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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 catrol 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 thishesis focuses on producing seedected monometallic supported
nanoparticles and their detailed characterisation, both ex situ and in situ (under
reaction conditions) mainly through the application of the technique -cdyX

absorption spectroscopy (XAFS).

Chapter 3 of this thesis focuses on understanding the mechanism of formation of Au
nanoparties produced by reverse micel@capsulation, through a combination of
various techniques (transmission electron microscopy, dynamic light scattering, UV
vis, combined small angle-Kay scattering/XAFS). From the combinddta, it is
possible to rationalise the synthesis process, wianlbe divided into three steps: fast
reduction of Au (lll) species to Au (1), slow reduction and agglomeration of Au atoms

in subnanometric clusters and a final agglomeration to form the nanopatrticles.

Chapter 4 and 5 focus on the application of mogtafiic nanoparticles to the catalytic
hydrogenation of 1;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 mectakes places under reaction
conditions. Depending on the sample, this process can be favourable Aw6iO
detrimental (Au/AtOs) and is highly dependent on particle size. For Pd nanoparticles
(chapter 5) it was possible to identify the active speciesessary (P) and
detrimental (PdH and PdC) for the selective hydrogenation diutgliene in Pd as
well as the role of support and size in promoting the presence of each phase.



Impact Stéeement

The knowledge acquired from the data presented in this thesis would improve the
understanding of the hydrogenation of -bigadiene to butengesan important
chemical reaction which is paramount in reducing the amount of waste caused by the
presence of 1;Butadiene in industrial feeds. Understanding the behaviour of Pd
catalysts would help to reduce the amount of catalysts needed and reuse the o
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 nanopatrticles, thanks to the information obtained by the cbonbina

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 nanopatrticles
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

1.1 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 teards resulting in a eefiendlier approach to synthesis. It is also

a key technology in emissions abatement.

ACatalysiso is a term introduced by Ber zc¢
chemical reactions whose progress is affected by additsubstances which are not

part of the reaction (be it either as reagent or progRLt)
Considering a simple chemiaa&action, such as:
oP 6 O Eq. 1.1

as written, this equation represents a reaction where a species A transform to give
speciesBand C. Theenergetic t he process, I f thought a
< 0) can be described in the schematic in figuiel
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Figure 1.1.1. Energetico f a possi bl e reaction

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
0006°006 0 Eq. 1.2

The energy required for the formation of the transition state isltich is well above
the average thermal energy of A molecules. The same concept can be applied for the
reverse reaction, wheB:and C can form an activated stat€Band transform back

in A, with an energy requirement which is expressedhy E

Considering the situation when A decomposes in the presence of a solid surface which

would adsorb A. The equation will then change ®ftillowing
000 ©00°096 6 ©°06 O Eqg. 1.3

If the energy required for the various process (adsorption, activation, desorption) is
lower than the eneygreaction, as shown in figurell2 the process can be said to be

catalysed.
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Figure1.1.2Schemati ¢ diagram of the ener

and without a catalyst.

Lowering the activation energy is only one of the advantages of using a catalyst.

Catalysts alstnave a very significant effect on the selectivity of a process. Taking as
example two hypothetic reactions:

0 0P O Eq. 1.4

0 6P O Eqg. 15

where two reagents A and B can react to ¢gvwe different product, C and D whose

schematic are represented in figure 1.1.3



D

Figure 1.1.3.Energy profile for the reacton A+®8 C (on the | ef't

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, 1€ and EP assuming no significant difference in the

Arrhenius constam of the Arrhenius equation

0 0 Eq. 1.6

The Arrhenius equation (eq 1#)endetermines the rate of reaction according to
—  KA][B] Eq.1.7

Where [A] and [B] are the concentration of the reactant in a A+8 reaction, [C]

the product and t the time of reaction.

As t kRies piHi g h e, the grddwctC isoptdre thermodynamically favoured
(Ex€ < EP), and therefore will be the product that is formed selectively. If the
catalyst is introduced, allowing tii@ermation of an intermediafier 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 seldgttoward the products by providing different

reaction energetic paths.



In order to simplify the comparison between catalysts the turmauwraber (TON) or
turnover frequencyTOF) are used. The TON the number of timesthat the
reaction takes places peatalytic sitefor a fixed set of reaction condition

(temperature, concentration or pressure among others) as expressed by equation 1.8
YOO - Eq. 1.8

Where pis the number of moledes of a given product andtBe number of active
sites.If to eq. 1.8 the time factor (t in eq. 1.9) is added TOF is obtained

YO O- — 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 tiis much more complex.

Early examples of catalytic reactions include the production of sulfuric acid, through
vanadiumassisted oxidation of S@o SQ (Contact proces|8]), ammonia synthesis

(the HabeiBosch process using an iron (+ chromium) catd#j3tand oxidation (the
Ostwald process using platinum as catdlygt 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 fosyimhesis of a particular
chemical. These properties make catalysis an important asgeéan chemistry
studies Green chemistryis a branch of chemistry which focus on the efficient use of
raw materials, preferably renewable, eliminating waste andlahe use of toxic

and/or hazardous reagents and solvents in the manufacture and application of chemical
products[6]. The principles ofgreen chemistrydefined by Anastanf5], are the

following:

Waste prevention instead of remediation
Atom efficiency

Lesshazardous/toxic chemicals

Safer product by design

Innocuous solvents and auxiliaries
Energy efficient by design

Preferably renewable raw materials

© N o g~ wDdPRE

Shorter synthesis



9. Catalytic rather than stoichiometric reagents
10. Design product for degradation
11. Analytical mehodologies 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 producgnd 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 reactidj.

Catalysis can be delineated into three main categories: homogeneteusgéneous

and biecatalysis. 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 Ziegldatta catalysts, are a class of homogencatalysts

widely used, usually in the form of @ X ( C%CsHaRg M= Ti, Zr, Hf, X= Me,

Cl), for polymerization of dalkened7]. 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 p&ca@hese catalysts

are capable of accepting a wide array of molecules and are extremely selective,
catalysing reaction with unparalleled enantiad regie selectivity[9].

Heterogeneous catalysis concerns different physical states, usually a liquid or gas
reagent typically reactingith a solid catalystdeterogeneous catalysis offers various
advantages compared to homogeneous and bio catalysts, such as ease of recycling and
separation from the productglO]. Nowadays heterogeneous catalysis has become
overwhelmingly important in our society, with more than 90 % of the atemi
manufacturing process using as a mean to obtain their pribdtlaaghout the world,

in various processes from food to medicine to fliel$. But is not only industry which

IS interested, academia is alsterestedby the challenge of the altilito rationally

design new catalyst, and improve the performaficEs However, there is still much
debate regarding the importance of the physitemical properties of the catalygstd

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 catalyqts2]. 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



on surfaceg12], [13]. Another parameter influencing the activity of the catalyst is
their surface argd4]. 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 gredber conversiorj15]. One way to increase the
amount of surface area would be introducing porosity, such as in the case of zeolites
or metatorganicframeworks[16]i [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 reduaegtze, as shown in figure
1.1.45. As the catalyst particle size decreases linearly, the area exposedeancrea
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 aspeceiders

them so appealing for study and application as heterogeneous catalysts.

Figure 1.14. Schematic representation of the increase of surface area caused by subdividin

of a solid material.
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Figure 1.15. Increase of surface areafasction of particle size

1.2 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 areimly derived from the study of model catalysts (well
defined singlecrystal metal surfaces or metal particles supported on oxide surfaces)
[19]. Moreover, research is headed towards the omaif functional materials,
devices, and systems through the control of matter on a scale of nand2@jres
ONanoparti cl moyed toglesaibe ta elassnof materials with structural
features and behaviours which are intermediate between that of atoms and bulk
materials, with at least one dimension in the nanometre [2ay§jeMaterials 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 comprisiragdins with N at the

surface.

Nanopatrticles frequently show behaviours which are intermediate between that of a
macroscopic (also known as bulk) solid and that of a molecular syg&mFor
example, in the case ohanoparticle it can be seen that its properties differ from that

of a shgleatom,but it cannot be said that they will be the same of a bulk solid. The
number of atoms on the surface of fheticle is a significant fraction of the total
number of atoms and therefore will have a huge influence on the properties of the
nanopaticles, such as chemical reactivity or melting p¢28]. 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 nnmm(@rou5 0 0 at o ms)
50 %. This proportion can be estimated for the transition metals by the relation shown

in equation 1:



— — Eq. 1

whereR is the radius in nif22]. This empirical law is true only up to 1 nm, where the
proportion of surfacatoms 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 nanopdg#efollowing of

atoms in metallic cluster quantum mechanical effe¢g5] 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, insteadetédiscr
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
sdid [26], [27]

10



Bulk Metal Metal clusters and Atoms and
particles molecules
Particle size

Figure 1.2.2.Formation of discrete electronic orbital energy levels moving from bulk stru
(band structure) towards a single molecule (molecular orbitals).

In very small nanoparticles, the assumption of infisize 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 $#\aid a bulk solid (band
structure)26]. The mixing betweethe electronic characteristics of atomic and bulk

systems gives nanoparticles a huge range of applications, for example in electronics
and electromagnetisf@3].

11



110

Figure 1.2.3.Truncated cube or tww-octahedron, the equilibrium shape of an Feestered
cubic (fcc) crystal comprising 586 atoms. Indicated by the arrows are respectively the
[111] and [100] faces of the crystal.

A nanoparticle, in principles, could be considered no more thiiaction of the
corresponding bulk crystal. However, the structure of a nanoparticle is dependent on
the most favourable energy state, thus assuming even amorphous stij@@jurks
should be noted that the modification happens differently depending on the metal, for
example for silver, the icosahedral form (with asgmmetry axis) is the most stable
packing arrangement up to several hundred atoms, whereas theatabedron (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 AR2]. The equilibrium shape expected for a metal
particle with the fcc structure is generally a cube truncated todamabeoctahedron

as shown in figure 1.2.3n particular, for a cub@ctahedron five types of surface
atoms can be identified: cornerss{; atoms within (100) faces ¢, atoms within

(111) faces (€), edges between two (111) faces®j@nd edgebetween (100) and

(111) faces (€) [28]. Of courseas the size of the nananicle 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 deecoordinated. The higher
reactivity of atoms with lower coordination (situated on edges or corners) in the case
of nanopatrticles or on steps in the case of a monocrystal with regard to the breaking
of chemical bonds has been demonstrated on many oce@@8&nThe contraction

12



between surface atoms and the immediate underlying plane depends on the
coordinatiomumber Z of the surface atoms, increasing as the coordination number of

the atoms decreasgz?].

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 nanoparticlg]. Further pioneering catalytic applications

of NPs were reported in 1940 on nitrobenzene hydrogenation by Rampin{3é{ al.

but research interes nanoparticles became popular in the second half of the 20
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 lwaten benzene and cyclohexane in 1BB0). Later Bond

and Sermon reported AuNfatalysed olefin hydrogenation, and the work from Haruta

on CO oxidation by € emphased the importance of nBize in catalysi§32]i [34].
Nanoparticlebased catalfs are used nowadays in many different area$ s
industrial catalysis such as in the Fisefieopsch proces§35]i[37] or methanol
synthesiq38], [13], [39], [40] or fuel cells[41] as well as water purificatiof#2].
However the question regarding the nature of the active sites and the structure
dependence of heterogeneous catalysts has been debated for almost g4&ntury
Whereas some reactions are defined as structure insensitive, reaction which exhibit
nearly identical turrover frequencies (TOF) independent of the structure of the
catalysts, such as ethylene hydrogenation ¢aapt[44], a large number of reactions

are affected by the particles size and shape. One example of the effect of particle size
on atalysis is the Fischéfropsch reaction using Co nanopartidi@s]. Whereas it

has been shown that the ttower frequency, if the activity is calculated taking in
account thesurface 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 particlgi8iz¢46]. The reason for

this behaviour could be attributed to the surface residemeedf reversibly bonded

CHx and OH intermediates, paired with a decrease of the CO residence time;
moreover the surface coverages of the,@Hx 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 regagdhe particle size effect can be seen

in the work by Haruta et al on the CO oxidation on Au nanopar{i8®s[47] where

it was shown that only particles in a particular size range43m) were active. As

for the particle size effect in hydrogenation reaction, Bertolini ¢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 cdsetend), but it

can be strongly dependemn 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.

S‘)I()() 515 125 -lIS Nt (atoms)
| |
| | |

4.2 1.8 1,0 0.7 f(nm)

0.8

relative

0.6

T.O.N.

0.4

0,2

0 20) 40 6() S0 100

Dispersion (%)

Figure 1.2.4.Variation of the turrover number (TON) as a function of Pd nanoparticle dispersion/pa
size/number of atoms for hydrogenation of butén@lack squares), butysie ( ), butadienel,3 (+), and
isoprene D). Reproduced with permission fro@pringer, Bertolini et al, Nanomaterials and Nanochemistr
2007, chapter 10, pg. 2939].

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 coulddmpletely different disregardirtheir

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. Methopeepération 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
presen{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 afstutfRogers et al where the
presence of ultramall Au clusters (b atoms) produced an increase in the catalytic
capability for the reaction of glycerol oxidatifsR]. Colloidal preparation methods,

in particular reverse micelle techniques, might provide italsle catalyst for a
structure sensitivity study53]. In this respect the reverse micelle method using
polystyreneb-poly(2)vinylpyridine ceblock polymer method, developed by Spatz et

al., has shown remaakle success in producing metal nanoparticles with a narrow
particle size distribution, with a size distribution << 1 fisd]. This method has been

used by Croy et al for the decomposition of methanol on Pt catalysts, wiktiepart
sizes of 4, 6 and 8 nm, all with a standard deviation < 55} The results obtained

show astrong 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 Co CO, and, in the same reaction pot, CO reaction
with hydrogen, to produce useful hydrocarbons, using nanopatrticles in the size range
of ~ 11 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 lovcoordinated 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 gf toéd
intermediate sizes (between 5 and 7 nm) where methanol and Fisopsch is the
predominant reaction, and above 7 nm where the selectivity shifts towards

hydroformylation ofalkenes to aldehyd¢S6].

An important role is also played by the support due the fact that avkilpport offers
a facile wayto immobilise nanoparticle catalysts, they also interact with the
nanoparticle itself changing the morphology or the electronic prop¢sfi¢s[58].

The interaction with the support depends on two primary effectBfghand foremost
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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 £&ich causes partial oxidation of the Pt
paired with a reduction of the ceria nanopartifg. 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 thermallyder an @atmosphere the electron
would be transferred from the gold to the support, causing the appearancé*of Au
specied60]. If H2 is used for reduction insteadgetbpposite behaviour occurs where

the electrons are more attracted to the gold formintysecies. The second effect is
thought to be related to a mesalpport interaction and epitaxial stress that can modify
the particle structure, the lattice paraemeind/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 nanoparticlg¢6l]. These effects will be more marked the smaller the
particle is, and will alsol@ange its chemical reactiviff2]. The support could also be

part of the catalytic process as a whaleting as an &xeservoir such in the case of

CO oxidation on Au nanoparticles, where itis believed that the presence of a reducible
support, such as Ti®dr ZrO, 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 reactior{11], [62]. However, it is important to note that thdvantagef having

highly active sites may be offset by their blocking (deactivation) by strongly adsorbed
residue$29] such as carbon and CHx species on Pd nanoparticles, for example, during

methanol decompositidie3].
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1.3 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 tiode i
development of humanif$4]. Art has grown with the use of gold and wars have been
fought for the ownership dhe 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 immortdity [65].

Gold possesses a unigue combination of physical and chemical properties in both
macroscopic and microscopic statés 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{ks-= 1.5 eV, b

auw-au+ = 1.6981 eV)[65]. The high chemical stability makes gold ladactivity,
demonstrated by its inability to dissolve in most acids (with exceptiaquid regig

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, lflge 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 if6%jze

This change in colour has been used in the past such as the famous example of the
Lycurgus Cup, manutaured between thé"and 4" century B.C., as well as multiple

other cases throughout history such as the Kunckel glass in theedfiry or the

Perrot works from the early f8century.[65]. It was Michael Faraday who first
proposed that, after producing a deep red solution via reduction of the chloroaurate
anion ([AuCkl) , the presence of &aedfgoédy wdsvVvipc
[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) atawécrease of interatomic
separation (from 1.4 % of the normal-Aw bond distance for 30 A particle to 5.5 %

for 8 A particles)[69], [70]. These effectsra 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 rea¢dsjtywhereas this type of

effect is known in other types of metal catalyst e.g. palladitdh [72], platinum

[73], [74], in the case of gd| it makes a neactive 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 6édenhancedbd catalyti
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 dramat{@&l]y

This particle size effect could be correlated with an increase in the number of under
coordinated atoms (corners and edges) and the reduction in size and importance of
larger [111] planes, previously showed to be catalytically neglidi®td, [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. Ti@ CeQ) andnonreducible (e.g. AlOs, SiC) [76], with the former

usually more active. This distinctiaa mostly inferred from CO oxidation studies

[32], [77], but it appears relevant for other reactionshsag 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 transfdg81], such as in the case otifCeQ [82], [83], where cationic Al
species appear to be stabilised, or in Au/Madere instead Atiis presen{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 adibf.

1.3.2 Gold nanoparticles and catalysis

Gold holds an important place in catalysis industry, as a possible substitute for
platinum group metal catalystecause of its ability to selectively reduce or oxidise
molecules[81], [85]i [88]. Whereas realvorld application of gold catalysis is not
widespread, due to the high cost of the material compared to other commonly used
PGM catalysts (~1200 $/0z for gold and ~700 $/0z for palladium as this thesis is being
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written), it has been useadustrially 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[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 chlof@®, [93]. However, it

is plausible that in the future gold Wikplace other catalyst due its higher selectivity
and abundance compared to the other md@d$. In particular regarding the
selectivity it has been shown that gold has the ability to stop the reaction when the

useful intermediate product is formfb], [96].

It has also been shown in the past that Au nanoparticles show a high chemoselectivity
even in the presee of more than one reactive grd97], [98]. An example of this
behaviour is the oxidation of allylic alcohols, where Au/Celd able to
chemoselectively oxidize, in algent free environment, the hydroxyl group while
avoiding oxidation, isomerization or polymerization of the olefinic graupother
example of the chemoselectivity of Au nanoparticle includes their ability to
chemoselectively reduce nitro groups when otbducible functionalities (e.g. C=C,

C=0) are present, in particular when supported on,TH@Oz o r-Ala4D3[99], [100].

Since the initial observation of the catalyti¢iaty 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 nanopatrticles (<
3 nm), supported on reducible transition aheixide (TiQ, FeOs etc), to catalyse the
oxidation of CO to C@ a reaction having vast environmental applicati®4$. The
reaction is not catalysed by single/stal 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 GOfficiently but not too stronglj65], [101], [102]

The importance of undercoordinated atoms is particularly evident in the case of sub
nm Au cluster, which appears to be more active than larger speedesn()[103].
Moreoverthe capability of gold to oxidize CO extends even to the conditions when
the CO is present in a high concentration ef Whilst at the same time it does not
catalyse the reverse water gas shift reaction{l€@:Z C O 20), ntdking gold
catalysts poterdily viable in fuel cell§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
strudure, e.g. longchain 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 effectivdl@4] even at mild reaction
condition (T = 343363 K, pQ = 300 kPa) , and in a particular studynfr&arretin 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 solvErQp].

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 oXalgs SiQ and AbOs) to
hydrogenate double bonds, in particulgsehtene, at temperatures lower than 473 K
[106]. In particular the ability of gold to either selectively hydrogenate tkedduble

bond [107]i[109], such a sunsaturated &@dehydd40p[112], or the
important selective reduction of nitro grouj®], [100], [113] in the presence of
other reducible functional groups. Furthermore, gold has shHwuetarkable ability

to not overhydrogenate conjugated dienes, improving the purificationsabl€fin
industrial cut432], [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 rsatgdort interaction,
particle size is one of the most important in the regards of the reactivity df/édld

[116]. One of the first to discover the importance of particle size was Hag]taHe
demonstrated that only particles of gold in a certain size range (<3 nm ) were active
towards CQoxidation[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 twajor branches: reduction (using)Hand
oxidation (using @or sacrificial oxidant such as:8). Dealing with the former first,

the interaction between molecular hydrogen and gold has been reported to be affected
by the patrticle size througheHD2 exchage (HD formation), in a study from Kartusch
[112] et al. and Fujitani et dl117]; 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-Bk 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 showedttthe more the particles grow the less
active they becomi@19]. For example, CO oxidation, as shown in figiu@ 1, when

Au nanoparticles are supported TiOz a sharp increase in the turnover frequency
(TOF) when the patrticle size is below 4 nm is observed; this is in contrast to2Pt/SiO
which shows a degree of particle size insensitivity with the TOF that is

steady/decreasing with size.
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Figure 1.3.1.Turnover frequency (TOF) for CO oxidation over Au/%i&s a function of the
mean diameter of Au particleReproduced with permission from Wiley, HaruGhem. Rec.
2002, vol 3, pg 787 [33]

Another reactionrshowing a particle size dependency is propylene epoxidation to
produce propylene oxid83]. 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 thwoduct 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 towardst® form negatively charged

oxygen specief33]. This effect could also explain the catalytic activity of ethanol
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dehydrogenation to acetaldehyfd8]. This reaction, studied for nanoparticlesa

range of 215 nm, behaves differently depending on reaction conditions; when the
reaction is performed without are ©o-feed it appears that nanoparticles < 2 nm are
less active than 5 nm nanoparticles, which appear to peak in activity, only to decreas
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 whe; 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 iivigtt can observed again to reach

a constant rate independent from the particle size when reaching 10 nm or larger.
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Figure1.3.2Turnrover frequency (TOF) for et han°@)
and presencel{ 200°C) of oxygen as a function of the gold particle size. Reproduced
permission from Elsevier, Guan et Appl. Catal. A2009, vol 361, pg 496 [58]

Although in the first case the behaviour could be explained from the rate lifiking
elimination of the adsorbed alcohol, the second has been attributed again to strongly
adsorbed @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 reacti¢db]. 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 remaitiee same as the particle size incre§8ék [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 acteseitself, and therefore

that research effort should lead towards increasing the total number of particles
supported rather than changing the s[222]. 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 nanopatrticle is paramount in ardefihe the

true effect of particle siz58].

1.4 Palladium nanoparticles in catalysis

1.4.1 A brief history of Pd nanoparticles and their use in atalysis
Compared to other metals, such as Au or Cu, Pd was unknown until the é4rly 18
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 newl2g}al
While Pd belongs to the fgroup of metals (composed of Ru, Rh, Os, Ir and Pt) it
possess atypical characteristics. The configuration of its outermost electron shells (Pd
4d°59) is different from that bNi (3d® 4°) and Pt (384sY). It is also the least dense,

with the lowest melting point in the gro{ip24]. 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, semicosdetct
etc.J125]i [127]. However in industry, arguably the most important property of Pd is
its capability to catalyse a various number of reactip®8]i [130]. Economically the

most important reaction, in terms of Pd usage (more than half of the world supply), is
the catalytic conversion of harmful autonlebexhaust. The use of Pd in catalytic
converters dates back to 19[A47], [131] when Pd was mixed with Rh and Pt to
formathreewvay catalyst (TWC), capabl e of o6éneu
nitrogen oxides and CO. However, the high céfttand 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 performanfE30], [132] In 1994 the Ford Motor Company
successfully applied a Rahly threeway catalyst, which allowed a significant cost
saving in precious metal usafe31]. The advantages of Heised TWC, apart from

the obvious economic one, includes a fasterafhtwhich lead to an improvement

in hydrocarbon (HC) conversi¢gh33], [134] their ability to adsorb more oxygen over
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a wide temperatureange, influencing the oxidation capaciyd5], as well as their

high resistance ttemperatureénduced sintering when compared to Pd and Rh, which
lead to a higher overall stabilifjd36]. Of course there are also drawbacks: it is
susceptible to poisoning from sulfur ahehd, 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 oxifthibj
Research has then been focusadmproving the catalytic performance of-Based

TWC [137], [138]

Pd, in various form, has been used to catalyse a vast series of reactions in the
laboratory, i.e. alkane oxidation, hydrogenation of alkynes to alkanes and -carbon
carbon bond forming reactions (Heck reaction and Suzuki coudR®)]) [139)

[141]. In particular, the Suzuki coupling reaction using Pd has been widely studied,
even leading to the Nobel Prize being awarded to Akira Suz@kilf. In the Suzuki
coupling reaction, coupling between arylboronic acid and aryl halide is traditionally
performed using Pd (Il) complexes, the majority of which contain phosphine ligands.
These compounds, whereas very active, present problems regarsdaiy and cost

[142], moreover there is the more general issue regarding the recoverability of
complexes from the reaction mixtuE29]. Phosphindree compounds such as-Pd
carbene complexes or phogpalladacycles, as well as simple Pd salts such az PdClI
or Pd(OAc) are being used in Heck and Suzuki reactids3], as a substitute for
phosphinebased compound. frarticular for the reaction of aryl bromides with olefins

to produce substituted olefins with an aryl group, Pd(@Mg)h or without N,N
dimethylglycine, has been shown to be one of the cheapest and most active catalysts
[144]. However, it has been found by Reetz et[2#3] that the actual active
component in the catalyst is the reduced fedming Pd colloids, with an average
particle size of 1.6 nm. This led toetldea that other phosphifree Heck reactions

and other &C bondforming processes (such as aayyl bond formatiorj145]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 catdlwith milder reaction conditions and a more
environmentally friendly approadi46]. However, a strong debate has developed
whether the catalysis arises from leached metal atoms from the nizciepanr the

nanoparticles themselvg$46]. According to a Pérekzorenzo 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 cressupling reactions may operate under
homogeneous or heterogeneous catalytic conditions depending on a variety of factors,
such as the nature of PdANPs and their stabilizers as well as the properties of the
reactants involved. @h 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 opiepagent in order to prevent
aggregationj139]. Simple filtering allows the recovery of the metal in order to start a

new cycle.
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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 iaigtion between Pd and hydrogen; Pd has
shown the ability to dissolve hydrogen in the bulk as well as high activity for molecular
hydrogen splittind152]. The hydrogen dissolved in the Pd bulk forms a new phase,
Pd hydride. This phase is an intermetallic species where hydaigers occupy

interstitial octahedral vacancies in the Pd lattice. Depending on the hydrogen

25



concentration two Pd hydride phases can be formed; alpha and betagshsisesn

in figure 1.4.1 The two phases coexist over a broad range of H/Pd concentvéation,

pure alpha phase present a low concentration (H/Pd <0.017) and beta phase at higher
concentration (H/Pd >0.5%)52], [153].

The reaction mechanism for the hydrogenation @ Gouble and triple bonds was
proposed by Horiuti and Polaf¥54]. They identified the following steps involved

in the reaction: hydrogen dissociation on the metal surface, alkene adsorption,
subsequent hydrogen addition to the alkene and desouwttithe 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
olefind19]. Nowadays most of the research regarding hydrogenation reactions is
focused on examining the role of particle size in the catalytic hydrogenation of-carbon
carbon double bond455]i [158].

1.4.2 Particle size effect

As with most nanoparticulate systems, the size of the Pd patrticle is an important factor
in catalytic performance. For example in the Suzuki reaction, a study performed on
nanoparticles in the range of 300&.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 3168] as shown in figurd.4.2
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Figure 1.4.2 Turnover frequency (TOF) as a function of particle size for Pd catalysts sup|
on SiQ in the Suzuki coupling reaction. The TOF is calculated on the basis of the total n
of surface atoms. Reproduced with permission from American Chemical Society, Li

Langmuir, 2002, vol. 18, pg. 4924925[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 sugmdst be
Astrwethsrid i vedo; the active sites thought
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 smalkttieagth of
adsorption of some intermediates increases to the point of blocking the active sites,
thus reducing the activifyt59]. Similar behaviouwas 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 nst pecause of changes in geometric
configuration, but also due to a variation in electronic propeti&g]. 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 (motéhsumefimol 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 particlepseents 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
Azoneso: when the particl esrearedemnaniyal | er
electronic, while for bigger nanopatrticles the effects are due to gedietijyFor :

hexyne hydrogenation however, the relationship between size and activity is
negatively correlated, i.e. activity decreases as the paizeéncreases. 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.
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Figure 1.4.3.Sp-hexenebSrhexane (Se-hexenes Selectivity towards-bhexenes; $hexane= Selectivity
towards rhexane) at 25% conversion and a ratio of initial TOFs ehexi/ne hydrogenatiol
to 2-hexenes formation (isomerization) vs Pd particle size. Reprodudegevinission from
American Chemical Society, Semagina efalrnal of Physical Chemistry,2007, vol. 111,
pg. 1393313937 [72]

However, the selectivity towards the two-psoducts of the reaction {{2xenes and
n-hexane) varies only if the particle size gets smaller, with the unsaturapeddyct
increasing as the particle gstwaller as shown in figure 1.4&2]. These results are
explainedoy the need of-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 thén@xene concentration. A different approach from

Ruta et a[162] suggests the reason for a Pd patrticle 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 nanagpestsize 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 speciictivity of the nanoparticles are not size
dependent. 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 atiet (electronic) propertie88]. The
difference might lie in the formation of F&k surface phases, a structure sensitive
reaction, thus modifying the Pd surfad63]. On smaller particles C/Pd ratio is

higher, leading to ansaller 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 article 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 hydrd@éd] Another study from Sachs et al
shows that particle size presents a role in the behawwards the solubility of Hin

t h ephatk of PdH. The nanoparticles studied, in the rasiar8, present a higher
solubility compared to the bulk phase, up tefdld, as well a narrower miscibility

gap. Interestingly a slope in the plateau region ofctiveentratiorpressure plot for

the twophase 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 indllope) but it is connected to the two
phase system phase transit[@65]. The presence of the slope is also confirmed by
Nutzenade[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 tiiace.
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1.5 Hydrogenation of 1,3Butadiene

1.5.1 Hydrogenation of 1,3butadiene 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 %tyleae and
the propene cuts 2 to 8 % of propyne and propadiegs®. For further polymerisation
processing, however, the level of impurity in alkadienes or alkynes must be as low as
10 ppm([87], [167] The production ohigh-purity butene streams for polymerization
or copolymerization processes requires the hydrogenation of the butadiene impurities
contained in butene cuts. The hydrogenation ofblifadiene can lead to different
products: partial hydrogenation yields lmitene, 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 theletfin to butene rather than butane. Moreover
the selective hydrogenation of dh8tadene (GHs) produces three isomers of butene
(CsHs); 1-butene, ci2-butene and trar®-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,
swch as palladium, gold and platinum. The butadiene hydrogenation reaction
mechanism is shown in the figutes.1

1,3 Butadiene

/\//\/\_/

1-Butene trans-2-Butene cis-2-Butene

Figure 1.5.1 Reaction process for the hydrogenation ofdy8adiene leading to three possit

(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
regeneratiomycles 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
catalyst4168].

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 supportedAbsOs and
boehmite(hydrated alumina) (AIO(OH)) was able to selectively hydrogenate, at 130
and 260 °C, 1dutadiene into butenes without butane formd8ah [167]. This lead

to the idea ofising 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 @cut (1-3% presence of alkadienes), as proved by Hugon et al.
They studied tl 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-HdiBadiene and propen§)67]. They
proposed the high selectivity could be attributed to the strongaaation between
1,3-butadiene and gold compared to propgokl interaction. Moreover, opposite to
palladium there is no competition between the hydrogenation diute®liene and
alkene hydrogenation (butenes and propene). Over gold catalysts, these two
hydrogenation reactions operate over two different temperature ranges (T <433 K 1,3
butadiene hydrogenation; T > 433 K propene hydrogenation), making the gold
nanoparticles good catalysts for selective removal of buta@@iieOkumura et al
studied the effect of particle size and support on Au nanoparticles prepared through
different approachdg$1]. 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 atomseskpbshe surfaces,

of the catalyst with different preparation methgdl]. Apart from the catalyst prepared

via impregnation, the TOF were similar over the different catalie the reaction

rate increase with the decrease in the diameter of Au particles. Here it was proposed
that H is activated at the exposed surface of the Au particles; the total amount of the

exposed surface area of Au particles was monotonically irerteaish a decrease of
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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 showeihmal variation in the

TOF across the three different support types@4l SiO: and TiQ) studied. They
concluded that for the 1-8utadiene hydrogenation there is no structural effect in
terms of particle size or suppdBl]. However, in a review by Nikolaev et al., a
comparison of various types of hydrogenation reaction, acrolein, crotonaldehyde,
acetylene and 1;Butadiene was made and they observed that for most of these
reactions, up to 3 nm, the activity would increase as the particle size decf#@3gd
However, if the nanoparticle size decreases further, the activity starts to drop.
Decreasing the sizef 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 volcangplot 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 reaa [109].

TOF (x 10~ 3)/s—!

2.0

0.4 L L I I 1 I
0 6 12 18 24 30 dan /nm

Figure 1.5.2 Turnover frequency of immobilized gold particles in hydrogenation of-bi&a
diene at 423 K vs. Au particle siz&dapted with permission from Turpion, Nikolaev et Russ.
Chem. Rey2009, vol 78, pg 23247[109].

Further analysis from Yang et al found out that adsorption €f,8ibutadiene athe

low-coordination sites of the edges or corners of gold nanoparticles is much more
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favoured than for tram$,3-butadiene, which is caused by the stronger orbital
interactions between cis3-butadiene and the lowoordination gold atoms. The
adsorptionof the cis isomer on gold nanoparticles is thus thermodynamically
favoured. Transition state calculations indicate that the-toss transformation of
butadiene is also kinetically facile. Therefore, gold catalysts exhibit a unique
preference towardis2-butene as compared to the tr@ikutene, and the ratio of

cis/trans isomers over gold nanopatrticles is found to be highhdszendenfl169].

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-b@tadieneWhile this is nowadays the
standard process, it is limited by the tendeoiclyd to hydrogenate the desired

olefins and to isomerize those containing more than 3 carbon[a@hdHowever,

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. shwed a particle size dependence for theduyadiene hydrogenation;
while particles with a diameter larger than 2.8 nm behave like bulk Pd, below this
value a sizeeffect is observed, especially when the particle size is between 2.8 and
1.4 nm. This behawur 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 metfl70]. However, this explanation cannot be extrapolated to
particle sizes greater than 2.8 nm. Pd has shown structure sensitivity, with Pd(110)
faces 5fold more active than Pd(111) for single crystal catalysts. Pd nanoparticles
usually exhibit faces 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 SilvestAdbero et al, Pd

nanopartiads 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 tan 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) facdtis72], [173] If the number of Pd atoms in incomplete

(111) terraces is used for the rategmalisation, 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-b@adiene was particle size independent for

Pd particles O <44nmpthe ndfnoalisatiBrdvasnatr t i cl e's
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 thectathedra model. Therefore

the relative greater abundance of surface defects may allow for an enhanced
hydrogen penetration, giving rise to gredteanexpected activity172], [173] This

is further confirmed in a review Nikolaev et al concerning the hydrogenation
readion on different systems. The authors discerned that an increase in particle size
from 1 to 5 nm results in a Z5ld increase in the catalyst activity for 3,7
dimethylocta2,6-dienal hydrogenation, while a 5 to 30 nm increase barely affected
the activity[109]. A recent study from Dal Santo eff&V4] show that a

combination of both particle size and morphology of PANPs (the exposed plane)
affect the catalytic behaviour for HRitadiene hydrogenatiom the study they
prepared two sets of supported nanoparticles on different oxides Je, ZnO)
through chemical vapour deposition, with different-peatment of the support

(namely calcination at 300 °C in air for one set and nernga@ment forlie other).

The pretreated supports give rise to highly dispersed nanoparticles (1.2 nm for TiO
0.8 for ZnO) compared to the ntreated sample. The highly dispersed samples
showed an overall higher selectivity to butenes compared to theeaiad largr
particles. According to Lee et §1.75], a way to control Pd naparticles selectivity
would be through a modification of the surface properties of Pd, such as decoration
with TiOx species formed by the addition of Bi®@ SiQ: supported Pd nanopatrticle.
Partially reduced Ti@species migrates onto and decorates theulFfdce,

significantly suppressing Huptake; this lead to a lower hydrogenation rate for the
butene species indicating that the amounto§pecies on Pd nanopatrticles affects

the activity. Furthermore, the selectivity is affected by the suppressiocaliylic

species, formed preferentially on a large ensemble surface of Pd. This has been
shown by Goetz et gl176], analysing Pd nanoparticles supported ai©AlITwo

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 isomerizatien of 1

butene to Zbutenes species, and vice versa, are identified: a H&ldinyi
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mechanism involving the addition of hydrogen atoms to form ahyalfogenated

radical and an intramolecular hydrogen shift mechanism which occurs without
addition of hydrogenie HoriutiPolanyi occuring on corner and edge atoms, with

the hydrogen shift thought to occur on face atoms. Therefore, decorating the Pd
nanoparticles with Tikspecies reduces the Pd ensemble surfaces, thus reducing the

rate of isomerization of-buteneand facilitating its desorptiofl75].

1.6 Characterization of nangoarticles

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 ultreigiblet
spectroscopy in the qualitative determination of Au nanoparticles size through
plasmon esonancgl77], or through derivation from a different type of interaction,

as in the case Hchemisorption for estimation of particles size of various metal
element nanopatrticles, Pd, Co,[P18]i [180], where the amount of 4themisorbed

can be directly linked to the nanoparticle siaewell as IR spectra of CO adsorbed

on the nanoparticles to defitige facet§52], [181] as depending on the facets of the
nanoparticle different mode of adsorption are pres€hé development of techniques
that allow for the visualization of the nanoparticles, sashtransmission electron
microscopy (TEM)[182], [183] and scanning tunnel microscopy (STN¥D84],
enables a particularly detailed interpre:
with their function. Information regarding their electronic and structural properties can
be obtained through the use ofrdy based techniges such as Xay asorption fine
spectroscopy (XAFS) or Xay diffraction (XRD)[185].

The major difference between microscopy techniques aray/ ¥ased techniques lies

in their local versus averaging techniques. In particular, in the case of micraseopy,
user is only able to observe a small fraction of thstesy, varying from few

nanometrs up tohundreds 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 aresayXbased 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
behavour under reaction conditions.

However, one of the challenges with nanoparoa&lysed reactions concerns
knowledge of their behaviour under reaction conditions. Most of the studies regarding
the structure of <catal ymobst @d]mtusipiemof or me d
possible to exclude a structural plasticity and the ability or even a requirement to
respond to the reactant dédenvironmento in
CO widation of Au nanoparticles at room temperature have been observed through
aberratiorcorrected environmental TEM by Yoshida et 6] where [100] facet
restructure itself in a Au[10&jex configuration, shown in figure6ll, where the

atoms at the topmost layer have an uaubonding 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 reslagerding to their reaction environment.

Under catalytic reaction conditions, active centres are created, produce products and
then disappeall]. The assumption that the catalysts do not change updetion

conditions is only acceptable for limiting case, with small conversions and simple
reactions which lead to thermodynamically stable prodii@&%]. However, if the

local chemical potential at the active site is increased it could lead to a change in the
surface of the catalyst uadreaction condition, which may cause the fornmatibnew

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 change[d.87].

Unfortunately, electron microscggechniques cannot always be applied when the
catalyst is under fioperando0 reaction col
attenuation of electron beam due the presence of reactant molecules affecting image

quality and resolution.
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Figure 16.1. a) Au nanoparticles with a Au{10&ex reconstructed without CO adsorption;
enlargement of the selected rectangular area; c) simulated TEM image of Adnf@xd0Reproducec
with permission from American association for the advancement of sciensbjd¥ et alScience
2012, vol 335, pg 31319[186]

1.6.1 In situ techniques

The necessity to identify the physicbhemical characteristics of catalysts under
reaction conditions has become paramount in industry in order to optimize the process
of building a better cataly$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 hese 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 relevanto the reactiorjl188], only few of these can be used in operando
condition, which as defined by Schoghvolvesidentify the geometric or electronic
structure of a catalysts under simultaneous documepradliction of the desired
products Whereas XRD is an example of a commonly used technique for in situ
characterization, ipresents a serious limitation in sensitivity on highly dispersed
nanostructures, where the common size of the nanocrystal is less thd@&hron

the other hand Xay 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 sifi#@}) and can be used
even on sub nanometre species, such as in the case of the atomicalsedi§ueon
2-Al20zin the study from Peterson et[&B1]. In this study the Pd was deposited on
both pureo-Al20zand a LaOsdopedo-Al20s (La-Al203) and tested for CO oxidation
using XAS to investigate the behaviour under reaction conditions. In both cases (pure
and dopedo-Al203) the extended Xay absorption fine structure spectroscopy
(EXAFS) data showed the presence of oxidised Pdewureaction 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/@fdDin a ratio
53.3/46.6 diluted in He. Whereas in both cases there israa in the intensity of

the PdO first shell, in the case of pumeAl20Osthere is the appearance and then a
gradual increase of the fdetal firstshell peak height, implying the growth of Pd
metal at the expense of dide. On the other hand, for tRel/LaAl 203 there is no
appearance of Pahetal first shell peak up to 363 K. This could be explained by the
formation of a chemical state for Pd with an averag®©Rubordination << 4, which

could be attributed to a Pdpecies. This is further proved Hye 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 (Quiskanning EXAFS) by Frahm and the first
experiment in 1987192] the time required for a scanning EXAFS experiment has
being brought down dramatically, from ~ 15 min. to a few millisecqf€8]. This

allows for the clarification of some processes where the highgth 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/ZnOsxhethanol synthesis
catalystg194]. Copper reduction from CuO takes place witan 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 oafiamof other
intermediate species, such assQu 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 dl195] where it has been found that Pd nanoparticles
supported on Zr@undergo to drastic structural and chemical change under NO
reduction with H. 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
ZrOz surface, with the formation of small Pd clusters. These phenomena appear to stop
when the temperate 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; P species appear at the expense &fffain room temperature to 393 K
which are thought tde stabilized by the OH defect on the Zr§rface thus not
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forming PdQ species. Interestingly the selectivity depends on this redispersion since
high selectivitytowardd® i s det ected at the onset of
towards N as thetemperature increases ( T > 423 K) as th&'8kcies disappear to

form larger metallic aggregates. Another example is a study from Fottinger et al. on
Pd/ZnO where the formation of a PdZn alloy on the surface of the Pd nanopatrticles is
observed when theatalyst 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 undat 623 K as well as in the
presence of methanol/watirough 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/HO atmosphere up to 2025 %. This allowed the identification of the
active phase for the MSR, PdZmanks to a change in selectivity from methanol
decomposition (CO/E) to MSR (CQ/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 rationatize formation of metal nanoparticles.

A good example of this can be seen in the work of Polte ¢136] wheretime-
resolved smallngle Xray 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 investitja¢edegree of reduction

of Au®*(in the form of [AuCl]") to metallic AJ. 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 thetitornoh 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 taftoréue required

catalytic system.

1.7 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 processe One of the most employed classifications in the
synthesis of nanoparticles is the distinction betweerdtapn and bottorup methods

[197] In top-down methods a macroscopic structure is subdivided until the desired
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nanostructure is obtained. In a bottam approach, building blocks (atoms,

molecules) are built up usirgpemical reactions or sedissembly 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]i [200], and sometimes in the synthesis of nanoparticulate catalysts
[86],[87], the broad size produced by the catalysts makes iideat in particle
selected reactiorf203]. However, methods to produce tdpwn size selected
nanoparticles are possible, using lithographic techniques. Lithography involves the
interaction between a radiation and a resist mat@@]. The radiation could come

from electrons, ions or-Xay, with the first two radiation involving serial writiraf a
pattern with a small focused prqQbghereas for Xay a radiation resistant mask is
used to produce a defined pat{ed4]. Whereas these methods are able to produce
nanoparticles with regular physical attributes (e.g. size, shape, pattern) they are
generally noviable on an industrial scale. It ha=glm used however to produce model
catalysts, such as in the case of the preparation of Pt nanoparticles array for ethylene
hydrogenation through electron beam lithograpl®@5] or formation of Au

nanoparticles through chemical electron beam lithogr§0g] .

1.7.2 Gasphase synthesis
Preparation through vapour phase is one of the old mévheduce nanoparticles.

Champion defines gas phase synthesis as divided in three[@2pes

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

A Control and preservation of the dispersed nanocrystalline state.

Depending on the process it can be either called physpalur deposition (PVD) or
chemical vapour deposition (CVDih 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 involj@@7]. In CVD the reactant species are
introduced in the reaction chamber, where they nedhteach other and deposit one

layer of product material. CVD offers a uniform, robust method of deposition of

materials and can besed to deposit nanoparticle on a wide variety of materials,
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including SiQ, Al, W [207]. A subclass of chemical vapour deposition is called
atomic layer deposition (ALD), where the precursor species aretnoduiced in the
chamber simultaneously but in series of se¢jag nonoverlapping pulsedn this
manner the reactant are kept separate and react on the surface limatisgjforocess,
without the presence of a gas phase reaction208).

Whereas these methods have baeplied successfully to produce well defined
nanoparticles, the high length time required and the small quantiwy material
produced paired with the high cost of equipmemhakes these methods only useful
to produce model catalyq09]i [211].

1.7.3 Liquid -phase synthesis

Liquid synthesis provides a versatile, lawst method to producenoparticles, 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 tedy dar 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 desireceslent 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 environmentf dhe 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 bhemical (e.g. reduction under &mosphere) paired

with a thermal treatmenDepending on the volume of precursor solution used, the
technique can be called wietpregnation or incipient wetness impregnation. In wet
impregnation the solution is in lagxcess compared to the support and the quantity
deposited depends on the solid/liquid raf@12]. In the incipent 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 deposifiquantities
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which exceed the number of adsorption sites on the suj2d@ However, this
synthesis methodoes not prevent the agglomeration of the nanoparticle thus causing

a wide particle size distribution and inhomogeneous patrticle to be f¢ahep

1.7.3.2 DepositionPrecipitation/Co-precipitation

Marcilly, in 1984, introduced a method of catalyst production through precipitation,
which has become commonly used to produce supported metal nanoptfidjés

[216]. The chemical process involves a reactant (commonly a reducing agent) which
transforms thenetal precursor into a solid phase and allows for its deposition onto a
support which has been previously added to the solution.-pmempitation both the
catalyst and the support are produced at the same time, such as in the synthesis of
Au/FeOs3 [217] and Pd/AIOs [218], being able to prtuce 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 ppieg{@13].

In the deposition precipitation, the metallic precursor instead precipitate to the metal
hydroxide first (e.g. Au(OH) and then are deposited on the support. A further
calcinationis required in order to produce the metal nanopart[@#&3]. Deposition
precipitation has shown better results in the synthesis of smaller nanoparticles, such
as in the case of Au and Pt sugpd on TiQ [219], [220] howeverparticle

agglomeration is quite commd@2a13].

Whereas impregnation, depositiprecipitation, ceprecipitation methods present
some advantages (ease of production anie sga low cost) the lack of control in the
nanoparticles properties, paired with the tendency of nanoparticles to agglomerate,
does not allow irdepth 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
prewent this, repulsive interparticle forces are requi22ll]. One way to produce
these forces would be the dispersby electrostatic repulsion using electric double

layers surrounding the particles the repulsion force is prody2gd] 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 theced®uble
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
agglomeation 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. loranain alcoholR23] .

One of the most weknown 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 gojohntcies

[224]i [235]. In the Tukevich method a solution éfAuCls in water is brought to boil

in a beaker. Subsequently a small amount of a solution containing strgiaitrate

is added and after 15 min the solution is cooledrdto room temperatuf@24].

1.7.4 Surfactant based synthesis

]
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Figure 1.7.1. Formation of a micelle. (a) Surfactant with bulky polar head (grey block in the fic

and short noipolar chain (black in the figure). (b) Surfactants join together. (c) A micelle forr

Surfactants (portmanteau; surface active agent) are molecttes inyidrophilic 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 tensiof236]. 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 balamg, to form aggregates called micel(égure 1.71). While

the micelles are usually spherical at low concentration of surfactant, they may change
shape with increasing concentration, assuming cylindrical shapes orlagyatéd
spheres (with a hydrophilic core and hydrophilic shell, as in figuf) [237]. The

value of phase change concentration (fromefised 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]i [240]. For example when the am length of the polystyrerepoly(acrylic

acid) changes from 14nits to 1400 the radius of the micelles changes from 23 to 90
nm [241], and a similar effect can be seen in the case eP#A, in a study from
Forster, where the radius changes from 39.5 to 10.2 nm when the number of P4VP
unit changes from 142 to 3242]. Mor eover , itos also possi
confine a second phase in their core, for edangd 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) intercor

cylinder; b) double layer. In gray the bulky polar hear, in black thepatsr chain.

Micellar systems are dynamic; each surfactant chain comprising the erseellbe

easily replaced by free chains moving freely in the aqueous [##3eHowever, the

shapeof t he micelle structure iIitself is alw
commonly associated to a system where the surfactant, containing a polar head and

the nonpolar chains, is dispersed in water, micellar structures can be formed also in
different solvents, including ngpolar solvents. In this case the micelles are termed
oOoreverse micelleso possessing a hydropho
1.4.31). Thereverse micelle can collapse and exchange their aqueous content, to form
againtwo reverse micelles (figure 1.423 [237]. Moreover, aother 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 1838)] . The water content of the

system is defined as w = }B]/[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[2R9]. Since there is a size control on the reverse
micelles and due to the capability of exchange their agueous contents, the reverse
micelles were thought to be a good variadilee nanoreactof238]. Considering two
reactants A and B, dissolved separately in two micelle solutions; upon mixing they
would makecontact through the exchange induced by Brownian motion, allowing
them to react. This made it possible to fabricate many nanosized compadaps

Since the size of the reverse micelles is @il 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 moreabistthey become with the amount of
metal salt added, limiting the yield of nanoparticles when compared to the amount of
surfactant and solvents add@37]. Furthermore, many nanopatrticles can be formed

in a single reverse micelle, raising the polydispersity. To avoid this a stabilizing agent
can be added, rang) the total cost of the synthesis. Nevertheless, these problem can
be circumvented by using polymkased micellef238].
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1) );«

] ‘Oil phase’

Figure 1.4.3.1.) Formation of a reverse micelle. (a) Surfactant with small polar head (gray
in the image) and ramified chain (black line in the figure). (b) Surfactants join together. (c) A r¢
micelle forms. 2.) Exchange of aqueous cores. (a) Reverse esicelbject to Brownian motior
filled with two different compound (shown in orange and green). (b) Collapsed reverse micell
mixing of aqueous contents. (c) Formation of two micelles, identical to the initial micelles wit
containing the result dhe mixing (in yellow in the figure). In gray the bulky pojan black the

non-polar chain.

1.7.4.1 Polymer-based reverse micelles encapsulation

In 1992 Saito et al. prepared silver colloids using {lynyl pyridine blodk of
polystyreneb-poly-2-vinyl pyridine (PS P2VP)[245]. In the same year the synthesis
of a narrowly distributed gold colloids was demonstrated using polystyxeoéy/-4-
vinyl pyridine (PS- P4VP) [246]. Spatz et al]54] used the cdlock polymer
Polystyreneb-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) polystyreAepoly-2-vinyl pyridine; b) polystyrends-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/f247], consisting of P2VP coreend 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 pyridib4], [248]. Furthermore, the
metal salts act as a stabilizer for the micelles when occluded into th¢288ie
Comparing the polymebpased micelles with the normal surfactant micelles numerous
advantages can be seen. The lower CMC (for comparison 0.1 mg/mL-R2\HS
versus 7 mg/ml of AOT (sodium bisgthylhexyl] sulfosuccinatgp49], a commonly

used surfactant in reverse micelle encapsul§#id8], [250) means that less polymer

is needed in order to form a stable structure. The structure is more kinetically stable
compared to surfactaiased micelles, with less agglomeration and less spontaneous
breakup; therefore no additional stabilizer is nee[®38]. Due to this stability,
polymerbased micelles can be adapted to many different substratesnamyl
different metalg§251]. In this particular system the interparticle distance is given by
the length of the polystyrene &@in while the nanoparticles size can be controlled by
the P2VP core and the amount of salt ad@ddl 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 su¢hlds[220],

[260], [261]makes it an ideal approach for studying effect of nanoparticles properties
such as particle size. Moreover, the reproducibditg 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 antbading of the metal salt inside the co
Reproduced with permission from ACS Publications, Cuenya eA@aigunts of Chemica
Research2013, vol 46, pg 1682691[262]

1.8 Aim of this thesis

The focus of this work it prepare, characterise atedt,Au and Pd nanoparticles
presenting an highly homogenous particle size<¢ 1 nm),over a range of nen
reducible supports, ADs, SiO; and SiN4. The nanoparticles will be prepared using a
slightly modified reverse micelle method, firstly developed by Spatz F44l.The
modification lies in the use offluene sulfonyl hydrazide instead of the commonly
used hydrazie (N:Ha), 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, paed with exsitu dynamic light scattering (DLS), UVis and TEM
measurements. Understanding the mechanism of formation allows for the
identification of the key parameters which affect the resultants Au nanopairTicées.

then formed nanoparticles were ugethe hydrogenation of 1;8utadiene, where the
behaviour of the nanoparticle were examined using in situ XAFS measurements. This,
paired exsitu characterisation, TEM, and testjngllows to form structuractivity
correlations forthe 1,3-butadienehydrogenation using Au andd nanoparticulated

catalysts.
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2 Methodology

2.1 Sample peparation

2.1.1 Micellar encapsulation

Following the paper of Spatz et[&4] a methodology was devised to synthesize gold
and palladium nanoparticleBhe method itself follows Spatz et al. recipe for most of
the synthesis a part for a change in the usagetaiipne sulfonyl hydrazide instead

of hydrazine First of all, the polymer was dissolved in Toulene (Fluka, puriss. p.a.
ACS reagen®9.7 %) at a concentration of 0.5 wt % (5 mg/mL). The polymers used

in the synthesis are:
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- P4708S2VP (Polystyrene(PS)=16000 MW, P@winyl
pyridine(P2VP)=3500 MW), polydispersity1.05;

- P18226S2VP (Polystyrene(PS)=30000 MW, P@winyl
pyridine(P2VP)=8500 MW), polydispersity= 1.06,

- PS5073S2VP(Polystyrene(PS)=175000 MW, P@yinyl pyridine
(P2VP)=70000 MW, polydispersity= 1.08),

After three days it is proposed the micells® formed and the chloroauric acid
(HAUCIl4) (Aldrich 99.99999% trace metal basm) potassium tetrachloropalladate
(K2PdCh) (Aldrich 99.99999% trace metal basisflepending on the metal
nanoparticles preparedias 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 availabler metal salt attachment as shown in Eqg. 2.1. The number
of sites actually occupied divided by the number of sites available is defined as the
loading factor L.Previous studies hawgetermined that only half of the available
nitrogen ligands can be asgted with the metal sgl238]. A combination of selected
loading factor with the number of e¢ 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:

a Eqg. 2.1

with msatandmpolybeing the mass in grams of the metal salt and the polyiMgyp

the molecular mass of the P2VP part of the polymer in g/moMivigithe molecular

mass of a single-2inyl 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 straacksording to previous
studies[238]. Considering the low concentration the micelles are assumed to have

perfect spherical shapehich resultsn:

AL — Eq. 2.2
a £00 Eq. 2.3
N —— Eq. 2.4
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£ 0 Eqg. 2.5

U F— Eq. 2.6

With Vp the particle volumenmetaithe amount of metal in the particle (molgg)the
particle densitymp the mass of the polymer, ahd Av o g a d r o 6Assumingmb e r
that every micelle forms exactly one particle consisting of all the attached metal atoms,

the loading factokL becomes by definition:

n T

U T Eq. 2.7
Eq. 2.8
Inserting Eq. 2.8 into Eq. 2.4:
-1 Eq. 2.9
i Eq. 2.10

Finally the interparticle distance and thus, the deposition density, can be estimated
according to Spatz et [48]:

_— -7 “i Eq. 2.11

With Jpoly the polymer density (1100 kgAnand rmicelie 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 (Hosyl hydrazide used with#ld the metal concentration) is then
dissolved in toluene, in a 1:1 volume ratind added to the solution. After ~3 minutes,

in some instances a small amount of 37 % HCI (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 weighdl deft to stirdry 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 cruciblesing a ramp rate df °C/min. The calcination was
performed in order to remove allethligand and obtain bare particles and the
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temperature was necessary as evidenced by Thermogravimetric analysis (TGA) shown

in figure S2.1

2.2 Sample characterisation

2.2.1 Transmission Electron Microscopy (TEM)

2.2.1.1 Introduction to TEM

Obtaining information about parte& 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 sub

micrometre size due to the Rayleigh criterjd@3] (Eq. 2.12)

8

Eq.2.12

Where U is the spatial resolution, & is
index of the vi ewi nanglenoéablieaiion of the ngaifyifgy t he s
lens.This problem has been solved when, in 1927, De Broglie enunciated the matter

wave relationship

- Eq. 2.13

whereais the wavelength of the mattéyri s Pl ankds c o*his)amaint ( 6.
is the momentum associated with the particle. In the particular case of the electron the

relationship in Eq 2.13 can be written as

Eq. 2.14

wherempis the rest mass of the electrans the speed of light aréis the energy of

the accelerated electr§263]. When the energy of the electron reaches between ~100
to 300 keV the wavelength becommsficient to obtain a spatial resolution in the
nanometre regimeJsing 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 conuiadly availableTEM instrumen{263].

A TEM consists principally of a column subject to a vacuum in the regionthdQ
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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isthen accelerated to an energy of 200 kemost cases. The beanfasused through

a series otlectromagnetic lenses atften 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 dengdyg. Au atoms appear darker than Si atoms)
Undeneath 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 ij2égé

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) B a JEOL: JEM2100 operating at 200 keV with a Laldament. 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 dhe software Imagg265]in order to obtain information regarding
average particle size of the sample, with at least 180pzaticles counted per sample.

2.2.2 Ultraviolet -Visible Spectroscopy (U\Vis)

In the particular case of Au nanoparticles ultraviwistble spectroscopy (UWis) is

well established as a method of characterizafioty], [266] [268]. One of gold
nanoparticlesdéd properties -Visspecttaededgp pear a
plasmon peakThe word plasmon corresponds to the quantum of energy associated
with an eigenfrequency of plasma oscillati@6]. In the case of a metal, the
conduction electrons play a role similar to the electhiarges 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 fielduses the conduction electrons to
oscillate coherently. This phenomenon is clearly exemplified by thpugae colour

of a solution containing gold naparticles. This is called the localized surface
plasmon esonance (LSPR®5].
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The position and intensity of the plasmon peak resulting wherVid\fadiation
interacts with the nanoparticles can be calculated according tthibbey: given that
the sum of the incident electric field and a second field produced by the nanoparticle

is expressed by the following relationship

€] Q@ |0 ¢—&® —& Eq. 2.15

Where@Gi s t he el ectric field, and U is the s
| T“RY — Eq.2.16

Where U ictgrilke fdinetéon (U = U0O(¥)). Ther
intensity of the plasmon resonance) is maximized when the following relationship is
fulfilled:

bU +eb2 i6 a mi ni munEq.2.17

This relationship identifies the position of the plasmon peak depending on the

surrounding media (air, ADs 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
[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 theasluifthe intensity

of the plasmon peaks is the size and the shape of the nanopditii¢s[268]
According to Mie theory nanoparticle size does not affect the LSPR. However, this
approximation does not stand anymore when the patrticle is ldrger60 nm, as
multipolar effects come into play, as wellaken the particle size becomes smaller
than the mean free path of the free electf66f 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 thami @ulminating in a blue

shift for gold nanoparticles smaller than 2.5 and a decrease of intensity to total

disappearance as shown in fig@r# [65].
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Figure 2.1. Calculated extinction efficiency (Qext) in dependence-oir particle diameters o
2.5, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 nm (from bottom to top). Reproduce
permission from the American chemical society, Haiss ehaalytical chemistry2007, vol. 79,
pg. 42154221 [177].

2.2.2.1 UV-Vis measurements

UV-Vis spectroscopy measurements were performed usi8fimadzu UVv1800
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 plasmopeak. For solid samples the bXis measurements were

taken using a Shimadzu U600 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 wasathed. The reflectance versus wavelength data
obtained is the converted to intensity vs wavelength data through the use of the
KubelkaMunk theoreni271].
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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 hasumerous advantages such as:

1 Short measurement duration (in the order of seconds)

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

to cite the most relevant. But some disadvantages are to be notpdstile non

trivial analyss for nonrigid 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 Motj@id2]. 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 wieeligtit

hits the moving particle, changing the wavelength of the incoming [l&3t8]. The
change of te 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

autocorrelationdnction of the intensity trace recorded during the experip2gud{.

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 polystyrgne.J). Micelles

containing solutions were loaded intowvette 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 Stenstrom and successive improvements can be
considered as the birth ofRay spectroscopp275]. In 1931 Hanawalt observed the
effect that the chemical and physical state of the sampledmathes fine structure of

the XAS (Xray Absorption spectroscopy) spectra. He proved that substances

sublimating in the molecular form As (44sY  ( 433 or AsChk are characterized
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by XAFS spectra exhibiting different fine structure above the edga wieasured 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 wees meed
order to fully explain and exploit XAFR76].

The first theoretical attempt to explain fine structure in the XAFS spedcisa
proposed in the years 1932 by Kronig who developed a model based on the
presence of known lorgnge order in the systef275]. Several other authors
attempted to establish the basis of the modern concept of XS 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 temperaturéhah 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 conventionalr®y tubes as sourcf&75]. 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 atomiusture and valence of the metal element in

the compound, subsequently noting the electronic shift with va[@@@é However

in 1971 Sayers, Stern and Lytle applied a Fouranrsiormation on the background
subtracted oscillations giving, in reciprosalp a c & p@c R 0 ) , a pattern
function of radial distribution of atomic density. The work represented a milestone for
EXAFS spectroscopy and thanks to the progresswadlability 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 systeniz76].

2.2.4.2 EXAFS Theory
The aim of XAFS is the measure of the abs
as a function of the photon energy E. For anpngd e ¢ ( E) i's a mon

decreasing function of the photon energy, given in a first approximation by

— — Eqg. 2.18
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wher e } i s sityhZethe stanmecmunger dnel A the atomic mass. When a
beam of Xray photons passes through a material, the incident intensity be
decreased by an amount that is determined by the absorption characteristics of the
material being irradiated. For a path lengtof the radiation through the material the
decreasell is given by

Q0 ‘0O Mw Eq. 2.19
with the | inear absorption coefficient ¢
2.19 is integrated over the total thicknggsi ves Lambert os | aw

‘0 0OQ 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 risatisahgtion
intensity appears, called an absorption edge. At the absorption ealgehE kinetic
energy of the electron (Eis defined to be equal topFoften referred to as the zero

point energy.
For any energy above this, the photoelectron kirestergy is given by
O M 0©° Eq. 2.21

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

as
— Eq. 2.22

where
Q — ©O Eq. 2.23

where k is the wavevector, m the electron mass and Pl ank 6s [2¢8bnst ant
The | inear absorption coefficient €(E) i

the photoelectric event according to Fer.
‘0 6 PhoHO, O O O Eq. 2.24

Hereéis the electric field polarisation vector of the photon, iatie coordinate vector

of the electron. The interaction of an atom with a photoelectron will produce a
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backscatred 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 Figur2 The outgoing and backscattered waves
interfere, causing amterference 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 pattef@278].

QO — Eq. 2.25
e RN
) i - — ~ N\
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Figure 2.2. Scattering of a spherical wave from the absorbing atom to a neighbouring ator
incoming Xray beam causes the transition of an electron from the core to the contorming a
spherical wave (depicted in red in the figure). After interacting with a scattering ato
backscattered wave is formed (in black in the figure) and the interaction between the twc

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 ¢ (E). Thigconwdntiomallyn e d E X
expressed versus k, the wavenumber of the photoelectregaig from the absorber

atom, according to the [ relationship reported in Eq. 2.2378].

In the SingleScattering (SS) approach,theie i ght ed 6 (k) functi o

using the equation known as the Astandard

.Q YB—Q Q OEqJQ ¢ Q Eq. 2.26

whereYisthesec al | ed ampl i tude reducti ofreef actor

path,the sum over runs over the different coordination shells around the absorbing
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atom, A(K) is the backscattering amplitude function of the scattering §2319|

( me as ur e dk)is the phase funetioniof the couple absorber/scatterer, defined

as
% Q %o T %o o) Eq. 2.27

Ni is the coordinationnumber,i s t he i nt er aitiscthmmbDebydMdallest anc e

factor that quantifies the disorderofthen s h el | . iEansistadadgnamic hel | |,

term due to the t heir)eada st teimadwe toostructirdi e a't

di sorer (0
w wh wF 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 suchlgj2#s].

The standard EXAFS formula provides a convenient parametrization for fitting the

local atomic structure around the absorbing atom to the experimental EXAFS data.

The shorrange structure probed by an EXAFS experiment idyeasplained by
considering the finite lifetime of the cokreol e and the | i mited me
the photoelectron as expressed by the exponential te¥m [78]. The strength of

the interfering waves depends on the type mummber of neighbouring atoms through

the backscattering amplituadg(k) and the coordination numb&f and, is primarily
responsible of the magnitude of the EXAFS siga@b].

2.2.4.3 EXAFS Data analysis

By performing a Fourier t Kams f2or3ntoo f t h
empirically balance the loss of EXAFS sajnn the high k region, it is possible to

single out the contributions of the different coordination shells in tepaRe. Once

the Ai(k) and: j(k) functions have been independently measured on model compounds

or determined using ab initio methods, theictural parametens;, rj and,, , can be
determined in a leastguares approach where the difference between the experimental

and the modelle@"s () kunction is minimized using least squares regression along

the sampled experimental poiki§275]. The minimization routine can be done either

in k-space, directly on the measunéd () kunction, or in Rspace, working on the

Fourier transformed functions. The maximum numbeg)(of analysable parameters
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is defined, according to the Nyquist theorem, by the product of the examspat&
(Uk) and t ke aicret gruvRadl ciomtRi ning the opti

5 — Eq. 2.29

The distance resolution (a&ar)m@d an EXAFS
11 — Eq. 2.30

The standard EXAFS formula considersy 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 invadvia the scattering process is higher than
two are called multiple scattering (MS), as for example a triangular p&h32-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 contributito the EXAFS signal with respect to
single scattering ones, since the low free mean path of the photoelectron penalizes
longer path$276].

2.2.4.3.1 XAFS Measurement

Measurementwere performed on the B18 beamline at Diamond Light Source at the
palladiumK edge (24.35 keV) andold Lu edge (11.91 keVin transmission mode

for the solidstate samples, armh the DUBBLE beamline (BM26A) of the European
Synchrotron Radiation Facility (ESRF) using goldi edge (11.91 keV) in
fluorescence mode usin@alement monolithic Ge detector (Orte€or each sample

a series of spectra were collected and summeddigr @0 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  rangq Acquisition time (min) | Current| Number of
(keV) (mA) spectra
Au Pellets | 11.7141 13.116 2 300 3
Instu Au | 11.714i 13.017 1.33 300 10
Pd Pellets | 24.1501 25.600 2 300 3
In situ Pd | 24.150i 25.600 1.5 300 10
Au Solution| 11.819i 12.500 11.1 200 3

Data processing and analysis were performed using the Athena and Artemis software
from the Demeter IFEFFIT packad280][281]. The FE-F6 code was used to
construct theoretical EXAFS signals that included shsglgttering contributions from

atomic shells through the nearest neighbours in the-dastered cubic (FCC)
structure of Au and Pd. Therange used for the fitting 2.5 to 10.3*And ther-range

from 1 to 3.7 A 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 factof) (as fixel 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)

Smallangle Xray scattering (SAXS) is a smalhgle scattering technique which uses
X-rays as a mean to | nwveaslta dq arn an d shter isdtayree
to micrometre). The scattering intensity distribution contains information regarding
particle size distribution, particle shape and orientai@&2]. In particular, it is used

for interrogating dilute systems under dynamic conditions i.e. chemical aggregation,
surfactants, colloids etf196], [283] SAXS measurements require arRdy beam to

pass through the sample, which can be either generated by a sealedroudiEng
generator anode or from synchrotron radiation. In the set up-r@y X¥eam hits a
sample and an elastic scattering phenomena occur due to the interaction between X
rays and the sample. The scattererhis are recorded at low angle (usually betwee
0.17 10 °), forming a scattering pattern recorded usually bydarensional flat X

Ray detector, as shown in figu2es.
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detector

X-ray Beam

Figure23.Schemati c of SAXS experiment, with

beam. The detector is positiongerpendicular to the incoming beam.

The 2D SAXS frames are then converted through integration into a plot of scattering

where d is the scatter

intensity versus scattering angje

wavelength of the incident-Xay.

2.2.5.1 SAXS measurement

SAXS measurements were conducted on the DUBBLE beamline (BM26A) of the
European Synchrotron Radiation Facility (ESRF) usiagyXphotons of 11.850 keV.

The 2D SAXS images were recorded in transmission using the Mar CCD 165 detector
with the pixel size of 80 um. The modulus of the scattering vertoas calibrated

using silver behenatdAgCz2H4302). The sample to detector distance was

approximately 2 m, resulting in a g range between 0.016 and 0.4.

The data were corrected for the detectark 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].

63



2.2.5.2 Scattering Intensity Calculation

Scattering intensity of the Au NPs solution reads as follows
™y 00 OnQYQY Eq. 2.31
where Ascaling parameter, F(gNP form factor, f(RY NPs distribution function.

The SchultzZimm distribution function was chosen, that can account for the
assymetrical NPs size distribution based on the microscopyAlab this model was
successfully used in the past to reveal the mechanism of the Au NPs formation in the
classical citrate methdd96]. The SchultzZimm distribution can be written §885]

QY — YQon —Y —— Eq. 2.32

where R-isthe meanradius,izi s a parameter related to
by } =iwher+el )i -inemnsquaredeviaton 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 fornjQ&6]

"on Y o o Eq. 2.33

w h e r @engjy difference between the particle and the mediinmqgdulus of the

scattering vector.

The SAXS data analysis were performed by a collaborator within the group.

64



2.3 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 quabie (g = 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 insidettlee, in contact with the catalyst. The
reaction is carried in gas phase by flowing the reaction mixture through the catalyst
bed (topto-bottom). The course of the reaction was followed by mass spectroscopy,
as well as gas chromatography, which were coindieectly to the tube exit. The gas
outlet was not heated as no resultant product would incur in phenomena of

condensation.

Thermocouple

Gas Inlet A

Quartz tube

Catalyst Bed ~—_

Furnace /

™~ Gas outlet (to MS and GC)

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

2.3.1.1 Reaction procedure and conditions

A typical reaction procedure for itadiene hydrogenation is as follows; the
catalyst is pressed into a pellet and then sieved down to a sieve fraction of 250/425
em. The amount of catalyst needed in eac

velocity, defined the volumetric flow rate (fh) per mass of catalysdgesired (7500
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and 225000! ml/g catalyst for gold and palladium catalysts respectiady)in order

to keep a bed length of 1 cidepending on the metal species (Au or Pd) the reaction
conditions were slightly different due to the different catalygbaviour Au catalysts
were heated to 433 K ramping at 10 °C/min from room temperature under a H
atmosphere (4% #Helium BOC) andcooled down to 383 K. Pd catalysts were
treated for 30 min. underztht 323 K.This was done in order to avoid any possible
presence of oxides, either &Y or PdO.After this reduction treatment the catalysts
were brought room temperature (~2984dRd tke reaction mixture introduced into the
reactor.The pretreatment in lwas 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 chromatograpsd 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 quantéaiatalytic 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 thetioes.
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 plaik in

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 fro
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

werea SRI 8610C for gas phase -h@tadiene hydrogenation

2.3.2.1 SRIGC

In figure2.5 a schematic of the setup of the SRI GC usil 8610C Chromatograph
Multiple Gas #3). In the image are indicated in black the valve connection during the

Al oado phatstee anal ven aemnecti on during t he
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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 (Agilend&W, 2 meter, Hayesep D packing), which only retains
lighter gases (i.e. £002), and then flows to column 2 (Restek MAT 15 meter,
packed with crosbonded dimethyl silane) which enables for the separation of the
heavier compound (i.e.xBy, CxOyHz). The columns were selected in order to archive
the highest product separation possiblEhe compound then is separated by the

column before reaching the detector.

A 4

Carrier gas
[ >4 solenoid
3
Sample in/' (1
Sample out

Figure 2.5 Schematic of SRI GC machine. The number represent the valves, with the gasr
entering through valve 4, and the sample in and out phase managed by valve 2 and 1 (for ir
respectively). Depending on the phase, different valve connection are used. In black valve col

during the fAloadd phagseée oamndluirmn nged htehdiiwnagle

2.3.2.1.1 Flame lonization DetectofFID)

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 thecombustion 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 daon atoms in the structure, whereas, in compound containing
heteroatoms, the response factor is lower. Moreover, CO anar€é@ot detected at

all.

67



2.3.2.2 Calibration of 1,3-butadiene hydrogenation reaction product for

SRI GC
The required calibration for quatative measurement of the product of-biadiene
hydrogenation (‘butene, trans/ci&-butene, rbutane) was performed using a
calibration mixture @.05 % cis2-butene, 0.15 % trarz-butene, 0.1 % Mbutane, 0.3
% 1-butene all balanced in He, BOC). -h@tadiene calibration was performed as well
in order to monitor the total conversion, using a 1 %blidiene 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 pumixture. The amount of Hautadiene is varied
to simulatea producs to reactant ratio between 0 andAlsimilar approach was used
for the calibration mixture, with the calibration mixture volume based on a
hypothetical conversion rate between 20 and 100 %. Pébédows the concentration
of calibration mixture and 1;Butadiene. The concentration idatdated as ml/min of
the compound. Each concentration was measured 3 times, with the average taken for
the calibration curve. In table.2the area associated with each peak at different

products to reactant ratio

Table 2.2. Concentration of each comoed used focalibration as a functioproduct to

reactant ratio.

Product#/Reactant| 1,3-Butadiene| n-Butane| Cis-2-butene| Trans2-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 o

conversion rate

Conversion Area Area Area Area Area
Rate 1,3Butadiene| n-Butane | Cis-2-butene| Trans2-butene| 1-butene
0 736.4 0 0 0 0
20 585.9 234 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 ana is the slope of the straight line, was performed, and the results are
shown in table 2. and in figure 2.6, with Rbeing 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
0N EUHEDE R EO6EQ —— Eq. 2.24
Once the flow rate arecalculated assuming that the flow rate correspond to the

concentration of 1;Butadienethe conversion for the hydrogenatia therefore

expressed by eq. 2.25
PTMT PpTMI———-— 0 € & 0 Qi i Q¢ €EQ. 2.25

and the selectivity of each product as described in eq. 2.26

YQ& Qoo RIS Eq. 2.26

Table 24. 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
Trans2-butene 0.9975 19108.023
1-butene 0.9981 19873.136
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3 Investigation of Au NP selfassemblyprocess

in reverse micelle

3.1 Introduction

Met al nanoparticles (NPs) can be wused i
catalysis to sensors, [aZn8]i,bjac@®&[fm absdamd
prepare a nanoparticle, vaeoolls MeOHWPds
can be di vdadvwerd mettoo dsop( NP s udnket areimeolv)e dar
botwuem(atomgpare obwudéf 200] 1 oWRO&Pawnt op
appr oachesbeasmuclh tleha9gelalplhogw NP producti or

physical attributes (e.g. size and shape)
due to expensive instrumentation and the
1D and 2&d sNPpdano3algst herefore is only su
systems. -ulpheappprtaaoaorh i s the most commonly

where i1ions are reduceadgil ommalr9sHg e ut[i2OM ] h e
[ 295 Botp omet hods 1 hit9 a6 préoecchhegmidiTebdle mpl at i n
[ 290n]d sonoc2hoeSejd cat i on, with the common o
of synthesis of a capping aaqgentthe oNR s ng rac
to the desired size and shapap Bpermaiche
is that they do not produce homogeneous

di stribution and the average pharsi aheest
in the NP size makes it difficult to tr
properties e.g[ 2%@]t alrjy 2cBoZl]oa d tmpwRi8tBgt hsens

synthesis of NPs with a particle size di

critical i n this regards.

The fabrication of monodi sperse NPs i s n
detailed knowhesdgmbloyf 2®rOd\tacssesous st udi es
performed in order to under st athlde tih@n £ vto
NPs in differenf{ 19 9A44e2mMs8,]A gs9uiclehn ch ss Awer al
growth modes including Ostwald ripening,
coagul ati on, and combh onraddedndstyiobfe dt hiens ea |

article dtr p#lODlkhsegpnit e similarities in the
NP growth appears to depgBdPdlrtteagt sgnede
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the mechanism of Au NPs formati csrhoiwedt he
that the comiainmgateayXns odt tsaraidi gky ( @AXB)Y pt i
near terdget usre ( XANES) is able to reveal
nanoparticledg 1®d®6rlinng hsaytntsheaiusdiys t he aut hor
goes through four different phases:

-fast initial formation of small gol d nuc
-coal escence of t hretsieclneu;cl ei i nto a nanop
-sl ow growth of the nanoparticle sustaine
-fast reduction ending with the complete

The second step (coalescence of ohdenucl
to form monodi s[pleXtmlet hanopheti bhpeest, ad st |
shows that in the case of a-pblgc¢khroppbek
oxi-p®) y(ethylene oxi ®PLP,EOI| ¢ ek NdPven casn R
I n a single step, due to the presence of
as a reldwcHame t mecmraemssmeadf gol d NPs for

as bel ow:

-reduction of t he met al ions facilitated

containing a small number of atoms) ;

-Ssi mul taneous adsorption of t hne opfodyAweQl o

i ons adsorbed on the surface of the c¢cl us:H
-growth of the NP through a repeat of ste

I n this process the polymer plays an i mp
resulting from the tdientdhueasli sat tTrhiibsuties od
reductant and stabilizer, whif lcdhs eedarore st h
pol ymer molfe&@l]Jar wei ght

By comparinglo®hld copmpcblimpatdt hods one ¢
conclude that the reduction of met al i on
clusters are two common steps during met e
di fferemeedainn stmhd or gol d NP growth. Thi
the different stabilizer (citrate i n one

changes the pathway of the reduction pr o
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Pol yameacapsul ated rever se bmi Selalt @&l asny nbteh eussi
to prepare uniform,]5mMmdhbds spdvyapceet AdbN
mi mi c s-i fwialt esystem by employing précursor
P2VP dcopok¥mer Iliwemtr,gatnhat sal |l ows to f ul
i ons and inhibit s ptlhe3ed$2 A noatthieorn aodfv asnu ka ¢
approach tamscsleuntbd sy sienltfo regul ar ar+ays w

particle distances when deposited on a f

many applications etogtamioi mhsesathieomag
sintering durl[ih@2]h,e altB& Feiaztememnft t he depo:s
density -p(aer.tg.clientdeirst ance) can be conven
| engt h-(dPfS)s Weolrimomeg ( P2VP) [ 80IB | pyaretri du loa
i ncreasing the |l ength of the PS it 'S poa
micel |l es, wher eas itnfrees R ZAN\eP slieng tohf diehtee rA
Despite multiple reports where this syntt
defined met al NPs with suiftadly BEWap, pai
the best of our knowledge no detailed st
mechani smoot agonl dg micelles formati on. C

time reqgqmpfitetdet ohe reducthywneprpaeway an

assembl e met al ions into Au NPs.

I n X-ray absortprtuicanurfei (eXAF S) i's a power f
changes in the electronic straé¢t3wrdd nof n
particul ar, XANES is used to obpecwvescha

wher eas eaxatyemdbesdbtpuiconrfei EXAFS) can mon
of Au clusters t hrAaughc adedteadinpgb gpbappnf Be@e 4
Whereas XAFS r eveeael 94 oicrafl o remavtiiroom memtt o f
the sdomge order) in the imi caelsliezse rSaAnXgSe 0
nmjo the changes in the electron density
the mboacerld ewher e fgorlmatdlongd 8cdcur[Ehag] a
combination -mdy thecnitgvwwoesX with the use
avail able experimental met h od sulsturcahv iaosl ed
visi bl e spevdtsr)osacnodp yt r(alhs mi ssi on el ectr orn
to understand the chemical and physical |
the met al NPs.
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This work is focused on t heduirnvnegs+p aoglaytme
encapsul ated reverise X daye | sl pee cstyrna shcecsp ys aurs
The reverse micelle method,bsibyepofdélerowg a
detailed mechanistic insighbrmatoobhheKpy
this study i gf absheed uacvi onigd aangceenstiosX Oadrli cchi tarsa tNe
[ 196]t hat can often resul-'t i n uncontrol | e
di stribution, hindering our attaasmptmbl| gt
proda89YHThe insight obtained usingi hhese

combination with the reverse micelle met
seddsembly process that are useful when t
practical. applications

3.2 Materials and Methods

3.2.1 Nanoparticles preparation

Gold nanoparticles solutions were prepared by pgblmerencapsulatedeverse
micelles method54]. Two blockcopolymers P182262VP and P5073$2VP were
purchased from the Polymer Source Inc (electronic grade purity). Thesaktased

was chlorauric acid (HAu@) (Aldrich 99.99999% trace metal basis).TBluene
sulfonyl hydrazide (PTosyl hydrazide) (Aldrich 97%) was used as the reducing agent,
as an alternative to the more commonly used toxic and explosive hyd@@rheAll
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 P1822& and 0.0335 g

for P5073S2VP) in order to obtain an Au/pyridine atomic ratio of (aBd the
solutions wee left to allow the metal salt to incorporate inside the micelles.
polymers were selected in order abtain different particle sizeBefore 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 HCI, used in literature to remove
the excess of hydrazifgl], on t he met al reduction i nsi
of HCI (ACS reagent 37%, Fluka) was added to the solutions aftese¢2hds 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 Mnx 10 PDI* HCI
name PSb-P2VP
A P18226S2VP 30.08.5 1.06 no
A-HCI P18226S2VP 30.08.5 1.06 yes
B P5073S2VP 175.670.0 1.08 no
B-HCI P5073S2VP 175.070.0 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 Smallangle Xray ScatteringSAXS measurements were conducted on the

DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF)
using Xray 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 um. The
modulus of the scattering vecipe=
wavelength, was calibrated using silver behenate. The sample to detector distance was

appoximately 2 m, resulting in a g range comprised between 0.016 and 8.4 nm

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 daa 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 Xray Absorption Fine Structure (EXAFS) adXdray Absorption

4 “sind/ e,

wher e

d

i s

Near Edge StructureANES) were measured on the DUBBLE beamline (BM26A)
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of the European Synchrotron Radiation Facility (ESRF) using bolédge (11.91

keV) in fluorescence mode ugim9-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 evaporatedl, a 1
capillary was filled with the sample-BCI 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 mueflesited

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. TRE6FEbde

was used to construct theoretical EXAFS signals that included sogteering
contributions from atomic shells through the nearest neighbours in the chlorine
bridged dimer, as well as the facentered cubic (FCC) structure of Au. Theange

used for the fitting 2.5 to 10.3"Aand the-range from 1 to 3.7 A. 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()

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 u3t@L: JEM2100
operating at 200 KeV using a Lafflament, after deposition through drgpsting on

a film supported by a 300 mesh copper TEM gBdmple A and B solutions before
and after the addition of HAucCand after the reduction treatment were analysed.

the case of Sample A the small scattgrcontrast 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 wereiobthusing 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 trectize index was derived from
polystyrene (d=1.5). Mi cell es containing
mm pathlength. Three scan per point, each with the duration of 3 min, was taken in

order to average the results.

3.3 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 met al ions thro

hydrodynamic radius.

DLS plots for the sample A during reduction are exemplarily showFigure 3.3.1.
The average radius of micelles is 32 #irfi (Figure 3.31a) and it increases to 36 + 4
nm after addition of the reducing agent (Figure.Ihp As can be seen on
Figure3.3.1cd the swelling of the metadontaining polymer particles conties and
results in doubling of the average micelle sipe55 + 3 A similar effect is observed

in sample AHCL when HCI is added during the reduction process (Figure 3.3.2),
where the micelles radius increasesnf 32 to 551m, with the reduction time.

DLS plots for sample B and-BCl, shown in figure 3.3-3, 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 sampleHBCI respectively.
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nm after the reduction.
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We suggest that the observed increase of the micelle size is due to the distortion of the
P2VPbackbone chain during the reduction of the metal salt. Considering the reduction
reaction of [AuCl]” with Hz, produced by the -Bsyl hydrazide decomposition, to

Au(l) that reads as follows

V06® ™OO°00606 w006 G Eq. 3.4
and the reduction of Au(l) to form metallic Au
COO0AO O cO6 OO0 a Eqg. 3.5
which can be recap as follows

¢O0O0@ 00O ©°¢o6 Yoo & Eq. 3.6
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With HCI staying in the core of micelles due to its hydrophilic naflinere is a large
increase in moles (from 5 of the reagents to 8 of the products) which can cenwibut
the increase volume from within micelles size. Furthermore, this may provide a strong
entropic driving force for the formation of Aspecies and its further agglomeration

in nanoparticles.

The technique was employed in the past to probe similareragstincluding
copolymer and surfactanbased reverse micelld808]i [310], colloidal gold and
polystyrene nanoparticleg811], [312] and even reverse micelles filled with Au
nanoparticle$247], [313] The most relevant study is a piece of work fididssmer

et al[313] where, using a RB2VP of similar blocks length to the one here employed,

a radius of 28 nm for the micelles filled with H{AuCWas observed, similar to the

one here reported, and 30 nm for the Wanopatrticles 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 Rtosyl hydrazide for sant@ 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 evolveslgedly 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 aofeasuring the total diameter of the csrell
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 inter¢313]. Therefore, the combination of microscopic and
spectroscopic methods have also been employed to obtain informatodinggthe

local environment of the gold loaded P2VP core and the role of HCI 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 anddentify thelocation of Au species

inside the micelles. Figure 3.a&.5hows the micelles formed by dissolving thelPS

P2VP polymer in toluene above the critical micelle concentration (JRMZ).

Spherical polymer micelles form a clepacked hexagonal arrayhere P2VP cores

are embedded in the PS matrix. As a result of the lmordrast it was not possible to
obtain an accur ate me aBuetothe sméller PAVEcham, c el |
and therefore smaller P2VP core, it was not possible to oltginnéormation on

sample A. kbwever for sample B, with a much denser P2VP core, it was possible to
determindghecore size distribution plot of the micelles without metal, which, as shown

in the TEM imagecorresponds to the size of ~15 nm (Figure52)3.
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Figure 3.35. a) TEM micrograph of sample B without HAu@lecursor. The core of the micells
appearsas white due the lower contrast compared to the outer shell. b) particle dibeititie
Average core size 15 +rin.

Figure 3.36-7 show the P$-P2VP micelles loaded initially only with HAu£lIit 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 €lear Z

contrast(figure 3.36). For sample A, the gold appears as-sahometre clusters
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inside the core of the micelle (figure &B). Similar clusters have been reported
previously and could be accounted for the reduction of HAuGhe 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 sampl&. TEM data shows that the cores become more separated as
the PS block lengt i ncreases and the micell esd cor
block length, with sample A and B possessing a core size of ~11 nm (Figie 3.3

and ~22nm (Figure33., respectively. An effect of
core size can be clegrseen for sample B, where spherical P2VP core increases from
~15 to ~22nm, possibly due the sterstrain caused bthe formation of a complex
between the protonated pyridine moieties of the P2VP corprail4] ions
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Figure 3.36. a) TEMmicrograph of sample A loaded with HAuCb) an enlargementAverage
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Figure 3.37. a) TEM micrographs of sample B loaded with HA@) an enlargementAverage
micelle core size is 21 rém
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After P-tosyl hydrazide is added to the miceHesntaining solution, reduction of Au

ions occurs and leads to the formation of nanopatrticles, as shown in Fig8rio3.3.

the reduced sample-ACl after 24 h. The particle size calculated from the TEM data

Is 4.5+ 0.8nm. 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 posdéAu 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 da, 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 3.38. a) TEM micrographs of sample-ACI after reduction process; B enlargement

3.3.3 UV-Vis
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Figure 3.39. UV-Vis spectra of: a) samples A and b)HECI 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 speeiasution in solution during

the reduction process. The biNs spectra shown in Figure 3dZontains a plasmon

peak a6 5 rim characteristic of Alclustersof around 2 nmformed by the reduction

of HAuCl4[268]. The increase imtensity with time suggests continuous reduction

and formation of Au NPs; interestingly the band does notgehaosition suggesting

a continue increase in the amount of #anoparticlepresent in solutiowithout any

dramatic change in size. In the caésample AHCI the red shift of the plasmon peak

from 550 to 600 nm could be explained by nanoparticle aggregahimh could also

be observed in the DLS where the presence of large aggregate (> 1) was observed
possibly caused bpotketppnesansedobyinwhete,l
by he unlike possibility of particles larger than the micelles themselves (>> 100 nm)

or else anisotropic particl¢s771. Thi s makes difficult to ob"
due to the interference of the nanoparticles aggregatiaas not possible to record

the UV-Vis spectra after 1 day of reduction since the micelles containing reduced Au

NPs were observed to precipéats can be seen in Figure S3.3.5.

3.3.4 XAFS

XAFS was used to determine further manism of the Au reduction alggregation

in the gold clustersin figure 3.310 are shown XANES, EXAFS and the EXAFS
Fourier transformThe results of the EXAFS fit for all &tw samples after 5 and 150

min of the reduction process are summsediin Table 3.3.Eigure 3.311-12 contains

the XANES spectra and EXAFS Fourier Transforms (FTs) for sample A and B. A
reference AuCl solution which contains a strong white line at 10.%2V is also
shown, related to the electronic transition from 2p to unoccupied 5d ofSitalk

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 orbhiads.
change is observed in conjunction with a slight shift of the edge position towards
higher energies (from 11.197 to 11.199 keBoth changes are consistent with
reduction of Au (Ill) to Au (I)[315]. However, no further changes were observed with
increasing reduction timsuggesting the Au(l) species formed are IstaFigure
3.3.%&-b). The EXAFS data for samples A and B in FigureB1B and Figure 3.32b

are clearly different to that of the reference compounds but do possess a peak at ~ 2.24
A which can be assigned to a -/l scattering contribution, although theduced

amplitude (when compared with AuCGh solution) suggests the presence of Au(l)Cl
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species (see Eq (3.4))hese values (and FTs) are similar to those observed previously
by Salama et 4816]in NaY zeolites and are consistent with the formation of a linear
AuClz speciesAu(l) species in the form of a AQlz2closed square dimepnfiguration
previously reported by Hargittai et §17] can be ruled outrothe basis that the Au

Cl distance reported there (2.567 A) is too long. Interestingly, the Bafayler
factors obtained for both samples are comparatively low suggesting low static/thermal
disorder in theAuCl speciesNo sign of any metallic Au NPs weobserved after 150

min of reaction (see Figure 313b and kgure 3.3.2Db).

124 a)

—— A-HCI 5 min
—— A-HCI 150 min
A 150 min
——B 5 min
B 150 min
= B-HCI 5 min
B-HCI 150 min
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----- Au foil reference|

K2 (K)(A?)
FT Magnitude (A*)

Normalised Absorption (a.u.)

11600 11é20 11540 115‘)60 11650 12600
Energy (eV) k(A™) Radial Distance (A)

Figure 3.310. XAFS spectra of all samples including Ay@hd Al reference; a) XANES spectr:

b) EXAFS krange data; c) EXAFS Fourier transform

Table3.3.1.EXAFSfitr esul ts for Au species. CN is the?
the Debyewaller factor

Reduction . CNau- . Particle
Sample . CNau-cl |Rau-ci ( A) 0Pau-c ( AZ) Rau-au ( A) 0Pau-ci ( AZ) (00} E| Rractor .
time Au Size
- 4.3+ Bulk
Au foil - - - 12+ 0.5|2.86+ 0.002|0.008+ 0.0004 03 0.014
AuClsin - 4.3+
4.3+0.2|2.28 + 0.0030.002 + 0.000 0.007
solution 0.3
A 150 min 2.0+0.2|2.248 + 0.00{0.003 + 0.001 - - - 7+1| 0.02
5 min 0.0025 +
A-HCI 2.9+0.4|2.266 + 0.00 - - - 8+1| 0.03
0.0013
150 min 0.0027 + 7+ 1.5
A-HCI 0.7+£0.4| 2.25+0.02 8+2 | 2.86 £0.01| 0.007 £ 0.004 0.05
0.0018 1
B 5 min 1.9+0.3| 2.24 £ 0.02|0.002 £ 0.003 - - - 6+2| 0.02
150 min 0.0012 +
B 2.05+0.5 2.24 £0.01 - - - 4+3| 0.06
0.0022
5min 0.0015 +
B-HCI 25+0.3| 2.28 £0.09 - - - 8+1| 0.02
0.0013
150 min 0.0034 + 0.4
B-HCI 1.8+0.6| 2.21 +0.06 0.0003 1.7+£0.7/2.866 + 0.040.0016 + 0.00{ 4 + 4| 0.06
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Figure 3.311. XAFS spectra of sample A after 150 min of the reduction process; a) XANES s
including AuCk and AW reference ; b) EXAFS Fourier Transform.
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Figure 3.312. XAFS spectra of sample B after 5 and 150 min of the reduction process; a) X

spectra including AuGlreference; b) EXAFS Fourier Transform.
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of sa#EClechmpdalesiotdoudgest that AuCl spec
150 min.
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Figure 3.313 XAFS spectra of sample-ACl at 5 and 150 min reduction time; a) XANES spec
including AuCk reference; b) EXAFS Fourier Transform.
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Figure 3.3.14. XAFS spectra of the sample-BC| at 5 and 150 min reduction time; a) XANE

spectra including AuGlreference; b) EXAFS Fourier Transform.

3.3.5 SAXS

I n order to investigate the structural t
pol ydi spédiresintaynopafrti cl e® tormedurnnghe hm
prodes SAXS®S studies were conducted. 1D SA
during theocesisicts oashgwnlDnSAKSupeofBi Beg
A during tpwmeessdwactei shodn AccbBbirgumeg 303t
t he det ainhesn tsaele skEexcpteirooh) aheér Ei gsra 3] Bght
scattering component sBz®& flarnodn Tea.b8 et o3 . &3..
400 min oonf. rFeodruldsTdimml s hAft of the scatt et
smal vaelrueqgs can be Sspewhi( Ehgoaoer 8s Bodds to

8.9 nm depending on reduction ti me, wi t
stabili Befa MENTabR®e 3IJ.hET. changes observe f
reduction, whereas following same trend &
seen fr @mS8d,ilgaupeert from an abrupt 1 ncreas
at 400 min of 3r@ddaxnd ofMRANIFEgMELke sBows a
si mbehaviodd&d , however P2VP cores contain

same size of 20.5 nm af¢ter 400 min of re
(Fi gunk; 3TaB)l.e 3. 3.

ThienuSAXS Uit sresmmari s7réadiimcaftiegar gr ®w3 hl
of both sizes during the reductihon hpr ®cL &
data (FrHMgpuwbeBe&slthe difference i n size
DLS) it® dwe PS shell which is not detect
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density contrast between toluene and pol
i ncrease of sthe, P2¥Psbowab,i nf rFoingu7r et 03. 3.
sample A damd 2flr omm X4r sample B, when HCI
can be attributed to é&gnr oiwitchr.e nfehnits iwia st hae
from the XAFS analysis, indicating that I

Au species.
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Figure 3.3.15. Structural changes during reduction as followedhisitu SAXS. 1D SAXS profiles
for the sample A (a), AICI (b), B (c) and BHCI (d).

91



1000

100

Intensity (a. u.)
=]
1

aA”)
Figure 3.3.16. Examples of the SAXS data fit.
for samples B (a) and-BCl (b) at 2h15 min.

a)
9.0 _
= ‘—-— No HCI
=3
2 —e—HClI
I
© 80+
Q
(5]
2@
=
7.0
T T X T T
0 100 200 300 400
Time (min)

1000

b)

100

Intensity (a. u.)

qA”")

1D SAXS curves and corresponding fitted ¢

b)

—s=— No HCI

—e— HCI

Micelle core radius (nm)

T T T T
100 200 300 400

Time (min)

Figure 3.3.17. Evolution of the micelles core radius with time for the samples A ahiCA(a), B

and BHCI (b).

Table 3.3.2Summary of the NP size and polydispersity resulting from the SAXS fit
for sample Aand AHCI.

Reduction Time (min) Micelle core radius Micelle core radius sample
sample A(nm) A-HCI (nm)
0 6.8+0.1 79+0.1
20 - 8701
75 6.8+0.1 8.9+ 0.1
135 6.9+0.1 8901
400 6.9+0.1 8.9+0.1
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Table 3.3.3.Summary of the NP size and polydispersity resulting from the SAX¢

fitting for sample Band BHCI.

Reduction Time (min)

Micelle core radiusample

Micelle core radius sample

B (nm) B-HCI (hm)

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
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3.4 Discussion

From the results obtai-medolbwe&d&VhkEd ,&,oXMd-iSn a
SAXS and TEM it was possi balses etnob | pyr oopfo steh e
nanoparticles in the reverse micelles sys

i n the three steps:
-an initial fagltt or dduct i)ospefci eAyCl
-further slow reduction of the Au (I) and

-aggl omeration of the small clusters to f

the micell e.

Accdoirng to TEM d&)t,a t(hFd gmirce I3kigSt.6otr ee i go |
precursor at the beginning of synthesis
i's initially homogeneously dispersed al/l
bet ween the nitrogejn firnom psy raiidisree warkd [0/
and molybdenum3®JAttarsohe reductant IS &
3.4.1) tihen$ Au€d dd¢e al most I mmedi ately tc
shown by XAFS results (Table 3.3.1). The
forpsamASamd £#dbr samplcd)B (Rigddet38o08d. 15
sugdgéeet si ze obtained by the SAXS measur e
of the micelle c@Olspewhens {RIfgede wHOh MmMA. (
3 fiingure 3.4.1) °shecif®s maamn obnetbGle daan o oB
HCI ( Bi. urle& b band t3ha3t. 1r3epr esent a combin
cl ustderast o(n2s) hbuvasskdwoni €NTable 3.3.1. The
NP r adduiruisng the reduction profcersst hmeasan

containfogt H&€d , c o rafsisrenmsb | tyh edb g eglofi dt a | 1 & e

(Figure. 3TBelBBwelling of the micelle <co
equilibrium state is reached.
Due t o t he ti mei coXBFHEASAXS detudges, t

aggl omeration of the gold cluster to for
confirmed ohpyoiwi TEMt AprahgsishoWwWkingur ¢ hat
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Figure 3.4.1.Proposed schematic for the formation of Wanoparticles in the reverse micell
for sample A stating the techniques usexitlentify the step propertied: The [AuCl] ions

attach to the pyridine group; 2. The [AulCkpecies get reduced to Au (1) species; 3. Au (I) <
to agglomerate to fan Au nanoclusters 4. The Au nanoparticles are formed inside the mic

The addition of HCI increase the rate of formation of Au clusters

95



micelle, and not just its core, is affected during the reduction of the gold precursor to
the metal NP (Fig. 3.3:2).

The XAFRWB,s Udnd SAXS data suggespetdldet hat
reduction pr otaemsd iotfs Aag d Il g mdroatAiuon. We r

with nt Hsertmati on of hydrazine through the

(. ( B Oi10AT OFI#&I (UL #1D O OAT OBigaEl 1 81 7
which wil |l then act as a reducing agent

(1O . ( ©. o@(#Iic! O#1 Eg. 3.8

1! O0#1( ©. t1(#Iht!t O Eg. 3.9

that can be summari sed as:
(! O# o ( °1! Oo. po(#1 Eq. 3.10
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as mol ecular species to the pyridine gro
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3.5 Conclusion and future work

The selfassembly of gold nanoparticlpeeparedising polymetencapsulated reverse
micelles was studied usinAFS and Small Angle Xay 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-asembly process leading to

the formation of uniform monodierse Au NPs. ie 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 enploy 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 pesence of HCI, 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 nanopdicles. Challenges for future studies are an improved resolution for
the timeresolved techniques (SAXS, XAFS) paired with an exploration of the various
synthesis parameter, such as metal/pyridine ratio or concentration of HCI, to derive

Kinetic parameter f or t hi s i mportant met al NPOs

98

S |



4 Particle size and support effect o the
catalytic properties of Au nanoparticles for
1,3-butadiene hydrogenation

4.1 Aim of the chapter

The main aim of this chaptes in understaridg particle size and support effects for

gold nanoparticles when used to catalyse-hltdiene hydrogenation. The
nanoparticles were prepared using reverse micelle encapsulation, which provides a
method to produce highly homogenous nanopartithesitu XAFS spectroscopy will

be used to characterize the nanoparticles (previously characterized through TEM, UV
vis and ex situ XA&S) in order to identify any modification caused by adsorption and
interaction of the reaction gases(H,3butadiene and the wture of the two during

the hydrogenation of 1;Butadiene to produce butenes).

4.2 Methods
4.2.1 Synthesis

Gold nanoparticles were synthesized by the reverse micelle methods, as previously
explained in chapter 2. The polymer used were:
1 P4708S2VP (Polystyrene(BS 16000 MW, Poly2 Vinyl
pyridine(P2VP)=3500 MW), polydispersity = 1.05;
1 P18226S2VP (Polystyrene(PS) = 30000 MW, P@Winyl pyridine(P2VP)
= 8500 MW), polydispersity = 1.06,
1 PS5073S2VP(Polystyrene(PS) = 175000 MW, RayWinyl pyridine
(P2VP) = 7000 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 (HAQCAIdrich 99.99999 % trace metal
basis). The metal atoms to pyridine ratio MS/Pyr (metal loading) wed &t 0.3
MS/Pyr for all the samples while the reducing agent used watuénhe slfonyl
hydrazide (Rosyl hydazide) (97 % Aldrich). A0.5 wt % (c = 5 mg/ml) solutio(b0
ml) was prepared and left it to stir for 3 days in order to let the polymsoldésand
homogenize. After 3 days, metal precursor was added to the solution depending on the
polymer usedn order to obtain an Au/pyridine ratio 0.3(6f052 g forP4708S2VP,
0.043 g for P1822&2VP and 0.067 g for PS50B2VP) and left it tancorporate
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inside the micelleé\fter a further 3 days an aliquot oftBsyl hydrazide (4old the
concentration of metal) was dissolved in 50 ml of toluene and added $oltltion.
After ~3 minutes 500 Ipof HCI (ACS reagent 37 %, Fluka) was added 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 4.2.1List of supports and their properties

Support Molecular Surface area Purity Source
Formula
Aluminium oxide Al 03 100 nt/g 99.9% (0.1 % Si©| Alfa Aesar
2)

Silicon (IV) oxide Sio, 85-113 nt/g n.a. Alfa Aesar

amorphous

Silicon (1V) SizNy 103123 nt/g 985+ % Alfa Aesar
nitride amorphousg

The solids were mixed with the solution in order to obtain a 1 % metal/support weight

and left to stirdry 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 bsegiently

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 A/X¥uNere X is the
support used, Y and Z are the molecular weights of the polymer used in the synthesis ()
Z = P2VP) divided by 10

Sample Name Polymer Support
Au/SiO; 30-8.5 P18226S2VP Silicon oxide (SiQ)
Au/SiO; 17570 PS5073S2VP Silicon oxide (SiQ)
Au/Si0; 16-3.5 P4708S2VP Silicon oxide (SiQ)
Au/Al;05 17570 PS5073S2VP Aluminium Oxide (AbOs)
Au/SizN4 17570 PS5073S2VP Silicon Nitride (SiN4)
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4.2.2 TEM

The various samples have been characterized with transmission electron microscopy
(TEM), using aJEOL: JEM2100 operating at 200 keV with a Leaflament,in order

to define the patrticle 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 depositedio a holey carbon film supported by

a 300 mesh copper TEM grid.

4.2.3 XAFS
Ex situ XAFS measurement at B18 beamline at Diamaglit Source using golt

edge (11.91 keV) using the detector in transmission mode. The samples (300 mg for
SiOz and SiNasupported sample250 mg for A¥Os supported samples)ere pressed

in pellet form, in a 1.3 mm pellet press, and then mountedsample holder. XAFS
spectra were then collected aratalprocessing and analysis was performed using the
Athena and Artemis software from the Demeter IFEFIT pack2g@, [281]

The 1,3Butadiene hydrogenation reaction has been followed usiray>absorption
spectroscopy in order to identify any modification happening during the reaction
conditions.The measurements were perfornoedhe B18 beamline at Diamond Light
Source at the AlLn edge (11.91 keV) using the detector in transmission mode. The
catalystsafter being pressed in a form of a pellet, waeval in fraction of 125/250

¢ mloaded into a capillarya= 3mm)and mainted on a catalysis testing station, with

the capillary connected to gas lines on one side and a residual gas analyser (Mass
Spectrometer) on the othi@21]. While under helium flow the catalysts were brought

to 413 K and subsequently different gas composition (hydrogen (10% in He, BOC),
1,3-butadene (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 changga$igte structure
and metakupport interaction as explained in chapteb@e to the high correlation
between Deyb#&Valler factor (DWF) and First shell coordination number (1CN)
(>0.95) fitting where both parameters are allowed to freely refine leadsgptyysical

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 frorafahé Au

foil at room temperature.

4.2.4 Catalytic testing

The samples in table 4.2.2 were tested forBuyBadiene hydrogenation. The reaction
was performed in a flow reactor as shown in chapter 2. The catalysts, in different
amount dependent on the dengifythe material (550 mg for Au/AtOs 17570 and
SisN417570, 330 mg for Au/Si@17570 and 368.5, 200 mg for Au/Si®@16-3.5), in

the sieve fraction 250/425 pm, were loaded inside the reactor tube (7 mm diameter
quartz tube), and then placed insidealaular furnace and connected with the gas lines
through a Swagelok fitting. The reactions were performed using a space velocity of
7500 h' ml/g catalyst using a reaction mixture composed of hydrogen (4% in Helium,
BOC) and 1,3utadiene (1% in Helium, BO) in a percentage ratio of 98/2, with a
total flow of 135 ml/min, of which 125 ml/min of2&nd 10 ml/min of 1,8Butadiene.

The samples were brought to 160 °C from room temperature under hydrogen
atmosphere and cooled down to 120 °C. After flowingdu@diene over the catalyst

for 15 minutes, Hwas injected together with the 1bBitadiene in the reactor tube.

For Au/SiQ 17570, Au/SiQ@ 30-8.5 and Au/AtO3 17570 further data were taken as

the samples cooled down to room temperature in order to dibgievolution of
activity/selectivity as function of temperature. The activity and selectivity were
obtained usingnass spectroscopy andsggchromatographgnd compared after the
presence of a steady state (~15 min after injectionzpf Fhe gas chromato@gph
response has been calibrated using a mixture of products (0.052bwisne 0.15

% trans2-butene, 0.1 %4butane, 0.3 %-butene all balanced in He, BOCQhe error

on the catalytic results is estimated 10% of the value.
4.3 Results

4.3.1 Ex situ characternisation

4.3.1.1 TEM

In Figure 4.3.15 are shown the TEM micrographs obtained, paired with the particle
size analysis, derived through ImageJ software padd&id. The average picle

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 patrticles, identified as darkisr dye 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 supptsbgric
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 colydben
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,dilegpen

on the particle size. Moreovdhe three samples prepared using the same polymer

type (17570) 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 SiG (30-8.5) 1.9+0.3
Au on SiQ (16-3.5) 2.1+06
Au on SiGQ (175-70) 2705
Au on SiN,4 (17570) 2.7+0.53
Au on ALOs (17570) 27+0.6
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Figure 4.3.1.0n the left: TEM micrograph of Au/SiKA17570 samples; on the right: particle si
distribution (200 particles counted toward particle size distribution). Average particle&izé€.2.

nm
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Figure 4.3.2.0n the left: TEM micrograph of Au/S¥3B0-8.5 samples; on the right: particle si

distribution (200 particles counted toward particle size distribution). Average particle size 1.!
nm
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Figure 4.33. On the left: TEM micrograph of Au/Si016-3.5 samples; on the right: particle si
distribution (200 particles counted toward particle size distribution). Average partick kiz6.6 nm
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Figure 4.34. On the left: TEM micrograph of Au/ADs; 17570 samples; on the right: particle si

distribution (200 particles counted toward particle size distdhytAverage particle size 2470.6
nm
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Figure 4.35. On the right: TEM micrograph of Au/SK16-3.5 samples; on the left: particle si.
distribution (200 particle counted toward particle size distido)t Average particle size 240.5
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 resofjd@2g Shown in figure

4.36, are the UWVis 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[B68]. The paition and the
intensity of the peak does not only depend on the particle size but also in the media
surrounding the nanopatrticles, in this case the supf&fs As it can be seen from
figure 4.37 the intensity of the plasmon peak dropdhees particle size gets smaller

due to limited interaction of the photons with the Au nanoparticles electronic clouds
[323].
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Figure 4.36. UV-Vis spectra of Au nanoparticles on various supports. The intensity ar

position varies depending on the partisiee and the surrounding media. The position of

plasmon peak around 520 nm (grey line), suggests the particle size of the AUNP to be

than 5 nm
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Figure 4.37. UV-Vis spectra of Si@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 4.2 shown XANES, EXAFS and the EXAFS Fourier
transform for all the samples in table 4.3The FT plots of the EXAFS show the
presence foa peak at ~2.9 A which can be ascribed to a metallidAAiscattering

pair. According to Beale et dl190] 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’*shell is smaller than the one present in bulk Au (2.884), which

is consistent with the previously reported results indicating the contraction-AtiAu

as the nanoparticles become smaJ@9]. 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
measurerant (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 accuratdetermination 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 Sl1 4.3.14.

Table 4.3.4.EXAFS fit results for supported gold nanoparticles and compariginh TEM

results
15t shell| 1%tshell | 8?(A?) | Ruacor | PE |Particle Sizg Particle Size

Sample CN [radius (A) EXAFS (nm)| TEM (nm)
Auon SiQ | 9.97+ | 2.847+ |0.0079+(0.06446 3+

(30-8.5) 0.9 0.007 0.0005 2 19+0.2 19+0.3
Auon SiQ [10.22 4 2.852 + | 0.0081 +0.108564 4+

(16-3.5) 0.93 0.007 0.0006 2 26+0.2 22+0.6
Auon SiQ [10.594 2.84+ |0.0082+| 0.3037| 2.+

(17570) 1.88 0.01 0.0005 3 2.9+ 05 27+05
Auon SgN4 |11.032 4 2.859+ | 0.008+ | 0.1218| 4+

(17570) 2.39 0.008 0.0009 2 3.3x0.1 27+05
Au on ALbO3;(10.71 4 2.861+ |0.0078+|0.09702 5%

(17570) 2.13 0.007 0.0008 2 3x0.1 2.7+0.6
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Figure 4.3.6.XAFS spectra of all samples ; a) XANES spectra; b) EXAK8rige 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 fable 4.3.5, is the SiOsupported one, with a
conversion of 94.9 %; however, the presence of a significant amouwtiLténe (~15

%) lowers the yield of butenes to 76.4 %. TheMAlsupported sample is the second
most active catalyst, but it possesses a lower activity, at 42.43 % conversion, with no
presence of {butane as a product. The least catalytically active sample issNu/Si
17570, with a total conversion of 15.5 % and algiédue presence of-nutane
produced) of 13.1 %.
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Table 4.3.5.Catalytic activity/selectivity comparison at 120 BE€tween samples with similar

Au particle size2.7 nmbut different support, Si£) SkN4 and AbOs after 15 min of time The

error foreach measurement is 10% of the measurement.

Trans-2- Cis-2- Yield
N-Butane Butene 1-Butene Butene (%)
Conversion selectivity selectivity | selectivity | selectivity
Sample (%) (%) (%) (%) (%)
Au/SizN4 17570 15.4 154 21 47 36.4 84.7
AU/Al03 17570 42.4 0 39.6 51.6 8.7 100
Au/SiO, 17570 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 SN4 sample the primary products arddtene and ci®-butene

(46.7 and 36.3 % selectivity respectively) with only a minor presence ofarantene

(2.1 % selectivity). On the other hand, for the@s sample, an opposite behaviour,

with trans2-butene and -butene being the major products (39.6 and 51.6 %
selectivity respectively) and esbutene being lower in presence (8.7 % selectivity)

is observed. When the results for the Au/&i@5-70 are consiered, there is a further
difference in performance; in this sample the major product is-Bdmgene (44.9 %
selectivity), with the other two products, -@Agutene and -butene, being produced

to about at the same extent (16.2 and 15.3 % selectigipecavely).

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/SiT8-3.5 results from too close scrutiny since

the lowerconversionobservedcould be caused by the different amouhtatalyst

used in the reactiorComparing then the two remaining catalysts it can be seen that
when the patrticle size increases the activity drops by ~ 10 % in the same conditions
while keeping the same selectivity. In addition, the productionlmitanedecreases

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 siz§l69]. Although the results for the Au/SiQ6-3.5 are most likely
compromisedor the aforementioned reasoentsshould be noted that the particular

selectivity of Au/SiQsamples appears comparable to the othersamples.
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Table 4.3.6.Catalytic activity/selectivity comparison at 120 °C between samples supporte
SiO, with different particle siz¢Au/SiO, 30-8.5 particle size (PS) = 1.9 nm, Au/SiT6-3.5
PS= 2.6 nm, Au/Si@l7570 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/SiO, 30-8.5 100 6.3 534 19.5 20.8 93.7
AU/SiO; 16-3.5 512 0 46.4 43.1 104 100
AU/SIO, 17570 96.4 24.2 443 13.1 18.4 76.4
100 - [ | N-Butane
. [ Trans-2-Butene -
PR I 1-Butene
X 80+ [ | Cis-2-Butene
- . ;
§ 70- m Conversion
2 -
“>> 60
c J
S 50
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10 -
0 - —

Au/Si;N, 175-70 Au/AlLO,175-70 Au/SiO, 175-70
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Figure 4.3.7 Catalytic activity/selectivity comparison between samples with similar particle siz

different supporat 120 °C using 1;Butadiene/H mixture in a 98/2 ratio
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Figure 4.3.8Catalytic activity/selectivity comparison between samples with different particle
but same support. (Au/S¥30-8.5 particle size (PS) = 1.9 nm, Au/SiTB-3.5 PS= 2.6 nm, Au/SiO
17570 PS= 2.9 nm) at 120 @sing a 1,3butadiene/kH 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/SiG0-8.5 and Au/SiQ 17570
respectively. As it can be seen the conversion profile varies depending on the particle
size; Au/SiQ 30-8.5 reaches 100 % conversion at just 90 °C while it requires a
temperature higher than 120 °C for Au/%i07570. Furthermore, the selectivity
varies depending on the temperature: for AusS3®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 trang-butene. This increase of traBsutene 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 (> 8087]C)

The reason for a higher presence diu?enes species as the temperature increase
could be attributed to an increase in the isomerizatair of lbutene as the
temperature increases, in particular toward the production of2rbngene, which is

the most thermodynamically stable but¢h6&7]. The lower production of-butene

112



can be further seen when the temperature increases from 90 °C to 150 °C, and, while
the conversion is 100 %, tlemount of 1butene decreases while the-2ibutene
increases as well as, interestingly enough, the amourbatame. Regarding Au/S{O
17570, the selectivity toward trasBsbutene remains constant for the whole catalytic
test. However, the ratio betere Ebutene and ci@-butene changes as the temperature
rises, with tbutene decreasing and-@sutene increasing. For Au/&D3 17570, as

shown in figure 4.3.11, in contrast with the $g&amples, the product selectivity does

not change as the tempenm&wchanges but the conversion increases.
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Figure 4.3.9.Evolution of the conversion and products as function of reaction temperat
selective hydrogenation of butadiene for Au/S30-8.5using 1,3butadiene/Hmixture in a 98/2
ratio
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Figure 4.3.10.Evolution of the conversion and products as function of reaction temperat
selective hydrogenation of butadiene for Au/SkJ570 using 1,3butadiene/H mixture in a
98/2 ratio
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Figure 4.3.11.Evolution of the conversion and prodsi@s function of reaction temperature
selective hydrogenation of butadiene for Auw@d 17570 using 1,3butadiene/H 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 adsorpfioeactive gases, such as[BR4] or
ethene[325], may cause a change in the XANES spectra. This change has been
explained by Weiher et 826], in the case of the absorption of CO, as a Hmmiding

of the gold dband to he Z * of the molecular orbitals of CO, reducing the density of
d-states, making the 2p-5d dipole transition allowed327]. The effect of this
absorption is not readily noticeable whamserving 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 delteorqpe s p [827]t Im feyure

4.3.12 are shown the XANES (a) as well as the dalig AL foil taken as reference)

(b) spectra of Au/Si®30-8.5. Whereas no discernible change can be observed from
the XANES spectra, the deltau is able to provide some additional imf@tion here.

As it can be seen from 4.3.12b the delta spectra show a peak for the sample at
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11.919 keV under the variougtmospheresThis positive deltanu spectra is
consistent with the previously reported data for Au nanoparticle subject[82#

and C=C double bon@27]. This suggests a depletion of the densitg-efates 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 largedradikg effect

of the C=C double bond. Interestingly the mixture eflB-butadiene apmes to
possess an intensity in between theaHd 1,3butadiene 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 beirseen
figures 4.4.7aand 4.4.7dor the Au/SiQ 17570and Au/SiQ 16-3.5 sampls, albeit

in a much lower intensity scale whereas fofGslsupported sample, no peak can b

seen at the 11919 eV position and in the casesdi Supported sample (figure 4.4.7d)

no changes can be seen as the atmosphere changes.
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4.3.3.2 EXAFS

Tables 4.3.711 show the fit results obtained for each sample obtained keeping the
DWF constant for theSishell of AuAu; the fit was performed up to th& ghell and

the values obtained for these are given in the appendix in tabl® Hidures 4.3.14

15 show the rsults of the fit for R-weighted spectra for Au/SiB0-8. under B and
1,3butadiene atmosphere. The fit results for the other samples can be found in the
appendix at figure S4-52. The decision to focus only on changes concerning the first
shell is bas# 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 appea at ~2.9 A, which is attributed to the #Aw scattering pair of bulk gold.
Moreover, the values obtained for th& ghell radii are also consistent with that
obtained from the fit at room temperature shown in table 4.3.4. It can be seen however
thatthe 15'shell radius decreases as the atmosphere changes from tHa théicase

of SiO; supported samples. The presence of AuH species, assuming a similar
behaviour to PdH328], would have caused an increase in thetiell 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 oAuH species under aztdtmosphere.

It appears, (see figure 4.3.16), that for all the samples supported pth8iOCN

grows as the atmosphere switches from tbl 1,3butadiene, compared to the
behaviour of AlOs and SiN4 supported samples, figure 4.3,lvhere it decreases or
does not change respectively. Moreover, it seems that this behaviour is affected by the
particle size, with the smallest particles (Au/S8D-8.5, PS = 1.9 nihbeing subject

to changes in a greater extent (~24 % variation verSi#% of the Au/SiQ 175-70).
Furthermore, when subject to the reaction mixturgl(f3-butadiene) the 1CN appears

to assume value which is intermediate between trenH 1,3butadiene atmospheres,

as shown in figure 4.3.189 for Au/SiQ 30-8.5 here takeras example for the
Au/SiOz samplesand Au/AbOs 175-70.
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Table 4.3.7.EXAFS fit results obtained from Au/S¥30-8.5, using a constant Debyealler

factor, as a function of the gas composition

Gas compositior 1%t shell radius (A) 1CN Rfactor pE
) 2.86 £ 0.01 6.1+ 0.6 0.191 5+2
Helium
2.84+0.01 5.7+0.9 0.2 4+3
Hydrogen
. 2.845+ 0.009 7.1+0.7 0.147 4+2
1,3-Butadiene
Hydrogen/ 2.856 + 0.01 6.6+ 0.6 0.122 5+£2
1,3-Butadiene
Hydrogen (Aftef  2.851 + 0.009 6.8+ 06 0.0147 5+£2
reaction)

Table 4.3.8.EXAFS fit results obtained from Au/SQ26-3.5, using a constant Debyealler

factor, as a function of the gas composition

Gas compositiof 1% shell radius (A) 1CN Rfactor mpE
_ 2.82 £0.02 71 0.191 2+1
Helium
2.85+0.02 61 0.2556 443
Hydrogen
) 2.86 £ 0.01 71 0.147 5+£3
1,3 Butadiene
Hydrogen/ 2.84+0.01 6.7+ 0.7 0.122 32
1,3-Butadiene
Hydrogen (Aftel 2.83+£0.01 7.3£0.8 0.0147 2+2
reaction)

Table 4.3.9 EXAFS fit results obtained from Au/S§Q75-70, using a constant Deby#aller

factor, as a function of the gas composition

Gas composition 1%t shell radius (A) 1CN Rfactor pE
) 2.850 £ 0.01 61 0.156 5+£2
Helium
2.841 £ 0.009 6+1 0.157 3+2
Hydrogen

. 2.856+ 0.009 71 0.161 5+2

1,3-Butadiene
Hydrogen/ 2.857 + 0.009 6.7+ 0.7 0.169 5+2

1,3-Butadiene
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Table 4.3.10.EXAFS fit results obtained from Au/AD; 17570, using a constant Deby#aller

factor, as a function of the gas composition

Gas compositio 1%t shell radius (A) 1CN Rfactor E
_ 2.84+0.01 6.3+ 0.8 0.23 4+3
Helium
2.84 +£0.01 6.4+ 0.9 0.25 4+2
Hydrogen

) 2.84 +£0.01 6.0+ 0.89 0.27 3+3

1,3-Butadiene
Hydrogen/ 2.84+0.01 6.3+ 0.98 0.29 3+3

1,3-Butadiene
Hydrogen (Afte 2.85+0.02 71 0.32 4+4

reaction)

Table 4.3.11 EXAFS fit results obtained from Au/is 17570, using a constant Debyéaller

factor, as a function of the gas composition

Gas compositior 1%t shell radius (A) 1CN Rfactor E
_ 2.85+0.01 7.1+08 0.175 4+2
Helium
2.84 +£0.01 6.9+ 0.8 0.183 4+2
Hydrogen

) 2.85+ 0.2 71 0.268 4+3

1,3-Butadiene
Hydrogen/ 2.85+0.02 7.1+0.8 0.185 4+2

1,3 Butadiene
Hydrogen (Aftel 2.85+0.01 71 0.343 4+4

reaction)
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4.4 Discussion
4.4.1 In situ XAFS

The results show that #ise atmosphere surrounding the samples change, (switching
from Hzto 1,3butadiene) so a change in the 1CN value is observed. In the case of the
AU/SiOz2 30-8.5 there is an increase of intensity of thestell peak, of ~ 20% whereas

for the AkOs supporté sample there is a decrease of ~ 6 %. This change could be
attributed to a change in nanoparticleso
gas at the nanoparticle surfa@b9]. Whereas the delamu XANES obtained for
AU/SiOz 30-8.5 suggest that the adsorption of the various gases influences the 5d
electron dengy 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/SiOz 30-8.5 the gas dependency of detta XANES intensity mirrors the one
appearing in 1CN uter similar reaction condition. It is therefore possible to assume
that the deltamnu XANES is actually observing the restructuring process which Au
nanoparticles undergo under the various gas atmospheres. Considering that the
restructuring process is bopfarticle size and support dependent, it is possible to
rationalize the results obtained for the other samples, showing almost no discernible
changes in the delau XANES, comparing to the smaller amount of restructuring
shown in the EXAFS. It has to betad 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 detta XANES separately. When flowing the
reaction mixture (1 butadiene/Hratio: 1/49) the results obtained show a behaviour
intermediate between the gas compositidiss 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/Si@30-8.5 and Au/AtOs 17570, which, according to Beale et al.
[190], could be used to identify the shape of nantigas. 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 basidtat 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
Hzis introduced to the system, paired with the slight decrease in the 1CN for Au/SiO
30-8.5, suggest hiat the nanoparticles become more cylindrical. Whereas the
successive decrease in the 2CN:1CN ratio, when the nanoparticles are subjectto a 1,3
butadiene and #l,3-butadiene atmospheres, paired with the aforementioned increase
of 1CN in the H atmospheresuggests 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 dié¢ nanopatrticle leads to an increase in the number -of Au
Au interactions; therefore, the changes happening due to reshaping have a lower
impact on the intensity of the first shell peak {Au scattering pair contribution).
Secondly the interaction of H&itadiene 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 wide range of temperatures in hydrogenatingBuygadiene.

A similar behaviour could be seen in figure 4.42aith the Au/SiQ 16-3.5 and 175

70 which suggest that the restructuring process happen on ailiforted samples.

In the case of the ADs supported sample, the reshaping appears to proceed in the
opposite direction to that of Au/Si30-8.5 where a decrease in 1CN is observed when
the nanoparticles are subject to -biBadiene atmosphere and which can be
rationalised in terms of a flattemnof 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 thedAscattering pair contribution. For the
SisN4 supported sample, no discernill@anoparticle restructuring is observed in the
1CN as the atmosphere changes froptddl,3butadiene. However, the 2CN:1CN

ratio (Figure4.4.2 shows, under 1;Butadiene, a change which we interpret to
indicate reverting back towards a more hemisphesitape, i.e. a shape similar to the

one observed under a BtmosphereAnother way to rationalise the process would be

to take in accournthe different surface energy of the supports. Unfortunately, in the
literature, no information is available regardthg surface energy interaction between

Au and the support. However, from tearface energy obtained from the support
interaction with HO some information could be inferred. In particulag@lpossess

the highest surface energy, ~1.63[829], followed by SiN4 at 1 J/m[330] and last
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SiOz at 0.34 J/r[331]. The flattening of the nanopanie on the case of ADz could
then be attributed to a stronger interaction of Au with the stigpdace compared to
SiO. In fact, in the case of SiDthe low surface energy could favour a reshaping

toward a more spherical, and therefore more thermehycally favoured, shape.

The three different behaviours could be summarized in the model depicted in figure
443
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1,3-butadiene

H,/1,3-butadiene

atmosphere atmosphere
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Al,0; support Al,0, support

Figure 4.43. Model representation of the reshaping process the Au nanoparticles undergo
1,3-butadiene hydrogenation. For all the samples an exposure atnmdsphere causes a slig
reshaping toward a mor ebuthdeyel SiO2 duppodsanhples seetth
height/diameter (H:D) ratio of the Au nanoparticles increasing, whereashytlg# H:D ratio does
not change and on ADz it decreases. The mixture of Bind 1,3butadiene causes the nanopartic
to assume a shape intermediate betwbe B and the 1,3utadiene configuration.

4.4.2 Catalytic activity

According to Okumura et al. for nanoparticles of similar size; Sipported samples
should show lower activity compared to28%, but in the work here presented the
relationship is revesled[51]. This could be due to the different synthesis methods used
for preparing the nanopatrticles. In the Okumura et al. study the synthesis method
applied (gaghase graftingmethod) produces a wider particle size distribution
(standard deviatior 3 nm) that might lead to formation of nanoparticles with lower

if not null catalytic activity, lowering the TOF for the Si®amples 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 impatam 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: 1
Butene > Cig2-Butene > Tran®-Butene, and Iridium, where the amount eéBdtene

is reduced and trarisbutene replaces eB&butene in the product distributid66].
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Most of the reported literature regarding butadiene hydrogenation with Au catalysts
falls into the platinum grouf®6] . In particular the product profile from the AufiSi
catalyst falls into this category eventually going on to forbutane. Regarding AD3

the selectivity appears to follow the ligdgh group, having lower amounts of @s

butene produced and no formation ebutane. The Si©@samples tested show a
completely different selectivity than the previously reported result:-2dngene is

the principal product, and-dutene and ci®-butene appear in similar quantities.
However, it produces a higher quantity dbutane Moreover, contrary to the previous
claim from Okumura et gb1], it appears that particleze does affect the catalytic
performance of Au. The smaller particle size sample (AW/S08.5, 1.9 nmpappears

to convert more 1;Butadiene than the larger particle containing AusSI@5-70
sample, not only at 120 ° (figure 4.3.8) but also at alteéhgperatures (figures 4.3.9

10). More interestingly, it appears that the selectivity towatistane is particle size
dependent, with the smaller particle size being more selective toward the butenes than
the larger one. The reason for the presence afdicative 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 supfed 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 theandictes
behaviour is highly dependent on their support, both in terms of catalytic results
(figure 4.3.7) as well as the nanoparticle Ygkape (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/Si®8.5 sample responds the

most and is the most active we propose that the reagésmduced restructuring,

leads to an increase in the presence of Au sites such as edges and corners, suitable for
the adsorption, and subsequently hydrogenation, cbudi&liene and hence the

increased activity. We propose that the number of these species are most numerous in
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Au/SiOz 30-8.5 and least prevalent in AuéSik 175-70. This may also influence the
selectivity between the cisind the tran®-butene species ford. On the basis that
1,3-butadiene can exist in both trarand cisl,3-butadiene configuration due to the

free rotation of the C=C double boadound the central -C bond as illustrated in

figure 4.4.3, the modality of adsorption may be dependent arridwegement of atoms

at the nanoparticle surface. A lower number of undercoordinated sites, as in the case
of Au/SisN4 17570, could be rationalised as allowing for the stabilization of the cis
1,3-butadiene configuration adsorbed on the surface due tatdraction between the

Au atoms and the free rotating C=C double bond. Yang et al. has shown that the
adsorption of 1,2utadiene in a ciconfiguration leads to a higher formation of-cis
2-butene instead of the more thermodynamically stable-g2dngene[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: %@ AbOs supported samples, may
induce an adsorption in a trans configuration, thus resulting in a higher presence of

trans2-butene in the product distribution.

b)

Figure 4.4.3. Proposed mechanism of absorption of-li@adiene on a) low defective A

surfaces; b) high defective Au surfaces.

Regarding the selectivity towardhutane it appears again that this is affected by both
the support and the particle size. The suppoeceffould 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/SiQaL7570 and Au/AtOs 17570, and considering the
shapes the nanoparticles assumes (a truncated sphefal/8IC; 17570 and a
flattened hemisphere for Au/ADs), one can assume that the interfacial site formed
between the nanoparticles and the supports (highlighted by figure 4.4.4 for Au/SiO
17570) may be the source of the site for hydrogenation of bsiténeeason 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-loutane selectivity, since is reasonableassume that a larger
particle size (2.7 versus 1.9 nm) possess a larger number of theseppart

interfacial atoms, thus causing a higher productimtane.

It is important to note that as the nanopatrticle get smaller the melting temperature
decreasg exponentially, in particular in the region betweehr8n, where the melting
temperature (f) goes from ~80®00 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 suda and bulk atoms becoming mobile at different
temperature, Htting temperature (I = 0.3 Tm) for surface atoms and Tammann
temperature (iI= 0.5 Tm) for bulk atomg333]. This could explain the higher activity

of smaller nanopatrticles, for which the reaction temperature is always above the
Tammann temperature (F ~300 K for a 1.9 nm Au nanoparticle), whereas only
approach at higher temperature for the largetigg@s (T = ~400450 K). The higher
fluxionality of smallersized 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 nanopsraglproach Tammann

temperature the difference become less significant.
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Au-Support interfacial sites

Figure 4.4.4 Highlight of the AuSupport interfacial sites

4.5 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-bigadiene has been reached an in
particular we observe:

1. The hydrogenation of 1;Butadiene present both a particle size and support
dependencyin particular it appear that smaller partidze cause higher
conversion at the same temperature. Furthermore &i@ear to be the most
active support, followed by ADz lastly SiC

2. Au nanoparticles appears to be undergoes a restructuring process as the gas
atmosphere surrounding the catalysts changes and the eixtestructuring
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 mighd 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. Howevdre thigh degree of nanoparticles
modification in sample containing small nanopatrticles (AufSM8.5, 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 thiea@ced mobility of surface atoms

at the reaction temperature, which allows a higher degree of fluxionality of Au
nanoparticles. Thus, considering the strucpgdormance relationship which has

been described, future approaches should focus in desicaialysts which present

the required structural characteristic for the required reaction.

5 Particle size and support effect orthe
catalytic properties of Pd nanoparticlesn

1,3-butadiene hydrogenation

5.1 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-blifadiene hydrogenation. The
nanoparticles were prepared using reverse micelle encapsulation, which provides a

method to prduce highly homogenously sized nanoparticlés. 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 theaction gases @11,3butadiene and the mixture of

the two during the hydrogenation of dh@tadiene to produce butenes).

5.2 Methods
5.2.1 Synthesis

Pd nanoparticles were synthesized by reverse micelle methods. The polymers used

were:

1 P4708S2VP (Polystyrene (PS) = 16000 MW, P@winylpyridine (P2VP)
= 3500 MW), polydispersity = 1.05;

1 P18226S2VP (Polystyrene (PS) = 30000 MW, Pa@winylpyridine (P2VP)
= 8500 MW), polydispersity = 1.06,

1 PS5073S2VP (Polystyrene (PS) = 175000 MW, Yr&l 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 atetm-pyridine ratio MS:Pyi(metal loading) was fixed at

0.3 MS:Pyr for all the samples while the reducing agent-i®lpene Sulfonyl
hydrazide (pTosyl 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 pobjissmive and
homogenize. Subsequently, the metal precursor was added to the solution, the amount
depending on the polymer used (0.053 gHd708S2VP, 0.042 g for P182262VP

and 0.069 g for PS50732VP) and left to incorporate inside the micelles. A&er
further 3 days stirring, an aliquot of syl hydrazide (4old the concentration of
metal) is dissolved in 50 ml of toluene and added to the solution and, ~3 minutes later,
0.5 ml of HCI (ACS reagent 37 %, Fluka) is added to the the solution and-&fer

min. the support, in powder form, is added to the solution. The sspsed are:
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Table 5.2.1List of supports and their specification

Molecular Formula Surface area Purity Source
AlOz 100 nt/g 99.9% (0.1% SiQ) Alfa Aesar
SiO, 85-113 nt/g n.a. Alfa Aesar
SisNg4 103-123 nt/g 98.5+% Alfa Aesar

and they were mixed to the solution in order to obtain a 1 % concentration on the
support and left to stdry in air overnight (i.e. until all toluene evaporated).
The samplewere 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 5.2.2List of samples

Sample Name Polymer Support
Pd/SiQ 30-8.5 P18226S2VP Silicon oxide (SiQ)
Pd/SIG 17570 PS5073S2VP Silicon oxide (SiQ)
Pd/SiQ 16-3.5 P4708S2VP Silicon oxide (SiQ)
Pd/AlOs 30-8.5 PS5073S2VP Aluminium Oxide (AkOs)
Pd/SgN4 30-8.5 PS5073S2VP Silicon Nitride (SsNa4)

5.2.2 Catalyst testing

The samplegprepared were tested for IBitadiene hydrogenation. The catalysts (~
275 mg for AbOs, and SiNs4 supported samples, ~ 165 mg for Si€upported
samples), with a sieve fraction 2b@25 um, were then loaded inside a reactor tube
(7 mm diameter), and th@taced inside a tubular furnace and connected with gas lines
through Swagelok fittings. The samples were initially treateckimidrder to reduce
PdO to P8(30 min under Hlatmosphere at 323 K). After treatment the catalysts were
brought to room temperature (~298 ik order to compare the results obtained with
previously published results and butadiene hydrogenation was performed using a
space velocity of 22500%husing areaction mixture composed of hydrogen (4 % in
Helium, BOC Ltd.) and 1;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 158l butadiene,
225 He respectively. In order to obtandirect 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 magcfpmeter (MS) and gas chromatograph
(GC). The Gas chromatograph was calibrated using a calibration mixture comprising
(0.05% cis2-butene, 0.15% trar&butene, 0.1 % MNbutane, 0.3 % -butene all
balanced in He, BOCF.or all catalysts tested a first G@asurement 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 palladiunK edge (24.35 keV) and were performedransmission mode for 75.7
second per scan. The catalysts, using the sieve fraction 6f2Z60 e m, wer e | c
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 (M3)eoother. While under He flow,

the catalysts were brought to 80 °C and subsequently different gases, 2id ¥9eH

1 % 1,3butadiene in He and a mixture of the two (2:98 in relative %) were passed
over the catalysts and XAFS spectra were recorded aftaiathples 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 uking the Athena and
Artemis software from the Demeter IFEFFIT pack§2®0][281]. The FEFF6 code

was used to construct theoreticaK AFS signals that included singkezattering
contributions from atomic shells through the nearest neighbours in thedatsed

cubic (FCC) structure of Pd, up to the fourth coordination shell kiraage used for

the fitting 3 to 12 At and ther-rangefrom 1.15 to 3 A. 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 ($) was fixed at 0.860, asbtained from the fitting of the bulk Pd foil. Due to

the high correlation between DebWaller 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 cdoe 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 underlyBadiene atmospheréhe XANES
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data for PdH and PdC were obtain from presi@xperiment performed within the
experimental group.

5.3 Results

5.3.1 Catalyst characterization

The TEM results are shown in Figufe81-5. The average patrticle size was obtained

by analysing 150 nanoparticles (on averag®$mages) taken from different paots

the catalyst in order to obtain a representative overview of the particle size distribution.

In general, it appears the nanopatrticles present themselves as spherical. It appears that
the nanoparticles show a low dispersion in particle size, with theath deviation

being << 1 nm; moreover nanopatrticles 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.

Frequency (%)
(]
o

0- r T T
1.0 15 20 25

TEM Diameter (nm)

Average Particle size (nm) 1.9
Standard Deviation 0.3

Figure 5.31. On the left: TEM micrograph of Pd/Si@30-8.5 samples; on the right: particle si
distribution (150 particle counted towards particle size distribution)

139



Average Particlesize (nm) 2.09
Standard Deviation 0.52
Figure 5.42. On the left: TEM micrograph of Pd/AD; 30-8.5 samples; on the right: particle si

distribution (150 particle counted towards particle size distribution)

Average Particle size (nm) 2.07
Standard Deviation 0.51

Figure 5.43. On the left: TEM micrograph of Au/$\, 30-8.5 samples; on the right: particle si
distribution (150 particle counted towards particle size distribution)
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