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Abstract:

Supported gold nanoparticles (AuNPs) have been studied extensively for the direct epoxidation of
propene with Ho/O2 mixtures to yield propene oxide, an intermediate required to fabricate polyesters.
AU/TiO; catalysts achieve high selectivity, but catalyst deactivation and low hydrogen conversions are
major limitations. In this research, we explore the possibility of achieving selective propene epoxidation
with gold-based bifunctional catalysts. The gold-based catalysts consisted of gold nanoparticles and
(transition)-metal complexes active in homogeneous propene oxidation. Afterward, the catalytic
performance of gold-based bifunctional catalysts has been studied in the direct gas-phase oxidation of
propene with Ho/O, mixtures. Analysis of the catalytic results proved that SiO; supported gold-based
bifunctional catalysts are highly active but lack selectivity towards propene oxide primarily due to
limited intimacy between both supported metals. Secondly, we studied the stability of monometallic
AU/TiO; catalysts, which tend to deactivate quickly at 100°C due to the irreversible adsorption of
propene oxide. Furthermore, we aimed to increase the catalytic performance by the formation of
supported bimetallic nanoparticles on either TiO, or Ti-SiO,. UV-Vis Spectroscopy, XRD and TEM
were applied to study the structure of the bimetallic nanoparticles. However, these characterization
techniques were insufficient to verify the structure of the supported bimetallic nanoparticles. We found
that Au/Ti-SiO; was the best performing catalysts for the oxidation of propene. Bimetallic supported
nanoparticles negatively affected the catalytic performance compared to monometallic supported
catalyst due to excessive particle growth, competitive adsorption and the formation of individual
nanoparticles.



Layman’s summary:

This research presents our investigations and findings of catalysts for one particular chemical reaction.
Catalysts are molecules or substances that facilitate a reaction to take place without being consumed
themselves. Nearly all products we use daily are produced with a chemical reaction in the presence of a
catalyst. Chemical reactions can occur without catalysts, but catalysts often make the entire production
process easier and more efficient. A typical example used to describe catalysis is the sketch where the
point of destination is located behind a mountain. Instead of spending much effort and energy climbing
the mountain, people constructed tunnels to reach the destination faster and with much less effort.

There are various chemical reactions classified among groups, but this research involves oxidation.
Oxidation involves adding or inserting oxygen (O-) to a molecule or chemical substance and thereby
creating one or more new chemical products. In this case, oxygen fulfills the function of “oxidant,” the
molecule which contains the oxygen molecule to be inserted into another molecule. There are many
different oxidants available, for example, hydrogen peroxide (H-0-) since it also contains oxygen. The
most common oxidation reaction is the combustion of fuel with molecular oxygen. The reaction products
of this reaction are CO>, water and energy in the form of heat. This indirectly explains why catalysts in
oxidation reactions are pivotal. Simply adding oxygen or another oxidant might result in the combustion
of molecules and carbon dioxide production, which is highly undesired in most production processes.
With particular catalysts, we can direct the chemical reaction to the desired outcome. Nowadays, most
oxidation catalysts are comprised of platinum, iron, manganese, molybdenum, and vanadium. One
specific oxidation reaction favors an iron-based catalyst, molybdenum-based catalysts, or maybe a
combination of both. To clarify, a catalyst can consist of several elements.

This research project focuses on propene oxidation to fabricate a molecule named propene oxide, using
hydrogen peroxide (H2O2) as an oxidant. However, propene oxide's current industrial production
processes are environmentally unfriendly, the catalyst deactivates relatively quickly or the catalyst lacks
activity. The deactivation of a catalyst means that the catalyst suffers from a loss in performance over
time and has to be replaced by a new, identical catalyst, which increases expenses and is a shortcoming.
Therefore, this research strives to develop a new, environmentally friendly catalyst, which produces the
desired product and does not deactivate. The new catalyst must possess two functions and therefore are
called “Bifunctional catalysts". First of all, it must be able to produce hydrogen peroxide. Researchers
have found that gold (Au) can produce hydrogen peroxide from a gaseous mixture of hydrogen (H:) and
oxygen (O-), which is more environmentally friendly than using commercially available produced
hydrogen peroxide. Secondly, the catalyst must be capable of inserting the oxygen into propene and
successfully produce propene oxide. Gold is responsible for hydrogen peroxide formation but not for
the insertion of oxygen into propene. Therefore, we need a second chemical element, such as vanadium
and molybdenum. We aim to investigate what chemical element carries out the insertion step most
efficiently.

To evaluate the performance of these catalysts, we performed catalytic tests. We exposed our designed
catalysts, consisting of gold and other chemical elements, to a gaseous mixture of hydrogen, oxygen,
and propene and analyzed the amount of propene oxide produced. Catalysts comprised of different
chemical elements led to the production of all types of chemical products but propene oxide. We were
only partially able to explain the production of these undesired products. Our research led to the
discovery that our designed bifunctional catalysts did not improve the catalytic stability and propene
oxide production in general.



Besides bifunctional catalysts, we investigated and analyzed the performance of mono- and bimetallic
catalysts in the propene oxide production under similar reaction conditions. Bimetallic catalysts are
catalysts which are comprised of two chemical elements, similar to bifunctional catalysts, but instead of
separate chemical elements in close proximity, an alloyed structure is formed. Our research obtained
results that showed monometallic catalysts were highly unstable, as often described in literature. On the
other hand, bimetallic catalysts showed increased or similar activity, but decreased propene oxide
production. We were able to presumably explain the experimental results.
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1. Introduction.

The chemical industry fulfills the societal needs for food, water, energy, and all other types of secondary
needs. However, the chemical industry and its size nowadays would not exist without catalysis. Catalysis
is the heart of the chemical industry, since 80% of all chemical products manufactured involve at least
one catalytic step in the production process [54]. Our society's reliance on catalysis is continuously rising
due to increased consumption of petrochemical products, shrinking resources, and the increasing
demand for improved sustainability. Thereby, catalysis is expected to play a pivotal role in maintaining
an economically viable society and at the same time deal with sustainability concerns. In 2019, the
monetary value of all catalysts produced equaled 33.9 billion USD and was estimated to grow by 4.4%
annually [55]. The concept of catalysis is applied in most scientific areas, varying from inorganic and
organic chemistry to bio-engineering. Catalysts themselves are classified into three groups,
homogenous, heterogeneous, and biocatalysis. Biocatalysis involves enzymes and parts of living
organisms to carry out chemical transformations and will not be mentioned in detail.

Homogeneous catalysis involves chemical transformations in which catalysts occupy the same phase as
the mixture of reactants. The main advantage of homogeneous catalysts is their excellent selectivity
[56,57]. The excellent selectivity of homogeneous catalysts results from the catalyst's identical chemical
environment and the reaction mixture. Indirectly, their nature to carry out chemical transformations
highly selective limits the possibility to cause any environmental harm. Since catalysts are used and not
consumed in chemical transformations, the necessity to separate the reaction products from the spent
catalysts is a significant disadvantage compared to heterogeneous catalysis. Despite the high selectivity
and efficiency of homogeneous catalysts, the use of solvents or stoichiometric reagents often results in
waste production. Due to ecological and societal developments, researchers are forced to come up with
another solution.

Heterogeneous catalysis consists of solid-phase catalysts that react with liquid- or gaseous substrates.
Catalytic transformations are carried out on the surface, in which the solid phase of a catalyst is used to
adsorb reactants. Subsequently, the reactants diffuse to the active sites since an adsorption site may not
be active. At the active sites, reactants are transformed into products and desorb from the catalytic
surface. Over time, massive efforts are put into heterogeneous catalysis to make it a viable alternative
for homogeneous catalysis because heterogeneous catalysts are commonly less selective. After all, the
catalysts and reaction mixtures are in a different phase [57]. However, the separation of catalysts from
the product is stream is less complicated and therefore a major advantage. Supported nanoparticles
consisting of noble metals are proven to be effective catalysts in hydrogenation and oxidation reactions
[10,56,57]. In the development of new catalysts, we strive to achieve high activity, selectivity, stability,
and the ability to regenerate catalysts.

As stated, supported nanoparticles consisting of noble metals received interest in hydrogenation and
oxidation reactions. Initially, (supported) metals such as Pt, Pd, and Rh are used in oxidation reactions
since they can dissociatively absorb oxygen and strongly adsorb CO and atomic oxygen [59]. CO
oxidation attracted considerable attention to reduce the pollution originating from the car industry and
the synthesis of methanol. Haruta's group discovered that supported gold nanoparticles on metal oxides
showed surprisingly high catalytic activity in CO oxidation [60,61]. Gold was long thought to be
chemically inert because gold is resistant to oxidation and corrosion. However, sufficiently small and
supported gold nanoparticles possess catalytic properties, which are not limited to CO oxidation
[37,58,60,61]. These catalytic properties arose due to a change in the surface-volume ratio in comparison
with bulk gold.



Furthermore, they concluded that the catalytic performance is highly dependent on the degree of
dispersion of nanoparticles across the surface area provided by, the support gold-metal oxide interaction,
and the structure of the gold catalysts [60,61]. Since CO oxidation is a surface-catalyzed reaction, the
rate of CO2 formation enhances by providing a higher surface area. Many other aspects affect the
electronic and physical properties and thereby directly influence the catalytic performance, such as the
size of NPs. A couple of decades earlier, in 1973, Bond and Sermon discovered that dispersed gold
nanoparticles supported on SiO, were catalytically active in the hydrogenation of alkenes [37], but
especially the high selectivity of the Au-based catalysts. Their discovery showed the importance of Au-
catalysis in particular reactions and raised interest in the chemistry industry.

Moreover, supported Au catalysts were studied in the selective hydrogenation of butadiene. As Haruta
et al. concluded, the catalytic performance is strongly dependent on the metal-support interaction (i.e.,
type of support) in CO oxidation, so does the support play a pivotal role in the selective hydrogenation
of butadiene. Masoud N. et al. found that Au/SiO, exhibited superior stability compared to Au/TiO>
catalysts. The titania supported gold nanoparticles (3-4nm) suffered from deactivation through the
deposition of carbonate species and thereby deactivated nearby active Au sites [89]. Furthermore,
Masoud N. et al. investigated the thermal stability of gold nanoparticles. She concluded that AuNPs
supported on non-reducible supports (SiO;) were more stable than AuNPs supported on reducible
supports such as TiO; [88]. The stability is highly desired because instability promotes particle growth
and deactivates the catalyst.

Thirdly, gold-based catalysis is extensively studied throughout the years in the selective oxidation of
propene to propene oxide [1,5,6,12]. Until now, the selective oxidation of propene to propene oxide is
carried out with organic hydroxy species in the presence of homogeneous catalysts or heterogeneous
titanium-silicate catalysts (TS-1) with hydrogen peroxide [13,92,105]. Propene oxide is a highly desired
bulk chemical in the industry used as a reaction intermediate for various products such as propylene
glycol and polyether polyols [1,4]. Although propene oxide's sustainable production is achieved with
the titanium-silicate because the only by-product is water, the degree of sustainability and economic
viability is increased when the hydrogen peroxide can be produced from a gaseous hydrogen and oxygen
stream [7].

Supported gold nanoparticles possess another ability besides oxidation and hydrogenation, which is the
formation of hydroperoxyl species from H./O, mixtures. It is found that supported gold nanoparticles
on titania (Au/TiOy) are highly selective in the oxidation of propene to propene oxide in combination
with H2/O2 mixtures, in which the gold nanoparticles are responsible for the in-situ formation of
hydroperoxy species, and the supports contains the active Ti-sites for the oxidation reaction [1,8,9].
Despite the high initial selectivity of Au/TiO; in the propene epoxidation reaction, it does quickly
deactivate due to deposition of carbonate species or oligomerization of propene oxide on the surface
[78,84]. Moreover, Au/TiO, catalysts exhibit low activity in the propene epoxidation reaction and are
considered to prevent the commercialization of these heterogeneous catalysts.

Last of all, supported bimetallic nanoparticles on either titania or titanium-silicate have been widely
studied regarding propene epoxidation [45,46,73,74,76]. For example, the East Chinese University has
found that Au-Ag/TS-1 doubled the propene oxide formation rate with respect to monometallic Au/TS-
1 [45]. The improved catalytic performance of bimetallic catalysts has been attributed to several aspects,
such as increased dispersion or facilitating oxygen adsorption and thereby electron transfer [45].
However, it is dependent on the bimetallic catalyst composition. It has been generally agreed that the
improved catalytic performance of bimetallic catalysts can be attributed to the alteration of active sites,
either electronic or geometric effects [114].



This research strives to improve existing heterogeneous catalysts in the propene epoxidation with H,/O-
mixtures. Firstly, we explore the possibility of replacing the active Ti-sites with other transition metals
that are active in homogeneous alkene epoxidation. Bifunctional catalysts have been prepared,
consisting of supported gold nanoparticles and transition-metal complex on functionalized silica.
Secondly, we study the catalytic performance of bimetallic gold nanoparticles (AuPd, AuAg, and AuCu)
supported on TiO; or Ti-SiO; in the direct epoxidation of propene. We based the choice of support on
the catalytic activity of bifunctional Au-Ti catalysts and because gold-titanium(IV) have been frequently
studied in the literature [1,8,9,12].
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2. Theory.

This chapter will discuss the theoretical background of propene oxidation. First of all, industrialized
production processes of propene oxide are provided. Secondly, mechanisms of heterogeneous catalyzed
propene oxidation are discussed, including both monometallic- and bimetallic catalysts. At last, research
objectives and questions are formulated and experimental approaches are explained.

2.1. Production of propene oxide.

In 2016, the propene oxide market value was estimated at $13 billion USD and was forecasted that this
particular market would increase to approximately $18 billion USD in 2022, equaling a production
capacity of 12.5x10° t/year [3]. The expectation of global market growth is caused by rising polyurethane
demands in different market segments, for example automotive [4]. Propene oxide (PO), also known as
propene oxide, is a highly desired bulk chemical used as a reaction intermediate for various products
illustrated in Figure 1. Propene oxide primarily finds its application in the manufacturing of polyether
polyols used in polyurethane production. Moreover, propene glycol and glycol ethers, used as solvents
and necessary for polyester production, require propene oxide for its production [1].

Propylene glycol
Unsaturated polyester resins
» building materials
Industrial use
» antifreese, lubricant

Pharmaceuticals
» toothpaste, cosmetics

Propylene-based glycol ethers

Polyether polyols
Polyurathane (rigid foams)
» refrigerator, insulator
Polyurathane (flexible foams)

» car seat, mattress, carpet

Non foams
+ elastomer, adhesive, paint

Other propoxylated compounds

Figure 1: Numerous applications of propene oxide. Taken from ref. [2].

In 2020, five production routes for propene oxide production are commercialized [5,9,92]. The
chlorohydrin process (CHPO) and the hydrogen peroxide (HPPO) are responsible for the majority of
the propene oxide production [92]. Both commercialized processes are examples of an indirect process
and must deal with environmental issues or co-product formation. An indirect production process
resembles the necessity to produce an intermediate chemical that is eventually converted to the desired
product. Recent developments in the technology of propene oxide production (new catalysts) slowly
increase the PO production share of the HPPO at the expense of the chlorohydrin process [92]. Both
production processes have a considerable environmental impact or footprint [7]. Potential opportunities
are displayed and the authors conclude that the environmental impact can be minimized by new,
selective production technologies [7]. Therefore, the development of an innovative, direct oxidation
pathway for the production of PO is highly desired.
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2.1.1. Chlorohydrin production process.

Propene oxidation involves the insertion of oxygen into the C=C bond of propene. The formation of
propene oxide via the chlorohydrin process relies on the formation of a chlorohydrin intermediate. The
chlorohydrin intermediate is produced by the addition of hypochlorous acid to propylene. Subsequently,
the chlorohydrin is dehydrochlorinated by the addition of calcium hydroxide and propene oxide is
formed. In 2008, the chlorohydrin route was responsible for 43.2% of propene oxide's worldwide
production [91]. The chlorohydrin process is characterized by significant waste production. Every ton
of propene oxide produced is associated with 2100 kg CaCl2 and 100 kilograms of 1,2-dichloropropane,
which increases the cost/efforts for suitable wastewater treatment [92]. Over time, researchers and
companies optimized the chlorohydrin process and developed a variant production way called the
Lummus process. In this production pathway, tert-butylchloride reacts with water to form the propene
chlorohydrin and tert-butanol. Secondly, the chlorohydrin is hydrolysed in the presence of caustic soda
to form propene oxide. In comparison with the chlorohydrin process, the Lummus process limits the
production of chlorinated hydrocarbons because the tert-butyl alcohol is recycled. On the contrary, the
propene oxide formation rate is significantly lower. The final reaction step involves the chlorohydrin
hydrolysis in the presence of caustic soda to form propene oxide [2]. The Lummus process limits
chlorinated hydrocarbons' production with respect to the chlorohydrin process because the tert-butyl
alcohol is recycled. On the contrary, propene oxide's formation rate is significantly reduced, since the
formation of the propylene chlorohydrin intermediate is slower [2,92]
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Figure 2: Schematic representation of the chlorohydrin process for the production of propene oxide. Taken from ref. [1].
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2.1.2. Hydroperoxide production process.

Four different hydroperoxide production processes are commercialized. The hydroperoxide processes
rely on the use of an alkyl-hydroperoxide as an oxidant to epoxidize propene. Two of these processes
are called the styrene monomer propene oxide (SMPO) and the propene oxide tert-butyl alcohol (PO-
TBA) process [1]. The SMPO process uses ethylbenzene as a reactant and consists of four consecutive
reaction steps. The first step is the oxidation of ethylbenzene by molecular oxygen to ethylbenzene
hydroperoxide (EBHP). This intermediate hydroperoxide reacts with propene to form propene oxide
and methyl phenyl carbinol (MPC). Subsequently, MPC is dehydrogenated over alumina to styrene. A
side product of this dehydrogenation reaction is methyl phenyl ketone, which can be converted to styrene
by hydrogenation in the presence of a catalyst to MPC and led over alumina once again [91,92]. The
propene oxide tert-butyl alcohol (PO-TBA) process relies on a similar mechanism. Firstly, isobutane is
oxidized to tert-butyl hydroperoxide (TBHP). Subsequently, the hydroperoxide intermediate reacts with
propene to produce propene oxide and the corresponding alcohol. Figure 3 shows a flow sheet of the
PO/TBA process.

Izobutana TEA | Lights
recycls

PO

purification
4 rO
v - saparation
1 4
Isobutane _..T
*
Propylens l
Oy gen
Caralyst
Catalyst removal TEA
purification

Spent
catalyst tert-Butanol
product

Figure 3: Flow sheet of the hydroperoxide process to PO and TBA. Taken from ref. [8].

The SMPO and the PO/TBA process shows selectivity >95% but suffer from low conversions [12].
Comparing these hydroperoxide production processes with the chlorohydrin process that shows
selectivities between 90-95%, these hydroperoxide processes are environmentally more benign. On the
contrary, there also multiple disadvantages that characterize the hydroperoxide production process. For
example, the use of homogeneous catalysts is inevitable since the hydroperoxide is not electrophilic
enough to attack the nucleophilic alkene [5]. Common homogeneous catalysts are molybdenum,
vanadium, tungsten or rhenium complexes dependent on the type of hydroperoxide intermediate [103].
The need for catalyst separation besides product separation is a disadvantage compared to the
chlorohydrin process. The separation can be performed by distillation, followed by evaporation to
retrieve the spent catalyst. After the separation of propene oxide and the spent catalyst, the
manufacturers are left with methyl phenyl carbinol (MPC) for the SMPO process and can be converted
to styrene [91,92]. However, the global styrene market equaled approximately USD 50 billion in 2017
[30], but it is an entirely different market than PO. The PO-TBA process results in co-product formation
of tert-butyl alcohol, which can be dehydrogenated to isobutene or converted to methyl-tert-butyl ether
with methanol [1,103]
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As stated, the PO/TBA and SMPO process utilizes homogeneous catalysts such as vanadium and
molybdenum for the oxidation reaction of the hydroperoxide intermediate with propene [1,8]. Shell was
able to optimize the SMPO process by the use of heterogeneous Ti-SiO; and eased the separation step
[92].

The SMPO and PO/TBA are both examples of metal-catalyzed oxidation reactions facilitated by organic
peroxides [10,11]. Since the SMPO and PO/TBA processes suffer from low conversions [12], innovative
production pathways were desired. In 1991, a titanium-silicate catalyst (TS-1) was designed, which was
active towards propene epoxidation at mild conditions with hydrogen peroxide and a methanol-water
mixture as solvent, called the hydrogen peroxide production process (HPPO) [13]. The titanium-silicate
catalyst was a modification of ZSM-5 with titanium incorporated in the framework. The pore size of
ZSM-5 prevents the application of organic peroxides for the propene epoxidation [13]. In contrast to
the chlorohydrin, PO-TBA, and SMPO process, the HPPO process consists of one reaction step: the
epoxidation of propene. Furthermore, the primary by-product formed is water with negligible amounts
of propylene glycol and methyl ethers [13]. In 2008, BASF and Dow and Solvay successfully
commercialized the HPPO technology [92]. We further elaborate on supported Ti-catalysts in propene
epoxidation in section 2.2.

Finally, the cumene hydroperoxide oxidation process developed by Sumitomo Chemical (CMHPOQ) is
almost identical to the previously discussed hydroperoxide propene oxide production methods. In this
process, cumene is oxidized to cumene hydroperoxide, which is subsequently used for the epoxidation
of propene. The produced alcohol (by-product) is converted back to cumene by a hydrogenation reaction
over a copper-chromium oxide catalyst [9]. After the propylene is removed from the stream, propylene
oxide can be separated from cumene by a distillation process. The complete cumene hydroperoxide
oxidation process is shown in Figure 4.

UM Oxidation CMHP

J-.:.H;xit]inm'.|| Cy'
Hyidrogenation '

QH

CMA |;“.

Figure 4: Schematic representation of the CMHPO production process. Taken from ref. [9].
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The main characteristic of the cumene hydroperoxide oxidation process is the recyclable cumene as
oxidant. Furthermore, the high activity of the titanium-silica catalyst and the overall stability of cumene
allows for the commercialization of this production process by Sumitomo Chemicals [9]. Compared to
the chlorohydrin and hydroperoxide process, the cumene hydroperoxide oxidation achieves higher
selectivity thanks to the cumene cycle, making it more environmentally friendly while simultaneously

achieving a similar propene oxide yield.

To conclude, table 1 provides an overview of the characteristics of each production processes. Among
all propene oxide production processes, it can be concluded that HPPO has the most potential for the

future.

Table 1: Comparison between different processes for propene oxide production. Adapted from ref. [105].

Production Chemicals By-Products Propene *Catalyst

Process Oxide Sel.
(%)

Chlorohydrin Propene, Chlorine, Water Calciumchloride 87-90% None

PO-TBA Propene, Isobutane Tert-butyl alcohol 95% Tungsten, Molybdenum,
Vanadium
SMPO Propene, Ethylbenzene Styrene 95% Molybdenum
CMHPO Propene, Cumene Cumylalcohol 95% None
HPPO Propene, Hydrogen Peroxide Water >90% Titanium-silicate

*(Transition)-metals used in the propene epoxidation.
represented.

Catalysts for the conversion/regeneration of by-products are not
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2.2. Heterogeneously catalysed epoxidation of propene.

Selective propene oxide production with hydrogen peroxide over heterogeneous TS-1 stimulated further
research in heterogeneous catalysts. Heterogeneous catalysis consists of solid-phase catalysts that react
with liquid- or gaseous substrates. In contrast to homogeneous catalysts, the separation of heterogeneous
catalysts is trouble-free. This chapter provides detailed information about supported (noble) metals on
a support for propene epoxidation. First, we discuss heterogeneous catalysts used in ethene epoxidation
and the difficulties in propene epoxidation. Secondly, we provide a more detailed analysis of supported
Ti-catalysts in propene epoxidation. Thirdly, we discuss the in-situ production of hydroperoxide species
over supported Au. In our search for new catalysts in selective propene epoxidation, we analyze the
mechanisms of transition-metal alkene epoxidation.

2.2.1. Supported silver catalysts: ethene epoxidation vs propene epoxidation.

Current production processes of ethene oxide rely on direct oxidation of ethene, accomplished by
reacting pure oxygen in the presence of an alpha-alumina supported silver catalyst. The epoxidation of
ethene over silver catalysts in the presence has reached a selectivity of 86% [1]. Silver can dissociatively
adsorb oxygen, and since the bonding is not too strong for higher metal loadings, epoxidation of ethene
can occur.

However, epoxidation of propene with oxygen is not possible since there is a difference in reactivity of
ethene and propene in epoxidation. Carter and Goddard have developed a detailed oxyradical
mechanism for Ag-catalysed alkene epoxidation, by which the difference in reactivity for the oxidation
of propene and ethene can be explained [15]. In the presence of molecular oxygen, the formation of an
epoxide precursor intermediate is feasible. For the ethene epoxide precursor intermediate, there is only
one reaction possible: the formation of ethene oxide. However, the propene oxide intermediate's reaction
pathway has an alternative pathway since propene has an additional CH3 compared to ethene, which
can form an allylic intermediate. An allylic hydrogen atom in propene can be abstracted by the formed
oxyradical, which is a more favorable pathway than propene oxide formation. Once the hydrogen atom
abstraction from the propene oxide precursor occurs, it is kinetically favored to completely combust
propene. Therefore, pure oxygen cannot be used for the epoxidation of propene. To conclude, the
abstraction of hydrogen atoms by neighboring oxygen atoms facilitates the complete combustion of
propene. Figure 5 shows the total oxidation of propene with oxygen as oxidant over supported silver
catalysts.

Secondly, the difference in reactivity can also be attributed to the adsorbed oxygen species. It is assumed
for ethylene that there is an interaction between an ethylene molecule and adsorbed oxygen [16]. For
propylene, however, it is proposed that by Cant and Hall that the interaction between propylene and
adsorbed oxygen forms a hydroperoxide. The hydroperoxide species quickly decompose to form an
aldehyde because there is no intimacy with other adsorbed species [17]. Furthermore, there is a general
assumption that propene oxide rapidly oxidizes towards carbon dioxide and water. The consecutive
oxidation of propene oxide is much faster than for ethylene oxide. Nonetheless, Gorokhovatskii and
Rubanik claimed that propene oxide is oxidized slower than propene [18].
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Figure 5: Schematic representation of the total oxidation of propene over Ag/TiO2 catalysts using molecular oxygen. Taken

from ref. [1].
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2.2.2. Supported Ti-catalysts in propene epoxidation with H20:

As previously stated, BASF and Dow and Solvay were able to commercialize the hydrogen peroxide
production process using TS-1 catalysts with agueous hydrogen peroxide as the oxidant [92]. Clerici et
al. studied propylene oxide synthesis using propylene and hydrogen peroxide over TS-1 and assumed
that these catalysts' performance could be attributed to several aspects [13]. In general, the solvents used
in the hydroperoxide processes, such as alcohols, compete for the active sites. Clerici et al. assumed that
the hydrophobic nature of TS-1 prefers the adsorption of less polar H,O, and prevents water and
methanol from any competition for active sites, achieving a propene oxide selectivity up to 95% [13].
The propylene epoxidation reaction mechanism relies on the formation of Ti-OOH [105,106]. The
formation of Ti-OOH is possible by breaking the Ti-O-Si bonds, shown in Figure 6. Subsequently, the
alcohol-water mixtures stabilize the Ti-OOH by co-adsorption. Small, electrophilic solvents are
preferred because there are less steric constraints, and after the propene epoxidation easily and quickly
diffuse out of the pore structure [109]. Thirdly, insertion of the peroxy oxygen atoms occurs in propene.
In this situation, the peroxy oxygen atom is the most electrophilic and therefore reacts with the
nucleophilic propene molecule [105,106]. Desorption of propene oxide is the last reaction step, and the
Ti-O-Si is regenerated [105,106]. Moreover, titanium-silicates showed activity for epoxidation reactions
of higher alkenes, for example a selectivity up to 97% for 1,2-epoxybutane [12]. However, the limitation
of higher alkenes is due to the molecular size. Molecules or products must be able to diffuse out of the
channels of TS-1.

R
osi | \0-——5
S'D“frr-_.lll H-0./ROH SuDrn,,__T'r ‘.b . g
S-D/ \OS| SIO/ \D/
R R
\D——H 0O-=--H
SiOtyyy,, ’ ; - SOy, -"{
/ \ /O—H / O—H

Figure 6: The reaction mechanism of propene epoxidation over TS-1 catalysts. Taken from ref. [105].

However, catalytic deactivation was observed and this was later attributed to the oligomerization of
propene oxide, which blocked the zeolite micropores [104]. Several other titanium-containing supports
were investigated in the propene epoxidation with hydrogen peroxide or alkyl hydroperoxides
[107,108]. Ti-MCM-41, TiO-SiO- xerogel, and TiCl4- modified H-ZSM-5 zeolite were investigated by
Chen et al. It was concluded that the shape/size selectivity of the silica support is pivotal for the catalytic
performance in propene epoxidation with hydroperoxides [107]. For example, Ti-MCM-41 was
subjected to catalytic tests and showed no activity towards propene oxide production. This was attributed
to the mesoporosity of Ti-MCM-41 and therefore showed no shape selectivity.

On the contrary, TiO,-SiO, xerogel contained too small pores to facilitate any propene epoxidation at
all [107]. Furthermore, the hydrophobic nature of the Ti-containing catalysts was concluded to play a
critical role [107]. Both TCM-41 and TiO--SiO; were characterized, and it was concluded that the more
hydrophilic nature of these supports resulted in the competition of active sites between water and
methanol with hydrogen peroxide [107].
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2.2.3. Supported Au/Ti-catalysts in propene epoxidation with Hz2/O2

Gold was long thought to be chemically inert because it was resistant to corrosion/oxidation and did not
(easily) react with other substances. As previously addressed, Bond and Sherman discovered that
dispersed gold nanoparticles on SiO were active in the hydrogenation of alkenes [37]. Furthermore, the
discovery of the catalytic activity of supported gold nanoparticles in CO oxidation led to studies to
understand the origin of this catalytic activity [60,61,94]. Decreasing the gold nanoparticle size led to a
higher percentage of low-coordinated Au atoms, which have a stronger bonding of CO and O [94].
Stronger bonding lowers the adsorption energy of oxygen and thereby affects the catalytic activity. In
general, (supported) nanoparticles greatly differ regarding their properties regarding the bulk material,
since the high surface/volume ratio and the creation of quantum effects. In gold-catalyzed reactions, it
is known that the catalytic activity of gold catalysts highly depends on the size of gold nanoparticles,
the type of support, and the preparation method [20,21,94,95].

The application of supported gold nanoparticles is not limited to CO oxidation and the hydrogenation
of alkenes. In 1998, Haruta's group discovered that supported gold particles in combination with metal
catalysts show high catalytic activity and selectivity in propene oxidation [19]. This research showed
that selective oxidation of propene is possible with H2/O. mixtures in combination with supported gold
nanoparticles on titania with a size between 2-5nm. However, Delgass argues that <2nm supported gold
nanoparticles could significantly contribute to propene epoxidation, since they are hard to observe on
TEM-images acquired of their gold-titanium silicate catalyst [6].
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Figure 7: Schematic representation of propene oxidation reaction over of Au/TiO: catalysts. Taken from ref. [1,31,84].

The direct epoxidation of propene over supported gold nanoparticles on titania consists of three reaction
sequences. First of all, a hydroperoxide is formed from molecular hydrogen and oxygen on gold
nanoparticles' surface. Secondly, the hydroperoxide is spilled over to active titanium centers that result
in a titanium-peroxo intermediate, the rate-determining step [1]. Subsequently, propene is adsorbed via
an Eley-Rideal mechanism, which results in the production of bidentate propoxy species. Finally, the
desorption of bidentate propoxy species allows for the reaction with the titanium-peroxo intermediate
and propene oxide is produced [1,34,84]. The primary side reaction that is most likely to occur is the
conversion of bidentate propoxy species by oxidation to carboxylates, catalyzed by active sites of titania
next to gold nanoparticles by [19]. Therefore, the general assumption is that the propene oxidation takes
place at the gold/titania interface. Multiple factors can influence the selectivity and activity of the
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propene oxidation. Both the effects of different supports and size dependency have been investigated
[20,21]. It is assumed that Au nanoparticles smaller than 2 nm will most likely hydrogenate propene to
propane [19].

Since Haruta's group published their discoveries, major improvements have been made regarding
AU/TiO; catalysts, achieving a selectivity up to 99% at low temperatures (80 °C) [26]. The side products
primarily produced are propanal, ethanal, propane, and carbon dioxide [25]. Despite the high
selectivities, Au/TiO catalysts encounter stability issues in the selective oxidation of propene with
H>/O, mixtures. Mul. G. et al. performed an in Situ FT-IR study to understand Au/TiO, catalysts'
deactivation within a few hours over stream. The spectroscopic results showed that the deactivation of
1wt% Au/TiO- catalysts was indeed caused by the formation of bidentate propoxy moieties on the active
Ti sites, which was the result of irreversible adsorption of propene oxide [68]. Moreover,
oligomerization of propene oxide on the acidic sites contributed to the deactivation of Au/TiO; catalysts
[73]. Lastly, studies of the 1wt% Au/TiO./SiO; catalyst showed that the active Ti sites' occupation by
propoxy species in propene oxidation was not present. However, propene oxide's irreversible adsorption
was also observed on this catalyst, resulting in propanal and acetone formation.

CH
H 3
HZ(IZ—C/

' H,+) O,

Figure 8: Formation of acetate from bidentate species and propanal formation over Au/TiO2 and Au/TiO2/SiOz catalysts.
Taken from ref. [68].

2.2.4. Influence of support

In general, nanoparticles are immobilized on supports. The immobilization of nanoparticles on supports
limits mobility and thereby prevents any sintering of nanoparticles [65]. Furthermore, supports like SiO»
and AlbOs; can provide a large surface area. A large surface area allows for high dispersions of
nanoparticles. The rate of a catalytic reaction is proportional to the amount of accessible active sites and
therefore a high dispersion (in this case gold nanoparticles) is highly desired. Furthermore, highly
dispersed gold nanoparticles across the support result in the formation of the highest amount of Au-Ti
interfaces. The Au-Ti interfaces are necessary since the hydroperoxide must be spilled over from gold
to active titanium centers and subsequently react with the desorbed bidentate propoxy species [1,34,84].

As addressed in the previous section, dispersed gold nanoparticles supported on titania selectively
epoxidize propene to propene oxide but deactivate very quickly. Nijhuis et al. studied the performance
of various other titanium-containing supports in propene epoxidation at low temperatures (<100°C)
[102]. They found that dispersed supported gold nanoparticles with dispersed Ti-active sites resulted in
more stable catalysts. Table 2 represents the catalytic performance of various titanium-containing
support in the epoxidation of propene with H2/O. mixtures.
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Table 2: Direct Propene Epoxidation over Au nanoparticles supported on various titanium-containing supports; (10% H2/10%
02/10% CsHs), flow 33mL/min. Taken from ref. [102].

Catalyst Reaction CsHs PO Activity
Temp. (K) Conversion Selectivity (MQpropene/geat/h)
(%) (%)
1wt% Au/TiO: 323 0.8 >99 5.4
343 1.3 >99 8.6
363 0.5 20 3.3
1wt% Au/TS-1 343 0.3 >99 3.2
373 0.5 >99 5.4
398 0.8 >99 8.6
448 15 78 16.1
1wt% Au on TiO2 on 373 1.0 >99 6.7
SiO2 398 1.5 80 10.0
448 4.0 10 26.6
1wt% Au on SiO2 No propene epoxidation activity
1wt% Au on y-Al203 No propene epoxidation activity

These results show that titanium is pivotal for the epoxidation of propene to propene oxide, since
supported gold nanoparticles on silica and alumina do now show any propene epoxidation activity. The
improved stability of these catalysts can be described to the inhibition of oligomerization of propene
oxide since the Ti-sites are highly dispersed [85,102]. However, a second consideration before these
catalysts can be commercialized is that the hydrogen efficiency is relatively low [25]. One of the reasons
that the hydrogen efficiency is low (~30%,) is the possible oxidation reaction of hydrogen to water,
especially at higher temperatures [102]. An increase in hydrogen efficiency is highly desired for
commercialization. At first, propene conversion was approximately 2% with a hydrogen efficiency of
~30%. In 2012, hydrogen efficiencies up to 50% were achieved with propene conversion of 6% while
keeping a reasonable selectivity (88)% by supporting gold clusters on alkaline treated TS-1 [93].

The group of Haruta has performed research on the production of propene oxide with gold clusters and
has reported that gold clusters (<2.0nm) can form peroxide species out of molecular oxygen and water
[23]. Out of water and oxygen, a hydroxyl and hydroperoxyl radicals are generated. The formation of
hydroperoxyl radical allows for the oxidation of propene in the presence of supported gold clusters [24].
A propene oxide selectivity of 50% is achieved with a propene conversion of approximately 1.0%.
Recently, there have been significant improvements in gold-cluster catalysis, achieving propene oxide
production with a selectivity of up to 80% [24]. The major flaw is that dissociated molecular oxygen
attacks the allylic hydrogen atoms and causes acrolein formation. Comparing the performance of gold
clusters with gold nanoparticles, the gold nanoparticles (>2.0nm) seem to hold more potential right now,
since supported gold nanoparticles on titanium oxides achieve selectivities up to 99%. Therefore, this
research aims for gold nanoparticle sizes between 2-5nm.

To elaborate further on the support influence, gold nanoparticles supported on y-Al,O3 and SiO; did not
show any propene epoxidation activity. However, it has been found that Al.Os shows activity and
selectivity in alkene epoxidation with hydrogen peroxide [35]. The reaction takes place on the alumina
surface. Different types of alumina possess multiple (strong) Lewis acidic sites that can activate the
hydrogen peroxide. On the contrary, heterogeneous alumina catalysts have their limitations.
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First of all, a large excess of hydrogen peroxide is needed. Secondly, the yield of alumina-catalyzed
epoxidation reactions is moderate, even in a large excess of catalysts [35].
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Figure 9: Mechanism for alumina catalysed alkene epoxidation. Taken from ref. [35].
2.3. Supported bimetallic catalysts in propene epoxidation.

Gold-titania catalysts hold a tremendous potential for the direct epoxidation of propene towards propene
oxide. Unfortunately, as stated before, the activity and stability of these catalysts are still an issue. The
reaction rate (formation of propene oxide) is determined by the rate of hydrogen peroxide formation,
which is the rate-determining step since a peroxo-intermediate is formed [19]. The low hydrogen
conversion (and thereby low efficiency) in direct propene epoxidation is one of the main reasons which
prevent further industrial implementation of these gold-titania catalysts. Therefore, much research has
been dedicated to improve hydrogen efficiency. For example, The East Chinese University has found
that the introduction of bimetallic Au-Ag supported on titanium silicate improved the propene oxide
formation rate significantly (2x times in mol%) [45].

Furthermore, the oxygen conversion is increased because synergy effects of Au-Ag facilitate the electron
transfer between gold nanoparticles and molecular oxygen. Last, a hydrogen efficiency of 44% has been
achieved, which is significantly higher than the usual 30% hydrogen efficiency for monometallic
titanium silicates. Bimetallic nanoparticles (BNPs) are nanoparticles that consist of two different metals,
for example in an alloy or core-shell form. BNPs were first commercialized in the 1960s, although since
a decade interest in bimetallic nanoparticles started to rise [50]. In general, nanocatalysis focuses on
achieving the highest selectivity and activity while minimizing the catalysts' deactivation. There are
similarities between mono- and bimetallic nanoparticles in heterogeneous catalysis. Catalytic activity
and selectivity in both cases are affected by the shape, size, choice of metal, and type of support.
Bimetallic nanoparticles are often more stable and show higher activity than monometallic
nanoparticles. Each different metal has unique electronic properties and catalytic properties can be
altered more effectively with the introduction of a second metal.

Bimetallic catalysts are studied extensively to understand the origin of their unique catalytic properties.
First of all, the bimetallic surface is altered by the formation of bonds between the metals. The alteration
of the active sites of both metals originates from synergy effects. First of all, metal-metal interactions
alter the electronic state/environment, known as the electronic effect. Secondly, a strain-effect is created
since there are heteroatom bonds with different lengths compared to monometallic nanoparticles [72].
Both these effects contribute to the formation of unique active sites in bimetallic nanoparticles. In
bimetallic catalysis, the electronic environment is pivotal since it describes the charge transfer [51,52],
especially in oxidation reactions.
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Numerous studies have been carried out regarding direct propene oxidation over supported bimetallic
nanoparticles [45,46,73,74,76]. It was previously mentioned that Au-Ag/TS-1 enhanced the propene
oxide formation rate by two times. They concluded that the introduction of Ag improved the dispersion
of Au on the titanium silicate support. Furthermore, the supported bimetallic catalysts showed that
oxygen adsorption and electron transfer is facilitated [45]. Another research group found that Ir-Au/TiO>
showed higher activity than monometallic Au/TiO, [73]. Aguilar-Tapia A. et al. concluded that the
enhanced activity, primarily at higher temperatures (>150°C), can be allocated to iridium and Au's
synergy effects. Moreover, the gold nanoparticles prevented oxidation of iridium to the degree that
benefits these supported bimetallic nanoparticles’ activity in the direct oxidation of propene [73].

Besides AuAg supported bimetallic nanoparticles, supported AuPd and AuPt catalysts have also
received considerable interest in propene oxidation. Hosseini M. et al. investigated the performance of
core-shell and Pd-Au nanoparticles supported on TiO,. They discovered that propene conversion is
improved by both core-shell and alloy-based AuPd catalysts. The best-performing catalysts regarding
activity were Pd(shell)-Au(core)/TiO,, followed by Pd-Au(alloy)/TiO,, both achieving a 100% propene
conversion at 225 °C. On the contrary, Au/TiO, only achieves 100% propene conversion at a
temperature above 325 °C. The excellent activity in these catalysts can be attributed to these catalysts'
atomic distribution, facilitating oxygen adsorption [74]. Figure 10 shows the enhanced PO formation
rate by supported bimetallic nanoparticles compared to monometallic supported Au/TS-1.
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Figure 10: Enhanced PO formation rate by supported bimetallic nanoparticles in respect to monometallic supported Au/TS-
1. A) AusPds; B) AuioAg:. Temperature = 200°C. Adapted from ref. [45,46].

Bimetallic nanoparticles AuPt and AuPd are clearly an improvement with respect to monometallic
nanoparticles, but only regarding the catalytic activity. Since Pd and Pt-based catalysts are excellent
hydrogenation catalysts, the enhanced catalytic activity in propene oxidation is associated with
undesired hydrogenation of propene to propane. Literature often reports about these hydrogenation
reactions in propene oxidation. For example, Pd-Au and Pt-Au (5:95 ratio) catalysts prepared by
deposition-precipitation limits the production of propene oxide and stimulate propane formation (T =
>100°C) [76]. However, the Pt-Au catalysts improved the H, and O; efficiency, since water formation
is partially inhibited.

Secondly, Delft University of Technology researchers have found that the introduction of platinum to
AU/TiO,/SiO, catalysts improves activity and selectivity [46]. Therefore, it is plausible that the
introduction of hydrogenative metals can improve hydrogen conversion and efficiency of gold-titania
catalysts. On the contrary, both research groups found a volcano-shaped plot of the reaction rate for
bimetallic nanoparticles. The addition of too much platinum results in more active sites (blocking Au
active sites), thereby enabling propene’s hydrogenation reaction to propane [46].
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A high understanding of the chemical bonding between the catalytic surface and reactant is necessary
to increase hydrogen efficiency by using bimetallic nanoparticles. A reacting molecule approaches the
metal. The electrons of the adsorbate start to interact with the orbitals of the metal, which subsequently
leads to the formation of bonding and antibonding orbitals [47]. One of the essential concepts concerning
chemisorption is the Fermi level. The Fermi level is defined as an electron band's energy level, thereby
indirectly determining the probability of being occupied [47]. Therefore, the orbitals below the Fermi
level are filled with electrons. The position of the bonding/antibonding orbitals chemisorbed complexes
primarily determines the strength of the chemical bond in relation to the Fermi level. A strong interaction
between the metal and adsorbate results in strong bonding/antibonding orbital splitting. Thereby, the
antibonding orbital is located above the Fermi level and is not likely to be filled. The strength of this
interaction between the metal and adsorbate is proportional to the number of electrons occupying the d-
orbitals in the transition metal. A transition metal with many electrons occupying the d-orbitals
interacting with an adsorbate result in minimal orbital splitting. Then, both orbitals are located
underneath the Fermi level (and occupied), which results in a weak bond. A weaker bond (higher binding
energy) limits dissociative adsorption of adsorbates. The other way around, transition metals with half-
filled d-orbitals results in powerful bonding. Then, the antibonding orbital is located above the Fermi
level and unoccupied.

Secondly, the idea of introducing a second metal to create bimetallic particles affects chemisorption
since the metal surface is modified. In theory, it is clear that the stronger the reactants are adsorbed, the
more dissociation is facilitated because the activation energy is lowered [47]. For the in-situ production
of H,0,, dissociative adsorption of H, and associative adsorption of O; is required. A trend is observed
in the periodic table regarding atomic and dissociative adsorption. Smaller atoms with more electrons
have a higher binding energy, since the d-orbital/band is highly occupied with electrons in a smaller
area. Therefore, elements such as Pd, Pt, Ag, and Pd are studied extensively in direct propene
epoxidation combined with gold because they restrict the dissociative adsorption of O.
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Figure 11: Energy diagram for the chemisorption of a single atom on the surface of a d-metal. In the left figure, the antibonding
is located above the fermi level and thereby no electrons occupy the antibonding orbital. The figure on the right represents a
partially filled antibonding orbital, which weakens the chemisorption bond. In the adsorption of an diatomic molecule (not
presented here), the dissociative adsorption is limited. Taken from ref. [98].

Furthermore, introducing a second metal to supported monometallic catalysts affects the degree of
dissociative adsorption and initial adsorption of the reactant on the metal surface. For example, the H»
adsorption on gold nanoparticle surfaces is thermodynamically unfavorable. F.R. Lucci et al. have
proven by DFT calculations that the activation barrier for the adsorption of H, on Au with the
introduction of Pd monomers is lowered from 1,04 eV to 0.20 eV [71]. The level of H; and O
dissociation is thus related to the choice of metals for further increasing hydrogen conversion.
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2.4. Transition-metal catalysed propene epoxidation.

From literature, it is known that other transition metals can be applied in alkene epoxidation with
hydrogen peroxide as the oxygen donor [2,5,10,96]. Transition-metals can be divided into specific
subclasses. Early transition metals are located from group 3 to group 7 within the periodic table, whereas
late-transition metals are group 8 to 11 elements. These transition metals must fulfill specific
requirements to be able to carry out an oxidation reaction.

First of all, the catalytic properties of transition metals are attributed to their ability to accept or donate
electrons easily. Transition metals with partially filled d-orbitals lend themselves for the acceptance or
donation of electrons, which is of extreme importance in reduction and oxidation reactions. Both of
these type reactions involve electron transfer. In our research, we aim for alkene epoxidation, and
therefore we need Lewis acidity to accept the electrons from the hydrogen peroxide. Lewis acidity is
defined as any substance that can accept a pair of electrons [10].

This Lewis acidity is needed to remove the peroxidic oxygen charge and thereby facilitates the activation
of the oxidant [5,96]. Furthermore, transition metals in alkene epoxidation must be stable in their highest
oxidation state. As a result of this stability, the key intermediate M-OOH can be formed, indirectly
required to activate the proximal oxygen. Besides this, transition metals oxidation state changes should
not be favorable/easily performed. Easily accessible lower oxidation states lead to metal-catalyzed
decomposition of the peroxide species via a redox mechanism [96]. Furthermore, the metal center is
required to have a vacant coordination site for the adsorption of the alkene.

It is accepted that only early transition metals (ions), such as W(V1), Mo(VI), and RE(VII) operate by a
Lewis acid mechanism [5]. Figure 12 shows the alkene epoxidation mechanism by early transition
metals. A sequence of steps achieves the alkene epoxidation by Lewis acidity. The first reaction step is
the formation of the critical M-OOH intermediate. The removal of charge from the O-O bond facilitates
the dissociation of the oxidant and the activation of the proximal oxygen. Since alkenes are nucleophiles,
the most electrophilic oxygen atom is inserted into the alkene, in this case, the proximal oxygen. The
alkene coordinates by a Lewis Acid-Lewis Base interaction and not by back-bonding since no electrons
occupy the d-orbitals in the metal's highest oxidation state. Last, the coordination of the alkene to the
metal initiates the oxygen transfer [5].
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Figure 12: Lewis acid mechanism, molybdenum as the catalyst in the epoxidation of alkenes, with ROOH resembling H202 or
an alkyl peroxide. Taken from ref. [5].
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Thirdly, homogeneous complexes can also be applied in the epoxidation of alkenes in industrial
processes. However, they operate via a different mechanism than early transition metals, called the redox
mechanism. This mechanism is based on incorporating oxygen on the metal ion (metal-oxo species) and
subsequently transferring it to the alkene. An example of the redox-mechanism is shown in Figure....
These late transition metals, such as Cr(111), Mn(l11), and Fe(lll) are firstly reduced. Low-valent early
transition metals are reactive towards oxidation because high-valent states show higher stability. This
redox-mechanism-driven epoxidation reaction is described as the long route in Figure 13, which uses
molecular oxygen. Moreover, there is also a short route where hypochlorite (single oxygen atom donor)
is used as an oxygen source for iron/manganese porphyrin catalysts. Once the oxygen is successfully
dissociated, there is a decline in its oxidation state. This type of mechanism depends on the interaction
of the alkene with the electrophilic peroxygens [2,5].
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Figure 13: Epoxidation of alkenes by late-transition metals complexes (redox mechanism). Taken from ref. [5]
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2.5. Characterization methods.

In this section, a brief description will be given about the experimental and analytical techniques that
are applied throughout this research project.

2.5.1. Transmission Electron Microscopy.

Transmission electron microscopy (TEM) is an analytical technique used extensively in the field of
material science. It allows for the characterization of catalysts consisting of supported (bi)metallic
nanoparticles supported on various supports. An intense beam of electrons (120-200 kV) is shone at a
sample and enables the creation of 2D-images by monitoring the interaction between electrons and the
atoms on the support [95]. The contrast between two adjacent areas in a 2D-TEM image is generated by
the thickness (i.e., density) and diffraction differences. More specifically, in this research only bright
field TEM (BF-TEM) images are presented. BF-TEM images are generated by considering the
unscattered dense electron beam as aperture. Scattering of the shone electron beam by nanoparticles
results in darker areas. With the application of TEM, the average particle size and dispersion of
nanoparticles can be determined and visualized with extremely high resolution.

2.5.2. Diffuse Reflectance UV-Vis Spectroscopy.

Nanoparticles of noble metals, particularly gold, silver, palladium, copper, and platinum have unique
optical properties and intense colors. These nanoparticles show absorption bands in the UV-visible
regime. UV-vis spectroscopy determines the extinction (absorption and scattering) of light by a sample
and the maximum absorbance of a particular wavelength. Absorption bands of noble metals are
generated by localized surface plasmon resonance (LSPR), which is defined as the collective oscillation
of conduction electrons when (visible) light is shone on the sample. The principle of LSPR is represented
in Figure 14A [70]. By the extent and amount of surface plasmon resonance, an estimation of the noble
nanoparticles’ size can be made. Gold nanoparticles exhibit absorption bands between 500-550nm,
represented in Figure 14B. The LSPR spectrum is dependent on multiple aspects, with the most
important one being size, besides composition. In terms of size, smaller nanoparticles result in spatial
confinement and thereby restrict the motion of the conductive electrons. Therefore, the plasmon
resonance will be stronger and spectrally narrower, resulting in a blue shift.
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Figure 14: A) Basics of LSPR and the size dependent surface plasmon resonance of gold nanoparticles. B) The LSPR sprectrum

dependency on size of nanoparticles. Taken from Ref. [70].
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2.5.3. X-Ray Diffraction.

By X-ray diffraction (XRD), we can investigate the crystalline phases of the support and nanoparticles
[94]. Thereby, XRD allows for the degree of dispersion of supported nanoparticles across the support.
XRD relies on the elastic scattering of x-ray photons of a (crystalline) sample. Atomic planes of a
crystalline sample will result in interference of x-ray beams, called constructive interference.
Constructive interference only appears when Bragg’s law is satisfied, nA = 2dsinf. This equation
represents the relation between the wavelength of EM radiation, diffraction angles, and lattice spacing.
The crystalline or amorphous solid catalyst must be scanned through various angles to obtain every
diffraction direction. When there is a certain amount of crystallinity, the Debye-Sherrer formula allows
us to estimate the crystallite size. The Bragg peaks in a XRD-pattern are broadened inversive
proportional to the crystallite size.

092
"~ Bcosh

In which D resembles the average crystallite size, Full width half maximum (FWHM ) of the diffractions
peak is represented by B, the wavelength, typical 0.179nm for the cobalt source used and 0 half the
scattering angle.
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3. Aim and scope of research.

Propene epoxidation with Hz/O, mixtures over Au/TiO; catalysts has been investigated extensively.
Further research with other Ti-containing supports has led to a significant improvement of the catalytic
performance. Moreover, supported bimetallic nanoparticles exhibit higher catalytic activity in
comparison with their monometallic counterparts, which can be attributed to synergy effects [45,46,73].
However, monometallic and bimetallic catalysts suffer from either low reactant conversions or stability
issues that prevent industrial implementation. As an alternative, homogeneous catalysis shows that
alkene oxidation reactions can be carried out with transition-metals and main-group elements.

Therefore, this research project aims to investigate whether active Ti-sites in propene oxidation can be
replaced by other transition metals in Au/Ti-catalysed propene oxidation with H/O, mixtures.
Furthermore, this study strives to understand the effect on the catalytic performance by modifying
supported gold nanoparticles to form bimetallic nanoparticles.

e How is Au-Ti catalyzed propene epoxidation influenced by replacing Ti with group 5-7
transition metals?

o What is the effect on the catalytic performance in propene epoxidation by making bimetallic
AuM nanoparticles?

This section briefly discusses the required steps to answer the research questions. First of all, the choice
of support is rationalized. SiO; provides high stability for highly dispersed gold nanoparticles [36,67].
Secondly, the method for the preparation of bifunctional catalysts is argued. After that, the catalytic
performance was analysed and the catalyst with the best behavior was selected for further modification
towards bimetallic nanoparticles. Subsequently, preparation methods for the synthesis of supported
bimetallic nanoparticles are explained. At last, utilized characterization methods for the bifunctional and
bimetallic catalysts are presented.

3.1. Bifunctional Au catalysts: preparation and characterization.

In this chapter, silica is used as the support since it provides high stability for highly dispersed gold
nanoparticles [36,67]. The preparation of stable and highly dispersed gold nanoparticles is not feasible
by deposition-precipitation or co-precipitation. Typically, small nanoparticles are obtained via
deposition-precipitation. However, due to the low isoelectric point of silica and oxygen vacancies,
supported gold nanoparticles on SiO; are highly unstable and aggregate upon heat treatment [36].
Furthermore, the deposition of the metal oxide on SiO, followed gold deposition is not successful.
Unpublished results show that catalytically active elements (i.e., metal oxide) are removed from the
silica surface during gold deposition.

Liu et al. have developed a procedure to adsorb thermally stable and highly dispersed gold nanoparticles
on SiO; [36]. The silica surface is functionalized with amine-groups, which facilitated the adsorption of
gold and the metal complex by strong electrostatic adsorption (SEA). SEA is a commonly applied
procedure in the synthesis of supported metal nanoparticles dispersed across a (functionalized) silica
support [36]. It relies on electrostatic interaction between a charged metal precursor complex and a
charged support, which must be opposite and thereby results in an attractive interaction. The principle
of SEA is shown in Figure 15. In the synthesis of our gold-based catalyst. the electronic interaction
originates between the negatively charged gold precursor and positively charged sites in acidic solutions.
Afterward, the adsorbed gold precursor is in-situ reduced by sodium borohydride to form gold
nanoparticles.
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Subsequently, ligand substitution, which indirectly relies on the Hard-soft acid and base theory,
facilitated the adsorption of a second metal complex. The favorable metal precursor complexes were
determined by rationalization and anchored with the remaining amine groups on the functionalized silica
surface. After adsorption of the second metal complex, catalysts were reduced and calcined to remove
the amine-groups from the support and ligands of the metal complex. The Au-M/APS-SiO; catalysts
(i.e., bifunctional catalysts) were characterized with TEM to determine particle size and shape.
Furthermore, DR UV-Vis was applied to determine if ligand substitution was successful. Transition-
metal complexes are known to absorb light in the UV-Vis spectrum, caused by electronic d-d transitions,
and are shown as unique absorbance band in the UV-Vis spectrum (200-800 nm). Finally, the catalysts
were subjected to XRD and ICP-AES measurements to investigate the dispersion of the supported metal
nanoparticles and acquire detailed information regarding the gold weight loadings.

AuCly AuCly AuCly AuCly
NH, NH, NH; NH, NH;" NH;" NH;" NH;*

3333 3332

2 HAuCl,

Ry DhBD
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Figure 15: Simplistic overview of Strong Electrostatic Adsorption (SEA) of HAuCls on APS-SiO.. Adapted from [36].

3.2. Bimetallic Au catalysts: preparation and characterization.

Gold nanoparticles were modified to form bimetallic nanoparticles on the functionalized support with
the best catalytic behavior in propene epoxidation according to literature. The monometallic and
bimetallic nanoparticles were prepared by (sequential) deposition-precipitation, using either TiO; or Ti-
SiO; as support. The deposition-precipitation method basically consists of two processes, precipitation
and deposition. Precipitation is defined as the formation of a solid from a solution. Secondly, deposition
is the process of anchoring the earlier formed precipitate to the support. This particular synthesis method
relies on the interaction of the supports' functional groups (-OH) with the precursor ions in solution [48].
By slowly adding the precipitating agent, either urea or sodium hydroxide, the metal precursor solution's
pH and support are increased. Higher pH values allow the formation of chloro-hydroxo gold species
(when using tetrachloroauric acid as a precursor), which can interact with the titania support oxide
[49]. Metallic gold particles are obtained after calcination. The size of these gold nanoparticles or
bimetallic nanoparticles depends on several experimental conditions, such as pH value, reaction time,
calcination conditions, and precursor concentrations [49]. The bimetallic catalysts are characterized by
utilizing TEM, UV-VIS, ICP-AES, and XRD.

3.3. Catalytic testing.

The catalytic performance of gold-based catalysts in the gas -phase propene epoxidation is tested in a
plug-flow reactor in the presence of H,/O2/CsHs (10% vol. each) mixtures in helium (70% vol), usually
at 200°C. This specific composition of the gas mixture is chosen since much research is carried out
under this composition of gas mixtures [14,19,102]. Before catalytic testing, an in-situ reduction is
carried out under a flow of H, and He. A detailed overview of all reaction conditions and flows are
represented in section 4.5
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4. Experimental methods.

This chapter will provide a detailed representation and explanation of the experimental procedures
employed throughout this research project. Firstly, the synthesis of bifunctional catalysts (Au-M/APS-
Si0) is explained. Secondly, the experimental methods for the synthesis supported bimetallic
nanoparticles on TiO; (AuM/TiO,) are displayed. Furthermore, in the subsequent section the
characterization techniques for catalysts are briefly explained. At last, the applied heat treatments and
settings for catalytic tests are represented.

4.1: Chemicals and general considerations.

In this research, all types of chemicals are used for the synthesis and catalytic tests. Table 3 provides an
overview of all chemicals used throughout this project, including purity and suppliers.

Table 3: Information of the chemicals used in this research project.

Chemical Chemical Supplier Purity
Formula

Gold(l1) chloride trihydrate HAuUCl4 Sigma-Aldrich >99.9%

Sodium Borohydride NaBH4 Sigma-Aldrich >98.0%

Sodium hydroxide NaOH Sigma-Aldrich 97.0%

3-(aminopropyl)triethoxysilane CoH23NOs3Si Sigma-Aldrich 99.0%

Toluene CsHsCHs Sigma-Aldrich 99.8%

Ethanol C2HsOH Sigma-Aldrich >99.9%

Iron(l11) trichloride hexahydrate. FeCl3"6H20 Sigma-Aldrich 98.0%

Manganese(ll) nitrate tetrahydrate Mn(NOs)2 “4H20 Sigma-Aldrich 98.0%

Ammonium perrhenate NHsReO4 Sigma-Aldrich >99.0%

Ammonium molybdate (NH4)sM07024 Merck 99.98%

Ammonium metatungstate H26N6O6020W12 Merck 99.99%

Titanium(1V) butoxide Ti(OBU)4 Sigma-Aldrich 97.0%
Methylrheniumtrioxide CHsReOs X 71.0-76.0% Re

Urea CHaN20 Sigma-Aldrich 99.0%

Silver nitrate AgNOs Sigma-Aldrich >99.0%
Palladium(11) nitrate dihydrate PdNO3"2H20 Sigma-Aldrich ~40% Pd Basis

Copper nitrate dihydrate CuNO3"2H20 Sigma-Aldrich 99.0%

Furthermore, various supports were used in this research. Silica (SiO2) was provided by GRACE®
(Davicat SI 1404, 7.4nm pores, 500m2/g, 0.9mL/g pore volume). Titania P25 (TiO2) was purchased
from Evonik Industries (80-90% anatase and 10-20% rutile) [101]. Secondly, Bis ethylene diamine gold
(111) chloride (Auen,Cls) and Ti-SiO, were synthesized by my supervisor and prepared using an adapted
literature procedure [99,100]. Finally, all procedures involving gold were performed in the absence of
light and glasswork was cleaned with aqua regia beforehand.

4.2. Catalyst preparation.

This chapter illustrates the experimental producers performed to synthesize bifunctional catalysts,
mono- and bimetallic catalysts for the direct propene oxidation with H2/O2 mixtures. The bifunctional
catalysts were prepared by strong electrostatic adsorption (SEA) of a gold precursor on an amine-
functionalized silica surface, followed by ligand substitution of transition-metal complexes. Secondly,
gold-titania based catalysts were synthesized by deposition-precipitation with urea. Subsequently, a
series of AuM/TiO; were prepared by sequential deposition-precipitation with NaOH. At last, gold-
titanium(1V)-silica-based catalysts were synthesized by deposition-precipitation with NaOH.
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4.2.1. Synthesis of bifunctional catalysts.

The synthesis of Au-M/SiO, catalysts started with drying commercially available SiO, (Grace 1404,
SBET 500 m?/g, 7.4nm pores and pore volume 0.9mL/g) at 120°C under vacuum for a minimum of 12h.
Secondly, the support (~6 g) was functionalized using aminopropyltriethoxysilane (APTES) according
to a literature procedure [36]. Under an inert N, atmosphere, the dried support was dispersed in toluene
(50mL). Subsequently, the amount of APTES required for complete functionalization of the support
surface was added in excess (1 mL, three OH-groups per nmz2). Afterward, the mixture was refluxed at
110°C for 16h in an inert N2 atmosphere.

After the functionalized support was washed three times with ethanol (100mL) and dried in static air at
60 °C, the APS-SiO, was dispersed in miliQ H,O (50 mL). For the deposition of 0.50 wt.% Au, an
appropriate amount of HAuUCI, solution was added dropwise under stirring (0.03M HAuUCl4, 5 mL) and
continuously stirred for 1.5h at RT in the absence of light. Subsequently, 0.2M NaBHjs (reducing agent)
was quickly added under vigorous stirring (20 mL). After 20 minutes, the solid was retrieved by
centrifugation and washed a minimum of 10 times by plenty of miliQ H>O in between (100 mL) and
dried in static air at 60 °C (24h).

1.0g of previously prepared Au/APS-SiO; was dispersed in 20 mL miliQ H2O. Subsequently, the
transition metal complex solution was added dropwise, corresponding to a 1:1 Au-M ratio. Stirring was
continued for at least 48 hours until filtration of the supernatant through .45 pum filters did not show
color. Thirdly, The precipitates were retrieved via vacuum filtration (glass filter, Buichner flask) and
subsequently washed with plenty of miliQ H,O (> 3 times, with 100 mL) with centrifugation in between.
Afterward, the retrieved solid was dried in static air at 60°C. Several catalysts were reduced and
calcined, while others were used as prepared.

4.2.2. Synthesis of mono- and bimetallic Au catalysts.

The Au/TiO; catalyst (0.10 wt.% Au) was prepared by deposition-precipitation with urea. Commercially
available TiO, (45 m2/g, 8 g) was added to a 200 mL aqueous solution containing HAuCl4 (0,021mM)
and urea (0.42M). Subsequently, the reaction mixture was gradually heated to 80°C and stirred
vigorously for 2h. The decomposition of the urea led increased the pH from ~3 to ~7.5. The solid catalyst
was collected by centrifugation and washed ~5 times in between with an excess of miliQ H.O (200
mL). 1.0g of previously prepared Au/TiO, was dispersed in 50 mL of miliQ water. Under stirring, a
metal-precursor was added dropwise, corresponding to a 20:1 Au-M ratio. The pH was raised to ~9 by
dropwise adding 0.5M NaOH solution (~20 drops) and stirred continuously for 2h in the absence of
light. At last, the catalyst was retrieved by centrifugation and washed with an excess of miliQ H.O in
between (3 times, 100 mL) and dried overnight at 60°C in static air.

Alloved Au-Ag

Au Au Au Au

Au Ag Au Au Au Ag Au Au

Figure 16: Representation of bimetallic nanoparticles supported on TiOo.
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4.2.3. Synthesis of gold-titanium(IV)-silica based catalysts.

The AuM/Ti-SiO, catalysts were prepared by deposition-precipitation with NaOH. By literature
synthesized Ti-SiO; was dispersed in 100 mL miliQ H:O. The gold precursor (Auen,Cls) and metal
precursor were added to the Ti-SiO, dispersion dropwise, in a molar ratio of 20:1 Au-M. Subsequently,
by dropwise adding 0.5M NaOH the initial pH of ~3 was raised to ~9. The catalysts were recovered by
centrifugation and washed with plenty of miliQ H2O in between (3 times, 100 mL) and dried overnight
in static air at 60°C.

4.3. Heat treatment of catalysts

After the synthesis of Au-M/APS-SiO, by strong electrostatic adsorption and ligand substitution, these
synthesized catalysts are subjected to heat treatment to form supported nanoparticles and remove organic
groups. Furthermore, the synthesized bimetallic catalysts supported on either TiO; or Ti-SiO, prepared
by deposition-precipitation are also exposed to heat treatment. Table 4 provides a representation of all
reduction and calcination steps applicable to each individual catalyst.

Table 4: Heat treatment applied to all synthesized catalysts. In general, reduction was performed under 20% H: in N2 at 50
mL/min. Calcination was performed under 20% O3 in N2 at 50 mL/min.

Catalyst Reduction Reduction Calcination Calcination Length (min)
Temperature (°C) Length (min) | Temperature (°C)

Au-Fe/SiO, 300 180 450 240
Au-Mn/Si0, 300 180 450 240
Au-Re/SiO; 300 180 450 240
Au-Mo/APS-SiO, X X X X
Au-W/APS-SiO, X X X X
Au-Ti/APS-SiO, X X X X
Au-MTO/APS-SiO; X X X X
AU/TIOz X X 400 240
Au-Ag/TiOz X X 400 240
Au-Cu/TiO2 X X 400 240
Au-Pd/TiO2 X X 400 240
*Au-Cu/Ti-SiOz 300 180 400 240
*Au-Pd/Ti-Si0z 300 180 400 240

*Reduction and calcination flows of 100 mL/min, 20% H2 and 20% O3, ramp 5°C/min.

4.4. Characterization of catalysts.

TEM: Transmission electron microscopy (TEM) images were acquired using a FEI Technai T20
operating at 200 kV or a FEI Talos L120C operating at 120 kV. For particle size determination at least
100 separate particles were measured using ImageJ software to acquire a reasonable average particle
size.

DR UV-Vis Spectroscopy: DR UV-Vis spectra were recorded by LAMBA 950S UV-vis
spectrophotometer containing a 150 mm InGaAs integrating sphere. Absorption of the bifunctional,
mono- and bimetallic catalysts were recorded in the 200-1000nm range, between 2 and 4nm resolution
and a 1nm slit size. By the acquired UV-Vis spectra, the size and structure of the bifunctional catalysts
(Au-M/SiO; or Au-M/APS-SiO,) and bimetallic catalysts (AuM/TiO; or AUM/Ti-SiO,) is analyzed.
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XRD: X-ray diffraction (XRD) patterns were measured on a 2" generation Bruker D2 phaser with a
cobalt source (lambda = 0.179nm). 2 theta range: 20-80 for bifunctional catalysts and 20-90 for
bimetallic catalysts with a matching timestep of 2.0s and step size of 0.04°.

ICP-AES: Inductively coupled plasma atomic emission spectroscopy, Gold loading of various catalysts
were determined using ICP-AES at Utrecht University, Faculty of Geosciences.

TGA-MS: Thermogravimetric Analysis was applied to study the stability of supported AuNPs on
titania, since coke formation is often observed. Furthermore, the removal of organic group during
reduction and calcination of the Au-M/APS-SiO; can be confirmed. Firstly, the sample was dried at
mild conditions (100 °C) under Ar. Subsequently, the spent catalyst was heated to 700 °C (ramp 5°C/min
or 10°C/min) and afterward, the spent catalyst was cooled down to RT and heated once more to 700 °C
(ramp 5°C/min).

4.5. Catalytic tests

The catalytic performance was connected to a Compact 4.0 gas chromatograph (GC). This particular
gas chromatograph is connected to a thermal conductivity detector, equipped with a RT-Q-Bond (10m,
0.32mm in diameter) consists of a RT-Q-Bond (10m, 0.32mm in diameter). The reaction temperature
was regulated by using a furnace and an internally controlled thermocouple. In a typical catalytic test,
300 mg of SiC (212-425 pm), 150 mg of catalyst (90-212 um) were loaded into a plug flow reactor
(quartz). The catalyst bed was kept in place by using quartz wool. Secondly, a pre-reduction (20% H2,
80% He) of the catalyst was performed to remove water and reduce formed metal oxide complexes
(catalysts were stored in air). Detailed in-situ reduction conditions of all catalysts are given applicable
to each catalyst when performance is provided. In general, the reaction conditions for propene oxidation
were kept the same throughout all catalytic tests. The catalytic performance was tested at 200°C, a gas
mixture of 10% vol Oz, Hy, CsHs (2.5 mL/min each) and 70% He (17.5 mL/min) and thereby equaling
a graded hour space velocity of 10000 mL/gcat/h. Any deviations are allocated in the result section.
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5. Results and Discussion

This chapter presents the results obtained in propene epoxidation with H2/O2 mixtures of bifunctional,
monometallic and bimetallic supported catalysts. Firstly, the prepared bifunctional catalysts were
characterized by TEM, UV-Vis Spectroscopy, and XRD. Afterward, the catalytic performance of these
bifunctional catalysts was investigated. Subsequently, the most active metal complex (titanium) was
investigated further by synthesizing supported gold nanoparticles on titania, of which the stability and
catalytic performance were described. Moreover, bimetallic nanoparticles on titania were synthesized
and subjected to catalytic tests to investigate these bimetallic catalysts' catalytic performance compared
with Au/TiO,. The final part involves (bimetallic) gold-titanium(IV)-silica based catalysts that were
characterized by XRD and TEM and subsequently subjected to catalytic tests. The catalytic performance
was presented and discussed.

5.1. Bifunctional gold catalysts supported on a functionalized silica.

In order to study the possibility of replacing the active Ti-sites of supported Au/Ti-catalysts in propene
epoxidation, catalysts were synthesized using a sequential adsorption principle. Firstly, Au was
deposited on amine-functionalized silica by strong electrostatic adsorption, according to a literature
procedure [36,89]. Secondly, a transition metal complex was adsorbed on the Au/APS- SiO; to provide
the bifunctional Au-M/APS- SiO,. The transition metal complexes were selected based on their ability
to catalyse alkene epoxidation with peroxides, such as methyltrioxorhenium [115].
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Figure 17: Representation of the bifunctional catalysts applied in the gas-propene epoxidation in this research before heat
treatment..
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5.1.1. Characterization of bifunctional catalysts.

The prepared bifunctional catalysts were characterized by TEM, ICP-AES, UV-Vis Spectroscopy, and
XRD. Generally, supported gold nanoparticles on silica cannot directly be synthesized with usual
preparation methods due to the low iso-electric point of the non-reducible silica. Typical preparation
methods result in the formation of larger gold nanoparticles. Therefore, the subjected catalysts were
subjected to XRD in order to determine the crystalline size and to verify if the amine-functionalization
of silica was successful. Figure 18A represents the X-ray diffractograms (XRD) of gold nanoparticles
supported on SiO; before and after calcination at 450 °C for 3 hours, providing us information about
crystalline size and phases. The broad diffraction peak at approximately 25 degrees 20 can be attributed
to the amorphous silica support. Highly amorphous materials are recognized by broad diffraction peaks,
considering that X-rays will be scattered in many directions. At higher angles, a low intensity but broad
Bragg peak can be observed at an angle of 44.3. When the diffraction patterns of SiO, and Au/SiO; are
compared, it is clear that the amorphous peak at 44.3 20 can only be attributed to the gold nanoparticles,
more specifically Au(200) planes [40]. The low intensity of the gold diffraction peak can be attributed

35



to two aspects, the degree of disorder and the relatively low weight percentage (0.5wt% theoretical). If
the weight percentage is low, fewer phases are present and the contribution to the amount of scattering
is less. Secondly, the acquired XRD-patterns of Au/APS-SiO; and Au/SiO; show a clear presence of the
amorphous SiO; besides a minor broad peak at 44.3 degrees 20. The minor broad peak indicates that no
large crystallites are formed on the external SiO; surface.

However, an estimation of the crystallite size is hardly possible. Since the peaks are broad and hardly
visible, the distinction between background and scattering intensity from the crystallites is nearly
impossible. The Debye-Sherrer equation cannot be applied to estimate the crystallite size and particle
sizes are determined by TEM. Finally, the introduction of molybdenum to the Au/SiO, does not seem
to change the characteristics of the silica and gold nanoparticles. Figure 18B represents the X-ray
diffractograms of the bifunctional catalysts that contain the molybdenum complex. After calcination,
we observe no crystalline MoOj; phase that indicates a high dispersion of Mo(V1) on the catalyst surface.
Furthermore, because we do not observe any large crystalline sizes and phases, we can conclude that
the amine-functionalization of silica is successful.
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Figure 18:A) XRD diffractograms of Au/SiOz, Au/APS-SiO2, B)Au-Mo/SiOz, Au-Mo/APS-SiO2, pre/after heat treatment.

Noble metals, such as gold and silver, have specific optical properties known as localized surface
plasmon resonance (LSPR). The LSPR is the collective oscillation of free conduction electrons induced
by incident light. The size-dependent spectral shift for gold nanocrystals is related to the spatial
confinement of the electrons. Smaller gold nanoparticles restrict the motion of conduction electrons and
thereby, the LSPR is located at lower wavelengths. Nonetheless, the maximum absorbance at a specific
wavelength provides only a rough estimation of the particle size since the SPR is affected by additional
aspects such as shape and surface chemistry [39]. Besides, the average particle size affects the
wavelength of maximum absorbance. Figure 19 shows the LSPR of different batches of Au/SiO,. The
UV-vis absorbance of the Au/APS-SiO, and Au/SiO, show a characteristic absorbance peak
between 500-520 nm, which is caused by the localized surface plasmon resonance of gold nanoparticles.
Furthermore, absorbance peaks at 400 nm can be allocated to the interband absorbance of gold
nanoparticles [110]. Finally, the effect of heat treatment on the gold supported nanoparticles is
investigated by analysing the LSPR. If Au/APS-SiO; (batch 1) is compared with Au/SiO; (batch 1), a
red spectral shift to higher wavelengths (495 nm vs. 510nm) is observed. Since a red shift is observed,
it is assumed that heat treatment plays a role i.e., causing particle growth, which is thoroughly
investigated by TEM and emphasized later on.
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Figure 19: UV-Vis absorption spectra of monometallic (functionalized) supported gold catalysts, Au/SiO2 and Au/APS-SiOz,
with Figure A) being absolute absorption intensity and B) Normalized absorption. All UV-vis absorption spectra are
Kubelka-Munk corrected.

Secondly, UV visible spectroscopy is applied to investigate the adsorption of transition metal
complexes. If ligand substitution is successful, additional bands appear relative to the Au/Silica UV-
spectrum. The absorbance bands from transition metal complexes originate from ligand-metal charge
transfer (LMCT). LMCT involves the transfer of electrons from the highest MO orbital with a ligand
character to the metal-like MO and is observed in the electromagnetic spectrum. The absorption
wavelength depends on several factors such as the size of the crystal field splitting, nature and geometry
of the ligands, and the metal's oxidation state. Both Au-W/APS-SiO, and Au-Mo/APS-SiO, show
unique appearing peaks in Figure 20, not present in the UV-Vis absorption spectra of monometallic
supported Au/ SiO, or Au/APS-SiO,. The absorbance bands originating from the Au-Mo/APS-SiO,
correspond with earlier observed Mo(VI) complexes such as ammonium molybdate [116]. The
presence of these peaks verifies that ligand substitution and the transition metal complex is successfully
adsorbed on the functionalized silica support.
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Figure 20: UV-Vis absorption spectra of monometallic and bifunctional catalysts. Figure A: being absolute absorption
intensity and B: Normalized absorption. *Bifunctional catalysts are not heat treated, ligands are attached to transition-metal
complex.
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Figure 21: Transmission Electron Microscopy Images of monometallic/bifunctional supported catalysts with; A) Au(1)-
Mn/Silica, B) Au(2)-Mo/Silica, C) Au(3)/APS-Silica, D) Au(3)/Silica, E) Au(4)/APS-SiOz. The numbers indicate which batch
of Au-APS/SiOz is utilized.
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Table 5: Characterization overview of several monometallic/bifunctional catalyzed, prepared from different Au/APS-SiO2
batches. Particle size and distribution have been determined by analysis of TEM images, drying methods and heat treatment
have been applied.

Catalyst TEM Au NPs Drying method Reduction/Calcination | Au/APS-
(size) SiO2 Batch

Au-Mn/SiO: 7.65+1.7nm 60 °C 300 °C/3h + 450 °C/4h No. 1

Au-Mo/SiO: 4.07+1.4nm 60 °C 300 °C/3h + 450 °C/4h No. 2

AU/APS-SIiO> 3.52+1.2nm 60 °C None No. 3

Au/SiO2 3.48 £ 0.60 nm 60 °C 300 °C/3h + 450 °C/4h No. 3

AU/APS-SiO> 248 £0.71 nm 60 °C None No. 4

Figures 21AB show TEM images of the bifunctional catalysts, Au-Mn/Silica and Au-Mo/Silica,
respectively. The theoretical weight loadings of gold are 0.5wt%. Rather large gold nanoparticles with
diameters of 7.7 and 4.1 nm are formed on the support after the heat treatment and are likely to have a
hemispherical shape. The difference between particle size originates from different Au/APS SiO.. Based
on literature, the gold particles were expected to have a diameter of approximately 2-4 nm [36,89].
Based on earlier characterization by UV-Vis Spectroscopy, it is assumed that particle growth is induced
upon heat treatment. Insufficient washing leads to limited removal of chloride ions. It is known that
chloride ions induce sintering of supported (gold) nanoparticles upon heat treatment. Therefore, it is
likely that the first batch of Au/SiO; is not washed sufficiently to ensure the removal of chloride ions
[38].

Since the phenomenon of gold nanoparticle growth on (inert) supports is often observed, several studies
are carried out with in-situ TEM to investigate the mechanism of particle growth. This particle sintering
takes place by a form of Ostwald ripening [38]. Ostwald ripening describes the change i.e., growth of
particle structure in both gas/liquid phases and deposited on SiO; over time. It is thermodynamically
driven, because larger particles are energetically more stable and have relatively fewer surface atoms.
Surface atoms are more reactive and thereby less stable. The mechanism of Ostwald ripening is that
atoms are transferred from one particle to another, resulting in a smaller particle and a larger one, which
increases the particle size distribution. The chloride ions play a pivotal role in Ostwald ripening.
Chloride ions can form a complex with gold particles, which results in the stabilization of the ionic gold
species. The increased stabilization makes the movement of the gold particles over the support possible,
facilitating the monomer transfer from smaller gold particles into a larger one. The size of supported
gold nanoparticles is pivotal in the propene epoxidation reaction. In general, larger gold nanoparticles
have a smaller specific surface area and less accessible active sites, undesirable for catalysts as all
reactions occur at active sites. Secondly, in propene epoxidation, larger gold nanoparticles increase the
gold-metal interface that inhibits any spillover of the hydroperoxy species and prevents propene
epoxidation [1,19].

Therefore, particle growth is further investigated by synthesizing another batch of extensively washed
AU/APS-SiO,. Figure 21C confirms that very small and dispersed gold nanoparticles (3.52 + 1.2 nm)
are formed via electrostatic adsorption of tetra chloroauric acid trihydrate on APTES-functionalized
silica, followed by reduction with NaBH4. Furthermore, there is no significant increase in the particle
size (3.48 £ 0.6 nm) upon heat treatment, which is confirmed by TEM-images acquired of Au/SiO,
(batch 2) and shown in Figure 21D.
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Figure 22: A) TGA measurement of Au/APS-SiO2 complemented with B) TGA-MS spectra.

After studying the effects of heat treatment on the gold nanoparticles’ size, we investigated the removal
of organic groups and formation of supported nanoparticles was successful by a TGA measurement. The
TGA measurement is shown in Figure 22. The TGA shows a loss in mass of 6.5% over time when
gradually increasing the temperature with 10 °C/min. The MS-Spectra of the TGA confirmed the
removal of organic groups between 375-450 °C since we observed a peak in the CO, and H.0O signal.
We attributed these peaks to the complete combustion of the APTES-groups and the removal of these
functional groups was successful.
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5.1.2. Hydrogen conversion

To study the catalytic performance of the bifunctional catalysts, these bifunctional catalysts were
subjected to catalytic tests. The catalytic activity and selectivity were studied in a plug-flow reactor at
200 °C with a gaseous reaction mixture of 10% Hy, O,, and CsHg in 70% He (30 mL/min, GHSV =
10000h?). Bifunctional catalysts were composed of two parts, the supported gold nanoparticles
responsible for forming hydroperoxy species and metal complexes for the propene epoxidation.
Therefore, the performance of the gold nanoparticles was analyzed first and subsequently the propene
epoxidation by transition metals.

The importance of the gold nanoparticle size is addressed upon in previous sections. First of all, larger
supported gold nanoparticles have a smaller relative surface area compared to smaller gold
nanoparticles. Secondly, in the direct propene epoxidation with H,/O, mixtures, larger supported gold
nanoparticles are highly undesired because they increase the gold-metal interface and possibly inhibit
the hydroperoxy species' spillover to the active metal-sites [1,19]. In Figure 23 the hydrogen conversion
of different bifunctional catalysts is shown accompanied by the table that shows the characteristics of
the bifunctional catalysts. Despite the average size of the gold nanoparticles (7.65 £ 1.7 nm), a
significant amount of hydrogen (30%) is converted.

On the contrary, most Hz and Oz molecules are converted into H.O. The formation of water is explained
by a kinetic study [25]. Water is formed by two different mechanisms related to either isolated gold
nanoparticles or the possibility of hydroperoxy species decomposition. The bifunctional catalysts have
a theoretical 0.5wt% Au and XRD measurements confirm that a high dispersion of both the gold
nanoparticles and metals is achieved. Furthermore, the calcined bifunctional catalysts (Au-Fe, Au-Mn,
and Au-Re) have an atomic ratio of 1:1 between gold and the metals. Therefore, we likely deal with
(some) isolated gold nanoparticles. Isolated, supported gold nanoparticles are capable of producing a
large quantity of water [25]. Secondly, a large gold-metal interface results in the decomposition of the
in-situ formed hydroperoxy species and water is formed as a reaction intermediate [25].
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Figure 23: Hydrogen conversion over supported Au particles, In-situ reduced at 250 °C for 90 min under He/H2
(24:6mL/min), reduced; (300 °C, 20% Ha, 3h), calcined (450 °C, 20% Oz, 4.5h). Reaction conditions: 70% He, 10% Hz, 10%
02, 10% C3Hs (17.5;2.5;2.5;2.5mL); Reaction Temperature: 200 °C, unless stated otherwise, GHSV = 10000h-,
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Figure 24: H2/O2 conversion over supported Au particles, Reaction conditions: 70% He, 10% Ha, 10% O3, 10% CsHs;
Reaction Temperature: 200 °C, unless stated otherwise. In-situ reduction of 1.5h at 250 °C under He/Hz (24:6mL/min).

Table 6: Overview of Theoretical wt%, particle size distribution and heat treatment of supported bifunctional catalysts.

Catalyst ICP wt% Au AU NPs Reduction/Calcination
Au-Mn/SiO; 0.42 7.65+1.7 nm 300 °C/3h + 450 °C/4h
Au-Re/SiO; 0.42 7.65+1.7 nm 300 °C/3h + 450 °C/4h

Au-Mo/APS-SiO; 0.43 4.07 £1.4 nm None
Au-W/APS-SiO; 0.43 4.07 £1.4 nm None
Au-Ti/APS-SiO; 0.44 3.52+1.2nm None

Figure 24 shows the hydrogen conversions of uncalcined bifunctional catalysts, which have a smaller
gold nanoparticle size. The Au-Mo and Au-W have gold nanoparticles with a size of 4.07 + 1.4 nm and
exhibit higher activity for hydrogen conversion than the calcined catalysts and reach hydrogen
conversions up to 90-95%. These conversions show the importance of gold nanoparticles' size and
relative surface area. Since smaller nanoparticles have a larger fraction of surface atoms than larger sized
particles, they are expected to show higher activity since surface atoms are more reactive because of the
degree of bonding and extent of orbital sharing. However, there is a second reason why smaller gold
nanoparticles show higher activity besides the relatively more surface atoms. In general, the smaller the
gold nanoparticles are, the lower their coordination number. Coordination number is defined as the
number of ligands or atoms bonded to a central atom. A lower coordination number results in lower
adsorption energy because the strain effect by surrounding ligands is limited. Lower adsorption energies
result in stronger bonding of the reactants to the catalysts and allow the oxidation reaction to happen
more efficiently [53].

Additionally, the catalytic activity depends on the reaction conditions. In general, it is known that the
gas hourly space velocity, temperature, and weight loadings affect the conversion of the reactants
besides particle size. In Figure 24, an increasing hydrogen conversion is observed over time for every
catalyst. One explanation is that a change in the gas hour space velocity can affect the reactant
conversion. For example, the hydrogen conversion of the uncalcined bifunctional catalysts is increased
by changing the GHSV from 10000 h* to 4000 h at approximately 60 minutes. A lower grade hour
space velocity can lead to a more contact time between the reactant and the catalyst, which results in a
higher percentual conversion of the hydrogen conversion.
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5.1.3. Bifunctional Au-M/APS-SiO; catalysts in propene epoxidation.
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Figure 25: C3sHs conversion and rates of PO formation over supported bifunctional catalysts, In-situ reduced at 250 °C for
90 min under He/H2 (24:6mL/min). Reaction conditions: 70% He, 10% H2, 10% O, 10% CsHs (17.5;2.5;2.5;2.5); Reaction
Temperature: 200 °C, unless stated otherwise, GHSV = 10000h2.

Table 7: Overview of the characteristics of the bifunctional catalysts and propene oxide selectivity, the average size of the

gold nanoparticles determined by TEM, theoretical wt% assuming complete adsorption.

Catalyst ICP AU NPs Reduction/Calcination Theoretical Propene Metal Precursor
wt% Size. Conditions Metal wt%o Oxide %
Au
Au-Mn/SiO, 0.42 7.65+1.7 nm 300 °C/3h + 450 °C/4h 3.33 0 FeCl;"6H,0
Au-Re/SiO, 0.42 7.65+1.7nm 300 °C/3h + 450 °C/4h 1.72 0 Mn(NO3),+4H,0
Au-Mo/APS-SiO, 0.43 407+14nm None 5.00 14.37 (NH4)M07024
AU-W/APS-SIOZ 0.43 407 +1.4nm None 10.0 0.88 H25N605040W12
Au-Ti/APS-SiO, 0.44 352+1.2nm None 5.00 0 Ti(OBU),
Au-MTO/APS-SIO; 0.48 2.48 £0.72 nm None 1.00 15.38 CH;ReO;
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Figure 25A presents the results of the bifunctional catalysts regarding catalytic activity. First of all,
propene conversion depends on the amount of active metal sites accessible and the type of metal. Higher
weight loadings resemble a higher amount of active sites. This partially explains the differences in
propene conversions of uncalcined and calcined catalysts.

Furthermore, a lower GHSV allows more contact time between the reactant and the metal surface. Figure
25B represents the catalytic activity of uncalcined bifunctional Au-M/APS-SiO, catalysts and a lower
GHSV clearly leads to a higher propene conversion. Smaller gold particles have a smaller interface and
are more likely to spill over the formed hydroperoxy intermediate and are less susceptible to water
formation, which competitively adsorbs with propene [1,19,26]. However, an accurate evaluation of the
catalytic activity is not possible since we deal with different elements (Fe, Re, Mn, Mo, W) and different
weight loadings, represented in table 7.

Table 7 also provides an overview of the propene oxide selectivity of all bifunctional catalysts. Firstly,
it is clear that iron and manganese are not active for the epoxidation of propene. These late transition
metals usually epoxidize alkenes via a redox mechanism, in which is the metal is first of all reduced.
The easily accessible lower oxidation states lead to the metal-catalyzed decomposition of the
hydroperoxy species [96]. Therefore, propene epoxidation most likely occurs via a Lewis-acid
mechanism.

Early transition metals such as vanadium, molybdenum, titanium and rhenium do not show high activity
and selectivity towards propene oxide. Because of the initial suspicion of particle growth upon heat
treatment, heat treatment was not applied in the preparation for several bifunctional (early TM)
catalysts. This results in metal-ligand complexes and ligand effects in oxidation reactions are widely
studied [10]. Ligand complexation is a factor that partially explains the lack of propene oxide
production. Early transition metals operate via the Lewis acid mechanism to form propene oxide. In
general, early transition metals such as vanadium(V), molybdenum(VI) and titanium(lV) have low
redox potential, which allows ligand substitution i.e., insertion of the hydrogen peroxide. To carry out
the oxidation reaction, the in-situ formed hydrogen peroxide needs easily accessible coordination sites.
If ligands still surround the metal, it makes the coordination sites more difficult to access and the
insertion of hydrogen peroxide is not possible. The surrounding ligands alter the electronic and steric
environment, thereby affecting the coordination of hydrogen peroxide and oxygen insertion into propene
[10]. Epoxidation reactions are accelerated by the introduction of donor ligands [41]. For example, the
Au-Ti(OR4)/SiO; catalyst contains butoxide ligands surrounding the titanium(lV) center. Despite the
presence of donor ligands, the Au-Ti(OR4)/SiO; catalyst shows no selectivity towards propene oxide.
Moreover, Ti- and Au/Ti-supported catalysts have been proven to be active in epoxidation
reactions [1,19,63]. Therefore, it is very likely that ligand complexation is not the only factor preventing
the successful epoxidation of propene to propene oxide.

A second reason that can explain the lack of activity and selectivity is none or limited intimacy between
the gold nanoparticles and metal-complexes on the silica surface. In this situation, the overall reaction
relies on the gold nanoparticles and the metals’ acidic sites. As stated before, the gold nanoparticles are
responsible for forming the hydroperoxy species and the acidic metal sites for the epoxidation of propene
to propene oxide. The activity of bifunctional catalysts depends on the ratio of gold/metal sites and the
distance between them [42]. If the distance between is between the elements is too large, it influences
both the activity and selectivity of the reaction, explained by the intimacy criterion by Weisz [28]. For
instance, if two gold nanoparticles are in close proximity, the oxidation reaction can only occur on the
active sites of gold. The produced hydrogen peroxide spills over to nearby active gold nanoparticles
instead of acidic metal sites.
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Table 8: Overview of the side-product formation over both calcined and uncalcined bifunctional catalysts. Sel. % are
resembling average over all measured data points.

Catalyst Operating CO2 Cco Acetal- | Acrolein | Acetone | Propanal
Temperatu (sel. (sel. dehyde (sel. %) | (sel. %) (sel. %)
re (°C) %) %) (sel. %)

Au-Fe/Sio2 150-300 2.30 8.20 39.64 12.96 5.57 2.14

Au-Mn/Si02 200 X X 17.76 71.18 11.06 X
Au-Re/SiO2 200 X X 21.25 46.71 6.62 25.42
Au-Mo/APS-SiO2 200 X 18.56 33.93 10.24 0.78 22.13
Au-W/APS-SiO2 200 X 19.00 18.50 6.03 1.06 54.58
Au-Ti/APS-SiO2 200 16.89 5.64 39.72 0.98 5.63 31.13
Au-MTO/APS-SiO2 200 X X 79.52 1.09 2.64 79.52

Since there is a lack of selectivity from propene towards propene oxide, a low of unwanted products are
formed. One of the main “by-products” that is consistently formed by every catalyst is
acetaldehyde. Stangland et al. talks about the oxidative cracking of propene [43]. Catalysts used in
propene epoxidation are more sensitive to oxidative cracking at higher temperatures independent of any
other reaction conditions. The production of acetaldehyde can not simply be prevented by increasing the
number of actives sites. Stangland et. al state that low-temperature regions <100 °C are desired for
optimal propene oxide selectivity, which is outside the scope of this study.

Secondly, acrolein is a frequent product present in the gas stream formed by a redox mechanism. The
redox mechanism has been described in chapter 2.3. The redox mechanism is primarily a mechanism
applied by metals that are easily oxidized and reduced, for instance molybdenum and vanadium.
Furthermore, acrolein is formed by coordination of propene to the easily oxidized metal, and an oxygen
atom from the lattice is attached at the allylic position. In addition, gold nanoparticles have the ability
to produce little acrolein themselves. Gold nanoparticles can activate molecular oxygen, which is one
of the gasses in the gas stream. Negatively charged gold surface sites activate oxygen. The antibonding
orbitals of oxygen overlap with the d-orbitals of the surface atoms of the nanoparticles. This creates an
electron density that is transferred from the nanoparticles to the antibonding orbital of oxygen [23].

Thirdly, a by-product that is produced besides acrolein and acetaldehyde is propionaldehyde. Once
propene oxide is produced as an intermediate, it can react a second time to form acetone and
propionaldehyde. Early transition metals are Lewis acids, and the (strong) Lewis acid sites in the
catalysts are responsible for converting propene oxide to propionaldehyde [43]. The acidic OH-groups
facilitate isomerization of propene oxide to products as propionaldehyde and acetone.

The formation of CO; and CO is caused by the complete combustion of molecular oxygen with propene
or oxidative cracking at higher temperatures[1,43]. It is frequently observed by well-respected
researchers within gold catalysts that hydrogenation can occur in the presence of very small gold
nanoparticles since Au nanoparticles <2nm are capable of hydrogenation. However, during the catalytic
tests, the production of propane is never noticed.
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5.1.4. Intermediate Conclusions.

A series of bifunctional catalysts was synthesized. First, SiO, was functionalized by 3-
amino(triethoxy)silane, followed by a gold-precursor deposition by strong electrostatic adsorption.
Subjecting these catalysts to BF-TEM confirmed that sufficiently small gold nanoparticles with a size
between 1-8 nm were synthesized. Furthermore, the introduction of transition-metal complexes by
ligand substitution was proven to be successful by the application of UV-Vis Spectroscopy. Transition
metals complexes such as Ti(IV), Mo(VI), W(VI) and Re(VII) were used. It was found that the
uncalcined bifunctional catalysts containing 0.5wt% Au and a theoretical 5.0wt% Ti achieved the
highest propene conversion and thereby highest activity. Despite the high activity of these gold-based
bifunctional catalysts, the selectivity to propene oxide in the gas-phase oxidation of propene was
neglectable. It was concluded that the ligand complexation and the lack of intimacy between supported
AUNPs and the active accessible sites were the primary explanations for low selectivity.
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5.2. Gold-titania based catalysts.

As was observed previously, gold-titanium based catalysts were the most active bifunctional catalysts
(Au-Ti/APS-SiOy) i.e., achieved the highest propene conversion. The selectivity towards propene oxide
of these gold-titanium based catalysts was unsatisfactory. The reaction products observed are likely due
to the rearrangement of propene oxide over the Ti-modified support. Gold-titanium(IV) catalysts are
frequently studied in literature, and therefore the decision was made to shift the focus to Ti-containing
supports TiO, and Ti-SiO; to study the effect of mono- and bimetallic gold nanoparticles in propene
epoxidation with Ho/O, mixtures.

In this chapter, the results obtained of monometallic and bimetallic titania supported catalysts are
displayed. Firstly, the mono- and bimetallic catalysts are characterized by XRD, UV-Vis spectroscopy,
ICP-AES, and TEM. Secondly, the monometallic catalysts are subjected to catalytic tests. Subsequently,
it is tried to synthesize bimetallic nanoparticles supported on titania by sequential deposition-
precipitation using Au/TiO; as starting catalysts (0.1wt% Au). With bimetallic nanoparticles, we aim to
decrease hydrogen conversion and increase efficiency with respect to monometallic Au/TiO.. All
bimetallic nanoparticles of AuAg, AuPd and AuCu that are synthesized and characterized have a
theoretical atomic ratio of 20:1, with gold being the predominant element in all bimetallic catalysts
synthesized.

5.2.1. Characterization of mono- and bimetallic Catalysts.
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Figure 26: XRD Diffractograms of supported Au on Titania with: A) different weight loadings of gold (0.1wt%, 1.0wt% and
2.0wt%), compared by the XRD patterns of the support; B) Supported bimetallic nanoparticles on titania.

Figure 26AB shows the XRD diffractograms of supported gold nanoparticles on titania. As can be
observed from the XRD patterns, no characteristics diffraction peaks occur when gold nanoparticles are
deposited on the support. Since there are no additional diffraction peaks, we can assume that the gold
nanoparticles' crystalline size is sufficiently small. Low weight loading contributes to the absence of
peaks, mostly 0.1% wt Au. The same explanations apply to the synthesized bimetallic nanoparticles,
with weight loadings <0.01%. No additional peaks appear when a second metal is introduced to the
supported gold nanoparticles. These low weight loadings of both Au and the second metal are necessary
since high Au loadings (>1wt% on TiO>) give rise to unfavorable combustion of hydrogen and results
in larger supported AuNPs [68]. On the other hand, too low weight loadings of Au on TiO; result in the
formation of very small gold nanoparticles and enhance the hydrogenation reaction [63]. Furthermore,
the second metals we want to use are well-performing hydrogenation catalysts under the selected
reaction conditions of propene epoxidation (200°C). To prevent unwanted hydrogenation of propene to
propane, we focus on catalysts with low weight loadings of the second metal i.e. an atomic ratio of 20:1
with gold being the predominant element.
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With DR UV-Vis, we were able to verify that the deposition-precipitation method is successfully applied
to synthesize Au/TiO, since we observe absorption bands at 520nm. Furthermore, the intensity of gold
absorption is proportional to the weight loading of each catalyst and thereby the adsorption of higher
gold loaded catalysts is the most intense. On the contrary, the Au9/TiO; catalyst (gold cluster) does not
show a characteristic absorption band at 520 nm. Gold clusters have an average particle size of <1 nm
and localized surface plasmon resonance is no longer present in UV-Vis spectra. The disappearance of
the characteristic LSPR peak can be attributed to the fact that the LSPR of gold lies within the area of
interband transitions and diminish the LSPR for gold nanoparticles with a size <2 nm. Moreover, gold
clusters have electronic levels similar to bulk gold that do not show any characteristic adsorption band.
To conclude, the preparation of supported gold clusters by impregnation is successful and
simultaneously we can assume complete adsorption of gold on TiO,, a characteristic of the impregnation
preparation method. The intense absorption peak at 320 nm can be attributed to TiO, and its
semiconductor properties [101].

2,04 —— 0.1AWTIO, 1,0 ——0.1AU/TIO,
—— 1.0AU/TIO, — 1.0AU/TIO,
2.0AUy/TiO, = 2.0Au/TiO,
TiO, o 0,81 TiO,
_ 1,51 =
3 2
= o WY
S 3
"é‘_ 1,0 4 <
<) o
2 E 0,4 1
< 1 E
054// 5
/ 2 o024
U,U T T T T T 1 0,0 T T T T T 1
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
1,0 5
— Au-Ag/TiO,
Au-Cu/TiO,
0,8 AUTIO,

0,6

0,4

Normalized Absorption (a.u.)

0,2 4

010 T T T 1 T 1
200 300 400 500 600 700 800

Wavelength (nm)
Figure 27: UV-Vis absorption spectra, Kubelka-Munk corrected. A) Absolute adsorption values of gold nanoparticles
supported on TiO2 with various wt%;. B) Normalized absorption values. C) Bimetallic catalysts with a theoretical 20:1 atomic
ratio with gold being predominant.
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Secondly, UV-Vis spectroscopy provides us with information about the atomic distribution of the
supported bimetallic nanoparticles. We expect the formation of bimetallic nanoparticles since it is
often reported that gold-silver alloy catalysts are created by deposition-precipitation with either NaOH
or urea [80,81]. Figure 27 shows the absorption values of supported gold nanoparticles in comparison
with the supported bimetallic catalysts. For example, besides gold, silver, and copper are well known
to exhibit localized surface plasmon resonance. Monometallic Ag/TiO; or Cu/TiO- exhibit LSPR at
approximately 410 nm and 560-600 nm. Besides the characteristic peak of gold LSPR, we do not
observe any additional distinctive absorption peak clearly originating from Ag LSPR or Cu LSPR.
This can be attributed to the very low weight loadings of Ag and Cu (<0.01 wt%) regarding the
bimetallic catalysts, which are needed to prevent any propene hydrogenation.

On the other side, it does also apply to the atomic distribution of the bimetallic catalysts. It is often
reported that gold-silver alloy catalysts can be created by the deposition-precipitation method with
either NaOH or urea [80,81]. If any alloys are formed, we expect a blue shift from the maximum
absorbance wavelength for gold-silver catalysts. For the gold-silver catalyst, either no blue and a red
shift is observed. Furthermore, surface silver is likely oxidized because of drying, calcination, and
storing under air. Oxidized surface silver causes a redshift, which might compensate for the blue shift
of alloy gold-silver catalysts [82]. The gold-copper catalysts show a clear red shift of approximately
20nm. Since the Cu LSPR is generally relatively weak, especially for very low weight percentages
(<0.01%), linear dependent and found at 560-600nm, the LSPR should not cause a red shift this
distinctive. Moreover, The XRD-diffractograms did not show any characteristic peaks for Cu/CuQ and
thereby, we do not assume the formation of large copper nanoparticles.

The BF-TEM images of both catalysts show small (<5nm) likely hemispherical gold nanoparticles
highly dispersed across the support and we can thereby conclude that the deposition-precipitation was
successful. Furthermore, most gold nanoparticles are uniform in shape. The gold nanoparticle size of
different catalysts was determined by individually counting at least 50 nanoparticles, which was
sometimes complicated due to the low weight loadings. The 0.1Au/TiO, catalyst contains supported
nanoparticles of approximately 2.5 nm. However, the 1.0Au/TiO, catalyst has a particle size of
approximately 3.5 nm with a larger particle size distribution. The variation in particle size between these
catalysts is attributed to the preparation method. The reaction time is an essential factor with respect to
the particle size of the AuNPs. Zanella R. suggests that progressively increasing the pH over a longer
time results in changes in the surface charge density [77]. Finally, BF-TEM is used to investigate the
sequential deposition-precipitation method and the influence of introducing a second-metal on the
particle size distribution of supported gold nanoparticles. Figure 28C represents the particle size
distribution of Au-Pd/TiO, and we thereby conclude that the effect on the particle size with the
introduction of a second metal is neglectable.
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Figure 28: BF-TEM images of supported gold nanoparticles on titania; Figure A) 0.1wt% Au; B) 1.0wt% Au; C) Au-Pd/TiO2
with corresponding histograms of particle size distribution.
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5.2.2. Catalytic tests of monometallic catalysts.

Firstly, the catalytic performance and stability of monometallic catalysts with different weight loadings
of Au are evaluated by subjecting these catalysts to catalytic tests regarding propene oxidation to
propene oxide. Figure 29 provides an overview of reactant conversion and performance of the catalysts.
Since the formation of a hydroperoxyl-intermediate is both the pivotal and rate-determining step, the
hydrogen and oxygen conversions are displayed in combination with propene conversion and selectivity
towards propene oxide. The conversion of hydrogen and oxygen, which the gold nanoparticles are
responsible for, is similar for all catalysts despite the difference in weight loadings. The 0.1Au/TiO;
catalyst has smaller supported AuNPs than the 1.0Au/TiO- catalysts (2.5nm vs. 3.5nm). Smaller gold
nanoparticles are preferable in the propene oxidation reaction, since the rate of hydrogen dissociation is
higher over small gold nanoparticles. This indirectly affects the rate-determining step, which involves
the formation of hydroperoxy species [31].

We can indirectly observe that from Figure 29B, which represents the propene conversion and is
significantly higher for the 0.1Au/TiO; catalyst than the 1.0Au/TiO- catalyst. Furthermore, the higher
loaded catalysts (1.0wt%) deactivates more quickly than the lower loaded catalysts (0.10wt%). A higher
gold weight loading results in a higher percentage of Au-Ti interfaces (more accessible active sites).
Therefore, propene/propene oxide adsorption is most likely higher and results in quick deactivation of
the catalyst. A high initial propene conversion and selectivity to propene oxide contribute to the
1.0AU/TiO; catalyst's quick deactivation.
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Figure 29: Representation of conversions of reactants at 100°C and a GSHV of 4000 h'! (CsHs; Hz, O2 1 mL/min, He 7
mL/min). A) Hydrogen conversion; B) Propene conversion; C) Propene oxide selectivity over time; D) PO Formation rate.
Pretreatment; Calcined at 300°C for 4h (Air), In-situ Reduced at 150°C for 45 minutes (20% Ha, 80% He; 6:24mL/min).
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Table 9: Characterisation overview of monometallic Au/TiOz catalysts and their catalytic results (after 60 minutes), TEM
particle size distribution and ICP-AES to determine weight loadings.

Catalyst ICP TEM (Size | H2 Initial CsHs Final Highest Final PO
wt% Au nm) Conversion Conv. (%) CsHs PO Sel. Sel. (%)
(%) Conv. (%)
(%)
0.1AU/TiO2 0.097 2.69£0.63 30 0.17 0.31 56 11
1.0Au/TiO2 X 34811 32 0.41 0.11 74 0.0
2.0Aud/TiO2 X 0.693 +0.21 30 0.0 0.0 0.0 0.0

Initially, the catalytic selectivity was approximately 80% towards propene oxide of the 1wt% Au/TiOs..
Several studies have reported that Au/TiO; catalysts are able to achieve >95% propene oxide selectivity
at lower temperatures [1,20,26]. At elevated temperatures, >120°C, competing side reactions occurred,
such as partial and complete oxidation, leading to acetaldehyde, acrolein, and finally CO2 that resulted
in decreased propene oxide selectivity [83]. Our research group has developed a kinetic model combined
with experimental data sets for the deactivation of Au/TiO; in dependence of temperature and GHSV
[83]. Higher temperatures led to quicker deactivation, according to their kinetic model and data
sets. Their kinetic model predicted a sixfold decrease in propene oxide production within approximately
40 minutes at 92°C, which corresponds with our observations regarding Au/TiO; deactivation.

Secondly, Figure 29C shows a rapid decline in propene oxide selectivity within the time span of 60
minutes. Studies in literature have reported on the deactivation of Au/TiO; within 4h, and therefore we
are surprised to observe this rate of catalytic deactivation. In general, the deactivation of the Au/TiO>
catalysts in propene oxidation with H./O, mixtures has several explanations. Firstly, as addressed in the
theory section, Mul. G. et al. found that the catalyst's instability is attributed to the irreversible adsorption
of propene and propene oxide that leads to a ring-opening reaction [78]. The desorption of propene oxide
is inhibited, which leads to a ring-opening reaction. This decomposition of propene oxide is an acid-
catalyzed reaction because the acidic OH-groups on TiO; react with propene oxide, resulting in the
formation of bidentate propoxy species. Further oxidation of these bidentate propoxy species form
carboxylate species that are irreversibly adsorbed and cause blocking of the active Ti-sites [78].

Moreover, Mul. G et al. have found an alternative route, called the acrylate route [78]. The oxygen
covered surface of Au allows for the insertion of oxygen to the allylic C-H bond in propene.
Subsequently, an allyloxy intermediate is formed. This particular allyloxy intermediate reacts further to
acrolein, which is not stable under the conditions studied and ultimately combusted into CO». These
carbonate species and higher oligomers of PO on the surface of the Au/TiO; likely contribute to the
deactivation of the catalysts and are in consonance with the theory of bidentate-propoxy species. At last,
oligomerization of propene oxide on the catalytic surface is frequently observed. In general,
oligomerization, decomposition of propene oxide, and carboxylate species formation all lead to
inaccessible, blocked active Ti-sites and further propene oxide production is inhibited.
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Figure 30: A) BF-TEM images of the spent Au/TiO2 catalyst with 0.1%wt Au. Black arrows indicate possible coke formation.
B) BF-TEM images of fresh Au/TiO: catalyst with 0.1wt% Au.

This proposal of deactivation by product oligomerization is strengthened by the BF-TEM images of the
0.1Au/TiO; spent catalyst are shown in Figure 30A. On the surface of the TiO support we observed the
formation of a solid layer, which we propose is due to the oligomerization of PO or coke. Figure 30B
represent the spent catalyst and black arrow indicate the newly formed ‘coke’ layer, not present on the
BF-TEM image of fresh Au/TiO.. Gold nanoparticle sintering is ruled out based on the TEM-
observations represented in Figure 31. Quantitative analysis of these TEM-images is not possible since
too little supported gold nanoparticles are visible for the spent catalyst. However, qualitative analysis
denies the possibility of sintering. To conclude, the deactivation of the Au/TiO; catalysts can primarily
be attributed to the oligomerization of propene oxidation reaction products on the surface of the
crystalline TiO..
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Figure 31: BF-TEM images of fresh and spnt catalysts. Figure A) fresh O.1Au/TiOz} B) s;;ent 0.1Au
supported gold nanoparticles is observed. Red arrows indicate supported AuNPs.
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In order to verify this hypothesis, the spent 0.1Au/TiO is subjected to a TGA measurement. The TGA
measurement is shown in Figure 32. Since CO- is detected by MS, it proves the presence of adsorbed
species on the catalytic surface used in propene epoxidation, similar to coke on Titanium-silicate O
catalysts used in propene epoxidation [44]. Figure 32A shows the loss of relative mass of both the fresh
and spent catalyst. Where the fresh catalysts shows a loss in mass of 0.9%, the spent catalyst shows a
significant mass decrease of 2,6% over time. We attribute this to the adsorption of carboxylate species

on the surface of the spent catalyst.
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Figure 32: TGA measurement of fresh and spent Au/TiO2 with a nominal 0.1wt% Au.
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Figure 33: BF-TEM images of fresh 2.0Augs/TiO2 (A) and spent 2.0Aua/TiO2 (B). Gold clusters are observed before catalytic
tests (A), gold nanoparticles after subjection to catalytic tests (B).

When gold clusters (Aug(PPhs)s(NOs)s were supported on titania, the catalysts were not active are not
active in the propene epoxidation at all. These gold clusters started to sinter to nanoparticles sizes
~5nm at higher temperatures (i.e. 200°C), as observed by the purple color (vs the orange/beige color
prior to catalytic tested and the TEM results displayed in Figure 33. The sintering of the gold clusters
to larger gold nanoparticles is related to the strength of the metal-support interaction. It is known that
supported gold clusters on metal-oxide surfaces combined with elevated temperatures and gaseous
mixtures such as hydrogen is contributing to the aggregation of gold clusters [43].

Despite no desired propene oxide was observed, a constant propene conversion and by product
formation was observed: mostly acetaldehyde, CO, and propanal. Propionaldehyde is formed by over-
oxidation of propene-oxide due to strong Lewis acids (i.e. Ti-sites) and acetaldehyde is the results of
cracking of propene oxide. CO; is the result of complete combustion of propene at elevated
temperatures or the conversion of the unstable acrolein formed by partial oxidation [87].
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5.2.3. Catalytic tests of bimetallic catalysts.

A series of bimetallic Au-X/TiO; catalysts were synthesized by sequential deposition-precipitation. The
catalysts prepared are Au-Ag/TiO2, Au-Pd/TiO, and Au-Cu/TiO; with a theoretical atomic ratio of
AuzXi, with “X” resembling Ag, Pd and Cu. In the previous section, the bimetallic catalysts were
characterized by UV-Vis spectroscopy, XRD, TEM and ICP-AES. Subsequently, these catalysts were
subjected to catalytic tests to evaluate the catalytic performance and compare their catalytic activity,
stability and selectivity with monometallic Au/TiOs.
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Figure 34: Representation of conversions of reactants at 100°C and a GSHV of 4000 h* (CsHs; Hz, O2 1 mL/min, He 7 mL/min).
A) Hydrogen conversion; B) Propene conversion; C) Propene conversion; D) Propene oxide selectivity over time; E) Rates of
PO Formation. Heat treatment; Calcined at 300°C for 4h (Air), In-situ reduced at 150°C for 45 minutes (20% H2, 80% He;
6:24mL/min).

56



Table 10: Characterisation overview of monometallic Au/TiOz catalysts and their catalytic results (after 60 minutes), TEM
particle size distribution and ICP-AES to determine weight loadings.

Catalyst ICP Theoretical TEM (Size | H2|O2 Conv. CsHs Initial PO | Final PO
wt% Atomic nm) (%) Conv.(%) Sel. (%) Selectivity
Au Ratio
Au/TiO2 0.097 X 2.69+0.63 30 0.31 56 11
Au-Pd/TiO2 0.097 20:1 AulPd 2483 +0.98 100 52 0.0 0.0
*Au-Cu/TiOz2 | 0.097 20:1 Au|Cu *n.d. 38 0.16 0.0 0.0
*Au-Ag/TiOz | 0.097 20:1 AulAg *n.d. 30 0.15 62 31

The conversion of reactants over time regarding the monometallic and bimetallic catalysts are
represented in Figure 34. At first sight, the hydrogen conversion over Au-Pd/TiO; is increased threefold
compared to Au/TiO; that achieves an average hydrogen conversion of 30-35% over, represented in
Figure 34A. Furthermore, the propene conversion increases by 150x with the introduction of palladium.
On the contrary, a selectivity of 100% towards propane attributes to the formation of monometallic Pd
nanoparticles instead of alloyed AuPd. Zwijnenburg A. et al. observed the undesired hydrogenation of
propene to propane over (Au)Pd/TiO; catalysts. Their research solidifies our assumption since they
observed the formation of separate Pd nanoparticles along with AuNPs with deposition-precipitation
[76]. Most likely, the energy adsorption barrier of propene on Pd is much lower in comparison to the
Au-Ti interface.

The stability and increasing propene conversion of the Au-Pd/TiO; catalyst strengthen the assumption
that propene is not adsorbed on the Au-Ti interface but on the Pd nanoparticles' surface. Adsorption of
propene would lead to deactivation of the catalysts by oligomerization, the formation of bidentate
propoxy or carboxylate species, previously addressed in the monometallic Au/TiO; section. Also, the
isolated/separate palladium nanoparticles are capable of breaking the O-O catalytically bond of either
hydroperoxy| species or hydrogen peroxide. The O-Pd is stronger adsorbed on the Pd surface than O-O
bonds, facilitating the breaking of the O-O bond, which leads to the decomposition of H.O, and -OOH.
Therefore, the production of hydroperoxyl species over Pd is not possible, and propene oxide production
is inhibited [82]. The decomposition of -OOH or H,O; species results in water formation. Our results
verify these conclusions since besides the hydrogenation of propene, water is the primary product
detected by gas-chromatography.

5.2.4. Intermediate conclusion

Both Au-Ag/TiO, and Au-Cu/TiO- did not show an increase in catalytic activity compared to Au/TiOs.
In general, the introduction of Ag to the monometallic Au-TiO; leads to better oxygen adsorption and
electron transfer from Au to O., beneficial for the adsorption of electron-dense propene [45]. However,
propene conversions of Au-Ag/TiO2 and Au-Cu/TiO; did not differ from monometallic Au/TiO,. This
may lead to the assumption that synergetic effects are not present and no alloyed Au-Ag nanoparticles
are formed, necessary for the presence of synergetic/electronic effects. Furthermore, the hydrogen
conversions were equal among all catalysts, besides Au-Pd/TiO,. The Au-Ag/TiO; catalyst does show
a minor increase in propene oxide selectivity, but the introduction of silver to monometallic Au/TiO;
does not improve the stability of the catalysts. The introduction of Ag, Pd and Cu does not change the
characteristics of the support. Therefore, the oligomerization of propene oxide, the formation of
carboxylates, or the acid-catalyzed ring-opening reaction that forms bidentate propoxy species is not
inhibited [78,83]. Unfortunately, the catalysts are highly unstable, more than expected beforehand and
therefore the synergy effects between Ag, Cu and Au cannot be investigated in much detail.
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5.3. Gold-titanium(1V)-silica based catalysts.

As the use of TiO; as support for bimetallic AuPd, AuCu and AuAg was not successful in determining
the effect of the second metal on propene epoxidation, a different support was used. By dispersing
titanium(IV) on a silica surface the stability of the Au/Ti-SiO; catalysts is enhanced in respect to TiO-
where the oligomer Ti-OH sites cause oligomerization of PO as a form of deactivation of the catalyst.

In this chapter, we strive to increase the hydrogen efficiency and stability of Au/TiO- in the gas-phase
propene oxidation with H2/O. mixtures by adding noble metals and by grafting 2.0wt% titanium in SiO..
We have synthesized a series of bimetallic nanoparticles by a deposition-precipitation with NaOH of
various precursors (see experimental section), resulting in either Au-Pd or Au-Cu, supported on Ti-SiO;
at 0.2wt% Au loading with <0.01wt% Cu. At first, the bimetallic supported nanoparticles are
characterized by XRD and BF-TEM. Subsequently, the catalytic stability and activity are evaluated by
subjecting these catalysts to catalytic tests.

5.3.1. Characterization of bimetallic catalysts on Ti-SiO-
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Figure 35: XRD Diffractograms of supported bimetallic nanoparticles on Ti-SiO2 after heat treatment (reduction at 300°C
for 3h, calcination in air for 4h at 450°C).

XRD measurements were performed to obtain information about the crystalline phases and sizes present
of the bimetallic catalysts. First of all, we only observed a broad peak originating from the amorphous
silica used (GRACE® SI 1404, silicagel). Secondly, no information was obtained by XRD to identify
the gold and copper phases present since either the particle sizes were significantly small or the weight
percentages are too low, 0.2wt% Au and <0.02wt% Cu. Finally, the XRD diffractograms confirm the
high dispersion of Ti-sites (2wt% titanium) on the surface because no crystalline phases were observed.
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Figure 36: Representative BF-TEM images of Au-Cu/Ti-SiOz including a histogram of particle size distribution after heat
treatment (reduction at 300°C for 3h, calcination in air for 4h at 450°C).

In order to determine the shape and number average particle size of the bimetallic nanoparticles,
information that could not be retrieved from the XRD diffractograms, these catalysts were subjected to
a BF-TEM analysis. Representative BF-TEM images are shown of Au-Cu/Ti-SiO; in Figure 36AB
Figure 36B proves that deposition-precipitation was successful because very small gold nanoparticles
are formed on the support (1.74 + 0.34 nm). On the contrary, it is also noticed that many gold
nanoparticles are on the copper grid instead of on the support. Metal-support interactions are crucial in
catalytic reactions, so unsupported Au nanoparticles are expected to be quite mobile and unstable.
Mobile nanoparticles are expected to be susceptible towards particle sintering upon heat treatment and
our reaction conditions in propene epoxidation. Further elaboration on this topic is given once spent Au-
Cu/Ti-SiO; catalysts are subjected to BF-TEM.

Secondly, Figure 36A shows a marginal dispersion of metal nanoparticles. Initially, we suspected that
these were isolated copper nanoparticles. After discovering the lack of supported gold nanoparticles,
reduction and calcination at >300 °C initiated particle growth by nanoparticle migration across the
support. Since we are unsure about the nature of the nanoparticles, these nanoparticles were not
incorporated into the determination of number average particle size. Both XRD and BF-TEM were not
sufficient to completely verify the structure of possible bimetallic nanoparticles. Other characterization
techniques, such as TEM-EDX and XPS, were not utilized due to a lack of time.
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5.3.2. Catalytic Tests of bimetallic catalysts on Ti-SiO;

Monometallic and bimetallic supported nanoparticles on with titanium-grafted silica are subjected to
catalytic tests in order to evaluate the catalytic stability and activity in comparison with Au/TiO;
catalysts. Hydrogen conversions, propene conversions, and selectivity for propene oxide are displayed
in Figure 37 and table 11.
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Figure 37: Representation of conversions of reactants at 200°C and a GSHV of 10000 h (CsHs; Hz, O2 2,5 mL/min, He 17,5
mL/min). A) Hydrogen conversion; B) Propene conversion; C) Propene oxide selectivity over time. D)Rates of PO
Formation. Pretreatment of catalysts; Calcined at 450°C for 4h (Air), Reduced at 300°C for 3h (20% H, 80% He). In-situ
reduction of 60 minutes at 250 °C under 20% Hz in He.

Table 11: Characterization overview of monometallic Au/TiOz catalysts and their catalytic results (after 105 minutes), TEM
particle size distribution and ICP-AES to determine weight loadings. *No TEM-images were obtained for these catalysts.
Therefore, the particle sizes are assumed to be similar, since the preparation methods were equal. 0.2wt%-Au/0.1wt-Ti

Catalyst ICP | Theoretical | TEM (Size | Preparation H2|02 Conv. CsHs PO Sel.
wt% Atomic nm) method (%) Conv.(%) (%)
Au Ratio
AU/Ti-SiO2 0.20 X 2.70£0.81 DP (NaOH) 55/40 1.6 70
*Au-Pd/Ti-SiO2 | 0.20 | 20:1 AulPd 1.5-3.0 DP (NaOH) 100|55 0.72 0.0
Au-Cu/Ti-SiO2 0.20 | 20:1 AulCu | 1.74+0.34 DP (NaOH) 95|79 1.0 61
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As previously discussed, monometallic supported gold nanoparticles on titania show severe catalytic
deactivation in the propene oxidation at >100 °C. Grafting titanium on the silica surface in combination
with supported gold nanoparticles greatly enhances catalytic stability to propene oxide, shown in Figure
37C. Multiple factors explain the greatly enhanced stability and hydrogen conversion of Au/Ti-SiO-
with respect to Au/TiO,. For Au/TiOg, the adsorption of propene oxide is on Ti-sites is too strong, which
inhibits produced propene oxide to desorb from the active sites. By grafting titanium on the silica
surface, the formation of Ti-O-Si bonds decreases the amount of adsorption and adsorption strength,
which facilitates the desorption of propene oxide [85]. Furthermore, possible coke formation, i.e.,
oligomerization of propene oxide and carboxylate species formation is restricted since a high dispersion
of Ti-sites is achieved. High dispersion of Ti-sites leads to a more considerable distance between
potentially desorbing propene oxide and thereby inhibiting oligomerization of propene oxide.

Figure 37A represents the hydrogen conversions of the respective catalysts. Hydrogen conversions of
both the monometallic and bimetallic supported Ti-SiO, catalysts are considerably improved titania
supported catalysts. Earlier, we reported that hydrogen conversions were 30% for titania supported
catalysts while Ti-SiO; catalysts achieve stable hydrogen conversions over 60% in combination with
stable propene conversion and propene oxide production. First of all, the twofold enhanced hydrogen
conversions can be attributed to increased gold weight loadings (0.10wt% vs. 0.20wt%). Moreover, Au-
Pd/TiO, and Au-Cu/TiO; exhibit a higher hydrogen conversion than Au/Ti-SiO,. This is probably due
to the formation of either isolated copper/palladium nanoparticles or alloyed structures. Furthermore,
the bimetallic nanoparticles have smaller gold nanoparticles deposited on the support than Au/Ti-SiO,,
shown in table 11. Smaller gold nanoparticles have a larger relative surface area and a lower coordination
number i.e., lower adsorption energy [53].

The introduction of Pd and Cu leads to a higher dissociative adsorption rate due to the strong interaction
and thereby strong chemical binding, which is related to the number of electrons that occupy the d-
orbitals. An increase in the rate of dissociative adsorption of hydrogen indirectly affects the rate of
formation of hydroperoxy species. The rate of formation of hydroperoxyl is the rate-determining step in
propene oxidation. The introduction of copper led to an increase in hydrogen conversion. Despite an
increase in hydrogen conversion, we observe a decreasing rate of propene conversion and propene oxide
selectivity and formation rate for Au-Pd/Ti-SiO; and Au-Cu/Ti-SiO, with respect to Au/Ti-SiO5.

Bimetallic Au-Cu/Ti-SiO; exhibited excessive water formation. The formation of water is attributed to
two factors, either the inability to spillover generated hydroperoxyl species (i.e., decomposition) or the
formation of water by isolated Au or Cu nanoparticles (i.e., oxidation of hydrogen) [25]. The ability to
spillover hydroperoxy species is partially dependent on gold nanoparticle size. Initially, we synthesized
highly dispersed and small gold nanoparticles (1.74 + 0.34 nm) on the support, verified by TEM
analysis. BF-TEM images presented in Figure 38 of fresh and spent Au-Cu/Ti-SiO2 indicated particle
growth by migration due to weak metal-support interactions.
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The growth in the gold nanoparticle size leads to an increasing interface between Au-Ti, limiting the
ability to spillover formed hydroperoxy species [1,21,26]. This directly affects the catalytic activity i.e.
propene conversion. Furthermore, this phenomenon indirectly contributes to water formation. Since
water is adsorbed on the Au-Ti interface, the concentration of propene adsorbed is lowered due to
competitive adsorption [79,86]. To conclude, the particle growth of gold initiates a chain reaction. The
growth of gold nanoparticles limits the ability to spillover formed hydroperoxy species, limiting propene
conversion. Water formation contributes to the declining propene conversion due to competitive
adsorption between propene. The introduction of Cu to Au/Ti-SiO, (Au20:Cul) led to a decreasing
selectivity towards propene oxide despite ultimate hydrogen conversions and thereby negatively
affecting the hydrogen efficiency.
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Figure 38: Representative BF-TEM images of Au-Cu/Ti-SiO2; Fresh Au-Cu/Ti-SiOz (A) and Spent Au-Cu/Ti-SiOz (B)
(reduction at 300°C for 3h, calcination in air for 4h at 450°C). Arrows indicate difference in nanoparticle size, significant
growth is observed when analyzing spent catalyst (Too few BF-TEM images available for extensive/quantitative analysis).

Figure 37ABC show that the introduction of Pd to Au/Ti-SiO; leads to a higher hydrogen consumption
but almost completely diminishes propene oxide production. Instead, only acetone, acrolein,
acetaldehyde, and propane are formed. Quantification of the propane amount is difficult since it
overlaps partially with the initial propene peak in gas chromatography. The hydrogenation is lower
than the previously studied AuPd-TiO, catalysts, which strengthens the assumption that bimetallic
alloyed AuPd nanoparticles are formed on the Ti-SiO, support since isolated supported Pd
nanoparticles are known as excellent hydrogenation catalysts. Despite an earlier reported enhanced
propene oxide formation rate when Pd was introduced to Au/TS-1, we did not obtain similar results
[75].

What is more, in our case, the introduction of Pd led to minimal propene oxide formation and
observed the production of frequently encountered by-products in the gas-phase oxidation of propane.
For example, acrolein is formed over isolated negatively charged gold nanoparticles, which are able to
active oxygen. The antibonding orbitals of oxygen overlap with the d-orbitals of the surface atoms of
the nanoparticles. This creates an electron density, which is transferred from the nanoparticles to the
antibonding orbital of oxygen [23]. While the mechanism for epoxidation is different, the electron
density from the double bond of propene is transferred to the peroxide species' electrophilic oxygen
[5]. As is proposed by Stangland, acetone is formed from the rearrangement of propene oxide over
Bronsted bases present on the catalytic surface [113]. The AuPd/Ti-SiO; catalyst is prepared by
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deposition-precipitation with NaOH, so in this case, it is suggested that improper washing leads to
NaOH's presence on the catalytic surface.

Table 12: Overview of the side-product formation over bimetallic catalysts supported on Ti-SiO2. Sel. % are representing an
average over all measured data points.

Catalyst Operating GHSV CO2 Cco Acetal- | Acrolein | Acetone | Propanal
Temperature (ml/gead/ | (sel. (sel. dehyde | (sel. %) | (sel. %) (sel. %)
(°C) h) %) %) (sel. %)
Au/Ti-SiOz 200 10000 0.26 2.2 8.6 11 0.0 131
Au-Cu/Ti-SiO: 200 10000 6.5 0.0 6.5 25 0.0 1.4
Au-Pd/Ti-SiO: 200 10000 7.0 0.0 19 27 41 0

To conclude, the introduction of noble metals to create alloyed structured bimetallic nanoparticles to
increase hydrogen efficiency and the propene oxide formation rate was unsuccessful. It was attributed
to either the lack of electronic/synergetic effects because presumably no alloyed (or core-shell

structure) bimetallic supported nanoparticles were created.
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6. Conclusions

In conclusion, it was investigated if the active Ti-sites in supported Au/Ti-catalysts in propene
epoxidation with H2/O, mixtures could be replaced by various transition metals (Ti(IV), Mo(VI),
W(VI)). Therefore, a series of catalysts were synthesized comprised of small gold nanoparticles and
transition-metal complex on amine-functionalized silica. Initially, severe gold nanoparticle sintering
was encountered upon heat treatment due to Ostwald ripening. After slight modifications were made in
the synthesis procedure, sufficiently small gold nanoparticles between 3-4nm were synthesized, which
was confirmed by subjecting these Au/APS-SiO; (0.5wt% Au) catalysts to BF-TEM. Subsequently, it
was confirmed by UV-Vis spectroscopy that ligand substitution is a successful method to form
bifunctional Au-X/SiO; or Au-X/APS-SiO; catalysts. In order to evaluate the catalytic performance of
these bifunctional catalysts in propene oxidation, they were subjected to H2/O./CsHs/He mixtures. It was
found that the uncalcined bifunctional catalysts containing 0.5wt% Au and a theoretical 5.0wt% Ti
achieved the highest propene conversion and thereby highest activity. Despite the catalytic activity of
the Au/Ti catalysts, the product distribution of propene oxidation was inferior to catalysts comprised of
Mo(VI) or Re(VII). The major products formed are derived from propene oxide. It was assumed that
the presence of ligands and the lack of intimacy between the pivotal components of the bifunctional
catalysts were the primary explanations for low selectivity towards propene oxide.

Since Ti(IV) was the most active and therefore promising element in propene oxidation, monometallic
Au and bimetallic AuPd, AuCu, and AuAg particles were supported on TiO,. Firstly, a series of Au/TiO;
catalysts with various weight loadings of Au were synthesized by either deposition-precipitation or
impregnation. All catalysts were subjected to BF-TEM and ICP-AES and it was concluded that
supported gold nanoparticles had been formed with an average size of 2.5-3.5 nm. Furthermore, all
monometallic Au/TiO- catalysts were subjected to catalytic tests to investigate the stability of these
catalysts. It was observed that the catalysts deactivated within 60 minutes, due to the formation of
oligomeric species or coke on the support surface and inhibiting further epoxidation of propene. In order
to decrease hydrogen conversion and increase hydrogen efficiency of Au/TiO; catalysts, several noble
metals such as Pd, Cu and Ag were introduced by sequential deposition-precipitation in a theoretical
atomic ratio of 20:1 to monometallic Au/TiO,. Furthermore, it is likely that separate monometallic
nanoparticles are formed, concluded by analyzing BF-TEM images and subjecting these catalysts to
UV-Vis spectroscopy. However, the quick deactivation of bimetallic AuX/TiO; catalysts in the gas-
phase propene oxidation prevented any detailed analysis.

To allow for a detailed analysis of the catalytic performance of both monometallic and bimetallic
nanoparticles (AuPd, AuCu), the same series were prepared using a Ti-SiO, support, which is known to
show no deactivation since highly dispersed Ti-sites prevent oligomerization and coke formation. The
synthesized bimetallic nanoparticles were subjected to BF-TEM and we observed that highly dispersed
hemispherical gold nanoparticles had formed across the Ti-SiO; surface with an average particle size of
2-3 nm. Once subjected to catalytic tests, both the Au/Ti-SiO, and Au-Cu/Ti-SiO, catalysts showed high
stability and selectivity towards propene oxide. The introduction of bimetallic nanoparticles with respect
to monometallic supported catalysts negatively affected hydrogen efficiency and absolute propene oxide
production and selectivity. For Au-Cu/Ti-SiO», it was concluded that excessive water formation led to
competitive adsorption between propene and water at the Au-Ti interface. Furthermore, particle growth
due to the migration of gold nanoparticles across the support facilitated the formation of large gold
nanoparticles, which decreased the catalytic performance. The introduction of Pd to Au-Pd/Ti-SiO- did
not lead to undesired propene hydrogenation. However, Pd introduction led to the formation of different
types of side-products often observed in propene oxidation due to the presence of Bronsted bases
(NaOH).
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7. Outlook.

This research has extensively studied the viability of bifunctional and bimetallic catalysts for the direct
oxidation of propene with Ho/O2 mixtures to propene oxide. This outlook discusses the possibility of
further in-depth research based on the obtained experimental results. First of all, it was shown that the
addition of various noble and transition metals results in different catalytic performances regarding
activity and selectivity. However, the presence of APS-SiO; and its effect on the catalytic performance
in respect to SiO- supported bifunctional catalysts is not investigated in depth. Therefore, to precisely
determine the influence on the catalytic activity and selectivity of the use of amine-functionalized silica-
supported bifunctional catalysts, bifunctional catalysts with the same composition should be synthesized
on silica and subjected to catalytic tests. Furthermore, different weight loadings are applied in the
synthesis of several bifunctional catalysts, which possibly prevents an accurate analysis of the results
obtained so far.

Furthermore, we have studied the catalytic performance of bimetallic nanoparticles in the gas-phase
oxidation of propene with H./O, mixtures to propene oxide. First of all, the characterization of X-ray
diffraction and UV-VIS spectroscopy was not sufficient to determine the atomic distribution of the
bimetallic catalysts with complete certainty. Therefore, XPS or EDX could be applied to identify the
surface species, their electronic structure and the geometric interface between the bimetallic elements.
Furthermore, by ICP-AES, the precise weight percentages of all bimetallic catalysts should be
determined in order to provide a more detailed analysis of the obtained results. Secondly, only a limited
amount of elements (Cu and Pd) have been investigated on stable Ti-SiO, supports. Therefore, the
addition of other noble metals such as rubidium, rhodium, iridium, silver, and platinum and their
influence on the catalytic performance in respect to Au/Ti-SiO- should be investigated in more detail.
Moreover, it is frequently observed that in bimetallic nanoparticles catalysis in propene the atomic ratios
between both elements affect the catalytic performance [45,73,75]. Since only the atomic ratio 20:1 is
evaluated in this research, a series of bimetallic catalysts with increasing/decreasing atomic ratios can
be synthesized to investigate synergistic effects in bimetallic catalysis further.
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