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Abstract

For the selective hydrogenation of 1,3-butadiene, just as for countless of other
reactions, a catalyst that minimizes the trade-off between a high activity and high
selectivity is very desirable. For example, in this reaction Pd-based catalysts are
very active, but they are especially at low levels of alkadienes not very selective.
On the contrary, Au has a much higher selectivity, but it is less active than Pd.
By combining these two metals in a bimetallic catalyst, promising catalysts can
be made with high activity and selectivity. For these bimetallic catalysts the
influence of the metal composition, size and shape of the nanoparticle (NP) has
been investigated. However, the effect of metal distribution of the two metal phases
on catalytic performance is less well understood.

A systematic study on the influence of this metal distribution is quite difficult,
since a change in the metal distribution often also affects other parameters, such
as the size and morphology of the particle. In this work we therefore made use
of a well-defined model system, which consisted of colloidally synthesized single
crystalline Au-Pd core-shell nanorods with a protective mesoporous silica shell
(AuPd@mSiO, NRs). The metal composition and Pd shell-thickness was controlled
in the colloidal synthesis. Subsequently, the metal distribution was gradually
changed from core-shell to alloyed via thermal treatment. By making use of
High-Angle Annular Dark-Field, Scanning Transmission Electron Microscopy with
Energy Dispersive X-ray spectroscopy (HAAFD-STEM/EDX) on thermally treated
rods we could precisely follow the metal redistribution from core-shell to an alloyed
structure. Transmission Electron Microscopy (TEM) imaging and absorption optical
spectroscopy showed that the shape of the silica coated particles remained constant,
which indicated that only the metal distribution was changed.

The rods, gradually varying from core-shell to alloyed, were used in the selective
hydrogenation of 1,3-butadiene to butene in the presence of excess propene. We
found that core-shell rods outperformed their monometallic and alloyed counterparts;
upon alloying AuPd@mSiO, NRs with 8 atom% Pd the Turn Over Frequency (TOF)
reduced from 26 to 0.30s™!, while the selectivity remained high(>88%). The
catalytic behaviour of the core-shell rods was further explored by tuning the shell
thickness from 1 to 8 layers of Pd. At 2 atomic layers the highest TOF was reached,
while further thickening of the shell reduced both the activity and selectivity.

Our work shows the significant importance of the metal distribution on catalytic
performance, indicating that catalytic behaviour of bimetallic catalysts can be
further improved by precisely controlling the metal distribution.
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Introduction

Alkenes obtained from cracking of crude oil contain polyunsaturated impurities, such
as diolefins and alkynes, which can poison the catalysts used for the polymerisation
of these alkenes [1]. Impurities need to be reduced up to 10 ppm to prevent this
poisoning [1]. One technique to remove these polyunsatured impurities is selectively
hydrogenating it to alkenes. Pd-based catalysts are widely used for this [2-7].
The problem with pure Pd catalysts is that it only remains selective as long as
its active sites are covered with alkadienes. However when the alkadiene level
is low, the selectivity drops significantly, meaning that the undesired conversion
of alkenes to alkanes starts to occur.

To improve the selectivity, Pd can be doped with other metals. For example, in
industry Pd is doped with Ag which greatly improves the selectivity [3]. Additives
can also help reducing the formation of oligomer deposits which can deactivate the
catalyst [8]. While Pd based catalysts are primarily being used in industry, early
experiments with Au based catalysts showed it’s potency for selective hydrogenation,
even though it is much less active than Pd [9]. Later studies with Au nanoparticle
(NP)s further proved that Au can hydrogenate 1,3-butadiene without forming butane
[10], but can also be used to selectively hydrogenate acetylene [11], propyne [12] and
many more [13]. The group of Catherine Louis also investigated Au NPs for selective
hydrogenation of 1,3-butadiene, but in an excess of alkenes, to mimic conditions
close to those of real purification [14]. This reaction was used as a model, since
(partial) hydrogenation of 1,3-butadiene gives 4 products, so not only activity but
also selectivity could be studied. An excess of propene was used in stead of butene

since in this way product and reactant alkene could easily be distinguished. With
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Figure 1.1: Graphical representation of SiO, coated Au-core Pd-shell NR and AuPd
alloy NR.

this model reaction they found that 100% of butadiene was converted with only
100 ppm of alkane formation. To improve the activity of these Au catalysts in the
same reaction, they used bimetallic AuPd catalysts [14, 15]. By tuning the Au/Pd
ratio they combined the higher selectivity of Au with the activity of palladium.

The catalytic properties of bimetallic NPs can not only be tuned by varying
the metal composition, but also by altering the distribution of the two metals
within the particle. Hong et al. for example showed that the metal distribution
in Au-Pd octahedral shaped nanocrystals largely influences the electrooxidation of
formic acid [16]. The impact of the metal distribution was also indirectly shown by
Masoud et al., who used Au-Ag for selective hydrogenation of 1,3-butadiene and
found that the catalyst lost half their activity, possibly due to Ag segregation to the
NP surface [17]. This example emphasizes the need to take the atomic distribution
into account when designing bimetallic catalysts.

Studying the effect of atomic arrangement in bimetallic particles on catalytic
behaviour is however challenging, as it is difficult to controllably vary the metal
distribution without changing other parameters in the system, such as the particle
size and morphology. In this work we therefore used a well-defined model system,
which consisted of colloidally synthesized single crystalline Au-core Pd-shell nanorod
(NR) coated with a mesoporous silica shell. Within this system we controlled the
distribution of the two metals via thermal treatment, as heating the core-shell rods
induces the alloying process [18, 19]. See figure 1.1 for a graphical representation
of a core-shell and alloyed AuPd@mSiO, NRs.

The metal distribution within the AuPd@mSiO, NRs was determined by
mapping the location of Au and Pd with High-Angle Annular Dark-Field, Scanning

Transmission Electron Microscopy with Energy Dispersive X-ray spectroscopy



1. Introduction 3

(HAAFD-STEM/EDX). To check whether thermal treatment had influenced the
shape of NRs, TEM images were made and absorption spectra recorded. For
catalytic tests we used the same reaction as used in ref [14, 15, 17]; the selective
hydrogenation of 1,3-butadiene in an excess of propene. As catalyst AuPd@QmSiO,
NRs, varying from core shell to completely alloyed and Au@mSiO, NRs were used.
Furthermore, AuPd@mSiO, NRs with 1, 2, 5 and 8 atomic layers of Pd in its
shell were tested to obtain more insight in how interaction between Au and Pd

layers further affected the reaction.



Background

2.1 Au nanorod synthesis

The most common method in obtaining Au NRs is colloidal synthesis, where
cetyltrimethylammonium bromide (CTAB) molecules in water are used as a shape
directing surfactant [20]. This method is most popular due to the relative simple
procedure, high NR yield and degree of particle size-control [21]. The seeded
growth method allows the separation of two fundamentally different stages during
rod synthesis: nucleation and growth. As for other colloidal NP syntheses, small
and monodisperse nuclei are needed, which can only be made if the nucleation
phase is very fast. To grow anisotropic shaped NPs you need kinetic control,
since thermodynamic control would inevitably lead to an equilibrium shape, which
cannot be achieved under the same reaction conditions as the nucleation phase.
By separating the fast nucleation and slow growth phase from each other, rod
shaped particles can be grown.

The current concept of the seeded growth method originates from the work of
Jana et al. [22]. In their work the two steps were separated by using two different
solutions: one for seed formation and one for rod growth. The seed solution was
prepared by reducing Au(IIT) from HAuCl, to Au(0) with NaBH, in the presence
of sodium citrate. These citrate capped seeds were added to a growth solution of
HAuCl, as a gold source, CTAB as a template, ascorbic acid as reducing agent
and AgNOs of which the role is discussed later. Nikoobakht and Al-Sayed later
significantly improved this method with two modifications. First, they replaced

the sodium citrate for CTAB which more strongly stabilized the seeds. Second,
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Figure 2.1: Gold nanocrystals during the symmetry breaking stage of NR growth, from
ref [26]

they tuned the concentration of AgNOs3, by which they could control the aspect
ratio [23]. This modifications significantly lowered the amount of spherical and
other non-NR shaped particles that were formed.

The [HAuCly]:[AgNO;] ratio not only determines the aspect ratio of the rods
23], as synthesis without AgNOj3 results in pentatwinned structured rods, in stead
of single crystalline [24]. The responsible mechanism is however still subject to
discussion. DFT simulations showed that a complex is formed between surfactant,
bromine and silver that prevents growth of some facets [25]. Later Walsh et al.
proposed a mechanism explaining the role of Ag in symmetry breaking [24, 26]. Their
mechanism consists of several significant points. First, the crystal structure of the
seed determines the final structure of the Au NR (single crystalline of pentatwinned).
Second, Ag™ stabilizes the formation of new {011} type facets, which eventually
become the sides of the NR, see figure 2.1. Third, Ag atoms forming a layer on
the sides of the rod are slowly replaced by Au atoms via galvanic replacement.
After this new Ag' is deposited on the new Au surface. Due to this cycle, Ag
never gets embedded inside the rod and growth can continue. Fourth, growth
in the length direction of the rod happens due to Au deposition on unpassivated
{111} surfaces at the tips of the rod. Finally, the rods 'mature’, where initial
lower-index facets are replaced with higher index facets, resulting in rounding of
the rods. They therefore propose that the location of Ag in a mature rod is unlikely
to represent the Ag location directly after rod formation. This corresponds to
the findings of ref [27], who used EDX to show that Ag is present on all sides
of Au NRs. This could however also indicate a different growth mechanism that
does not rely on facet specific deposition of Ag.

The Au NR synthesis in this thesis was based on the procedure described by
Murray et al. [28]. Murray et al. used a binary surfactant mixture of CTAB and
sodium oleate (NaOL). With this method they could synthesize very monodisperse
thin (diameter <25 nm) and thicker (diameter >30 nm) gold NRs. The NRs

synthesized using this method are single crystalline, this in contrast to pentatwinned
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structures that are formed when citrate capped seeds are used [21]. In this procedure
a growth solution was made by dissolving HAuCl, in solution of AgNO; with a binary
surfactant mixture of CTAB and NaOL. At the time of the original work of Jana et
al. it was believed that CTAB acted as a micellar template, but in this method the
CTAB concentration was below the critical micelle concentration (0.037 M<0.9 M)
[29]. Murphy et al. proposed that CTAB preferably binds to certain facets, such that
the growth at the tips happens faster [30]. In this mechanism halide ions, among
which Br, play an important role [31]. The other surfactant, NaOL, has a double
bond which can slowly reduce Au(III) in HAuCly to Au(I). Together they allow a
slow, kinetically controlled, anisotropic growth. The seed solution consisted of a
HAuCly solution in CTAB, in which Au(IIl) is reduced to Au(0) by adding ice-cold
NaBH,. To the growth solution ascorbic acid was added, which, once the seed and

growth solution have been mixed, results in the final reduction of Au(I) to Au(0).

2.2 Silica shell growth

In the next step of the synthesis procedure the Au NRs were coated with a
mesoporous silica shell. This silica shell has several functions. Firstly, it acts
as a stabilizer, enabling storage and further modifications while dispersed in other
solvents than a CTAB in water solution. Secondly, the shell is known to help
in maintaining the shape upon heating the rods [32]. Finally, the shell acts as a
mould during the growth of a Pd shell [33]. NRs described in this thesis were silica
coated by making use of the procedure of Gorelikov et al. [34]. A silica precursor,
tetraethylorthosilicate (TEOS), was used for the coating. TEOS hydrolyses in the
presence of water, enabling condensation into a gel, the former being a base or
acid catalysed reaction [35]. In this case, NaOH was used to catalyse the reaction.
Nooney et al. have proposed a mechanism for the formation of the silica shell
[36]. After hydrolysis of TEOS, silica oligomers are formed. These oligomers form
primary particles with CTAB in the reaction mixture. This is probably due to
the interaction between positively charged ammonium head groups and negatively
charged siloxide ions [37]. These CTAB/TEOS particles can aggregate to the CTAB
molecules already attached to the surface of the gold NRs. The CTAB not only acts
as an anchor point on which the silica can nucleate. Since the CTAB concentration
of the reaction mixture (1.5mM), is far above the critical micelle concentration
for CTAB in water of 0.9mM [29], micelles can be formed. These CTAB micelles
on the gold surface act as a template for mesopores in the silica shell. After the

growth of the silica shell is complete, the CTAB template needs to be removed, see
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Figure 2.2: Graphical representation of cylindrical CTAB micelles which act as a
template for mesopores in the silica shell on a Au nanorod surface. This micelles might
be attached differently, since it is likely that a CTAB bilayer is present after synthesis.

figure 2.2. Typically organic ligands are removed by calcination, however under
these conditions the NRs deform [33]. Therefore, in this work CTAB is removed
by sonicating them in a 0.10 M HCI in ethanol solution.

2.3 Palladium shell overgrowth

The next step of the synthesis is the deposition of a Pd-layer on the Au NRs to form
a thin shell by making use of the procedure of Deng et al. [33]. The mesoporous
character of the silica shell allows the particle to be overgrown from all directions.
However, if the deposition happens too quickly, most of the Pd will nucleate outside
the silica shell. Especially on a large scale, which is needed to obtain large quantities
of material for catalysis, stirring is not fast enough to ensure proper mixing of the
Pd precursor. The deposition reaction should thus proceed much slower. Therefore,
the reaction speed was controlled by changing the pH, as showed by van der Hoeven
et al. [19]. The Pd precursor, Na,PdCly, was reduced with ascorbic acid. Ascorbic
acid has three different forms which depend on the pH, see figure 2.3. Only the
completely deprotonated form, ascorbate dianion, can reduce the Pd precursor.
Due to the equilibrium, the ascorbate dianion gets replenished once it is consumed,

keeping a low but stable concentration, enabling a slow deposition reaction.
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Figure 2.3: pH dependant forms of ascorbic acid

2.4 Etching of Au NRs

In previous work, before the second metal overgrowth, the Au NRs were always
etched somewhat to make room for the second metal inside the silica shell [33]. For
most of the Pd shell overgrowth syntheses, the SiO, shell accommodates enough
space for the metal layer to be grown. It however appeared that approximately
22 atom% Pd was the physical maximum amount of Pd that fitted inside the SiO,
shell. A small layer of Au was removed in order to make room for a thicker layer
of Pd. This was done according to a method from ref[19]. This method is based
on the procedure described by Deng et al. [33], but uses HyO, as an oxidizing

agent in stead of oxygen from the air.

2.5 Localized surface plasmon resonance

Surface plasmon resonance arises when electrons at the interface of a metal and a
dielectric material, are stimulated by light. If such surface plasmon polaritons
are confined in a metal particle which is smaller than the wavelength of the
incoming light, the plasmon resonance is no longer delocalized. This leads to
so called localized surface plasmon resonance (SPR). When the wavelength of light,
thus the frequency of the photons, corresponds to the frequency of resonating
electrons, a distinct maximum becomes visible at this wavelength in its optical
absorption spectrum (Ayqz)-

Although the A4, of gold nanospheres is quite insensitive to the diameter of the
particle (core of 9nm gives A,q,=517nm and 49nm \,,,,=533nm) [38], the SPR
of Au NRs largely depends on the Aspect Ratio (AR) [28, 39, 40]. In anisotropic
shaped particles, such as NRs two plasmon bands appear. This is due to light
absorption and scattering along the long and short axis of the rod, causing the
surface plasmon resonance to split intro transverse (T'SPR) and longitudinal modes
(LSPR). As the AR increases, the LSPR peak red-shifts, while the TSPR stays
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Figure 2.4: Colour change of Au@mSiO, NRs in methanol due to decreasing aspect
ratio’s (from left to right). On the left the original rods after SiO, coating, on the right after

35min of etching. Au nanorods with L=69.7£6.0 nm, D=22.04+2.7 nm, V=240001+-5600

DII]3 .

relatively constant; for a Au NR with an AR between 2-5 the maxima vary from
~T700 to 900 nm [41]. This A4, shift is shown in figure 2.4, where solutions of
rods with decreasing ARs are shown. Next to this size dependant \,,.., larger
NRs scatter light of almost an order of magnitude more efficient than small NRs
(60 x 15 nm compared to 25 x 6nm) [41, 42]. This strong plasmon resonance and
great \,., tunability makes them very useful materials for many applications,
such as biosensors [40], cancer cell imaging and treatment [43], photocatalysis

[44], data encryption [45] and many more.

2.6 Selective hydrogenation

The hydrogenation of 1,3-butadiene takes place according to the Horiuti-Polanyi
mechanism and yields a mixture of three butenes, 1-butene, cis-butene and trans-
butene and full hydrogenation leads to butane formation [46]. Traditionally it was
believed that 1-butene is formed initially, which isomerises after readsorption. Later
experiments with deuterium tracers and many types of supported metals, including
Pd/Al,O3, proved a completely different mechanism [4]. As long as all active sites
are occupied by 1,3-butadiene, the reaction takes place according to path A, see
figure 2.5. However, once the 1,3-butadiene concentration drops and active sites
become available, the initial products are readsorbed and the reaction proceeds
according to path B. Now isomerisation and full hydrogenation competes and the
product composition shifts to the thermodynamic equilibrium (trans-butene>cis-
butene>1-butene). The adsorption strength of the reactants on the metal surface

thus largely determines to what degree butane is formed [47].
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Figure 2.5: Two separate stages in butadiene hydrogenation. Pathways from [47]

When no readsorption takes place, the selectivity towards different butene
isomers depends on which Hy-addition route is taken. 1,2-Addition leads to 1-butene
formation, whilst 1,4 addition yields cis- and trans-butene [48]. Which product is
formed preferentially is determined by formation of the respective transition states.
There are several factors which influence the stability of these transition states. For
example, in the 1,4-addition route a m-allylic bonded transition state is required,
whilst this is not the case for 1,2-addition. As the d-band of a metal becomes more
filled, the chances of forming a m-allylic transition state is reduced, thus increasing the
rate of 1-butene formation[47]. This has been confirmed experimentally, showing that
the yield of 1-butene increases with electronegativity of the metal [49]. Geometric

effects can however also influence which transition states are more stable [50].



Experimental

3.1 Materials

Aerosil (OX 50, Degussa), Ammonia (NHs, 25 wt% in HyO, Sigma-Aldrich), Ascorbic
acid (CgHgOg, 99%, Sigma-Aldrich), Cetyl trimethylammonium bromide (98%, TCI),
Chloroauric acid (HAuCly, 99.9%, Sigma-Aldrich), Disodium tetrachloropalladate
(Na,PdCly, 98%, Sigma-Aldrich), Ethanol (99.5%, Sigma-Aldrich), Hydrochoric acid
(HCI, 37wt% in H,O 12.2 M, Merck), Hydrogen peroxide (HyO,, 30 wt% in Hy0,
Sigma-Aldrich), Silver nitrate (AgNOs3, 99.0%, Sigma-Aldrich), Sodium borohydride
(NaBH,, 98%, Sigma-Aldrich), Sodium hydroxide (NaOH, Merck, Emsure), Sodium
oleate (NaOL, 97%, TCI), Tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich),
Toluene (Sigma-Aldrich), Propene gas (N2.5, Linde), 1,3-butadiene gas (N25, Air
Liquide). All HyO used during the synthesis was of miliQ grade (18.2M{2cm).
All glassware used for synthesis was cleaned with aqua regia (HCI/HNO; in a

3:1 ratio by volume).

3.2 AuPd nanorod synthesis

The synthesis of mesoporous silica coated AuPd NRs was divided into several steps,
which is graphically shown in figure 3.1. First, the Au rods itself were synthesized.
Secondly, a silica shell was grown around the rods. After removal of the CTAB
mesopore template, a Pd shell was grown on the Au rod inside the silica shell.

Finally, the AuPd@mSiO, NRs were deposited onto a SiO, support.

11
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1. Au NR 2. Silica 3. CTAB removal 4. Metal 5. Deposition
synthesis shell growth overgrowth on support

Figure 3.1: Schematic representation of the different synthesis steps of bimetallic AuPd
NRs. Yellow: Au, green: SiO,, red: Pd, white:mesopores

3.2.1 Au nanorod synthesis

The AuNRs were synthesized following a seed based method based on the work of
Murray et al. [28].
Seed solution 10.0mL of a 0.10 M CTAB solution was prepared in a 20 mL glass vial
and heated in a 30 °C water bath while stirring at 400 rpm. Once the CTAB was
dissolved, 51.0 uLL of a 50.0 mM HAuCl, solution was added while still stirring. The
seed solution turned orange immediately after adding the gold solution. 1.0 mL of
an ice cold solution of 6.0 mM NaBH, was added to the seed solution while stirring
vigorously (1000 rpm). After 2min the stirring was stopped and the solution was
let to age for 30 min. The solution turned light brown upon adding NaBH,.
Growth solution An 500 mL Erlenmeyer flask, with 7.00 g of CTAB, 1.25 g NaOL
and 250 mL H,O was heated in a 50°C water bath while stirring at 400 rpm for
about 30min. When the CTAB and NaOL were dissolved, the water bath was
cooled down to 30°C. 4.8 mL of 10.0mM AgNOj3 (aq) was added to the growth
solution while stirring. After 30s 250 mL of 1.0 mM HAuCl, (aq) was added. The
growth mixture was left to age for 90 minutes while stirring at 400 rpm. The
mixture turned from orange to colourless, due to reduction of Au(IIl) to Au(I) by
NaOL. Next 2.1mL of HCI (12.2 M) was added and the mixture was stirred for
15min and 1.25mL 0.064 M ascorbic acid was added. Then, 0.80 mL of the seed
solution was mixed with the growth mixture. After 1min the stirring was stopped
and it was left to grow overnight. Initially the mixture was colourless, but it slowly
turned brown due to formation and growth of Au NRs. The synthesis mixture was
centrifuged (45 min@9000 g) to separate the AuNRs from this mixture. Afterwards
the NRs were washed with water by redispersing and centrifugation (45 min@8000 g).
The particles were stored in 40.0 mL 5.0 mM CTAB to prevent aggregation.
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3.2.2 CTAB coating

In a 300mL Erlenmeyer flask, AuNR were diluted with water such that the
absorption maximum of the LSPR peak was 10 (2.5x concentrated to initial
synthesis mixture) and the total CTAB concentration was 1.5 mM. Therefore, 40 mL
of Au NRs were added to 20mL 5.0 mM CTAB water and 120 mL. water. The flask
with now in total 200 mL was placed in a 30 °C water bath, while stirring at 400 rpm
with a large magnetic stirring bean. 2.0mL of 0.10 M NaOH was added to this.
After 5min 0.60 mL of 0.90 M TEOS in ethanol (20 vol%) was slowly added, this
was repeated twice with intervals of 45 min. The silica shell was let to grow for 24 h
while stirring. The rods were separated from the reaction mixture by centrifugation
(50 min@8000 g), redispersed in water, centrifuged (50 min@8000 g), redispersed in
ethanol, centrifuged (60 min@6000g) and redispersed in 30.0 mL ethanol.

To remove the CTAB template, the rods were first diluted with ethanol such that
the absorption of the LSPR peak was 4. Concentrated HCI was added such that the
HCI concentration in ethanol was 0.10 M. This mixture was sonicated for 30 min.
To prevent etching, the rods were washed three times with ethanol by centrifugation
(30 min@10.000 g) and redispersion. The rods were stored in 10.0 mL ethanol.

3.2.3 Etching

The Au core size was adjusted by oxidatively etching the rods inside the silica shell by
making use of the procedure described in [19, 33]. To this end, 2.5 mL of Au@mSiO,
NRs, were centrifuged 10 min@8500 g after which the ethanol was removed. The rods
were subsequently redispersed in 50.0 mL methanol in a 100 mL Erlenmeyer (such
that [Au NR] was 2.5 concentrated with respect initial synthesis), which was placed
in a 60°C water bath. After heating the mixture for 5min, 1.0mL HCI (12.2 M)
and 1.0mL Hy0, (0.20 wt%, 65 mM) was added while stirring at 400 rpm. After
20 min the reaction was stopped by quenching with about 50 mL cold methanol and
simultaneously placing the Erlenmeyer in a cold water bath. The rods were separated
from the etching mixture by centrifuging for 30 min@8500 g. After washing twice
by centrifugation (20 min@8500¢g) and redispersing in 20 mL ethanol, the rods were
stored in 3.2 mL ethanol. The etched Au NRs are denoted as LO-015-E in this thesis.

Above mentioned method was also performed on a 10x smaller scale. At this
scale a 0.50 mL sample was taken every 5min, diluted 4x with ice-cold methanol,
and an adsorption spectrum recorded, to determine how long the rods needed to

be etched to get the desired Au core size.
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Table 3.1: Used reaction parameters for AuPd NR synthesis with 2, 4, 8, 21 and 32 %
Pd. AuNRs@SiO, originating from different batches were used (average AR=3.1), see 4.1.
A A=ascorbic acid.

Sample Au NRs H,O0 HCI Na,PdCl, AA
Origin - mL x (mL) q (mL) y; (mL) y, (mM) 2z (mL) 2z, (mM)
Pd A (2%) LO-002 5.0 250 2.50 2.50 0.75 2.50 3.0
Pd B (4%) LO-002 5.0 250 2.50 2.50 1.50 2.50 6.0
Pd C (8%) LO-004 5.0 200 2.00 2.00 2.25 2.00 9.0
Pd D (21%) LO-011 5.0 240 2.40 2.40 5.50 2.40 22.0
Pd E (32%) LO-15-E 2.9 145 1.45 1.45 8.00 1.45 32.0

3.2.4 Ag removal

Ag present in the rods could influence the selectivity of the NRs. We therefore
attempted to remove Ag from Au@QmSiO, NRs, by washing them in a mixture of
H505 and NHj in water. This etching solution was prepared by adding 175 pLL NH,
(25 wt%, 13.4M) and 283 pL. HyO, (30 wt%, 9.8 M) to 4.54 mL H,O.

1.35mL of LO-015 Au NRs were centrifuged (15 min@10.000 g) and redispersed
in 1.8 mL H,O, such that the Au NR were 33 X concentrated compared to the
initial synthesis. 200 nL of the etching solution was added, and the mixture was
sonicated for 10 min. To remove the etching solution the rods were centrifuged
(13min@10.000 g), washed twice with 3ml H,O and once with 4mL ethanol.

Afterwards the rods were redispersed in 1.3 mL ethanol.

3.2.5 Pd shell growth

5.0 mL Au@mSiO, NRs were centrifuged (20 min@10.000 g), the supernatant removed
and redispersed in x mL. HyO, such that the absorption maximum of the LSPR peak
was 2. qmL of 0.1 M HCI and y; mL of y, mM Na,PdCl,; was added while stirring
magnetically at high speed (800 rpm). Then z; mL of zy mM ascorbic acid in HyO
was added while still stirring, see table 3.1. The mixture turned from brown to
green-black. The colour was darker with increasing Pd concentration. The mixture
was let to react for 30 min while stirring at 400 rpm. The AuPd@QmSiO, NRs were
separated from the reaction mixture by centrifugation (30 min@4000g). Next, the
rods were redispersed in HyO, centrifuged (30 min@4000 g), redispersed in ethanol,
centrifuged (30 min@4000 g) and finally redispersed in 5.0 mL ethanol. The samples

were stored in the fridge, to slow down oxidation of the rods.
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3.2.6 Deposition

For the catalytic tests rods were deposited onto a fumed mesoporous silica support
(Degussa Aerosil OX 50). The Brunauer-Emmett-Teller (BET) surface area of the
used support is 35-65 m?2g~! as reported by the manufacturer.

xmL of AuPd@mSiO, NRs NRs in ethanol were added to 1.0 g of SiO, support
in a small vial, such that the total metal loading on the SiO5 was 0.20 wt% and for
Au@mSiOy NRs 1.0 wt%. This mixture was sonicated for about an hour, or until it
became liquid like. About 14 mL of toluene was added and the vial was sonicated
for a few minutes. After centrifugation (5 min@500 g) the colourless supernatant
was removed, the powder dried under Ny-flow for a few minutes and further dried
in an oven at 60 °C for the night. Once the sample was completely dry, indicated
by the light blue colour of the powder, it was sieved (fraction 90-212 pm. The
powders were stored in the dark to prevent oxidation of the rods by light. The
supported NRs are indicated in this thesis as Au NRs@SiO, and AuPd NRs@SiO,
for Au@mSiO, NRs and AuPd@mSiO, NRs respectively.

3.3 Ex-situ heating

The NRs were heated in three different ways. Firstly, deposited onto a TEM grid,
heated in a tube oven. Secondly, while deposited onto SiO, support, heated in the

catalytic set-up and finally, a dried droplet in a glas vial, heated in a tube oven.

On a TEM-grid

A droplet of AuPd@mSiO, NRs (8atom% Pd) in ethanol, was dropped onto a
TEM-grid. The TEM-grid was placed in a small glass vial and heated in a tube
oven. While under a Hy-flow of around 100 mL min~!, the oven was heated with
2°Cmin~! to 250, 300, 325, 350, 375, 400 and 450 °C and kept at that temperature
for 1h. As a means of reference Au@mSiO, NRs were heated in the same way
to 250°C, 350°C and 450 °C.

On SiO, support

For each run 20mg of AuPd NRs@SiO, (0.2wt% with 8 atom% Pd) was placed
inside a glass reactor. This reactor was heated in the oven with 2°C min~! to 250 °C,
300°C, 325°C, 350°C, 375°C, 400°C and 450 °C and kept at that temperature for
1h, while under a Hy-flow of 50 mLmin~!. After cooling down, a few mg of the
support with rods was dispersed in ethanol by sonication. A droplet of the fluid
was dropped onto a TEM grid.
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The atomic distribution of NRs on the TEM grids from both methods (directly
heated on the grid and on the support) was analysed by using HAAFD-STEM /EDX.
An Energy Dispersive X-ray spectroscopy (EDX) element map of at least 4 NRs

was made per heating temperature and method.

In a glass vial

50 pLi of Au@mSiO, NRs or AuPd@mSiO, NRs (8 atom% Pd) in ethanol, was put
in 1mL glass vials. These vials were heated in a tube oven under a hydrogen
flow of ~100mL min~! to 250°C, 450°C and 650°C. The rods were redispersed

by sonicating and redispersing them in ~2mlL ethanol.

3.4 In-situ heating

The in-situ heating experiment was done in a FEI Talos F200X operated at 200 kV
with a heating holder from DENSsolutions. A mixture of AuPd NRs@SiO, with 6,
9, 21 and 43 atom% Pd was dropped onto a SiN, heating chip (Wildfire nanochip).
The temperature of the heating chip was raised with 3°Cmin~!, and kept constant
at 250, 300, 325, 350, 400, 450, 500, 550, 600, 650, 700 and 750 °C for 15min. At
each of these temperatures an EDX map with an acquisition time of 500s was
made and the probe current was 700 pA. To limit the exposure of the sample to the

electron beam, the sample was only illuminated the EDX measurements.

3.5 Catalytic tests

For the selective hydrogenation of 1,3-butadiene a Pyrex glass plug-flow reactor with
a diameter of 4 mm was used. The AuPd NRs@SiO,, were first reduced in situ under
pure Hy (50 mL min~') from room temperature to different temperatures, depending
on the desired degree of alloying, see table 3.2 (ramp 2°Cmin~', hold 1h at the
desired temperature). All AuPd@SiO, samples contained 0.2 wt% metal and were,
if necessary, diluted with Aerosil 50 (sieved 90-2121um) to compensate for varying
catalytic activity, see also table 3.2. For reference purposes, a run was performed
with 4.86 wt% Pd NP@QSiO, (average particle size 6.14 +2.54 nm, synthesized by
Jessi in 12/2011, see figure 3.2). Au NRs@SiO, with 1wt% loading was also tested.

After the in-situ reduction, the reactor was cooled down to 30°C whilst still
under Hy-flow. Then the reactor was exposed to a flow of 50mLmin~! with
0.3 % 1,3-butadiene, 31 % propene, 20 % Hy and helium as balance. The propene

bottle also contained propane, resulting in 0.1 % propane in the flow. While
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Figure 3.2: a) HAADF-STEM/EDX image of Pd@SiO, reference sample with 4.86
wt % Pd as determined by EDX. b) TEM image of Pd@SiO,. Average particle size 6.14
+2.54nm. Synthesized by Jessi on 12/2011.

heating to 300°C with a ramp of 1°Cmin~!, every 15min (thus every 15°C) a
Gas chromatograph (GC) was recorded. For every experiment the initial gas
concentrations were determined by recording two GC whilst the reaction gas was

still running over the bypass.

3.6 Characterisation techniques and calculations

3.6.1 NR analysis

All samples for electron microscopy were prepared by drying a droplet of NRs in
ethanol on a copper Transmission Electron Microscopy (TEM) grid (200 mesh,
Formvar/carbon film). For supported NRs some of the SiOy-support was sonicated

in about 1 mL ethanol, after which a droplet was dried on the grid.

TEM Most Bright Field (BF) TEM images were made with a FEI Technai
10 operated at 100kV. Some BF images were made with the FEI Talos F200X
operated at 200KkV.

Particle dimensions Dimensions of rods were measured using ImageJ software
from TEM-BF images. All given diameters (D) and lengths (L) were averaged
over 50 particles. The volume and surface of the rods was approximated using:

Vied = DXL — 1D) and A,y = 7w+ L * D.
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Table 3.2: Overview of loaded catalyst per experiment. a) Experiments with AuPd
NRs@SiO, with 8 atom% Pd, varying from core-shell to alloyed. b) Experiments with Au
NRs@SiO, and AuPd NRs@SiO, with increasing Pd shell thickness. With structure of
the particle, Pd content, the temperature used for the pretreatment, amount of loaded
catalyst, weight loading and total metal content present in the reactor. The Pd content was
determined with Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).
NP=nanoparticle and NR=nanorod

Type Pd content Pretreatment Loading Metal weight Total metal
(%) (°C) mg % (1g)
a
Core-shell 8 250 20 0.02 4
Core-shell 8 300 20 0.02 4
Core-shell 8 325 20 0.02 4
Partially alloyed 8 350 20 0.04 8
Partially alloyed 8 375 20 0.07 14
Alloyed 8 400 20 0.17 34
Alloyed 8 450 40 0.20 80
b
Au NR 0 300 70 1 700
Core-shell 4 250 30 0.2 60
Core-shell 8 250 30 0.04 12
Core-shell 21 250 30 0.02 6
Core-shell 32 250 30 0.02 6
Pd NP 100 250 30 6 x 1072 2

Number of Pd layers The amount of atomic Pd layers for each of the different
AuPd NRs was estimated with the following calculation. V,q is the volume of one

Pd atom determined from the van der Waals radius rp;=0.163nm [51].

1. Surface to volume ratio: % = %“; / % Gives the fraction of Pd atoms at the
P
surface, thus the fraction of Pd that the rods should contain assuming that

all Pd is located at the surface.

2. For the next layer the L and D is recalculated: Dy, = Dyig + 4 * 17pq and
Lnew = Lold +4 % Tpd

3. The é = ratio is recalculated and the result added to the previous fraction.

This gives the fraction of Pd needed for 2 layers

4. Repeat step 2 and 3 until desired number of layers

HAADF-STEM/EDX All shown EDX maps were made with the FEI Talos
F200X operated at 200kV with a 700 pA probe current.
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Table 3.3: Amount of Pd needed for 1-9 atomic Pd layers on a Au NR with
D=21.842.1nm and L=71.0+8.0nm

Number of Pd layers 1 2 3 4 5 6 7 8 9
Pd needed (atom %) 4.5 88 13.0 17.1 21.1 25.0 289 32.6 36.25

Shell: 26.2 nm //
9F Core: 21.8 nm
atio: 0.8

20 2
Diameter (nm)

Figure 3.3: Graphical representation of quantification method of core and shell thickness
from EDX maps. The EDX map corresponds to AuPd NRs with 8%Pd heated to 250 °C.
Acquisition time=700s.

Au Core and Pd shell mapping The diameter of Au cores and Pd shells was
determined from the EDX maps by making RGB-plots (red, green, blue) with a
plug-in for ImageJ. In such a RGB-plot the amount of red and green pixels in the
y-direction (diameter of the rod) were counted and averaged over the x-direction
(length of the rod). The result was smoothed, normalized from zero to one and
plotted. The data smoothing was performed with Matlab, using a moving average
smoothing function with a bin size of 5 pixels. The thickness of the core and the
shell was determined at the full width half maximum (FWHM) of the plot of the red
and green pixel counts respectively, resulting in a core and shell thickness and thus
a core-to-shell ratio. This method is depicted graphically in figure 3.3. The core and
shell diameter and core-to-shell ratio after synthesis was averaged over 10 particles.

For the alloying experiments the core-to-shell ratio was averaged over 4 particles.

Absorption spectroscopy The absorption spectrum of dispersions of NRs
were recorded with a Bruker Vertex 70 Fourrier Transform Infrared Spectroscopy
(FTIR) with a quartz beamsplitter between 450-1200 nm, with averaging over

60 measurements.

ICP-AES The Au, Pd and Ag metal content in finished Au@mSiO, NRs and
AuPd@mSiO, NRs was determined with ICP-AES. For this 10 pL. of NR sampe
was added to 490 uL. aqua regia (HCI/HNOj in a 3:1 ratio by volume). After 1h
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it was diluted with 4.5mL H,O and centrifuged for 5min@15.000g . The top
4.9mL fraction was used for ICP analysis.

The analysis was performed with a PerkinElmer Optical emission Spectrometer
Optima 8300 with a PerkinElmer S10 Autosampler. Gas flows of 8.0, 0.20 and
0.65 L min—! were used for the plasma, auxiliary gas and nebuliser, respectively. The

radio frequency power was set at 1500 W and the pump flow rate at 1.5 mL min~!.

3.6.2 Catalytic tests

For the catalytic tests a set-up in which a glass plug-flow reactor can be heated
was used. Through this reactor different pretreatment gasses (Hy, Ny, air) and
the reaction gas (H,, 1,3-butadiene, propene and helium) can be flowed). For all
tests a flow of 50 mL min~! with 0.3 % 1,3-butadiene, 31 % propene, 20 % H, and
helium as balance was used. The propene bottle also contained propane, resulting
in 0.1 % propane in the flow. The reaction products were analysed with a GC

coupled to a flame ionisation detector ().

Activity From the reactant and product concentrations obtained from the GC,
the conversion, TOF and Hy-selectivity was determined. The conversion was
defined as the percentage of 1,3-butadiene molecules which were converted. From
this the TOF (Turn over frequency), defined as the butadiene conversion per
second metal per surface atom, was calculated. The amount of surface atoms

was estimated as following:

1. Mass of a rod: myog = % with pow = TAupaw + Tpappd- Tay, and rpg the

atomic fractions as obtained from ICP and p4, and pp, for fecc structured Au
and Pd

loadedmetal(g)
* Arod

Myod

2. Total surface area: Aiprq =

3. Number of surface atoms: #goms = A%t;l with A, the surface area of a Pd
P

atom determined from the van der Waals radius

Selectivity The selectivity is given as the Ho-selectivity, which shows the fraction
of H, that was used for desired products (1-butene, cis-butene and trans-butene)

compared to all used H,.



Results and discussion

4.1 Characteristics of Au NRs

4.1.1 NR dimensions

The Au NR synthesis was performed four times. Optical absorption spectra were
taken of all batches after SiO, coating, see figure 4.1. The LSPR peak of the batches
was located at a very comparable wavelength, indicating that the rods from all
batches had a similar particle AR. This was checked by determining the particle
sizes from TEM images, see figure 4.2. Table 4.1 with the average length and
width of the particles of the different batches indeed confirms that they were all
very similar. The rods had a low monodispersity and no other Au particle shapes
such as spheres, cubes or triangles were found. From LO-004 no dimensions were
determined, but they should be similar to those of LO-002, considering the fact
that the batches had a similar LSPR peak position. The thickness of the SiO4 shell

was determined from TEM and was on average 17.240.7 nm.

4.1.2 Attempted Ag removal

AgNOj; was used during the synthesis to aid the formation of the NRs. As
mentioned earlier, Ag can influence the selectivity of a Pd based catalyst. The final
rods contained about 1.4atom% Ag, as determined from ICP-AES. Therefore we
attempted to remove Ag by washing Au@mSiO, NRs in a NH3 and H,0, solution.
Afterwards an absorption spectrum was recorded to determine if the AR of the
rods had changed, see figure 4.3. The LSPR peak shifted from 740 nm to 717 nm,

21
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Figure 4.1: Normalized optical absorption spectra after synthesis of the Au NRs. The
different spectra represent four separate batches, see table 4.1. The LSPR maxium were
at 742nm, 747 nm, 752nm or 794 nm.

Figure 4.2: Bright field TEM image of LO-002 Au@mSiO, NRs with D=20.9+2.1 and
L=68.746.0
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Table 4.1: Dimensions of AuNRs from different syntheses batches and LO-015 after
etching (see 4.2). Average length, width, aspect ratio, volume and surface area are shown.

Sample Width Length Aspect Surface Volume
(nm) (nm) ratio (nm?) (nm?3)

LO-002 20.9£2.1 68.6£6.0 3.3£0.4 20800£5100 4420700
LO-011 18.94£2.1 579469 3.1£0.5 14600£3400 3440£550
LO-015 22.0 £2.7 69.7£6.1 3.2 £0.5 24100£5600 4830+680
LO-015-E  22.3 £2.3 61.0£7.9 2.7£0.46 212005800 42804800

1.0

— LO-015
| —— LO-015 washed

08 I

0.6

Extinction

0.4

0.2

0.0 s 1 s 1 s 1 s 1 s 1
400 500 600 700 800 900 1000
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Figure 4.3: Extinction spectrum before and after washing with H,O, and NHj of LO-015
Au@mSiO, NRs in ethanol with original Au-core size of L=69.746.1 nm, D=22.0+2.7 nm
and V=24100-5600 nm?.

indicating that the rods were etched somewhat by the treatment. ICP-AES showed
that the treated rods contained about 1.6atom% Ag, so the treatment did not
remove any Ag. This washing solution is known to remove Ag from other metals

[52], so possibly the Ag concentration was too low for this procedure to work.

4.2 Etching of Au NRs

To determine how long the rods had to be etched in order to free up enough space
to grow a thick Pd layer but not remove too much of the Au core, the etching
was first performed on a small amount of Au@mSiO, NRs. During this etching
FTIR spectra were recorded. In figure 4.4 the spectra corresponding to 0-30 min of

etching with intervals of 5 min are shown. For every 5min the LSPR peak shifts
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Figure 4.4: Absorption spectra of Au nanorods diluted 4x in methanol after 5, 10, 15,
20, 25, 30 minutes of etching in HCl and HyO,. Original Au core with L=69.74+6.1 nm,
D=22.0+2.7nm and V=2410045600 nm?.

about 15nm and its intensity decreases. The intensity dropped due to a decrease
of NR volume. The intensity of the peak corresponding to 25 min of etching was
not representative as the sample was diluted more by mistake. As mentioned in
chapter 2, the LSPR peak position of Au NRs depends on the AR and a lower AR
results in a blue shift. The observed blue shift was thus caused by a decrease in
AR of Au@mSiO, NRs due to preferential etching at the tips of the rods. This blue
shift due to preferential etching was also shown by ref [33]. TEM images were also
made of the rods before, after 30 min and 60 min of etching, see figure 4.5. These
images show that the rods clearly became shorter but the SiOy-shell shape remains
intact, leaving some space between the rod and its shell.

From these experiments it was estimated that when stopping the etching at
20min, only a small amount of Au was removed. Therefore, the experiment
was repeated at a larger scale (2.5mL Au@mSiO, NRs after silica coating in
50mL methanol, 2.5x concentrated with respect initial synthesis). Herein, a
batch of Au@mSiO, NRs was etched for 20 min. This changed the Au core from
L=69.7+£6.1 nm and D=22.0+2.7nm to L= 61.02 £7.92nm and D=22.26 +2.3 nm.
The LSPR peak position changed from 752 to 667 nm, confirming that the etching

mainly occurred at the tips.

4.3 Characteristics of AuPd NRs

After growing the Pd metal shell, the Pd content in AuPd@mSiO, NRs from
different synthesis batches was determined with ICP-AES and was 2.51, 4.20,
8.30, 22.1 and 32.0 atom%.
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Figure 4.5: TEM-BF images of Au nanorods after 0, 30 and 60 minutes of etching in
HCl and Hy0,. Au nanorods with original dimensions of L=69.74+6.1 nm, D=22.0£2.7 nm
and V=24100+£5600 nm?

The rods were also characterised by HAADF-STEM/EDX. In figure 4.7 an
overview of HAADF-STEM and EDX maps of corresponding batches is shown.
The Pd content was also determined from these EDX maps, giving 5.0, 7.1, 13, 25
and 38 atom% Pd. For Au@mSiO, NRs the by EDX determined Pd content was
2.29 atom%, while ICP did not find any Pd. This showed that EDX erroneously
counts other atoms as Pd atoms, explaining the higher values obtained with EDX. In
figure 4.7 the Pd content in the rods as determined by ICP and EDX was plotted as
a function of the Pd precursor concentration. The graph shows a linear relationship
between the Pd precursor concentration present in the reaction mixture and final
Pd content in the rods. This synthesis method thus allowed precise tuning of the
thickness of the Pd shell on the Au@mSiO, NRs by varying the amount of Pd-salt.

The Pd shell thickness was measured from the EDX maps with RGB-profile
plots. Such a profile plot was made for 10 particles per synthesis. The resulting
averaged core- and shell thickness with corresponding core-to-shell ratio are given
in table 4.2. As expected, the core-to-shell ratio decreases as the amount of Pd
increases, with exception of the rods with 32.0 atom% Pd. The Au cores for this
overgrowth were etched first, which mainly occured at the tips, lowering the initial
AR. Note that AuPd@QmSiO, NRs originated from different Au-core syntheses

which had small AR variations.

4.4 Heating experiments

In order to precisely map the atomic distribution of the two metal phases upon
heating, while making sure that the AR remained stable, several experiments were

done, see figure 4.8. The rods were heated in three different ways: 1) deposited
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Figure 4.6: Atomic Pd percentages in AuPd@mSiO, NRs as determined from EDX and
ICP-AES as a function of Na,PdCl, concentration in the reaction mixture.

Table 4.2: Pd content per sample from ICP. Core- and shell thickness and core-to-shell
ratio of different AuPd@mSiO, NRs syntheses as determined from EDX maps. Particle
volume and surface area determined from TEM images

Sample Pd Core Shell Core/shell Surface Volume
atom % (nm) (nm) ratio (nm?) (nm?)

Pd X 2.5 16.4+1.3 17.6+£1.4 0.93£0.05  4060£680  17900£4700

Pd A 4.2 17.842.3 19.8+2.3 0.90£0.04  4860£750  23900+£5300

Pd B 8.3 17.9+2.4 21.9+2.6 0.82£0.03  3560%£650 215006400

Pd C 21 13.2+1.4 18.8%x1.9 0.70£0.02  3670£590 150003800

Pd D 32 21.2+£3.5 27.6+£3.0 0.76£0.05  54704+1200 299009800

onto a TEM grid, heated in a tube oven, 2) a dried droplet in a glas vial, heated
in a tube oven and 3) while deposited onto SiO, support, heated in the catalytic
set-up. The rods obtained from these different heating treatments were analysed
by TEM-imaging, EDX mapping and FT-IR absorption spectroscopy. This section

discusses deformation and alloying behaviour of the NRs.

4.4.1 Deformation

From TEM-images of AuPd@mSiO, NRs with 8 atom% Pd and Au@mSiO, NRs
(obtained from 1. rods heated on TEM-grid) the AR of 50 particles per heating

temperature was determined, see figure 4.9. This figure shows that all rods, with
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Figure 4.7: Overview of the AuPd NR from different syntheses. In the first column
HAADF-STEM images, the second EDX maps with silica shell and the third EDX maps
without the silica shell. Red pixels represent Au, green for Pd and blue for silica. The
rows A-D correspond to the AuPd@mSiO, NRs with different palladium content of 4, 8,
21 and 32 atom% Pd, as shown in white on the last column.
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Figure 4.8: Graphical representation of different experiments performed to analyse the
alloying and deformation of Au@mSiOy NRs, AuPd@mSiO, NRs and AuPd NRs@SiO,.

and without Pd, do not deform significantly till 450°C. Once heated to 650°C
the rods started to deform somewhat, and the AuPd@QmSiO, NRs were slightly
more stable than Au@mSiO, NRs. The extinction spectra confirmed this behaviour.
In figure 4.10a and 4.10b respectively the extinction spectra of Au@mSiO, NRs
and AuPd@mSiO, NRs (8 atom% Pd) which were heated to 250, 450 and 650 °C
(2. in a glass vial) are shown. The LSPR peak A, of Au@mSiO, NRs after
heating to 450 °C shifted slightly, however when heated to 650 °C a more significant
blue shift appeared. The LSPR peak shift of AuPd@mSiO, NRs heated to 650°C
confirms that they indeed deformed slightly.

4.4.2 Alloying

The EDX maps corresponding to AuPd@mSiO, NRs (8atom% Pd) heated on
a TEM grid to 250, 300, 350, 400 and 450°C are shown in figure 4.11. With
increasing heating temperature the rods started to alloy more. To quantify how
much the atomic distribution of the rods had changed, RGB profile plots were
made to determine the core and shell diameter for 4 rods per heating temperature.
From the core-to-shell ratio’s the degree of alloying was calculated. This was
defined as a scale from zero to one, with zero corresponding to the original core-
shell ratio and one to a fully alloyed rod, where the core and shell are no longer
distinguishable. The degree of alloying as a function of heating temperature can be
found in figure 4.12a. Upon heating, the rods gradually transformed from core-shell
to fully alloyed. The alloying temperature, which was defined as temperature at

which the degree of alloying was 0.5, was 383°C
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Figure 4.9: Aspect ratio of AuPd@mSiO, NRs (8 atom% Pd) and Au@mSiO, NRs after
heating to different temperatures. Deposited onto a TEM-grid and heated in a tube oven
under Hy-flow with 2°Cmin~! to 250, 300, 325, 350, 375, 400 and 450 °C and held for 1 h.
Length and width determined from BF-TEM pictures for 50 particles per temperature.
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Figure 4.10: Normalized optical absorption spectra of a) Au@mSiO, NRs heated to
250, 450 and 650 °C and b) AuPd@QmSiO, NRs with 8 atom% heated to 450 and 650 °C.
All samples were heated in tube oven in a small glass vial under Hy-flow.
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Above mentioned experiment was conducted with AuPd@mSiO, NRs rods
which were dopcasted onto a TEM-grid and heated in a tube oven. However during
the catalytic tests AuPd NRs@SiO, (AuPd@mSiO, NRs on a SiO, support) were
used inside a different oven. The different support medium and oven could have
influenced the exact heating temperature of the rods. Therefore, AuPd NRs@SiO,
(8atom% Pd) were heated in the oven used for the catalytic tests and the degree
of alloying was determined per heating temperature, see figure 4.12b. For this

experiment the alloying temperature was 373 °C.

4.4.3 Alloying under vacuum: In-situ TEM

In all above mentioned heating experiments the atomic distribution was analysed
after the rods had been cooled down. By making use of a heating chip designed for
TEM, the alloying could also be followed for the same particle and in real-time.

A mixture of rods with varying Pd content was used for this heating experiment,
of which an EDX map prior to heating is shown in figure 4.14a. The three indicated
rods, with 6 %, 21 % and 43 atom% Pd as quantified by EDX, were followed as
the temperature was increased. In figure 4.13 EDX maps of these rods at each of
the different heating temperatures are shown. This figure shows two important
features. First, the rod with 43 % Pd had a rough surface before heating. Upon
heating the surface smoothed first and later the rod started to alloy. Second, the
alloying started at higher temperatures with increasing Pd content. The latter
was quantified by making RGB-maps of these three rods at the different heating
temperatures. The core- and shell diameter was plotted as a function of heating
temperature in figure 4.14b. Once the two lines coincided the core and shell could
no longer be distinguished, indicating a completely alloyed rod. Unfortunately the
chip could not be heated above 800 °C, so the the rods with 21 % and 43 % Pd were
not completely alloyed. The dotted lines, drawn to guide the eye, indicate that a
thicker Pd layer indeed resulted in a higher alloying temperature.

4.4.4 Discussion

Particle dimensions were obtained from TEM images of heated NRs and the location
of the LSPR peak from absorption spectra gave information about the AR of the
rods. Together this showed that the SiO, shell largely stabilized the rods, as Au NRs
with similar AR without SiO, shell deform severely when heated to 250 °C for 1 h [53].
Once heated to 650 °C the rods started to deform somewhat, and the AuPd@mSiO,
NRs were slightly more stable than Au@mSiO, NRs. This corresponds to the
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Figure 4.11: EDX maps of AuPd@mSiO, NRs (8 atom% Pd) heated on a TEM grid
to 250, 300, 350, 400 and 450 °C (ramp 2°Cmin~!, hold 1h, Hy-flow of ~100 mlmin~1).
Red pixels represent Au and green pixels for Pd. Acquisition time was about 10 min.
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Figure 4.12: Degree of alloying after heating to 250, 300, 350, 375, 400 and 450 °C of
a) AuPd@mSiO, NRs heated on a TEM-grid and b) AuPd NRs@SiO, supported rods
heated inside catalytic set-up. The y-axis represents the degree of alloying, with 0 for the
original core-shell and 1 completely alloyed. Degree of alloying as determined from RGB
profile plots of EDX maps of 4 particles per heating temperature. See section 3.6.1 for
more information about RGB profile plots.

findings of ref [32], where Au@mSiO, NRs with AR>3 deform upon heating to
700°C and of ref [18], who found that alloying Au@mSiO, NRs with a small amount
of Pd increased the thermal stability. This could be due to the higher bulk melting
point of Pd compared to Au (7,,=1554°C and 7,,=1064°C) [54].

The alloying process of AuPd NRs with 8 atom% Pd was followed by elemental
mapping with HAADF-STEM /EDX, both for rods deposited on TEM grids and
SiO, support. The obtained alloying temperatures from both experiments (383 °C
and 373°C respectively) are comparable, indicating that the determined metal
distributions were also present when the differently pretreated rods were used for
catalysis. The transition from core-shell to fully alloyed shows that the atomic
distribution of bimetallic AuPd NRs@SiO, could gradually be changed via thermal
treatment. This was also observed by [18] for AuAg, AuPt and AuPd NRs for and
in more detail by ref [19] for AuAg@mSiO, NRs. Van der Hoeven et al. showed
that the alloying temperature in AuAg@QmSiO, NRs depended on several factors,
among which the volume of the rod and silver fraction (X,4). In their oven heating
experiments under H, flow, the alloying temperature varied from 305 °C to 375 °C for
rods with X,,=0.17 to X,,=0.72. Our alloying temperature of AuPd@mSiO, NRs
lies thus within the same range. However, for AuPd@mSiO, NRs with X p;=0.08
(8atom% Pd), the alloying temperature was higher than that of AuAg NRs with
the lowest X,, of 0.17, which could be due to the higher T}, of Pd compared to Au.

As pointed out by van der Hoeven et al., other factors beside melting temperature,
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Figure 4.13: EDX maps of AuPd@mSiO, NRs with in the columns 6, 21, and 43 atom %
Pd (quantified by EDX). Recorded during in-situ heating on a SiNx Wildfire heating chip
at 250, 300, 325, 350, 400, 450, 500, 550, 600, 650, 700 and 750 °C, as shown per row.
The probe current was 700 pA.
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Figure 4.14: EDX map of a mixture of AuPd@mSiO, NRs with different Pd content
before heating. Highlighted in blue= 6 atom%, red= 21 atom% and green= 43 atom%.
b) Core and shell diameter of AuPd@mSiO, NRs with 6, 21 and 43 atom%Pd content
during heating on heating chip in FEI Talos F200X electron microscope. Core- and shell
diameter was determined from EDX maps while kept at 250, 300, 325, 350, 400, 450, 500,
550, 600, 650, 700 and 750 °C. Displayed temperatures do not represent actual ones due
to large variations in the heating chip.

such as concentration dependant activation energy for alloying can be more relevant.
Unfortunately, no values for activation energy Pd diffusion in Au and vice versa
were found in literature for this temperature range.

The heating temperatures during the in-situ TEM experiments the were much
higher than those found from during the ez-situ oven heating. This could be due to
the fact that the displayed temperature of the chip was most likely lower than the
actual heating temperature. Such temperature deviations on heating chips have
also been observed in ref [55] and ref [56]. Furthermore, the rods were heated in
vacuum and not under a Hy atmosphere, which was used during pre-treatment for
catalysis. Since the gas atmosphere can influence the alloying and deformation
process [18], these results are not completely representative. Deviations in alloying
temperature with determined from different techniques for AuAg@mSiO, NRs
have also been observed previously in ref [19], where the alloying temperatures
determined via in-situ TEM-heating and ex-situ oven heating measurements was
about 80°C. However, the in-situ TEM heating experiment did show that the
alloying greatly depended on the amount of Pd present in the rods. The influence
of the amount of shell metal on the alloying temperature was also observed in [19].
Here AuAg@mSiO, with X, from 0.17 to 0.72 caused the alloying temperature to
change from 305°C to 375°C. Finally, smoothing of the Pd layer before the rod
started to alloy indicates that even core-shell AuPd@QmSiO, NRs with a thick Pd
shell pretreated at 250 °C, had a smooth shell when used for the catalytic tests.
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4.5 Catalytic tests

The results from the catalytic tests is divided in two sections. First, the influence of
a changing atomic distribution is discussed. Second, the effect of the Pd shell

thickness is shown.

4.5.1 The atomic distribution

For the study of the influence of atomic distribution of Au and Pd atoms, AuPd
NRs@SiO, with 8atom% Pd were used (see also table 3.2a). The concentrations
of reactants and products as determined by GC for NRs pretreated at seven
different temperatures, can be found in figure 4.15. From this the catalytic activity
and selectivity was determined.

TOFs for rods with different pretreatment temperatures are shown in figure 4.16a.
This figure directly reveals a general trend; a higher pretreatment temperature
resulted in lower catalytic activity. In figure 4.16b the TOF at a reaction temperature
of 150°C is shown. As the rods started to alloy more, the TOF reduced from 26 to
1s71. In figure 4.16¢ the selectivity was plotted as a function of the 1,3-butadiene
conversion. For rods pretreated at 250-450 °C the selectivity became less as the
rods were more alloyed. Figure 4.16d, where the selectivity was plot while at
75 % butadiene conversion, which was the maximum conversion that all of the
samples reached, highlights this trend.

Not only the activity and selectivity were influenced by the atomic distribution.
The ratio between the 2-butene isomers (1-butene, c-butene and t-butene) also
changed. The different isomer fractions are shown in figure 4.17, for a reaction
temperature of 225°C. At this point the reactions are all at about 75 % conversion.
This plot shows that for core-shell AuPd NRs@SiO, the butene ratio was 1-
butene>trans-butene>cis-butene, whilst for the alloyed rods this was trans-butene>1-
butene>cis-butene. Or quantitatively; a change of the cis:trans from 0.26 to

0.38 when alloying the rods.

4.5.2 Pd shell thickness

To study the influence of the Pd-shell thickness, AuPd NRs@SiO, with 4, 8, 21, 32%
Pd, Au NRs@SiO, and a Pd NPQSiO, reference were compared. An overview of the
experiment is shown in table 3.2b. The concentrations of reactants and products as
determined by GC for these different AuPd NRs@SiO, are shown in figure 4.19. The
activity and selectivity was calculated from these measurements in the same way as
in section 4.5.1. In figure 4.20a the TOF was plot for NRs varying from 0-32 % Pd
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Figure 4.15: Concentrations of reactants and products for AuPd NRs@SiO, heated to
different temperatures and with varying loading. A) 250°C 20mg 0.02wt% , B) 300°C
20mg 0.02wt%, C) 325°C 20mg 0.02wt% , D) 350°C 20 mg 0.04 wt%, E) 375°C 20 mg
0.07 wt%, F) 400°C 20mg 0.17wt%, G) 450°C 40 mg 0.1 wt%

and the Pd NP reference as a function of reaction temperature. In figure 4.20b the
TOF at 150°C is shown. AuPd NRs@SiO, with 8 %Pd, or 2 atomic layers, gave the
highest TOF of 155! compared to 3.9 x 1072, 1.3, 15, 13, 7.4 and 1.2 s7! of 0, 1, 2,
5 and 8 layers respectively. In figure 4.20c the selectivity as a function of butadiene
conversion and in figure 4.20d the selectivity at 97 % butadiene conversion is shown.
The selectivity was plot at the highest conversion that all samples reached, since
the selectivity can become much worse if the butadiene concentration is low and
not all active sites are occupied [47]. The selectivity of the Au NRs was not shown
as the conversion was too low. The NRs with one layer of Pd are the most selective

and with increasing Pd layers this in general becomes less.
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Figure 4.16: a) TOF obtained from AuPd NRs@SiO, pretreated at different
temperatures, for a reaction temperature of 30-250 °C. b) TOF at a reaction temperature
of 150°C. With EDX maps from ez-situ experiments of the NRs heated to 250, 350 and
450°C. c) Selectivity plotted as a function of butadiene conversion d) Selectivity at 75 %
butadiene conversion. All AuPd NRs@SiO, with 8 %Pd, pretreated at 250, 300, 325, 350,
375, 400 and 450 °C, see table 3.2 for used loadings. TOF=turn over frequency in terms
of converted 1,3-butadiene molecules per surface atom.

The cis-butene, trans-butene and 1-butene product fractions at a reaction
temperature of 225°C, with core-shell AuPd NRs@SiO, with 4, 8, 21 and 32 % Pd
and Pd NPs@SiO, reference pretreated at 250 °C and Au NRs@SiO, are shown in
figure 4.18. For Au NRs 1-butene was the most dominant product, which changes

to trans-butene upon increasing the Pd shell thickness.
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Figure 4.18: Cis-butene, trans-butene and 1-butene product fractions at a reaction
temperature of 225 °C, with core-shell AuPd NRs@SiO, with 4, 8, 21 and 32 atom% Pd
and Pd NPs@SiO, reference pretreated at 250 °C and Au NRs@SiO,.
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Figure 4.19: Concentrations of reactants and products for AuPd NRs@SiO4 with 4,
8, 21 and 32 %Pd (B-E), Au NRs@SiO, (A) and Pd NPs@SiO, reference (F). Reduced
under 50 mL H, at 300°C (A) and 250°C (B-F). A) 70mg 1wt%, B) 30mg 0.2 wt%, C)
30mg 0.04wt%, D) 30mg 0.02wt%, E) 30mg 0.02wt%, F) 30mg 6 x 1073 wt%
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Figure 4.20: a) TOF obtained from core-shell NRs with varying Pd sbell thickness for
reaction temperatures of 30-250 °C. b) TOF at a reaction temperature of 150 °C from (a).
c) H, selectivity plotted as a function of butadiene conversion. d) Hy-selectivity at 97 %
butadiene conversion. AuPd@SiO, NRs with 4, 8, 21 and 32 %Pd and Pd NPs@SiO,
reference, pretreated at 250°C. In a+b also Au NRs. See table 3.2 for used loadings.
TOF=turn over frequency in terms of converted 1,3-butadiene molecules per surface atom.
H,, selectivity in terms of Hy used to form butene products compared to all used H,
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4.5.3 Discussion

The alloying changes the surface of the rods from entirely covered by Pd atoms to a
mix of Pd and Au atoms. Since Au is much less active in the hydrogenation reaction,
due to it’s limit ability to split Hy [57], it was expected that activity decreases upon
alloying, which was also observed. However, the activity remained constant for rods
pretreated at >375°C, which corresponded to the alloying temperature of 383 °C,
as determined from the oven heating experiments. It appears that only the change
from core-shell to partially alloyed (core-to-shell ratio = 0.5) significantly influenced
the catalytic activity, while the change from partially alloyed to fully alloyed did not.

At 60 °C the maximum TOF was 3.7s71, which reduced to 0.06 s~ upon alloying.
The most active AuPd bimetallic catalyst with 5% Pd of Kolli et al., reached a
TOF of 0.1s7! at this temperature. Other samples with 5% Pd had a TOF of
7.4 x 1073s~! [15]. This implies that our core-shell rods were very active and even
the alloyed structures performed very well. At the highest conversion level (75 %
for the rods with 8 % Pd), the selectivity varied between 87-98 %, whilst the most
active bimetallic particles of Kolli et al. were ~50% selective. This selectivity was
estimated from the published graphs and by making use of the same selectivity
definition used in this thesis. The core-shell structure of the rods thus allowed
high conversion while maintaining a high selectivity.

The fact that the selectivity appeared to become less for alloyed rods was
unexpected. Due to the alloying the surface contained more Au atoms, and Au
itself should in principle be much more selective than Pd [14]. There are however
many reports where the catalytic properties of AuPd alloys significantly differs from
its monometallic counterparts [58-60]. This phenomena is often ascribed to ligand
and ensemble effects and lattice strain [61-63]. The ensemble effect describes the
dilution of a surface, so in our case neighbouring Pd ensembles are replaced by
Pd islands, which results in a different geometric orientation. Ligand effects are
electronic disturbances; they arise when charge transfer between two atoms occurs,
affecting the catalytic properties. This can for example result in a change of the
filling of the d-band, which affects the adsorption strength of reactants and products
on Pd surface atoms [61, 64]. Both ligand and ensemble effects occur simultaneously,
and are most likely together responsible for the change in activity and selectivity.

The presence of neighbouring Pd sites in AuPd nanoparticles can either have a
positive of negative effect on its catalytic properties, depending on the reaction. For
example, Wei et al showed that Pd ensembles were needed in the decomposition
of NyO because they acted as the active site [65]. On the other hand, in the

hydrogenation of aromatics,. AuPd alloy samples had an increased activity compared



4. Results and discussion 42

to the sample with separate Au and Pd phases [59]. The authors ascribed this
to geometric effects due to Pd ensemble dilution in the AuPd alloy. Also, in the
selective oxidation of glycerol, particles with Pd atoms isolated by Au atoms resulted
in a more active catalyst [66]. Kolli et al. reason that their high selectivity in the
selective hydrogenation of butadiene with AuPd was caused by the absence of Pd
ensembles [15]. However, they do assume that the AuPd particles do not restructure
under H, meaning that Pd ensembles were not formed. Yet, our core-shell rods were
even more selective than the alloyed ones, which indicates that Pd-ensembles were
more active in this reaction. As explained further in this section, electronic effects
can also largely influence the catalytic properties, so the exact role of these geometric
effects is unknown. Furtermore, upon alloying the NRs, the main product changed
from 1-butene to trans-butene, and the cis:trans ratio increased (figure 4.17). This
could be due to isolated Pd-atoms in the alloyed rods, since cis-butene intermediates
are more stable when adsorbed on isolated Pd atoms than on Pd ensembles [50].

Besides ligand and ensemble effects, lattice strain can also influence the catalytic
properties [62, 63]. In ref [62] and [63] lattice strain was even explored as a means
to control electrochemical catalytic performance. Wang et al. showed that for
Pt on Pd core-shell icosahedra in a oxygen reduction reaction an average of 2.7
layers performs 7 times better than a commercial available catalyst, which they
ascribe to a compressed lattice of Pt due to Pd[67]. Pt on Pd leads to a lattice
mismatch of less than 1%. Pd and Au have a lattice mismatch of about 4 %
(3.89 vs 4.08 A)[68]. This seemingly small mismatch could thus possible already
affect the catalytic properties of the rods.

The influence of ligand, ensemble and lattice strain effects became even clearer
from the experiments with core-shell AuPd NRs@SiO, with a Pd shell of 1-8 layers
thick (figure 4.20b,d). The maximum activity and selectivity was reached for rods
with 8 % Pd (2 two atomic layers) and a thicker shell only resulted in lower activity.
At one atomic layer the activity was also relatively low, but here the Pd layer
probably did not yet completely cover the gold, causing the surface structure to
resemble more that of an alloyed NR. This volcano-like dependency of the number of
Pd layers on the activity is probably due to a d-band shift. The d-band is affected by
the amount of Pd-layers in two ways. First, through disturbance of the 3d electrons
of the Pd-shell by charge transfer from Au. This disturbance was investigated
experimentally for spherical Au-core NPs with increasing Pd-shell layers by Wang
et al. [69]. With X-ray Photoelectron Spectroscopy (XPS) measurements they
showed that adding Pd layers to Au negatively shifts the Pd 3d binding energy.

This means that Pd gains electons from Au, which is counterintuitive since Au is
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more electronegative than Pd. However, in AuPd bimetallic systems, Au gains s,
p electrons and loses d electrons and vice versa for Pd [70, 71]. For Pd, gaining
d-electrons shifts the d-band center away from the Fermi level, which weakens the
interaction between adsorbates and the Pd surface, affecting the catalytic properties
[61]. Wang et al. also showed that as the shell became thicker, the negative shift
was reduced. Second, through lattice mismatch between Au and Pd; the Pd-Pd
bond length increases when grown on a Au surface. This causes narrowing of the
Pd d-band [72]. In this way the interplay of charge transfer and bond length on the
d-band explains our volcano-like relationship between Pd layers and activity.

At a certain thickness, the electronic effect of Au on Pd is lost. In the XPS
measurements of Wang et al. hardly no effect could be measured for a shell of
1.75nm and the review of Gilroy et al. states that for core-shell NPs with shells
thicker than 1.50nm, or about 6 atomic layers, the electronic coupling is lost
[73]. Since our Pd reference sample is less active than the rods with 8 layers,
either the electronic coupling is not yet completely gone or other factors such as
surface facets, particle size and synthesis method of the reference caused its low
activity [74]. The high activity of the core-shell rods can also not be completely
ascribed to the bimetallic character of the rods, since the lengths of the rods (which
formed ~70 % of the surface) consisted of Pd {110} facets. Pd {110} facets are
10 x more active than Pd{111} [75]

Next to activity and selectivity, the product selectivity was also dependant on
the structure of the rods. For Au NRs the main product was 1-butene, which upon
increasing the Pd shell switched to trans-butene (figure 4.18). The Pd-reference also
produced trans-butene as the main product. Monometallic Pd generally also gives
trans-butene as the major 2-butene product, while for Au NP catalysts cis-butene
is the most dominant fraction [76, 77]. As explained in section 2.6, the rate of
1-butene formation decreases upon lowering the d-band Pd. This corresponds very
well to reasoning above, which explained that the d-band shifts downward with
when increasing the amount of Pd layers on Au.

As shown in figure 4.15 and 4.19, the butadiene conversion significantly dropped
at a reaction temperature of about 250 °C during almost all runs. The cause is
unknown, but it could be due to formation of carbon deposits on the Pd surface,
of which Pd is known to suffer during hydrogenation reactions [8].

A final point of remark regards the use of Ag in the synthesis of the Au NRs.
AgNOg is needed to break symmetry and initiate the growth of rod shaped NP.
ICP results showed that the final rods contained about 1atom% Ag. In industry

Ag is used to promote the selectivity of Pd catalysts for selective hydrogenation
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of di-alkenes [3]. It is unknown whether the Ag-atoms are close to the surface
in our AuPd NRs@SiO, after growing the Pd-shell and to what extent they

influenced the selectivity.

4.5.4 Factors influencing catalytic properties

All experiments discussed in this chapter were performed with the same propene
N2.5 bottle of Linde. However, some runs were done with a higher purity bottle
of propene (N3.5 of Air Liquide), of which the data was not shown in this thesis.
These experiments showed a higher activity than with the lower grade propene.
Possibly some contaminants poison the catalyst, reducing it’s activity. As the
propene 2.5N bottle became more empty, the catalysts were also less active. The
precise cause of this is unknown, but could be due to an increased concentration
of contaminants in the bottle.

Furthermore, the rods were significantly less active after longer exposure to
sunlight. It thus of great importance to perform the entire experiment in a
reactor kept away from sunlight and store the samples in the dark, to prevent

oxidation of the rods.



Conclusions

Via a colloidal seeded method, monodisperse, single crystalline Au nanorods with an
average diameter of 20.64+2.3nm and length of 654-6.3 nm were synthesized. These
rods were coated with a mesoporous SiO, shell of about 17nm. By increasing the
amount of Pd-precursor (Nay,PdCly), increasingly thicker Pd layers were grown on
the Au core, where the SiO4 shell acted as a mould. This resulted in AuPd@mSiO,
NRs with 2, 4, 8 and 21 atom% Pd. To grow an even thicker layer of Pd, the Au
cores were etched in a solution of HCI with HyO, as an oxidant. The length of
the rods was successfully decreased by about 12 %, whereas the diameter of the
rods stayed approximately the same. Subsequent Pd deposition onto these etched
Au cores resulted in AuPd@mSiO, NRs with 32 atom% Pd. Via this method we
thus successfully made AuPd@mSiO, NRs with 1, 2, 5 and 8 atomic layers of Pd.
All the rods also contained about 1atom% Ag, which could not be removed by
washing in a solution of NH3 and H5O,. This location of this Ag in the finished
AuPd@mSiO, NRs is however unknown.

Next, the alloying behaviour of AuPd@mSiO, NRs with 8atom% Pd was
characterised. This was done by heating the rods under a H, flow to different
temperatures while deposited onto a TEM-grid, after which the metal distribution
was analysed with HAAFD-STEM/EDX. From the EDX maps the core- and shell
diameter at each of the heating temperatures was determined. The experiment
was repeated with rods deposited onto SiO, support to match the conditions used
during H, pretreatment for catalytic tests. The alloying temperature of both
methods were similar; 373 °C) and 383 °C for rods on SiO, support and a TEM grid

respectively. This showed that the atomic distribution could be controlled from
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core-shell to partially alloyed to fully alloyed by varying the heating temperature
from 250°C to 450°C. The found alloying temperature is comparable to those
found for AuAg@mSiO,. During the heat treatment needed to induce the alloying,
the rods did not deform, which was indicated by TEM-imaging and absorption
spectroscopy. The metal distribution was thus the only parameter changed.

AuPd NRs@SiO, with 8 atom% were used to catalyse the selective hydrogenation
of 1,3-butadiene in an excess of propene. The rods were pretreated under Hy
at different temperatures from 250-450 °C, ensuring that the atomic distribution
gradually varied from core-shell to fully alloyed. The Turn Over Frequency (TOF) at
a reaction temperature of 150 °C reduced from 26 to 0.30s~! as the rods were more
alloyed, while the selectivity remained high (>88 %). This activity and selectivity of
the core-shell rods was higher than that of previously published alloyed AuPd NPs
under the same reaction conditions. The decreased activity upon alloying could be
explained as a result of less Pd atoms at the surface. However since the selectivity
remained high for all structures, electronic influences of Au on Pd caused by ligand,
ensemble and lattice strain effects, must have also played a role.

The influence of ligand, ensemble and lattice strain effects became even more
clear in the experiments where the Pd shell thickness was varied. AuPd NRs@SiO,
with 8 atom% Pd, which corresponded to two atomic layers, gave the highest activity.
A thicker Pd shell only lowered the activity. The different butene isomer fractions
also depended on thickness of the Pd shell; with increasing Pd content, the main
product changed from 1-butene to trans-butene. Since no Au atoms were at the
surface, the Au core must thus have electronically influenced Pd shell atoms. This
change in catalytic activity could have been due to a shift of the Pd d-band, which
was explained by ligand and ensemble effects but also by lattice strain. The changed
product selectivity could also be related to this shift of the d-band.

Both the experiments with varying atomic distribution and varying Pd shell
thickness showed the significant importance of the atomic distribution on catalytic
performance, indicating that the performance of bimetallic catalysts can further

be optimized via the metal distribution.



Outlook

This work showed the influence of atomic distribution in AuPd bimetallic NRs
on the catalytic behaviour in the selective hydrogenation of butadiene. For all
experiments rods with approximately the same volume and aspect ratio were used.
It would be interesting to extend this research to rods with different ARs, as this
would also change the ratio between which facets are exposed and could provide
more information on what role these facets play in the obtained high activities.

Furthermore, by varying the 1,3-butadiene concentration the order of the reaction
and thus more kinetic information can be obtained, for example regarding the
activation energy of the differently structured AuPd NRs@SiO,. Also, as briefly
discussed in section 4.5.4, the catalytic properties appeared to be largely influenced
by the purity of the propene gas that was used. It would therefore be useful to
repeat some of the experiments with high purity grade propene.

Pd was chosen as shell material since the combination of Au and Pd is known
to be very active with high a selectivity for this selective hydrogenation reaction.
Bimetallic AuCu particles are however also promising for this reaction. Copper
catalysts itself have a relatively high activity and selectivity [Koeppel1994|, but
they deactivate quickly due to oligomerisation [OSSIPOFF1994]. In the selective
hydrogenation of butadiene Delannoy et al. showed that bimetallic AuCu catalysts
were more active than Au and had a different selectivity towards 2-butenes than
monometallic copper and gold [78]. A Cu shell grown on the Au core could
therefore also provide more information on how the atomic distribution influences
the catalytic properties and whether the Au core can also influence a Cu shell

so significantly as Au does for Pd.
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Since the attempt to remove Ag from the rods proved unsuccessful, the influence
of Ag on the catalytic properties of our AuPd NRs@SiO, remains unknown. It
would therefore be useful to introduce some extra Ag into the rods, and investigate
whether this affects the selectivity.

Finally, all experiments had a drop in activity at around 250°C. This could
be due several factors, but it is most likely caused by carbon deposition on the
metal surface. This hypothesis could be tested by flushing with some O, after the
drop, which should burn of the deposited hydrocarbons.
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