

Methods
5.2.1 Synthesis
Pd nanoparticles were synthesized by reverse micelle methods. The polymers used
were:


P4708-S2VP (Polystyrene (PS) = 16000 MW, Poly-2 Vinylpyridine (P2VP)
= 3500 MW), polydispersity = 1.05;



P18226-S2VP (Polystyrene (PS) = 30000 MW, Poly-2 Vinylpyridine (P2VP)
= 8500 MW), polydispersity = 1.06,



PS5073-S2VP (Polystyrene (PS) = 175000 MW, Poly-2 Vinylpyridine
(P2VP) = 70000 MW, polydispersity = 1.08),

all from Polymer Source Inc.; the purity 100% in all cases.
The metal salt used was potassium tetrachloropalladate (Aldrich 99.99999 % trace
metal basis). The metal atom-to-pyridine ratio MS:Pyr (metal loading) was fixed at
0.3 MS:Pyr for all the samples while the reducing agent is p-Toluene Sulfonyl
hydrazide (p-Tosyl hydrazide) (97 % Aldrich). A 50 ml, 0.5 wt % (c = 5 mg/ml)
solution was prepared and mixed for 3 days in order to let the polymer dissolve and
homogenize. Subsequently, the metal precursor was added to the solution, the amount
depending on the polymer used (0.053 g for P4708-S2VP, 0.042 g for P18226-S2VP
and 0.069 g for PS5073-S2VP) and left to incorporate inside the micelles. After a
further 3 days stirring, an aliquot of P-Tosyl hydrazide (4-fold the concentration of
metal) is dissolved in 50 ml of toluene and added to the solution and, ~3 minutes later,
0.5 ml of HCl (ACS reagent 37 %, Fluka) is added to the the solution and after ~ 10
min. the support, in powder form, is added to the solution. The supports used are:
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Table 5.2.1 List of supports and their specification
Molecular Formula

Surface area

Purity

Source

Al2O3

100 m2/g

99.9% (0.1% SiO2)

Alfa Aesar

SiO2

85-113 m2/g

n.a.

Alfa Aesar

98.5+%

Alfa Aesar

Si3N4

2

103-123 m /g

and they were mixed to the solution in order to obtain a 1 % concentration on the
support and left to stir-dry in air overnight (i.e. until all toluene evaporated).
The samples were then calcined at 500 °C, in a static air for 2.5 h in an alumina crucible
and subsequently characterized. Shown in table 5.2.2 is a summary of the samples
prepared.
Table 5.2.2 List of samples
Sample Name

Polymer

Support

Pd/SiO2 30-8.5

P18226-S2VP

Silicon oxide (SiO2)

Pd/SiO2 175-70

PS5073-S2VP

Silicon oxide (SiO2)

Pd/SiO2 16-3.5

P4708-S2VP

Silicon oxide (SiO2)

Pd/Al2O3 30-8.5

PS5073-S2VP

Aluminium Oxide (Al2O3)

Pd/Si3N4 30-8.5

PS5073-S2VP

Silicon Nitride (Si3N4)

5.2.2 Catalyst testing
The samples prepared were tested for 1,3-Butadiene hydrogenation. The catalysts (~
275 mg for Al2O3, and Si3N4 supported samples, ~ 165 mg for SiO2 supported
samples), with a sieve fraction 250 – 425 µm, were then loaded inside a reactor tube
(7 mm diameter), and then placed inside a tubular furnace and connected with gas lines
through Swagelok fittings. The samples were initially treated in H2 in order to reduce
PdO to Pd0 (30 min under H2 atmosphere at 323 K). After treatment the catalysts were
brought to room temperature (~298 K) in order to compare the results obtained with
previously published results and butadiene hydrogenation was performed using a
space velocity of 22500 h-1 using a reaction mixture composed of hydrogen (4 % in
Helium, BOC Ltd.) and 1,3-butadiene (1 % in Helium, BOC Ltd.) in a percentage ratio
of 95.2/4.8, using helium to balance; the flow, in ml/min, was 150 H2, 30 butadiene,
225 He respectively. In order to obtain a direct correlation between the catalytic
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activity results and the in situ XAFS measurement the catalysts were regenerated in
H2 (30 min at 323K) and then the catalytic test was performed at 353K. The activity
and selectivity was monitored using a mass spectrometer (MS) and gas chromatograph
(GC). The Gas chromatograph was calibrated using a calibration mixture comprising
(0.05% cis-2-butene, 0.15% trans-2-butene, 0.1 % N-butane, 0.3 % 1-butene all
balanced in He, BOC). For all catalysts tested a first GC measurement was performed
10-15 seconds after the online MS was able to detect the first reaction products.

5.2.3 In situ XAFS
The measurements were performed on the B18 beamline at Diamond Light Source at
the palladium K edge (24.35 keV) and were performed in transmission mode for 75.7
second per scan. The catalysts, using the sieve fraction of 125 – 250 μm, were loaded
into a capillary and mounted on a catalyst test rig with the capillary connected to gas
lines on one side and a residual gas analyser (MS) on the other. While under He flow,
the catalysts were brought to 80 °C and subsequently different gases, 10 % H2 in He,
1 % 1,3-butadiene in He and a mixture of the two (2:98 in relative %) were passed
over the catalysts and XAFS spectra were recorded after the samples were kept under
steady state for 20 min at each gas composition. In order to verify the reversibility of
the system hydrogen (10 % in He) was passed over the catalyst after the reaction has
been performed. Data processing and analysis were done using the Athena and
Artemis software from the Demeter IFEFFIT package [280][281]. The FEFF6 code
was used to construct theoretical EXAFS signals that included single-scattering
contributions from atomic shells through the nearest neighbours in the face-centered
cubic (FCC) structure of Pd, up to the fourth coordination shell The k-range used for
the fitting 3 to 12 Å-1 and the r-range from 1.15 to 3 Å. The path degeneracy was
allowed to vary in the fit in order to account for the size effects that cause surface
atoms to be less coordinated than those in the particle interior. The amplitude reduction
factor (S20) was fixed at 0.860, as obtained from the fitting of the bulk Pd foil. Due to
the high correlation between Debye-Waller factor (DWF) and first shell coordination
number (1CN) (>0.95) the fitting leads to a high error: the results obtained do not
match with the variation that can be seen from the Fourier transform of the EXAFS
data taken at different gat composition. Therefore, the DWF has been fixed to the
results obtained by fitting the sample under 1,3-butadiene atmosphere. The XANES
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data for PdH and PdC were obtain from previous experiment performed within the
experimental group.

Results
5.3.1 Catalyst characterization
The TEM results are shown in Figures 5.3.1-5. The average particle size was obtained
by analysing 150 nanoparticles (on average 5-10 images) taken from different parts of
the catalyst in order to obtain a representative overview of the particle size distribution.
In general, it appears the nanoparticles present themselves as spherical. It appears that
the nanoparticles show a low dispersion in particle size, with the standard deviation
being << 1 nm; moreover nanoparticles which were produced using the same polymer
appear to present a similar particle size, evidence that the method can be applied when
using different supports.

Average Particle size (nm)

1.9

Standard Deviation

0.3

Figure 5.3.1. On the left: TEM micrograph of Pd/SiO2 30-8.5 samples; on the right: particle size
distribution (150 particle counted towards particle size distribution)
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Average Particlesize (nm)

2.09

Standard Deviation

0.52

Figure 5.4.2. On the left: TEM micrograph of Pd/Al2O3 30-8.5 samples; on the right: particle size
distribution (150 particle counted towards particle size distribution)

Average Particle size (nm)

2.07

Standard Deviation

0.51

Figure 5.4.3. On the left: TEM micrograph of Au/Si3N4 30-8.5 samples; on the right: particle size
distribution (150 particle counted towards particle size distribution)
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Figure 5.4.4. On the left: TEM micrograph of Au/SiO2 16-3.5 samples; on the right: particle size
distribution (150 particle counted towards particle size distribution)

Figure 5.4.5. On the left: TEM micrograph of Au/SiO2 175-70 samples; on the right: particle size
distribution (150 particle counted towards particle size distribution)

In Table 5.3.1 are shown the TEM results obtained for all samples which provides an
illustration of the ‘number averaged’ particle size, together with the particle size
diameter obtained from EXAFS analysis which provides a particle size based on a
bulk average [190]. Since the as prepared nanoparticle only present PdO it is not
possible to extract particle size information from it. Thus, for the particle size
calculation, the data used were from the nanoparticle after being subject to activation
under H2 and subsequent removal of PdH phase after reaction with 1,3-butadiene as
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shown in chapter 5.4.2. In general, there is a good correlation between the two
measurements with mostly < 1 nm difference. However, the particle size observed by
EXAFS was always greater than that reported for TEM. This difference between the
TEM and EXAFS results could be explained by the presence of larger Pd
nanoparticles, not seen in the TEM area examined, thus increasing the Pd-Pd
contribution in the EXAFS. We propose that since we did not observe any particles
larger than the mean value, those which were present were few and large and therefore
not likely to influence catalytic activity particularly
Table 5.3.1. List of samples and their mean particle size obtained from TEM and EXAFS
respectively
Particle Size TEM

Particle Size EXAFS

Sample

Polymer used

(nm)

(nm)

Pd on SiO2 (16-3.5)

P4708-S2VP

1.1 ± 0.3

2.4 ± 0.24

Pd on SiO2 (30-8.5)

P18226-S2VP

1.9 ± 0.3

2.7 ± 0.27

Pd on SiO2 (175-70)

PS5073-S2VP

2.6 ± 0.5

3.2 ± 0.32

Pd on Al2O3 (30-8.5)

PS5073-S2VP

2.1 ± 0.5

1.1 ± 0.11

Pd on Si3N4 (30-8.5)

PS5073-S2VP

2.1 ± 0.5

3 ± 0.3

1.

The value obtained from the fit could be influenced by the presence of PdH which
lowers the amplitude of the EXAFS and therefore of the 1CN.

Catalytic results
5.4.1.1 Test at 298 K
5.4.1.1.1 Effect of the support

Figure 5.4.1. Evolution of conversion (a) and selectivity (b) for 1,3-butadiene hydrogenation over
Pd/Al2O3 30-8.5 a function of time on stream.
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The catalyst performance of the samples was investigated in the hydrogenation of 1,3butadiene in order to get further insight into the role of the support and the effect of
the particle size of Pd NPs. As seen in Figure 5.4.1 the Pd/Al2O3 30-8.5 sample
converted completely the 1,3-butadiene to butane for the first hour of reaction. With
time on stream (TOS) a decrease in conversion was observed (Figure 5.4.1a). As the
activity decreased, it appeared that the product composition changed; a continuous
drop in butane formation was accompanied by an increase in butene selectivity. The
cause for this was likely to be due to a depletion of volume-adsorbed hydrogen which
was supposed to be the responsible for over-hydrogenation [63]. After 4 hours of
reaction the main product detected was 1-butene, with minor amounts of trans- and
cis-2-butene also seen. This product distribution was commonly seen in literature but
there was no explanation regarding its cause [172], [334]. The production of 1-butene
was attributed to a 1,2-hydrogenation whereas the 1,4-hydrogenation produces the
cis/trans-butenes. However the way these isomers were produced depends on the
structure of the absorption layer and the availability of hydrogen [335]. In order, to
compare the catalytic performance of the different samples studied, all catalytic
reactions were allowed to continue until no further drop in conversion occurred. For
Pd/Al2O3 30-8.5 the reaction was stopped after 5.3 h due its high activity which did
not allow the sample to completely deactivate.
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Figure 5.4.2. Evolution of conversion (a-b) and selectivity (c-d) for 1,3-butadiene hydrogenation
over Pd/Si3N4 30-8.5 (a-c) and Pd/SiO2 30-8.5 (b-d) as a function of time on stream.

The Pd/Si3N4 30-8.5 sample (Figure 5.4.2a-c) deactivates much more quickly than
Pd/Al2O3 30-8.5 reaching a consistently low level of conversion after 1 h; a
consequence of this was an increase in selectivity to 1-butene. In Figure 5.4.2b-d is
shown the catalytic performance of Pd/SiO2 30-8.5. The deactivation of the catalyst
and the selectivity profile for this catalyst appears to proceed similarly to the one
reported for the Si3N4 supported sample shown in Figure 5.4.2. As can be seen from
Table 5.4.1 the type of support appears to affect the activity considerably. After 1.4 h
Pd/Al2O3 30-8.5 shows the highest conversion amongst the samples examined (98 %
total conversion) but a low selectivity towards butenes (9.25 %). The samples
supported on SiO2 and Si3N4 performed worse in terms of conversion, (12.65 and 4.5
% respectively) but the selectivity to butenes was higher than for the Al2O3 supported
sample, with no formation of n-butane; moreover, no formation of cis-2-butene was
observed. This could be explained either by the absence of facets where the absorption
of the 1,3-butadiene in a cis-configuration allows the 1,4-hydrogenation to happen, as
well as a fast isomerization process skewed towards the production of trans-2-butene.
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After 5.3 h of reaction the Al2O3 supported sample conversion drops to 37 %,
drastically improving its selectivity towards butenes (from 9.25 to 77.3 %).
Table 5.4.1. Catalytic activity/selectivity comparison between samples with similar Pd particle
size but different support, SiO2, Si3N4 and Al2O3 at 1.4 h time on stream. The error for each
measurement is 10% of the measurement.
N-Butane

1-Butene

Conversion

selectivity

Trans-2-Butene

selectivity

Cis-2-Butene

Sample

(%)

(%)

selectivity (%)

(%)

selectivity (%)

Pd/Al2O3 30-8.5

98.4

90.8

6

1.3

1.9

Pd/Si3N4 30-8.5

4.3

0

32.6

67.1

0

Pd/SiO2 30-8.5

5.9

0

23.6

76.4

0

5.4.1.1.2 Effect of particle size
SiO2 supported samples were used to investigate the particle size effect of Pd on 1,3butadiene hydrogenation. The three samples appeared to show that a particle size
effect was indeed present. In Figure 5.4.3 are shown the catalytic profiles for the SiO2
supported sample, summarized in Table 5.4.2 for clarity. It appeared that the Pd/SiO2
30-8.5 sample presented the lowest activity amongst the SiO2 supported catalysts
tested (12.65 % conversion) with Pd/SiO2 16-3.5 presenting the highest activity
overall (31.57 % conversion). These results showed an unexpected reverse volcano
plot. The selectivity for all the samples were similar: Pd/SiO2 16-3.5 and 175-70 (1.1
and 2.6 nm respectively) showed the production of cis-2-butene after 1.5 h, possibly
due to isomerization from trans-2-butene, since the amount of 1-butene obtained from
all the reaction was consistently ~75 % of the total product.
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Figure 5.4.3. Evolution of conversion (a) and selectivity (b(Pd/SiO2 175-70)-c(Pd-SiO2 16-3.5) for
1,3-butadiene hydrogenation over Pd/SiO2 catalysts as a function of time on stream. In d) comparison
of conversion and selectivity as dependent on particle size.

Table 5.4.2. Catalytic activity/selectivity comparison between samples supported on SiO2 but
different particle size (1.1, 1.9, 2.7 nm respectively) after 1.5h. The error for each measurement
is 10% of the measurement.
Cis-2N-Butane

Trans-2-

1-Butene

Butene

Conversion

selectivity

Butene

selectivity

selectivity

Sample

(%)

(%)

selectivity (%)

(%)

(%)

Pd/SiO2 16-3.5

31.6

0

19.7

75.9

4.4

Pd/SiO2 30-8.5

6

0

23.6

76.4

0

Pd/SiO2 175-70

11.9

0

20.4

74.9

4.7
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5.4.1.2 Test at 353K
5.4.1.2.1 Effect of support
The catalysts were tested following the same procedure at 353 K in order to replicate
the condition present during XAFS data acquisition. Pd/Al2O3 30-8.5 was tested for 6
hours but no decrease in conversion was observed compared to the room temperature.
The only product was n-butane even after 6 hours of time on stream. Pd/SiO2 30-8.5
(figure 5.4.4a) on the other hand produces no n-butane throughout the reduction
process. Compared to room temperature, the catalytic conversion increased, from ~ 6
to ~ 20 % as shown in table 5.4.3. Interestingly the Pd/Si3N4 30-8.5 (figure 5.4.4b)
behaviour is drastically different compared to room temperature, from 4 % to 100 %,
paired with a loss in selectivity towards the formation of n-butane (table 5.4.3). Due
the scarce literature regarding Si3N4 as support it is hard to gauge the reason for this
drastic difference. However, it could be supposed that Si3N4 supported sample require
higher temperature to activate under hydrogen (353K vs 323K for the room
temperature test) compared to SiO2 and Al2O3 supported sample.

Figure 5.4.4. Evolution of conversion and selectivity for 1,3-butadiene hydrogenation over a)
Pd/SiO2 30-8.5; b) Pd/Si3N4 30-8.5 as a function of time on stream
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Table 5.4.3. Catalytic activity/selectivity comparison between samples with similar Pd particle size
but different support, SiO2, Si3N4 and Al2O3 at 1.3. h time on stream. The error for each measurement
is 10% of the measurement.
N-Butane

1-Butene

Conversion

selectivity

Trans-2-Butene

selectivity

Cis-2-Butene

Sample

(%)

(%)

selectivity (%)

(%)

selectivity (%)

Pd/Al2O3 30-8.5

100

100

0

0

0

Pd/Si3N4 30-8.5

100

48.2

35.7

2.4

13.6

Pd/SiO2 30-8.5

20.2

0

31.2

64.3

4.5

5.4.1.2.2 Effect of particle size
Regarding the particle size effect, it appears that the activity profile (Pd/SiO2 1.1 nm
> 2.6 nm > 1.9 nm) shown in figure 5.4.3 is still present at higher temperature, albeit
the difference in catalytic performance, as shown in table 5.4.4 and figure 5.4.5-6
(from ~31% to 100% for Pd/SiO2 16-3.5 and from ~12% to ~90% for Pd/SiO2 17570). However, the selectivity changes quite dramatically for Pd/SiO2 175-70 and 163.5 compared to the results obtained at lower temperature (figure 5.4.3 b-c and table
5.4.2). The major product appears to be the over-hydrogenated n-butane, possibly due
the higher reaction rate caused by the higher temperature. Moreover, trans-2-butene
becomes the predominant product among the butenes, suppressing the production of
cis-2-butene and 1-butene. Interestingly this behaviour does not appear in the case of
Pd/SiO2 30-8.5. This could be related to the lower catalytic activity, which, other than
preventing the formation of n-butane, causes the selective formation of 1-butene.

Figure 5.4.5. Evolution of conversion and selectivity for 1,3-butadiene hydrogenation over a)
Pd/SiO2 175-70; b) Pd/SiO2 16-3.5 as a function of time on stream

148

Figure 5.4.5. Conversion and Selectivity as dependent on particle size for SiO2 supported
nanoparticles

Table 5.4.4. Catalytic activity/selectivity comparison between samples supported on SiO2 but
different particle size (1.1, 1.9, 2.7 nm respectively) after 1.5h. The error for each measurement is
10% of the measurement.
Cis-2N-Butane

1-Butene

Butene

Conversion

selectivity

Trans-2-Butene

selectivity

selectivity

Sample

(%)

(%)

selectivity (%)

(%)

(%)

Pd/SiO2 16-3.5

100

53.9

31.7

2.5

11.9

Pd/SiO2 30-8.5

20.2

0

31.2

64.3

4.5

Pd/SiO2 175-70

89.5

54.4

28.5

7

10.1

5.4.2 In situ XAFS
The 1,3-butadiene hydrogenation has been followed using X-ray absorption
spectroscopy in order to identify any evolution of the Pd nanoparticle under reaction
conditions. In figure S5.1-5 are shown the XANES and k-range data EXAFS for all
the samples.
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Figure 5.4.7. k3-weighted Fourier transform of Pd/SiO2 30-8.5, under hydrogen and 1,3-butadiene
and the mixture of the two (H2/1,3-butadiene ratio 49/1 during reaction). As the gas composition
changes a change in intensity of the first Pd-Pd scattering shell (~ 2.7 Å), as a result of the ‘gas
interaction’ with the Pd nanoparticles.

The gas sequence, as stated in section 5.2.3 is the following: H2 atmosphere, 1,3butadiene atmosphere, the mix of the two gases, H2/1,3-butadiene atmosphere and
subsequently H2 atmosphere again. A clear change in the EXAFS can be seen with the
changes in the FT as the gas composition varies, as shown in Figure 5.4.7 for Pd/SiO2
175-70. As the composition changed from H2 (pink solid line in the figure) to 1,3butadiene (solid black line), a sizeable increase (14 %) in the first shell FT intensity
appeared. Subsequently after the introduction of the reaction mixture, a minor
decrease by 3 % of FT intensity occurred, followed by a further 3 % decrease as the
gas atmosphere changed back to H2. The same behaviour was observed for all the other
samples examined, as shown in Figure 5.4.8, where the most significant FT intensity
changes are shown, and that this change occurred from switching of the H2 atmosphere
to 1,3-butadiene.
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Figure 5.4.8. k3-weighted Fourier transform of: a) Pd/SiO2 30-8.5; b) Pd/SiO2 16-3.5; c) Pd/Si3N4
30-8.5; d) Pd/Al2O3 30-8.5; under two different atmospheres, hydrogen and 1,3-butadiene. As the
gas composition changed an increase in the intensity of the Pd-Pd scattering first shell contribution
was observed.

Table 5.4.5. EXAFS fit results obtained from Pd/SiO2 30-8.5, using a constant Debye-Waller factor,
as a function of the gas composition
Gas composition

1CN

1st shell radius ( Å)

ΔE

Rfactor

Hydrogen

9.76 ± 0.42

2.745 ± 0.004

-4.0 ± 0.6

0.021

1,3-Butadiene

10.32 ± 0.44

2.737 ± 0.002

-3.8 ± 0.3

0.004

Hydrogen/ 1,3-Butadiene

10.16 ± 0.36

2.742 ± 0.004

-3.8 ± 0.5

0.013

Hydrogen (After reaction)

10.06 ± 0.45

2.744 ± 0.005

-5 ± 0.5

0.023
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In order to understand the changes, a fit of the data was needed. In Figure 5.4.9
is shown one example of the results of an EXAFS fit for Pd/SiO2 175-70, to show the
good agreement between the experimental and simulated data. The other fit results are
shown in Figure S5.6-11. In Tables 5.4.5-9 are summarized the results obtained from
the fit and it can be seen that for all catalysts, in the presence of 1,3-butadiene an
increase in the 1st shell coordination (1CN) number and a slight decrease in the Pd-Pd
bond distance was observed. This, we propose, could be explained by a removal of
palladium hydride (PdH) from the Pd nanoparticles. The reason for this increase can
be attributed to the removal of the interference between Pd and PdH EXAFS signals,
as illustrated in Figure S5.12. The EXAFS signal for the PdH phase has a lower
amplitude and is heavily out of phase with Pd0 scattering phase, leading to a reduction
in the total EXAFS amplitude. Hence the presence of PdH is strongly inferred by the
changing FT intensities with/without hydrogen flowing. As can be seen from table 4,
under reaction conditions (H2/1,3-butadiene) the 1st coordination number (1CN)
clearly decreases. A reduction in FT intensity for the Pd-Pd contribution is seen under
reaction conditions suggestive of the (re)appearance of the hydride phase, the extent
of its formation seemingly mitigated by the presence of 1,3-butadiene during the
reaction process.

Table 5.4.7. EXAFS fit results obtained from Pd/SiO2 175-70, using a constant Debye-Waller factor,
as a function of the gas composition
Gas composition

1CN

1st shell radius ( Å)

ΔE

Rfactor

Hydrogen

9.59 ± 0.53

2.746 ± 0.006

-5.11 ± 0.85

0.009

1,3-Butadiene

10.94 ± 0.81

2.740 ± 0.004

-5.04 ± 0.52

0.002

Hydrogen/ 1,3-Butadiene

10.63 ± 0.31

2.744 ± 0.003

-5.12 ± 0.44

0.002

Hydrogen (After reaction)

10.33 ± 0.43

2.743 ± 0.0045

-4.87 ± 0.63

0.005
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Table 5.4.8. EXAFS fit results obtained from Pd/SiO2 16-3.5, using a constant Debye-Waller factor,
as a function of the gas composition
Gas composition

1CN

1st shell radius ( Å)

ΔE

Rfactor

Hydrogen

8.56 ± 0.58

2.746 ± 0.007

-4.64 ± 0.97

0.015

1,3-Butadiene

10.14 ± 0.88

2.738 ± 0.004

-4.28 ± 0.62

0.003

Hydrogen/ 1,3-Butadiene

10.06 ± 0.48

2.736 ± 0.005

-4.54 ± 0.7

0.007

Hydrogen (After reaction)

9.73 ± 0.35

2.743 ± 0.004

-4.51 ± 0.51

0.004

Table 5.4.9. EXAFS fit results obtained from Pd/Si3N4 30-8.5, using a constant Debye-Waller factor,
as a function of the gas composition
Gas composition

1CN

1st shell radius ( Å)

ΔE

Rfactor

Hydrogen

8.86 ± 0.42

2.747 ± 0.005

-6.41 ± 0.68

0.007

1,3-Butadiene

10.89 ± 0.61

2.739 ± 0.003

-5.895 ± 0.402

0.001

Hydrogen/ 1,3-Butadiene

10.84 ± 0.45

2.745 ± 0.004

-5.8 ± 0.61

0.006

Table 5.4.10. EXAFS fit results obtained from Pd/Al2O3 30-8.5, using a constant Debye-Waller
factor, as a function of the gas composition
Gas composition

1CN

1st shell radius ( Å)

ΔE

Rfactor

Hydrogen

5.35 ± 0.69

2.752 ± 0.007

-7.49 ± 1.11

0.018

1,3-Butadiene

7.27 ± 2.79

2.737 ± 0.004

-7.75 ± 0.62

0.004

Hydrogen/ 1,3-Butadiene

7.65 ± 0.69

2.752 ± 0.007

-6.07 ± 1.2

0.016

Hydrogen (After reaction)

6.72 ± 0.53

2.77 ± 0.01

-8.09 ± 1.8

0.038
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Figure 5.4.9. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of Pd/SiO2
175-70 under 1,3-butadiene atmosphere

The accompanying XANES spectra of Pd/Al2O3 30-8.5, shown in Figure 5.4.10,
appeared to confirm the presence of PdH in the sample when it was under H2, due to
the characteristic edge shift towards lower energy compared to metallic palladium
indicated in the figure by arrow 1, as shown by Bugaev et al [328]. This was further
evidenced by the shift of the first multiscattering component of the XANES (indicated
by arrow 2 in the figure) due to the different scattering contribution of PdH. However,
when the Al2O3 supported sample was kept under 1,3-butadiene atmosphere a further
shift towards higher energy appeared which suggested the formation of palladium
carbide. This was further indicated by a strong shift of the multiple scattering
component (arrow 2) towards higher energy which suggested a noticeable formation
of PdC and the subsequent change in the scattering contribution.
The high amount of PdC caused a reduction in the intensity of the EXAFS signal
(particularly Pd-Pd contribution in the FT) for the same reason as formation of PdH
does [328].
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Figure 5.4.10. a) XANES spectra of Pd/Al2O3 30-8.5 under H2 and 1,3-butadiene, compared to Pd0
and PdH reference. Arrows 1 and 2 indicate the shift towards higher energy of the Pd K-edge signal
due to hydride and carbide formation; b) close-up of the edge shift indicated by arrow 1; c) close-up
of the feature indicated by arrow 2.
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Discussion
The catalytic results obtained here match well with previous reported literature; a
study similar to the one here reported by Cerventes et al. showed the same support
influence using the supports examined here [336]. This was inclusive of a similar
deactivation effect with TOS although the time required for deactivation for the
samples used in this work was much shorter, roughly a third of what was reported
using similar reaction conditions albeit the Cerventes study used a slightly lower
H2/1,3-butadiene ratio (87/13) compared to the ones used here (98/2). The authors
speculated that the deactivation was due to the formation of carbonaceous species on
the surface of the nanoparticles. The role of these carbonaceous species on the
selectivity of the Pd nanoparticles is still under discussion; according to some studies,
a pre-treatment of 1,3-butadiene leads to a sharp decrease in activity and to a higher
quantity of n-butene produced due to formation of PdC on the surface, identified
through the expansion of the Pd lattice by XRD [337], [338]. However. another study
showed that in a fixed bed reactor at 298 K and using a molar ratio of the reaction
mixture 1:1.2 1,3-butadiene/H2, a greater amount of 1-butene was observed with time
and which was thought to be due to butadiene oligomers forming a carbonaceous
overlayer and increasing this selectivity, albeit with a reduction of activity [339]. The
reason for this variation in results using similar catalysts might lie in the different
reaction conditions applied in both cases: batch [337], [338] and fixed bed reactor
[339] studies. The presence of palladium carbide was shown to apply a dramatic effect
in increasing the amount of sub-surface palladium hydride, which has shown to be a
key factor in the hydrogenation of butenes [63]. It reasonable to assume that in a batch
reaction the longer retention time of hydrocarbon on the surface causes the formation
of a carbonaceous layer, thus causing an over-hydrogenation of the butenes.
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Figure 5.5.1. Variation of conversion as function of the PdH concentration, calculated as the ration
between the coordination number of the sample under H2 atmosphere and 1,3-butadiene atmosphere,
for Pd/SiO2 supported samples. The conversion results shown are for the sample at room temperature
after 1.5h.

The importance of PdH in the formation of n-butene can be seen through the EXAFS
results obtained. The phase diagram shown in figure 5.5.2 shows that at the pressure
and temperature used in the experiment it is possible to have an H/Pd ratio of 0.6 at
0.1 atm of H2 further confirming the results obtained by the XAFS.
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Figure 5.5.2. The equilibrium pressure of hydrogen as a function of the bulk H/Pd ratio. Reproduced
with permission from Elsevier, Johansson et al, Surface science, vol 604, 2010, pp. 718-729 [152].

The amount of PdH present in the samples, calculated as the ratio of the CN of the
samples under H2 atmosphere over the CN of the samples under 1,3-butadiene, in
particular in the case of Pd/SiO2, can be directly correlated to the catalytic activity as
shown by figure 5.5.1. A greater presence of hydride corresponds to a greater
butadiene conversion to butane. In a previously reported study on the isomerization
and hydrogenation of cis-2-butene, it was shown that while the hydrogenation activity
decreased, the isomerization rate remained constant [63]. The authors attributed this
behaviour to a lack of hydrogen capable of reacting with the carbon-carbon double
bond. As time on stream increased the hydrogenation became selectively suppressed
because bulk H species are consumed and cannot be replenished under steady-state
conditions. Is therefore plausible that in this previous study that the presence of
interstitial hydrogen was directly correlated to the catalytic conversion and its removal
preventing the formation of n-butane. This phenomenon was clearly visible in the
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Pd/Al2O3 30-8.5 sample, where the large amount of PdH, even after being under a 1,3butadiene atmosphere for ~ 30 min. It appears that Al2O3 is able to promote significant
formation of PdH which leads to an extensive formation of n-butane. However,
amongst the other samples, the behaviour of Pd/Si3N4 30-8.5 appeared to be an outlier;
whereas the amount of hydride found was higher than for the SiO2 samples, the activity
was actually the lowest. This could be explained by suggesting that the support plays
more of a role in the catalytic process than just to facilitate PdH formation. The results
obtained from the Pd/SiO2 30-8.5 shows catalytic performances more akin to the Si3N4
support sample rather than the Al2O3 one, albeit with a slightly higher catalytic
activity. The different behaviour observed for SiO2 and Si3N4 supported samples,
compared to Al2O3, could be caused by the lack of replenishment of interstitial
hydrogen and paired with a lack in the formation of PdC, possibly due a different
metal-support interaction. In general, it appears that the presence of PdH (possibly in
conjunction with PdC) is detrimental to the selectivity towards butenes, causing a
higher production of n-butane; working on the basis that excessive PdC formation is
detrimental to catalyst performance in general, it can be assumed that the active phase
toward the production of butenes is metallic Pd as shown by the higher selectivity of
SiO2 and Si3N4 supported samples. This is further highlighted in the catalytic results
obtained at 353 K, where Pd/Al2O3 appears to produce only n-butane due to the high
amount of PdH still present in the system. Interestingly the activity/selectivity for
Si3N4 30-8.5 changes quite dramatically between room temperature and 353 K, with a
drastic improvement in the activity (from 4% to 100%) but a drop in selectivity (the
amount of n-butane formed went from 0% to ~48%). However, it has to be noted that
this results correlate well with the EXAFS results here obtained, which see Pd/Si3N4
presenting a larger increase, compared to the SiO2 supported samples, to its
coordination number when the atmosphere is switched from H2 to 1,3-butadiene. A
possible explanation for the different behaviour of Pd/Si3N4 30-8.5 between 298 and
353 K could be attributed to a higher activation barrier required for bulk PdH
formation on the nanoparticles. This explain the low deactivation time at low
temperature as only surface PdH is formed and is quickly depleted.
It appears also that particle size affect quite dramatically the behaviour of Pd supported
catalyst on 1,3-butadiene hydrogenation. Small nanoparticle (Pd/SiO2 16-3.5 ~1 nm),
which possess a higher amount of undercoordinated atoms, appear the most active
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overall. The undercoordinated atoms are often tied to an increase of activity when the
particles are below 4 nm, due their behaviour being similar to Pd (110) facets in
activity [172], [173]. This leads to an overall increase in the activity compared to larger
particles (Pd/SiO2 30-8.5 ~1.7 nm). The increase of activity for the bigger particle
(Pd/SiO2 175-70 ~2.6 nm) compared to 1.7 nm supported samples could be due the
formation of Pd(100) or Pd (111) terraces which has been previously proved to
increase the activity [173].

Conclusion
Due to the synthesis method, which allowed a high control over the particle size of the
nanoparticle, a clearer understanding of the effect of particle size and support effects
for Pd nanoparticle in the hydrogenation of 1,3-butadiene has been reached and in
particular we observe:
1. a clear the correlation between the hydride phase and the catalytic behaviour
of the system; the presence of a large amount of PdH leads to the formation of
over-hydrogenated species (n-butane), particularly in the case of the Al2O3
supported sample;
2. the active phase toward the selective production of butenes is metallic
palladium, being the only phase present in the more selective SiO2 and Si3N4
supported samples;
3. the support plays an important role in the activity of the catalyst as it can be
seen by the low activity, but higher selectivity, of the Si3N4 supported sample
(~ 4 % conversion at later stage of deactivation) at room temperature and the
SiO2 sample becoming more selective due the lower formation of PdH.
4. particle size plays also an important role in determining the catalytic activity
of Pd NPs. The observation of a reverse volcano plot can be understood in
terms of either the very high surface area of very small nanoparticles (1.1 nm)
or else to the presence of highly-active, low-index facets, (i.e. (100) and (111)),
for nanoparticles 2.6 nm in size. The catalyst (Pd/SiO2 30-8.5) which possesses
an intermediate particle size (i.e. with a lower surface area than the smallest
particle but with smaller low-index facets than the largest particle size) shows
the least activity.
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6 Conclusion
Chapter 3 was dedicated to understanding mechanism of formation of nanoparticles
and the identify of variables which influence the possible synthetic outcomes. The
results obtained through both ex-situ and in-situ characterisation allows for the
identification of a possible reaction scheme, shown in figure 3.4.1. It was also possible
to observe that HCl is able to catalyse the reaction and the addition of it is necessary
to faster obtain nanoparticles. These results would allow a better planning of the
synthesis process as well as to allow for modifying the synthesis procedure for the
possible preparation of bimetallic species of different nature (random alloy or coreshell) depending on the synthesis variables. The ability of reverse micelle to complex
metal precursor has been here shown so it is reasonable to assume that by varying the
required synthesis procedures (time, amount of precursors) it is possible to produce
the required structure with relative ease. This would also allow to produce structure
which are less commonly explored such as an Au shell/Pd core structure, as well as
vary the thickness of both the core and the shell.
Using this method, it was possible to prepare nanoparticles with all the required
properties necessaries to study the effect of particle size and support on the catalytic
hydrogenation of 1,3-butadiene. In particular the most important aim was to produce
the nanoparticle with a particle size as narrow as possible (<<1 nm) which would allow
for a clear identification of structure-activity relationship. For Au nanoparticles this
result was obtained as shown by the high correlation between XAFS and TEM data,
reported in table 4.3.4. Thanks to the high homogeneity in particle size, it was possible,
for supported Au nanoparticles, to obtain the information that during the reaction of
hydrogenation of 1,3-butadiene, Au nanoparticles are not just static in their structures
but they modify their shape according to the gas composition, a behaviour which
appears to have an effect in the resulting activity/selectivity profile. However, the
driving force behind the restructuring it has to be fully defined yet. A reasonable
explanation would be the interaction of mobile atoms with the interacting gases, paired
with electronic interaction with the support. The presence of mobile atoms could be
explained by looking at the Hütting (Th) and Tammann (Tt) temperatures, temperatures
at with atoms at the surface (Hütting) or in the bulk (Tammann) become mobile. For
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small particles these temperatures become so low (Tt ~300 K for a 2 nm particle) that
restructuring become easily available. However, as the particles gets larger their
melting temperatures, as well as their Hütting and Tammann temperature, increases
exponentially. This could allow for some possible shape selective annealing for lager
particle which operates at temperature well below their Hütting temperatures, by a
simple modification of the annealing environment (e.g. H2 instead of O2). Possible
theoretical calculation, paired with further experimental studies on size-selected
nanoparticles catalysts, would allow to shine light on the driving force behind
nanoparticle reshaping as well as indicate what would be the ideal structure to obtain
the required activity/selectivity profile.
Similarly to Au nanoparticles, Pd nanoparticle were produced in an homogenous size,
as shown by table 5.3.1, and it was possible to obtain information on the structureactivity relationship. In the case of Pd supported nanoparticles the results obtained
demonstrate the effect of the PdH species on the activity and selectivity, which has
been previously speculated but never shown through the use accurate techniques such
as XAFS. In particular, a higher presence of PdH appears to be strongly correlated to
an increase in the formation of over-hydrogenated species (e.g. n-butane in the case of
the hydrogenation of 1,3-butadiene), which are often the least desirable product of
hydrogenation reactions. Moreover, it appears that the presence of PdH is related to
both particle size and support, with Al2O3 supported particles able to retain a
significant amount of Pd species even under reaction condition.
The information obtained for both Au and Pd nanoparticulate catalysts would allow
for a more rational approach in preparing the most optimal catalyst for the
hydrogenation of 1,3-butadiene, but also allow to shine light on the importance of
studying highly uniform system, where the properties of the nanoparticles are not
obscured by the averaging caused by a large distribution of particle size, but instead
able to being correlate with their function.
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8 Appendix
Chapter 2
8.1.1 TGA measurement

Figure S.2.1. TGA of Au/SiO2 30-8.5 before calcination process

Chapter 3
8.2.1 SAXS Fit
In this section is shown the fit of the SAXS data obtained during the experiment
shown in chapter 3
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Figure S3.3.1. 1D SAXS curves (in green) and corresponding fitted curves (in blue) for sample AHCl, after a) 0h; b)20 min; c) 1h 15 min; d) 2h 15 min; e) 6h 15 min
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Figure S3.3.2. 1D SAXS curves (in green) and corresponding fitted curves (in blue) for sample A,
after a) 0h; b) 1h 15 min; c) 2h 15 min; d) 6h 15 min
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Figure S3.3.3. 1D SAXS curves (in green) and corresponding fitted curves (in blue) for sample BHCl, after a) 0h; b)20 min; c) 1h 15 min; d) 6h 15 min
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Figure S3.3.4. 1D SAXS curves (in green) and corresponding fitted curves (in blue) for sample
B, after a) 0h; b)20 min; c) 1h 15 min; d) 6h 15 min

8.2.2 UV-Vis

Figure S3.3.5. Photograph of the UV-Vis cuvette with sample A-HCl showing
precipitated Au nanoparticles formed after 24 hours of the reduction.
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Chapter 4
In this section are shown the results from the fit on XAFS data for Au nanoparticles

Figure S4.1. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 16-3.5

Figure S4.2. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 175-70
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Figure S4.3. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Al2O3 175-70

Figure S4.4. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Si3N4 175-70
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Figure S4.5. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 175-70 under H2 atmosphere

Figure S4.6. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 175-70 under 1,3-butadiene atmosphere

Figure S4.7. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 16-3.5 under H2 atmosphere
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Figure S4.8. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/SiO2 16-3.5 under 1,3-butadiene

Figure S4.9. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Al2O3 175-70 under H2 atmosphere

Figure S4.10. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Al2O3 175-70 under 1,3-butadiene
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Figure S4.11. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Si3N4 175-70 under H2 atmosphere

Figure S4.12. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Au/Si3N4 175-70 under 1,3-butadiene atmosphere

Table S4.1. EXAFS fit results obtained from Au/SiO2 30-8.5, using a constant Debye-Waller
factor, as a function of the gas composition
2CN

2nd shell radius ( Å)

3CN

Gas composition

3rd shell radius (

4CN

Å)

4th shell
radius ( Å)

1.27 ± 3.18

4.04 ± 0.01

12.08 ± 6.16

4.949 ± 0.02

9.72 ± 6.2

5.71 ± 0.02

1.66 ± 4.05

4.02 ± 0.02

11.06 ± 7.81

4.92 ± 0.02

0.0015 ±3.2

4.02 ± 0.01

13.66 ± 6.29

4.92 ± 0.02

8.9 ± 5.27

5.69 ± 0.02

1.79 ± 3.15

4.04 ± 0.01

10.41 ± 6.19

4.95 ± 0.02

7.98 ± 5.6

5.71 ± 0.02

1.86 ± 3.04

4.03 ± 0.01

10.28 ± 5.98

4.94 ± 0.02

9.14 ± 6.2

5.70 ± 0.02

Helium
11.21 ± 8.41 5.68 ± 0.03

Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)
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Table S4.2. EXAFS fit results obtained from Au/SiO2 16-3.5, using a constant Debye-Waller
factor, as a function of the gas composition
2nd shell radius ( Å)

2CN

3CN

Gas composition

3rd shell

4CN

radius ( Å)
-4.1 ± 6.42

3.99 ± 0.02

Helium

13.25 ±

4th shell
radius ( Å)

4.90 ± 0.03 6.76 ± 10.73 5.66 ± 0.04

10.72
-0.5 ± 5.29

4.03 ± 0.02

7.71 ± 8.77

4.93 ± 0.03

3.6 ± 9.86

5.69 ± 0.03

2.44 ± 5.16

4.04 ± 0.02

3.23 ± 8.73

4.95 ± 0.02

6.69 ± 8.1

5.72 ± 0.03

0.8 ± 4.1

4.01 ± 0.02

7.144 ± 6.84 4.92 ± 0.02

6.92 ± 6.83

5.68 ± 0.02

3.12 ± 4.36

4.00 ± 0.02

7.14 ± 7.36

4.66 ± 6.62

5.66 ± 0.02

Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After

4.90 ± 0.02

reaction)

Table S4.3. EXAFS fit results obtained from Au/SiO2 175-70, using a constant Debye-Waller
factor, as a function of the gas composition
2CN

2nd shell radius ( Å)

3CN

Gas composition

3rd shell
radius ( Å)

2.35 ± 3.79

4.03 ± 0.02

6.13 ± 6.33

4.94 ± 0.02

Helium

4th shell
radius ( Å)

4.074 ±

5.70 ± 0.02

6.745
2.31 ± 3.35

4.02 ± 0.02

6.59 ± 5.59

4.92 ± 0.02

Hydrogen

8.73 ±

5.68 ± 0.02

5.89
0.14 ± 3.6

4.04 ± 0.02

8.27 ± 6.02

4.95 ± 0.02

6.78 ±

1.62 ± 3.47

4.04 ± 0.02

10.21 ± 5.84

4.95 ± 0.02

10.8 ±

1,3-Butadiene
Hydrogen/

4CN

5.71 ± 0.02

5.91

1,3-Butadiene

5.71 ± 0.02

5.82

Figure S4.13. Variation of 2CN:1CN ratio as function of the gas atmosphere for a) Au/Si3N4 17570; b) Au/SiO2 175-70
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Table S4.5. EXAFS fit results obtained from Au/Si3N4 170-70, using a constant Debye-Waller
factor, as a function of the gas composition
Gas composition

2CN

3CN

4CN

2.11 ± 4.23

4.03 ± 0.02

6.89 ± 7.14

4.94 ± 0.02

5.48 ± 6.6

5.70 ± 0.02

1.74 ± 4.2

4.02 ± 0.02

4.95 ± 7.05

4.92 ± 0.02 5.19 ± 6.74

5.68 ± 0.02

0.9 ± 5.82

4.02 ± 0.03

4.4 ± 9.8

4.93 ± 0.03 2.99 ± 9.37

5.69 ± 0.02

2.17 ± 4.17

4.03 ± 0.02

3.82 ± 7.04

4.93 ± 0.02

5.69 ± 0.02

2.04 ± 7.8

4.03 ± 0.04

6 ±13.22

Helium
Hydrogen
1,3-Butadiene
Hydrogen/

2.5 ± 6.52

1,3-Butadiene
Hydrogen (After

4.93 ± 0.03 6.09 ± 11.62 5.70 ± 0.03

reaction)

Table S4.4. EXAFS fit results obtained from Au/Al2O3 170-70, using a constant Debye-Waller
factor, as a function of the gas composition
2CN
Gas composition

2nd shell radius (

3CN

Å)

3rd shell

4CN

radius ( Å)

4th shell
radius ( Å)

1.71 ± 4.5

4.02 ± 0.02

6.12 ± 7.54

4.92 ± 0.02

4.0221 ± 8.0036

5.69 ± 0.03

1.34 ± 4.99

4.02 ± 0.02

5.39 ± 8.33

4.93 ± 0.02

9.6 ± 8.845

5.69 ± 0.03

2.07 ± 4.92

4.02 ± 0.02

6.56 ± 8.16

4.93 ± 0.03

6.92 ± 9.2

5.69 ± 0.03

-0.53 ± 5.47

4.01 ± 0.02

7.73 ± 9.08

4.91 ± 0.03

5.2 ± 9.6

5.67 ± 0.03

1.99 ± 7.14

4.03 ± 0.03

6.09 ± 12.09

4.94± 0.03

6.12 ± 10.77

5.69 ± 0.04

Helium
Hydrogen
1,3-Butadiene
Hydrogen/
1,3-Butadiene
Hydrogen (After
reaction)
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Chapter 5
In this section are shown the results from the fit on XAFS data for Pd nanoparticles

Figure S5.1. XANES data and k2-EXAFS data of Pd/SiO2 30-8.5

Figure S5.2. XANES data and k2-EXAFS data of Pd/SiO2 16-3.5

Figure S5.3. XANES data and k2-EXAFS data of Pd/SiO2 175-70
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Figure S5.4. k2-EXAFS data of Pd/Al2O3 30-8.5

Figure S5.5. XANES data and k2-EXAFS data of Pd/Si3N4 30-8.5
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Figure S5.6. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/SiO2 175-70 under 1,3-butadiene atmosphere

Figure S5.7. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/SiO2 175-70 under H2 atmosphere

Figure S5.8. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/Al2O3 30-8.5 under 1,3-butadiene atmosphere
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Figure S5.9. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/Al2O3 30-8.5 under H2 atmosphere

Figure S5.10. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/Si3N4 30-8.5 under 1,3-butadiene atmosphere
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Figure S5.11. k3-weighted EXAFS fit in k (on the left) and R (on the right) space of
Pd/Si3N4 30-8.5 under H2 atmosphere

Figure S5.12. k2-EXAFS for Pd-Pd scattering vector in a Pd foil and in PdH calculated from
structural parameter through IEFFIT. The two scattering vector are out of phase, leading to
phase cancellation.
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