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Zusammenfassung

Der Wechsel von Rohdél als priméren Rohstoff fir die chemische Industrie hin zu
erneuerbaren Ressourcen ist von grofiter Bedeutung. Bioethanol, mit einer jahrlichen
Produktion von Uber 100 Mrd. Litern, ist einer der vielversprechendsten Kandidaten fur
neue Rohstoffquellen. Selektive Oxidation von Ethanol eroffnet einen Weg zu

Acetaldehyd, Ethylacetat und Essigsaure.

In dieser Dissertation wurde die selektive Oxidation von Ethanol auf (bimetallischen)
Goldkatalalysatoren untersucht. Zuerst wurde ein grundlegender Einblick in den
Mechanismus  von  getrdgerten  Gold-Katalysatoren  gegeben.  Verschiedene
Trégermaterialien wurden getestet, TiO2 in der Rutil- und Anatase-Modifikation (sowie
Mischungen), ZnO und Al20s3. Dabei wies der Au-Katalysator auf Rutil die hochste
Aktivitat und hohe Selektivitat hinsichtlich Acetaldehyd (> 97%) zwischen 200 und 300°C
auf. Das wichtigste Nebenprodukt war Ethylacetat, eine Folge der Kopplung von
Acetaldehyd mit Ethoxy-Spezies. Die Totaloxidation zu CO2 war vernachlassigbar.

Bimetallische Katalysatoren sind im Fokus von breiterem Interesse, da sie durch die Wahl
der zweiten Metallkomponente vielfaltige Moglichkeiten zum Anpassen der katalytischen
Eigenschaften bieten. Fir die Herstellung von bimetallischen Katalysatoren wurden
verschiedene Promotor-Metalle getestet (Ag, Ru, Pt), wobei sich Silber als das geeignetste
Element mit klar promotierendem Effekt auf die Reaktionsrate erwies. Als Nichtoxid-
Referenz wurde Au und AuAg auf Aktivkohletrager verwendet. Kinetische Studien an
Au/Rutile, AuAg/Rutile sowie den Aktivekohle-basierten Referenzen gaben Einblick in
den Reaktionsmechanismus, und wurden mit den DFT Ergebnissen von J.E. de Vrieze in
der Gruppe von M. Saeys, Universitdt Gent, Belgien verglichen. Mit guter
Ubereinstimmung zwischen Au/C und den theoretischen Ergebnissen, wurden
verschiedene Reaktionsschritte (Protonentransfer von Ethanol zu atomarem Sauerstoff,
Oberflachen-Hydroxyl-Spezies und molekularem Sauerstoff und bei hdheren
Temperaturen B-H Elimination) als ratenbestimmend identifiziert (im Gegensatz zu einer

dominanten Route).

STEM-HAADF Messungen zeigten vergleichbare PartikelgréRenverteilungen fiir alle
Katalysatoren mit durchschnittlichen Partikelgréfien von 2.7-3.5 nm. STEM-EDX zeigte
die bimetallische Natur der AuAg Partikel, sowohl auf Aktivkohle als auch auf Rutil

(jeweils nach der VVorbehandlung).



Eine Reihe von operando-Spektroskopie-Methoden wurde angewandt, DRIFTS (Diffuse
Reflectance Infrared Fourier Transform Spectroscopy), NAP-XPS (Near Ambient
Pressure-XPS) und XAS (X-Ray Absorption Spectroscopy). Sowohl fir Au/Rutil und
AuAg/Rutil zeigte operando DRIFTS Ethoxy-Spezies und, abhéngig vom Umsatz, COO

als dominierende Intermediate an der Oberflache.

XAS an der Au LIlI-Kante zeigte, dass Gold unter allen Reaktionsbedingungen auf
Au/Rutil und AuAg/Rutil metallisch bleibt, was NAP-XPS-Resultate wie auch theoretische
Rechnungen bestatigen, nach denen AuC in der Lage ist, molekularen Sauerstoff zu
aktivieren. XAS-Messungen an der Ag K-Kante zeigen, dass ein relevanter Anteil von
Silber, etwa 50% auf Au/Rutil und ca. 40% auf Ag/Rutil unter Reaktionsbedingungen
oxidiert sind, moglicherweise innerhalb des Rutiltrdgers und zu weit von der Oberflache
entfernt, um fir NAP-XPS zugénglich zu sein. Diese Beobachtung widerspricht der
verbreiteten Hypothese der Ag2O-Segregation an der Nanopartikel-Oberflache. Fir
AUAg/C wird Legierungsbildung und keine Silber-Abreicherung angenommen, was

unterschiedliche Kinetik-Resultate erklart.

NAP-XPS zeigte weiters einen erhohten Anteil von Ti**-Spezies unter
Dehydrogenierungsbedingungen (ohne Sauerstoff), was eine mogliche Erklarung fir die
unterschiedlichen Reaktionsordnungen auf den aktivekohlebasierten Katalysatoren
darstellt.

Des Weiteren wurde der Einfluss von Wasser im Reaktionsfeed untersucht und mit Daten
aus wassriger Losung, zur Verfligung gestellt von S. Mostrou-Moser in der Gruppe von
van Bokhoven, verglichen. Ein umgekehrter Trend wurde hinsichtlich der
Katalysatoraktivitat wurde gefunden mit folgendem Trend in der Flissigphase (wo das
Hauptprodukt Essigsdure ist): AuPt > Au > AuRu > AuAg (wobei Au durch die héhere
Selektivitat interessanter ist). Uberraschenderweise ist AuAg/Rutil, obwohl am aktivsten
in der Gasphase, in der Flissigphase am wenigsten aktiv (Gasphase: AuAg > Au > AuRu
> AuPt). Gasphasenexperimente mit Wasser im Feed zeigten, dass Wasser einen
aktivierenden Effekt auf Au/Rutil und im Gesamten nur geringe Auswirkungen auf
Ag/Rutil hat. Interessanterweise ist der promotierende Effekt des Wassers von der
Anwesenheit von Rutil abhéngig und konnte fir Au/C nicht beobachtet werden. Daher
wurde gezeigt, dass die Ergebnisse in der wassrigen Phase in der Gasphase durch eine

Wasserzugabe nicht reproduziert werden konnten, der Unterschied im Verhalten also in der



Flussigphase und dem dort unterschiedlichen Mechanismus angenommen werden muss. In
der Gasphase konnten mittels NAP-XPS keine elektronischen Anderungen, die durch
Wasser herbeigefiihrt wurden, beobachtet werden, und auch DRIFTS zeigte keine anderen
Spezies an der Katalysatoroberflache, sodass ein rein kinetischer Effekt des Wassers

angenommen wird.

Zusammenfassend ist AuAg/Rutil ein vielversprechendes System fur die Ethanoloxidation
zu Acetaldehyd. In dieser Dissertation konnte die verbreitete Hypothese, nach der Ag an
der Gold-Oberflache zu erhohter Katalysator-Performance fuhren, widerlegt werden. Die
Ag-Atome migrieren in den Rutil-Support, und verursachen dort einen promotierenden
Effekt. Der spezifische Mechanismus hinter dem Effekt bleibt umstritten und bendtigt

weitere Untersuchungen.



Abstract

The transition from crude oil as primary feedstock for the chemical industry towards
renewable sources is of paramount importance. Bioethanol is one of the most promising
candidates for new raw materials, with an annual production over 100 billion liters.
Selective oxidation of ethanol opens the pathway to acetaldehyde, ethyl acetate and acetic

acid.

In this thesis, the selective oxidation of ethanol on (bimetallic) gold catalysts was
investigated. First, a fundamental insight is given into the mechanism of supported gold
catalysts. Different support materials were tested, TiO2 both in the rutile and anatase
modification (and mixtures), ZnO and Al20s, whereas the rutile-supported Au catalyst
exhibited the highest activity with high selectivity towards acetaldehyde (> 97%) between
200 and 300°C. The main by-product was ethyl-acetate, a result of the coupling of

acetaldehyde with ethoxy species. Total oxidation to CO2 was negligible.

Bimetallic catalysts, however, have attracted lots of interest as they offer a wide range of
possibilities to tune catalytic properties by the choice of the second metal component. For
the preparation of bimetallic Au catalysts, different promoter metals were screened (Ag,
Ru, Pt), and silver was proven the best suited showing a clear promoting effect on reaction
rates. As a non-oxide reference carbon-supported Au and AuAg were used. Thus, Kinetic
studies performed on Au/rutile, AuAg/rutile as well as the carbon-supported references
gave insight into the reaction mechanism and were compared to computational DFT results
obtained by J. E. de Vrieze in M. Saeys’ group, Ghent University, Belgium. With good
agreement between the Au/C and theoretical results, different reaction steps (proton
transfer of ethanol to atomic oxygen, surface hydroxyl species and molecular oxygen and
at higher temperatures ethoxy B-H elimination) were identified as rate limiting rather than

one dominant route.

STEM-HAADF measurements showed comparable particle size distributions for all
catalysts with mean particles sizes between 2.7 and 3.5 nm. STEM-EDX revealed

bimetallic nature of the AuAg particles on both carbon and rutile after the pretreatment.

A range of operando spectroscopy techniques was employed, DRIFTS (Diffuse
Reflectance Infrared Fourier Transform Spectroscopy), NAP-XPS (Near Ambient
Pressure-XPS) and XAS (X-Ray Absorption Spectroscopy). For both Au/rutile and



AuAg/rutile operando DRIFTS revealed ethoxy species as the dominant intermediate on

the surface as well as bands of surface acetate that are dependent on conversion.

XAS at the Au LI1I1-edge reveals that the gold remains metallic under all reaction conditions
on both Au/rutile and AuAg/rutile, confirming results from the NAP-XPS and
computational results that predict the ability of Au® to activate molecular oxygen. XAS
measurements at the Ag K-edge revealed a significant proportion of silver, approximately
50% for AuAg/rutile and ca. 40% for Ag/rutile, to be oxidized under reaction conditions,
possibly located within the rutile support and too far away from the surface to be accessible
for NAP-XPS: The latter showed a massive depletion from the surface. This observation
contradicts the generally accepted hypothesis of Ag20 segregation on the nanoparticle
surface. For the AuAg/C, an alloying and no Ag depletion from the surface is hypothesized,
explaining the different kinetic results. Thus, under reaction conditions the nanoparticle

surface is strongly enriched in Au.

NAP-XPS further revealed an increased amount of Ti** species under ethanol
dehydrogenation conditions, without oxygen, as compared to ethanol oxidation, thus

possibly explaining different reaction orders on carbon-supported catalysts.

The influence of water was investigated and differences between the gas-phase and the
aqueous phase, the latter of which was investigated by partners at the ETH Zurich, were

discussed.

Finally, the influence of water in the reaction feed was investigated and compared to data
from aqueous-phase reaction, the latter performed by S. Mostrou-Moser in the van
Bokhoven group. A reversed trend of active catalysts was found, with the catalyst activity
ordered as follows in the liquid-phase (where the main product is acetic acid): AuPt > Au
> AuRu > AuAg (with Au being the more interesting catalyst as it shows higher selectivity).
Surprisingly, the AuAg/rutile, favored in the gas-phase reaction, is the least active one in
the liquid phase (gas phase: AuAg > Au > AuRu > AuPt). Gas-phase experiments with
water in the feed revealed that water has an activating effect on Au/rutile and overall just
minor effects on Ag/rutile. For the bimetallic AuAg, a mixed effect of Au and Ag was
shown. Interestingly, the promotional effect was dependent on the presence of rutile and
could not be observed for Au/C for the investigated temperatures. Thus, it could be proved
that the results of the liquid-phase could not be reproduced in the gas-phase by water
introduction, showing that the different behavior must be attributed to the liquid-phase and



a different reaction mechanism must be assumed. Also, for the gas-phase, NAP-XPS
involving a water feed could not show any water-induced electronical changes and DRIFTS
did not reveal any different species on the catalyst surface leading to the conclusion that

the effect is a merely kinetic one.

In conclusion, the rutile supported AuAg catalyst is a very promising system for ethanol
oxidation to acetaldehyde. In this thesis, the common believe that Ag atoms dispersed in
the Au surface are responsible for the increased catalyst performance has been disproved.
The Ag atoms migrate into the rutile support and in doing so, cause a promotion effect. The
specific mechanism behind this effect, however, remains strongly debated and will require

further investigation.
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1. Introduction

1.1. The Importance of Bioethanol as Feedstock
Enabling chemical reactions, catalysis plays a vital role in our modern world with 95% of
products (by volume) involving a catalytic step and 80% of added value in chemical
industry based on catalysis®. As the most important technology in chemical industry,
according to estimates, catalysis contributes to >35% of the world’s GDP and for every

US$ 1 spent on a catalyst, up to US$ 1000 worth of product can be generated?.

Owing to the need to replace crude oil as primary feedstock for the chemical industry,
chemicals from renewable sources, such as biomass, have moved into focus®*. With a
production of 104 billion liters in 2017°, bioethanol is one of the most promising raw
materials. Due to competition with food production, second-generation ethanol production,
i.e. from agricultural waste or lignocellulosic biomass is preferred®®°. However, apart from
the most important usage as biofuel, also the pulp-and-paper industries have conflicting
interests'®. One example of a commercialized process for bioethanol from lignocellulosic
sources is the sunliquid® process from Clariant, with a plant with a 50.000 tons/a

production capacity under construction in Romania®**?,

The selective oxidation of ethanol opens the pathway to acetaldehyde and acetic acid, both
of which are platform chemicals produced in the million tons scale. Although the
importance of acetaldehyde is declining®®, in 2009 the capacity of installed plants exceeded
2 million tons per year'4. It is an important intermediate in the production of many
chemicals, i.e. acetic acid, acetic anhydride, ethyl acetate, peracetic acid, butanol, 2-
ethylhexanol, pentaerythritol, chlorinated acetaldehydes (chloral), glyoxal, alkyl amines,
pyridines. Acetic acid (primary uses are the production of vinyl acetate, acetic anhydride,
acetate esters, terephathalic acid, monochloroacetic acid) is, even though several
technologies were commercialized, nowadays primarily produced by the Monsanto (based
on a homogenous Rh-complex catalyst) and Cativa processes (based on an Ir complex)®®,
both of which require HI as corrosive co-catalyst. Thus, a green chemistry process taking
advantage of renewable feedstock and using molecular oxygen as oxidant is highly

desirable.

Selective oxidation using gold has been shown to be active and selective for a number of
(selective) oxidation reactions, e.g. propene epoxidation, oxidation of ethene to vinyl

acetate, oxidation of higher alkenes, alkanes, alcohols and polyols, aldehydes and sugars,
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amines®®, Despite the price of Au, there are efforts to use Au in industrial processes: (1)
Production of methyl glycolate from ethylene glycol (with Nippon Shokubai operating a
pilot plant of 50 tons per year in 2004), (2) propene to propene oxide epoxidation and (3)
oxidation carbohydrates to aldonic acids!’. Research at DuPont by Provine et al. shows that
addition of Au to Pd silica-supported catalysts for the production of vinyl acetate monomers

(VAM) significantly increases the rate of production and space time yield*é.

Due to the high activity with an excellent selectivity towards acetaldehyde and acetic acid,
Au is the primary choice in ethanol-based production of chemicals.

1.2. State-of-the-Art of Gold Catalysis in Ethanol Oxidation'
Selective oxidation of alcohols is an increasingly important reaction that provides a
sustainable, solvent-free alternative for the production of ketones, aldehydes and esters*®.
Ever since Haruta et al.?®?! demonstrated the, rather surprising, high activity of gold
nanoparticles in CO oxidation, gold based catalysts have received increasing attention in
alcohol oxidation®22-2° Wittstock and coworkers observed a high activity of nanoporous
gold for methanol oxidation at low temperatures®®, with a competition between formation
of formaldehyde, the primary oxidation product, and methyl formate, the coupling
product?’. Based on TPR and HREEL measurements on pre-covered O/Au(111), Xu et al.?®
proposed a potential oxidation mechanism. In the first step, methanol is dehydrogenated
via proton transfer to adsorbed oxygen, forming a methoxy intermediate. Subsequent -H
elimination, which is proposed to be the rate-limiting step, results in formaldehyde. This
kinetic role of oxygen was confirmed using ab initio calculations?®. The barrier for
methanol activation decreases from 152 kJmol? for direct O-H scission, to
40 kJmol? for proton transfer to surface oxygen. Surprisingly, the barrier for B-H
elimination also shows a significant decrease when the hydrogen atom is transferred to
surface oxygen, from 62 kJmol™ to 44 kJmol2°, Significant decreases in activation barrier
were observed for methanol oxidation with surface hydroxyl groups (OH")*°, molecular
oxygen (O2") and surface hydroperoxyl species (OOH")3L. As a result, there’s a wide variety

' This chapter is based on the manuscript “Complex Kinetics for a Simple Reaction: Oxidative
Dehydrogenation of Ethanol on Gold” by J. E. De Vrieze, A. Nagl, M. Latschka, S. Mostrou-Moser, J. Terzan,
P. Djinovi¢, F. Horak, A. Limbeck, A. Pintar, J. A. van Bokhoven, J. W. Thybaut, K. Fottinger, M. Saeys.
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of possible surface reactions and, to date, the dominant reaction mechanism, as well as the

rate-determining step, remains unknown.

A similar kinetic puzzle exists surrounding the high activity of ethanol oxidation on gold
catalysts®>%, The main difference from methanol, however, is the higher selectivity to its
corresponding aldehyde when the reaction is performed in gas phase®. Interestingly, this
selectivity shifts to acetic acid when the reaction is performed in liquid phase®’. Starting
from ethanol two main pathways are available depending on which hydrogen atom in
ethanol is eliminated first. When the O-H bond is broken in the first step, an alkoxy
intermediate (ethoxy) is obtained, i.e. the alkoxy pathway. Alternatively, when the first step
is the B-H elimination, an alkyl intermediate (1-hydroxyethyl) is formed, i.e. the alkyl
pathway. In each of those 4 reaction steps, oxidation can occur via hydrogen transfer to the
surface, adsorbed oxygen, surface hydroxyl species, molecular oxygen and surface

hydroxyperoxy! species®,

In addition to the ethanol oxidation mechanism itself, the activation of oxygen also remains
an interesting question as it is often stated that gold has a very low activity for O2
activation®**, The ability to activate oxygen is often ascribed to the presence of a metal
oxide support*?, such as TiO2*3**, Ce02* or Al.03*¢, which contradicts the high oxidation
activity observed for unsupported gold catalysts?®32. As such, the species formed during
oxidation might open alternative pathways and facilitate O activation*”*8, This lack of
fundamental insight in dominant mechanism, rate-limiting step(s) and role of the support
severely hampers the design and optimization of gold-based oxidation catalysts, something

especially important in gold catalysis due to the high material cost.

Reducible supports lead to more active Au-catalysts*®, however deviations from this trend
are known with TiO2 and Al203 showing better performance than ZnO and ZrO2%, a result
that was partially confirmed in this thesis, chapter 3.4. Widmann et al. report indications
for the involvement of lattice oxygen for Au/TiO: catalysts in CO oxidation®**2 and Abad

et al. show a collaborative effect between Au and the support with CeO2*.

In liquid phase, for the oxidation of alcohols, diols and polyols (such as sugars), Prati et al.
reported the necessity of presence of a strong base, e.g. NaOH, for the first hydrogen
abstraction step?°3. The selective oxidation of ethanol in liquid-phase yielded mainly
acetaldehyde with acetic acid as secondary product as well as ethyl acetate as further by-
product®, whereas others report acetic acid as the main product'’’. Also in the liquid

19



phase, using Au/ MgAl.Os, Christensen showed the ethanol oxidation to acetic acid™.
Further investigation into the liquid-phase reaction, also yielding mainly acetic acid, by S.
Mostrou-Moser® et al. (this work, focusing on gas-phase, results from a joint project with
S. Mostrou-Moser and J. A. van Bokhoven at the ETH Zirich, where the liquid-phase
reaction was investigated) showed improved catalytic performance when switching from a
batch reactor to a flow setup for Au/TiO2. Unlike in gas-phase, in aqueous phase both
solution-mediated and metal-catalyzed elementary steps seem to be involved in the
reaction, also shown experimentally (for ethanol and glycerol oxidation) by isotope
experiments with 802 and H2'0 which proves oxygen atoms of hydroxyl groups rather
than from molecular oxygen are incorporated into the product®. Ab initio calculations from
Mufioz-Santiburcio et al.>” suggest active participation of water molecules by stepwise
charge transfer in the liquid-phase, as opposed to concerted charge transfer to oxygen
splitting and abstraction of protonic and hydridic hydrogen atoms in the gas-phase reaction.
Due to the fact that bioethanol contains only 4-12 wt.% EtOH after fermentation, and
purification is an energy and thus costly process, the liquid-phase oxidation in an aqueous

solution is of particular interest®®,

In gas-phase, Au/TiO: also proved a promising catalyst for the oxidation of ethanol®%°,
The influence of water, however, is also an interesting and open question in gas-phase.
Mullen et al.* reported an enhancement of the acetaldehyde formation on Au/CeQ2 upon
addition of water to the reaction feed and it decreased the ethanol reaction order of ethyl
acetate production, decreasing the reaction rate. Introduction of D20O/D-ethanol suggested
that breaking of an OH-bond could be connected to the rate-determining step. For CO
oxidation, Fujitani et al.®* also reported a promoting role of H2O associated with
maintaining the cationic state of Au, involvement of H.0 and OH groups in the oxidation,
the activation of Oz (by facilitating the oxygen dissociation on the surfaces of gold
nanoparticles) as well as the transformation of catalytic intermediates and inhibitors. They
claim that these factors depend on the metal oxide support resulting in oxygen activation
by water on catalysts with the semiconductive metal oxide supports: Au/TiO2, Au/MnO,
Au/Fe203, Au/Co30a4, Au/NiOQ. In contrast to that, for Au/Mg(OH)2 and Au/La(OH)z, H20
is directly involved in the reaction. Saavedra et al.*® identified the changing of number of
active sites due to coverage of weakly adsorbed water on Au/TiOz2 as the primary factor for
catalyst activity (DFT calculations suggest proton transfer at the metal-support interface
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and formation of Au-COOH intermediates, the decomposition of which is supposed to be

rate-limiting).

1.3. Supported Bimetallic Gold Catalysts for Oxidation Reactions
Bimetallic Au-catalysts have gained widespread attention over the past few years due to
their unique properties, as they both address several issues of their monometallic
counterparts as well as often show a synergistic effect of the two metal components leading

to new properties and potential tunability (composition, choice of second metal, etc.):

Durability (as required for industrial use), particularly in liquid phase oxidations with Oz,
and the apparent need for a base are major drawbacks for monometallic gold catalysts®>-4,
Aggregation upon heat treatment and activity for nanoparticles with sizes < 5 nm,
sensitivity to moisture (leading to poor reproducibility) as well as inertia toward oxygen
and hydrogen® without an oxide support or another metal are further drawbacks of gold.
The latter however, is controversially disputed in literature® as intrinsic ability to activate
molecular oxygen under oxidation conditions**®” as well as reaction paths proposed
involving Au only*+%8° is reported. This was also experimentally confirmed by van
Bokhoven et al.*® with time-resolved XAS showing charge transfer from the Au d band to
the 2p* orbital of oxygen (thus indicating partially oxidized gold as short-lived species

under oxidizing conditions) as well as Weiher et al. for Au/TiO2".

Bimetallic Au-catalysts can overcome these limitations as well as show superior properties
due to synergistic effects. Improved activity, selectivity, and stability have been reported

in conjunction with other metals such as Pd®2®>71.72 pt6265 Ry62 Cy®s3 Agr4-T7,

Numerous reactions, such as CO oxidation (AuPd’° AuAg’"®7" AuNi®), preferential
oxidation of CO (AuAg’®, AuCu™) the selective oxidation of alcohols to aldehydes
(AuPd®>7172828 = Ay|r8486  AyAg®”), partial and complete oxidation of methanol
(AuRuB2%) alcohol dehydrogenation (AuAg®™), oxidations of sugars (AuAg®?), water-gas-

shift (AuRu®?) show this superior performance with bimetallic catalysts.

However, the nature and origin of the synergistic effect of two metals are often poorly
understood®. In a bimetallic Au-catalyst, the second metal might be prone to oxidation in
O2-containing atmosphere, leading to segregation and enrichment at the surface and

providing reactive oxygen in oxidation reactions. Prevention of sintering is another benefit
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of many bimetallic systems, either by the higher melting point as of Au (for PGMs as
second metal) or by interaction with the support in the oxidized state®. For example, for
Aulr/TiOz, the presence of Ir near the TiOz surface increases the adhesion energy of

nanoparticles and the attraction between Ir and TiO: lead to reduced sintering®®.

In this work, after a first screening of different promoters (Pd, Pt, Ru, Ag, section 4), AuRu
and AuAg have been selected as the most promising catalysts. Both Ru and Ag are known

to have a high affinity to Oz:

The interaction between Ru and oxygen resulted in dynamic non-stoichiometric surface
oxides RuOx during methanol oxidation®3, Yamaguchi et al. applied a Ru/Al.Os catalyst for
alcohol oxidation with molecular O2** While Au and Ru Au/Ru immiscible in the bulk, in
the dispersed state they undergo interactions®. Venugopal et al. reported a synergistic
effect based on gold-ruthenium interactions for the low-temperature water-gas-shift

reaction®2.

Ag, on the other hand, is a well-known catalyst for dehydrogenation and oxidation, also
offering a wide range of oxide chemistry at/near the surface®®®. The AuAg system,
historically known as “Electrum”, was investigated by G. Guisbeers et al.%8: In the bulk,
following the Hume-Rothery rules (similar atomic radius, crystal structure, valence, and
electronegativity) silver and gold are miscible in every ratio and alloy formation is favored.
On the nanoscale, however, thermodynamically driven by minimizing the free energy of
the nanoparticle, segregation of Ag is expected (and was proven by HAADF-STEM for
nanoparticles of approx. 9 nm of size). Various Au-Ag systems have been used in catalysis,
e.g. Liu et al. reported outstanding properties for CO oxidation with large AuAg particles™
(in contrast, monometallic Au is most active between 2-5 nm’#) and also Wang et al. found
reduced size-dependency of catalytic activity®. However, the influence of size, is
controversially discussed in literature. Zheng et al. report that nanoparticles of 6 nm size
show higher activity than those with 3.5 nm and 8 nm size®. They attributed the enhanced
activity to the ability of silver to activate O2""1%: CO is activated on low-coordinated gold
atoms, while active oxygen will be provided by the AgOx patches present. AuUAg/CeO2 was
used for VOC oxidation and preferential CO oxidation and improved performance of AuAg
was attributed to the Ag enhancing of surface ceria oxygen mobility™. It is often

hypothesized that the presence of Ag in the Au surface, reduces the barrier for Oz activation
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either via direct dissociation or through formation of the hydroperoxide species, which has

a low dissociation barrier®!.

1.4. Synthesis of Bimetallic Gold Catalysts
For the synthesis of the catalysts, there are several ways: Deposition-precipitation (DP) as
reported by Zanella et al.2%%1% as well as others!®-1%7 js certainly the most popular route!®®,
However, for oxide supports with low points of zero charge (PZC < 5), e.qg. silica, silica-
alumina or activated carbons, this method is not applicable!®. Preparation of AuAg
catalysts is also a challenge due to the formation of AgCl, however co-deposition-
precipitation with ammonia yielded bimetallic AuAg nanoparticles with decreasing size as
the Ag/Au ratio increased'®1%°, Another possibility is a two-step synthesis as reported for

Aulrios,

Bimetallic catalysts can also be prepared by co-impregnation®® as was demonstrated for
AuPd, AuCu, Aulr and AuPt. Homogenous metal nanoparticles are not guaranteed even if
the respective metals are miscible at every ratio, e.g for AuPd where smaller particles were

reported to be Pd-rich and the larger ones (> 50 nm) contained more gold%,

By using a one-pot colloidal preparation method, chemical composition, particle size and
particle shape can be controlled®, however subsequent deposition on a support and removal
of the stabilizing agent can change these parameters significantly. One example is the
preparation of AuAg on mesoporous MCM-41 with CTAB (hexadecyltrimethylammonium
bromide) as surfactant, with the disadvantage of sintering (resulting in particles of 20-50
nm of size) due to AgBr formation®. This problem can be circumvented by using other
stabilizing agents such as P123 or surfactant removal by Oz plasma®®. Two-step methods
involving deposition of two metal precursors on a support followed by co-reduction or
sequential reduction, is governed more by the metal-metal and metal-support interactions
making the preparation of uniform size and composition difficult®. Silica-supported AuAg
catalysts were prepared by (I) functionalizing the support with amine groups, (II)
adsorption of a gold precursor on the amine-functionalized support, (I11) reduction with
NaBH4, (IV) adsorption of the second metal precursor and (V) again reduction with
NaBH.%. For this procedure, washing to remove the chloride to avoid AgCl formation
(which would lead to sintering) is essential®. This approach was successful for various

silica and alumina supports, but failed for titania and carbon®.
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The colloidal synthesis route, sol immobilization, offers the advantage of a narrow particle
size distribution obtained by reduction of the metal precursor in the presence of various
stabilizing or capping agents (CO, citrate, thiol, or amines as well as polymers such as poly-
vinylpyrrolidone, PVP, and poly-vinylalcohol, PVA)%, Stabilizers avoid aggregation and
precipitation and control particle growth during reduction, which is induced by sodium
borohydride, hydrazine, amine-borane complexes, methanol or glucose and can be assisted

by heating, sonication, radiolysis, UV or microwave!%,

A one-pot chemical reduction, deposition of a metal salt and its reduction, followed by the
same procedure for the second metal component was shown for AuCu as well as AuAg on
silica (a thermal treatment with Hz being essential for the alloy formation)!®. On SBA-15,
gold-silver alloy core and a silver nanoshell was reported®. Other interesting synthesis
techniques are the photo-deposition by UV light as well as the reaction via support, e.g.
graphite oxide!®, Using sequential adsorption—reduction method with NaBHa, Zheng et al.
showed surface etching to improve Au—Ag catalysts for benzyl alcohol dehydrogen-ation

without oxidant or hydrogen acceptor!?.

Also combinations of different synthesis techniques are possible, e.g. for the synthesis of
AURu/CeO2-ZrO2 with DP of Au followed by impregnation with Ru(NO)(NOs)s. A similar
approach was used in this work (see section 2.1) to add silver by incipient wetness
impregnation (IWI) to a monometallic gold catalyst (after washing steps to remove the
chloride).

Core-shell particles offer further tunability of a bimetallic system, Miao et al. reported
AgPd shells on Au nanoparticles of 8.9 nm size for the electrocatalytic EtOH oxidation!!!,
Enhanced catalytic activity for the reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) with NaBH4 was reported for bimetallic AuAg core-shell particles with varying core
sizes from 10 to 100 nm**2, Similarly, AuAg core-shell nanocomposites show increased
activity (with respect to their monometallic counterparts) for the reduction of nitrobenzene
(NB) and 1,3-dinitrobenzene (DNB)3. Also for oxygen reduction gold-based core-shell

particles, AuCuasoPdso showed higher activity than a commercial Pt catalyst'4,
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1.5. About this Work

This thesis is on the topic of supported bimetallic gold catalysts for the selective ethanol
oxidation in the gas phase. The research goals of this projects were: (I) Understanding the
monometallic gold system for the selective ethanol oxidation, including the choice of a
suitable support. (1) Finding a suitable bimetallic system by introducing a second metal
component as promoter for the reaction. (I11) Detailed investigation of the most suitable
bimetallic catalyst including mechanistic studies by state-of-the-art operando spectroscopy
(DRIFTS, NAP-XPS, XAS). (IV) Comparison of the liquid-phase reaction, as performed
by the project partners (S. Mostrou-Moser in the van Bokhoven group) at the ETH Ziirich:
Is the same bimetallic system the most active under both conditions? Are there meaningful
differences in the selectivity, reaction mechanism? (V) Investigation of the influence of
water in the gas-phase. This is motivated by several factors such as the general importance
of H20 in catalytic reaction mechanisms, understanding the differences to the liquid-phase
where, due to process-requirements, always an aqueous solution of ethanol is used as educt.
And, finally, given the (costly and energy-consuming) effort to purify/dehydrogenate
ethanol, the water tolerance of the reaction in gas-phase is an interesting question. Thus,

this thesis is structured as follows:

After presenting the state-of-the-art in this chapter and introducing the experimental
methods (chapter 2), first a study of the monometallic gold catalyst is given. For the
Au/rutile as well as the Au/C system, a combined experimental and computational kinetics
study is given in order to investigate potential support effects. The experimentally measured
reaction orders are subsequently compared to a first principles microkinetic model,
combining all the possible reaction steps proposed in recent literature, allowing the

identification of the dominant reaction mechanism as well as the rate-limiting step(s).

After having gained thorough understanding of that system, chapters 4 and 5 deal with
bimetallic systems, first exploring different promoters and then focusing on the AuAg
system. Chapter 6 explores the difference between the ethanol oxidation in gas-phase and

the liquid-phase and sheds light onto the effect of water introduction to the gas phase.
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Selected parts of a joint manuscript" with J. E. de Vrieze in M. Saeys’ group, Ghent
University, Belgium, are reprinted in this work. In addition to the shared literature study
(section 1.2), the experimental data and the joint conclusion based on theory and
experiment (section 3.6), also results of the microkinetic first principles modelling are
shown to provide deeper understanding of the reaction mechanism. These microkinetic
results are reprinted with permission from J. E. de Vrieze and M. Saeys and do not originate

from my own work.

Likewise, this thesis was carried out in cooperation with S. Mostrou-Moser from J. A. van
Bokhoven’s group, ETH Ziirich, Switzerland. Whereas my own experimental work covers
the gas-phase reaction, S. Mostrou-Moser worked in liquid-phase: These results are
reprinted with permission from S. Mostrou-Moser and J. A. van Bokhoven and do not

originate from my own work.

Some TPD experiments were undertaken by J. Terzan in A. Pintar’s group and Cs-corrected
STEM imaging was performed in cooperation with G. Drazi¢ and A. Pintar during a
research stay at the Department for Environmental Sciences and Engineering, National

Institute of Chemistry, Ljubljana, Slovenia.

NAP-XPS experiments were performed at the ISISS beamline at BESSY, Berlin, as well
as at the CIRCE beamline, ALBA, Barcelona. Significant amounts of the XPS evaluation
were performed in cooperation with A. Foelske and M. Sauer from the, Analytical

Instrumentation Center, TU Wien.

Also, other (experimental) results by other colleagues are clearly acknowledged throughout

this work.

II“Complex Kinetics for a Simple Reaction: Oxidative Dehydrogenation of Ethanol on Gold” by J. E. de
Vrieze, A. Nagl, M. Latschka, S. Mostrou-Moser, J. Terzan, P. Djinovi¢, F. Horak, A. Limbeck, A. Pintar, J.
A. van Bokhoven, J. W. Thybaut, K. Féttinger, M. Saeys.
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2. Experimental

2.1. Catalyst Preparation

The TiO2-supported catalysts (nominal metal loadings: 5 wt.% Au) were prepared by
deposition-precipitation with ureal®:194-107.115 Rytile (TP Hombikat Mikrorutil, Venator,
BET surface area 105 m#/g) was added to an aqueous solution of HAuCl4 (purchased from
Sigma Aldrich) and urea (Merck) with a pH of 7. During vigorous stirring at 80°C for 4 h,
the pH changed from acidic to basic and an orange precipitate was deposited on the support
material. The catalyst was washed 5x with DI water (to achieve a chloride-free catalyst)
and dried at 100°C.

Several TiO2-based catalysts were prepared, Au/rutile using TP Hombikat Mikrorutil
(Venator, BET surface area 105 m?/g), Au/anatase with anatase nanopowder (Sigma
Aldrich, 45-55 m?/g), Au/P25 with AEROXIDE® P25 TiO2 (35-65 m2/g with an
anatase/rutile ratio of approximately 80/20, Evonik Industries) as well as
Au/anatasesorutilezo a mixture of 80% anatase (Sigma Aldrich, 45-55 m?/g) and 20% rutile
(Venator, BET surface area 105 m?/g). The nominal metal loading was 5 wt.% Au for all

catalysts.

Bimetallic catalysts (AuRu/Rutile, AuPt/Rutile) were prepared from Au/rutile using
Platinum(IV)chloride (Sigma Aldrich) with urea (same ratio as for the monometallic
catalyst) and Ruthenium(lIl)chloride hydrate (Sigma-Aldrich), respectively. The

monometallic reference catalysts for Pt and Ru were prepared the same way on pure rutile.

Silver-promoted catalysts (AuAg/rutile as well as AuAg/C) were prepared from the
monometallic Au catalysts using incipient wetness impregnation (IWI) with a silver nitrate
solution (approx. 1.5 mL was needed for 1 g rutile powder). An Ag/rutile reference sample

was prepared using the same protocol (with rutile as starting material instead of Au/rutile).

For the second metal component/promoter was added yielding a metal loading of 1 wt.%,
except for Pt, where 2 wt.% where used to preserve the approximate molar Au/promoter
ratio: The atomic mass of Pt of 195.08 is roughly twice as high as the respective atomic
masses of Ag, 107.87 g/mol, and Ru, 101.07 g/mol.

The reason for this was the high atomic mass of Pt of 195.08, which is roughly twice as
high as the respective atomic masses of Ag (107.87 g/mol) and Ru (101.07 g/mol).
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All samples were stored with without any calcination step in the dark avoiding light

exposure.

Several batches of catalysts were prepared: (I) Batch 1 for the first kinetic screening and
choice of the ideal promotor (section 4). (11) Batch 2 for further experiments. However, due
to a higher drying temperature, these samples resulted in a larger particle size and no further
experiments were performed for this thesis. (lll) Batch 3 for all the reaction order
measurements presented in chapter 3 (investigation Au/rutile), chapter 5 (investigation of
AuAg/rutile), section 6.3 (investigation of the influence of H20 in gas-phase) as well as all
the DRIFTS measurements presented in this work. (IV) Batch 4 for the synchrotron

beamtimes presented in section 5.3.

The Au/C sample was purchased from Strem Chemicals (CAS number: 7440-57-5,
synthesized by laser ablation) with a loading of 1 wt.% Au. AUROIite/TiO2 (0.8 wt.%
metal loading), AUROIite/ZnO as well as AUROIite/Al20s (both 1 wt.% metal loading)
are commercial samples obtained from Strem Chemicals (CAS number: 7440-57-5,

extrudates). For all measurements, the extrudates were grinded to a fine powder.

On overview of all the different batches prepared for this thesis is given in the following
table:

Table 1. Overview of the samples investigated in this thesis.

Samples Usage

Batch 1 Au/rutile, AuAg/rutile, Section 4, section 6.2
_ AuPt/rutile, AuRu/rutile

Batch 2 Au/rutile, AuAg/rutile, Not used after quick kinetic
_ AuRuU/rutile screening.

Batch 3 Aul/rutile, AuAg/rutile All measurements in

section 3, section 5 and
section 6, except for
synchrotron measurements.
Batch 4 Synchrotron measurements
_ in section 5.3 and 6.3.2.
Anatase/Rutile Au/P25, Au/anatase, Section 3.4, investigation

Au/anatasesorutilezo of different TiO2

modifications.
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Commercial Catalysts Au/C and AuAg/C, The Au/C and AuAg/C

AUROIite/TiOy, (prepared from Au/C) were
AUROIite/Zn0O, used as reference in this
AUROIite/Al203 whole work. The

AUROIite samples were
used as references in

section 3.4.

The exact weights used are listed in the annex, section 9.1.

2.2. Catalyst Characterization
The particle size distributions of the catalysts were established by STEM-HAADF imaging
using a FEI Tecnai F20 FEG-TEM instrument (operated at 200 kV): Samples were imaged
after the pretreatment process of the catalyst (oxidative treatment in 20% O2 at 400°C
followed by reductive treatment in 5% H2 at 300°C — see Kinetic measurements section)

on lacey carbon grids.

Additional HR-STEM and HR-STEM-EDX images for the bimetallic AuAg/rutile sample
were performed with a probe Cs-corrected Scanning Transmission Electron Microscope,
model ARM 200 CF (Jeol Ltd.). For the EDX measurements, a Jeol Centurio with 100 mm?
SDD detector with a declared solid angle of 1 sr was used. Imaging was done at 200 keV
and 80 keV (to avoid beam damage). These measurements were undertaken in cooperation
with G. Drazi¢ and A. Pintar, Department for Environmental Sciences and Engineering,

National Institute of Chemistry, Ljubljana, Slovenia.

XRD measurements were undertaken after synthesis as well as after the pretreatment using
a PANalytical X’Pert (PANalytical) PRO powder diffractometer in Bragg-Brentano

geometry (see annex for detailed parameters).

BET surface area was established using an ASAP 2020 instrument (Micromeritics). The
pretreated samples were degassed under vacuum at 100°C for 180 min (heating ramp:

10°C/min) prior to measurement.
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Samples were imaged after the pretreatment process of the catalyst (oxidative treatment in
20% O at 400°C followed by reductive treatment in 5% H2 at 300°C) on lacey carbon grids

as well as for (selected samples) after the reaction.

Temperature programmed desorption (TPD) experiments were performed for Hz2, O2 and
ethanol (EtOH) using a Autochem 2920 apparatus (Micromeritics) coupled to a mass
spectrometer (Thermo Star, Pfeiffer Vacuum). The samples (50 mg on a flock of quartz
wool inside a quartz reactor) were pretreated in 20 % O2/N2 for 30 min at 400 °C followed
by 5% H2/Ar at 300 °C for an additional 30 min. After cooling to 0°C, saturation was
reached with 5% H2/Ar or 20% O2/N2, respectively. For the EtOH-TPD experiments,
saturation was reached with 10 pulses of EtOH vapor after cooling to -30 °C followed by
degassing with Ar for 30 minutes at 25°C. Samples were heated with a 5°C/min. ramp to
600°C. The following m/z fragments were recorded: 32 for Oz, 2 for H2 and 18 for H20.
For the EtOH-TPD, 31 and 45 for EtOH, 44 for CO2 and 29 for acetaldehyde were

monitored. Desorption energies are determined by Redhead analysis.

Au loadings were determined using Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS). A NWR213 (ESI) ns-Laser ablation (LA) system was
hyphenated to an iCAP Q (Thermo Fisher Scientific) quadrupol inductively coupled plasma
mass spectrometer (Q-1CP-MS). The particles were dispersed in ethanol and pipetted on a
polycarbonate disk and individual particle clusters, as identified in the LA system, were
subsequently ablated and analyzed in the ICP (detailed parameters in annex, section 9.3).
The LA-ICP-MS experiments were carried out and evaluated by F. Horak in the group of
A. Limbeck, Institute of Chemical Technologies and Analytics, Technische Universitét
Wien, Vienna, Austria. For the Ag-content, due the absence of any washing step, the

nominal silver content was assumed to be correct.

2.3. Kinetic Measurements
Kinetic measurements were performed in a continuous-flow fixed-bed quartz reactor under
atmospheric pressure. Ethanol was introduced by bubbling He through a liquid—vapor
saturator kept at different temperatures. A flow diagram of the setup is shown in Figure 1.
The mass flow controllers, mks 247 (MKS Instruments), were controlled by an
microcontroller Arduino Leonardo ETH (Arduino) in combination with a 16 bit AD5696

DAC (Analog Devices) with a custom software (using Arduino C/C++ for the
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microcontroller and a .net-based windows program written in C#) allowing automated
programming of the gas flows, thus resulting in highly reproducible measurements. The
programming of the custom software was done as part of this thesis whereas the hardware
was assembled by R. Rosner. The oven was controlled by a Eurotherm 3216 PID
(Eurotherm/Schneider Electric) controller, with the thermocouple placed inside the reactor.

Prior to reaction, the catalyst was pretreated in 20% O2 (all gases used for Kinetic
measurements were diluted in He) with a heating to 400°C at 10°C/min and after a holding
period of 30 minutes, a reduction step followed at 300°C in 5% H: for another 30 minutes.
Quantitative analysis of the effluent gas stream was conducted using an Agilent 7890A GC
(equipped with an FID and a TCD detector) setup for two column-use (Agilent HP PLOT-
Q and an HP-PLOT Molsieve). Selected reactions were also monitored by mass
spectrometry (Pfeiffer Vacuum OmniStar GSD 320 O mass spectrometer). Turnover
frequency (TOF) was determined by normalizing the reaction rate for acetaldehyde and
ethyl acetate to the number of surface gold atoms, which was estimated from the average
size obtained from the particle size distribution (from STEM-HAADF imaging), and from
the gold content as measured via LA-ICP-MS. The gold nanoparticles were assumed to be

of hemispherical form on the support.

Unless more sample was used (e.g. for the measurements of reaction orders at low
temperatures with low conversion), the catalyst was diluted with quartz sand to avoid mass

and heat transfer limitations.

Catalytic activity evaluation was done under the following conditions: The catalysts were
diluted with quartz sand to a total gold loading of the catalyst bed of 0.5 wt.%. A total flow
of 51.2 mL with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial
pressure of 2.2 kPa each) was applied at temperatures between 200 and 300°C (in steps of
25°C).

The influence of water on the reaction rate was measured under three conditions, (I) 1.1
kPa EtOH/O2 (no water), (11) 1.1 kPa EtOH/O2 and 0.6 kPa H20 and (111) 1.1 kPa EtOH/O2
and 2.0 kPa H20 To see the reversibility of the water additoin effect, the measurement was
concluded with applying conditions (I), without water, again. The flow was kept as close
as possible to 50.5 mL/min (see annex, section 9.4.3, for the exact gas flows) and the

temperature was kept constantly at 250°C.
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Samples were measured in a conversion regime below 20% (unless stated otherwise) to
ensure that the system was in the differential conversion regime (diluted with quartz sand
as necessary). Reaction order measurements were performed as follows: (1) For the O2
reaction order, the O2 partial pressure was varied between 1.1 kPa and 5.3 kPa whereas the
EtOH partial pressure was kept constant at 2.2 kPa. (2) The EtOH reaction order was
established with EtOH partial pressures from 0.5 kPa to 4.5 kPa with a constant Oz partial
pressure of 10.1 kPa. For both (1) and (2) the total flow was kept constant at approx.
50 mL/min. The exact experimental parameters are listed in the annex section 9.3.

> FTIR-Setup (DRIFTS)

T
L

Exhaus

Saturator
(Water)

MS

e 1mL

[

GC
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Figure 1. Flow diagram of the kinetic setup. Four mass flow controllers, two for He, one for Hz and one for O allow
the dosage of the gases at the defined flow rates. Two saturators allow dosing of liquids (as vapors). For the reactions,
one was used for EtOH whereas the other one was used for H20. Effluent gases are analyzed by an Agilent 7890A GC
(equipped with an FID and a TCD detector) with two columns (Agilent HP PLOT-Q and an HP-PLOT Molsieve).
Selected reactions were also monitored by mass spectrometry (Pfeiffer Vacuum OmniStar GSD 320 O mass
spectrometer). Gas-flows can be directed to the FTIR setup to conduct DRIFTS measurements. A piezoelectric
pressure sensor (PE) monitors the pressure of the reaction.

Measurements in the aqueous phase were performed S. Mostrou-Moser at the ETH Zirich
as follows: The experiments were conducted in a batch reactor system consisting of a series
of parallel autoclaves (Berghof BR-25). The catalyst (50 mg and 90-125 um grain size) and
10 £0.03 mL of a5 £ 0.3vol. % EtOH solution (Fluka,>99.8%) were added to the Teflon®-
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lined reactor, which was sealed. Thereafter, oxygen (PanGas, 99.999%) was introduced (p
= 15 bar). Each reactor was stirred and heated with a Heidolph MR3002 apparatus, which
was controlled by a BTC-3000 Berghof controller. At the end of the reaction, the autoclaves

were cooled below 7°C and the remaining pressure was released.

The liquid products were analyzed off-line with an Agilent 7890A gas chromatograph (GC)
equipped with a flame ionization detector (FID, 30 mL/min Hz flow mixed in 400 mL/min
air at 300 K) and a DB-WAX column. During the analysis, 0.5 puL of sample was injected
at 70 K and a carrier gas flow of 2 mL/min He was applied through the column DB-WAX.
The temperature of the column was constant at 40°C for 2 min and was then heated at 8
°C/min to 135°C. The molar concentration of each component was determined using linear

regression of calibration standards.

2.4. Operando DRIFTS Measurements

Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements were performed with a Bruker Vertex 70 FTIR equipped with an MCT
detector and a Pike DiffusIR (including a heatable environmental chamber with gas-flow
capabilities and a CaF2 window). Measurements were undertaken with undiluted samples
in the sample cup with the same flows as for the catalytic activity evaluation as described
in section 2.3, with EtOH and/or O2 partial pressures of 2.2 kPa = 1.1 mL/min at a total
flow of approx. 50.5 mL/min (see annex section 9.4. for exact flows). Spectra were taken
during the pretreatment as well as at 150°C and 250°C under the conditions: (I) EtOH only,
(I1) EtOH and Oz, (I11) EtOH only and (1V) Oz only (He was always used to balance the
total flow.). The influence of water was investigated under two conditions, (I) 1.1 kPa
EtOH/O2 (no water) and (I1) 1.1 kPa EtOH/O2 and 2.0 kPa H:O.

As background, the cell equipped with an Al-alignment mirror purged with He, was used.
Spectra are shown after Kubelka-Munk (KM) transformation. Spectra were taken from
4000 to 900 cm* with a resolution of 4 cm™,

2.5. Operando XAS Measurements
Operando X-ray absorption spectroscopy studies at the Au LII1-edge (11.9187 keV) were

measured in transmission mode, ALBA Synchrotron, Barcelona, Spain!®. The solid-gas
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reactor (“multipurpose cell””) developed by Simonelli et al. in cooperation with the Instituto
de Tecnologia Quimica (ITQ-UPV) was used!!®. For the measurement of the Ag K-edge
an undiluted pellet with 100 mg sample was used whereas for the Au LIII edge 20 mg
sample were diluted with BN to a total weight of 100 mg. The gas stream outlet was
monitored by an OmniStar GSD 320 O mass spectrometer (Pfeiffer Vacuum).

Pretreatment was carried out at a total flow of 50 mL/min, starting with 20% Oz with a
heating from RT to 400°C (holding time ~ 2 hours) and > 30 min 5% H2 at 300°C (holding
time ~ 2 hours). The reaction was performed at a total flow of 68 mL/min. (ca. 1 mL/min.
O2/EtOH) at 250°C and 300°C.

The Al2Os ex-situ reference spectrum was obtained at a shared beamtime with S. Mostrou-
Moser at the superXAS beamline, Swiss Light Source, and used for the linear combination
fits (LCFs).

The Ag K-edge was measured at the B18 beamline, Diamond Light Source, Didcot, UK.
Experiments were performed using the “Industrial Group Micro-Reactor”, a capillary-
based flow cell heated by a hot air blower. Whereas the references, the Ag foil and Ag20
were measured in transmission mode, all the operando experiments were done with

fluorescence detection. The effluent gas was monitored by on-line mass spectrometry.

Pretreatment was performed with 20% Oz under heating from RT to 400°C, holding for 30
minutes followed by a reduction step with 5% H2 at 300°C for another 30 minutes. Both
conditions applied at a total flow of 50 mL/min. Operando experiments were undertaken
under the following conditions: (I) 1.1 mL/min EtOH/O2, (I1) 1.1 mL/min EtOH, (I1I)
0.6 mL/min H20 and (IV) 0.17 mL/min EtOH + 0.5 mL/min H20 + 0.25 mL/min O2. All

operando experiments were carried out at a total flow of 50 mL/min and 250°C.

For both beamtimes, data processing and evaluation was performed with the PrestoPronto
software package by Prestipino!®, version b.1.0.0. Data reduction of all XAS spectra
involved energy calibration, background subtraction and normalization. Au and Ag metal

foils were used for energy calibration.

2.6. Operando NAP-XPS Measurements

Operando near ambient pressure X-ray photoelectron spectroscopy, NAP-XPS,

measurements were performed at two beamtimes: The first was taking place at the ISISS
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beamline, BESSY Il of the Helmholtz-Zentrum Berlin, which is described elsewhere in
detail'*®1?%, The setup consists of differentially pumped electrostatic lenses with a Phoibos
150 Plus (SPECS) analyzer. Samples were pressed as a pellet with a K-type were pressed
into a Ta-grid (Unique Wire Weaving, NJ, USA) together with a K-type thermocouple and,
mixed with graphite (Alfa Aesar) to reduce charging effects. It was mounted on a sapphire
sample holder placed in front of the electrostatic nozzle. Heating was performed using an
infrared laser. In this flow cell equipped with MFCs, all experiments were performed at a
total pressure of 0.5 mbar, except for the reducing step of the pretreatment where only 0.33
mbar could be reached (due to limitations of the available mass flow controllers).

Pretreatment carried out under oxidative conditions with an Oz flow of 5 mL/min. during
heating to 400°C with 10°C/min followed by reduction at 300°C under 5 mL/min Hz flow.
In contrast to kinetic experiments (section 2.3), however, temperatures were held for
approX. 3 hours to take the XPS spectra. Operando experiments were performed under the
following conditions: (1) 2.5 mL/min EtOH/O2 at 250°C, (I1) 2.5 mL/min EtOH at 250°C,
(11) again 2.5 mL/min EtOH/O2 at 250°C as well as at 300°C and 350°C and again 250°C
(to investigate, possibly irreversible, temperature effects), (IV) 2.5 mL/min EtOH and
5 mL/min H20 (to examine the, again possibly irreversible, influence of water) at 250°C
and finally (V) again 2.5 mL/min EtOH/O2 at 250°C. This beamtime focused on depth
profiling at kinetic energies of 310 and 700 eV in order to investigate the surface
composition and find out whether a surface segregation of AgOx on the bimetallic AuAg

nanoparticle surface occurs in an oxygen-containing atmosphere.

Further questions of interests were investigation of temperature effects, the effect of water
addition to the reaction feed as well as possible changes of the oxidations state of Au, Ag
and Ti.

The energy calibration was performed using the carbon C 1s peak which was omnipresent
due to the graphite added to the pellet.

The second NAP-XPS experiment was carried out at the CIRCE beamline at the ALBA
Synchrotron, Barcelona, Spain'? taking advantage of a differential pumping system
(equipped with a Phoibos NAP150 from SPECS hemispherical electron energy
analyzer)!??, Samples were pressed into a Ta-grid (Unique Wire Weaving, NJ, USA)

together with a K-type thermocouple and, and where necessary, mixed with graphite (Alfa
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Aesar) to reduce charging effects. Heating was carried out with a heatable sample holder

(with an encapsulated filament). All experiments were performed at a pressure of 0.5 mbar.

The pretreatment was carried out as described above for the ISISS beamtime experiment.
Operando measurements, under reaction conditions, were conducted under three different
EtOH/O2 conditions, (I) 1.6 mL/min EtOH and 2.5 mL/min Oz, (1) 2.5 mL/min for both
EtOH/O2 as well as (111) 2.5 mL/min EtOH only and (V) again 2.5 mL/min EtOH/Oz2. The
gas composition at the exit of the flow cell was monitored by mass spectroscopy.

The main interest of this beamtime was the verification of the results of the depth profiling
obtained at BESSY Il and obtain the oxidation state of Ag. Depth profiling was performed
at three different kinetic energies (100, 310 and 670 eV).

For AuAg/rutile, the energy calibration was performed using the Au 4f, whereas for

Ag/rutile the added graphite was used.

XPS spectra were analyzed using the CasaXPS package. For the Ag 3d and Au 4f signals,
a linear background was assumed, whereas for any other signals, a Shirley-type function
was applied. Atomic ratios of Au/Ag (and Ag/Au, respectively) were calculated using
cross-sections as published by Yeh and Linau'?3. A correction using the known photon flux
characteristics of the beamlines/monochromators was used to account for differences in the

photon flux at different energies.
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3. Titania-supported Gold Catalysts'"

3.1. Catalyst Characterization
The gold nanoparticles are highly dispersed in a nanocrystalline state as shown by STEM-
HAADF imaging in Figure 2 a) with a mean size 3.3 £ 1.0 nm on Au/rutile (see annex
section 9.2 for the XRD), whereas on the carbon-supported particles are considerably larger

with a mean size of 14.5 + 0.5 nm.

STEM-HAADF micrographs and size distributions comparing different TiO2 supports to
Au/rutile are shown in Figure 3. Also, the commercial catalysts AUROIite/TiO2 and
AURIite/ZnO were characterized by STEM-HAADF, Figure 4. The corresponding mean
particle sizes are summarized in For batch 4 of Au/rutile, used for the synchrotron

measurements, a loading of 4.41 wt.% was determined.

Table 3. Due to the low catalytic activity of AUROIite/Al20s, no STEM-HAADF study
was conducted on this sample (average particle size, as given by the manufacturer, Strem

Chemicals, is 2-3 nm).

The measured BET surface areas of the catalysts (Table 4), 28 m?/g for Au/rutile and 210
m?/g for Au/C, reflect the washing steps during synthesis (rutile: 203 m2/g) on the one hand
and the typical high surface area of activated carbon on the other hand. Also, BET surface

areas of selected catalysts discussed in section 3.4, are listed in Table 4.

The metal loadings, as determined by LA-ICP-MS are listed in Table 2:

Table 2 Metal loadings as determined by LA-ICP-MS. Starred values are provided by the manufacturer, not measured.

Sample Metal Loading (wt.%b)

Au/rutile 2.82+0.12
Au/C 1*
Au/anatase 2.75+0.18
Au/P25 3.02+0.10

Au/anatasegorutilesg 3.30+£0.23

" This chapter is based on the manuscript “Complex Kinetics for a Simple Reaction: Oxidative
Dehydrogenation of Ethanol on Gold” by J. E. de Vrieze, A. Nagl, M. Latschka, S. Mostrou-Moser, J. Terzan,
P. Djinovi¢, F. Horak, A. Limbeck, A. Pintar, J. A. van Bokhoven, J. W. Thybaut, K. Fottinger, M. Saeys.
The first principles microkinetics model by J. E. de Vrieze in the group of M. Saeys was reprinted here with
permission to discuss the experimental results.
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AUROIite/TiO> 0.8*
AUROIite/ZnO 1*

For batch 4 of Au/rutile, used for the synchrotron measurements, a loading of 4.41 wt.%

was determined.

Table 3. Size distributions of the catalysts covered in chapter 3.

Sample Mean Particle Size (nm)

Aulrutile 33x1.0
Au/C 145+05
Au/anatase 34+0.6
Au/P25 3.6+1.2
Au/anatasesorutilezo 39+11
AUROIite/TiO; 3.2+0.6
AUROIite/ZnO 21+04

w
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Figure 2. STEM-HAADF images of Au/rutile (a) and Au/C (b) and their respective size distributions. Au/rutile has a
mean particle size of 3.3 £ 1.0 nm (representative sample of 292 particles counted) whereas Au/C has a considerably
larger mean particle size of 14.5 + 4.5 nm (60 particles).
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Figure 3. STEM-HAADF images and size distributions for (a) Au/rutile, (b) Au/Anatase, (c) Au/anatasesorutilezo and
(d) Au/P25. Information on the AUROIite/TiO2 sample is given in Figure 4.
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Figure 4 STEM-HAADF images and size distributions for (a) AUROIite/TiOz2, (b) AUROIite/ZnO.

Table 4. BET surface areas of the catalysts.

Sample BET surface area (m2/g)

Rutile 103 (manufacturer: 105)
Aulrutile 28
Au/C 210
Anatase 68
Au/Anatase 33
AUROIite/TiO; 20
AUROIite/ZnO 38

The Au/rutile and Au/C are discussed in detail in section 3.2 (kinetic measurements), 3.3
(TPD experiments and operando DRIFTS measurements) and 3.5 (computational results).
Differences in TiOz supports, rutile, anatase and mixtures of the both, as well as ZnO and

Al203 are discussed in 3.4.

I
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3.2.

Kinetic Measurements and Mechanistic Considerations

Reaction rates for Au/rutile and Au/C are depicted in Figure 5, normalized to the catalyst

mass as well as the metal loading. In both cases, Au/rutile showed superior activity, partly

owing to the much smaller particle sizes. Turnover frequencies were determined using the

mean particle size and metal loading as determined previously, Figure 6. Au/rutile and

AU/C showed very similar intrinsic activity at 200°C with a TOF of 0.18s. However,

Au/rutile shows a stronger dependence on the reaction temperature than Au/C with a slope

of 1.83 compared to 1.04, Figure 6. Surprisingly, this indicates that Au/rutile has a higher

apparent activation than Au/C. For both samples, high selectivity towards acetaldehyde

(> 97%) with ethyl acetate as the main side product was observed (at 300°C very small

amounts of acetic acid were seen for Au/rutile).
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Figure 5. Reaction rates per (a) catalyst mass in gram and (b) metal loading in gram metal for Au/rutile and Au/C. A
total flow of approx. 51.2 mL, with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial pressure

of 2.2 kPa) was used.
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Figure 6. In(TOF) against 1/T are plotted for the EtOH TOF of Au/rutile (green) and the CH3CHO TOF of Au/rutile
as well as for the Au/C (light and dark purple), respectively. TOFs are similar for both catalysts at low temperature
and considerably larger for Au/rutile at higher temperature (numerical TOFs are listed in Table 2).

The TOFs of the different reaction products are shown in Table 5. The TOFs for ethyl
acetate and acetic acid are a few orders of magnitude lower than production of
acetaldehyde. The formation of acetic acid was even below the detection limit at
temperatures below 300°C and is therefore not displayed in Table 5. This large difference

in production rates results in a high selectivity towards acetaldehyde, Figure 7.

Table 5. TOF obtained for acetaldehyde, ethyl acetate and acetic acid production.

TOF Acetaldehyde (s?)

200°C 225°C 250°C 275°C 300°C
Au/rutile 0.18 0.33 0.64 1.12 1.73
Au/C 0.17 0.27 0.44 0.68 1.02

TOF Ethyl acetate (s?)

42



3.1x10°3 5.4x107 1.1x102 2.4x1072 4.7x107?

KSR I D I B I
TOFAwticadtsh

TOF Acetic acid (s?)

Ao | |

As shown in Figure 7, the main product is acetaldehyde with a selectivity over 97% for all

measured temperatures. The main side product is ethyl acetate with a selectivity of around
3%, depending on the temperature, consistent with previous measurements®®. When the
temperature was increased, the ethyl acetate selectivity slight decreased. This is mainly a
result of the reaction mechanism, ethyl acetate is formed by coupling of an ethoxy species
with acetaldehyde®®. As the temperature increased, both the ethoxy as well as the
acetaldehyde coverage will decrease, reducing the coupling probability. However, an
opposite trend is observed on Au/rutile, which indicates potentially different kinetics for
ethyl acetate formation. In addition, acetic acid formation is observed on Au/rutile at
300 °C. Under all conditions, the total oxidation of ethanol, i.e. CO2 formation, was below
the detection limit for both catalysts.
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Figure 7. Selectivities of the investigated catalysts, (a) Au/rutile and (b) Au/C, for both of which a selectivity > 98%
towards acetaldehyde was observed. Only for Au/rutile, small amounts (< 1%) of acetic acid were observed at 300°C.
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To characterize the kinetics of ethanol oxidation on Au/C and Au/rutile, reaction orders
were determined. By varying the Oz and ethanol partial pressures at different temperatures,
Figure 8, the reaction orders could be calculated via linear regression. As shown in Figure
8, a good fit is observed between the logarithm of the partial pressure and the logarithm of
the acetaldehyde formation rate for both Au/rutile and Au/C at all measured temperatures.
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Figure 8. Reaction orders of EtOH (a) and Oz (b) for Au/rutile and for the Au/C (c,d), respectively. The values of the
respective reaction orders are listed in Table 6.

An overview of how the reaction orders change with temperature is shown in Table 6. At
150°C, the ethanol reaction order is similar on Au/rutile and Au/C, 0.42 and 0.38
respectively. When the temperature increased, however, the ethanol order doubled on
Au/rutile, amounting to 0.89 at 300°C, while the order only increased to 0.47 on Au/C. The
oxygen order is also similar at 150°C, 0.37 and 0.33 for the Au on rutile and carbon support
respectively. While the oxygen order decreases on Au/rutile with increasing temperature
(indicating higher availability of oxygen, eventually through activation at the rutile/Au
interface at higher temperatures), to 0.03 at 300 °C, the oxygen order is practically constant
on Au/C. Carbon can generally be assumed to be inert under these conditions, as such it
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provides a good model to study the kinetics of gold itself, eliminating the possible support
effects. The observed difference in reaction kinetics between rutile and carbon supported
gold indicates a catalytic effect of rutile, either by providing an active site, through strong
metal support interactions or charge transfer, or the Au-support interface plays a role in the
mechanism. It is remarkable, however, that the oxygen reaction order on Au/C is lower
than the ethanol reaction order at all the studied temperatures. This shows that even for
‘unsupported’ gold, oxygen activation is kinetically less important than ethanol activation,
confirming the observations by Abad et al.%” that gold is intrinsically able to activate
molecular oxygen under oxidation conditions. To gain insight in the trends observed on the
Au/C catalyst and further elaborate on its difference with Au/rutile, a first principles

microkinetic model is required.

Table 6. Obtained reaction orders for O2 and EtOH.

Au/rutile

Au/C

EtOH Order O2 Order EtOH Order O2 Order

0.42 +0.02 0.18 £ 0.02 0.37 £ 0.02 0.33+0.01
0.48 + 0.02 0.20 £ 0.02 0.36 £ 0.01 0.27 £ 0.03
0.75+0.05 0.12 +0.02 0.47 +0.02 0.32 +0.02
0.89 £ 0.02 0.03 + 0.06 0.47 £ 0.00 0.30 £ 0.03

3.3. TPD and Operando DRIFTS Studies

For the Hz- and O2-TPD experiments, neither H2 nor Oz desorption was observed
(desorption temperature below adsorption temperature). EtOH-TPD profiles for Au/C and
Aul/rutile, on the other hand, show distinctive differences (see Figure 9). Using the Redhead

equation, peak temperatures were converted to adsorption energies.

For Au/C one single peak at 62.7°C, corresponding to the desorption of ethoxy species
from the surface is observed (ethanol desorption temperature is below the adsorption
temperature). Taking into account computational results, section 3.5, the Eads of 95 kJmol
! obtained by Redhead analysis is consistent with calculations for the p-H elimination in
the ethoxy species, 88 kJmol™?, on the Au(111) surface. Thus, EtOH shows dissociative
adsorption under B-H elimination, which is highly activated. Upon temperature increase,
dehydrogenation of the ethoxy species starts to occur. The barrier of 95 kmol™ is also very

close for the B-H elimination in the ethoxy species, 88 kimol™ whereas the hydrogenation
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of the ethoxy species back to EtOH has a lower barrier of 34 kiJmol™* As a result, all
hydrogen that is produced will be instantly consumed to hydrogenate ethoxy species,

making the desorption peaks of ethanol and acetaldehyde coincide.

In fact, only the fragmentation pattern shows that some of the ethanol is desorbed as
acetaldehyde, as all the observed patterns, 29, 31 and 45 are both present in the MS of
acetaldenyde and ethanol. Apart from this single peak, only above 400°C
(Eags = 230 kJmol™?), CO formation is observed (The 44 fragment is common to both CO2
and acetaldehyde, however CO:2 lacks the 29 fragment.), which is probably due to the

decomposition of activated carbon or of functional groups of the activated carbon.

For Au/rutile, however, a different picture presents itself: The desorption peaks and their
respective adsorption energies are listed in Table 7. At 65.9 °C (69 kJmol?), the same
ethanol and acetaldehyde peak is observed, however also some total oxidation of COz2 is
already observed. Practically all the ethanol adsorbed is indeed desorbed as acetaldehyde
or CO2. Amounts desorbed are by an order of magnitude lower than for the Au/C due to
the high surface area of activated carbon (whereas the number of Au surface atoms in this
sample is only approx. 47% of the Au/rutile). Due to the presence of oxygen (from rutile),
a clear peak is also observed for a COO species at 365.0 °C (184 kJmol™?), indicating the
presence of a strongly bound acetate-like species. This desorption energy corresponds to
the calculated barrier for acetate dissociation into CO2 and CH3*, 169 kJmol™,

For the rutile reference, two peaks are observed, acetaldehyde desorbing at 323.5°C,
173 kJmol, and CO2 desorbing at 430.3°C, 204 kJmol™. Thus, already the rutile facilitates
the oxidation of EtOH by providing sites for the B-H elimination of ethoxy species and

providing oxygen, although at much higher temepratures.

The huge differences in the TPDs reflect the influence of rutile onto the reaction as
demonstrated by the reaction order measurements in section 3.2. These TPD experiments
were performed by J. Terzan in A. Pintar’s group, Department for Environmental Sciences

and Engineering, National Institute of Chemistry, Ljubljana, Slovenia.

Table 7 Results of the Redhead analysis for Au/rutile.

Compound T(°C) Eags (kJmol?)

Acetaldehyde/Ethanol 65.9 96
Acetaldehyde 137.9 128
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Acetaldehyde 365.0 184

CO2 375.8 187
CO; 583.0 242
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Figure 9. Ethanol TPD experiments for (a) Au/C, (b) Au/rutile (c) rutile reference sample. m/z signals of 31 and 45
were used for the EtOH detection, whereas 29 was used for acetaldehyde (CH3CHO) and 44 for CO2. These TPD
experiments were performed by J. Terfan in A. Pintar’s group, Department for Environmental Sciences and
Engineering, National Institute of Chemistry, Ljubljana, Slovenia.

Operando DRIFTS measurements reveal the surface species present on the catalysts under
reaction conditions (see Figure 10 for steady-state conditions at 250°C, EtOH/Oz ratio =

1/1, and Figure 11 for the complete measurement series).

Figure 10 a) shows the region between 4000 — 2500 cm™ at 250°C (EtOH/Oz ratio = 1/1)
where for both Au/rutile and rutile the broad band at 3417 cm™ is affiliated to adsorbed
EtOH2* which can be also adsorbed in multilayers!?* and interact with remaining hydroxyl
groups (3690, 3660 and 3629 cm™?) of the rutile on the surface!®'?% (and form ethoxy
species?®). Whereas the these OH-groups cannot be seen in Figure 10, this replacement on
the surface'?®?” can be observed in Figure 11. The peak at 3417 cm™ is much more
pronounced for the rutile in contrast to the Au/Rutile sample, presumably due to the higher
surface area of rutile and higher conversion and desorption of acetaldehyde on the

Au/rutile, and thus less ethanol coverage on the latter.
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Bands at 2976 cm, 2935 cm™ and 2873cm™ were assigned to va(CH3), vs(CH3), va(CH2)
and vs(CH_)124-126.128-131 of ethanol, ethoxy and, possibly, also acetaldehyde!?’ (see Figure

10 a) and appear only after the pretreatment upon ethanol addition (see Figure 11 a)).

The Au/C sample shows bands with very low intensity (very dark powder with — as shown
by TPD — ethanol adsorption only at low temperatures with a very low metal loading of 1
wt.% and low particle surface area due to the large particle size). Between
4000 — 2500 cm?, the vsia band of adsorbed ethanol (in contrast to rutile and Au/rutile) is
absent, but the presence of ethanol can be seen through the C-H stretching bonds (not all

three peaks are clearly resolved).

Figure 10 b), on the other hand, shows the region of 1900-1100 cm™. The band at 1731 cm-
! can be assigned to the v(CO) of adsorbed acetaldehyde'?® (and possibly also in the gas-
phase!?®) and is much more clearly visible at the Au/rutile sample due to the higher
conversion. On rutile, the broad 1435 cm™ signal can be attributed to adsorbed acetate!?13!
(1438 cm™ and 1443 cm in literature®*131), vip(C-0) of n2-acetaldehyde!® or n2-acetyl**
(1432 cm™ in literature) and Sas(CHs) of acetaldehyde/ethoxy!??7 (1444 cm? in
literature?5127), On Au/rutile two bands, at 1450 and 1435 cm™ are seen whereas on rutile,
only 1435 cm™ is observed. The 1379 cm™ band is assigned to 8s(CHs) of ethoxy
species'?®129 whereas 1344 cm can be attributed to w(CHz3)/8(CHs) of ethoxy, acetyl and
n-acetaldehyde®® (1344 cm™ is the band maximum on Au/rutile, on pure rutile the band is

shifted to a slightly higher wavenumber of 1354 cm™) or adsorbed acetate!?* (1340 cm'L).

For the Au/rutile sample, a significantly different situation can be observed: The 6s(CHz3)
band of ethoxy species disappeared and the prominent bands at 1520 cm™ and 1450 cm'?
appeared, both of which can be attributed to v(COO)?6128129.131 'ths showing the presence
of acetate species. For Au/C, ethoxy species can be observed at 1379 cm™ and, possible
also v(COO) at higher wavenumbers in the same broad peak. Two small peaks at approx.

1257 and 1226 cm™ are attributed to §(OH), possibly ethanol80128.131132 or acetaldehyde!?’.

At both 150°C and 250°C, measurements were undertaken under the conditions (1) EtOH,
(1) EtOH + O, (111) EtOH, (1V) Oz, In Figure 11 a), during the pretreatment, decrease of
water can be observed. Upon switching to reaction conditions, the adsorbed ethanol appears
(as can be seen by the corresponding C-H bands, which quickly decrease under Oz-only

flow) and the rutile’s OH-groups are replaced by adsorbed ethoxy species.
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Figure 11 b) shows the dynamic behavior of the COO species on the Au/rutile catalyst.
Starting with the pretreatment under oxidative conditions (20% O3, heating from RT to
400°C with a holding time of 30 min), the COO intensity (1520/1450 cm™) of residual
organic components from the sample synthesis as also observed by Tan et al.'?®® is
decreasing only to reappear under reductive conditions (5% Hz at 300°C for 30 min). At
150°C and 250°C, a dynamic behavior of the COO species, now attributed to the acetate
coverage on Au(111) was observed: After pretreatment, the 1450/1520 cm™* bands drop in
intensity (to approx. 75% for 1520 cm™ and 50% for 1450 cm™). Under reaction conditions,
the COO bands are higher as the conversion increases, thus increasing upon switching from
condition (1) to (11), EtOH only, and upon heating from 150°C to 250°C. Afterwards, under
condition (111), EtOH, and (IV), Oz, the bands are decreasing again. The dynamic behavior
of the COO band was investigated using first principles kinetic modeling. The oxidation of
acetaldehyde to acetate was included in the model and showed a significant acetate
coverage, >10%. However, including this acetate formation had no significant effect on the
predicted reaction orders or the reaction path analysis, indicating that this species has a

spectating role.

For Au/C, no changes in the bands shown in Figure 10 were observed over time and under
different reaction conditions. A complete list of the assigned bands can be found in Table
8.

Further discussion of DRIFTS, especially the comparison the AuAg samples can be found
in5.3.1.
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Figure 10. DRIFTS spectra (transformed to Kubelka-Munk) under operando conditions (250°C, total flow of approx.
51.2 mL, with 1.1 mL/min. EtOH and Oa: partial pressure of 2.2 kPa) of the region between (a) 4000 — 2500 cm and
(b) 1900-1100 cm™L.
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Figure 11. Time-resolved operando DRIFTS measurements for the Au/rutile sample, regions between (a) 4000 — 2500
cm and (b) 1900-1100 cm™. The measurement series started with the pretreatment under oxidative conditions (RT-
400°C under 20% O2 with 10°C/min, holding for 30 minutes) followed by a reducing step (300°C for 30 min under 5%
H2). Operando measurements were performed at EtOH and/or Oz partial pressures of of 2.2 kPa = 1.1 mL/min (each).
For the whole measurement, the total flow was at approx. 50 mL/min (for exact flows see annex). (a) Shows the
replacement of hydroxy groups of the rutile with ethoxy groups whereas (b) shows the dynamic behavior of COO
species: During pretreatment, they can be attributed to residual organic species from the sample synthesis'?® and
during reaction conditions they reflect the coverage of acetate species on the Au(111).

Table 8. Complete list of assigned bands and their adsorbates (including references).

Wavenumber Wavenumber  Assignment  Adsorbate

in this work in literature

(cm™)

1260%,1264'21  §(OH)***%15L  Ethanol
8L132 11274128 132 Acetaldehyde
126117 3(OH) 7
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1348130 o(CH2)** Ethoxy, acetyl**°
1346% 5(CH3)t% Ethoxy*°, n-acetaldehyde!*®
bidentate acetate, secondary

tertiary ethanol derivative'®

1344/1354
1340 ds(CH3) adsorbed acetate'?*

1379 1379126129 8s(CHs) 126129 Ethoxy!26:129
1435 1438, 144314131 y(COO) Acetatel?4131

1450/1520 1443129155312 y(CO0)'%1%8.  Acetate!?6:128.129.131
1453131/1535131 129,131

141528 1437128

1441128/15271%8

1540128, 1583128

158012, 145612,

149612

1731 1731126 v(CO) 126129 Acetaledehyde (gas-phase) 12
173512° Acetaldehyde adsorbed on Ti02!2°

3.4. The Choice of the Catalyst Support

Different TiOz supports, anatase and rutile as well as mixtures were tested, Figure 12. All
catalysts were prepared in the same way with the same Au loading. The Au/rutile is clearly
the most active catalyst, showing the highest activity at all measured temperatures,
suggesting rutile to be the best TiO2 modification for this reaction. Au supported on pure
anatase is the second-best catalyst, however only slightly better than the mixtures of anatase
and rutile. P25 is a commercially available TiO2 consisting of approximately 80% anatase
and 20% rutile (as specified by the manufacturer). Using powder XRD and Rietveld
analysis, 87% anatase and 13% rutile were determined (See annex section 9.2). A catalyst
supported on an artificial mixture of 80% anatase, Au/anatasesorutilezo, and 20% rutile
yields nearly the same catalytic activity, proving that indeed the rutile/anatase mixture is
the most dominant factor for the catalytic activity. Interestingly, the mixtures of anatase
and rutile show lower activity than anatase, given the fact that rutile leads to higher catalytic

activity than anatase. The exact reason for this phenomenon remains unclear, maybe

o1
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significant numbers of Au nanoparticles at rutile-anatase interface play a role, as observed
in photocatalysis?®. Another possible reason is that the Au nanoparticles are not equally
distributed on anatase/rutile, possibly due to preferential nucleation at one of the two
modifications during the deposition-precipitation process. Efforts to prove on of these
hypotheses by STEM-EELS, however, failed to the low statistical relevance (quantifying

the number of nanoparticles on anatase particles and rutile particles).

Considering the reaction rate normalized to the catalyst mass, AUROIite/TiO2 shows the
lowest catalytic activity of all the Au-catalysts, Figure 12 a), however this can be attributed
to the low metal loading of 0.8 wt.% as opposed to 5 wt.% for all the other samples.
Normalizing the reaction rate to the metal mass shows that the catalyst is indeed close to
the other catalysts with an anatase/rutile mixture as support. The rutile is not only the most
potent support, it also exhibits a higher catalytic activity than anatase, however, even at
300°C, on a low level of 3.010° mol s'gea™ at a conversion of 5.9% (Figure 14) as

opposed to 1.1*10° mol sgcar® at a conversion of 2.2% (Figure 14).
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Figure 12. Comparison of Au/rutile (green), Au/anatase (purple), AUROIite/TiO2 (grey), rutile (blue), anatase
(orange), (a) reaction rate based on gram catalyst and (b) on gram metal (as determined by LA-ICP-MS, or for
AUROIite/TiOz as provided by the manufacturer.). A total flow of approx. 51.2 mL, with 1.1 mL/min. EtOH and Oz, a
1:1 ratio of the educts (resulting in a partial pressure of 2.2 kPa) was used.

A glance on the selectivity reveals interesting differences between rutile and anatase.
Whereas for Au/rutile (Figure 14 (a)), only ethyl acetate and, at 300°C, low amounts
(0.05%) of acetic acid, are produced apart from acetaldehyde, for all other Au-catalysts
much higher selectivity for acetic acid is observe: Up to 0.8% for Au/anatase (Figure 14
(b)), 0.6% for Au/P25 (Figure 14 (c)), 0.8% for Au/anatasesorutilezo (Figure 14 (f)) and
2.5% for AUROIite/TiOz (Figure 14 (g)).
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The pure supports (at very low conversion level) produce relevant amounts of acetic acid
(up to 4.6.% for rutile and 4.1% for anatase) as well as CO2 (up to 3.8% for rutile and 7.8%

for anatase).

The BET surface area of the Au/rutile catalyst was 28 m2/g and 33 m#/g for Au/anatase,
thus showing that the BET surface area plays no relevant role in the different activity. For

AUROIite/Ti02 20 m?/g were measured, which is also a comparable value.

Apart from TiOz2, also Al203 (as common “non-reducible” support) as well as ZnO were
explored, Figure 13 ((a) for the reaction rate per gram catalyst and (b) per gram metal).
Clearly, also on per metal basis, Au/rutile remains the most active catalyst. Interestingly,
comparing the commercial AUROlite catalysts, both ZnO and Al2Os are more active than
TiO2. Au/C remains the least active catalyst, however due to greatly different particle sizes,
the result must be treated with caution. The selectivity of the latter two are presented in
Figure 15. On alumina, relevant amounts of ethyl acetate, up to 5.1% at 300°C as well as
minor amounts of up to 0.3% acetic acid are produced. On ZnO, however, not only higher
activity is achieved, but also higher selectivity towards acetaldehyde, with only a maximum
of 1.6% of ethyl acetate produced at 200°C which further decreases at higher temperatures
to 1% at 300°C. No acetic acid or CO2 are produced.

In contrast to all the other catalysts presented in this section, for Au/C the selectivity
towards acetaldehyde is increasing with the temperature (from 97.9 to 99.2%, and the ethyl
acetate selectivity decreasing accordingly). It can be assumed that the reason for this is the
desorption of acetaldehyde from the Au surface, which prevents coupling of ethoxy species
with acetaldehyde.
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Figure 13. Comparison of Au/rutile (green, as reference for the most active Au/rutile based catalyst), AUROIite/ZnO
(orange), AUROIite/Al20s (turquoise), AUROIite/TiO2 (grey), Au/C (pink), (a) reaction rate based on gram catalyst
and (b) on gram metal (as determined by LA-ICP-MS, or for the AUROIite samples as provided by the manufacturer.).
A total flow of approx. 51.2 mL/min, with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial
pressure of 2.2 kPa) was used.
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Figure 15. Selectivities and conversions for (a) AUROIite/Al20s, (b) AUROIite/ZnO and (c) Au/C. A total flow of
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Thus, due to these excellent properties of rutile as support, all further (bimetallic) samples

are prepared on rutile only.

3.5. Computational Mechanistic Considerations'V

3.5.1. Computational Methods
Energies and thermodynamic parameters were calculated using the VdW-DF2
functional'®134, as implemented in the Vienna ab initio simulation package (VASP)351%,
The VdW-DF2 functional allows accurate calculation of the binding energy and site
preference of CHsO and CHsOH on Pt(111) and Cu(111)!¥. The calculations were
performed with spin polarization and a plane-wave basis set with a cutoff kinetic energy of
400 eV. The selection of Au(111) as a surface model was motivated by the structure-
insensitivity of ethanol oxidation on Au as observed by Abad et al.®” The Au(111) was
modeled as a five-layer slab using a p(4x4) unit cell, the repeated cells are separated by a
15 A vacuum layer. The optimized lattice constant, 4.33 A, slightly exceeds the
experimental value 4.07 A, The Brillouin zone was sampled with a 3 x 3 x 1 Monkhorst-
Pack grid. DFT is commonly known to be unable to describe gas phase oxygen accurately.
The enthalpy and entropy of gas phase oxygen were therefore calculated from experimental
data using FACTSAGE®, by considering the oxidation of ethanol to acetaldehyde as the

reference.

Kinetic coefficients for molecular adsorption were determined via collision theory,
assuming a sticking coefficient of 1. Kinetic coefficients for surface reactions and for
dissociative adsorption are calculated from transition state theory. Transition states were
located with the climbing image nudged elastic band (cNEB)¥%! method and
subsequently refined with the dimer'#? method. The calculated kinetic coefficients were
combined into a microkinetic model to simulate an ideal plug flow reactor. The mass

balances for the gas phase species are described in Eq. (1).

V' This chapter is based on the manuscript “Complex Kinetics for a Simple Reaction: Oxidative
Dehydrogenation of Ethanol on Gold” by J. E. De Vrieze, A. Nagl, M. Latschka, S. Mostrou-Moser, J. Terzan,
P. Djinovi¢, F. Horak, A. Limbeck, A. Pintar, J. A. van Bokhoven, J. W. Thybaut, K. Fottinger, M. Saeys.
The computational results were obtained by J. E. De Vrieze and a reprinted with permission to discuss the
reaction mechanism on Au. The chapters on bimetallic catalysts build on the understanding of the
monometallic Au catalysts shown in this chapter.
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0C; aC; 1)
a_tL + U a_ZL = pbedCtRw,i

with C;, the concentration of species i in mol m3, u the superficial velocity in m s?, pp.q
the density of the catalyst bed in kgcat ™, C, the total site concentration in mol kgear* and
R,,,; the net formation rate of species i in s™. A typical active site concentration of 1 mmol
kgear* was used.**® The mass balances for the surface species are described in Eq. (2).

20; _ ()
o~ Rw

The transient equations were integrated until steady state, instead of the solving the steady-
state equations themselves, to ensure smooth mathematical convergence. The set of
transient equations was solved in an in-house FORTRAN code using the DASPK# solver.

To discretize the axial coordinate of the reactor, a central differencing scheme was applied.

Preliminary simulations, using the as-calculated kinetic model, showed surface coverage
over 80% at lower temperatures (<150°C). This is inconsistent with the model assumptions
used in the DFT calculations, i.e., a surface coverage of 1/16 ML. Coverage effects have
proven to strongly affect the kinetic parameters'*>!46 and therefore the predicted
activity3"1% We therefore applied the methodology, originally proposed by Jorgensen and
Gronbeck, and extended the coverage correction we originally proposed for acetone

hydrogenation on Cu(111)**" to ethanol oxidation on Au(111).

3.5.2. Ethanol Oxidation Pathways
Different oxidation pathways are available for the oxidation of ethanol to acetaldehyde on
gold, the transition states of which are shown in annex section 9.8, Figure 115. With
different species are available for oxidation, the hydrogen atom of the carbon and oxygen
atom of ethanol can be transferred directly to the metal surface or to adsorbed atomic
oxygen, surface hydroxyl species, molecular oxygen and surface hydroperoxyl species.
Transfer of the hydrogen atom to surface oxygen, surface hydroxyl species, molecular
oxygen and surface hydroperoxyl species will hereafter be referred to as proton transfer.
Transfer of the hydrogen atom bound to the carbon atom in ethanol will be referred to as

B-H elimination.
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Oxidation of ethanol via direct transfer of hydrogen to the surface follows a similar profile
as previously calculated with the PBE functional®*, Figure 16 a). An ethoxy intermediate is
formed with a slightly lower barrier than the alkyl intermediate, 144 kJmol compared to
171 kJmol. Both intermediates, however, are highly unstable compared to adsorbed
ethanol, confirming that gold is inactive for ethanol dehydrogenation in the absence of
oxygen. Hydrogen transfer from the alkyl species to the gold surface is a lower barrier than

B-H elimination in the ethoxy intermediate.

Under aerobic conditions, surface oxygen atoms will be available via oxygen activation.
As previously shown for methanol oxidation, these potentially have a significant role in
activation of the alcohol?®. When atomic oxygen is available, Figure 16 b), the barrier for
ethoxy formation decreases to 15 kJmol™ via proton transfer to surface oxygen atoms. The
barrier for subsequent -H elimination in the ethoxy intermediate remains practically
identical when the hydrogen atom is transferred to the surface oxygen. The barrier for 3-H
elimination in ethanol, on the other hand drastically decreases, forming the alkyl
intermediate with a barrier of 73 kJmol™X. No transition state was found for proton transfer
from the alkyl species to surface oxygen, all estimates obtained from cNEB calculations
relaxed to the acetaldehyde during optimization with the dimer method. As such, the proton
transfer of the alkyl intermediate to surface oxygen was assumed to be spontaneous. Since
this reaction will later on be proven to be kinetically irrelevant, this has no implications on

the model results.
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Figure 16. Electronic energy profiles for the oxidation of ethanol to acetaldehyde via the alkyl pathway (green lines)
and alkoxy pathway (blue lines) using with the metal surface (a), surface oxygen (b), surface hydroxyl species (c),
molecular oxygen (d) and hydroperoxide (e) as an oxidizing species. The corresponding transition states are shown in
annex section 9.8, Figure 115.

Hydroxyl species, formed by hydrogen transfer from ethanol to surface oxygen, can also
partake in the ethanol oxidation reaction, forming adsorbed water molecules!*®, Figure
16 c). A very similar energy profile is obtained as for oxidation with surface oxygen, Figure
16 c). However, the barriers for B-H elimination are increased compared the surface oxygen

reactions.

Zhang et al.®! proposed that, in addition to atomic oxygen and surface hydroxyl species,
molecular oxygen and hydroperoxyl species can facilitate ethanol oxidation on silver doped
Au(111) surfaces. In Figure 16 d) and Figure 16 e) it is shown that these pathways also
open up on a pure Au(111) surface. Proton transfer from ethanol to molecular oxygen,
forming the ethoxy intermediate, is practically inactivated, a barrier of 1 kJmol™. Similar
to oxidation with atomic oxygen, the barrier for f-H elimination is almost unaffected, 79
kJmol?. Proton transfer from ethanol to the hydroperoxyl species is also facilitated,
decreasing the barrier to 15 kJmol™?. Subsequent B-H elimination to the hydroperoxyl
species, however, is higher activated than direct transfer to the gold surface. Formation of
the alkyl intermediate through B-H elimination with molecular oxygen (Figure 16 d)) and
hydroperoxyl species (Figure 16 €)) is in line with the observations for ethanol oxidation
with atomic oxygen (Figure 16 b)) and surface hydroxyl (Figure 16 c)) species, showing a
slightly higher barrier than via direct hydrogen transfer to the surface. No transition state

was found for proton transfer from the alkyl intermediate to molecular oxygen and
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hydroperoxyl species, these steps are therefore assumed to be spontaneous. However, due
to their Kinetic irrelevance, proven in the kinetic modeling section, this has no significant

on the simulation results.

To close the catalytic cycle and produce water, oxygen has to be activated, Figure 17.
Oxygen can undergo either direct dissociation or hydrogenation to the hydroperoxyl species
and subsequently to hydrogen peroxide (HOOH). Different hydrogenating species are
available in the formation of these peroxides. First, hydrogen can be transferred from
ethanol, surface ethoxy and ethyl species to molecular oxygen (Figure 16 d) and €)). Proton
transfer from ethanol to molecular oxygen and surface hydroperoxyl species both have low
activation barriers 1 and 15 kJmol™ respectively, while proton transfer from the alkyl

species is spontaneous.
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Figure 17. Electronic energy profiles for the activation of oxygen via direct dissociation (green), dissociation of surface
hydroperoxide (blue) and dissociation of hydrogenperoxide (orange) using surface hydrogen (A), surface hydroxyl
(B) and adsorbed water molecules (C) as a hydrogenating species. The transition states are shown in annex section
9.8, Figure 115.

Alternatively, molecular oxygen can be hydrogenated with surface hydrogen (Figure
17 a)). Direct hydrogenation of molecular oxygen has a significantly lower barrier than
oxygen dissociation, 31 kJmol™* compared to 57 kJmol™. Subsequently, the hydroperoxyl
species can again be hydrogenated with surface hydrogen, 30 kJmol, which undergoes
spontaneous dissociation into 2 hydroxyl species, or can dissociate directly, with a barrier
of 19 kimol™.

Similarly, molecular oxygen can be hydrogenated via proton transfer from surface hydroxyl
species (Figure 17 b)) and adsorbed water molecules (Figure 17 b)). When a proton is

transferred from a surface hydroxyl species to molecular oxygen, the hydrogenation steps
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become slightly exothermic (Figure 17 b)). In addition, the hydrogenation steps are
significantly higher activated than their corresponding dissociation steps. Proton transfer
from adsorbed water molecules to molecular oxygen and hydroperoxyl species, on the other

hand, are practically inactivated.

3.5.3. Simulation of Ethanol Oxidation with a Coverage Dependent

First Principles Microkinetic Model
The relative importance of each of the proposed oxidation pathways is not only determined
by the electronic energies, but also by coverage and entropy. As such, a microkinetic model
is required to investigate the dominant reaction pathway(s) and identify the rate-controlling
step(s). An overview of the adsorption coefficients for the different gas phase species used
in this model is presented in Figure 9. All adsorption coefficients were determined via

collision theory, assuming a sticking coefficient of 1.

Table 9. Adsorption rate and equilibrium coefficients at 500 K for the gas phase molecules in the model. The rate
coefficients are calculated using collision theory and equilibrium coefficients from DFT. The rate coefficients for
Ha(g) dissociative adsorption are calculated from transition state theory.

Reaction AHr[kdmol?]  AS/[ImoltK1] Keg [-] k+ [s1 Pal] k-[s4]

CH;CH,0H(g) + = CH;CH,O0H" -30 -134 1.5-107* 1.3-103 8.9-101!
CH;CHO(g) + * = CH3;CHO* -25 -133 47-1073 1.4-103 2.9 1012
Hy(g9) + 2+5 2H" 36 -58 1.7-1077 3.5-1073 2.1-10*
H,0 ++s H,0" -17 -103 2.8-107* 2.1-103 7.8-101
0,(g9) +*5 03 -6 -152 5.9-1078 1.6-103 2.7-10%5

Because DFT is known to have difficulties with describing gas phase oxygen, its energy
value was calculated using gas phase oxidation of ethanol to acetaldehyde as a reference.
The resulting binding energy of oxygen is low, at about 6 kJ mol™ which is consistent with
the low oxygen affinity of gold. The hydrogen binding energy is strongly positive, +36
kJmol, indicating that atomic hydrogen is not stable on gold surfaces. An overview of the
kinetic coefficients is shown in Table 10. Generally, kinetic coefficients were calculated
using transition state theory. However, as shown in Figure 16, some reactions are not
activated. The kinetic coefficients for non-activated reactions were calculated by fixing the
rate coefficients of the exothermic step at 10 s, the corresponding forward/backward

reaction step is subsequently calculated via thermodynamic consistency.
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Table 10. Pre-exponential factors, activation energies and rate coefficients at 500 K for the surface reactions in the
microkinetic model.

Reaction A* (s Ea* A (sh Ea k+ (s k- (s1)
(kJmol?) (kJmol-
)

Direct dehydrogenation
CH3;CH,0H" +x < CH3;CH,0" + H* 7.9 -10%° 141 1.8 10'2 34 1.5-10* 5.3-10°
CH;CH,0H" ++= CH;CHOH" + H* 5.7-10%! 170 7.6 - 1012 44 1.0-107¢  1.8-10°
CH;CH,0" ++= CH3;CHO" + H" 2.1-10%2 88 1.0 - 10%° 45 1.5-103 1.8-10°
CH;CHOH" ++= CH3;CHO" + H” 5.8-10%3 41 4.8- 10 17 3.1-10° 7.4-10°
Proton transfer to surface oxygen atoms
CH;CH,0H" + 0" = CH;CH,0" + OH* 7.1-10%° 11 1.5-10%2 60 5.5-10° 7.2-10°
CH;CH,OH" + 0" +% 6.3-10'1 71 7.6 - 1012 102 2.7 -10* 1.8- 102

S CH;CHOH* + OH*
CH;CH,0" + 0" = CH3;CHO" + OH" 2.7 - 1012 84 1.2-10%° 199 43-10° 1.9

. 10—11

CH;CHOH" + 0" = CH3;CHO" + OH" 1.0 - 10%3 0 7.9-10%° 133 1.0-10** 9.2-107*

Proton transfer to surface hydroxyl

species
CH;CH,0H" + OH* = CH3CH,0" + H,0*  2.3-10 9 2.3-10%° 14 25-10°  3.1-10!
CH3;CH,OH" + OH" + * 1.8-10%3 131 1.1-10%? 117 39-107* 6.3-107!
S CH3;CHOH® + H,0"
CH3;CH,0" + OH" = CH3CHO" + H,0" 1.4-10%° 118 3.1-10° 187 7.3-10° 8.1
. 10—12
CH3;CHOH" + OH® = CH3CHO" + H,0" 1.0-10%3 0 3.9-10° 88 1.0-10% 23-107!
Proton transfer to molecular oxygen
CH3;CH,0H" + 03 = CH;CH,0" + O0OH*  1.4-10 0.2 4.3-10° 13 1.4-10*  3.1-10'
CH3CH,0H" + 03 = CH;CHOH" + OOH*  4.3-10 89 3.3-101t 90 23-10° 1.5-102
CH3;CH,0" + 03 = CH;CHO" + O0OH* 3.7-10'2 77 1.1-10° 162 28-10* 1.2-1078
CH;CHOH" + 05 = CH;CHO" + OOH* 1.0-10%3 0 49-10° 103 1.0-10*®  85-1072
Proton transfer to hydroperoxide
CH;CH,0H" + O0OH" 8.2+ 10 9 4.5-10° 2 9.2-10°  3.0-10%°
< CH3CH,0"
+ HOOH"
CH;CH,0H" + OOH" 6.9 - 101! 111 2.2-101t 85 1.7 -10° 2.9-10?
S CH3;CHOH"
+ HOOH"
CH3;CH,0" + OOH" 1.8-10'2 103 2.1-10° 161 3.1-10'  3.6-107°
S CH3CHO*
+ HOOH"
CH3;CHOH* + OOH" 1.0-10%3 0 2.1-10? 64 1.0-10*®  4.0-107°
< CH3;CHO®
+ HOOH"
Oxygen activation
0; ++5 20" 2.5-10"2 55 5.9-10'? 149 45-10° 1.5-1073
0; + H* < O0H" + = 1.3-10%3 29 7.8- 101! 156 1.2-10*°  4.1-107°
0; + OH" < O0H" + 0" 1.0-10%2 58 6.5+ 1010 28 7.9-10° 7.6+ 107
0; + H,0" < O0H" + OH" 2.4 -10%° 0.1 4.7 -10%° 7 24-10°  9.4-10°
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OOH* + H < HOOH™ + * 2.2-10% 25 5.1-10° 124 5.4-108 5.2-107*

OOH" + OH®" < HOOH" + 0" 3.8-10% 57 1.0-1013 0 3.9-10°8 1.0-1013
OOH" + H,0" = HOOH" + OH" 1.9-10%2 12 1.0-10%3 0 9.7-10° 1.0-1013
OOH" + < OH" + 0" 6.8-10%2 19 2.4-10" 143 7.4 1010 2.6-1071
HOOH" + = 20H" 1.0-1013 0 1.4-10%° 182 1.0-1013 1.4-1073

Oxygen hydrogenation

0" +H' 5 OH" + » 42101 55 38-102 211 84-10° 3.2
-10710

OH'+ H' 5 H,0" + 47-10% 53 21-10° 165 13-107  1.2-1077

0" + H,0" = 20H" 1.1-10' 10 2.3-10% 55 9.9-10°  4.0-10°

Due to enthalpy corrections, a negative activation energy was found for the proton transfer
from hydrogen peroxide to surface hydroxyl species and oxygen atoms. Therefore, these
reactions were also calculated using this strategy. Because of the way non-activated
reactions were handled, the recombination of two hydroxyl groups into hydrogen peroxide
has a high pre-exponential factor, 10'® s. However, this step will later be shown to be
kinetically irrelevant (DRC < 0.01) and, as a result, the absolute value of this pre-

exponential factor has no effect on the model results.

Due to the high mobility of adsorbed water molecules and hydroperoxyl species, the
entropic cost for proton transfer from these species is significantly higher than for direct
hydrogenation. As a result, the pre-exponential factors for these steps are generally a few
orders of magnitude lower than for direct hydrogenation, 108 to 10*? s** compared to 10*°
to 1013 s,

When the adsorption coefficients (Figure 9) and the kinetic coefficients are used to simulate
the kinetics of ethanol oxidation, high ethoxy coverages are obtained at low temperature
conditions, 150 °C and below, which is inconsistent with the “clean surface” assumption
used in the DFT calculations. To remedy this, coverage effects must be considered. The
coverage model, calculated for acetone hydrogenation on copper in our recent
contribution'®’, was therefore extended to ethanol oxidation on gold. Consistent with
acetone model, only the coverage of atomic oxygen, surface hydroxyl species and surface
alkoxide are significant, i.e. above 1%. In addition, the microkinetic model is only sensitive
to the stability of atomic oxygen, surface hydroxyl and the alkoxy species. To extend this
coverage correction model, several steps were required. The destabilization of oxygen,
surface hydroxyl and ethoxy (alkoxy) due to the oxygen, hydroxyl and ethoxy coverage
was estimated using ab initio calculations at different coverages, 1/9 ML to 4/9 ML for

intra-species repulsion and 1/9 ML to 3/9 ML for inter-species repulsion (annex section
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9.8, Figure 116 - Figure 124). The resulting destabilizations were subsequently fit to power
law functions, as they have proven to show the best fit for these species'®’, Figure 115
(annex section 9.8). The resulting destabilization functions are shown in Table 11.
Coverage effects for the transition state were calculated via a typical Bronsted-Evans-
Polanyi relationship with a transfer coefficient of 0.5.

Table 11. Intraspecies and interspecies repulsion correction functions to account for the effect of the dominant species,
O, OH and ethoxy, on the sensitive species. The repulsion corrections are estimated in a coverage range of 1/16 to
1/3 ML.

Intraspecies repulsion (kJ mol?)
2.77

6o on 0" 5Go(8,) = 443 (90 - R)
2.40
0ok on OH" 8Gou(Bon) = 173 (90H - 1—6)
1.83
OetHon ETH" 8Ggry(Opry) = 223 (HETH - 1_6>
Interspecies repulsion (kJ mol?)

foon OH" Gon(80) = 360(65)"°
Ooon ETH" Gpru(60) = 204(6p)"*®
Ooron O Go(Bon) = 481(6op)*™*
Ooron ETH" Gern (Bon) = 171(8on)"7®
Oethon OF Go(Ogry) = 165(Opry)*3*
BeTHon OH" Gon(Bpry) = 563(0pry)*>’

By implementing these coverage-correction functions directly into the kinetic coefficients,
the effect of coverage was accounted for during the simulations. Using this coverage
dependent microkinetic model, a turnover frequency (TOF) of 1.9 s was found under
standard conditions (200 °C, 15 kgcas moleton™, EtOH:02 and prot = 5.0 kPa), which is
slightly higher than the experimentally measured TOF (Table 5). Under these conditions,
the coverage is drastically reduced compared to the model without coverage corrections,

Figure 19, and are within the range used to calculate the coverage corrections.

Using the coverage-dependent microkinetic model, the reaction orders of oxygen, Figure
18 a), and ethanol, Figure 18 b), were calculated between 100 °C and 300 °C and compared
to the experimentally measured ones. In principle, an infinitesimally small variation of the
partial pressure should be considered to calculate the reaction order. From an experimental
perspective, however, a significant change in partial pressure is required to eliminate
measurement errors. Therefore, we calculated the reaction orders using DFT at 1%

variation and at the pressure variation used in the reaction order measurements to estimate
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the effect of the pressure range and introduce error bars. As shown in Figure 18 a), the
oxygen reaction order is rather sensitive to the pressure range between 100 °C and 200 °C
while the ethanol reaction order remains practically unaffected. In generally a good

corresponding is observed between experiment and first principles microkinetics.

a) 08 ) 08 r
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06 [ | ®exp T 06 Ll®exp
- [ o} [
I =
2 [ & 5 [ *se.
) o ® o S
{ o M ®
02 02
¢
0 I T T T T 1 L L1 13 L 0 Ll Ll Ll I
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)

Figure 18. Comparison experimentally measured (green) and DFT calculated (blue) reaction orders of oxygen (A)
and ethanol (B). The error bars indicate how reaction orders change when they are estimated with a 1% to a 50%
partial pressure variation. Conditions: 15 kgcat S moleor™, poz = 2.5 kPa, petor = 2.5 kPa.

The oxygen reaction order shows an almost constant value between 0.3 and 0.4 up to a
temperature of 200 °C (Figure 18 a)). Above 200 °C, the DFT model predicts a decrease in
oxygen reaction order as observed for Au/rutile (Table 5), rather than a constant reaction
order as observed for Au/C. The ethanol reaction order generally increases with increasing
temperature but is calculated to be almost constant between 200 °C and 250 °C (Figure 18
b)). Beyond 250 °C, the ethanol order increases further and again the order gets closer to
the one for Au/rutile than the one for Au/C. To understand these trends, the surface

coverages are investigated, and a reaction path analysis is performed.

Figure 19 shows the change in surface coverage as a function of temperature at the typical
experimental conditions. As expected, the surface is relatively free at high temperatures
and the ethoxy coverage decreases from 18% at 100°C to 0.2% at 300°C. Surprisingly, the
oxygen coverage first shows a minimum at 200°C and the hydroxyl coverage gradually

increases with temperature.
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Figure 19. DFT calculated surface coverages of oxygen (green), hydroxyl species (blue), ethoxy (red) and empty sites
(orange). Conditions: 15 kgcat s moletor™, po2 = 2.5 kPa, petor = 2.5 kPa.

A reaction path analysis was performed for the oxidation mechanism, a schematic
representation is shown in Figure 20. All oxidation pathways proposed in literature were
included and, rather than one being dominant, a mix of different pathways contribute to the
oxidation activity at 200°C. Ethanol activation occurs via proton transfer mainly to surface
hydroxyl species, 50%, but also a significant fraction to both atomic and molecular oxygen.

The resulting ethoxy species subsequently transforms to acetaldehyde via 3-H elimination.

Figure 20. Reaction path analysis for the oxidation of ethanol to acetaldehyde. The numbers indicate the fraction of
each component consumed in a particular reaction step. Dotted arrows indicate reaction steps with a fraction below
0.5%, while green arrows indicate reaction steps with a fraction equal to or above 50%. Conditions: 15 kgcat S moletor
! pot =5 kPa, EtOH:02 =1, T =200 °C.

However, a large amount (40%) of the ethoxy species go back to ethanol via direct
hydrogenation of the oxygen atom. As such, the reaction generally follows the mechanism
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as originally proposed by Xu et al.?® but, rather than proton transfer only to oxygen, ethanol
is activated by a mixture of different oxygen species. Proton transfer to the hydroperoxyl
species, however, is not significant as the rate of proton transfer is significantly lower than
the rate for hydroperoxyl dissociation (Table 10). The oxidation mechanism is strongly
sensitive to the reaction temperature, as shown in Figure 125. The contribution of the proton
transfer to molecular oxygen decreases with increasing temperature, from 24% at 100 °C
to 1% at 250°C. This is caused by the difference in activation energy between direct
dissociation and proton transfer, 55 and 0.2 kJmol™ respectively (Table 10). This also
explains the evolution of oxygen coverage observed in Figure 19. At low temperatures, the
effect on adsorption dominates, decreasing the coverage of molecular oxygen and, as a
result, the coverage of atomic oxygen. At high temperatures, however, the oxygen
dissociation dominates and more Oz dissociates into atomic oxygen. The increase in
hydroxyl coverage with temperature is a result of the increasing contribution of the proton

transfer to atomic oxygen.

Similarly, a reaction path analysis is performed to identify the main pathway for oxygen
activation, as presented in Figure 21. Two major pathways compete: direct dissociation and
proton transfer from ethanol followed by hydroperoxyl dissociation. At 200 °C, most of the
molecular oxygen undergoes proton transfer to the hydroperoxyl intermediate, 54%. A
small of the molecular oxygen, 1%, is directly hydrogenated to hydroperoxyl. The
remaining 45% undergoes direct dissociation. When the temperature increases, direct
dissociation of oxygen becomes more dominant (Figure 126) because of the difference in
activation energy as discussed previously. At 250 and 300 °C, direct dissociation is the
dominant activation pathway with a contribution of 95% and 99% respectively. At low
temperatures, however, the opposite is observed and oxygen activation via hydroperoxyl

dissociation is dominant, 100% at 100 °C.
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Figure 21. Reaction path analysis for the oxygen activation in ethanol oxidation to acetaldehyde. The numbers indicate
the fraction of each component consumed in a particular reaction step. Dotted arrows indicate reaction steps with a
fraction below 0.5%, while green arrows indicate reaction steps with a fraction equal to or above 50%. Conditions: 15
Kgcat S moletor, prot = 0.05 bar, EtOH:02 = 1, T = 200 °C.

To fully understand the reaction orders calculated in Figure 18 and connect to the reaction
mechanism, insight in the rate-limiting step(s) is required. In reaction networks with a large
amount of reactions, the reaction rate is often determined by one reaction, i.e. the rate-
limiting step(s). In addition, as the reaction mechanism changes with operating conditions,
a change can in rate-limiting step(s) is possible. To systematically study the rate-limiting
character of a reaction, Campbell et al.}*® defined the degree of rate control (DRC), Eq. (3),
which is a normalized sensitivity factor of the overall reaction rate to the rate of an

individual reaction step.

_ 9aIn(R) 3
DRCG =3 In(k;)

Using this definition for DRC, the evolution of the rate-limiting steps with temperature was
evaluated, Figure 22. At low temperature (100 °C), the TOF is mainly determined by the
B-H elimination in the ethoxy intermediate and direct activation of oxygen. The DRC for
of the B-H elimination increases with increasing temperature in a similar fashion as the
ethanol reaction order (Figure 18). Both reactions that determine oxygen activation, on the
other hand, decrease with increasing temperature. The trend of the reaction order can thus
be explained by a shift in rate-limiting step. At low temperature, the reaction rate is
determined by both the activation of oxygen and oxidation of surface ethoxy species,

resulting in an almost equal ethanol reaction order. When the temperature increases,
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however, ethoxy oxidation becomes the single rate determining step and its DRC increases,

decreasing the oxygen order and increasing the ethanol order.
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Figure 22. Degree of rate control for direct dehydrogenation of ethoxy species (green), direct dissociation of oxygen

(blue), ethoxy dehydrogenation to oxygen (red) and proton transfer of ethanol to molecular oxygen (purple) at different
temperatures. Conditions: 15 kgcat S moletoH™, ptot = 0.05 bar, EtOH:02 = 1.

3.6. Conclusion
Carbon and rutile supported gold catalysts were investigated for ethanol oxidation. Both
materials showed a very high selectivity to acetaldehyde (>95%) with ethyl acetate as the
major side product (~ 3%). Au/C and Au/rutile also show a similar reaction rate at 200°C,
with Au/rutile being more dependent on temperature. Even though they show a similar
activity and selectivity under reaction conditions, a study of the reaction orders showed that
the kinetics of Au/C and Aul/rutile are significantly different. While the oxygen order
remains almost constant at 0.3 with increasing temperatures on Au/C, it decreases to O at
300 °C on Aul/rutile. The ethanol order increases on both materials but shows a stronger
increase on Au/rutile. First principles microkinetics was applied to investigate the dominant
reaction pathway and rationalize the change in reaction orders. Rather than one route being
dominant, the reaction path analysis reveals that proton transfer of ethanol can go to atomic
oxygen, surface hydroxyl species and molecular oxygen, the contribution of each step
depending on the operating conditions. In addition, it was shown that the temperature
dependence of the reaction orders is a result of a mix of rate-limiting steps. At low
temperatures, both oxygen activation (both direct or via proton transfer to hydroperoxyl)
and ethoxy oxidation are rate-limiting. When the temperature increases, the ethoxy B-H
elimination becomes increasingly dominant resulting in an increase in the ethanol order.

Operando DRIFTS measurements confirmed ethoxy species as predominantly present on
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the surface. A dynamic behavior of the COO band was observed, correlating with

conversion. However, DFT modeling confirmed the spectating character of that species.

Whereas Au/C turned out to be a viable model/reference system for the first principles
microkinetics, its activity is the lowest of all the catalysts investigated (in fact, not only in
this chapter, but in the whole thesis). The most obvious reason for this lies in the
considerably larger gold particles on the carbon support, a mean size of 14.5 nm, as opposed
to < 4 nm on all the other supports. It seems, the metal-support-interactions on oxide
supports favor the formation of smaller nanoparticles exposing a higher number of active

sites on the surface.

However, apart from this particle size effect, different supports have a profound effect on
catalyst activity. The comparison of different commercial AUROIite catalysts showed an
order in activity, Au/ZnO > Au/Al203 > Au/TiO2. However, the mixture of anatase/rutile
does not seem to have an as beneficial role as phase pure anatase or rutile. The latter, rutile,
indeed exposes the highest activity and greatest effect. Thus Au/rutile has been chosen for
the mechanistic studies and all further catalysts in this work are supported on rutile. With
this result in mind, the new order of activity is Au/rutile > Au/ZnO > Au/anatase and

AU/Al20s, indicating a role of the reducibility of the support in the reaction.

Due to multiple factors playing a role, particle size, morphology of the support and even
the possible role of Au at rutile/anatase interfaces as observed in photocatalysis?® make an
analysis of the exact reasons for the superior catalytic properties of rutile difficult. One
possible explanation could lie in the involvement of surface oxygen at or close to Au
perimeter sites (“Au-assisted Mars-van-Krevelen mechanism™)®* which could be favored
on rutile. Also for photocatalysis, differences between rutile and anatase in the oxygen
activation is discussed®™. The dual perimeter-concept predicts an active role of the support
to provide active species for the Au/TiO: interface'®, and indeed for different anatase
crystal planes, different TOFs were observed for CO oxidation (Au/Ti-100 being the most
active). Liu et al.» report that Au/Ti-100 is able to of oxygen activation whereas Au/Ti-
001 is found to be inert (or anatase). Also, the Au lattice is not deforming on rutile beyond
minimal strain, suggesting minimum forces between Au and rutile, whereas for anatase, a
strong epitaxial relationship was observed®®. DFT calculation reveal differences in oxygen
vacancies®™, with Morgan and Watson reporting more favorable vacancy formation for

anatase'®. For the reducibility, however, anatase is predicted to be more difficult to reduce
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than rutile®. In the carbothermic reduction, on the other hand, rutile was found to reduce

earlier, at a lower temperature of 830°C (anatase at 875°C)*,

At this point, the reason for the higher activity of rutile remains unclear, however due to
the experimental results, rutile is the preferred support.

71



4. Bimetallic Catalysts: Choice of the Promoter

Several different promoters have been investigated, Ag, Ru and Pt. 5 wt%. Au were
combined with 1 wt.% promoter, except for Pt with 2 wt.%. The reason for this was the
high atomic mass of Pt of 195.08, which is roughly twice as high as the respective atomic
masses of Ag (107.87 g/mol) and Ru (101.07 g/mol). That way it was possible to keep the

molar ratio of Au/promoter constant.

This first set of samples (batch 1), was prepared in small quantities to perform a kinetic
screening, Figure 23, showing AuAg/rutile as the most performant catalyst, followed by
Au/rutile and AuRu/rutile and Au/Pt. For other kinetic results showed in this thesis, a fresh
set of samples was prepared, thus absolute values of the reaction rates are different (due to
different particle size distributions, etc.). The AuRu/rutile marks a special case as, the very
first screening (with undiluted samples) showed it to more active than the Au/rutile (data
not shown). However, it seems, there is an ageing effect of the catalyst during storage.
AuPt/rutile, on the other hand, demonstrates that the platinum indeed causes catalyst
deactivation. Also, there are notable changes in the selectivity, as shown in Figure 24:
Whereas for Au/rutile, relevant amounts of ethyl acetate and, at 300°C, 0.8% CO2 where
obtained, AuAg/rutile shows excellent selectivity for acetaldehyde (> 98%) with solely
ethyl acetate as by-product. AuRu/rutile shows the highest amount of CO2 produced (2.9%
at 275°C and 5.0% at 300°C), but also, as the only catalyst, relevant amounts of acetic acid
(1.7%). AuPt also produces ethyl acetate as by-product and no CO2, however at very low

conversion levels.
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Figure 23. Kinetic measurements for AuAg/rutile (orange), Au/rutile (light green), AuRu/rutile (dark green) as well
as AuPt/rutile (purple). Reaction rate was normalized to the catalyst amount (in gram). A total flow of approx.
51.2 mL/min, with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial pressure of 2.2 kPa) was
used. AuRu/rutile is marked with a star to highlight its catalytical performance that is impacted by ageing effects.
Initially, measured under non-optimum conditions without dilution, it showed 100% conversion, better than the
Au/rutile (data not shown). The selectivity for these measurements in depicted in Figure 24.
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Figure 24. Selectivities for the measurements presented in Figure 23, (a) Au/rutile, (b) AuAg/rutile, (c) AuRu/rutile
and (d) AuPt/rutile. Whereas for Au/rutile, relevant amounts of ethyl acetate and, at 300°C, 0.8% CO2 where obtained,
AuAg/rutile shows excellent selectivity for acetaldehyde (> 98%) with solely ethyl acetate as by-product. AuRu/rutile
shows the highest amount of CO2 produced (2.9% at 275°C and 5.0% at 300°C), but also, as the only catalyst, relevant
amounts of acetic acid (1.7%). AuPt also produces ethyl acetate as by-product and no CO2, however at very low
conversion levels.

Furthermore, we tested a series of catalysts prepared by S. Mostrou-Moser at the ETH
Zurich by flame spray pyrolysis (FSP): Au/TiO2, AuAg/TiO2, AuPt/TiO2, AuPd/TiO2
(particle sizes expected to be between 5 and 6 nm). The metal loading was 1.5 wt.%, with
a 1:1 ratio of the two metals for the bimetallic samples. The TiO2 support consisted mainly
of anatase (anatase rutile ratio on average ca. 4.3:1, as determined by XRD at the ETH
Zirich).

The results of the kinetic activity screening are depicted in Figure 25. In order to show the
evolution of the conversion, the x-axis shows the reaction time (even though the
measurement was performed starting at 100°C, due to the low conversion in this range,
values are only shown for temperatures > 200°C). Interestingly, none of the promoters

exposes higher activity than the Au/TiOz2, and the activities are approximately by an order
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of magnitude lower than for the DP/IWI-prepared samples, however a lower metal loading
of 1.5 wt.% in total (Au/promoter = 1/1), in contrast to 5% Au + 1 wt%. promoter (and
even 2 wt.% in case of Pt), must be considered. Furthermore, direct comparison, e.g. by
normalizing the reaction rate to the metal loading, is difficult because of the varying
Au/promoter ratio, which can have a profound effect on the catalytic activity. One of the
huge advantages of FSP-prepared catalysts is the lack for need of post-processing (no need
for calcination to remove residues from the synthesis and immediately formed
nanoparticles, whereas for the DP-prepared catalysts pretreatment is an integral step to
produce homogeneous nanoparticles), on the other hand, however, there is no control that
the metal nanoparticles are on the surface of the support (which is guaranteed for the

DP/IWI-prepared samples).
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Figure 25. Comparison of FSP-prepared catalysts, Au/TiO2 (orange), AUAg/TiO2 (turquoise), AuPd/TiO2 (blue) and
AuPt/TiO2. A total flow of approx. 51.2 mL/min, with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting
in a partial pressure of 2.2 kPa) was used. Interestingly, for neither of the samples was a better activity than for the
monometallic Au sample observed.

Whereas for all the samples the reaction time of approximately 2 hours 18 minutes (which

equals six GC runs) for one condition was enough to reach steady-state conditions, this was
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not the case for the AuAg/TiO2 prepared by flame spray pyrolysis. Indeed, a similar trend
was observed for one more catalyst, the AuAg/C, where then a longer time period (18 GC
runs = 6.9 hours) was chosen. Unfortunately, for AuAg/TiO: this was not possible, due to
lack of available sample. Evidently however, the catalyst is further increasing its activity,
possibly the high temperatures favor migration of Au and Ag and the bimetallic particles
are just forming under operando conditions at 300°C (to a lower extent, this is also observed
for the Au/TiOz2 catalyst). Interestingly, this very same AuAg/TiO2didn’t show any activity
at all in the liquid phase. The influence of the liquid-phase and water will be discussed in
chapter 6.

Figure 26 gives an overview of the selectivities of the catalysts. In all cases, acetaldehyde
is the main product, however for Au/TiO2 also up to 2.6% ethyl acetate, 2.9% acetic acid
and the total oxidation product, CO2, with 1.5% is produced at 300°C. Whereas AuAg/TiO2
starts with nearly 100% selectivity for acetaldehyde, at 300°C produces about the same
amount of ethyl acetate (2.5%), 4.9% acetic acid and no CO2. AuPd/TiO2 on the other hand,
produces 8.7% CO2 at 150°C, an amount that doubles to 15.2% at 300°C (and up to 9%
ethyl acetate and 0.9% acetic acid). Thus, this catalyst has to be considered the worst of all
the investigated ones. Among the FSP-prepared catalysts, the AuPt/TiO2 produces most
acid (up to 5.0% at 300°C), however also up to 2.6% ethyl acetate and 4.7% CO2 were
observed. Interestingly, as most by-products show a trend, here the acetic acid is mostly
produced at 250°C and then decreases upon further temperature increase.
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Figure 26. Selectivities and conversions for the samples prepared by flame spray pyrolysis, (a) Au/TiOz, (b) AUAg/TiOz,
(c) AuPd/TiOz and (d) AuPt/TiO2. A total flow of approx. 51.2 mL, with 1.1 mL/min. EtOH and Oz, a 1:1 ratio of the
educts (resulting in a partial pressure of 2.2 kPa) was used. In all cases, acetaldehyde (CH3CHO) is the main product,
however ethyl acetate (EtOAc), acetic acid (CH3CHO), and CO: are side-products observed.

Motivated by these results, further work focused on silver as promoter: It combines
excellent activity, selectivity as well as stability. Ruthenium is the second very promising
(provided, the ageing effect can be understood and controlled) catalyst, though no further

investigation was undertaken.
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5. Bimetallic Supported Gold-Silver Catalysts

5.1. Catalyst Characterization
Particle size distributions for the AuAg nanoparticles as well as their monometallic
references were determined by STEM-HAADF, Figure 27 and Table 12. The micrographs
show highly dispersed nanocrystalline nanoparticles. This was confirmed by XRD as
shown in the annex, section 9.2. The TOFs were obtained by assuming a hemispherical

shape of the particles and the mean particle sizes listed in Table 12.

Table 12. Mean particle sizes of the AuAg nanoparticles as well as their monometallic references.

Mean particle size (nm) Particles considered

3.6 +1.2nm 252
2.7+0.4nm 51
145+ 4.5 nm 60
15.8+5.1 nm 203

Au/rutile and AuAg/rutile have a very similar particle distribution with mean values of 3.3

+ 1.0 nmand 3.6 £ 1.2 nm, respectively. Sintering, e.g. due to the the presence of AgCl (as
residue from the synthesis)®, is limited during the pretreatment process. The Ag/rutile
sample does indeed have very small nanoparticles, 2.7 £ 0.4 nm. Au/C and AuAg/C have

quite large particles of 14.5 + 4.5 nm and 15.8 + 5.1 nm, respectively.

The Aul/rutile as well as the AuAg/rutile used for the operando studies (batch 4) at the
synchrotron beamtimes (see section 5.3.2 and 5.3.3 for NAP-XPS, section 5.3.4 for XAS
and section 6.3.2 for NAP-XPS and XAS measurements to determine the influence of
water), have a similar size distribution of 2.8 £ 0.5 nm and 3.8 + 0.8 nm, respectively (the

size distributions as well as STEM-HAADF images are shown in the annex, section 9.6.2).
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Figure 27. STEM-HAADF micrographs of a) Au/rutile, b) AuAg/rutile, ¢) Ag/rutile, d) Au/C and e) AuAg/C and their
respective size distributions, which are also summarized in Table 12.

For both Au/rutile and AuAg/rutile, STEM-HAADF measurements were performed after
the reaction to check for possible sintering. The respective size distributions (Figure 28)
show a slight decrease in the mean particle size from 3.3 £ 1.0 nm after the pretreatment to

2.9 £ 0.9 nm after the reaction for Au/rutile. For AuAg/rutile, however, a sintering from
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3.6 £1.2nmto 4.3+ 1.2 nmis observed resulting in a more size distribution closer to an
ideal normal distribution. For both samples, a double-sided t-test was performed to confirm
a significant difference between the respective measurements after pretreatment/after
reaction. The same outcome could be observed for batch 4 of the Au/rutile and AuAg/rutile
catalysts, showing a decrease of the mean particle size from 2.8 £ 0.5 nmto 2.6 £ 0.7 nm
for Au/rutile and a sintering from 3.8 £ 0.8 nm to 4.7 = 1.3 nm for AuAg/rutile (the size
distributions as well as STEM-HAADF images are shown in the annex, section 9.6.2), thus

confirming the trend observed.

The reason for the sintering was not further investigated, however, possibly the formation
of Ag™ is facilitated by chloride residues from the synthesis as reported in the work of Wang
et al.%, which could play a relevant role. Still, all the TOFs calculated in this thesis rely on
the particle size distributions obtained after the pretreatment process.
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Figure 28 Size distributions after the pretreatment process and after the reaction, for (a) Au/rutile and (b) AuAg/rutile.

Due to the lower metal loading of 1 wt.% and the small nanoparticles as well as the
considerably lower contrast, STEM-EDX/EELS was performed in order to verify the silver
nanoparticle’s identity, Figure 29. These STEM-EDX/EELS micrographs shown were
imaged in cooperation with T. Schachinger, USTEM, TU Wien.
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Figure 29. STEM-EDX/EELS of the Ag/rutile sample. Spots visible were confirmed to be Ag nanoparticles (with
EELS, naturally, yielding higher spatial resolution. Measurements in cooperation with T. Schachinger, USTEM, TU
Wien.

For the AuAg/rutile catalysts, their bimetallic character, alloying and possible segregation
(though, under ex-situ conditions) were also imaged by STEM-EDX, Figure 30. Although
the bimetallic character of the particles was confirmed, the limited spatial resolution as well

as beam-damage prevented the proof or disproof of segregation.
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Figure 30. STEM-EDX measurements of three different nanoparticles (a-c) from the AuAg/rutile sample at USTEM,
TU Wien. Although the bimetallic character of the particles was confirmed, spatial resolution was too low to either
detect segregation or rule it out. Measurements in cooperation with T. Schachinger, USTEM, TU Wien.

Thus, using better instrumentation, measurements using a probe Cs-corrected Scanning
Transmission Electron Microscope, in cooperation with G. Drazi¢ and A. Pintar,
Department for Environmental Sciences and Engineering, National Institute of Chemistry,
Ljubljana, Slovenia, were done. Results, Figure 31, indicate wide areas with pure gold
nanoparticles, as well as areas with small amounts of Ag within the Au particles. Most of
the silver, however, is to be found in larger bimetallic particles of 3-5 nm size (see Table
13 for a standardless quantitative EDX analysis of six nanoparticles in that size range). No
indication for Ag surface segregation could be found, although the situation could be
different under operando conditions. HR-STEM imaging of the sample is depicted in
Figure 34 (after the pretreatment of the sample) and Figure 35 (after reaction), whereas
Figure 33 shows a detailed analysis of one of the larger particles (after pretreatment) with
facets equivalent to (111) as well as (002). Figure 35 c) features an area with those larger
bimetallic AuAg nanoparticles. Additional data supporting the claims of this chapter, line

scans of the sample, are printed in the annex, section 9.6.
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Figure 31. STEM-EDX imaging (at 200 kV) of three different areas, showing areas with pure gold nanoparticles (a),
low amounts of Ag within the Au particles (b) and a larger particle of 4-5 nm. Most of Ag is located in 3 -5 nm-sized
particles. Measurements in cooperation with G. DraZi¢ and A. Pintar, Department for Environmental Sciences and
Engineering, National Institute of Chemistry, Ljubljana, Slovenia. The corresponding EDX spectra for a) and b) are
shown in Figure 32.
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Figure 32. EDX spectra (taken at 200 kV) for the images presented in Figure 31 a) and b). For a), Ag is below the
limit of detection (approx. 0.5 at%.) whereas in b) a small amount of Ag is present. Measurements in cooperation with
G. Drazi¢ and A. Pintar, Department for Environmental Sciences and Engineering, National Institute of Chemistry,

Ljubljana, Slovenia.
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Table 13 Standardless quantitative EDXS analysis of six different AuAg nanoparticles of 3-5 nm size, provided by G.
Drazié. Due to the geometry and support effects, a relative error of at least 10% has to be assumed.

Element (keV) Counts Sigma
Ag L 2.984 25.57 15.2 24.41 24.7
Au M 2.12 137.19 84.8 13.9 75.4

AgL 2.984 36.16 4.3 1.17 7.6
AuM 2.12 768.88 95.7 3.18 924

Ag L 2.984 61.18 19.8 15.15 31.0
AuM 212 244.73 80.2 11.08 69.0

AgL 2.984 535.36 154 84.71 24.9
AuM 2.12 2899.61 84.6 212.45 75.1

Ag L 2.984 677.54 13.2 0.49 21.7
AuM 212 4389.3 86.8 1.23 78.3

Ag L 2.984 6.92 10.1 151.53 17.0
AuM 2.12 60.98 89.9 21.05 83.0

~

Figure 33. Brightfield STEM images, a) and b), of a larger particle from the AuAg/rutile sample, after pretreatment,
taken at 200 kV. c) shows an analysis of the exposed facets, equivalent to (111) as well as (002). Measurements in
cooperation with G. DraZi¢ and A. Pintar, Department for Environmental Sciences and Engineering, National
Institute of Chemistry, Ljubljana, Slovenia.
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Figure 34. Brightfield STEM images from the AuAg/rutile sample, after pretreatment, taken at 80 kV. Measurements
in cooperation with G. DraZi¢ and A. Pintar, Department for Environmental Sciences and Engineering, National
Institute of Chemistry, Ljubljana, Slovenia.

a) b) c)

Figure 35. Brightfield STEM images from the AuAg/rutile sample, after reaction, taken at 80 kV.Measurements in
cooperation with G. DraZi¢ and A. Pintar, Department for Environmental Sciences and Engineering, National
Institute of Chemistry, Ljubljana, Slovenia.
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STEM-EDX was also performed for the AuAg/C sample to confirm the bimetallic character
of the nanoparticles, Figure 36. Clearly, the nanoparticles are composed of Au and Ag, but
separate Au/Ag, either single atoms or very small clusters, cannot be ruled out. Most likely

the signals between the nanoparticles are noise or originate from scattered electrons.

a) b)

Figure 36. STEM-EDX measurements for the AuAg/C sample, (a) Au L-edge and (b) Ag L-edge. Due to the low signal
intensity of Ag, switching to another lens was necessary, resulting in some spherical aberration. Clearly, the
nanoparticles are of bimetallic nature. The signals between the larger nanoparticles most likely originate from
scattered electrons, however some separate Au/Ag cannot be ruled out. Measurements in cooperation with K.
Dobrezberger.
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The samples were further characterized by TPD (experiment performed by J. Terzan in A.
Pintar’s group, Department for Environmental Sciences and Engineering, National Institute
of Chemistry, Ljubljana, Slovenia), see Figure 37. Whereas the TPD of Au/rutile and rutile
was discussed in detail in 3.3, the AuAg/rutile, Figure 37 b), and its differences from
Au/rutile shall be discussed here. Whereas the peak pattern is very similar, all the peaks,
Table 14 are shifted to higher temperatures for AuAg/rutile. The similarity of peaks points
to the same adsorption/desorption pattern, but integration of the peak area above 250°C,

shows 43% lower CO2 production for AuAg/rutile and it is occuring at roughly 60°C higher

temperatures.
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Figure 37. Ethanol TPD experiments for (a) Au/rutile, (b) AuAg/rutile and (c) rutile reference sample. m/z signals of
31 and 45 were used for the EtOH detection, whereas 29 was used for acetaldehyde (CH3CHO) and 44 for CO2. These
TPD experiments were performed by J. Terian in A. Pintar’s group, Department for Environmental Sciences and
Engineering, National Institute of Chemistry, Ljubljana, Slovenia.

Table 14. TPD peaks shown in Figure 37, a) Au/rutile and (b) AuAg/rutile.

Compound Aulrutile AuAg/rutile
T(°C)/ Eaapp (kJmoIl) T(°C)/ Eaapp (kJmoIl)

65.9 /96 86.5/102
137.9/128 186.5/ 131
365.0/ 184 409.4 /197
375.8/187 438.4 /206
583.0/ 242 555.7 / 241

BET surface areas for the rutile-based catalysts are printed in Table 15.
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Table 15 BET surface areas for the rutile-based catalysts.

Sample BET surface area (m?2/g)

Rutile 103 (manufacturer: 105)
Au/rutile 28
AuAg/rutile 29
Au/rutile (batch 4, synchrotron) 39
AuAg/rutile (batch 4, synchrotron) 21

5.2. Kinetic Measurements and Mechanistic Considerations
Reaction rates as determined are depicted in Figure 38. Clearly, AuAg/rutile is the most
active catalyst, clearly suggesting the synergistic effect between Au and Ag, followed by
Au/rutile and Ag/rutile. Especially the latter is remarkable, as the metal loading is just 1
wt.%, in contrast to 5 wt.% for Au/rutile, and 5 wt.% Au with 1 wt.% Ag for AuAg/rutile.
Au/C (1 wt.% Au) and AuAg/C (1 wt.% Au 0.2 wt.% Ag) are reference catalyst based on
the commercial Au/C purchased from Strem Chemicals. Due to their large particles, (14.5
+ 4.5 nm for Au/C, 15.8 + 5.1 nm for AuAg/C) the reaction rate is very low, however, also

for the AuAg/C the promotional effect Ag is clearly observed.
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Figure 38. Kinetic measurements for AuAg/rutile (orange), Au/rutile (green), Ag/rutile (grey) as well as AuC/rutile

(purple). Reaction rate was normalized to the catalyst amount (in gram). A total flow of approx. 51.2 mL, with 1.1
mL/min. EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial pressure of 2.2 kPa) was used.

Turnover frequencies, calculated using the mean particle size and metal loading as
determined previously, are shown in Figure 39 whereas the numerical values are listed in
Table 5 . Au/rutile and Au/C exhibit a very similar intrinsic activity at 200°C with a TOF
of 0.18 s. Interestingly, AuAg/C has a higher TOF of 3.42 s than AuAg/rutile 2.12 s,
Both curves have a similar slope and flatten at 275°C and 300°C, which indicates
diffusion/transport limitation at the higher temperatures (conversion > 25%). Therefore,
those temperatures were excluded from the calculation of activation energies. For Ag/rutile,
the point the highest temperature was disregarded for the calculation of the apparent
activation energy, 71.5 + 7.3 kJmol™. The observed lower apparent activation for Au/C
than for the Au/rutile is a trend that is also continued for the bimetallic samples (14.6 + 8.5
in contrast to 23.0 + 5.2 kimol™). The TOFs for ethyl acetate are by an order of magnitude
lower than for acetaldehyde, and acetic acid was only observed at higher temperatures
(275°C and 300°C for AuAg/rutile, only 300°C for Au/rutile and Ag/rutile).
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Figure 39. In(TOF) against 1/T are plotted for the EtOH TOF of AuAg/rutile (orange), Au/rutile (green), AuAg/C
(dark red), Au/C (purple) and Ag/rutile (grey). TOFs are similar for both catalysts at low temperature and considerably
larger for Au/rutile at higher temperature (numerical TOFs are listed in Table 16). Apparent activation energies
calculated from this kinetic data are listed in Table 17 (for the bimetallic AuAg catalysts, the non-linear part of the
dataset, marked with dashed lines, was excluded from the calculation). For the Ag/rutile sample, a considerably higher
error must be assumed due to the S-shape of the curve which points to a distinctly different kinetic behavior of Ag.

Table 16 TOFs obtained for acetaldehyde, ethyl acetate and acetic acid production.

TOF Acetaldehyde [s]

200°C 225°C 250°C 275°C 300°C
Au/rutile 0.18 0.35 0.66 1.17 1.83
Ag/rutile 0.17 0.30 0.96 2.24 3.53
AuAg/rutile 0.32 0.60 0.98 1.55 2.12
Au/C 0.18 0.28 0.45 0.69 1.04
AuAg/C 0.41 0.78 1.42 2.37 3.42
TOF Ethyl acetate [s]

O
e



_ 200°C 225°C 250°C 275°C 300°C

3.1x10° 5.4x10° 1.1x1072 2.4x107 4.7x1072
5.1x10° 6.3x10° 9.6x10° 2.2x10 4.9x1072
5.9x10° 9.5x10°° 1.6x1072 2.7x10% 3.7x10?
3.7x10°° 4.1x10° 5.0x10°° 6.0x10°° 7.9x10°°
4.3x10° 5.4x10°° 7.5x10° 1.1x107? 1.6x10-2

TOF Acetic acid [s]

200°C 225°C 250°C 275°C 300°C
Au/rutile 8.5x10*
Ag/rutile 1.6x1072
AuAg/rutile 1.2x10°3 1.2x10°®

Au/C
AuAg/C

Table 17 Apparent activation energies Eac,app Of the investigated catalysts.

Eac,app (kJmol?) Pearson R
AuAg/rutile 23.0+£5.2 0.9756
Aul/rutile 52.6+8.3 0.9996
Ag/rutile 71573 0.9897
AuAg/C 146 +£85 0.8651
Au/C 402+7.0 0.9995

Selectivities were > 97% for acetaldehyde for all catalysts, Figure 40, with ethyl acetate as
the major side product. Only for AuAg/rutile (max. 0.07%), Au/rutile (max. 0.05%) and
Ag/rutile (0.4%) was acetic acid observed at higher temperatures. AuAg/C was the only
catalyst where relevant amounts of CO2 formation was observed, interestingly decreasing
with the temperature (from 0.3% at 200°C to 0.03% at 300°C). Possibly, this is because the
acetaldehyde desorbs easier at higher temperatures and thus coverage is small enough to

prevent total oxidation. No CHa resulting from acetaldehyde decomposition was observed.
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Figure 40. Selectivity of the studied catalysts, a) AuAg/rutile, b) Au/rutile, c) AuAg/C and d) Au/C and e) Ag/rutile. A
total flow of 51.2 mL/min, with 1.1 mL/min EtOH and Oz, a 1:1 ratio of the educts (resulting in a partial pressure of
2.2 kPa) was used. Only for AuAg/C was CO2 was observed, starting at 0.3% at 200°C decreasing to 0.03% at 300°C.

The high selectivity towards acetaldehyde is consistent with previous reports in
literature®58, Upon temperature increase, the change of selectivity is different for every
sample: For AuAg/rutile, the amount of ethyl acetate is around 2%, and at 275°C and 300°C
some acetic acid is produced. For Au/rutile, the ethyl acetate amount is indeed slightly
increasing from 1.7% to 2.6% and at 300°C some acetic acid is observed. Thus, the addition

of Ag is not only improving activity, but also increases selectivity towards acetaldehyde
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(starting from an already high level for Au/rutile). For both carbon-supported samples,
Au/C and AuAg/C, selectivity is indeed increasing from around 98% to 99%. Ag/rutile
shows the same trend, but at 300°C selectivity decreases again, and, from all the discussed
samples in this chapter, the highest amount of acetic acid is observed. The deceasing
temperature leads to decreasing ethyl acetate selectivity, which is a result of the ethyl
acetate formation mechanism, coupling of an ethoxy species with acetaldehyde®. With
ethyl acetate formation being the result of a coupling of acetaldehyde with ethoxy species,
again differences between rutile-based and carbon-based catalysts can be observed. For the
latter, an expected decrease of ethyl acetate selectivity is observed with temperature
increase, resulting from lower acetaldehyde coverage, which reduces the coupling
probability. For rutile, again different kinetics for ethyl acetate are observed, however
presence of silver greatly decreases the temperature dependence. Eventually, the reason for
this could lie in the higher conversion, also at lower temperatures, leading to more
acetaldehyde coverage also at lower temperatures and thereby decreasing the difference

between higher and lower temperatures.

As discussed in chapter 3 for the monometallic Au samples, there is a coupling of ethoxy
species with acetaldehyde®. Increased temperature reduces the acetaldehyde coverage and
thus also the coupling probability (the same mechanism is expected for the reduced CO:2
formation). The exceptional trend observed for rutile-supported catalysts, indicating a
different kinetics for the ethyl acetate formation on Au/rutile, is not observed for AuAg,

where the ethyl-acetate formation remains constant.

For all the catalysts discussed, reaction order measurements were undertaken. Variation of
02 as well as ethanol partial pressures, Figure 42, resulted in the reaction orders calculated
by linear regression. An overview of the numerical values is given in Table 18 and

graphically shown in Figure 41.
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Table 18. Reaction orders obtained for Au/rutile, AuAg/rutile, Ag/rutile, Au/C and AuAg/C.

Au/rutile AuAg/rutile  Ag/rutile Au/C

(ol 042+ 0.18+ 045+ 0.07+ 040+ -003 037+ 033+ 033+ 0.15%
002 002 002 001 001 007 002 001 001 0.04

o ..........

ol 0.75+ 012+ 053+ 021+ 057+ 0.04+ 047 + 032+ 051+ 034+
005 002 003 004 006 009 002 0.02 002 0.04

o ..........
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Figure 41. Graphical overview of the reaction orders, a) EtOH and b) O, listed in Table 18, AuAg/rutile (orange),
Aul/rutile (green), AuAg/C (dark red), Au/C (purple) and Ag/rutile (grey).

For all the temperatures, a good fit is observed between the logarithm of the partial pressure
and the logarithm of the reaction rate for both Au/rutile and Au/C. Firstly, the ethanol
reaction order shall be discussed: For all rutile supported samples, it starts around 0.4 (0.42
for Au/rutile, 0.45 for AuAg/rutile and 0.40 for Ag/rutile) and then increase with the
temperature. However, whereas for Au/rutile a doubling to 0.89 is observed, the
temperature dependence of the reaction order is much lower for AuAg/rutile (0.52 and 0.68
for Ag/rutile at 300°C). For Au/C and AuAg/C the EtOH reaction orders start at 0.37 and
0.33 and go up to 0.47 and 0.55, respectively. Therefore, it seems, in the AuAg/rutile
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systems the silver greatly reduces the reaction order at the higher temperatures. Silver
alone, on Ag/rutile, also shows a lower EtOH order, but with 0.68 it is still relevantly higher

than in the AuAg sample.

For the O2 reaction order, on the other hand, we observe a change from 0.18 at 150°C to
0.03, basically zero, for Au/rutile. The oxygen activation is not the rate-limiting step in the
reaction. Adding silver to the catalyst means a start at 0.07 and an increase to 0.29.
Therefore, silver does seem to have an effect on the oxygen activation. Importantly, when
looking at Au/C and AuAg/C, a very different picture presents itself. As already established
in chapter 3, carbon can be assumed to be inert and thus the carbon-based catalysts present
a good model system to study the “pure” gold and bimetallic gold particles. Clearly, a role
of the rutile support must be assumed, as for Au/C, the oxygen reaction order remains fairly
constant at approximately 0.3 whereas it changes quite substantially for Au/rutile (see
detailed discussion of this in chapter 3). Widmann and Behm assume oxygen species on
the Au/TiOz2 catalysts, determined by temporal analysis of products (TAP) reactor, for the
CO oxidation, to be proportional to the interface between Au and the TiO2 support and

relevant for the reaction®’.

When comparing the two carbon-supported samples, Au/C und AuAg/C, the oxygen order
remains constant on Au/C, while on AuAg it starts at a lower order, 0.18 at 150°C and then
increases to approximately to the level of Au/C (0.30), 0.28. This is an entirely different
behavior than what is observed for the rutile-based catalysts, where the AuAg also starts
lower than its Au counterpart, but the oxygen reaction order is significantly higher at

increased temperatures, 0.29, as opposed to 0.03 for the Au.

This confirms that the silver plays a very different role on the rutile-supported catalysts
than on the carbon, which explains the different behavior. Of course, this has profound

effect on the kinetics.
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Figure 42. In(r) vs. In(p) plots used to calculate the eaction orders of EtOH (a) and O2 (b) for Au/rutile, for AuAg/rutile
(c,d), Ag/rutile (e,f) and AuAg/C (g,h), respectively. Outliners marked in red, in (f) and (h) were excluded from the
calclations. The values of the respective reaction orders are listed in Table 18.
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5.3. Operando Studies

5.3.1. DRIFTS
The existing operando DRIFTS measurements performed on the monometallic Au
samples, section 3.3, is complemented by measurements on the bimetallic AuAg system.
Steady-state measurements under operando conditions at 150°C and 250°C (EtOH/O2ratio
=1/1, 2 kPa = 1.1 mL/min, ~ 50 mL total flow), Figure 43, show that in principle the same

bands are seen for AuAg/rutile, Au/rutile, but also Ag/rutile.

Again, Figure 43 a), the broad band at 3417 cm™ is corresponds to the v(OH) of adsorbed
EtOH'* which can be also adsorbed in multilayers!?* and can interact with remaining
hydroxy! groups (3690, 3660 and 3629 cm™) of rutile'?>1?¢ (and form ethoxy species'?9).
This can be seen in the contour plot, Figure 51, where the whole measurement series is
depicted. It is much more pronounced for rutile and Ag/rutile which have a higher BET
surface area as in the synthesis no washing step was involved. The same holds true for the
C-H bands at 2976 cm™, 2935 cm™ and 2873cm™ which were assigned to va(CH3), vs(CH3),
va(CH2) and vs(CH2)124-126.128-131 of ethanol, ethoxy and, possibly, also acetaldehyde!?’,
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Figure 43. Comparison of DRIFTS spectra under operando conditions (EtOH/O2 partial pressures 2 kPa = 1.1
mL/min, ~ 50 mL total flow) between (a) 4000-2500 cm and (b) 2500-1100 cm™. (a) shows the range of »(OH) and
v(CH), which is dominated by ethanol and ethoxy species, whereas in (b) mainly COO and ethoxy species are visible.

The (partial) exchange of hydroxyl groups?®!?” for ethoxy groups on the surface can be

well understood looking at the difference spectra presented in Figure 44 a). Here, the last
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spectrum after pretreatment and before flowing the reaction feed consisting of EtOH (and
later O2) was subtracted (for all difference spectra shown in this chapter, that spectrum was
translated in the y-axis for optimum visibility). The 3678, 3657, 3722 cm™ bands are
negative, and then depending on the conditions, the band at 3417 cm™, EtOHaq varied with
the reaction conditions. For rutile and Ag/rutile, we see a substantial amount adsorbed,
whereas for Au/rutile and AuAg/rutile the much higher conversion leads to less EtOH
adsorbed (and more acetaldehyde desorbed). The v(CH) in the region between 4000 and
2500 cm is lower at 250°C than at 150°C, correlating with the conversion. This is not the

case for the rutile reference.
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Figure 44. Comparison of DRIFTS difference-spectra under operando conditions (EtOH/O: partial pressures 2 kPa
= 1.1 mL/min, ~ 50 mL total flow) between (a) 4000-2500 cm™ and (b) 2500-1100 cm™. The last spectrum after
pretreatment/before EtOH introduction was subtracted. (a) shows the adsorbed EtOH as well as vsia 0f CH2 and CHs
of EtOH/ethoxy and negative peaks due to the partial subsitition of OH-species on the titania by adsorbed EtOH,
whereas in (b) mainly COO and ethoxy species are observed. At 1052 cm; the v(C-O) of EtOH is visible at 250°C (at
150°C, the peak is negative). Due to the high and nosier background (lower transmittance of the CaF2 window),
however (see Figure 45) the signal/noise ratio in this region is considerably lower.

In the region of 1900-1200 cm™?, Figure 44, the band at 1731 cm™ is assigned to the v(CO)
of adsorbed acetaldehyde!?® (and possibly also in the gas-phase!?®). It is more prominent in

AuAg/rutile and Au/rutile where conversion is significantly higher.

For the rutile, as discussed in chapter 3.3, the broad 1435 cm™ signal can be attributed to
adsorbed acetate’®*'3! (1438 cm™ and 1443 cm™ in literature’®*'3), vip(C-O) of m2-
acetaldehyde®™® or mz-acetyl™®® (1432 cm? in literature) and 8as(CH3) of
acetaldehyde/ethoxy*?61?” (1444 cm™ in literature!?®?’), The 1379 cm™ band is assigned
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to 8s(CHs) of ethoxy species!?12° whereas 1344 cm™ can be attributed to w(CHz)/5(CHz)
of ethoxy, acetyl and n-acetaldehyde®3® (1344 cm™ is the maximum on Au/rutile as well as
AuAg/rutile, on pure rutile the band is shifted to a slightly higher wavenumber of
1354 cm™) or adsorbed acetate!?* (1340 cm™). The situation between Au/rutile, as
discussed in chapter 3.3, and AuAg/rutile is very similar: Entirely the same bands are

visible for both samples, see Table 8 in section 3.3.

However, more information can be gained by taking the difference spectra, Figure 44 b),
into account. At 1052 cm™ the stretching vibration of C-O of adsorbed EtOH?4132 could
be observed. Furthermore the species at 1520 cm™ and 1450 cm, both of which can be
attributed to v(CO0)126:128129.131 "3re distinctly different at AuAg/rutile and Au/rutile at
150°C. For the latter, negative peaks are visible due to the disappearance of COO from
organic residues from the synthesis, as discussed in chapter 3.3 and shown by Tan et al.1?°,
On AuAg/rutile, there is a clear positive peak, either because of the higher conversion on

the sample, or because there was less COO from the synthesis remaining on the surface.

Interestingly, the Ag/rutile sample shows nearly identical bands. Due to the missing
washing step and the low metal loading of 1 wt.% Ag, it resembles the rutile reference very
much, however the COO region is much more pronounced. Also, the band at 1450 cm™ is
missing, suggesting different COO species on the Ag/rutile surface. The dynamic behavior,
of the COO species, as discussed in section 3.3, can be also observed for all the other
samples. Again, based on the results of the first principle kinetic modelling, a spectating

role of the COO is assumed.

The different reaction conditions, (1) after pretreatment/before introduction of EtOH
(pretreatment conditions: conditions (20% Oz, heating from RT to 400°C with a holding
time of 30 min), (2) EtOH, (3) EtOH/O2, (4) Oz are compared in Figure 46 as well as Figure
47 showing difference spectra (conditions (2) to (4) where measured under both 150°C and
250°C). Naturally, bands associated with ethanol or acetaldehyde are only appearing after
switching to condition (2). Between (2) and (3) only minor differences can be observed,
e.g. a higher peak at 1731 cm™, adsorbed acetaldehyde, in (3) due to higher conversion.
Switching to oxygen, condition (4) decreases the amount of adsorbed species again, leading
to a smaller COO peak (which, it seems, reacts slower to changes in the conversion) and
(almost complete) removal of 2976 cm™, 2935 cm™ and 2873cm™ which were assigned to
va(CH3), vs(CH3), va(CH2).

100



The evolution of the bands under reaction conditions over time are depicted in Figure 50
as waterfall plots (for the difference spectra) and in Figure 51 as contour plots for all
spectra, including the pretreatment process. Changes in the intensity of the C-H bands as
well as the COO bands can be seen in those plots. Also the exchange of hydroxyl groups
on the support with adsorbed ethoxy species upon switching to reaction conditions is

observable in the contour plots.
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Figure 46. Overview of the DRIFTS spectra of AuAg/rutile, Au/rutile and Ag/rutile under different conditions. At
150°C: (1) after pretreatment/before introduction of EtOH. (2) EtOH, (3) EtOH/O2, (4) 02. At 250°C: (1) EtOH, (2)
EtOH/Oz, (3) O2. Oz and/or EtOH partial pressures were kept at 2 kPa = 1.1 mL/min at a total flow of approx.
50mL/min.
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Figure 47. Overview of the DRIFTS difference-spectra of AuAg/rutile, Au/rutile and Ag/rutile under different
conditions. At 150°C: (1) EtOH, (2) EtOH/O2, (3) O2. At 250°C: (1) EtOH, (2) EtOH/Oz, (3) O2. Oz and/or EtOH partial

pressures were kept at 2 kPa = 1.1 mL/min at a total flow of approx. 50mL/min. The last spectrum after
pretreatment/before EtOH introduction was subtracted.
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Reference measurements on rutile, Figure 48, show the same bands that were also observed
for Au/rutile and AuAg/rutile. However, whereas the vsa 0f CH2 and CHs are very
prominent due to low conversion of < 4% (partly also owing to the high surface area of
105 m?/g as opposed to approx. 40 m2/g for the metal-loaded catalysts), the COO bands as
well as the v(C=0) band at 1731cm™ associated with CHsCHO are considerably smaller.
Thus, a larger proportion of the ethoxy species on the metal-containing catalysts is likely
to be located on the support, however the increase of COO bands can be clearly attributed
to the influence of the metal nanoparticles (adsorbates on metal, spillover from the metals
to TiO2, re-adsorption of the products).
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Figure 48. Overview of the DRIFTS spectra of rutile under different conditions. At 150°C: (1) after
pretreatment/before introduction of EtOH. (2) EtOH, (3) EtOH/O2. At 250°C: (1) EtOH, (2) EtOH/O2. O2and/or EtOH
partial pressures were kept at 2 kPa = 1.1 mL/min at a total flow of approx. 50mL/min. All the features observed for
Au/rutile, AuAg/rutile as well as Ag/rutile are also observed for the pure rutile. However, whereas the vsa of CH2 and
CHs are very prominent due to low conversion of < 4% (partly also owing to the high surface area of 105 m2/g as
opposed to approx. 40 m#g for the metal-loaded catalysts), the COO bands as well as the v(C=0) band at 1731cm™
associated with CHsCHO are considerably smaller. Thus, a larger proportion of the ethoxy species on the catalysts is
likely to be located on the support, however the increase of COO bands can be clearly attributed to the metal
nanoparticles.

For the Au/C and AuAg/C samples, Figure 49, owing to the low signal intensity (very dark
carbon-based powder and very low metal loadings of 1 wt.% Au and, for the AuAg/C
sample, 0.2 wt.% Ag) only ethoxy species, §(CHz) 1379 cm™, as well as the o(CH) bands
at at 2976 cm, 2935 cm™ and 2873cm are visible. Two small peaks at approx. 1257 and
1226 cm are attributed to §(OH), possibly ethanol®%12813L132 or acetaldehyde®?’. For both
samples, apart from the appearance of bands after introducing the reaction feed, no changes

in time could be observed.
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Figure 49. Overview of the DRIFTS spectra of Au/C and AuAg/C under different conditions. At 150°C: (1) after
pretreatment/before introduction of EtOH. (2) EtOH, (3) EtOH/O2. At 250°C: (1) EtOH, (2) EtOH/O2. O2and/or EtOH
partial pressures were kept at 2 kPa = 1.1 mL/min at a total flow of approx. 50mL/min. Due to the low signal intensity
(very dark carbon-based powder and very low metal loadings of 1 wt.% Au and, for the AuAg/C sample, 0.2 wt.% Ag)
only ethoxy species are visible. The COO-bands are marked to highlight their absence for these measurements.

In conclusion, ethoxy species were observed on all catalysts. On the carbon-based samples,
they originate mostly from the metal nanoparticles (as the TPD of the carbon shows no
essential interaction with EtOH at these temperatures), while on the rutile-based samples,
a large fraction of ethoxy species is present on the rutile surface.

In fact, essentially all features that are observed for Au/rutile and AuAg/rutile can also be
observed on the rutile reference sample, those attributed to acetaldehyde in (considerably)
lower intensity. There is a dynamic behavior of COO species, first originating from organic
residues on the sample, later from acetate species on the catalysts surface. Though it

correlates with the conversion, it is assumed to be a spectator.
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Figure 50. Waterfall plots for the time-resolved operando DRIFTS measurements, regions between 4000-2500 cm-!
and 2500-1100 cm-*. Difference spectra, obtained by subtracting the spectrum after pretreatment (prior to the start of
the reaction), are shown. (a,b) correspond to Au/rutile, (c,d) to AuAg/rutile and (e,f) to Ag/rutile. Measurements were
undertaken under the conditions (I) EtOH, (I11) EtOH + O, (111) EtOH, (IV) O: at a total flow of ~ 50 mL/min (O2
and/or EtOH partial pressures: 2 kPa = 1.1 mL/min) at both 150°C and 250°C
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Figure 51. Contour plots for the time-resolved operando DRIFTS measurements, regions between 4000-2500 cm™* and
2500-1100 cm*. The evolution of spectra, including the pretreatment (20% Oz from RT to 400°C for 30 minutes,
followed by 30 minutes of 5% H2 at 300°C) under the conditions (I) EtOH, (1I) EtOH + Oz, (111) EtOH, (IV) Oz at a
total flow of ~ 50 mL/min (Ozand/or EtOH partial pressures: 2 kPa = 1.1 mL/min) at both 150°C and 250°C.

5.3.2. NAP-XPS at ISISS/BESSY 11
The Au 4f region does not show a difference between Au/rutile and AuAg/rutile, Figure
52. The binding energy was found to be 84.4 eV for Au 4f72 and 88.1 eV for Au 4fs;2
(FWHM 1.0 eV for both). Whereas for other reactions, e.g. oxidation with ozone®" or CO
oxidation®®, oxidized Au/Au® or atomically dispersed Au'®>! was reported, no such
species were found in this experiment. While for Au/rutile, involvement of Au®* would
have been indication for an oxygen activation mechanism, in the bimetallic system the
oxidation of Ag may be expected. For Au/rutile this finding, however, is in alignment with
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the computational results from De Vrieze et al., described in section 3.5, that suggest that

metallic gold is able to activate oxygen.
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Figure 52. Au 4f detail scans for various conditions, pretreatment under oxidative and reductive conditions as well as
reaction with EtOH/O2 =1/1 (at different reaction temperatures: 250-350°C) and EtOH only (at 250°C), (a) Au/rutile
sample and (b) AuAg/rutile sample. For either sample, no Au’* could be detected. The spectra were taken at an Ekin
of 310 eV at a total pressure of 0.5 mbar (except under Hz atmosphere, were only 0.33 mbar could be reached).

The Ag 3d detail scans and MNN Auger peaks are shown in Figure 53. The Ag 3ds»
maximum was found at a binding energy of 368.3 eV with a FWHM of 0.8 eV and the
Ag 3ds2 was at 305.7 eV with a FWHM of 0.8 eV, respectively (under EtOH/O:
atmosphere, the first condition were signal intensity was high enough to also measure the
MNN Auger peaks). The Auger peaks were not integrated due to the low intensity with
maxima at a kinetic energy of 351.7 and 359.7 eV.

Due to the low signal intensity, it was not possible to reliably determine an oxidation state
for Ag (during pretreatment, the count rate even was too low to obtain the Auger peaks).
The reason for this low intensity was the counterintuitive depletion of Ag (in contrast to an
expected surface oxidation/segregation of Ag), as proven by measurement with two

different kinetic energies, 310 eV and 700 eV, Figure 54. The respective values of the
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Au/Ag atomic ratios at these two different kinetic energies are listed in Table 19. For
Ag/rutile, the same observation, migration of Ag away from the surface, was observed
(nominal values: 2.7 for Au/Ag and 0.37 for Ag/Au). However, as there was no Ag
detectable anymore after pretreatment, the measurement was stopped (data not shown in
this thesis). This Ag depletion phenomenon is discussed in detail in section 5.3.1, as it was
investigated in detail at the ALBA CIRCE beamline with more than just two different

information depths. Also, it was possible to measure Ag/rutile under operando conditions.

Table 19 Atomic ratios, Au/Ag and Ag/Au, during pretreatment and reaction. The nominal value are nominal value:

Exin Au/Ag Ag/Au

—
o
=
N
]
—
o
=
>
<
=
>

«
Q
2
o
o
w
~
=
o
=
>
<
>
c
—~~
<
N—r

Pretreatment - O (400°C) 310 10.8 0.09
Pretreatment - O, (400°C) 700 6.9 0.14
Pretreatment - H> (400°C) 310 36.3 0.03
Pretreatment - Hz (400°C) 700 10.8 0.09
EtOH/O; = 1/1 (250°C) 310 30.0 0.03
EtOH/O2 = 1/1 (250°C) 700 9.0 0.11
EtOH (250°C) 310 18.6 0.05
EtOH (250°C) 700 75 0.13
EtOH/O; = 1/1 (350°C) 310 18.4 0.05
EtOH/O, = 1/1 (350°C) 700 9.1 0.11
EtOH/O; = 1/1 250C (2) 310 12.6 0.08
EtOH/O2 = 1/1 250C (2) 700 6.6 0.15
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Figure 53. (a) Ag 3d detail scans for the AuAg/rutile sample under different conditions, pretreatment under oxidative
and reductive pretreatment conditions as well as reaction with EtOH/O2 =1/1 (at different reaction temperatures: 250-
350°C) and EtOH only (at 250°C). (b) depicts the respective Ag MNN Auger peaks (during pretreatment, signal
intensity was too low to obtain detail scans). The spectra were taken at an Ekin of 310 eV.
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Figure 54. Depth profiling obtained by taking the Au 4f/Ag 3d peak areas and the cross-sections as published in!23 for
the respective energies (Exin = 310/700 eV) into account. In contrast to an expected segregation of Ag on the surface,
the contrary, migration of Ag from the surface is taking place.

The Ti 2p detail scans, on the other hand, show a shift of the Ti 2ps/2, Figure 55 (the dashed
line marks the peak maximum under the reducing conditions of the pretreatment). At
reducing conditions, the Ti 2pu2 is located at a binding energy of 464.8 eV (FWHM: 2.2
eV) and the Ti 2ps2 at 459.1 eV (FWHM: 1.4 eV) whereas under EtOH atmosphere (the
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most extreme shift) the peaks are shifted by 0.4 eV to higher binding energies (Ti 2p1e
465.2 eV with FWHM of 2.2 eV, Ti 2ps;2 459.5 eV with a FWHM 1.3 eV).

This behavior is observed for both samples, AuAg/rutile and Au/rutile. Such an effect has
been shown in literature!®1:162 as a shift in the fermi level under hydrogen atmosphere, and
it can also be observed under EtOH atmosphere, which significantly changes the conditions
for the rutile surface. However, proof of Ti®* species was inconclusive, only for the Au/Ag
was a small shoulder in the Ti 2ps;2 peak under EtOH-only conditions observed (marked
with a star in Figure 55).

a) _ b) _
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Figure 55. Ti 2p details scans of Au/rutile (a) and AuAg/rutile (b). The dashed line marks the peak maximum of the
Ti 2pa2 to mark the shifts that take place after switching from oxygen to hydrogen in the pretreatment. Also, under
EtOH atmosphere, without oxygen, a further shift towards a higher binding energy is observed. Proof of Ti%* species
was inconclusive, only for the Au/Ag was a small shoulder in the Ti 2ps2 peak under EtOH-only conditions observed
(marked with a star). The spectra were taken at an Ekin of 310 eV.

This shift in the fermi level can also be observed for the O 1s spectra as shown in Figure
56. The insufficient fit results from a second peak located at the left shoulder of the O 1s
peak corresponding to surface oxygen species such as OH-groups, ethoxy, H20, ethanol,
acetate, etc. In this section, the focus was on the peak shift of the O 1s, whereas the

respective species were fitted for the data in section 5.3.3 (ALBA). Like for Ti 2p, also here
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a shift in binding energy from 530.5 eV (FWHM: 1.7 eV) under reductive conditions to
531.1eV (FWHM: 1.8 eV), + 0.6 eV was observed.
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Figure 56. O1s spectra for (a) Au/rutile and (b) AuAg/rutile, under different conditions, pretreatment under oxidative
and reductive pretreatment conditions as well as reaction with EtOH/O2 =1/1 (at different reaction temperatures: 250-
350°C) and EtOH only (at 250°C). Spectra were taken at a kinetic energy of 310 eV.

MS data is shown in the annex, section 9.7.1, illustrating quantitatively the behavior
observed within the plug-flow reactor of the kinetic setup of the lab: Conversion increases
with the introduction of oxygen and is significantly decreased under dehydrogenation
conditions with EtOH only as feed. This low conversion accounts for the high dead volume
within the XPS cell, the low pressure of 0.5 mbar and a pellet that does not favor gas-flow

as a powder catalyst bed in the kinetic setup in the lab does.

The respective C1s spectra are depicted in the annex, section 9.7.1. As the measured pellets
were prepared by dilution with graphite, no further evaluation of the C1s took place. Further
results of this beamtime are printed in chapter 6, where the influence of water on the

reaction is discussed.
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5.3.3. NAP-XPS at CIRCE/ALBA
Near ambient-pressure XPS, NAP-XPS, was performed for AuAg/rutile as well as
Ag/rutile as the corresponding reference sample. Prior to pretreatment, at room temperature
and under UHV, conditions, due to charging no usable spectra could be obtained. However,
starting with the pretreatment, under oxidative conditions (5 mL/min O: at a pressure of

0.5 mbar) and heating, conductivity significantly improved.

Detail spectra of the respective elements from the AuAg/rutile sample at an Exin 0f 310 eV
are depicted under different conditions, Ag 3d (Figure 57), Ag MNN Auger (Figure 58),
Au 4f (Figure 59). Under EtOH atmosphere (where the Ag 3d peaks are highest), Ag 3ds.2
peak is found at a binding energy of 312.0 eV (FWHM: 0.7 eV) whereas the Ag 3dasz is
located at 306.0 eV (FWHM: 0.6 eV). The Auger peaks are located at kinetic energies of
345.1, 354.4 and 362.4 eV.

Corresponding spectra for the Ag/rutile reference sample are listed in the annex, section
9.7.2.
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Figure 57. Ag 3d detail scans for the AuAg/rutile sample obtained under different conditions, (a) pretreatment under
O2 (400°C), (b) pretreatment under Hz (300°C), (c) oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (d)
dehydrogenation conditions, EtOH only (250°C). During the pretreatment, under oxidative conditions, there is
charging. After the pretreatment, however, depletion of Ag from the surface is observed (c, d), to a higher degree under
oxidative conditions and to a lower degree during dehydrogenation. The respective Ag Auger peaks for (b-d) are

depicted in Figure 58.
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Figure 58. Ag MNN Auger signals for the AuAg/rutile sample obtained under (a) pretreatment under Hz (300°C), (b)

oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (c) dehydrogenation conditions, EtOH only (250°C).
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In this beamtime, again no Au®* species could be detected, see Figure 59. The Au 4fsp is
situated at a binding energy of 311.1 eV (FWHM: 0.8 eV), and the Au 4f7; at 307.4 eV
(FWHM: 0.8 eV), respectively.
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Figure 59. Au 4f detail scans obtained under different conditions, (a) pretreatment under Oz (400°C), (b) pretreatment
under Hz (300°C), (c) oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (d) dehydrogenation conditions, EtOH only
(250°C). During the pretreatment, under oxidative conditions, charging is observed. No Au’* could be detected.

Due to higher conversion under oxidative dehydrogenation conditions (with Oz present),
the C 1s detail scans, Figure 61, show a clear difference between oxidation conditions
(EtOH/O2 = 1/1) and dehydrogenation conditions (EtOH only). Taking into account the
results from the DRIFTS measurements, C-O species can be attributed to ethoxy/ethanol,
whereas O=C=0 is likely to be originating from acetate species. As no graphite was used
for the pellet, no C 1s signal is to be found prior to ethanol introduction. The identified
peaks correspond to a binding energy of 305.8, 307.4, 308.8 and 309.7 eV.

However, taking into account the MS data, a relatively low conversion must be assumed:
The signal of acetaldehyde (m/z = 29, calculated taking the fragmentation of EtOH, which
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also shares the fragment into account) is very low, noisy and there’s no noticeable

difference between AuAg/rutile, Figure 60 a), and Ag/rutile, Figure 60 b). However,

qualitatively, higher ethanol conversion can be observed with O2 present than without

(oxidation vs. dehydrogenation conditions). This low conversion accounts for the high dead

volume within the XPS cell (approx. 40 L), the low pressure of 0.5 mbar and a pellet that

does not favor gas-flow as a powder catalyst bed in the kinetic setup in the lab does.
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Figure 60. MS data for (a) AuAg/rutile and (b) Ag/rutile. As m/z = 29 is not only the most intense peak for acetaldehyde,
but also typical for EtOH, the signal of acetaldehyde was calculated using the known fragmentation as published by
NIST. For both samples, the signal of acetaldehyde was low and noisy, indicating very low conversion. As the m/z of
44 is also present in acetaldehyde, CO2 formation is unlikely.
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Figure 61. Cls detail scans of AuAg/rutile under different conditions, (a) oxidation (EtOH/O. = 1/1) and (b)
dehydrogenation (EtOH only). Clearly, due to higher conversion under oxidation conditions, the O-C=0 peak is larger
than at dehydrogenation conditions. Spectra were taken at 250°C. The identified peaks correspond to a binding energy
of 305.8, 307.4, 308.8 and 309.7 eV.

For the Ti 2p detail scans (B.E. of Ti*" 311.2 eV and 312.6 eV for Ti** with a FWHM of
1.0 eV for both), on the other hand, the Ti%* is less pronounced at oxidation conditions (3.67
%), Figure 62 a), than at dehydrogenation conditions (5.36 %), Figure 62 b). While a more
reduced titania surface is not surprising, the it cannot yet Ti®* be seen as proof for a Mars-
van-Krevelen mechanism. However, kinetic measurements that show a trend towards
(slightly) lower O2 reaction order for the rutile supported catalysts (as opposed to the

carbon-supported ones), a role of the support in the oxygen activation can be assumed.

117



a) b)

200000 -
4+
Ti¢ 200000 - T'\ n
150000 4 \
150000 -
w w
(I o
O O
100000 -
100000 -
50000 - }
50000 -
' 1 ' 1 ' 1 ' 1
470 460 450 470 460 450
B.E. (V) B.E. (V)

Figure 62. Ti 2p detail scans of the AuAg/rutile catalyst at (a) oxidation conditions (EtOH/O2 = 1/1) and (b)
dehydrogenation conditions (EtOH only). The fraction of Ti®* is 3.67 % for (a) and 5.36 % for (b). Spectra taken at
250°C.

The corresponding O 1s spectra are depicted in Figure 63. Whereas during the oxidation
step of the pretreatment, charging is still predominant, the oxidation peak is significantly
higher during reaction conditions. Under reducing conditions the binding energy of the
O 1s main peak is 309.7 eV (FWHM: 1.2 eV) and the Osurf peak, corresponding to oxygen
surface species, OH, H20, ethoxy, acetate, etc., is located at 308.1 eV (FWHM: 1.2 eV).
The shift of 0.4 towards higher binding energies as discussed in section 5.3.2 (BESSY) is
also observed here, but not further discussed.
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Figure 63. O 1s detail spectra of the AuAg/rutile spectra, (a) under oxidative conditions during pretreatment (400°C),
(b) reducing conditions during pretreatment (300°C) as well as (c) oxidation conditions (250°C, EtOH/O2 = 1/1) and
(d) dehydrogenation conditions (250°C, EtOH only). During pretreatment, under oxygen atmosphere, charging is still
predominant. Osurf marks surface species such as OH, H20, ethoxy etc.

The depth profiling using different kinetic energies (100, 310 and 670 eV) in order to
determine the distribution of the Ag in the surface-near region and analyze the surface
composition and oxidation state of the Ag, yielded a surprising massive depletion of Ag on
the catalyst surface (Table 20, Figure 64). Quantification using the survey scans, measured

at an excitation energy of 1100 eV, Figure 65, confirmed this.

During pretreatment under oxidative conditions, the Ag disappears almost completely from
the surface (which is why no details scans were measured at an Exin of 100 eV), only to
reappear under reductive conditions at 300°C under H2 flow. However, both the Au/Ag
ratio of 484.7 under oxidative conditions and 238.9 under reductive conditions (compared
at a kinetic energy of 310 eV) are far away from the nominal value of 2.7 for Au/Ag and

0.37 for Ag/Au. Also under reaction conditions, the gold is enriched on the surface and the
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However, the evolution of the Ag/Au ratio as well as the relative Ag peak area (determined
from the survey spectra) indicates a dynamic behavior of the Ag: Switching from the
EtOH/O2-feed to EtOH-only, leads to a higher Ag concentration on the surface, and it
further increases when switching to EtOH/O2 again, suggesting that Ag is not permanently
removed from the surface. This reversibility was also confirmed by the reappearance of Ag
under reducing conditions. However this affects only a small fraction of the silver, while

most of the silver remains migrated away from the surface after the pretreatment.

Table 20. a) Au/Ag ratios as well as b) Ag/Au ratios determined for different Exin values using cross-sections published
in123, The enormous deviation from the nominal values (Au/Ag = 2.7, Ag/Au = 0.37) suggests massive depletion of Ag

Au/Ag Ag/Au
Pretreatment - H, (300°C) 100 348.6 0.0029
EtOH/O, = 1/1.6 (250°C) 100 98.2 0.0102
EtOH/O; = 1/1.6 (250°C) 310 55.7 0.0180
EtOH/O; = 1/1.6 (250°C) 670 13.4 0.0747
EtOH/O, = 1/1 (250°C) 100 124.9 0.0080
EtOH/O; = 1/1 (250°C) 310 16.0 0.0627
EtOH/O, = 1/1 (250°C) 310 9.2 0.1089
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Figure 64. a) Au/Ag ratios as well as b) Ag/Au ratios determined for different Exin values using cross-sections published
in123, The enormous deviation from the nominal values (Au/Ag = 2.7, Ag/Au = 0.37) suggests massive depletion of Ag
from the surface. After pretreatment, the Ag is almost completely gone, whereas under reaction conditions some more
Ag is available (under EtOH atmosphere more than under oxidation conditions with the EtOH/O: ratio of 1/1). This
suggests a dynamic behavior of Ag, with different Ag surface concentrations depending on the atmosphere. Values
are ordered by Exin and not in order of measurement. Measurements were performed under steady-state conditions.
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Figure 65. Evolution of the (a) relative peak area of the Au 4f peak and the Ag 3d peak as well as the (b) Au/Ag and
Ag/Au ratio, as obtained from the survey scans (excitation energy of 1100 eV).

Reference measurements at the Ag/rutile sample confirm the depletion of Ag from the
surface, Figure 66/Table 21 for the relative Ag 3d peak area obtained from survey scans
(Eexc = 1100 eV) and Figure 67 for the Ag 3d peaks at different information depths
(Exin=100 eV, 310 eV and 670 eV) and under reaction conditions. Due to the absence of
Au in the sample, graphite was added to both as internal standard. Thus, charging was also
reduced so that survey spectra could be taken at UHV prior to the pretreatment (where the
Ag is still present as AgNOs from the incipient wetness impregnation) and during the
heatup period, Figure 66. The initially high Ag relative peak area of nearly 5% is quickly

reduced to even zero under every condition.

Also, the Ag 3d details scans at different penetrations depths reveal the massive surface
depletion of Ag. Both under oxidation conditions (EtOH/O2 = 1/1, Figure 67 a)) and
dehydrogenation conditions (EtOH only, Figure 67 b)), at the most surface sensitive
measurement parameters (Exin = 100 eV), no Ag can be detected. The deeper the
information depths reaches, Exin = 310 eV and 670 eV), the more Ag can be detected.

Thus, with the Ag/rutile the migration of Ag away from the surface could be confirmed,

and moreover, the possibility of a core-shell effect where to Ag moves into the core of the

V The corresponding detail spectra for the Ag/rutile spectra are shown in the annex, section 9.7.2.
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AuAg particles could be eliminated as reason for the Ag surface depletion in the AuAg

sample.

Table 21. Relative peak intensities of Ag 3d for the Ag/rutile reference sample.

Rel. Peak Ag 3d Peak Area (%)

UHV 4.820
H. (300°C) 0.078

Rel. Peak Area (%)
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Figure 66. Graphical representation of the relative Ag 3d peak area (%) for the Ag/rutile sample. The mixture with
graphite as internal standard allowed taking spectra at UHV conditions and during the heating up period. Clearly, a
massive depletion of Ag from the surface during the pretreatment process is taking place.
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Figure 67. Comparison of Ag 3d detail scans for the Ag/rutile sample under (a) oxidation conditions with EtOH/O2 =
1/1 as well as under (b) EtOH atmosphere, dehydrogenation conditions, only.

This surprising result of the Ag depletion from the surface during pretreatment and reaction
conditions disproves silver segregation effects postulated in literature®%81%  The
promotional effect of the silver in the AuAg catalysts as well as in the Ag reference (which,
indeed an active and selective catalyst for the selective EtOH oxidation itself) is thus even
more mysterious: The promotional effect must either originate from the astonishingly small
amount of Ag remaining on the surface (<1 mol% Ag) or from the effect of Ag on the Au

or rutile structure, but far away from the surface detected by XPS.

Regarding the oxidation state, for both AuAg/rutile as well as Ag/rutile, the kinetic energy
of the Ag MNN Auger peaks was plotted against the binding energy of the Ag 3d in a
Wagner plot (for all Exin measured), Figure 68. There is no indication for any oxidation of

124



silver, and the silver has to assumed to be in metallic state on the surface. However, the
points cluster also relatively far away from the Ag literature reference: The reason for this
could lie in the often very small signal intensity (due to the silver depletion), which
certainly leads to a higher relative error. Also, the nanoparticular silver measured shows

other K.E./B.E. ratios/characteristics than the silver literature referencel®,
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Figure 68. Wagner plot for AuAg/rutile (black) and Ag/rutile (blue) as well as the literature values of metallic Ag,
AgO, Ag20 and AgNO3'63,

Auger-Parameters as defined by Gaarenstroom and Winograd?®4, that is the addition of the
kinetic energy of the Auger transition and binding energy of the core level. The respecitive

values are printed in Table 22, for AuAg/rutile, and Table 23
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Table 22. Auger parameters for the AuAg/rutile sample under different conditions.

Ag3ds,  MaNasNss Auger-
Parameter
Hz, 300°C (Exin = 310 eV) 367.90 361.78 729.68
H>, 300°C (Exin = 670 eV) 368.08 363.90 731.98
EtOH/O,=1/1.6, 250°C (Exin = 310 eV) Il A0] 364.50 732.20
EtOH/O2=1/1.6, 250°C (Exin= 670 eV) [RGYA:L 368.77 736.66
EtOH/O2= 1/1.6, 250°C (Exin= 100 eV) RN 360.81 728.83
EtOH/O2=1/1.6, 250°C (Exin =310 eV) [RIZNL 357.65 730.39
EtOH/O, = 1/1, 250°C (Ekin = 310 eV) 371.87 359.71 731.58
EtOH/O2 = 1/1, 250°C (Exin= 100 eV) 368.08 361.18 729.26
EtOH/O, = 1/1, 250°C (Exin= 100 eV) 367.96 357.93 725.89
EtOH/O, = 1/1, 250°C (Ekin = 310 eV) 372.75 357.61 730.36
EtOH/O2 = 1/1, 250°C (Exin = 310 eV) 372.75 357.61 730.36
EtOH, 250°C (Exin = 310 eV) 368.04 362.14 730.18
367.97 364.60 732.57
367.33 361.49 728.82
367.29 362.51 729.80
EtOH/O, = 1/1, 250°C (Ekin = 670 eV) 368.17 365.03 733.20
EtOH/O2 = 1/1, 250°C (Exin = 100 eV) 367.44 359.67 727.11

Table 23. Auger parameter for the Ag/rutile sample. Under different conditions.

Ag3ds M2N45Nas Auger-

Parameter
02, 400°C (Ekin = 310 eV) 374.43 360.35 734.78
H>, 300°C (Exin = 310 eV) 375.15 359.37 734.52
H2, 300°C (Exin= 670 eV) 374.68 362.05 736.73
H2, 300°C (Exin= 100 eV) 380.21 359.03 739.24
EtOH/O; = 1/1, 250°C (Exin= 670 eV) 374.08 370.18 744.26
EtOH/O; = 1/1, 250°C (Exin= 100 eV) 380.21 357.49 737.70
EtOH, 250°C (Exin = 310 eV) 374.77 359.21 733.98
EtOH, 250°C (Exin = 670 eV) 374.67 360.35 735.02
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EtOH, 250°C (Exin = 100 eV) 363.21 360.00 723.21
EtOH/O2=1/1, 250°C (Ekin= 310 eV) 374.84 359.26 734.10
EtOH/O; = 1/1, 250°C (Exin= 670 eV) 374.75 352.23 726.98

EtOH/O, = 1/1, 250°C (Exin= 100 eV) 380.21 360.07 740.28

Also here, comparison with literature®® shows that there is no match with the Auger
parameter of Ag (726.0 - 726.40 eV), AgO (724.20, 724.80, 723.50 eV), Agz20 (724.30,
724.50 eV) or AgNOQs (723.80 eV).

5.3.4. Operando XAS

Au LI spectra (measured at the ALBA BL22 - CLASS beamline) of the measured
samples, Au/rutile and AuAg/rutile, are shown in Figure 69. Apart from the first spectrum,
taken at room temperature prior to pretreatment, the spectra at the different conditions, after
oxidation (20% O2 at 400°C), after reduction (5% H2 at 300°C) as well as reaction
conditions (EtOH/O2 = 1/1 at 250°C and 300°C) are identical. A linear combination fit
(LCF), using Au foil, Au203 powder and AuCls powder as references, see Figure 70, shows
limited suitability of these bulk references for the nanocrystalline sample. Especially before
pretreatment, probably due to the amorphous character of Au with possible residues of
AuCla, the residual plot reveals the quite different nature of the species present under these

conditions.

Under oxidative conditions, Figure 70 b), reductive conditions, Figure 70 c), reaction
conditions at 250°C and 300°C conditions, Figure 70 d) and e), the fit shows reasonable
agreement with the measurement, suggesting reduced Au, apart from smaller differences
near the edge, especially the feature at 11946 eV is much less pronounced in the
experiment. This underlines the limited suitability of the bulk references for this
nanoparticular system with particles sizes around 3 nm. However, in good agreement with
the NAP-XPS results, a completely reduced gold can be assumed. In Figure 72, an LCF
was performed using the Au/rutile sample itself after the reduction as references. Clearly,
nearly perfect fits show that under both EtOH/O2 flow as well as EtOH flow the sample
does not differ from the Au/rutile sample after reduction, all features can be explained.

Thus, after pretreatment and under reaction conditions, the gold remains reduced at all
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times. For AuAg/rutile the same LCFs have been performed, Figure 71 for the LCFs with
Au foil, Au203 and AuCls as reference, and Figure 73 where the Au/rutile sample () was
used at reference. The same results were obtained, proving also Au in the reduced state in
the AuAg sample under all investigated conditions and no different behavior of the Au in
Au/rutile and AuAg/rutile.
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Figure 69. Au LIII spectra under operando conditions (before pretreatment, after oxidation, after reduction, during
reaction with EtOH/O2 at 250°C and 300°C for (a) Au/rutile, (b) AuAg/rutile. (c) shows the ex-situ references AuzOs,
AuCls and Au foil.
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Figure 70. Linear combination fits (LCFs) for the Au/rutile sample of the XANES area (-10 to + 50 eV from the
tabulated Au LI edge) using Au foil, AuCls and Auz0s as references. Whereas before pretreatment, a), the reference
prove as not suitable to capture all features, reasonable fits could be obtained for b) after oxidation, c) after reduction
and d), e), during reaction with EtOH/O2 at 250°C and 300°C.
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Figure 71. Linear combination fits (LCFs) for the AuAg/rutile sample of the XANES area (-10 to + 50 eV from the
tabulated Au LI11 edge) using Au foil, AuCls and Au20s3 as references. Whereas before pretreatment, a), the reference
prove as not suitable to capture all features, reasonable fits could be obtained for b) after oxidation, c) after reduction
and d), e), during reaction with EtOH/O2 at 250°C and 300°C.
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Figure 72. Linear combination fits (LCFs) for the Au/rutile sample of the XANES area (-10 to + 50 eV from the
tabulated Au LI111 edge) using the sample itself in the reduced state as reference. a) shows reaction with EtOH/O: at
250°C and b) at 300°C.
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Figure 73. Linear combination fits (LCFs) for the AuAg/rutile sample of the XANES area (-10 to + 50 eV from the
tabulated Au LI11 edge) using the Au/rutile sample in the reduced state as reference. a) shows reaction with EtOH/O>
at 250°C and b) at 300°C.

The Ag K-edge was measured at the Diamond Light Source, B18 beamline. The respective
spectra for the Ag/rutile, AuAg/rutile sample and the ex-situ references, Ag20 and Ag foil
are shown in Figure 74. For both samples, the spectra obtained at 400°C under 20% O2 are
significantly different from both the reduced state (300°C, 5% Hz) and reaction conditions
(both EtOH/O2 and EtOH only). The larger whiteline of the oxidized samples, in particular
of Ag/rutile, suggests a significant fraction of the Ag to be present in an oxidized state,

however, the characteristic double peak observed in Ag20 and AgO*® is absent and the
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spectrum resembles rather that of AgNOs'®®, the precursor used for synthesis

(unfortunately, however no reference was available for the LCF). Upon reduction the

XANES region changes more towards the metallic state. When comparing the spectra of

Ag/rutile, Figure 74a), and AuAg/rutile, Figure 74b), the spectrum of Ag/rutile after

reduction and during reaction shows more clearly the characteristic features of metallic Ag

up to higher energies above the edge, while those oscillation features vanish faster with

increasing energy on AuAg/rutile. This suggests that the coordination environment of the

monometallic Ag/rutile resembles more that of the bulk metal foil than of AuAg/rutile,

which might be explained by a lower crystallinity, smaller nanoparticles or the potential

contribution of Au in the bimetallic particles.
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Figure 74. Ag K-edge spectra for a) Ag/rutile, b) AuAg/rutile, both in-situ during the pretreatment process and under
operando conditions with EtOH/O2 and EtOH only. c) shows the ex-situ references Ag20 and the Ag foil.
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Linear combination fits (LCFs) were undertaken for both samples, Ag/rutile (Figure 75)
and AuAg/rutile (Figure 76) using Agz20 and the Ag foil as reference. After the oxidation
at 400°C under 20% Oz, the fit indicates non-suitable standards, leaving the exact nature of
the Ag/rutile after the oxidation state undefined. After the reduction step (5% Hz at 300°C,
Figure 75 b), during the reaction with EtOH/O2 at 250°C, Figure 75 c), during the reaction
with EtOH only, Figure 75 d), a reasonable good agreement with the fit is achieved.
Quantitative values are given in Table 24, showing that even after the reduction step on the
AuAg/rutile sample roughly 65% of the Ag is reduced, which decreases to 54% at reaction
conditions with EtOH/Oz but later increases again to > 66% under EtOH. For Ag/rutile, the
amount of reduced Ag remains constant at approximately 65%. Therefore, the reducing
step of the pretreatment is not generating 100% reduced Ag and a significant proportion of
oxidized Ag remains. A reasonable fit is achieved with the Ag20 bulk reference, however
not all contributions to the XANES can be captured, either due to the nanocrystalline
character of the particles or because there are unknown Ag species present. The latter can
be hypothesized due to the unusual results from the NAP-XPS (Wagner plot and Auger
parameters).

Importantly, however, the disagreement of experiment and fit after the oxidation of the
pretreatment step shows that Ag20 is not at all a suitable reference for that condition and
that other Ag species are present. Whereas during the pretreatment, after the oxidation step,
AgNO:s could be still present, this explanation does not hold for the reaction conditions
anymore (as there was a reduction step in between, where the LCF was in good agreement
with the experiment with Ag20 and the Ag foil as references), where Ag/rutile after

oxidation was successfully used as reference for the LCF.
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Figure 75. Linear combination fits (LCFs) for Ag/rutile after oxidation (20% O: at 400°C), a), after reduction (5% H:
at 300°C) and during reaction at 250°C with EtOH/O2, c), and EtOH only, d). Ag foil and Ag20 were used as
references.
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Figure 76. Linear combination fits (LCFs) for AuAg/rutile after oxidation (20% O2 at 400°C), a), after reduction (5%
H: at 300°C) and during reaction at 250°C with EtOH/Oz, c), and EtOH only, d). Ag foil and Ag20 were used as
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Thus, to gain further understanding of the system, for both samples, Ag/rutile and
AuAg/rutile, LCFs were carried out by using the Ag/rutile after oxidation and Ag/rutile
after reduction as references, see Figure 77 for Ag/ruile and Figure 78 for AuAg/rutile. This

approach yields considerably better agreement with experimental data.

For the Ag/rutile sample, under oxidative dehydrogenation conditions with EtOH/Oz, the
experiment is fully fitted with the Ag/rutile reference after reduction, see Figure 77 a).
Under dehydrogenation conditions, Figure 77 b), 2% of the spectrum can be characterized
by Ag/oxidized sample. This must not be confused with the proportion of oxidized silver
as also after reduction, a significant amount of Ag remains oxidized. However, while under
state-steady conditions the XANES spectrum under EtOH/O2 flow is equivalent to the one
after the reduction step, a contribution from the XANES spectrum under oxidative
conditions can be observed under EtOH conditions.

For AuAg/rutile, already under EtOH/O2 flow a significant contribution, 21%, from the
Ag/rutile spectrum under oxidative conditions could be observed which then decreases to
8% under EtOH flow (without oxygen). Therefore, an opposite trend is observed for the
two samples. It becomes also clear from the residual plots that certainly not all features of
the Ag in the AuAg/rutile can be captured by the Ag/rutile reference, but some currently

unknown contributions remain.
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Figure 77. Linear combination fits (LCFs) for Ag/rutile during reaction with EtOH/O2, a), and EtOH only, b).
Ag/rutile after oxidation and Ag/rutile after reduction were used as standard.
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Ag/rutile after oxidation and Ag/rutile after reduction were used as standard.

Table 24. Quantitative of the linear combination fittings (LCFs) with the Ag foil and Ag2.0 as references for
AuAg/rutile and Ag/rutile. The state after the oxidation is not well defined through the references, thus values are

indicative only.

AuAg/rutile Ag/rutile
_Agfoilweight Ag,0 weight  Ag foil weight  Ag.0 weight

0.89+0.10

After e E\i[o]al 0.24 + 0.09 0.77 £ 0.08
(400°C)*

After reduction 0.65 £ 0.04 0.37 £ 0.04
(300°C)

S(o] e NP I 0.54 + 0.0 0.48 £ 0.05
EtOH (250°C) 0.66 £ 0.04 0.36 £ 0.04

Concluding, the measurements at the Au LIIl-edge confirm the assumption of no Au®* in
either of the catalysts based on NAP-XPS results. For the Ag K-edge, a significant
difference between Ag and AuAg could be found: Using the Ag/rutile after oxidation and
reduction as reference for the LCF, for Ag/rutile an increase of the contribution of the

spectrum of the oxidized sample could be observed, whereas the opposite, a decrease is

observed for AuAg/rutile.
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0.66 + 0.04

0.66 + 0.04
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In both cases significant amounts of oxidized silver were found under reaction conditions,
complementing the NAP-XPS results. Whereas the vast majority of silver atoms remains

reduced, a significant amount seems to undergo oxidation.

54. Conclusion
Addition of Ag to the Au-catalysts increases activity and selectivity towards acetaldehyde,
> 97% (from an already high level for the Au/rutile sample). Also, regarding catalyst
activity, silver has a higher relative effect on the reaction rate on the carbon support than

on rutile, although on a much lower conversion level.

For ethanol reaction orders on AuAg systems, the silver greatly reduces the reaction order
at higher temperatures. Silver alone, on Ag/rutile, also shows a lower EtOH order, but it is
still relevantly higher than in the AuAg sample. The Oz reaction order, however, reveals a
very different behavior for carbon-based catalysts and rutile-based catalysts: AuAg/rutile
starts at nearly zero at 150°C and then increases to 0.29, a quite opposite trend to Au/rutile
is observed (there, a decrease from 0.18 to nearly zero is seen). This illustrates how Ag is
influencing the oxygen activation, where the reaction rate is indeed depending on the
oxygen partial pressure. Also, on AuAg/C, an effect of silver is observed, where the
reaction order is also increasing from 0.15 at 150°C to 0.3 at 300°C. On Au/C, the final
oxygen reaction order at 300°C is also 0.3, however there is no temperature dependency.

The initial hypothesis, that the AuAg system is consisting of bimetallic AuAg particles,
could not be confirmed. In fact, operando measurements show a massive depletion of Ag
from the surface on the rutile-based catalysts, presumably due to migration of silver into
the TiO2 bulk. While the Ag surface concentration varies with the reaction conditions
(EtOH in contrast to EtOH/O2) the vast majority of the Ag remains unavailable for the
surface. Clearly, there is a promotional effect as well as influence on the reaction orders,
meaning that, even though most of the silver is away from the surface, it does have an

influence on catalysis.

The difference to AuAg/C lies not only in the absence of an oxide support: STEM-EDX
reveals the presence of bimetallic AuAg particles, and assuming the Ag cannot migrate into
the carbon support, the promotional effect there is expected to originate from the AuAg

alloy.
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Both in the NAP-XPS and XAS, no Au® could be found, strengthening experimental
evidence for the computational result that Au° itself is able to activate the molecular
oxygen. The finding of Ti®* under dehydrogenation conditions could point to oxygen
activation on the Au/TiOz interface, explaining improved catalytic effect in the presence of
rutile (as opposed to Au/C), as suggested in literature for the CO oxidation (““Au-assisted
Mars—van-Krevelen mechanism”)®*. The silver does play a role in this process, however,
the experimental proof is very hard to obtain due to the surprisingly low surface
concentration of Ag. Although there is no indication of oxidized silver, the Wagner plot
and the Auger parameters point to a silver species different from “traditional” Ag20 or
metallic silver. In XAS, on the other hand, the XANES shows the presence of oxidized
silver species. Also here, the difference between fit and experiment suggests that it must be
different from Ag20.

Even though the exact role of silver remains unclear, the often suggested®®-%1%° segregation
of silver on the surface of the AuAg nanoparticle must be rejected when a TiO2 support is
used. In fact, an astonishing enrichment of Au is observed on the catalyst surface due to
this migration of Ag. Future experiments must prove if this surface depletion of silver is
limited to a rutile supported catalyst or if it can also be observed on other oxide supports

and on carbon.

DRIFTS experiments revealed no additional species than already observed for Au/rutile,
supporting the hypothesis that the Au/rutile and AuAg/rutile in fact share a similar reaction
mechanism involving the same intermediates (under steady-state conditions). The
promotional effect of silver could indeed play a role in the oxygen activation, a process
difficult to observe in DRIFTS.
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6. The Influence of Water and Comparison with the Liquid
Phase Reaction

6.1. Catalyst Characterization
STEM-HAADF measurements were performed after the reaction with water to test for
water-induced sintering effects, Figure 79. Interestingly, the trend shown without water in
the feed, smaller particles for Au/rutile (3.3 £ 1.0 nm to 2.9 = 0.9 nm) and sintering for
AuAg/rutile (3.6 £ 1.2 nm to 4.3 £ 1.2 nm) is in fact reversed upon water introduction. For
Aul/rutile, a sintering to 3.7 = 0.9 nm is observed (while exhibiting higher activity, see

section 6.3) whereas smaller particles for AuAg/rutile were observed (2.6 nm = 0.7 nm).
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Figure 79. Size distributions obtained by STEM-HAADF for (a) Au/rutile and (b) AuAg/rutile. Interestingly, the trend
shown in chapter 5.1, smaller particles for Au/rutile (3.3 £ 1.0 nm to 2.9 + 0.9 nm) and sintering for AuAg/rutile (3.6
+ 1.2 nmto 4.3 1.2 nm) is in fact reversed upon water introduction. For Au/rutile, a sintering to 3.7 £ 0.9 nm is
observed (while exhibiting higher activity, see section 6.3) whereas smaller particles for AuAg/rutile were observed
(2.6 nm £ 0.7 nm).

6.2. Liquid Phase Results (ETH Zurich)
The Au/rutile sample as well as the bimetallic catalysts presented in section 4 (AuAg/rutile,
AuRu/rutile and AuPt/rutile) were measured in aqueous phase by S. Mostrou-Moser at the

ETH Zurich. The results are reprinted with permission.

Figure 80 shows the results, which are in stark contrast to the gas-phase behavior of the
catalysts. The main product is acetic acid with ethyl acetate as the major side product
(alongside with acetaldehyde and COz2). The high selectivity towards CO2 can be explained

with the high conversion obtained in the batch reactor, > 60% for AuAg/rutile and > 90%

139



for the other samples. Regarding the conversion, the catalysts can be ordered as follows:
AuPt > Au > AuRu > AuAg. However, the monometallic Au/rutile can be regarded as the
best catalyst due to the lower CO: selectivity. Surprisingly, the AuAg/rutile, favored in the
gas-phase reaction, is the least active one in the liquid phase (gas phase: AuAg > Au >
AuRu > AuPt). For the AuAg/TiO2 sample prepared by flame spray pyrolysis, even no
activity was detected in the liquid phase, whereas it works in gas-phase (though worse than
the Au/TiO2 prepared by FSP). Notably, also in the liquid-phase, AuAg/rutile shows the
highest selectivity to acetaldehyde, the main product in the gas-phase, however at lower
conversion. Only for AuRu was there any acetic acid in relevant amounts observed in the
gas-phase. In aqueous phase, for all catalysts investigated, the main product (> 40%) is
acetic acid. Beside COz2; which is hardly produced in gas-phase, ethyl-acetate (the most

important side product in gas-phase) is the main side product.

Il Conversion of ethanol
Il Sclectivity to Acetic acid
[ ] Selectivity to Acetaldehyde
[ Selectivity to Ethylacetate
Il Selectivity to CO2

100

Conversion, Selectivity %

5% Au/TiO,-PT 5% Au 1% Ag/TiO,-PT 5% Au 1% Ru/TiO,-PT 5% Au 2%Pt/TiO,-PT

Catalyst

Figure 80. Kinetic results of the reaction in the liquid phase. The reaction was performed at the following conditions
in a batch reactor: p = 15 bar Oz, 10mL of 5 vol.% EtOH/H-0 (liq), 50 mg catalyst, T=150°C, reaction time =4 h. The
catalysts were pretreated at the TU Wien and then shipped to the ETH Zirich, and thus have been exposed to the
ambient prior to reaction. These experiments were performed by S. Mostrou-Moser, ETH Ziirich and the results are
reprinted with permission.

Thus, to determine if the observed results must be attributed to the different phase (of
course, also different reaction conditions, temperature and pressure can make a difference)
or the presence of water, also the gas-phase reaction was investigated with water addition
to the feed as described in the next chapter.
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6.3. Influence of Water in the Gas-Phase Reaction

6.3.1. Kinetic Results
As described in the experimental section, after a measurement without water, at partial
pressures of 1.1 kPa EtOH/O2, two different water partial pressures were investigated:
1.1 kPa EtOH/O2 with 0.6 kPa H20 and 1.1 kPa EtOH/O2 with 2.0 kPa H20. To check the
reversibility of the effect, e.g. due to water-facilitated sintering, also a final measurement
without water was conducted. To indicate the purging time to flush the water out of the
kinetic setup, which, for experimental reasons, varied for each sample, the x-axis shows an
interruption after 400 minutes. Hence, the “net reaction” time, not taking account the

purging of the system, is plotted in Figure 81. The temperature was kept constant at 250°C.

The results, Figure 81, show a clear positive catalytic effect for water for the Au/rutile
sample. Indeed, more water, at a higher partial pressure of 2.0 kPa, is beneficial for
acetaldehyde formation. Taking into account that H20 is also a product, thus this result is
counter-intuitive from the thermodynamic standpoint. For Au/C, however, water did not
have a beneficial effect on acetaldehyde formation, however due to the low conversion, as
also depicted in Figure 82, the relative error must assumed to be higher. Ag/rutile, is also
showing a different behavior than the Au/rutile sample: A decrease of acetaldehyde
formation is observed. The bimetallic AuAg/rutile system shows different reaction rates
depending on the water partial pressure: Under condition (I1), 0.6 kPa water, a low decrease
of activity was observed, whereas under condition (Il), 2.0 kPa H20, an increase is
observed. The small changes for the Au/Ag, however, must be put into relation to the
change of the EtOH feed different between the conditions, which are +3.5 % EtOH from
(D to (1) and + 2% from (1) to (I11). Quantitatively, the changes in acetaldehyde formation
relative to the starting conditions, (1) without water, are summarized in Table 25. However,
the activity is increasing and does not decrease to value at the start of the reaction as

observed for the other catalysts, when switching back to condition (I).
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Table 25. Average changes, in percent, in the CH3CHO formation rate relative to the first measurement condition,
without H20 in the feed.

Condition AuAg/rutile Au/rutile Ag/rutile

(I1) 0.6 kPa H20

(I11) 2.0 kPa Hz0

Thus, looking at the conversion, Figure 82, complements the picture as the (slight) variation

of the feed is considered. Quantitative changes of the conversion, relative to condition (1),
without water are printed in Figure 31. Indeed, whereas AuAg/rutile is rather indifferent to
water, the beneficial effect of water is clearly visible for Au/rutile, and for Ag/rutile a
decrease of conversion, from approx. 20% to 16% can be observed, which is not so evident

when looking at the CH3sCHO formation rate, Figure 81.

Table 26. Average changes, in percent, in the conversion relative to the first measurement condition, without H20 in
the feed.

Condition AuAg/rutile Aulrutile Ag/rutile Au/C
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Figure 81. CH3sCHO formation rates for the measurements investigating the influence of water, AuAg/rutile (orange),
Aul/rutile (green), Ag/rutile (grey) as well as AuC/rutile (purple). The reaction was performed isothermally at 250°C
under three different conditions: (1) 1.1 kPa EtOH/O2 (no water), (1) 1.1 kPa EtOH/O2 and 0.6 kPa H20 and (111) 1.1
kPa EtOH/O2 and 2.0 kPa H20 To see the reversibility of the water introduction effect, the measurement was
concluded with applying conditions (I), without water, again.

The addition of water does not change the product distribution significantly with
acetaldehyde being the main product, Figure 82. No shift towards acetic acid, the main
product in liquid phase was observed, probably because the easy desorption of acetaldehyde
is not at all hindered by water. For both AuAg/rutile and Au/rutile, the selectivity is de facto
unchanged upon water addition. In condition (I11), at a water partial pressure of 2.0 kPa,
for Ag/rutile, small amounts of CO2 formation, up to 1.0% is observed. At the beginning
of the reaction, without water, up to 3% acetic acid are formed, which is then reduced to
approx. 1.5% and stays at that level even when the water is removed from the feed. Au/C,
on the other hand has relevant CO2 formation, up to 7%, at the end of condition (1), which

then remains after switching off water, but is slowly reducing in time to below 3%.
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Figure 82. Selectivities for (a) AuAg/rutile, (b) Au/rutile, (c) Ag/rutile and (d) Au/C. The reaction was performed
isothermally at 250°C under three different conditions: (1) 1.1 kPa EtOH/O2 (no water), (11) 1.1 kPa EtOH/O2 and 0.6
kPa H20 and (I11) 1.1 kPa EtOH/Oz and 2.0 kPa H20 To see the reversibility of the water introduction effect, the
measurement was concluded with applying conditions (I), without water, again.

Fujitani et al. report that, as observed by XPS measurements, water stabilizes oxidized
Au species, Au(OH)s and Au20s3, during CO oxidation. However, unlike others for the CO
oxidation'®8, in this work no Au®" species could be detected. Moreover, a direct
involvement of water in the O activation (via the formation of hydroperoxy species)® is
proposed. In connection with the TiOz2 support, hydroxyl species play an important role in
the oxygen adsorption®®. As reported in a review of Diebold®®, in UHV, a high sticking
coefficient of H20 alongside a tendency to dissociate at vacancies is known for TiO2. Water
is known to interact with titania surfaces and surface hydroxyls can easily affect adsorption

and reaction processes*®®,

The amount of oxygen species on the Au/TiO2 catalysts, determined by temporal analysis
of products (TAP) for the CO oxidation (without water), was found to be proportional to
the interface between Au and the TiO2 support (the authors also postulate a mechanism,

involving surface lattice oxygen at or close to Au perimeter sites, “Au-assisted Mars—van-
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Krevelen mechanism”)°!. Direct proof of this mechanism by NAP-XPS, sections 5.3.2 and

5.3.3, could not be achieved.

Thus, the indifference of the AuAg/rutile catalyst to water could lie in the oxygen
activation. If oxygen availability, not necessarily Oz, but an activated form as required for
the oxidation reaction, is not the limiting step anymore due to the promoting effect of Ag,
naturally, water-enhanced oxygen activation would not result in a higher rate anymore.

However, interestingly, on Ag there is a clear negative effect of the water in the feed.

Notably, the effect of water seems to be reversible: For Au/rutile, the promotional effect of
H20 disappears, and activity decreases to the point before water introduction. Also for
Ag/rutile a “recovery” to higher conversion can be observed. For AuAg/rutile, as the
conversion and CHsCHO formation was changed on a smaller level only, this reversibility
is not so clear and would probably take a longer time to reach steady-state conditions. Also
for Au/C, the CO2 formation is decreasing again after ceasing the water feed, but longer
measurements would be necessary to prove the full reversibility. Thus reversibility is
strongly in line with the kinetic role of water proposed based on computational results.

At this point, a small excursion into computational results obtained by J. E. de Vrieze shall

be given. These results are reprinted with permission.

While at lower temperatures, below 250°C, a small increase of the TOF is observed, this is
not true for higher temperatures, Figure 83. This is well in accordance with the kinetic data
presented above where the Au/C does not show increased conversion (in fact, on a low
conversion level due to the average large particle size of 14.5 nm, even a small decrease of
activity is observed). This results in a water reaction order of approximately 0.1 for low
temperatures and 0 above 250°C. The reaction order of Oz for Au shows in fact a similar
trend, although at higher values, which lead to the hypothesis that H20 plays a role in the

oxygen activation.
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Figure 83. a) The effect of the temperature on the turnover frequency for different water-to-ethanol ratios and b)
water reaction order for different reaction temperatures. Conditions: Xeton = 10%, EtOH:02 = 1:1, peton = 2.5 kPa.
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Figure 84. a) Reaction pathway for oxygen activation at a H20:EtOH 1:1 molar ratio. The numbers indicate the
fraction of each component consumed in the respective reaction step. Dotted arrows indicate reaction steps with a
fraction below 0.5%. B. Activation pathway contribution for the significant oxygen activation pathway as a function
of the water-to-ethanol molar ratio. Conditions: T = 200 °C, Xeton = 10%, EtOH:02 = 1:1, pEtOH = 2.5 kPa.

When H20:EtOH = 1, a significant fraction of Oz is hydrogenated to OOH* via proton
transfer from water, something that didn’t occur significantly in the absence of water
(previous work). As such, water opens an alternative, low activated pathway for O:

activation.

However, these calculations take the Au(111) surface into account, but disregard the
support which seems to play a tremendous role in the interplay with water. This tremendous
role of water was also studied by Grabow for CO oxidation®,
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Comparing to liquid-phase, the very different results could not be reproduced in the gas-
phase, suggesting an entirely different reaction mechanism for each phase. AuAg/rutile still
is very active with water, and even though water is beneficial for the Au/rutile sample, it
cannot keep up with the AuAg/rutile reaction rate. Likewise, water introduction did not
shift the selectivity towards acetic acid; acetaldehyde is still the main product produced
with high yields.

6.3.2. Operando Spectroscopy
Operando DRIFTS measurements, Figure 85, were performed for the Au/rutile as well as
the AuAg/rutile sample. In fact, for both samples, the spectra with/without water are nearly
identical. Only the C-H bands as well as the v(C=0) band of CH3CHOuds are slightly more
pronounced for Au/rutile for the reaction conditions with water, indicating higher
conversion as shown in section 6.3.1. The band attributed to COO (see section 3.3/5.3.1) at
1450 cm is shifted to higher wavenumbers with water (1454 cm™) as well as for the
Au/rutile sample (under both conditions), possibly doe to the co-adsorption of water.
Interestingly, this difference cannot be observed in the spectra presented in section 5.3.1,

indicating some variability in the COO region from measurement to measurement.
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Figure 85. DRIFTS spectra for AuAg/rutile (orange) and Au/rutile (green). The solid lines indicate measurements
without water, only EtOH/O2 (1.1 kPa EtOH/O2 He at a total flow of 49.6 mL/min) whereas the dashed lines mark the
measurements EtOH/O2/H20 (1.1 kPa EtOH/O2 and 2.0 kPa H20 at a total flow of 50.6 mL/min). The displayed
spectra are nearly identical, only the C-H bands as well as the v(C=0) band of CH3CHOaus are slightly more
pronounced for Au/rutile for the reaction conditions with water, indicating higher conversion as shown in section
6.3.1.
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These nearly identical spectra showing the same species on the catalyst surface
corroborates the hypothesis that the H20 is supporting the oxygen activation and that the

promotional effect of water is indeed a kinetic effect.

However, to probe for electronical changes upon water introduction, as part of the NAP-
XPS beamtime at the ISISS beamline, BESSY |II, also the influence of water addition to
the feed was investigated. The Ag 3d detail/MNN Auger spectra are shown in Figure 86,
whereas the Au 4f, Ti 2p and O 1s detail scans are depicted in Figure 87. The respective
C1s spectra are shown in the annex, section 9.7.1.

The Ag 3ds2 maximum was found at a binding energy of 368.3 eV with a FWHM of 0.8 eV
and the Ag 3ds;2 was at 305.7 eV with a FWHM of 0.8 eV, respectively. Further binding
energies relevant in this section: 84.4 eV for Au 4f72 and 88.1 eV for Au 4fsz (FWHM =
1.0 for both), for Ti 2p12 464.8 eV (FWHM: 2.2 eV) and for Ti 2ps;2 459.1 eV (FWHM:
1.4 eV), for O 1s530.5 eV (FWHM: 1.7 eV). Also here, for the O 1s, the fitting of oxygen
surface species (OH, H20, ethoxy, acetate, etc.) was not performed.

a) b)
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EtOH/O, = 1/1 | EtOH/O, = 1/1

CPS
CPS
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Figure 86. (a) Ag 3d peak of the AuAg/rutile sample as well as the (b) respective MNN Auger peaks. The spectra at
the bottom were taken prior to water introduction whereas the top was taken after ending the water feed. EtOH/O2
ratios were 1/1 with 2.5 mL/min flow of each, and for the measurement of the water-containing feed, additional 5
mL/min were added. Clearly, no difference of water is observed with the presence/absence of water. Spectra were taken
at a kinetic energy of 310 eV.

148



a) AuAg/rutile b) AuAghutie  ©) AuAg/rutile

- j\ ‘A
1 A N 1 I
1| / \\\ \\\+ HO ]
| A 1" + H,0 | + H,0

A\
\

7 / \.\‘ __J// .‘ N i
0 w ] w 7 5
o] . o = o
O 7 A Au/rutile/ \ O ] Au/rutile O ‘ Au/rutile
4./ N\ s \\L i
i N /’\_ Il _ j\ _.._——Z N
i ;/ \ ’/" ‘I\“\ + H.O ]
E et o 2 ] ] + HZO
] A T fH0 T
1./ /N 1 A | /\
! I v ! v I ' 1 LA L DL DL DL L | T T I ¥ T ' T !
90 88 86 84 82 468466 464 462 460 458 45 534 532 530 528
B.E. (eV) B.E. (eV) B.E. (eV)

Figure 87. Detail spectra for Au/rutile (bottom) and AuAg/rutile (top) prior to H20 introduction, during the reaction
with EtOH/O2/H-0 and after removing the H20 from feed again, (a) Au 4f, (b) Ti 2p12 and (c) O 1s. The feed consisted
of 2.5 mL/min EtOH and O:2 (each, resulting in a ratio of 1/1) and, for the measurement of the water influence,
5 mL/min were added (resulting in an EtOH/O2/H20 of 1/1/2), always at total pressure of 0.5 mbar and a temperature
of 250°C. The spectra were taken at a kinetic energy of 310 eV.

For neither catalyst nor reaction condition, was any change to the electronic structure
induced by water observed in the NAP-XPS. Peaks in Figure 86 (Ag 3d) and Figure 87
(Au 41, Ti 2p and O 15s) are slightly higher under H20-containing atmosphere, possible only
due to different scattering of photoelectrons at gas molecules.

A different situation presents itself for the Ag K-edge XAS measurements performed at the
Diamond Light Source, B18 beamline. Figure 88 shows an enlarged view of the post-edge
part of the XANES spectrum, a) for Ag/rutile and b) for AuAg/rutile. Whereas there is
hardly any difference is observed for Ag/rutile, with and without the presence of water, the

spectra differ significantly for AuAg/rutile.
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Figure 88. Enlargement of the post-edge part of the XANES for a) Ag/rutile and b) AuAg/rutile under different
operando conditions: EtOH + Oz, EtOH only, H20 only, EtOH + H20 + Oz2. Whereas there is hardly any difference is
observed for Ag/rutile, the spectra differ significantly for AuAg/rutile.

Linear combination fits (LCFs) using Ag foil and Ag20 as references were undertaken for
both Ag/rutile and AuAg/rutile, Figure 89 and Figure 90, respectively. Table 27 shows the
corresponding numerical results. For the AuAg/rutile , the weight of the Ag foil reference
is the lowest with 54% under EtOH/O2 flow, whereas under EtOH, H20 and EtOH/H20/02
it increases to > 60% with the highest value in the most reducing atmosphere ethanol only.
For the Ag/rutile sample, only very small variations were found and all values were within
the error range of the fits, suggesting the fraction of reduced Ag remains more or less
constant at around 66%. The slightly larger Ag20 contribution was found for an atmosphere

of water only.

Table 27. Quantitative of the linear combination fittings (LCFs) with the Ag foil and Ag.O as references for
AuAg/rutile and Ag/rutile under operando conditions.

AuAg/rutile

Ag/rutile

Ag foil weight Ag.O weight Ag foil weight Ag.O weight
EtOH/O; (250°C) [RORZEAN0) 0.48 +0.05 0.66 + 0.04 0.36 £ 0.04
EtOH (250°C) 0.66 £ 0.04 0.36 £ 0.04 0.66 = 0.05 0.36 £ 0.05
H.0O (250°C) 0.61 +0.04 0.41 +0.04 0.64 £ 0.05 0.37 £0.04
EtOH/H20/0> 0.61+0.04 0.41 +0.04 0.69 + 0.04 0.32 +0.04

(250°C)
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Figure 89. Linear combination fits (LCFs) for Ag/rutile exposed to a) 1.1 mL/min EtOH/O2, b) 1.1 mL/min EtOH, c¢)
H20 and d) 1.1 mL/min EtOH/H20 and 0.25 mL/min Oz. Ag foil and Ag20 were used as references.
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Figure 90. Linear combination fits (LCFs) for AuAg/rutile exposed to a) 1.1 mL/min EtOH/Oz, b) 1.1 mL/min EtOH,
¢) H20 and d) 1.1 mL/min EtOH/H20 and 0.25 mL/min O2. Ag foil and Ag20 were used as references.
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However, using Ag/rutile after oxidation and after reduction, as the more suitable reference,
yields a clearer overview of the results, see Figure 91 for Ag/rutile and Figure 92 for
AuAg/rutile. Table 28 lists the numerical results of the fits showing that AuAg/rutile
spectra can be fitted with significantly larger weight of the Ag/rutile after oxidation, 21%
under EtOH/O2 flow which decreases to 8% for EtOH only and then increases to 13% and
11% under H20 flow and EtOH/H20/O: flow, respectively. For Ag/rutile, the XANES

spectrum can be nearly solely described with the Ag/rutile after reduction.

However again, it has to be kept in mind that Ag/rutile after the reduction does not at all
equal 100% reduced silver, but is still fitted with 36% weight for the Ag20 reference. These

fits serve merely to help in identifying potential changes under different reaction
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Figure 91. Linear combination fits (LCFs) for Ag/rutile exposed to a) 1.1 mL/min EtOH/Oz2, b) 1.1 mL/min EtOH, c)
H20 and d) 1.1 mL/min EtOH/H20 and 0.25 mL/min O2. Ag/rutile after oxidation and after reduction were used as
references.
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Figure 92. Linear combination fits (LCFs) for AuAg/rutile exposed to a) 1.1 mL/min EtOH/O2, b) 1.1 mL/min EtOH,
¢) H20 and d) 1.1 mL/min EtOH/H20 and 0.25 mL/min O2. Ag/rutile after oxidation and after reduction were used as
references.

Table 28. Quantitative of the linear combination fittings (LCFs) with the Ag/rutile after oxidation and after reduction
as references for AuAg/rutile and Ag/rutile under operando conditions.

AuAg/rutile Ag/rutile

Ag/rutile red.  Ag/rutile ox. Ag/rutile red. Ag/rutile ox.

weight weight weight weight
EtOH/O2 (250°C) 0.79 £0.02 0.21£0.02 1.00 £ 0.02 0.00 £0.01
EtOH (250°C) 0.93+£0.03 0.08 £ 0.03 0.98 £ 0.03 0.02 £ 0.00

H20 (250°C) 087+003  0.13+0.03 0.94+0.03  0.06 +0.01
EtOH/H,0/0; 090+0.03  0.11+0.03 1.01+003 -0.01+0.01
(250°C)

Thus, whereas the Ag in the Ag/rutile sample remains relatively unchanged during the
different reaction conditions, the amount reduced silver is increasing for AuAg/rutile when
switching from EtOH/O2 to EtOH, H20 or EtOH/H20/O2. Possibly this gives an

153



explanation why reaction rate is rather not much affected from H20 for Ag/rutile while the

AuAg/rutile is reacts rather sensitively to water.

6.4. Conclusion
Water imposes various effects on the investigated catalysts. For the Au/rutile catalyst, a
clear promotional effect is observed, more water leads to higher activity. As reported in
literature®® and supported by calculations from J.E. de Vrieze, the water promotes the
oxygen activation, thus leading to higher reaction rates. For Ag/rutile on the other hand the
effect of water is relatively small, even a (small) decline in activity is observed. Therefore,
for AuAg/rutile, a combination of the two effects is expected, and a slight decline for low
water partial pressures of 0.6 kPa is seen whereas at 2.0 kPa the activity increases again.
Interestingly, for Au/C, this promotional effect could not be observed, showing that rutile

is an essential element in the promotional effect of water.

Several methods have been employed to test for water-induced changes to the catalyst
and/or to the reaction mechanism. STEM-HAADF showed a surprising sintering due to
water for Au/rutile, which does not reduce the catalytic activity. In fact, the promotional
effect of water is not only overcompensating for the sintering: Also ending the H20 feed
results in nearly the same reaction rate as observed before water introduction (eventually a
slight decrease could be suspected). For AuAg/rutile, water seems to lead to smaller
particles, which is exactly the opposite trend that is observed for Au/rutile and AuAg/rutile

without water. However, also here, no particle size effect could be observed.

In the NAP-XPS experiment, no electronical changes imposed by water could be observed
and the adsorbed species, as measured by DRIFTS, don’t show a different pattern with
water. In XAS measurements of the Ag K-edge, however for AuAg/rutile an increased
proportion of reduced Ag was observed under reaction conditions involving water whereas
the Ag/rutile remained unaffected by water addition. However, the most likely kinetic
nature of the water effect seems to be reversible and not corresponding to any changes in

the catalyst structure.

The comparison with the liquid phase resulted in the striking revelation that catalysts
showing high activity in the liquid-phase don’t do so in the gas-phase and vice versa.

Catalysts can be ordered by activity in the liquid-phase as follows: AuPt > Au > AuRu >
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AuAg (with Au being the more interesting catalyst as it shows higher selectivity).
Surprisingly, the AuAg/rutile, favored in the gas-phase reaction, is the least active one in
the liquid phase (gas phase: AuAg > Au > AuRu > AuPt). In fact, for the liquid-phase both
solvation® and the gold-water interface® play a role in the proposed reaction mechanism,
both of which are absent in the gas-phase. Thus, the observed differences between liquid-
phase and gas-phase can indeed be attributed to different reaction mechanisms due to

different phases and cannot be explained by the sole presence of water in the reaction feed.
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7. General Conclusions

In this thesis, modified supported Au catalysts were explored for the selective ethanol
oxidation, a both economically and ecologically interesting reaction to establish green

chemistry and substitute fossil feedstock.

Starting with a thorough understanding of the monometallic gold system, high selectivities
of > 97% towards acetaldehyde were observed with no significant total oxidation of ethanol
to CO2. From the different supports investigated in this work (ZnO, Al203 and TiOz2), the
TiOz2 in the rutile modification was proved to be the best catalyst support yielding high
reaction rates, acetaldehyde selectivity and stability. Whereas use of anatase showed
reasonable activity, though below rutile, mixtures of anatase and rutile (commercially as
AUROIite/TiO2 or prepared on P25 or an artificial mixture of 80% anatase and 20% rutile)

showed considerably lower product formation.

A carbon-supported commercial catalyst, Au/C, was used as model system for Au
nanoparticles on an inert support. This provided a quantitative measure of the rutile
support’s influence on the reaction as well as a reference system to validate computational

DFT results obtained by J. E. de Vrieze in M. Saeys’ group, Ghent University, Belgium.

Experimental and computational results were in good agreement for the Au/C catalyst.
Rather than one route being dominant, the reaction path analysis showed that proton
transfer of ethanol can go to atomic oxygen, surface hydroxyl species and molecular
oxygen, the contribution of each step depending on the operating conditions. In addition, it
was shown that the temperature dependence of the reaction orders is a result of a mix of
rate-limiting steps. At low temperatures, both oxygen activation (both direct or via proton
transfer to hydroperoxyl) and ethoxy oxidation are rate-limiting. When the temperature
increases, the ethoxy B-H elimination becomes increasingly dominant resulting in an
increase in the ethanol order. The different reaction order for EtOH and Oz for the Au/rutile
sample can be attributed to rutile: It shows a higher EtOH order and an oxygen order that
is decreasing with the temperature, indicating better availability of oxygen at higher
temperatures, possible due to higher mobility of oxygen vacancies or a higher degree of

Ti%" species.
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Bimetallic catalysts were prepared on the basis of phase-pure rutile and various promoting
metals were tested: Ag, Ru, Pt. flame spray pyrolysis-prepared from M. Mostrou-Moser

from the van Bokhoven group with Ag, Pd and Pt was also evaluated.

Silver was identified to be the most suitable promoter for the gas-phase oxidation,
increasing the reaction rate as well as improving selectivity (on an already high level). Ag
had a profound influence by decreasing the reaction orders for EtOH and O. The latter
suggests involvement in the oxygen activation. STEM-EDX revealed bimetallic AuAg
particles on both carbon and rutile after the pretreatment. However, under operando
conditions, NAP-XPS reveals a drastic depletion of Ag from the rutile surface, surprisingly
rather eliminating the possibility of Ag20 formation on the nanoparticle surface. For the
AUAg/C, an alloying and no Ag depletion from the surface is hypothesized, explaining the
different kinetic results.

Thus, the majority of the silver in Au/rutile is catalytically active being far away from the
gold, supposedly within the rutile, facilitating oxygen activation there (and also involving
EtOH, as the effect on the EtOH reaction rate is not negligible). For both Au/rutile and
AuAg/rutile, DRIFTS revealed ethoxy species as the dominant intermediate on the surface
as well as COO bands that are increasing/decreasing with conversion, however,
computational results show that these acetate species assume a spectating role only.
Depending on the conversion, also acetaldehyde could be detected on the surface.

Finally, the influence of water was investigated, first by comparing the gas-phase reaction
to the liquid-phase reaction, the latter performed by M. Mostrou-Moser in the van
Bokhoven group, ETH Zirich. A reversed trend of active catalysts was found, with the
catalyst activity ordered as follows in the liquid-phase: AuPt > Au > AuRu > AuAg (with
Au being the more interesting catalyst as it shows higher selectivity). Surprisingly, the
AuAg/rutile, favored in the gas-phase reaction, is the least active one in the liquid phase
(gas phase: AuAg > Au > AuRu > AuPt). Gas-phase experiments with water in the feed
revealed that water has an activating effect on Au/rutile and all in all just minor effects on
Ag/rutile. For the bimetallic AuAg, a slight decrease of activity was found at 0.6 kPa water
and an increase at a water partial pressure of 2.0 kPa, showing a mixed, rather complex
effect on Au and Ag. Interestingly, the promotional effect was depending on the presence
of rutile and could not be observed for Au/C. Thus, it could be proved that the results of

the liquid-phase could not be reproduced in the gas-phase by water introduction, showing
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that the different behavior must be attributed to the liquid-phase and a different reaction
mechanism must be assumed. Also, for the gas-phase, NAP-XPS involving a water-
containing feed did not show any water-induced electronical changes and DRIFTS did not
reveal any different species on the catalyst surface. In XAS measurements of the Ag K-
edge, however for AuAg/rutile an increased proportion of reduced Ag was observed under
reaction conditions involving water whereas the Ag/rutile remained unaffected by water
addition. However, the kinetic nature of the water effect seems to be reversible and not
corresponding to any changes in the catalyst structure, leading to the conclusion that the
effect is a merely kinetic one (especially for Au/rutile, where no silver is involved).

This is supported by the fact that the effect of water is reversible for the investigated
catalysts. Interestingly, a water-induced sintering effect could be observed for Au/rutile and
a decrease of the mean particle size for AuAg/rutile. Both effects seem to have limited
effect on the catalytic activity. Also, for the reaction without water, the observed trend is

reversed, showing smaller particles for Au/rutile and (minor) sintering for AuAg/rutile.

Even though this thesis deals with bimetallic Au catalysts, a few words about the
Ag/catalysts shall be spent: With its low metal loading of 1 wt.% on rutile and substantially
lower cost, Ag/rutile is a remarkably interesting catalyst for the ethanol oxidation (as well
as other alcohols®”). Furthermore, it also shows the very same Ag depletion effect while
still being catalytically active.

In conclusion, the AuAg catalyst supported on rutile is a very promising system for ethanol
oxidation. In this thesis, together with the project partners, we disproved the common
believe that Ag atoms dispersed in the Au surface are responsible for the increased catalyst
performance. However, the research results also raise a lot of new questions: where the
silver goes to and how it promotes ethanol oxidation, while migrating into the support.
Knowledge of this promotional mechanism is vital for catalyst optimization, something
specifically important when working with expensive materials like gold. Based on the work
I performed throughout my thesis, | propose the following future work to move closer in

solving the AuAg puzzle:

In-depth evaluation of the EXAFS data obtained at ALBA and the Diamond Light Source
will shed more light on the oxidation state of the silver and its chemical surrounding. In-
situ (S)TEM can give more information on the silver’s mysterious whereabouts (currently

underway). Furthermore, comparing the behavior on differently supported AuAg catalysts
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(e.g. ZnO, Al203) and performing (NAP-)XPS will reveal if this depletion effect can be

found in other systems too.

Information on reaction intermediates can be obtained by DRIFTS under dynamic
conditions using the Concentration Modulation Approach (CMA) with Phase Sensitive
Detection (PSD) analysis®®1%° an approach that was successfully employed in our group
for the Pd2Ga/Ga203 system!’®. That way, very small changes under non-steady-state
conditions can be made visible, giving insight into the mechanistic differences between the

AuAg/rutile and the Au/rutile system.
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9. Appendix
9.1. Catalyst Synthesis

Table 29. Weights used for the synthesis of the monometallic Au samples.

Amount prepared (g) Au(mg)  Au(lllchloride
(weighted sample)

Batch 1

Au/rutile (5 wt.%) 5.0 250 499.86 mg (508.0
mg)

Aul/rutile (5 wt.%0) 10.0 500 999.72 mg (1.01 g)

Aulrutile (5 wt.%) 4.0 200 399.89 mg (401.9
mg)

Au/anatase (5 wt.%) 1.0 50 99.97 mg (102.6 mg)
Au/P25 1.0 50  99.97 mg (99.9 mg)

Au/anatasesorutilezo 1 (0.82 rutile, 0.18 50 99.99 mg (101.3 mg)
anatase)

Aulrutile (5 wt.%) 10 500  999.72 mg (1.00 g)

Table 30. Weights used for the synthesis of the bimetallic samples.

Amount Promotor [mg] Metal salt [mg]

prepared [g] (weighted sample)

AuRu/rutile 1(on 1.0191 20.52 (24.80)
Au/rutile) (Ru(lMchloride
hydrate)

AuPt/rutile 1 (on 1.0062 g 20 34.54 (36.6)
Au/rutile) (Platinum(IV)chloride)
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AuAg/rutile 1 (on 1.0037 g 10 15.75 (15.70)
Aul/rutile) (AgNO:s)
AuRu/rutile 3 (on 3.0010 g 30 61.57 (61.60)
Aul/rutile) (Ru(ll)chloride

hydrate)

AuAg/rutile 5(on 5.0018 g 50 78.74 (78.70)
Aul/rutile) (AgNO:s)

AuAg/rutile 1 (on 1.0050 g 10 15.75 (15.80)
Aul/rutile) (AgNO:s)

AuAg/rutile

5(5.0013 g 50 78.74 (78.60)
Au/rutile) (AgNO:s)

9.2. XRD Analysis of Catalysts

XRD is shown for the Au/rutile catalyst in Figure 93, in pristine state after the synthesis as
well as after the pretreatment step. Only in the diffractogram of the pretreated catalyst there
is asmall (and broad) gold peak (marked with an orange star), which indicates the formation
of highly dispersed and nanocrystalline particles are formed during the synthesis. All the
other peaks as well as all the peaks in the diffractogram of the pristine sample can be
attributed to rutile (01-072-4817). Au/C, AuAg/rutile and Au/rutile are compared in Figure
94. The large peak attributed to Au in the diffractogram of Au/C is explained by the large
mean particle size of 14.5 nm. Figure 95 shows a comparison of the different TiO2-based
catalysts, supported on rutile, anatase (00-021-1272), P25 and a mixture of 80% rutile and

20% anatase. The results of the Rietveld refinement are listed in Table 31.
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Table 31. Results of the Rietveld refinement for the TiO2-based catalysts. Only anatase and rutile are listed in the table,
as the obtained values for Au are not correct due to the nanocrystalline character of Ag.

Anatase (wt.%0) Rutile (wt.%0)

AUROIite/TiO; 82.2 17.7
Au/anatasesorutilezo 78.3 19.1
Au/P25 87.0 13.0
Au/anatase 99.7 0.0
Aulrutile 0.0 2o

The detailed parameters for the measurement were as follows: PANalytical X’Pert

(PANalytical) PRO powder diffractometer in Bragg-Brentano geometry.

X-ray tube: Cu LFF; wavelength: CuKo: A1 = 1.5406 A, A2 = 1.5444 A; voltage: 40 kV at
40 mA; power: 1600 W (max. power 2200 W); Ni-KRB-Filter, ®/0 goniometer: PW3050/60;
goniometer radius 200 mm; fixed divergence slit 0.5°; fixed anti scatter slit 2°; detector:
X’Celerator; scanning length 2.546°, fixed anti scatter slit 5.5°; max. diffraction angle 20,

5-90°, step size 0.0200535°, time per step 70.485 s.

The Rietveld refinements were performed using Highscore Plus (PANalytical). The
respective fittings are shown in Figure 96 till Figure 102. For simplicity, only
diffractograms of the Batch 3 as well as catalysts with different TiO2 modifications are
shown. These diffractograms are representative for the other samples discussed in this

thesis.
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Figure 93. (a) XRD powder patterns of Au/rutile after pretreatment (blue) and pristine after the synthesis (black). The
orange star marks the small gold peak in the pretreated sample. b) and c) show the reference peaks of gold (00-004-
0784) and rutile (01-072-4817), respectively.
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Figure 94. a) XRD powder patterns of Au/C (purple), AuAg/rutile (green) and Au/rutile (blue), always after
pretreatment. The orange star marks the small gold peak in the pretreated sample. b) and c) show the reference peaks
of gold (00-004-0784) and rutile (01-072-4817), respectively.
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Figure 95. a) XRD powder patterns of AUROIite/TiO2, Au/anatasesorutilezo, Au/P25, Au/anatase and Au/rutile, always
after pretreatment. The orange star marks the small gold peak in the pretreated sample. b), ¢) and d) show the reference
peaks of gold (00-004-0784), anatase (00-021-1272) and rutile (01-072-4817), respectively.

The Rietveld refinements are shown in the following figures:
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Figure 96. Rietveld refinement (including the difference plot) for Au/rutile (batch 3), after pretreatment. Due to the

nanocrystalline character, 99.9% rutile and 0.1% Au have been found.
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Figure 97. Rietveld refinement (including the difference plot) for Au/anatase, after pretreatment. Due to the

nanocrystalline character, 99.7% anatase and 0.3% Au have been found.
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Figure 98. Rietveld refinement (including the difference plot) for Au/P25, after pretreatment. 87.0% anatase and
13.0% rutile have been found. Due to the nanocrystalline character of gold, no peak associated with Au could be
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Figure 99. Rietveld refinement (including the difference plot) for Au/anatasesorutilezo, after pretreatment. 78.3%

anatase, 19.1% rutile and 2.6% Au have been found.
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Figure 100. Rietveld refinement (including the difference plot) for AUROIite/TiO: after pretreatment. 82.2% anatase,
17.7% rutile and 0.1% Au have been found.
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Figure 101 Rietveld refinement (including the difference plot) for AuAg/rutile after pretreatment. 0.2% Au has been
found.
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Figure 102. Rietveld refinement (including the difference plot) for AuC/rutile after pretreatment. 1.0% Au has been
found.

9.3. Detailed LA-ICP-MS Parameters for the Determination of

Metal Loadings

For the analysis a NWR213 (ESI, Fremont, CA) ns-Laser ablation (LA) system was
hyphenated to an iCAP Q (Thermo Fisher Scientific, Bremen, Germany) quadrupol
inductively coupled plasma mass spectrometer (Q-ICP-MS). The particles were dispersed
in Ethanol and pipetted on a polycarbonate disk and individual particle clusters, as
identified in the LA system, were subsequently ablated and analyzed in the ICP. Figure 103
shows exemplarily the metal loading for the individual particle clusters of the Au/rutile
sample as analyzed by the LA-ICP-MS system, thus giving an estimate of the homogeneity
of the catalyst. The parameters for the analysis are presented in Table 32 below.
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Table 32. Detailed LA-ICP Parameters

He Gas Flow (Carrier 850 mL/min
gas)

NG CT- T { [\ EUCE TN 800 mL/min
gas)

Spot size 10 um

Shots per particle 20
Dwelltime per isotope 5ms
Observed isotopes Au-197, Ti-47,Ti-
48
3.1 5
3.0 1
X
=294
g
©
T 28+
—l
©
[}
= 2.7
2.6 1
0 5 10 15 20

Figure 103. Results of individual particle clusters of the Au/rutile sample as ablated by the LA-ICP-MS system.

9.4. Details for Kinetic Measurements

9.4.1. GC Settings
The product stream was on-line analyzed in an Agilent 7890A GC, equipped with an FID
and a TCD detector. During the analysis, 1000 pL of sample were introduced at 110°C.
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The inlet was operated in splitless mode. Carrier gas (He) flow on column was kept at 6
mL with the following method: 40 °C for 4.5 minutes. followed a rapid heating
(200°C/min.)

to 200°C which was kept for 11 minutes. The FID Detector was set at 250 K with a 40
mL/min Hz and 400 mL/min air flow. The TCD was set at 220°C with a 20 mL/min
reference flow. The molar concentration of each component was determined using linear
regression of calibration standards. This GC program was optimized for speed, allowing an
injection every 23 minutes and, after a first screening of the reaction by-products (and their

concentrations) optimized.

9.4.2. Exact Flow Settings for Reaction Order Measurements

Table 33. Exact flows for the O2 reaction order measurements.

EtOH/O; ratio O flow EtOH flow Total flow  peton Poz
(mL/min)  (mL/min) (mL/min) (kPa) (kPa)

1/1.0

The gas flows were thus deviating not more than +/- 2% from 51.8 mL/min, except for the
last EtOH/O2 ratio of 1/4.0, which represents a bigger deviation from the desired constant

flow of the measurements (due to the available MFC controllers).
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Table 34. Exact flows for the EtOH reaction order measurements.

O/EtOH O flow  EtOH flow Total flow  peton Poz (kPa)
ratio (mL/min) (mL/min) (mL/min) (kPa)

5/0.25
5/0.60

5/1.1
5/1.65
5/2.2

The gas flows were thus deviating not more than +/- 1% from 50.0 mL/min

9.4.3. Exact Flow Settings for the Measurement of the Water Influence

Table 35 Exact experimental setup, gas flow settings and saturator temperature.

Conditions O Flow EtOH Flow H20 Flow Total Flow

(mL/min) (mL/min)  (mL/min)

Saturator

Temperature (°C)

0.55 0.52 0.98 21 50.55

The gas flows were thus deviating not more than +/- 2% from 50.5 mL/min.

9.5. Details for DRIFTS Measurements
Detailed setup of the operando DRIFTS experiment:

Table 36. Exact gas flow for the operando DRIFTS measurements.

Conditions Oz Flow (mL/min) EtOH Flow (mL/min) Total Flow
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For the measurements with H20, the same conditions as for the kinetic measurements, see

annex section 9.4.3, were used.

9.6. Additional STEM Data
9.6.1. Additional STEM-EDX Data

B ———————25nm

12.0 nm T 25 nm

Figure 104. STEM-EDX line scans of selected AuAg nanoparticles, showing that there is no surface segregation of
Ag. Measurements in cooperation with G. DraZi¢ and A. Pintar, Department for Environmental Sciences and
Engineering, National Institute of Chemistry, Ljubljana, Slovenia.

9.6.2. STEM-HAADF
Size distribution and STEM-HAADF micrographs of the Au/rutile used for synchrotron

measurements (batch 4).
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Figure 105. Size distributions obtained from STEM-HAADF and exemplary STEM-HAADF micrographs for (a)
Au/rutile and (b) AuAg/rutile, both batch 4, which was used for the synchrotron beamtimes.
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9.7.

9.7.1.

CPS
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Figure 106. C1s spectra for (a) Au/rutile and (b) AuAg/rutile under different conditions: Pretreatment (5 mL/min Oz
at 400°C and H: at 300°C), oxidation with EtOH/O2 (2.5 mL/min at temperatures from 250°C — 300°C) and EtOH
only at 250°C. Spectra were taken at an Exin = 310 eV.
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Figure 107. Cls detail spectra for Au/rutile (bottom) and AuAg/rutile (top) prior to H20 introduction, during the
reaction with EtOH/O2/H20 and after removing the H20 from feed again. The feed consisted of 2.5 mL/min EtOH
and Oz (each, resulting in a ratio of 1/1) and, for the measurement of the water influence, 5 mL/min were added
(resulting in an EtOH/O2/H20 of 1/1/2), always at total pressure of 0.5 mbar and a temperature of 250°C. The spectra
were taken at a kinetic energy of 310 eV.
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Figure 108. (a) Ti 2p, (b) O 1s and (c) C 1s details scans for the rutile reference sample under different conditions:
Pretreatment (under Oz and Hz atmosphere) and under EtOH, EtOH/O2 and EtOH/O2/H-0 flow. Spectra were taken

at a kinetic energy of 310 eV.
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Figure 109. Mass data of the reaction, (a) Au/rutile, (b) AuAg/rutile and (c) rutile reference (data for the pretreatment
not shown). As m/z = 29 not only the most intense peak for acetaldehyde, but also typical for EtOH, the signal of

acetaldehyde was calculated using the known fragmentation as published by NIST. As the m/z of 44 is also present in
acetaldehyde, CO2 formation is unlikely.



9.7.2. ALBA
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Figure 110. Ag 3d detail scans for the Ag/rutile sample obtained under different conditions, (a) pretreatment under
O2 (400°C), (b) pretreatment under Hz (300°C), (c) oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (d)
dehydrogenation conditions, EtOH only (250°C). During the pretreatment, under oxidative conditions, there is
charging. After the pretreatment, however, depletion of Ag from the surface is observed (c, d), to a higher degree under
oxidative conditions and to a lower degree during dehydrogenation.
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Figure 111. Ag MNN Auger signals for the Ag/rutile sample obtained under (a) pretreatment under Hz (300°C), (b)
oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (c) dehydrogenation conditions, EtOH only (250°C).
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Figure 112. C 1s detail scans for the Ag/rutile sample obtained under different conditions, (a) pretreatment under Oz
(400°C), (b) pretreatment under Hz (300°C), (c) oxidation with a ratio of EtOH/O2 = 1/1 (250°C), (d) dehydrogenation
conditions, EtOH only (250°C). The C 1s is visible right from the beginning, including the pretreatment, as the pellet
was prepared with graphite as internal standard.
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Figure 113. Ti 2p detail scans of the Ag/rutile catalyst at (a) oxidation conditions (EtOH/O2 = 1/1) and (b)
dehydrogenation conditions (EtOH only). The ratio of Ti3* is 0.46 % for (a) and 9.33 % for (b). Spectra taken at 250°C.
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Figure 114. O 1s detail spectra of the Ag/rutile spectra, (a) under oxidative conditions during pretreatment (400°C),
(b) reducing conditions during pretreatment (300°C) as well as (c) oxidation conditions (250°C, EtOH/O2 = 1/1) and
(d) dehydrogenation conditions (250°C, EtOH only). Osurf marks surface species such as OH, H20, ethoxy, acetate,

etc.
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9.8. Additional Information for the First Principles Microkinetic
Model

TS10 TS 11 TS 12

TS13 TS 14 TS 15 TS 16

Figure 115. The transition states for ethanol oxidation via direct dehydrogenation and proton transfer to oxygen,
hydroxyl, Oz and OOH corresponding to the energy profiles in Figure 16.
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Figure 116. Oxygen adsorption structures at 1/16 ML, 1/9 ML, 2/9 ML, 1/3 ML and 4/9 ML coverage to calculate the
oxygen intra-species repulsion.
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Figure 117. Oxygen — hydroxyl co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML oxygen coverage to
calculate the hydroxyl destabilization.
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Figure 118. Oxygen — ethoxy co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML oxygen coverage to
calculate the ethoxy destabilization.
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Figure 119. Hydroxyl — oxygen co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML hydroxyl coverage to
calculate the oxygen destabilization.
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Figure 120. Hydroxyl adsorption structures at 1/16 ML, 1/9 ML, 2/9 ML, 1/3 ML and 4/9 ML coverage to calculate
the hydroxyl intra-species repulsion.
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Figure 121. Hydroxyl — ethoxy co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML hydroxyl coverage to
calculate the ethoxy destabilization.
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Figure 122. Ethoxy — oxygen co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML ethoxy coverage to
calculate the oxygen destabilization.
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Figure 123. Ethoxy — hydroxyl co-adsorption structures at 0/9 ML, 1/9 ML, 2/9 ML and 1/3 ML ethoxy coverage to
calculate the hydroxyl destabilization.
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Figure 124. Ethoxy adsorption structures at 1/16 ML, 1/9 ML, 2/9 ML, 1/3 ML and 4/9 ML coverage to calculate the
ethoxy intra-species repulsion.

193



2%

o’

* * * *
C) OH H,0 d) OH H,0

1%

OH"

Figure 125. Reaction path analysis for the oxidation of ethanol to acetaldehyde at (a) 100 °C, (b) 150 °C, (c) 250 °C
(d) and 300 °C. The numbers indicate the fraction of each component consumed in a particular reaction step. Dotted
arrows indicate reaction steps with a fraction below 0.5%, while green arrows indicate reaction steps with a fraction
equal to or above 50%. Conditions: 15 kgcat S moleton?, pot = 0.05 bar, EtOH:02=1.
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Figure 126. Reaction path analysis for the oxygen activation in ethanol oxidation to acetaldehyde at (a) 100 °C, (b)
150 °C, (c) 250 °C and (d) 300 °C. The numbers indicate the fraction of each component consumed in a particular
reaction step. Dotted arrows indicate reaction steps with a fraction below 0.5%, while green arrows indicate reaction
steps with a fraction equal to or above 50%. Conditions: 15 kgcat S moletwon™, prot = 0.05 bar, EtOH:02 = 1.
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