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ABSTRACT

Gold-based heterogeneous catalysts have attracted significant attention due to their selective
partial oxidation capabilities which are comparable to that of the industrial homogeneous
benchmark catalysts. In the current study, a planar Au(111) single crystal model catalyst surface
was utilized to understand the behavior of different organic compounds (alcohols, aldehydes,
esters etc.) in conjunction to the partial oxidation reactions. Stability of different organic
compounds were investigated on the Clean Au(lll) surface. The stability of a particular organic
compound on the Au(lll) model catalyst surface was found to be closely related to the variety of
generated products. Surface sensitive analytical techniques such as Temperature Programmed
Desorption (TPD) and Low Energy Electron Diffraction (LEED) were used to investigate the
interaction of organic compounds with the clean Au(111) single crystal surfaces under ultra-
high vacuum (UHV) conditions. Organic compounds were dosed onto atomically clean Au(lll)
surfaces at the liquid nitrogen temperature. All organic compounds desorbed non-dissociatively
on the clean Au(111) surface. All organic compounds reveal monolayer and multilayer
desorption signals but in the case of aldehydes, desorption is quite different, as they lead to
polymerization on the surface with high desorption temperatures. Zeroth order desorption
kinetics was observed for multilayers, while 1% order desorption was seen for the monolayer. In
most cases, the multilayer feature can be observed with two distinct desorption peaks
associated with amorphous and crystalline phases. In this work, it is confirmed that majority of
the studied compounds have relatively low adsorption energies on Au(111). The species with
lower desorption energies on Au(111) tend to undergo partial oxidation rather than total
oxidation. Thus, desorption energy appears as an important descriptor for predicting the extent
of oxidation in partial/total oxidation in oxidative coupling reactions.



OZET
Au-Tabanlh Kismi Yikselteme Katalizorlerinin Au(111) Model Katalizori Yizeyinde
Gergeklegstirilen Sicaklik Programli Desorpsiyon Calismalari Yardimiyla Segiciliginin Belirlenmesi

SYED ASAD ALI SHAH
Tez Danismani: Yrd. Dog. Emrah OZENSOY

Altin tabanli heterojen katalizorlerin segici kismi yilikseltgeme kabiliyetlerinin endistride
kullanilan  homojen katalizorlerle kiyaslanabilir 6lglide olmasi, altin tabanli heterojen
katalizorlerinin 6nemini vurgulamaktadir. Mevcut ¢alismada, farkh organik bilesiklerin (alkol,
aldehit, ester, vb.) kismi yilkseltgeme tepkimelerindeki davranislarini belirlemek amaciyla
model katalizor olarak diizlemsel Au(111) tek kristali kullanilmistir. Farkli organik bilesiklerin
temiz Au(111) kristali ylizeyindeki kararliliklari arastirilmistir. Organik bilesiklerin Au(111) kristali
Uzerindeki kararhligi, bu bilesiklerin farkli Grlinler vermeleri bakimindan 6nem arzetmektedir.
Ultra yliksek vakum sartlarinda gerceklestirilen tepkimelerde, organik bilesikler ile temiz
Au(111) kristali arasindaki etkilesimler, sicaklik programli desorpsiyon (TPD), x-1sini1 fotoelektron
spektroskopisi (XPS), ve dislik enerjili elektron kirinimi (LEED) gibi ylizey hassas yontemlerle
analiz edilmistir. Organik bilesikler, Au(111) yizeyine sivi azot sicakhginda dozlanmistir.
Kullanilan bitlin organik bilesikler ayrismasiz olarak ylzeyden ayrilmistir ve bu bilesiklerin
Au(111) ylizeyinde farkh davranislari saptanmistir. Biitlin organik bilesikler ¢oklu katman ve tek
katman olmak Uzere ayr sicakliklarda ylzeyden ayrilmislardir, fakat bunun yaninda aldehit ve
eterler ylizeyde polimerleserek ¢oklu ve tekli katman disindaki sicakliklarda da ylizeyden salinim
gostermislerdir. Desorpsiyon sinyalleri, coklu katman saliniminda sifirinci-derece salinim
kinetigine uygunken, tek katman salinim sinyalleri birinci-derece salinim kinetigine uymaktadir.
Organik bilesiklerin ¢oklu katman salinimlarinda amorf ve kristal yapilara ait olan iki farkli sinyal
elde edilmistir. Yapilan bu ¢alismada kullanilan organik bilesiklerin Au(111) ylizeyinde tutunma
slrelerinin disik oldugu gozlenmis ve bu da Urlinlerin tamamen ylkseltgenmeden kismi
ylkseltgenme Urinl olarak kalacagini isaret etmektedir. Gergeklestirilen bu adsorpsiyon ve
desorpsiyon tepkimeleri, kismi vyikseltgemeli eslenme tepkimelerinin  mekanizmasini
aydinlatmada 6nemli 6l¢tide yardimci olacaktir.
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1. INTRODUCTION

1.1 Motivation of the Current Work

The Au (111) surface has been used in this study as a substrate for the deposition of a variety of
organic compounds. The inspiration of the current work comes from partial oxidation (PO)
reactions on the catalytic Au surfaces. Au catalysts are highly selective towards a multitude of
products in the partial oxidation of organic molecules. On the contrary, it is well known that
oxidation occurs with a rather limited selectivity on most of the precious metal catalysts such as
Pt [1,2] where the reaction proceeds until all of the reactants are completely and non-
selectively oxidized to CO, (Figure 1). The lack of selectivity in a partial oxidation process can be
mostly attributed to the residence time of the side products generated during the PO steps
(Figure 2). Typically, a long residence time for a particular PO side product translates into a
larger chance for the product molecule to be totally oxidized into CO,. On the other hand, a PO
product with a small adsorption energy and hence a short surface residence time possesses a
higher chance of desorption, hence increasing the selectivity of the catalyst towards this
particular product. This particular structural-functionality relationship presents the Au single
crystal model catalyst surface as an ideal experimental platform to study selective partial
oxidation processes. Thus in the current study, we focus on the adsorption properties of some
of the relevant organic molecules on the Au(111) single crystal model catalyst surface which
are reactants or side products in the partial oxidation of alcohols. Among alcohols, ethanol is
particularly a cheap and a widely accessible synthetic fuel that can be directly obtained from
biological resources such as cellulosic materials or sugar cane. Thus, partial oxidation of excess
ethanol in the bio-fuel industry can yield commercially valuable products such as aldehydes,

ketones, organic acids and esters. Therefore, fundamental studies on the surface catalytic
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chemistry of alcohols in PO processes have a vast potential to provide invaluable insight into

their alternative chemical utilization.

Jfo fo

Methanol Methanol

¥

Ether
Ester
Aldehyde
Ketone

Figure 1. Partial and total oxidation reactions on various precious transition metal catalysts
versus Au catalysts.
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Figure 2. Reaction mechanism for the oxidation of methanol on the Au (111) model catalyst

surface revealing the variety of possible reaction products [Adapted from Ref 3].

1.2 Model Catalysts and Real Life Catalysts

Model catalysts are typically comprised of single crystals, ultra-thin films or nano-particles
deposited on epitaxial surfaces with surface areas on the order of 1 cmz/g. These model
experimental platforms are ubiquitous for yielding valuable information regarding the surface
structure, dynamics and energetics of heterogeneous catalytic reactions [4]. The study of
reaction mechanisms in a real heterogeneous catalytic system is extremely challenging due to
the high pressures, elevated temperatures, dynamic flow rates; non-uniform/transient
composition of reactants/products utilized in the reaction; as well as the extremely complex
surface structure of the commercial catalytic architectures. Thus, the introduction of a well-
defined micro kinetic model can clarify the catalytic reaction mechanism and assist us in

understanding the surface properties such as atomic composition, electronic and geometric
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structure and how they influence macroscopic properties such as catalytic activity and
selectivity. [5,6] As mentioned above, some of the major differences between a real and a
model catalytic system rest in the material complexity and catalytic reaction conditions. Real
catalysts used in industry are very complex both in terms of their material properties and their
operational environment. On the contrary, model catalysts are very simple, atomically well-
defined and operate under ultrahigh vacuum (UHV) conditions. Thus, there exists a pressure
gap [7] and a material gap [8] between conventional model catalyst studies and real catalytic

investigations.

A surface science approach towards a model catalyst introduces the complex morphological
and chemical features of the catalyst surface in a well-controlled and a fine-tunable manner.
Heterogeneous catalytic reactions can be carried out on different atomically well-defined
model catalysts with dissimilar surface structures/symmetries/compositions/defect
populations/defect types in a comparative manner in an attempt to shed light on the nature
and function of the active surface sites as well as the spectator sites. Such an approach also
allows us to elucidate the structure sensitivity and the effect of catalytic promoters and
inhibitors on the active surfaces [8]. In the last couple of decades, Au as a model catalyst has

been under intense investigation due to its unique catalytic properties.
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1.3 Gold in Catalysis

Historically, bulk gold has been known to be an inert material. According to Hammer and
Norskov’s[9] studies, there are two prominent reasons for the inertness of gold which are
associated with the high probability of filling antibonding states by the adsorbates and poor
orbital overlap with the adsorbate. The antibonding states of gold is lower than the Fermi level
so electron is donated to the antibonding states which results in the weaker interaction
between the adsorbate and the gold atoms. The extent of overlap between the orbitals of the
adsorbate and the gold governs the bonding strength. Increasing overlap results in a stronger
interaction. These two factors contribute towards the weak metal-adsorbate interaction and
increase the barrier for dissociation [9]. The pioneering work done by Haruta et al. strongly
inspired the research on catalytic Au surfaces where it was demonstrated that Au nanoparticles
have an exceptional activity for the oxidation of CO even at extremely low temperatures [10].
Numerous later studies also verified that a variety of catalytic systems that are comprised of
monometallic Au nanoparticles or bimetallic Au clusters supported on different reducible metal
oxide surfaces are very efficient catalysts for low temperature CO oxidation [11], selective
oxidation of propene to propene oxide [12], water gas shift reaction [13], NO reduction [14]
and selective hydrogenation of acetylene [15]. A relatively large volume of experimental [17]
and theoretical studies [18] studies in the literature have been performed in order to
understand the fundamental and unusual surface science of gold catalysts. Although a
complete understanding of the reaction mechanisms on catalytic Au surfaces still seems to be
elusive to capture; fundamental surface science studies that can discern different active sites
(e.g. particular facets on nanoparticles, low coordination sites, and interface/hetero-junction
sites between Au clusters and metal-oxide support surfaces) have a potential to pave the way

for a more holistic appreciation of Au-based heterogeneous catalysis.

1.3.1 Gold Nanoparticles and Clusters

There is a general consensus that the reactivity of Au nanoparticles is closely associated with

the particle size. However, there exists an active and a long lasting debate in the literature on
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the nature of the catalytically active Au surface sites. Several factors have been reported in the
literature explaining the reactivity of the Au-containing catalytic systems such as the unique
surface structure of the reducible metal oxide materials supporting Au [19], quantum size effect
observed for Au clusters, charge transfer to and from the support, support-induced strain on Au
nanoparticles, oxygen spill over to and from the support, variations in the oxidation state of
gold [20] and the role of coordinatively unsaturated Au atoms on Au nanoparticles [21-23]. The
guantum size effect is typically observed for the nanoparticles in the range of 1-10 nm that
display unusual electronic structures[24]. The resulting unique physical/electronic properties
are neither those of the bulk metal nor those of the molecular compound but they strongly
depend on the particles size, nature of the protecting organic shell, inter-particle distance and
shape of the nanoparticles [25]. Unlike the bulk (conductive) Au metal, there may exist an
energy gap between the valence band and the conduction band of the Au nanoparticle. The
guantum size effect is typically observed when the de Broglie wavelength of the valence
electrons of the Au nanoparticle is of the same order as the size of the Au particle itself [26]. In
other words, quantum effects come into existence when the particle size is small enough, e.g.
below 20 nm [26]. Low coordination number is also proposed to be one of the reasons for the
origin of catalytic reactivity of small Au nanoparticles (NP) exhibiting a high concentration of
corner and/or edge sites [27]. Mavrikakis et al. [28] showed that molecules bind strongly at
steps rather than terraces. Lemire et al. [29] showed that the adsorption of CO is stronger on
small NPs as compared to larger ones, suggesting that CO adsorption is sensitive to the

presence/density of under-coordinated Au atoms rather than the sole particle dimensions.

The important role of particle size on catalytic activity is apparent, however investigation of
catalytic Au systems in the sub-nanometer scale is technically quite challenging as a uniform
cluster size distribution (i.e. a uniform Au dispersion) is hard to achieve and characterization of
small gold clusters made of only a few gold atoms under reaction (i.e. in-situ) conditions
involves serious technical restrictions. Nevertheless, the recent improvements in the
characterization techniques and the stabilization of Au clusters in solution or solid form allow us
to investigate these subnanometric gold particles in different catalytic systems [30]. It is worth

mentioning that, particle size is not only an important aspect for the reactivity but also is a
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determining factor in the selectivity of certain catalytic reactions taking place on Au catalyst
surfaces [30]. Molecular Au clusters have been demonstrated to be extremely sensitive towards
the particular number of Au atoms present in the cluster. Thus, the reactivity of molecular Au-
clusters can be fine-tuned by slight variations in the number of Au atoms in the small clusters
[31]. Valden, Lai and Goodman have shown that the activity of Au nanoparticles deposited on
TiO; is closely related to the electronic band gap of Au NP, where there exists a particular band
gap (as well as a corresponding Au nanoparticle size of 2.9 nm) for the optimum catalytic
activity towards CO oxidation [32]. On the other hand, a different study in the literature
claimed that the binding of O, (which is the rate determining step for CO oxidation on Au
catalysts) has less to do with the Au NP band gap but rather depends on the ‘roughness’ or
defect density of the binding site. This argument has been constructed on the fact that O, does
not dissociate on the terraces of small Au clusters. Although such NP may have a proper band

gap, dissociation can only occur on Au having coordinatively unsaturated Au atoms [33].

Previously, the activity of Au clusters was suggested to be simply due to under coordination,
[34] however further studies revealed that reactivity was predominantly governed by the
frontier orbitals (i.e. the highest occupied molecular orbital, HOMO or the lowest unoccupied
molecular orbital, LUMO) and not by the coordination of the binding site.[35] To be more
precise, the roughness (disorderness) of the surface orbital is responsible for the activity and
not the geometric roughness. These frontier orbitals are mostly located at the under
coordinated sites revealing a particular shape. There are reported examples in literature, where
the reactivity trends in the literature clearly follow the nature of the frontier orbitals rather

than the coordination/under coordination of Au NP [31].

Au nanoparticles consist of different facets e.g steps, kinks, terrace,(100) (111) and (110) etc.
The behavior of these facets is different towards different reactions. Among these facets
Au(111) is the most interesting, which has been used in the current studies that will be

presented in the next chapters.
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1.3.2 Surface Structure of Gold Single Crystals

Au crystallizes in a face centered cubic (fcc) structure, whose (111) termination undergoes
reconstruction under UHV conditions [36]. Au surfaces, usually exhibit low Miller indece facets,
i.e (100), (110) and (111) as shown in Figure 3. Planar surfaces such as Au(100), Au(110),
Au(111), are relatively stable as they possess relatively low surface free energy of formation i.e.
0.08, 0.10, and 0.05 eV/AZ, where the coordination number of Au atoms on these surfaces are 7
for Au(100) [37], 11 for Au(110) [38], and 9 for Au(111) [39]. The lowest surface free energy of
the Au (111) among the other surfaces is the reason behind the tendency of epitaxial Au thin

films to expose (111) top facets [40].

Figure 3. (100), (110), and (111) fcc crystal surfaces [permission requested from ref 41].

1.4 Surface Reconstruction

Au(111) surface experiences spontaneous reconstruction, so called the herringbone
reconstruction, under UHV conditions as shown in Figure 5. The anisotropic environment of the
surface atoms after the reconstruction changes the crystal symmetry both on the surface as
well as in the near-surface (or sub-surface) region. These alterations in the symmetry and the
displacement of surface atoms upon reconstruction decrease the surface free energy with
respect to the perfect Au(111) surface in UHV. The exact nature and the mechanism of this

transformation are still not fully known [42]. The surface atoms interact with vacuum on one
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side and neighboring atoms on the other side. Hence, the surface atoms may alter their
coordination number by slight positional relocation/relaxation that is associated with
simultaneous change in their electronic structure [42]. The surface reconstruction of fcc metals
can be also rationalized in terms of their distinctive surface states that arise due to the
relativistic interaction of sp and d states [43]. This reconstruction on Au (111) affects the local
reactivity of surface [44,36]. Scanning tunneling microscopy (STM) [45] and density functional
theory (DFT) calculations confirmed the existence of the reconstruction of Au(111) in vacuum.
The Au(111) surface has a 22 x V3 structure after the herringbone reconstruction (Figure 4)

[46].

Figure 4 (a) STM image of the reconstructed Au (111) surface. (Inset) Atomic resolution of the
edge dislocations (depressions) which are present at the elbows of the herringbone
reconstruction. (b) In plane structure of the Au(111) reconstructed surface. The circle and
crosses correspond to atoms in the first and second surface layers, respectively (Permission

requested for reproduction from ref 46).
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1.5 Adsorption of atoms/molecules on Au surface

As mentioned earlier, Au(111) is the most extensively studied single crystal gold surface both
experimentally and computationally. Most molecules do not adsorb strongly on Au at room
temperature. Vinod et al. showed that an insufficient number of steps on Au(310) limits any
adsorption/desorption of H, under experimental conditions [47]. DFT calculations made by
Okamoto showed that H, adsorption on Au (111) at the top of the cluster is an endothermic
process (i.e.H atom adsorbed on atop sites is less stable compared to free H,) while in the case

of fcc and hcp hollow sites, H atom adsorption is slightly exothermic [48].

Koel’s group reported that NO(g) practically does not adsorb on Au(111) at T > 95 K.[49] DFT
studies of Yan and co-workers [50] also showed that NO adsorbs only weakly on Au(111). The
dissociative adsorption of chlorine in a large temperature window on Au(111) with an activation
energy of -8.7 kl/mol was reported by Kastanas and Koel [51]. The adsorption of hydrogen
sulfide and sulfur dioxide were found to be completely reversible on the Au(111) surface [52].
The SO, interaction is quite different among the other coinage metal surfaces, which can be
attributed to the fact that their electronic properties (e.g poor electron donation from metal
into the lowest unoccupied molecular orbital (LUMO) of SO, resulting in weak interaction) vary
from metal to metal [52]. These examples clearly indicate the relatively low affinity of planar Au
single crystal surfaces towards a variety of adsorbates which is in line with the inert nature of
bulk Au systems which expose planar facets. However, adsorption of particular probe molecules
can still yield very valuable information regarding the nature of the surface sites and the
catalytic behavior of Au single crystal surfaces. Thus in the next few sections, a more detailed
discussion on the adsorption properties of various relevant molecules on Au(111) single crystal

model catalyst surfaces will be presented.
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1.6 Adsorption of CO (Carbon Monoxide)

The surface structures of metallic single crystals have been investigated extensively via
adsorption of probe molecules, particularly with CO. It is a well-established fact that the
interaction of CO is very weak with Au, compared to other metals and the estimated energy for
adsorption of CO on Au(111) surface at room temperature is of the order of c.a. 30 kJ/mol [56].
However, the CO adsorption on Au(111) surface can take place at cryogenic temperatures (e.g.
77 K) under UHV conditions. On the other hand, CO may strongly interact with Au(111) surface
at high pressures [57]. Piccolo et al. studied the adsorption of CO via STM and polarization
modulation reflection absorption infrared spectroscopy (PM-IRAS) and found that it can induce
morphological changes on Au(111) [58]. When the Au(111) surface was subjected to CO
exposure at room temperature and high pressure (103-10° Torr of CO), chemisorption takes
place at under-coordinated sites, following the same classical trend in site-dependent
adsorption energy (in terms of increasing adsorption strength): terraces < step < kinks <
adatoms [58]. These results may be extended to other adsorbate systems and thus are
important for elucidating the general reactivity trends of different adsorption sites on Au single

crystal surfaces.

The CO interaction with the Au(110) surface was also studied by Outka and Madix at 125 K and
it was found that no CO adsorption took place[59]. Gottfried et al. [60] investigated CO
adsorption/desorption on Au(110) at lower temperatures and came up with five separate CO
desorption states: o (multilayer at 32 K), B(second layer at 37 K), y(physisorbed 1° layer at 55
K), 8(Physisorbed 1°' layer at 67 K), and g(chemisorbed at 145 K). The authors confirmed
through ion bombardment experiments (which artificially produces surface defects) that the ¢
peak is associated with the regular surface of Au(110) and not from the defects [60]. The
polarization resolved ultraviolet photoelectron spectroscopy confirmed that the chemisorbed
CO on Au(110)[61] orients parallel to the surface revealing a unique adsorption geometry which
is unlike Au(100) and Au(111) where CO binds to the surface through its oxygen end in a vertical

fashion. Moreover, the CO adsorption on a Au (211) stepped surface has been investigated by
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Kim et al. who found two adsorption states, a(from step site) and B (from terrace sites) [62].
RAIRS and TPD data allowed them to conclude that CO adsorbs strongly on the step sites (50
kJ/mol) compared to terraces sites (27-28 kJ/mol) [62].

These experiments clearly reveal the dissimilarities in the adsorption geometries of various
adsorbates on different facets of Au surfaces under catalytic reaction conditions, which may be
quite crucial for the understanding of catalytic reactivity and selectivity of Au catalysts in

different reactions.

1.7 Adsorption of Hydrocarbons and Oxygenates

There is a general agreement that hydrocarbons and oxygenates molecularly (i.e. non-
dissociatively) adsorb on clean Au single crystal surfaces and desorb in a reversible manner. In
order to understand the hydrogenation and oxidation reactions in depth, it is paramount to
understand the adsorption and desorption behavior of such molecules on Au single crystal
surfaces. Hence in the coming sections, we will focus on the former studies in the literature on
the adsorption and desorption properties of hydrocarbons and oxygenates on Au single crystal

surfaces.

1.7.1 Hydrocarbons

The adsorption of ethylene and acetylene on Au(110) was studied by Outka and Madix, who
reported that these two simple hydrocarbons did not decompose on the Au(110) surface
[63,64]. Acetylene desorbs with a broad TPD peak between 125-200 K [63]. This broad peak
reveals information regarding the nature of the weak chemisorption between these molecules
and the surface, suggesting that these adsorbates have no well-defined binding sites on the
Au(110) surface (i.e. no preferential adsorption sites). The desorption activation energy for
acetylene is 42 kJ/mol. Ethylene desorbs with the similar TPD features without decomposing on

the Au(110) surface [64,63].
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Surprisingly, Davis and Goodman observed a very similar desorption behavior of propylene on
Au(111) and Au(100) surfaces. The TPD spectra suggested that the molecular plane of
propylene is slightly tilted towards the normal of the surface [65]. Propylene desorbs with two
peaks: the monolayer desorbs at 140-145 K while the lower temperature peak is assigned to
the multilayer which desorbs at 120 K. The small desorption activation energy (39 kJ/mol) is the
evidence for the weak interaction of propylene with the surface [65]. The bonding energy of
propylene with the Au surface was also calculated through DFT and suggests a very weak

interaction in very good agreement with the TPD data [66].

Chesters and Somarjai observed the non-dissociative desorption of cyclohexene (c-C¢Hjo),
benzene (C¢Hg), and n-heptane (n-C;Hyg) on both Au(111) and stepped Au(766) surfaces.[64] On

the other hand, naphthalene dissociates on both of these surfaces at room temperature[64].

The adsorption behavior of a series of n-alkane, 1-alkene and cyclic hydrocarbons on Au(111)
has also been investigated by theoretical modeling. The physisorption energy for n-alkanes
increases with increasing chain length by 6.2 kJ/mol per additional methylene unit[67,68].
Similarly, 1-alkenes also show a monotonic dependence of adsorption energy on chain length

(with a slightly greater dependence than that of the corresponding alkanes).[67]

1.7.2 Adsorption/Desorption of Oxygenates on Single Crystal Au Surfaces

In the current work, we investigate the adsorption properties of various organic molecules on
the Au(111) surface in relevance to their utilization in the partial oxidation reactions of alcohols.
Therefore, providing a brief review of the existing literature on the oxygenate adsorption on Au

single crystal surfaces would be in order.

Oxygenates including alcohols, aldehydes, ketones and epoxides weakly adsorb and desorb
molecularly on clean Au(111), Au(110) and Au(100) surfaces [69,63,70,71,72]. For instance, one
of the simplest alcohols such as methanol desorbs from the Au(111) surface with three

desorption features: a monolayer desorption feature at 155 K and two different multilayer
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desorption states corresponding to amorphous (143 K) and crystalline (134 K) domains[73].
Methanol can dissociate through breaking of the OH bond on the Au(310) surface containing
surface defect sites (i.e. steps with (110) structure and terraces with (100) domains).[74]
Molecular desorption of formaldehyde was observed with a broad peak at 160 K on Au(110).
This broad peak can be explained using the weak interaction between the formaldehyde and
the surface and the absence of a strongly specific site where it can differentially bind strongly
[70]. Similarly, reversible adsorption of acetone occurs on Au(111) with desorption peaks at
160, 137, 132 K corresponding to monolayer, second layer and multilayer domains, respectively
[75]. RAIRS studies indicated that acetone approaches the surface in a slightly tilted fashion
through its oxygen end at low coverages. With an increase in the surface coverage of acetone,
orientation of the adsorbate changes such that the C-O bond becomes parallel to the surface
[75]. Outka and Madix studied the interaction of formic acid on the Au(110) surface with
desorption peaks at 210 K (monolayer) and 175 K (multilayer). Dissociation of formic acid was
also observed on the aforementioned stepped surface [70]. Chtaib et al. demonstrated the
formation of formic acid anhydride as an intermediate on the Au(111) surface [76,77]. Ethylene
oxide desorption occurs on the Au(211) surface with characteristic features at 115 K
(multilayer), 140 K and 170 K from the monolayer. The peak at 140 K corresponds to the

desorption from the terrace sites and 170 K from the step sites [78].

1.8 Oxygen Adsorption on Single Crystal Au Surfaces

In the partial oxidation reactions of alcohols, nature and the surface coverage of the oxidizing
agent is one of the most crucial factors in the overall reaction mechanism. Thus in this section,
we will very briefly summarize some of the crucial aspects that have been highlighted in the
former studies in the literature regarding the delivery of oxidizing agents on Au single crystal

surfaces.

Molecular oxygen (i.e. O;) is arguably the most commonly used oxidizing agent in partial
oxidation and total oxidation processes. In many typical catalytic oxidation processes, molecular
oxygen is required to be activated/dissociated in order for the reaction to start/proceed.

However, the dissociation probability of O, molecules is extremely low and typically below the
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detection limit on the clean Au(111) surface within a broad range of temperatures and
pressures [79]. Thus, activation of the Au(111) single crystal model catalyst surface in an
oxidation process can only be made by the delivery of a particular oxidizing agents other than
0,, which can directly yield active atomic oxygen on the surface upon adsorption.
Chemisorption of 0,(g) does not practically take place on Au(110) single crystals neither
molecularly nor dissociatively above 100 K in UHV.[79] Although oxygen can physisorb on the
Au single crystal surfaces at temperatures below 50 K, this physically/weakly adsorbed
molecular oxygen cannot be converted into a chemisorbed state [79]. Chemisorption of oxygen
on gold surfaces [80] has been mistakenly reported in the literature which has later been
attributed to contaminations such as calcium[81] or silicon [82]. Oxygen sputtering and ozone
decomposition methods have been utilized successfully in order to achieve atomic oxygen
(O(ads)) delivery on the Au(111) surface [83,84]. DFT studies suggest that [85] upon ozone
exposure of the Au(111) surface, generated atomic oxygen species prefer to bind onto the most
stable FCC three fold hollow sites with a typical adsorption energy of E,; = -3.08eV and the
second most preferred adsorption site is the bridging site. Various probable adsorption sites of
atomic oxygen (i.e. O(ads)) on the Au(111) surface as well as Au(111) surfaces containing
different oxygen adatoms were depicted in Figure 6. The adsorption strength of atomic oxygen
on these different probable adsorption sites can be ranked in the order of decreasing
adsorption energy in the following manner: FCC hollow (3-fold site) > bridge (2-fold site) > HCP

hollow (3-fold site) > atop [85].
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Figure 5. Adsorption of atomic oxygen on Au(111) at different sites containing one (a) or two (b)
gold adatoms. Gold adatoms on the Au(111) surface are depicted with bright yellow color in the

figure. [Permission requested from reproduction of ref 85]
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1.9 Selective Oxidation of Oxygenates

After having discussed the literature on the adsorption properties of the individual reactants
(i.e. hydrocarbons, oxygenates and adsorbed oxygen) on the Au (111) surface relevant to the
partial oxidation and oxidative coupling processes; it is appropriate to summarize the existing
literature on the co-adsorption and reaction of atomic oxygen with alcohols. When the Au(111)
single crystal surface is properly activated [86] with adsorbed atomic oxygen, a broad range of
selective oxidation reactions can be triggered [87]. One of the typical reactions that has been
widely studied in the literature is the self-coupling of alcohols. Under proper experimental
conditions, the self-coupling reaction of methanol on Au(111) surface can selectively yield an
ester, a commercially valuable product (Figure 7) without any other partial/total oxidation
products. The cycle of esterification (shown in Figure 7) is as follows. In the first stage, oxygen
atoms are adsorbed on the Au surface which is followed by the adsorption of methanol. This
adsorbed methanol species is activated by oxygen atoms present on the surface to form water
and a methoxy group. The B-hydrogen is removed from the adsorbed methoxy species by the
process called B-hydride elimination and ultimately results into the corresponding aldehyde.
The methoxy species near by the aldehyde on the surface couple to form hemiacetal (note that
the OH bond in the molecular hemiacetal is replaced by a O—Au bond). The second B-hydride
elimination takes place and hemiacetal yields ester. The rate determining step for this reaction
is the B-hydride elimination of the adsorbed alkoxy group to form the adsorbed aldehyde [63],
as shown with the temperature programmed reaction spectroscopy (TPRS) by the observed
primary kinetic isotopic effects [111]. Further interaction of aldehyde or ester with the
adsorbed oxygen atoms on the surface yield the combustion products. Therefore the optimum
concentration of oxygen should be kept at a low level during the partial oxidation and coupling

reactions.
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Figure 6. Mechanism for the self-coupling of methanol on O/Au(111). (Permission requested for
reproduction from Ref 88).

Similarly, this mechanism can also be observed for the partial oxidation reaction of on the Au
nanoparticles. Ideally, the highest coupling selectivity can be achieved, if the alkoxide of one co-
adsorbed alcohol is isolated with aldehyde of another in order to form hemiacetal intermediate
with two different alkyl groups. However in reality, the surface will be predominated by the
alkoxy species, if the reactant mixture contains two different alcohols, then this will yield two
self-coupled products and two cross-coupled products as depicted in Figure 8. However, if the
hydride elimination occurs much faster in one of the reactants as compared to the other one,
then high selectivity can be obtained for one of the products. It should be noted that the
concentration of alkoxide on the surface depends on the concentration of that particular
species in the reactant gas mixture. These factors have been studied for methanol coupling with
ethanol and 1-butanol on the oxygen pre-coverd O/Au(111) surface [111,112]. The stability of
alkoxy species on the surface for different alcohols decreases in the following order: butoxy >
ethoxy > methoxy. Therefore ethanol will displace methanol to form ethoxy and will reform
methanol. The rate constant for B-hydride elimination to form the corresponding aldehyde
decreases with a similar order i.e butoxy > ethoxy > methoxy. It has also been confirmed

through computational studies that B hydride elimination is a slow step which is promoted by
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adsorbed O or CH30 [113]. The general mechanism shown in Figure 7 associated with the self-
coupling of alcohols on O/Au(111) also serves as a guiding mechanism for other similar
oxidative coupling reactions. Probably one of the most important revelations of this mechanism
is the fact that the reaction involves a nucleophilic attack by the methoxy group on the

electropositive carbon of the formaldehyde which is produced as an intermediate [88].

c=

Figure 7. A general reaction mechanism for the gold-mediated carbonylation/oxidative coupling

of methanol using a generic nucleophile.(Permission requested from ref 89)

Figure 7 demonstrates that the general reaction mechanism of the methanol self-coupling
process can be used as a springboard to design a large variety of novel oxidative coupling
reactions with the help of alternative nucleophiles (e.g. R;N). For instance, in the mechanism
shown in Figure 7, carbonylation of methanol competes with the self-coupling of methanol due
to the presence of CO in the reaction medium. Thus, a variety of novel catalytic products can be
obtained. These two different reaction pathways (self-coupling versus carbonylation) are

summarized in Figure 8 [89].
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Figure 8. Pathways for competing coupling reactions. Oxidative self-coupling of methanol to
methyl formate (upper) and coupling to CO yielding dimethylcarbonate.(Permission requested

from ref 89)

The cross coupling reaction of methanol with acetaldehyde, benzaldehyde and benzene
acetaldehyde gives methylacetate, methyl benzoate, and benzene acetic acid methyl ester,
respectively [90]. A similar cross coupling reaction occurs between dimethylamide and
aldehyde (formaldehyde, acetaldehyde, propanal, and butanal) forming the corresponding
amides [91]. Friend et al. studied the partial oxidation of trans-b-methylstyrene, a-
methylstyrene and allylbenzene (three isomers of phenyl-substituted propene) to show the
effect of geometry and acidity of the respective compounds in the gas phase on the products.
They concluded that trans-b-methylstyrene, and a-methylstyrene on reaction at O/Au(111)
form the epoxide because it is slightly acidic compared to allylbenzene (highly acidic), where no
epoxide formation occurs [92]. Propene is often used to understand the reaction mechanism
for allylic oxidation. Complete combustion of propene occurs on Ag(110) [93,94] and Ag(111)
[95] while on Au(111), it partially oxidizes to acrolein, acrylic acid, and carbon suboxide due to
C-H activation [96]. The Au(111) surface is good at selective oxidation, yet many reactions can
go to total combustion even on Au surfaces. The concentration of oxygen is one of the few
factors dictating the extent of oxidation. Total oxidation is favored for high surface atomic

oxygen coverages [97].
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1. EXPERIMENTAL

2.1 Ultra-High Vacuum Experimental Set-up

In surface science experiments, in order to avoid any ambiguity the surface needs to be
atomically well-defined and the composition of the top most layer should remain constant. This
means that the concentration of molecules or atoms originating from the gas phase must be
kept low. Validity of this requirement can be readily evaluated from the simple kinetic theory of

gases. The flux of atoms or molecules in vacuum can be expressed as: [99]
r=3.51x10%2P / (TM) /2 (1)

where P is the pressure (in Torr), T is the Kelvin temperature and M is the molecular weight in
atomic mass units and the flux, “r”, is given in molecules cm™s™. For instance, N, molecules
(M=28) at room temperature (T=298 K) at 1 Torr have an arrival rate of 3.88 x 10%° molecules

cmst,

This interaction can be reduced by using a vacuum chamber with a reduced pressure which will
increase the mean free path of the molecules or atoms and as a result the molecule or atoms
will mostly interact with the walls of the chamber [100]. The vacuum level in a given

experimental system is conventionally categorized as described in Table 1.

Degree of Vacuum Pressure Range
Low 1000-1 mbar
Medium 1-10° mbar
High 103-107 mbar
Ultra-High 107-10"* mbar

Table 1. Pressure ranges for vacuum technologies.
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In the current work, all of the experiments were performed in a multi-technique UHV
surface analysis chamber (Figure 9) with a base pressure of 2.0 x 10™° Torr. In order to maintain
the base pressure, three dual-stage rotary vane pumps (RVP), one turbo molecular pump (TMP)
and one titanium sublimation pump (TSP) were utilized. The pressure in the UHV chamber was
measured by a Bayard-Alpert type ionization (ion) gauge (1.0 x 102 - 5.0 x 10 Torr and a
thermocouple (TC) gauge (1.0 x 10 — 760 Torr), while the pressure of the gas manifold was
measured by a capacitance manometer (1 - 760 Torr) and a TC gauge (1.0 x 10° — 760 Torr). The
UHV chamber is equipped with an Al/Mg K, dual anode X-ray source and a double-pass
cylindrical mirror analyzer (CMA) for XPS, a reverse-view Low Energy Electron Diffraction (LEED)
optics, and a quadruple mass spectrometer (QMS) for TPD and residual gas analysis (RGA). An
atomically polished double-sided Au (111) single crystal (10 mm diameter, 2 mm thickness from
MaTeck GmbH) was used as a substrate. The single crystal was mounted on a tantalum sample
holder and assembled to a high-precision manipulator. The sample temperature was monitored
by a K-Type thermocouple which was spot-welded on the peripheral edge of the crystal. The
clean Au(111) was obtained by multiple cycles of Ar* sputtering at 1.5 kV at room temperature
(RT) and subsequent heating to 770 K in vacuum. An utmost effort has been spent in order to
avoid over heating of the Au single crystal surface which has a relatively low melting point of

1337 Kat 1 atm.
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Figure 9. The visual representations of multi-technique UHV surface analysis chamber.

2.2.1 Sputtering lon Gun (LK Technologies NGI3000 Sputtering Gun)

Sputtering is the removal of surface atoms with energetic particle bombardment. It is caused by
the collisions between the incoming particles (i.e. ions) and the atoms in the near surface layers
of a solid [101]. Generally, an incoming particle collides with the atoms of the solid, transferring
energy to the atomic nuclei. A surface atom becomes sputtered if the energy transferred to it
has a component normal to the surface which is larger than the surface binding energy. This is
usually approximated by the heat of sublimation which is mostly smaller than the displacement
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energy necessary to create a stable dislocation. The LK Technologies Model NGI3000 lon Gun
with control electronics is designed for the cleaning of surfaces by noble gas ion sputtering with
beam energies up to 3 keV and ion currents up to 25 pA. In the current UHV system, ultra high
purity Ar gas (> 99.9999, Linde GmbH) is used for sputtering. The gun employs a noble gas
injection system which allows sputtering to take place at a typical Ar (g) pressure of 1 x 10°
Torr. In this system, the gas to be ionized by electron impact ionization is injected directly into
an enclosed ionization region which houses a thoria coated iridum filament and a grid structure.
The ion beam is then accelerated out of the ionization chamber to the target. The gun also

contains an integral high-precision leak valve to supply a source of noble gas (i.e. Ar).

lon Gun Leak Valve

Figure 10. LK technologies sputtering ion gun with a high-precision leak valve

The NGI3000 has variable beam accelerating voltage (0.2 to 3 kV). The sputtering ion
beam diameter depends on the length between the ion gun and target. Typical distances from
the gun end to the target are 5-15 cm. The beam has a gaussian shape and a 3 cm diameter at
14 cm gun to target distance. The gun doesn’t need a differential pumping stage and the
nominal source pressure is typically 5 x 10 Torr when the nominal chamber pressure is 1 x 10°®
Torr. For initial operation or after exposure to atmosphere, the ion gun should be degassed by

operating the gun under high vacuum at 20 mA for a period of 30 minutes.
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2.2.3 Temperature Controller (Heat Wave Labs Model 101303-46A)

Y =-269.20863+163.88777 X+0.03914 X2 /f/
P=70 g

1=2
D=1 _lleat\\ave Labs, Inc. “‘\\\,m

Voltage (mV)
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Figure 11. Sample temperature controller unit used in UHV chamber.

The sample temperature was manipulated with an electronic temperature controller
(Heat Wave Labs Model 101303-46A). The sample temperature is measured with a K-type
thermocouple. Type K thermocouple consists of chromel (90% nickel + 10% chromium with 0.05
mm thickness), alumel (95% nickel + 2% manganese + 2% aluminum + 1% silicon with 0.05 mm
thickness) alloys. It can be used for the temperature interval of 20 K and 1600 K. Our working
temperature interval was between 80 K to 800 K. After several optimization tests, PID
parameters for a linear heating protocol were determined in order to obtain a linear heating
ramp. The following parameters were used in the PID algorithms during the linear sample
heating ramps: P=70, 1=2, D=1. The first parameter, proportional control (P), depends only on
the difference between the set point and the process variable. This difference is referred to as
the “error term”. Therefore, proportional control determines the ratio of output response to
the error signal. When the value is in the band, the controller adjusts the output based on how
close the process value is to the set point. The second parameter, integral (l), determines the
speed of correction. The integral component sums the error term over time. A low integral
value causes a fast integration action. The last parameter, derivative (D), is used to minimize

the overshoot in a Pl-controlled system. It adjusts the output based on the rate of change in the
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temperature or process value. If the derivative value is too high, then the system becomes
sluggish. In all of the current experiments, a resistive linear heating rate of 1 K/s was chosen

and all the system parameters were optimized according to this linear ramp rate.

2.3 Surface Analytical Techniques

2.3.1 Low Energy Electron Diffraction (LEED)

Low-energy electrons with energies varying from 20 to 500 eV are ideal probes for
surface science studies because they are easily scattered by atoms both elastically and
inelastically. [102] If they penetrate into a solid for more than four or five atomic layers they are
absorbed and disappear into the electron sea, however, if they survive absorption in the first
two or three atomic layers and back-scattered out of the crystal, they can provide information

about the atomic arrangement in the surface layer.

Consider the reflection of two parallel electrons of the same wavelength by two

adjacent planes of a lattice as shown in Figure 12.

a d=a.sin®

Figure 12. Bragg’s diffraction condition (adapted from ref.103).
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where 8 is the glancing angle. For many glancing angles the path-length difference is not an
integer number of wavelengths, and the beams interfere destructively. However, when the
path-length difference is an integer number of wavelengths, the reflected beams are in phase

and interfere constructively. This is explained by Bragg’s law:[103]

n A =2d sin@ (2)

Reflections with n = 2, 3, ... are called second order, third-order and they correspond to
path-length differences of 2, 3, ... wavelengths. Bragg’s law is used in the determination of the
spacing between the layers in the lattice. Once the angle 8 corresponding to a reflection has

been known, d can be calculated.

LEED experiments are performed with a narrow beam of electrons with energy between
20 eV and 500 eV. They must be incident on a planar single crystal surface at a given angle. The
sample surface must be well-oriented, electrically grounded, planar and either clean or
contaminated in a controllable manner. An experiment for surface structure analysis consists of
three main parts: the electron gun to generate the incident electron beam, a manipulator to

hold and orient the sample and a detector to monitor the diffracted beams.
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Figure 13. Schematic representation of a Low Energy Electron Diffraction experiment.[104]

Electrons are generated either by on-axis indirectly heated cathodes or by off-axis
tungsten filaments, with energies that can differ between 0 and 800 eV. The effective diameter
of the electron beam is about 1 mm [102] for the display system where the retarding-field
energy analyzer is used. It consists of four hemispherical concentric grids and a fluorescent
screen as shown in Figure 15 [104]. The first grid is connected to the earth ground to provide a
field-free region between the sample and the first grid. This reduces an undesirable
electrostatic deflection of diffracted electrons. A negative potential is applied to the second and
third grids (suppressor grids) to allow the transmission of the elastically scattered electron to
the fluorescent screen in a narrow range. The fourth grid is usually grounded to reduce field
penetration of the suppressor grids by the screen voltage when a potential of a few kilovolts

(typically 2 keV) is applied to the screen in order to make the diffraction beams visible.

In order to consider the symmetry of a perfectly ordered surface, there are two
parameters that must be known, lattice and basis. The lattice consists of a two-dimensional
array of points which possess translational symmetry [104]. The basis, on the other hand,

represents the arrangement of the atoms with respect to the lattice points of the surface, for
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instance it specifies all atomic positions within one unit cell. The five different surface lattices

and their diffractions in the LEED experiments are shown in figure 14:
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Figure 14. Diffraction patterns of five plane lattices. [ref. 104]

A two-dimensional solid surface contains a primitive unit cell which is defined by the
translational vectors a; anda,. These vectors can be defined in Cartesian coordinates % and 7,
the unit cell of the surface can be described by the matrix A, the elements A; of which are

related to the translational vectors:
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a_l’ = Allf + Alz}’; (3)
a; = Ak + Ayy (4)

Associated with the (real space), the two dimensional unit cell in reciprocal space can be

described by a matrix A"

The relationships between the primitive translation vectors of the surface, a; and a,

and the primitive translation vectors of the reciprocal lattice, a_{* and a_z’* can be written as

—*_ a—2>xﬁ
a =2 | == (5)
—*_ ﬁ)xa_{
a, = 2n [Tz—-( anf)] (6)

when 70 is taken to be a unit vector normal to the surface.

If a surface lattice is characterized by two base vectors a; and a,, the reciprocal lattice

follows from the definition of the reciprocal lattice vectors al* and az*:[105]
a,. aj = 6ij (7)

where §; is the Kronecker delta, 611 = 82, =1, 612 = &1 = 0. (The dot product is equal to |a, x

* *
a, |cosa) Therefore, when @y and a; parallel:

a,.a; =1 (8)
|a; x a; | cosa =1 (9)
@yl =1/ 1a”| (10)

For instance, for an fcc (111) surface;
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Real Space Reciprocal Space

R =i

al* is not perpendicular to a; and az* is not perpendicular to a;, a = 300, cosa. = \/§/2,

ar.a=1 (11)
| a1'x a1| cosa =1 (12)
| a1 xa1] V3/2=1 (13)
| a1] =2/V3 . (1/a1) (14)

Overlayer surface structures may have lattice vectors b; and b, which differ from the substrate
lattice vectors a; and a,. However they can be described in terms of the substrate lattice

vectors as follows: [106]

bi= mi1a1 + mpa; (15)

bo= mjia1 + mya, (16)

which can be expressed in matrix notation as:

()= G ey () )
or
b=M.a (18)
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A corresponding relationship between reciprocal lattice vectors may be similarly defined as:

b =M".a" (19)

where

= (T ) (20)
my, My,

with a standard matrix algebraic operation, one can relate these matrices as follows:

m m «/ m —m?>

(nt ) =1/detm ( 22 *21) (21)
m21 m22 _m12 m11

where

det M* = m11*. mzz* - le*. mlz* (22)

This relationship is enough to present the real space structure to be derived from the

observed diffraction pattern if the appropriate reciprocal lattice vectors are extracted from the

pattern observed.

2.3.2 Temperature-Programmed Desorption (TPD)

TPD is a useful technique in surface science, where the desorption of gases from single crystals

or polycrystalline materials into the vacuum is examined as a function of desorption

temperature [107]. Figure 15 shows a typical schematic set-up for TPD.
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Figure 15. Experimental set up for Temperature Programmed Desorption (TPD) technique in

ultra-high vacuum. (adapted from ref [105].

The single crystal mounted on a manipulator in a UHV chamber is heated resistively via copper
wires. In order to monitor the temperature, a thermocouple which is spot-welded to the back
of the crystal is used. Heating rates employed in TPD can vary from 0.7 to 70 K.s %, but the usual
range is between 1-5 Ks™ (in our experiments, this value is chosen to be 1 Ks'l) [108]. The

guadruple mass spectrometer is utilized in order to measure the types and concentrations of

the desorbing species.

The dependence of the rate of evolution of adsorbed molecules from a surface, on the

temperature, is given by the general Arrhenius equation [108].

dN
- kN™ exp (-E4/RT) (23)

N is the surface concentration of adsorbed particles per unit area, k., is the frequency

factor, m is order of the desorption reaction, E4 is the activation energy of the desorption
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process and T is the absolute temperature. For m=0, i.e. for a zero order desorption kinetics,
adsorbates are relatively weakly bound to the surface in the presence of a practically infinite
adsorbate reservoir which is typically valid for multi-layer desorption states. For m=1, i.e. for a
first order desorption kinetics, the particles desorb almost independent of each other. For m=2,
i.e. for a second order desorption kinetics, the particles must combine before desorption where
their recombination is rate-determining.

TPD can provide information about the adsorbate coverage, adsorption energy (which is
comparable to the activation energy of desorption), lateral interactions between the
adsorbates, coverage dependence of the adsorption energy and the pre-exponential factor of
desorption.

The basic experiment involves adsorption of one or more species on the sample surface
at a given temperature and heating of the sample in a controlled manner while monitoring the
evolution of species from the surface back into the gas phase. The data obtained from such an
experiment consists of the intensity variation of each recorded mass fragment as a function of
temperature. The area under a peak is proportional to the amount of the adsorbed species. The
kinetics of desorption gives information about the aggregation of adsorbed species i.e.
molecular vs. dissociative. The position of the peak is related to the enthalpy of adsorption i.e.
to the strength of binding to the surface. The desorption behavior of molecules from the
surface is quite different, they may desorb in a zero order, 1* order and 2" order fashion.
Before going into further detail, we can look at a few general aspects of different desorption

kinetics observed in TPD experiments.
a. Zero-order desorption kinetics

This type of desorption (depicted in Figure 16) occurs in multilayers when the reservoir of the
desorbing molecule is infinite. It can also be observed if the interaction between the adsorbates
is very strong, exceeding the weak interaction between the adsorbate and the surface. The
desorption rate in zero order kinetics does not depend on the adsorbate coverage while the
desorption signal maximum strongly depends on coverage. It means that the desorption

temeparture increases exponentially with temperature. The finger print of zero-order
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desorption is that all peaks have the common leading edge. There is a sharp decline in the
desorption intensity immediately after the desorption maximum. The desorption peak shifts

towards a high temperature monotonically, with an increase in the adsorbate coverage [109].
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Figure 16. Zeroth order desorption kinetics. [Permission requested for reproduction from ref
109]

b. First order desorption kinetics

1*-order desorption behavior is shown in Figure 17. The rate of desorption is directly
proportional to the coverage of the adsorbate. The temperature remains constant with
increasing coverage, because the interaction between adsorbate and the surface remains
almost constant despite that there is an increase in the coverage, as interaction between
adsorbate and surface is already large in the first monolayer. The desorption maximum
temperature is closely related to the desorption energy of the adsorbate with respect to the

surface [109].
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Figure 17. First-order desorption kinetics [Permission requested for reproduction from ref 109]

c. Second-order desorption kinetics

Second-order desorption (shown in the Figure 18) is only observed when molecules
desorb in a recombinative fashion. The rate of desorption is directly proportional to the
square of coverage. Thus, the desorption maximum shifts to lower temperatures with
increasing adsorbate coverage facilitating easier recombination and desorption. The
shape of the desorption signal is characteristically symmetric with a common trailing

edge for all adsorbate coverages [109].
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Figure 18. Second-order desorption kinetics [Permission requested from ref 109].
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2.3.3 Redhead Analysis

Theoretical models of TPD are very helpful in understanding the TPD spectra and estimating the
thermodynamic and kinetic parameters. Redhead method is often used to determine the
activation energy for a first-order desorption process [110]. The determination of desorption
energy requires the estimation of the value of pre-exponential factor “v”. A value of 10" s is
commonly used for v. The remaining term “In(Eges/RTmax)” is @ small value and is typically

estimated to be 3.64.

AEdes = RTmax [Inmﬂ — %]

In

B RTmax (24)

There is a relatively straight forward relation between Eg4es, v and Tyax. Redhead model assumes
that the activation parameters do not depend on the coverage of the adsorbate and desorption

process exclusively follows 1° order kinetics [110].
2.4 Sample Preparation

2.4.1 Sputtering of the Sample

In order to remove various types of surface contaminations and/or clean the
carbonaceous species such as (graphitic/carbidic carbon or carbonates) from the Au(111) single
crystal surface, highly energetic Ar’ ions were emitted towards the surface. For ion
bombardment with an oblique angle of incidence, the sputtering yield increases with increasing
the angle of incidence up to 70°. In order to monitor the ion current between the sample and
the sputter ion gun, Keithley 197 model digital multimeter in the YA reading mode was
connected to the sample via one of the copper heating legs while the other multimeter
connection was electrically grounded. Then, inert argon gas was sent into UHV chamber
through a leak valve and the pressure of the UHV chamber was stabilized at 1x10° Torr. An

important point is that the beam emission must be applied after adjusting the Ar* pressure
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otherwise a discharging might occur in the inner walls of the sputter ion gun. For the energy of

the ion beam, the emission with a value of 15 mA and the beam voltage with a value of 1.5 kV

have been used during the sputtering procedure. The beam voltage and the emission values

must be increased slowly and consecutively. Higher emission and beam voltage values can

decrease the sputtering yield since highly energetic Ar" ions which can penetrate into single

crystal can damage the substrate surface by removing atoms from the top layers of the

substrate. Using these sputtering parameters, a typical ion beam current of 10 — 18 pA can

readily be achieved during the etching process.

2.4.2. TPD Experimental Procedure:

These experiments were performed using the following stepwise procedure:

1.

3.

4.

The manifold, leak valves, manipulator and UHV chamber was baked at 110 °C for >48 h
to desorb the molecules from the walls of the chamber in order to avoid any
contamination during the experiment. This baking process also improves the base of the
UHV system during the TPD experiments. Note that the optimum pressure required for
the TPD experiments is < 5 x 10™° Torr. Turbo molecular pump, titanium sublimation

pump and a scroll pump is used to reach the required pressure.

QMS is outgassed (for >12 h) by turning on the filament and multiplier and applying 70

eV ionization voltage and 2000 V multiplier voltage simultaneously.

The ultra-high purity organic chemicals that will be used in the TPD experiments as
adsorbates are further purified in the manifold via freeze-thaw-pump cycles, using liquid

N, traps.

The Au(111) single crystal was mounted on the tantalum wires and cooled with liquid N,
down to c.a. 90 K (because adsorption of oxygenates do not occur at higher

temperatures on the Au(111) single crystal surface).
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9.

The Au(111) single crystal surface was cleaned from the contaminants by sputtering the
surface with Ar ions, while keeping the sample in front of the Ar ion gun for 5-10
minutes. The beam current should be checked regularly during sputtering with the help

of pico-ammeter. The beam current usually ranges within 5-10 pA.

The sputtering leads to a slightly defective surface. Thus, in order to heal the surface

defects, the sample was annealed from 90 K to 750 K.

Next, the sample was cooled back to 90 - 100 K and the organic compound under
investigation was dosed through a leak valve onto the sample while keeping the Au(111)
crystal in front of the tubular doser (with a 10 mm outer diameter, matching the sample

diameter) which was mounted on a linear UHV transition/motion stage.

The sample with the adsorbed organic compound was moved in front of the mass
spectrometer with the help of the manipulator (through X,Y,Z,6 motion). Then, QMS
was set to record various desorption channels with a 50ms dwelling time per channel.
These desorption channels were chosen based on the mass spectroscopic fragmentation
patterns of the reactants as well as the expected desorption products. NIST mass
spectroscopy database [122] was used for determining the most intense or the most
representative fragments (i.e. the signals with the minimum contributions from the

fragmentation of other desorbing species).

TPD data acquisition was started by simultaneously turning on the sample heating via
PID controller on the Heat Wave electronics and the QMS (using the intensity vs time or
the so called “trend” mode). At the same time, the DataQ software was also started
which records time vs temperature data coming from the analog to digital converter
(ADC) connected to the thermocouple mounted on the single crystal sample. The
thermocouple voltage measurement was also corrected with a cold junction
compensator that is present in the Heat Wave Electronics. Heating ramp was set to 1
K/s between 90 K and 770 K. Once the maximum temperature was reached, heating was
stopped. After the experiment, using a home-made “Data Matcher” software,
“temperature vs. time” data obtained from the DataQ software was synchronized with
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the “QMS intensity vs time” data acquired by the QMS; in order to obtain “Desorption
Channel intensity vs Temperature” data, which essentially constitutes a so called TPD

spectrum.

2.4.3. Data-Matcher

Data matcher is a home-made signal processing code that has been developed in our
research group (by Abouzar Tasouji Azar, Bilkent University Chemistry Department
Undergraduate Sophomore, 2013 and E. Ozensoy). This software has been used to couple
“temperature vs. time” data and the “QMS intensity vs time” data in an attempt to improve
the TPD signal quality. This code assigns a temperature value for every time-dependent
reading of the QMS for a given desorption channel. Since both temperature readings and
mass spectrometer readings are in the time domain, an extra signal processing is needed to
synchronize data so that we can plot mass spectrometer data versus temperature by
omitting the time variable. Furthermore, the signal processing routine also computes an
average temperature value (using the heating ramp rate and the starting time of the heat
ramp) for each small time interval (i.e. 1 s) during the heating ramp and matches it with the
QMS intensity data. Then, it computes an average temperature value for every second.
Later, the heating ramp (i.e. temperature vs time) data was linearized by a regression
method (simply by connecting the middle/mean point of the interval where averaging was
made with the middle/mean value of the next averaging interval). In other words, the
temperature value for the middle of a second is considered to be the average temperature
in that second. In this way, the frequent unrealistic local temperature drops and
digitalization of the TPD data (which are artifacts of data processing not corresponding to

actual/experimental temperature drop) are successfully avoided.
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3. RESULTS and DISCUSSION

3.1 LEED Pattern of the Clean Au (111) Single Crystal Surface

The Au (111) sample was cleaned by sputtering the surface with Ar+ ions followed by heating
the sample up to 750 K in vacuum. LEED experiments were performed on this Au(111) surface

to check the surface cleanliness.

Figure 19. (a) LEED picture of the clean Au(111) surface recorded at 70 eV (current work). (b)
Constant-current STM image of an area on Au(111) showing discommensuration lines of the
22xV3 surface reconstruction separating face-centered cubic fcc from hexagonal close-packed

hcp stacking (ref 115). (c) LEED pattern with measured dimensions.

The actual distance between the gold atoms on the atomically clean Au(111) surface measured

using the LEED image given in Figure 19(a) is presented in Table 2. The beam of electron has
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been set to 70 eV of energy and the observed diffraction pattern is used to calculate the
diameter of the screen in unit of pixed. Thus, radius of the experiment screen was calculated.
We measured the opening angle and determined the distance between the gold atoms from
the reciprocal image. Our calculations suggest that the Au-Au interatomic distance on the
Au(111) surface is c.a. 2.88 A° which has an excellent agreement with the previous data

reported in the literature [121].

Table 2. Calculation of Au-Au interatomic distance on Au(111) using the LEED analysis

S.No Energy (eV) radius from | opening radius from | radius distance (A)
LEED screen | angle of the | the LEED screen:
(pix.): screen (9): point (pix.):
1 70 431.32 45 310.04 610.7251909 2.88

The clean Au (111) surface produces a relatively sharp LEED pattern as shown in Figure 19(a).
The observed pattern confirms the hexagonal symmetry of the Au(111) surface and the
expected unit cell[114]. Some diffraction spots are observed fuzzy due to corrugations
originating from (Fig 17(b)) the herringbone reconstruction of the Au(111) surface, which has

been previously confirmed by STM experiments [115].

3.2 Hypothesis of the Current Work

TPD experiments were performed for different oxygenates to understand the nature of the
interaction between the adsorbates and the Au(111) single crystal surface. The study of
literature on partial oxidation reaction gave us an insight into the factors affecting the catalytic
selectivity of au surfaces. These assessments led us to propose the following hypothesis to be

investigated in the current work:

“Selectivity of Au(111) single crystal model catalyst surfaces in Partial Oxidation (PO)
reactions are closely associated with the adsorption or desorption energy of the PO product

that is generated through the reaction. In other words, a PO product with a low adsorption or
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desorption energy will have a short residence time on the surface and thus can avoid total

oxidation to CO,. This leads to a higher catalytic selectivity towards that particular product”

In order to prove our hypothesis, we carried out adsorption experiments on the clean Au(111)
single crystal model catalyst surface at liquid N, temperatures under UHV conditions using a
variety of oxygenates and performed successive TPD measurements. Then, by applying the
Redhead method on the TPD data, we have obtained experimental desorption energies for a
variety of adsorbates. Finally, by comparing the relative desorption energies with the product
formation likelihood of a particular molecule in a PO reaction, we have established the link

between the catalytic selectivity and desorption energy.

3.3 TPD Analysis of Organic Molecule Adsorption on Au (111)

We performed alcohol, aldehyde, acetone, and ester adsorption on the clean Au(111) surface.
These compounds have extremely small sticking coefficients on Au(111) at room temperature.
Thus, the adsorption experiments were performed at 90 K after the Au(111) single crystal
sample was cooled via liquid nitrogen. On the clean Au(111) surface, these oxygenates are
weakly adsorbed and thus typically desorb molecularly in a reversible fashion. All of these
compounds (purity >99.8%, Sigma-Aldrich) were additionally purified by subsequent freeze,

pump and thaw cycles to remove contaminations such as N, H,0 and O,.

Our Temperature Programmed desorption experiments are schematically described in Figure
20 given below. The Au(111) was exposed to a particular adsorbate. Then desorption of the
adsorbate starts with the ramp in temperature. Generally, desorption occurs with two different

features i.e multilayer (low temperature) and monolayer (high temperature) signals.
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3.3.1 Adsorption and Desorption of Alcohols on Au(111)

Alcohol TPD spectra collected over Au(111) single crystal model catalyst surface are shown in
Figures 22, 24, 27 and 29. The evolution of the alcohol is monitored using the m/z= 31 signal
(corresponding to the methoxy or CH3O- fragment), which is the most intense fragment in the
mass spectrum of gas-phase alcohols. Alcohols were the only desorption product detected in

TPD experiments after dosing alcohols on the clean Au(111) surface at 90 K.
a. Methanol

Methanol is the simplest of all alcohols. Generally it would be quite convenient to start with it,
in order to understand the nature of alcohols. TPD spectra of methanol from clean Au(111)
surface are shown in the Figure 22(a). A number of ion fragments (shown in the Figure 21) were

measured, however no surface dissociation product were identified during the sample heating.
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Figure 21. Mass fragmentation pattern of gaseous methanol (Permission requested for the
reproduction from ref 122)

Repeated experiments without cleaning between successive measurements showed that, TPD
spectra of methanol is highly reproducible. Thus, we conclude that methanol adsorbs and
desorbs molecularly on Au(111) surface. Desorption signal for the most intense fragment of
methanol (i.e. mass to charge (m/z) ratio of 31) are shown in the Figure 22 for different
adsorbate coverages ranging from 0.07 Lto 6.9 L (1 L= 10° Torr.s). The TPD spectra show three
distinct peaks which we denote as a;, a, and B. The B peak fills at the lowest coverage and
desorbs at a higher temperature of 155 K and therefore is assigned to methanol monolayer,
adsorbed on the Au(111) surface which ultimately desorbs in 1°* order fashion. Peaks a; and a,,
the multilayer features, appear as the methanol exposure increases. Zero order desorption
takes place in the multilayers. This multilayer can be attributed to crystalline (a;) and
amorphous (ay) structures, respectively. However, there is one peak at high temperature as
shown in the inset, which has not been reported in the literature. We suggest that this feature
comes from the desorption of methanol from the defects caused by sputtering the surface or it
may be due to recombinative desorption. It is likely that we have point and extended defects

on the surface (including the ones originating from herringbone reconstruction) where
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methanol adsorbs more strongly. Our experimental results for methanol coincides with the TPD

results from the literature as shown in Figures 22 (a) and (b).
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Figure 22. (a) TPD spectra corresponding to various coverages of methanol (a) current work, (b)
Ref 116. (Permission requested for the reproduction from ref 116). Schematic representation of

desorption behavior.

b. Ethanol
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TPD experiments have also been performed with ethanol adsorbed on clean Au(111) surface.
As in the case of methanol, ethanol desorption is also monitored by m/z=31 desorption signal,
which is the most intense in the gas-phase ethanol mass spectrum as well (Figure 23). In
contrast to methanol TPD, ethanol desorption curves also have some contribution from H,0
desorption (m/z = 18) which reveals itself as a sharp ethanol desorption peak at 150 K (shown in
Figure 24). This water signal is related to the humidity (i.e. contamination) in dosed ethanol
flux. Our data coincide with the previously reported data for ethanol desorption, with only one
exception i.e with the addition of water peak at 153 K. This is not surprising as it is well known
that ethanol is difficult to purify from water. In the current experiments, we utilized ethanol
with 99.8% purity and purified it additionally with freeze-pump-thaw cycles. However even
after such a careful purification protocol, presence of a minor amount of water can be detected

via the high sensitivity of the TPD technique.
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Figure 23. Mass fragmentation pattern of gaseous ethanol.(Permission requested for the
reproduction from ref 122)

At low ethanol exposures the TPD spectra show a single symmetric peak at 196 K, which we
tentatively label as B referring to ethanol monolayer. The saturation of this peak was used for
estimating the ethanol coverage and like in the case of methanol was presumed to be 1 ML.

When the ethanol surface coverage exceeds 1 ML, the a peak at 175 K appears which is
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associated with multilayers adsorbed on the top of monolayer () ethanol. With the increase of
the coverage this peak monotonically rises, finally overlapping and covering the 3 peak. At very
high exposures, a new sharp peak at 153 K can be observed. This peak was tentatively
associated with the desorption of C;HsOH - xH,0 phase; this assignment is in the agreement

with the water desorption at the same temperature as shown in the Figure 25.

— 1 T T T T T T T
100 120 140 160 180 200 220 240 260 280

Temperature (K)

150

3.0x10° (a) (b)
C,H;OH/Au (111) _ T ' '
270’ T,y=90K 3 CH,CH,OH/Au(111)
=] . -
8 2.4x10° a \\ Ocin, MI 8 T.=7TTK | B
- 175
— (1]
g 2.1%10° A 16.0 E ethanol
E 15.1 c 6.67 ML
2 e 10.5 ] B 5.00 ML
[%2} —
5 15010° 153 l1396 5.3 2 3.33ML
k= 4.3 ) 2.22 ML
z_g;’ 1.2x10° 2.6 g } 1.67 ML
B g onro” 2.0 T 1.11 ML
§ 1.3 o 1.00 ML
§- 6.0x10” 0.8 %
2 c
0O 3.0x107 m
0.0

200

250

Temperature (K)

Figure 24. (a) TPD spectra corresponding to various coverages of ethanol on clean Au(111) (a)
current work, (b) from Ref 117. (Permission requested for the reproduction of ref 117). (c)

schematic representation of desorption behavior.
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Figure 25. (a) m/z= 18 TPD spectra corresponding to various coverages of ethanol on clean
Au(111) (current work).

Gong et al. studied ethanol desorption on A(111) as shown in the Figure 24(b). Multilayer
consisted of two peaks where a, was attributed to the amorphous phase and a; to the
crystalline phase. In other words, crystalline phase forms from amorphous phase during the

heating process but not all amorphous phase turns into crystalline.

C. Propanol

1-propanol (299% purity, Sigma-Aldrich) was adsorbed on clean Au(111) single crystal surface
at 90 K. The 1-propanol gas phase mass spectrum is shown in Fig 26. 1-propanol evolution is
monitored using the m/z 31 signal, corresponding to the most intense fragment in the mass
spectrum of gas-phase 1-propanol (Figure 27). The other fragments of the mass spectra also

demonstrate exactly the same TPD line shape with the m/z = 31 signal.
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Figure 26. Mass fragmentation pattern of gaseous 1-propanol. (Permission requested for the
reproduction from ref 122)

TPD data for 1-propanol from Au(111) surface suggests a non-dissociative adsorption behavior
as no additional desorption signals were detected other than the expected signals of the
nascent adsorbate (Figure 27(a)). The monolayer desorption peak grows with exposure and
saturates at 202 K. The multilayer desorbs as two overlapping peaks at 168 and 174 K. These

two multilayer peaks are tentatively assigned to crystalline and amorphous layers, respectively.
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Figure 27. TPD spectra corresponding to m/z = 31 for various exposures of 1-propanol on clean
Au(111) (a) current work and (b) from Ref 118 (Permission requested for the reproduction

from ref. 118).

2-propanol (299.5% purity, Sigma-Aldrich) was exposed to clean gold single crystal surface at 90
K. Fragmentation of the 2-propanol in a regular Residual Gas Analysis (RGA) experiment is given

in Figure 28 [122].

61



QMS signal intensity 2-propanol

OO
10 20 0 50 60 70

m/z

Figure 28. Mass fragmentation pattern of 2- propanol. (Permission requested for the
reproduction from ref 122)

2-propanol desorbs from Au(111) surface non-dissociatively as described earlier. The
monolayer desorption peak is observed at 187 K. The multilayer desorbs as two peaks at 154
and 164 K; by analogy these peaks are associated with crystalline and amorphous layers,
respectively.

Gong et al. [118] carried out similar investigations of 2-propanol on Au(111) as shown in figure
29 (b). The desorption behavior and the temperature profiles are similar to TPD data shown in
figure 29(a). Our data is much more clear, as the desorption features are much better resolved

from each other than the one reported in the literature.
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Figure 29 . TPD spectra corresponding to various exposures of 2-propanol on clean Au(111) (b)

current work and (c) from Ref 118. (Permission requested for the reproduction from ref. 118)

3.3.2 Ethers

The diethyl ether desorption behavior is studied by monitoring the most intense fragment
having a m/z ratio of 31 (Figure 30).The TPD spectra of various coverages of diethyl ether on
Au(111) surface are presented in Figure 31(a). The various desorption channels corresponding
to some of the mass fragmentation products were also measured but diethyl ether dissociation

was not detected on the Au(111) surface.
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Figure 30. Mass fragmentation pattern of gaseous diethyl ether. (Permission requested for the
reproduction from ref 122)

Multilayer desorption occurs in a zero order fashion at c.a. 124 K. The peak at 182 K which is
saturating with increasing exposure with a first order behavior can be attributed to the
desorption of diethyl ether monolayer on the Au(111) surface. The peak at 144 K can be
assigned to the second adsorbate layer demonstrating a higher thermal stability than the other
multilayers. Interestingly this intermediate layer can be saturated and the total quantity of
molecules in this layer is less than the first monolayer (approximately by a factor of 1/2). Thus,
the second layer can be associated to a layer revealing a lower 2D density Figure 31(c) than the
first monolayer. The dissimilarity in the packaging structures of the first and the second layers
can be correlated to differences in the interaction of the first diethyl ether layer with the Au
(111) surface and the interaction between the second diethyl ether layer located on the top of

the first diethyl ether monolayer.
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Figure 31 (a)TPD spectra corresponding to various exposures of diethyl ether dosed onto clean

Au(111) at 90 K. Schematic presentation of DEE adsorption: (b) general adsorption features, (c)

difference in the packing density of B and & structures where B has a %50 lower packing

density.

3.3.3 Alde

hydes

a. Acetaldehyde

Acetaldehyde desorbs from the metal surfaces in a very complicated fashion, as reported,

revealing two molecular adsorbate configurations [h'(0) and n%(C,0)] as well as polymeric

forms of acetaldeyhe monomer (i.e. pol-yacetaldehyde)[106,107]. Acetaldehyde RGA spectrum
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is given in Figure 32 while TPD spectra are presented in Figure 33(a). The peaks at 118 and 125
K which are observed at high acetaldehyde exposures correspond to the multilayer desorption
signals, desorbing with a zero order desorption kinetics. The peak at 138 K appearing and
quickly saturating at the initial stages of adsorption is associated with the monolayer
desorption (revealing 1°** order desorption behavior). In previous studies it was concluded that
acetaldehyde is able to polymerize on the gold surface [105]. In our experiments with increasing
exposure, we have detected new high temperature desorption signals at T > 195 K. With the
appearance of the 195 K desorption peak, the already saturated monolayer peak at 135 K is

altered (i.e. intensity of the latter feature decreases and its maximum shifts to 132 K).

QMS intensity signal acetaldehyde

0.0IHEI!I;Illl\il!!Eill\llll\li!l T T 17T

10 20 30 40 50
m/z

Figure 32. Mass fragmentation pattern of acetaldehyde. (Permission requested for the
reproduction from ref 122)

These changes in the monolayer related peak can be associated with the formation of 2D
polymer agglomerates which occupy some of the Au(111) surface sites, decreasing/replacing
some of the monomeric acetaldehyde molecules in the first layer. Further increase of exposure

leads to the evolution of multilayer peaks and the appearance of another high-temperature
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feature at 202 K. This 202 K peak, can also be attributed to the decomposition of thermally

stable 2D polymeric agglomerates.
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Au(111) at 90 K, (a) current work, (b) from Ref [105] c) detailed presentation of the high
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temperature desorption window indicating the polymerization of acetaldehyde on Au(111)

(current work). (d) showing conversion of monolayer into polymer.

A closer look at the spectrum shown in Figure 33(c) reveals that high temperature desorption
features appear at higher exposures. We postulate that this feature is due to the
decomposition of two dimensional polymerized acetaldehyde on the surface, bonded through
n*(C,0) CHsCHO configuration. In our data shown in the Figure 33(a) the desorption features
are well separated compared to the previously reported data in the literature (shown in Figure
33(b)). A more detailed analysis of the Figure 33(c) suggests that there are different types of
polymer formation. The suggested resonance structure of acetaldehyde is shown in the Figure
34. The resonating structure stabilizes the acetaldehyde on the surface and thus ultimately

results into polymerization.

CH, CHa CHs
HAK 3 H—F
Y . \O+ ) T )
Lu An —"!1 - Au, !11

Figure 34. Resonance [(b) and (c)] and charge-transfer (a) structures of n*(0) acetaldehyde on

Au(111) surface (Adapted from ref 120).
b. Polymerization mechanism:

The suggested mechanism for the polymerization of acetaldehyde is shown in Figure 35.
Acetaldehyde adsorbs on the surface through its oxygen (i.e. n'(0) CH3CHO configuration)
(Figure 36).
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This creates a carbocation, and is thus susceptible to be attacked by another acetaldehyde
monomer. In this way, acetaldehyde monomers polymerize to form various polymers (Figure

36).

CH5 CH, CHa HLC
CHy CHy + CH, O—K
HﬁKV—-O/% H H—k O/kH H—k OJ<H "
B . - i + CH;CHO o )
" | Yy — | "
Au Au Au Aun Au
Ty AT A
(a) (b) (c)

Figure 35. Polymerization pathway of acetaldehyde on Au(111) (Adapted from ref 120).
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Figure 36. Possible adsorption configurations of monomeric, oligomeric and polymeric forms of
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acetaldehyde on Au(111) (for polyacetaldehyde in d and e, CHs; and H groups have been
omitted for clarity) [Adapted from 119].

3.2.4 Ketones

Acetone (299% purity, Sigma-Aldrich) mass fragmentation is presented in Figure 37. TPD
spectra of acetone from Au(111) after dosing at 90 K are presented in Figure 38. Desorption
signals for various mass fragments of acetone were checked for any indications of acetone
dissociation but acetone was found to desorb from Au(111) surface exclusively in a non-
dissociative fashion. The most intense fragment (i.e. m/z = 43) was utilized to understand the

desorption behavior as shown in the Figure 38.
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Figure 37. Mass Fragmentation pattern of acetone. (Permission requested for the reproduction
from ref 122)

The TPD spectra of acetone are close to that observed for 1-propanol and 2-propanol. The
monolayer desorption peak is observed at 159 K. The crystalline and amorphous multilayer
peaks desorb in a zero order way and are observed at 136 and 141 K (Figure 38). For acetone,
one can note that amorphous layer (which is formed between crystalline layer and monolayer)
demonstrates saturating behavior like monolayer. Furthermore, intensity of this peak is close to
the monolayer one. Apparently the amorphous layer exists as only second layer over the first

monolayer of acetone/Au(111).
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Figure 38. (a)TPD spectra corresponding to various exposures of acetone on clean Au(111) at 90
K. (b) Shematc representation of desorption behavior.

3.3.5 Esters

Methylformate and ethylformate mass fragmentation patterns are presented in Figure 39. TPD
spectra obtained after methylformate dosing at 90 K are presented in Figure 40(a). No methyl
formate dissociation was observed on Au(111) surface after checking desorption signals of
various mass fragments of methyl formate. The TPD spectra in Figure 40(a) are close to that
presented for other chemicals; though monolayer and multilayer peaks are separated much
better revealing distinct features. The saturating monolayer peak is pinned at 147 K. The
overlapping multilayer peaks of crystalline and amorphous layers at 125 and 129 K shift to
higher temperatures with increasing coverages (Figure 40(a)). These shifts are in agreement

with zero order multilayer desorption behavior.
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Figure 39. Mass fragmentation patterns of (a) methylformate and (b) ethylformate
respectively. (Permission requested for the reproduction from ref 122)

Ethyl formate TPD spectra are presented in Figure 40(b). Ethyl formate desorption was
monitored utilizing the m/z = 29 desorption signal which is the most intense fragment. (Figure
39(b)) No ethyl formate dissociation was observed on the Au(111) surface (i.e. the TPD line
shapes of all other fragments are identical). The low temperature peaks at 138 and 151 K are
associated with desorption of crystalline and amorphous multilayers, respectively. The small
peak at 125 K can be associated with desorption of a small portion of amorphous, not
crystallized yet ethyl formate. Here it should be noted that after the initial adsorbate dose at 90
K (i.e. at the beginning of the TPD experiments) the multilayer adsorbate overlayers are in
amorphous form. The crystallization occurs during the heating at the initial stages of the TPD
experiment. The behavior of high temperature desorption features of ethyl formate is more
complicated than the other cases discussed above. At low exposures the monolayer related

peak can be observed at 171 K (Figure 40(b)).
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Figure 40. TPD spectra for corresponding to various exposures of (a) methyl and (b)ethyl
formate dosed at 90 K onto clean Au(111). (c) schematic presentation of desorption.

Mass fragmentation of methylacetate and ethylacetate are given in Figure 41. Methyl acetate
TPD spectra are presented in Figure 42 (a). Methyl acetate was monitored utilizing the m/z = 43
desorption channel. No dissociation of methyl acetate was observed. One can observe

overlapping and shifting of two peaks at c.a. 139 K which are associated with multilayer
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desorption (probably crystalline and amorphous multilayers) and are zero order in nature. The

monolayer desorbs from the surface at 172 K and corresponds to 1** order kinetics.
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Figure 41. Mass fragmentation patterns of (a) methyl and (b) ethyl acetate. (Permission
requested for the reproduction from ref 122)

Ethyl acetate TPD spectra are presented in Figure 42 (b). For ethyl acetate monitoring we
utilized the m/z = 43 channel (Figure 41(b)). Dissociation of ethyl acetate was not observed. The
TPD spectra of ethyl acetate demonstrate only two peaks: peak at 150 K which are associated
with multilayers (probably in crystalline form) revealing zero order desorption kinetics and the
higher desorption signal located at 194 K, showing a first order desorption behavior
corresponding to monolayer states.
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3.2.6 Desorption Energy Trends of the Organic Adsorbates Studied in the
Current Study

Redhead method has been used to calculate the desorption activation energies of the first
monolayer of the various oxygenates on Au(111) that have been studied in the current work.
Figure 43 indicates that the desorption energy increases as we move towards left. A higher
desorption energy means that the adsorbate will tend to stay on the Au(111) surface for a
longer time. The longer the residence time, the higher will be the porbability of adsorbate

towards total oxidation. As we can see, 1-propanol (n-propanol) has the highest desorption
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Figure 43. Desorption energies of the investigated organic molecules on the Au(111) single

crystal surface
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energy, which means that the 1-propanol has a strong interaction with the surface and will stay
on the surface for a long time. If one of the oxidation products during a reaction has a lower

residence time, it will leave the surface easily and a valuable partial oxidation product will be
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obtained rather then the total combustion product (i.e. CO,). Desorption energy trends from
the Figure 43 can help us in predicting the most probable partial oxidation products in an

oxidative coupling or partial oxidation reaction.

Figure 44(a) and (b) reveal that each class of compound shows some trends related to the chain
length. The desorption energy increases with the increase in chain length as shown in Figure 44.
For example, in alcohols, methanol has a lower molecular mass than the 1-propanol so its
desorption energy is less than 1-propanol. This indicates that alkyl group share its electrons
through the inductive effect with oxygen atom bonded to the electrophilic gold atoms. The
increase in the chain length increases this effect and makes the interaction much stronger.
Furthermore, increasing chain length also increases Van der Waals interactions thereby
increasing adsorption strength. Similarly, esters also show similar trends between desorption

energy and chain length/molecular mass.

(a) (b)
60 60

— 50

S 50 -

g 40

S

Y 40 -

~ 30

>

2

S 30 A 20

c

L

c 4 10

S 20

"3_ ;

fa T T T

o 10 -

3 3% & &5 &

e & & & g

& {\0 A\ {\O
0 - S Q) N Q
& & & &
1-Propanol Ethanol Methanol ) N

Figure 44. Desorption energy trends among (a) alcohols and (b) esters as a function of the
chain length.
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Partial oxidative coupling reaction of methanol on O(ad) covered Au(111) surface has been also
carried out as a justification of the current hypothesis (Figure 45). As predicted from Figure 43,
the desorption energy for methanol is higher than its products, which are methyl formate and
formaldehyde. The methyl formate will desorb immediately as it is formed because of its low
desorption energy. Observation of methyl formate and formaldehyde as the major oxidation
products of methanol on Au(111) justifies the selectivity forecasting approach discussed above.
Thus, these results suggest that desorption energy trends of organic compounds may greatly

assist us towards estimating the selectivity of model catalysts towards a particularly desired

product.
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Figure 45 TPD data for the partial oxidative coupling reaction of Methanol/O/Au(111) at 140 K.
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Hypothesis works

We have originally proposed a hypothesis that can be summarized as:

‘Selectivity of Au(111) single crystal catalysts in a Partial Oxidation (PO) Reaction strongly

depends on the adsorption energy of this particular molecule on the clean Au(111) surface”

Our current findings indicate that the proposed hypothesis is at least valid for the investigated
reaction, where methanol partial oxidation with adsorbed atomic oxygen selectively yielded,
methylformate, formaldehyde as partial oxidation products in addition to CO, as the total
oxidation product. Calculated desorption energy trend reveals very good agreement with the

selectivity of the partial oxidation reaction of methanol.
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4. CONCLUSION

Adsorption and desorption behavior of various oxygenates i.e alcohols, aldehydes, ethers,
ketones, and esters were systematically investigated over Au(111) single crystal model catalyst
surface. Most of these organic chemicals do not typically show any decomposition on the
Au(111) single crystal surface. This means that these compound have a very weak interaction
with the Au(111) surface. In other words, adsorption/desorption is molecularly reversible.
These compounds desorb typically in two states, i.e monolayer and multilayer (except for
acetaldehyde) as a function of adsorbate coverage. Acetaldehyde polymerizes on the surface,

revealing complex desorption signals at elevated temperatures.

The desorption energy values have been calculated through Redhead analysis of the TPD data.
The desorption energy trends have been proposed to a be a useful descriptor for estimating the
selectivity of the Au(111) model catalyst towards a particular partial oxidation product. Validity
of this descriptor has been demonstrated in methanol partial oxidation on Au(111) where
formaldehyde and methyl formate were experimentally observed to be the prominent
oxidation products, in good agreement with the desorption energy trend analysis proposed in

this study.
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