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Abstract

This thesis summarizes the results of thermally induced methanol (CH3OH) reactions
on bimetallic Ru(0001)-based catalyst surfaces under ultrahigh vacuum conditions.
Specifically, the following clean and oxygen covered surfaces were used: Ru(0001),
(sub-) monolayer Cu/Ru(0001), multilayer Cu/Ru(0001), Pt,,/Ru(0001) layers, and
PtyRu;_,/Ru(0001) surface alloys.

The adsorption and reactions of methanol are of great technological relevance for
the direct methanol fuel cell (DMFC). Thereby, it is desirable to influence chemical
reactivity and selectivity of catalysts to convert methanol to COs instead of CO which
acts as a poison affecting a continued and stable operation. The stability of reaction
intermediates and the height of the activation barriers of the various reaction steps
critically depends on specific properties of the substrate material. Straightforward
methods to design novel catalysts in a controlled way are the deposition of ultrathin
metal films on a host material, the building of alloys or the addition of coadsorbates.

In the experiments performed in this work methanol was added at 20 or 80 K to
the catalyst surfaces and slowly annealed with 1 K/s to increasingly higher temper-
atures. Thereby, the surface species were identified using Fourier transform infrared
spectroscopy, i.e. the observed vibrational modes were analyzed in detail. For an
unambiguous assignment of the observed peaks isotopic labeling was applied using
different isotopes of methanol, oxygen, carbon monoxide, and hydrogen. The de-
sorbing species, on the other hand, were analyzed by temperature programmed desor-
ption using a quadrupole mass spectrometer. The desorption temperature provides
information about the binding strength of an adsorbate and about the dissociation
temperature of stable surface species which decays into gaseous products. Moreover,
isotopic labeling (180 and 00) allows the discrimination of reactions involving sur-
face oxygen, e.g the formation of desorbing water. Similarly, the CD3OH isotope
allows to distinguish whether hydrogen from the CD3 or the OH group contributes
to a certain reaction. For the quantitative analysis of the chemical composition of
the surface and the adsorbates, X-ray photoelectron spectroscopy was applied.

The experiments focus on the identification of fundamental reaction steps and stable
intermediate species and, in the second step, on the variation of surface parameters,
such as the sort and thickness of a deposited metal, the addition of coadsorbates,



changing the adsorbate order and density or modifying the composition of the surface
alloy.

The reactions on the investigated surfaces can be subdivided into two major path-
ways; (i): a total dehydrogenation pathway leading to CO, and (ii): an oxidation
pathway which produces gaseous COs.

On the clean Ru(0001), Cu/Ru(0001) and Pt/Ru(0001) surfaces either the dehydro-
genation pathways are observed or no reaction occurs at all. The COy producing
path, on the other hand, can be opened by the adsorption of oxygen. In parallel,
the CO formation becomes reduced. In this context, the influence of oxygen on the
yielded reaction products was investigated. Generally, it is found that only disor-
dered and dilute oxygen promote methanol reactions; dense and ordered O-overlayers
passivate the surface effectively. A significant drawback of adding oxygen is the reac-
tion of the oxygen atoms with hydrogen from methanol dehydrogenation to gaseous
water. As hydrogen is the energy provider in a DMFC the desorbing water repre-
sents an unwanted drain of H atoms from the surface. Interestingly, the surfaces
which produce the highest amount of CO4 are also most efficient with respect to the
formation of water.

As on oxygen covered Pt,Ru;_,/Ru(0001) surface alloys the drain of H atoms is
limited and they nonetheless exhibit CO4 as a final product they represent a com-
promise regarding the ideal catalyst material for a DMFC. In particular, alloys with
a Pt contents of 50 — 80% are found to be most suitable.



Zusammenfassung (Abstract in German)

Diese Arbeit ist eine Zusammenfassung der Ergebnisse zu thermisch induzierten
Methanolreaktionen (CH3OH) auf bimetallischen Ru(0001)-basierten Katalysator-
oberflichen unter Ultrahochvakuumbedingungen. Im Einzelnen wurden die folgen-
den sowohl sauberen als auch mit Sauerstoff vorbedeckten Oberflichen verwendet:
Ru(0001), (Sub-) Monolagen Cu/Ru(0001), Multilagen Cu/Ru(0001), Pt,,/Ru(0001)
Lagen und PtzRu;_,/Ru(0001) Oberflachenlegierungen.

Die Adsorption und die Reaktionen von Methanol sind von gréffitem technologi-
schen Interesse in Bezug auf die Direktmethanolbrennstoffzelle (DMFC). Dabei ist
es wiinschenswert, die chemische Reaktivitat und Selektivitat eines Katalysators so
zu steuern, dass Methanol zu CO4 anstelle von CO umgewandelt wird, da Letzteres
einen reibungslosen Betrieb der Brennstoffzelle verhindern wiirde. Die Stabilitdt der
Zwischenprodukte und die Hohe der Aktivierungsbarrieren der einzelnen Reaktions-
schritte hangen dabei stark von den Eigenschaften des Substrats ab. Einfache Me-
thoden zur kontrollierten Funktionalisierung von Oberflachen sind die Deposition
ultradiinner Metallschichten, die Legierungsbildung oder das Hinzufligen von Koad-
sorbaten.

In den durchgefiihrten Experimenten wurde Methanol entweder bei 20 oder 80 K auf
die Katalysatoroberflichen dosiert und anschlieend mit 1 K/s geheizt. Dabei wur-
den die Oberflachenspezies anhand ihrer Vibrationsmoden mittels Fouriertransfor-
mations-Infrarotspektroskopie identifiziert. Die Verwendung verschiedener Isotope
von Methanol, Sauerstoff, Kohlenmonoxid und Wasserstoff ldsst eine eindeutige
Zuordnung der Vibrationspeaks zu. Die desorbierenden Spezies und ihre Bindungs-
energien wurden mit Hilfe von thermischer Desorption mit einem Quadrupol-Massen-
spektrometer untersucht. Die Desorption gibt dabei auch Auskunft iiber den Zer-
fall stabiler Oberflachenspezies, falls diese direkt in Gasphasenmolekiile zerfallen.
Dabei erméglicht die Isotopenmarkierung (*¥0 und '90) die Unterscheidung zwi-
schen Reaktionen, bei denen Sauerstoff involviert ist. Des Weiteren kann durch
die Verwendung des CD3OH-Isotops unterschieden werden, ob Wasserstoff aus der
CD3- oder der OH-Gruppe an bestimmten Reaktionen teilnimmt. Die quantitative
Analyse der chemischen Zusammensetzung der Probe und der Adsorbatmengen fand
unter Anwendung der Rontgen-Photoelektronenspektroskopie statt.



Die Untersuchungen konzentrieren sich zunéchst auf die Identifikation fundamentaler
Reaktionsschritte und stabiler Reaktionsspezies und im Folgenden auf die Variation
verschiedener Parameter, wie die Art und Dicke des deponierten Metallfilms, das
Hinzufiigen von Koadsorbaten, die Anderung der Adsorbatordnung und -dichte oder
die Modifikation der Zusammensetzung der Oberflachenlegierung.

Die Reaktionen kénnen in zwei verschiedene Pfade unterteilt werden: (i) in die
vollstédndige Dehydrierung von Methanol zu CO und (ii) in die Umwandlung von
Methanol zu COsy. Auf den sauerstofffreien Oberflaichen wurde ausschliefllich die
Produktion von CO beobachtet. Der COs bildende Reaktionsweg kann durch die
Koadsorption von Sauerstoff aktiviert werden, wodurch gleichzeitig die Menge des
gebildeten CO verringert wird. In diesem Zusammenhang wurde der Einfluss der
Sauerstoffmenge auf die Reaktionsausbeute im Detail studiert. Allgemein begiinsti-
gen nur verdiinnte und vor allem ungeordnete Sauerstoffschichten die Bildung von
CO3. Durch dichte und geordnete O-Schichten wird die Oberflache effektiv passiviert.
Ein grofler Nachteil von Sauerstoff in Verbindung mit der DMFC, bei der Wasserstoff
der Energielieferant ist, ist die Bildung von desorbierendem Wasser. Diese Reaktion
ist durch die Koadsorption von Sauerstoff bedingt, der mit dem von Methanol abge-
trennten H zu Wasser reagiert. Interessanterweise haben Oberflachen, die besonders
hohe Mengen COg2 produzieren gleichzeitig eine hohe Affinitat zur Wasserbildung.

Ein Kompromiss sind PtRu/Ru(0001) Oberflachenlegierungen, die trotz begrenz-
ter Wasserbildung COg als Reaktionsprodukt aufweisen. Besonders geeignet als
Katalysator fiir eine DMFC sind Legierungen mit einem Pt-Anteil von 50 — 80%.
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Chapter 1

Introduction

This thesis presents the results of a study on fundamental methanol (CH3OH) reaction steps
on functionalized ruthenium-based catalyst surfaces. This topic has a high relevance concerning
the direct methanol fuel cell (DMFC), where platinum-ruthenium catalysts are used for the
dehydrogenation of methanol. In the DMFC, which is an electrochemical energy conversion de-
vice, electrical power is won from the chemical reaction of hydrogen (provided by methanol) and
oxygen. The hydrogen industry is a promising alternative to fossil fuels like coal or petroleum.
Moreover, due to its small size and different bonds (C-H, O-H, C-O) methanol is a choice model
system to study the selective activation of competing chemical pathways.

This work belongs to the interdisciplinary field of research called surface science where the
interests of (chemical) physicists and (physical) chemists merge. In particular, the reactions of
gases or liquids over a metal surface are known as heterogeneous catalysis. ”Heterogeneous”
means that the reacting molecules and the catalysts are in different states of matter, namely
gas and solid, respectively. Generally, a catalyst is a material which supports a chemical reac-
tion without being changed or consumed by the reaction. This occurs by selective lowering or
increasing of activation energies of certain reaction steps of the molecule. Consequently, the cor-
responding reaction proceeds significantly faster or slower than for the free molecules. Thereby
both the bond-breaking and bond-making reactions are of importance. By choosing a proper
catalyst and precursor molecules one is able to synthesize new molecules. Such catalytic reac-
tions are widely used in industrial processes; the most prominent of them is the Haber-Bosch
process in which hydrogen and nitrogen are converted to ammonia (~ 10® t /year), the precursor
of many synthetic fertilizers, over an iron based catalyst [1, 2].

As already mentioned, catalytic reactions proceed over solid state surfaces. Note that under
real catalytic conditions (high temperatures and high pressures) the catalysts consist of small
(e.g. 10 — 100 nm) crystallites with a large specific surface area [2]. In fundamental research, on
the other hand, simpler conditions are chosen, allowing for a good control of the experiments,
i.e. the measurements are performed under ultra high vacuum (p < 1 x 107'% mbar) on well
defined, atomically flat single crystal surfaces. Nevertheless, in both cases the surface atoms
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play the active role in the described processes. Surface atoms have, compared to bulk atoms,
unsaturated bonds due to missing neighboring atoms. Thus, they exhibit a high tendency to
undergo chemical reactions making them ideal catalysts [3].

Referring to the DMFC, the anode material must be highly reactive toward the conversion
of methanol to CO9 and inert against the so-called CO poisoning which passivates the electrode.
In order to design a proper catalyst material it is therefore essential to have detailed knowledge
of processes which occur at the molecular or atomic scale. The results of this thesis provide an
in-depth analysis of thermally induced methanol reactions on pure Ru(0001) as well as on func-
tionalized bimetallic Cu/Ru(0001) and Pt/Ru(0001) surfaces. Especially, methanol reactions on
PtRu/Ru(0001) surface alloys, representing the most realistic catalyst surfaces, were studied.

In a typical experiment methanol is added to the sample (10 mm diameter) at low temper-
atures (20 — 80 K). Then, the reactions are induced thermally by controlled annealing (1 K/s)
of the sample. Insight into what is on the surface is meanwhile provided by vibrational spec-
troscopy. Thermal desorption spectroscopy provides information about what kind of molecules
leave the surface at a certain temperature. Thanks to the combination of mainly these two ex-

perimental methods a full picture of the processes which occur on the surface can be obtained.

Direct Methanol Fuel Cell

A technological application related to this thesis is the direct methanol fuel cell (DMFC). An
important advantage of a DMFC, compared with other fuel cells, is the fuel itself which is liquid
at room temperature (high energy density) and thus easy to handle. Furthermore, methanol is
cheap and easy to produce. Compared with a Hs fuel cell which needs either a fuel reformer to
extract Hy from a H-rich compound, or a reservoir with liquid Hy (7' ~ —253°C) a DMFC is
less complex, smaller, and consequently less expensive. A disadvantage is the power density of
a DMFC with typical values around 20 — 60 mW /cm? which is only about 30% of the power
density of a Hy fuel cell [4]. Due to its small size a DMFC is particularly applicable for portable
devices with a power in the range 1 — 100 W. Furthermore, a DMFC is independent of the
electrical network and can be recharged continuously by filling it with methanol. In contrast,
the working time of batteries is limited by their exhaustion.

The cell basically consists of an anode, a membrane and a cathode. A scheme of a DMFC
and the process of electro-oxidation of methanol is depicted in Fig. 1.1. On the anode side of the
cell methanol (CH3OH) and water (H20) are being dehydrogenated to CO and O which become
removed from the catalyst as COo. The membrane, typically made of a polymer material called
Nafion, is permeable for positive ions only and can be operated at temperatures up to about
400 K [4-6]. The H' ions (protons) pass the membrane directly while the electrons follow them
via an external wire as shown in the middle panel of Fig. 1.1 [4, 7, 8]. The reaction at the anode
is:

CH3OH+H20—>COQ+6H++66_. (1.1)
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Figure 1.1: Scheme of a direct methanol fuel cell.

On the cathode side of the cell oxygen adsorbs on the catalyst and becomes converted by the
incoming H' and e~ to water. This process is described by the relation

1.5 02+ 6 HM +6 e~ — 3 HyO. (1.2)

The net reaction with a theoretical cell voltage of 1.18 V is CH3OH + 1.5 Oy + H,O — CO4 +
3 HyO [4]. Yet, the real cell voltage is significantly lower with typical values around 35% of the
theoretical one.

There are two prominent problems which reduce the efficiency (voltage) of a DMFC, namely
the CO poisoning of the anode [4, 9] and the crossover of methanol [7, 10]. The porous anode,
consistent of crystallites with sizes around 10 nm, becomes poisoned by CO from methanol
decomposition when the binding energy between CO and the catalyst is very high, and/or
oxidation to COgy does not occur [4, 9]. Recent studies on this topic have reported that Pt/Ru
alloys are most inert against CO poisoning, compared with pure metals and other binary or
ternary catalysts [4, 8, 9, 11-16]. Thereby, the electro-oxidation activity of methanol is highest
for a Ru content of 30 — 50% [4, 9, 12, 13, 16]. The cathode material, on the other hand, is
typically made of pure Pt or carbon supported Pt [17].

The fuel crossover means that methanol and water can diffuse through the membrane leading
to a loss of fuel and consequently reducing the efficiency of the cell [7, 10]. Yet, the efficiency
is reduced not only due to the loss of methanol (and water) on the anode side of the cell, but
also due to the blocking of adsorption sites on the cathode by these molecules [4]. The diffusion
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of the fuel through the membrane can be reduced by the proper design of the membrane or by
increasing its thickness (typically 50 — 200 um) [4]. The latter approach, however, increases the
cell resistance substantially.

Outline

This thesis is organized as follows: Chapter 2 contains an overview of the current status of
research. In Chapter 3 the experimental setup is described and basic information concerning
vibrational spectroscopy and thermal desorption are given. A brief summary of the most impor-
tant results is given in Chapter 4. Chapter 5 contains a general discussion of the experimental
findings. The main part of this thesis are the research articles provided in Chapter 6.



Chapter 2

Status of Research

In order to study the fundamental reaction steps of methanol on single crystal catalyst surfaces,
well defined conditions are needed. Thus, detailed studies of model systems, as in this the-
sis, are being performed under UHV conditions and on low-index single crystal surfaces. The
difference between real catalytic conditions (high pressure, high temperature) and UHV experi-
ments is usually referred to as the ”pressure gap”. Specifically, the results obtained under UHV
conditions cannot be generally translated into real catalytic conditions because the adsorption
structures at high temperatures and pressures are not necessarily the same as those under UHV
[18]. Moreover, defect, which are negligible in UHV studies, may play an important role under
steady state conditions. For some systems, however, the reaction rates calculated for high tem-
peratures and pressures based on results obtained in surface science experiments (UHV) are in
excellent agreement with the reaction rates observed in industrial reactors [19]. An example is
the synthesis of ammonia over an iron catalyst [19].

Under UHV conditions the adsorption and thermal evolution of methanol has been studied
experimentally as well as theoretically on various single crystal catalyst surfaces, for instance
Ru [20-26], Cu [27-37], Pt [38-50], Rh [51-53], Pd [54-56], Ag [57, 58], and Mo [59, 60]. In
detailed theoretical works the adsorption geometries of possible surface intermediates, their
binding energies and activation barriers of individual reaction steps have been calculated [29,
36, 37, 48, 49].

The first publications [28, 33, 40] on this topic appeared around 1980. Yet, up to now, new
results are published regularly. In some cases it took decades until a commonly accepted picture
of methanol reaction steps emerged. As regards methanol reactions on clean Pt(111) it was first
believed that methanol, adsorbed at T" &~ 100 K, decomposes upon annealing into CO and H
[38, 40]. Later, the perfect Pt(111) surface turned out to be inert for methanol decomposition
which occurs at defects only [39].

In the case of Ru(0001) it was believed for about 20 years that methanol adsorbs dissociatively
at 80 K [20, 22, 24]. However, unambiguous evidence of intact adsorption has been published
recently by us [26]. Furthermore, it was erroneously concluded that water formation observed
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in thermal desorption experiments is due to a C-O bond breaking reaction of methanol [20, 24].
This problem is discussed in Article 1.

With respect to this thesis the most important catalyst surfaces are Ru(0001), Cu(111) and
Pt(111), which will be introduced in the following in more detail referring to methanol reactions.

Subsequently, important findings concerning bimetallic surfaces will be presented.

2.1 Methanol on Pt(111)

As mentioned above, the clean Pt(111) surface is inert for methanol reactions, i.e. methanol
desorbs molecularly at about 180 K [39, 40]. As regards DFT calculations [48-50] methanol
is bound to an atop site through its oxygen atom. Moreover, theoreticians found that C-H
bond breaking has the lowest activation barrier leading to a hydroxymethyl species (HoCOH) as
the first reaction intermediate [48, 49]. This activation barrier, however, is significantly higher
than the desorption barrier which is in good agreement with experimental findings of reversible
adsorption.

On Pt(111) methanol can be activated by preadsorbed atomic oxygen which leads to metha-
nol decomposition to CO and H [44, 47]. The surface oxygen is easily removed by the abstracted
H atoms as desorbing water. Whether a stable surface intermediate is produced or not de-
pends on the ratio of initially adsorbed methanol molecules to oxygen atoms. For submonolayer
methanol on 0.25 ML oxygen, a formaldehyde intermediate (HoCO) has been identified in the
temperature range 200 — 220 K [47]. A further minor reaction step is the oxidation of formalde-
hyde to produce formate (HCOO) which eventually decays and desorbs as COy. The formation
of a stable methoxy (CH30) intermediate, as precursor of formaldehyde, has also been pro-
posed by some authors [40, 41]. However, according to available vibrational spectroscopy data
[40, 44, 47] the observed species most likely represents intact methanol rather than methoxy.
Moreover, the loss of intensity of the corresponding vibrational bands correlates well with the
desorption of intact methanol. This topic is discussed in Article V.

The reaction pathways look completely different when molecular oxygen is added to the
Pt(111) surface prior to methanol adsorption [44, 46]. First, it is notable that oxygen adsorbs
molecularly on Pt(111) at 7' < 120 K [61, 62]. By heating the O2/Pt(111) layer a part of the
O2 molecules desorbs intact at 130 K, while residual oxygen dissociates to atomic oxygen which
desorbs associatively around 800 K. Remarkably, the only reaction intermediate produced in
the course of methanol reactions on preadsorbed O is formate which desorbs as COs and Ho
at T ~ 300 K [44, 46]. Thereby, minor oxidation of methanol starts at 7' ~ 80 K which is
well below the dissociation temperature of the molecular oxygen. At T' > 130 K the HCOO
producing reaction is significantly more effective suggesting that it is promoted by disordered

atomic oxygen rather than by molecular Os.
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2.2 Methanol on Cu(111)

Similar to the clean Pt(111) surface [39], methanol adsorbs molecularly on Cu(111) [27, 31] with-
out any dissociation and desorbs intact at T' ~ 150 K. According to DFT studies by Greeley and
Mavrikakis [29] it is bound through the oxygen atom to an atop site with its O-H axis oriented
nearly parallel to the surface. Due to its low binding energy and the relatively high activation
barriers, intact desorption is the favored reaction step. As the O-H bond cleavage exhibits the
lowest reaction barrier methoxy is calculated to be the first reaction species which, additionally,
has the highest binding energy (besides atomic hydrogen). The adsorption geometry of CH350
is suggested to be upright on a 3-fold hollow site (Cs, symmetry). The next stable intermediate
on the way to the total dehydrogenation is a weakly bound formaldehyde (H2CO) species.

In UHV experiments methanol is converted to methoxy in the vicinity of preadsorbed surface
oxygen only [27, 31]. Thereby, surface oxygen facilitates the abstraction of the H atom from
methanol’s O-H group for low oxygen coverages [27]. For high oxygen coverages, on the other
hand, O-H bond breaking is inhibited, turning the surface nonreactive. Such a maximum in the
reaction yield for dilute oxygen overlayers has also been reported for methanol on O/Cu(110)
[36, 63, 64] and O/Cu(100) [32, 33]. On O/Cu(111) methoxy, formed at about 200 K, loses
a hydrogen via C-H bond breaking and desorbs as formaldehyde at 420 K which is again in
agreement with theoretical predictions [27, 31]. As on O/Pt(111) [44, 47], surface oxygen atoms
react with H atoms to gas phase water. Cu surfaces, and particularly the oxygen covered Cu(100)
surface, exhibit a high efficiency for methoxy formation [28, 32, 34, 65, 66]. An ordered (2 x 2)-
methoxy structure with a coverage of 0.5 ML can be produced from an initial oxygen coverage of
0.25 ML. For comparison, the maximum value attained on Ru(0001) amounts to 0.1 ML [Article
1.

Furthermore, Russel et al. [27] found CO; desorption as the final product of a minor reaction
path and concluded that it is produced due to the decomposition of a formate species. Article
III focuses, among others, on this specific topic.

2.3 Methanol on Ru(0001)

The reactions of methanol on Ru(0001) are subject of Article I. Nevertheless, the results of
Article I and other literature will be introduced in this section in order to complete the picture
of methanol reactions on monometallic surfaces.

On clean Ru(0001) methanol adsorbs intact at liquid nitrogen temperatures with its O-
H group close to parallel to the surface [26]. At low coverages (= 0.1 ML) isolated methanol
molecules are observed which build hydrogen bonded clusters upon slight annealing (7" — 120 K)
or increasing the coverage. Evidence for intact methanol is provided by a combined theoretical
and experimental study which identified out-of-phase [0(OH)+pinpiane(CHs)]oop and in-phase
[0(OH)+pinpiane (CH3)]ip normal modes of methanol, both containing contributions of the CHj
and the OH group. The activation of the O-H bond breaking leads to surface methoxy and
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hydrogen [Article I] [20, 22]. Thereby, methoxy binds to 3-fold hollow sites [67] with the C-O
axis oriented perpendicular to the surface. The amount of produced methoxy reaches maximum
around 200—220 K. The final reaction products, CO and H, desorb at 340 and 450 K, respectively.
Moreover, thermal desorption spectra of methanol on Ru(0001) exhibit desorption of water
around 190 K which was first attributed to a C-O bond breaking reaction [20, 22]. However, in
Article I it is unambiguously shown by using isotopic labeling that the desorbing water is due
to the reaction of hydrogen from methanol’s O-H group and residual surface oxygen.

On the perfect (2 x 2)-O and (2 x 1)-O layers on Ru(0001) methanol adsorbs reversibly
[Article I]. Note that there are no theoretical works concerning methanol reaction pathways on

Ru(0001) so far.

2.4 Bimetallic Surfaces

This section gives a short introduction to strained bimetallic layers and surface alloys.

The effect of strain (compression or expansion) on adsorptive properties of a surface has
been provided for the first time by Gsell, Jakob, and Menzel [68, 69] showing that surface
reactivity increases with lattice expansion. The authors prepared subsurface argon bubbles in a
Ru(0001) sample which lead to protrusions with laterally expanded top areas and compressed
edge regions to study the binding strengths of oxygen and CO. Mavrikakis, Hammer and Ngrskov
[70] explained this effect by means of a strain induced shift of the metal d-bands with respect
to the Fermi level. The overlap of the d-bands with molecular orbitals is a measure for the
adsorbate-substrate interaction [70-73]. Upon lattice expansion the overlap between the (for
transition metals) partially filled d-bands of neighboring atoms becomes reduced which leads
to a narrowing of these bands. Consequently, the center of the d-band must shift upwards in
energy in order to keep the occupancy of the band constant. Such up-shifts lead to stronger
interactions between adsorbates (such as O and CO) and metal surfaces [70, 74].

A straightforward method to prepare strained bimetallic films is to deposit an overlayer of a
metal on a host surface made of another metal. Metallic films of a thickness of 1 ML exhibit a
pseudomorphic structure for a number of material combinations, such as Cu/Ru(0001) [75-77],
Pt/Ru(0001) [74, 78-80], Rh/Ru(0001) [81], Ag/Pd(111) [82], or Ni/Ru(0001) [83]. The d-band
position of monolayer metal films on various substrates have been calculated by Ruban et al.
[71]. Similarly, Kitchin et al. [84] investigated the influence of monolayer thick metal films
on the d-band structure by means of DFT calculations and found that both effects, strain and
electronic influence of the substrate, affect surface reactivity.

For the bimetallic material Cu/Ru(0001) only the first monolayer grows pseudomorphically,
i.e. Cu matches the lattice constant of Ru(0001) with a mismatch of 5.5% (expansion) relative
to Cu(111) [75-77]. Starting from the second layer the surface strain begins to relax losing
the pseudomorphic structure. Thick Cu layers with coverages of 30 — 40 ML behave virtually
like the Cu(111) surface [85]. However, for the more interesting thin bimetallic films, which
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exhibit surprising properties, the electronic influence of the substrate material represents the
dominant contribution to the surface reactivity [74, 86]. This effect has been illustrated in a
theoretical work by Laurent et al. [86] using the example of Hy adsorption on pseudomorphic
Cu/Ru(0001) and Pd/Ru(0001), as well as on artificially expanded Cu(111) and compressed
Pd(111). The adsorption of Hy on regular Cu(111) and 5.5% expanded Cu(111) is in both cases
an activated process (i.e. adsorption barriers are higher than 25 meV, average kinetic energy of
a thermal particle beam at 300 K), with a barrier of ~ 360 meV. The high adsorption barrier
is in agreement with experiments which found a negligible sticking probability of sq ~ 107°
[87]. As expected by the Hammer-Ngrskov model [70-73], the calculated He-adsorption barrier
for the expanded Cu(111) is slightly lowered (to ~ 290 meV) as compared to regular Cu(111)
[86, 88]. In contrast, on 1 ML Cu/Ru(0001) the threshold is reduced significantly to 160 meV
(still an activated process). Similarly, the difference between the (non-activated) Hy adsorption
on Pd(111) and 2% compressed Pd(111) is marginal. As expected, the barrier of the latter
increases slightly and equals to ~ 20 meV [86]. The barrier on 1 ML Pd/Ru(0001), however, is
high and amounts to 130 meV (activated process). Remarkably, both layers, namely Cu(111)
and Pd(111), behave completely different referring to Hy adsorption. Yet, 1 ML Cu/Ru(0001)
and 1 ML Pd/Ru(0001) both exhibit a similar activation barrier of ~ 150 meV. Consequently,
the influences due to the nearby Ru(0001) surface are significant. Note that for clean Ru(0001)
the sticking probability of Hy equals 0.25 [89].

A further example which underlines the importance of the substrate is the adsorption of Oo
on Cu(111), Ru(0001) and 1 ML Cu/Ru(0001). While on clean Ru(0001) [90] and on 1 ML
Cu/Ru(0001) [91] the sticking probabilities are similar with values of 0.75 and 0.6, respectively,
the corresponding probability on Cu(111) is negligible (1073) [92] .

A bimetallic material which allows the separation of the electronic influences of the host
metal and the influence due to strain is Pt/Ru(0001) [74]. Pseudomorphic Pt/Ru(0001) films
can be grown up to thicknesses of four monolayers; the short range electronic influences of the
substrate vanish for the third Pt layer [74]. The results of a study on the adsorption of Oy on
such Pt/Ru(000) layers are reported in Article IV. Furthermore, studies on methanol reactions
on thin pseudomorphic Cu/Ru(0001) films and Pt/Ru(0001) layers are presented in Articles II,
IIT and V.

Referring to the DMFC the study of methanol on surface alloys is interesting as such catalyst
are more realistic than pure single crystal surfaces. The properties of such bimetallic systems
have been studied extensively showing that the behavior of foreign atoms embedded into a
surface of a host material (surface alloy) behave substantially different than bulk alloys or
elemental surfaces [3, 93]. The effects of alloying can be explained by means of the number
of specific surface sites needed to activate a certain reaction (geometric or ensemble effect)
[93, 94], the electronic interaction between different types of atoms (electronic or ligand effect)
[93, 94], and the difference in atom sizes (strain induced effect) [70]. Various surface alloys,
such as PtRu/Ru(0001) [95-98], PdRu/Ru(0001) [98, 99], and AuPt/Pt(0001) [100] have been
characterized experimentally. The system Pt/Ru(0001) builds a Pt,Ru;_,/Ru(0001) surface
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alloy upon annealing a submonolayer Pt deposited on the clean Ru(0001) surface to 1300 K
[78, 95]. The onset of alloy formation is around 850 K. Specifically, a surface alloy means that
the barrier for incorporation of foreign atoms into the first atomic layer is significantly lower
than the barrier for the diffusion from the surface into the bulk; for a Pt content up to 80% no
diffusion of Pt atoms into Ru bulk occurs as verified by STM [95, 98]. Moreover, the group of
Behm found that the binding energy of CO as well as H is lowered on the Pt,Ru;_,/Ru(0001)
surface alloys as compared to clean Ru(0001) which is an important finding concerning the
DMFC [96, 97].

10



Chapter 3
Experimental

In this chapter the experimental setup is introduced, along with the main experimental methods,
infrared absorption spectroscopy and thermal desorption. At the end some basic information

concerning methanol are given.

3.1 Experimental Setup

All experiments presented in this thesis were performed with the "FTIRAS”-apparatus at
the physics department (Surface Spectroscopy Group of Prof. Peter Jakob) of the Philipps-
Universitat Marburg. In this section only a brief description of the facility is given. More details
can be found in the doctoral thesis of Axel Schiffer [101].

The whole setup, shown in Fig. 3.1, consists of a cylindric stainless steel ultra high vacuum
(UHV) chamber equipped with the following components:

Sample: The Ru(0001) single crystal has a 5N (99,999%) purity. Its dimensions are 10 mm
diameter and a thickness of 2 mm. It is mounted on a Ag-cryostat and can be cooled with
liquid He or No. Annealing temperatures up to 1570 K, limited by the melting point of
the type K thermocouple spot welded to the side of the sample, are possible with linear
heating rates of 0.1 — 10 K/s controlled by means of a computer operated power supply.
The sample was cleaned by Ar™ sputtering (1.4 keV, 1 pA) and multiple Os dosing cycles
combined with flashing the sample up to 1570 K.

FTIRAS: The Fourier-transform infrared spectrometer is a Bruker IFS 66/v (for details see
Section 3.2.7).

QMS: For gas analysis and thermal desorption experiments a Balzers QMG 112A quadrupole
mass spectrometer with a mass range 0 — 100 u was used. Details on thermal desorption

experiments are given in Section 3.3.2.

11
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Figure 3.1: Side and front view of the FTIRAS experimental setup.

LEED: The surface structure was analyzed by low energy electron diffraction with a Omicron
Spectraleen NGL 10.

XPS: (X-ray source and electron energy analyzer) The chemical composition of the sample
was investigated by means of XPS (X-ray photoelectron spectroscopy) with a Fisons In-
struments VG Microtech CLAM2 electron energy analyzer in combination with a Fisons
instruments Mg Ko or Al Ka X-Ray source.

ADO-Work function: For the measuring of work function changes of the sample a home made
Kelvin probe [102] is available.

Metal sources: The deposition of metals (Cu and Pt) occurred by means of commercial and
home made thermal (e”-beam) evaporators.

GDS: The gas dosing system contains Ar, Oq, 804, CO, 3CO, NO, Hy, Dy, methanol, and
CoHy connected to the gas line via leak valves. A constant pressure in the gas line,
measured by a MKS Instruments Baratron Type 270, is obtained by continuously dosing
a gas through a leak valve and slightly pumping the gas line by a turbo pump. Gas dosage
occurs with a multi-capillary array with individual diameters of ~ 10 pm. In order to
avoid contaminations by condensable gases the GDS contains a LNy cooling trap.

The experiments were performed at a base pressure p = 6 x 107! mbar (measured with
an ionization gauge) which is achieved by pumping the chamber with a Varian StarCell Vaclon
ion getter pump (230 ls~!) equipped with an integrated titanium sublimation pump and by a
Leybold Turbovac 361 (345 Is~!) turbo molecular pump serially connected to a Varian Turbo
V60 (65 1s71) turbo molecular pump. A second Varian Turbo V60 is used for pumping the

12
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Figure 3.2: Tllustration of the electric field vector components impinging a metal surface (A) and

Vacuum

demonstration of the surface selection rule (B).

GDS. The fore-pressure (=~ 1072 mbar) is generated by Edwards 2-level rotary vane pumps.
For sample positioning the manipulator can be rotated with two differentially two-level pumped
rotary flanges (in axis and off-axis of the manipulator). Furthermore, linear adjustments along

the x, y and z directions are possible.

3.2 Infrared Spectroscopy

Infrared absorption spectroscopy (IRAS) is a powerful method to investigate molecules and
chemical reactions based on the excitation of molecular vibrations. Extended introductions
to infrared spectroscopy of adsorbates with many examples have been published by Bradshaw
and Schweizer [103], Chabal [104], and Hayden [105]. In the following an overview of infrared

spectroscopy on metal surfaces, based on available literature, is given.

3.2.1 Light at Metal Surfaces

The behavior of light upon impact on a solid surface (in vacuum, €"*¢ = 1) is characterized
by the complex dielectric function € = € + i€” of the solid which is associated with the index
of refraction n by the relation n = ,/eu with the permeability 4 ~ 1 for non-ferromagnetic
materials [104]. In what follows the incident electric field E° is separated into a p-polarized
component, EP (in the plane of incidence), and a s-polarized component, E® (parallel to the
plane of incidence), as shown in Fig. 3.2A. Furthermore, EP is again separated into EP+ and
EPl | its perpendicular and the parallel component with respect to the surface, respectively. The
components of the reflected electric field E¥ at the surface under the angle 6 are described by

13
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Fresnel’s equations [104]:

B _ 1_i_cose— € —sin? 0 B (3.1)
cosf + /e — sin? 0
;2

ol 1_ecos0— € —sin“ 0 £ cos 0, (3.2)

ecosf + \/e —sin? 0

i ecosf —\e—sin?0\ _, .

EP-= 1|1+ E”siné. (3.3)

€cosf + /e —sin? 0
For highly reflective non-transparent material (metals), such as ruthenium, |e| = || >> 1 and

in particular its imaginary part €™’ is large, i.e. of the order of several hundreds [104]. Thus,

assuming that |¢™| — oo both, EPIl and E* are negligible with values ~ E°//|e™|. In other
words EPIl and E* become effectively screened by the metal surface. In contrast, the relative
intensity FP*/E° is high for grazing angles of incidence due to the constructive interference of
the reflected and the incident light [103-105]. Hence, only EP* needs to be considered in the
following.

3.2.2 Selection Rule

The interaction of infrared light (typically 500 —4000 cm~!, 1 meV=8.1 em™!), or more precisely
of its electric field vector F, with an electric dipole m of a molecule induces a vibrational
transition of a normal mode only if the dynamic dipole, p = dm/dx;, associated with the
displacement of a normal coordinate, x;, is non-zero. The probability of a transition T;_.¢ with
the resonant frequency wp from an initial state |i) to a final state |f) is given by Fermi’s Golden
Rule [106]

Tig oc | (Slufi) [*5(wo — w). (3.4)

The screening of s-polarized light and the amplification of p-polarized light described above is
the key point of the surface selection rule for metal surfaces which says that only dipoles with
a non-zero component perpendicular to the surface can be excited. These perpendicular dipoles
are amplified by their image dipoles by about x2 for grazing angles of incidence. In contrast,
parallel dipoles become screened by their image dipoles as illustrated in Fig. 3.2B. Referring
to Eq. 3.4 only the components p, and E, = EPL of the dynamic dipole and the electric field
are relevant on metal surfaces. Thus, a vibrational transition of an adsorbate is only allowed if
i W}‘ w:;d3r is non zero. Hence, the integrand W}‘ 1.¥; must be totally symmetric. The initial
state ¥; is determined by the symmetry of the molecule. Consequently, the final state ¥; must
have the same symmetry as u,. In practice, symmetry arguments are sufficient to verify if a
transition is allowed or not. Therefore, the integral in Eq. 3.4 does not need to be calculated
explicitly.

14
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3.2.3 Symmetry Considerations

A mathematical tool which helps to analyze infrared spectra of polyatomic molecules, based
on symmetry considerations, is group theory [107, 108]. For adsorbates the only possible point
groups (mathematical groups of symmetry elements that leave at least one point in space un-
changed) are C,, with one n-fold rotation axis C,, (n = 1,2,3,4,6), C,, with one n-fold rotation
axis C}, and n mirror planes o, through the axis (n = 2,3,4,6), and Cy =Cjy, with one mirror
plane o [103]. Referring to the surface selection rule, all allowed vibrations are totally symmetric
with respect to all symmetry operations of a given point group (Fig. 3.3), i.e. they transform
similar as the surface normal (z axis) [107]. Such vibrations belong to so called A; and A’ irre-
ducible representations of the surface normal. Noteworthy, combination vibrations of forbidden
modes may again belong to the totally symmetric representation and become dipole allowed. A
demonstrative example is formate (HCOO, Cg, symmetry) bound through both oxygen atoms
to Cu(110) where the combination of the two infrared forbidden modes antisymmetric O-C-O
stretch, v,5(OCO), and C-H bend, 6(CH), is allowed and has been observed experimentally with
IRAS [109, 110].

From IRAS spectra the adsorption symmetry of a molecule can be determined by comparing
the experimentally observed peaks with a theoretical set of peaks expected for a certain adsorp-
tion geometry. In the case of surface methoxy (CH30), a prominent intermediate in methanol
decomposition, the adsorption symmetry has been found to be Cs, (CO axis parallel to the sur-
face normal) on various metal surfaces like Ru(0001) [20] [Article I], Cu(111) [31, 111], Cu(100)
[34, 66, 112, 113], Mo(110) [59, 60], or Ag(111) [57] (see Fig. 3.3). This is concluded from the
observation of only one bending mode, the CH3 umbrella mode, 65(CHs). For a tilted methoxy
other modes as the asymmetric CHs bend, d,5(CHs), or the CHs rocking mode, p(CHgs), would
be visible in the spectral range 1000 — 1400 cm™!.

3.2.4 Fermi Resonance

For polyatomic molecules the expected number of peaks can, on the first sight, deviate from
the experimental data. This effect is explained by the Fermi resonance [57, 60, 107, 112], a
phenomenon of polyatomic molecules, which occurs when two vibrations belonging to the same
symmetry, e.g. a fundamental mode and a weak overtone vibration, have similar vibrational
frequencies. The coupling of these modes leads to mixing of the energy levels characterized by
the perturbation W 2. For two interacting modes the shifted positions (E; and E3) of the initial
modes at EY and EJ can be described by the relation

EY + EY

S22\l + (B9 - B9 (3.5)

Eip=

Thereby, the weak overtone borrows intensity from the strong fundamental mode and becomes
visible with IRAS.
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In the case of methoxy and especially of the CD30 isotope the Fermi resonance is more
complicated. The corresponding IRAS spectra on metal surfaces exhibit four modes in the
region of the v(CD3) stretch (2000 — 2200 cm~!). Note that only one normal mode (v5(CD3))
is expected in this spectral region. The three other modes are the overtones 2J,5(CD3) and
205(CD3) and the combination band v(CO)+40s(CD3) in Fermi resonance with the d5(CD3)
fundamental mode. The weak overtones and the combination band borrow intensity from the
allowed v5(CD3) vibration and become detectable with IRAS. A detailed analysis of the Fermi
resonance of CD30 is given in the supporting information of Article VI.

The relative intensities of vibrational modes of a specific molecule can vary substantially
with isotopic substitution [Article I] [31, 66, 114]. Methoxy exhibits an intensive umbrella mode
§(CD3) at 1095 cm~* for the CD30 isotope but not for CH30 (at ~ 1400 cm™1) [31, 66]. The
reason for such dissimilar oscillator strengths for two methoxy isotopes is again mode coupling
(intensity borrowing) with the nearby C-O stretching mode (=~ 1000 cm~!) which enhances the
intensity of d5(CD3) at 1095 cm™?.

3.2.5 Vibrational Transitions

Under typical experimental conditions the vibrational energies lie between 500 and 4000 cm™!

(60 — 500 meV) which is significantly higher than the thermal energy which equals to about
25 meV at 300 K. The occupation n, of a vibrational state v with the energy E, at a tem-
perature T is given by the Boltzmann-distribution n, o exp (—E,/kT'). In the case of CO the
probability for the occupation of the first vibrationally excited state v = 1 at 300 K is about
Ny=1/ny=o ~ 107° [115]. Therefore, it can be assumed that only the vibrational ground state
|0) is populated, and, by approximation, only transitions [0) — |1) are being excited, i.e. the
observed transitions are located at the minimum of the molecule potential. Hence, in the case
of infrared spectroscopy a harmonic approximation of this potential is sufficient and no direct
information about dissociation energies or potential shapes can be obtained from a single vi-
brational band. Even though the probability for observing higher harmonics is very low, in
high quality experiments and for certain molecules it is possible to observe the weak overtone
vibrations [66].

3.2.6 Effect of Adsorption on Vibrational Properties

In the gas phase vibrational transitions are always accompanied by molecular rotations and
translations. Yet, in the case of adsorbed molecules only vibrational modes exist. In the follow-
ing, the formaldehyde molecule (HoCO) will act as an example. For a molecule with n atoms
3n — 6 internal vibrational modes can be observed (3n — 5 for a linear molecule like CO). Thus,
H2CO exhibits six internal vibrations shown in the top row of Fig. 3.3 (first six modes). For
adsorbates, however, translations and rotations turn into new vibrational modes, so-called frus-
trated translations or rotations. Concerning HoCO, a frustrated translation is, e.g., the vibration
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Figure 3.3: Normal modes of the HoCO, CH350, and the HCOO molecule. The molecule symme-
tries, common mode abbreviations, displacement patterns, and information if a mode is IR-forbidden

or allowed are given in the figure.
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of the whole molecule against the surface (v(H2CO-M)) as demonstrated in Fig. 3.3 (top row,
right cartoon).

The vibrational bands of chemically bound adsorbates are spectrally broadened and shifted
as compared to the gas phase. The broadening is in part due to significantly shorter life times of
vibrational states of adsorbed molecules than of gas phase molecules. In the gas phase molecular
vibrations decay via emission of light or via collisions with other molecules [104]. The fast
dissipation of vibrational energy of adsorbates, on the other hand, occurs primarily via coupling
of molecular states to electronic states of the substrate [103, 104]. Furthermore, inhomogeneous
broadening due to different local environments and dephasing play an important role. Dephasing,
a temperature-dependent effect, is the loss of the phase correlation of high frequency modes due
to coupling to a thermally excited low frequency mode with a statistically fluctuating occupation
[116, 117]. In the case of CO on Pt(111) [118] and Ru(0001) [116, 117, 119, 120], the C-O stretch
couples to the frustrated translation of the molecule. This effect leads to slight shifts of line
positions and an increase of line widths. Typical energetic widths of vibrational-rotational bands
of a molecular gas and of an adsorbate are around 0.001 (Doppler broadening) and 10 cm™!,
respectively.

Furthermore, line positions of adsorbates are shifted as compared to the gas phase due to a
chemical bond between the molecule and the metal surface. For gaseous CO the fundamental
stretch is located at 2143 cm™!. Upon adsorption it shifts down in frequency to 2060 cm ™! for
a saturated CO layer on Ru(0001) [121]. Moreover, on Pt(111) two adsorption sites, a bridge
bonded and an atop site, can be discriminated with IRAS at 2104 and 1855 cm ™!, respectively
[118].

The shifts of the line positions are coverage (©) dependent effects caused by a static (chem-
ical) coupling between molecular orbitals and substrate states (chemical shift Acper), as well
as by lateral dynamic interactions of a molecule with neighboring molecules and their image
dipoles (dipole shift Ag;;) characterized by the lattice sum U = >, [z; — z;| 73 of interacting
dipoles at positions = [105, 122, 123]. The shift of the singleton frequency vy = v(© = 0) of an
isolated species to a frequency v = vy + Ag), is given by

V-1 oy U
Vg 14+a.-U’

(3.6)

with the vibrational and electronic part of the polarizability o, and a., respectively. A descrip-
tive experimental demonstration and analysis of coadsorbate effects on vibrational properties
has been published by P. Jakob and A. Schiffer [122].

3.2.7 Setup and Data Processing

A scheme of the Fourier transform infrared spectrometer (FTIRAS) is presented in Fig. 3.4.
Its optics can be evacuated (p < 1 mbar) to avoid absorption by disturbing ambient gases such
as COg2 and H20. The IR radiation is produced by a water cooled blackbody source (Globar)
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Figure 3.4: Scheme of the IRAS spectrometer. The IR beam is marked orange and the Michelson
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interferometer is labeled by a gray dashed box.

and it is p-polarized by a wire grid (see surface selection rule in Section 3.2). Within this work
a LNg cooled MCT (HgCdTe) detector was used, allowing for measurements in the spectral
range 700 — 4000 cm~!. All infrared absorption (IRAS) spectra were taken at a resolution of
2 cm~! with typically 500 — 2000 scans coadded. For the IRAS measurements the sample was
positioned in a dedicated IR-cell with KBr windows, which contained a titanium sublimation
pump. A uniform gas dosage in the IR~cell is provided by a multi-capillary array.

The heart of a Fourier transform spectrometer is a Michelson interferometer which is labeled
by a dashed box in Fig. 3.4. One half of the IR light which enters the interferometer is reflected
and a second half is transmitted by a beam splitter. The reflected and the transmitted beams
are reflected a second time by a fixed and a movable mirror, respectively. In the next step, both
beams pass the beam splitter again and interfere. The interference depends on the wavelength
A = 1/v and the displacement z of the movable mirror. Evidently, all wavelangths in the IR
beam interfere constructively for z = 0, i.e. when the lengths of both optical paths are equal.
Furthermore, providing

2-x=n-Awithn=0,1, 2, .. (3.7)

the light with a certain wavelength \ interferes constructively. Destructive interference occurs
for

1
Q-x:<n+2>-)\withn:0,1,2,... (3.8)
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Figure 3.5: Interferograms (2 cm~! resolution) of the clean Cu/Ru(0001) sample (B) and after CO
adsorption (A). The data of the sample and the reference were taken at 80 K with 500 and 2000 scans,
respectively. Panels (C) and (D) show the corresponding spectra after the Fourier transformation
(so called single channel spectra). In panel (E) the difference between the two single channel spectra

is highlighted. Finally, panel (F) depicts the reflection spectrum.

Note that the sampling is determined by the equidistant zero crossings of a monochromatic
interferogram of a HeNe laser (Agene = 632.991 nm or vpene = 15798 Cm_l) which is measured
by a photo diode. Hence, the continuous variable x has to be replaced by a discrete one n - Ax
with n = 0,1, 2, 3, ...
maximum retardation xma.x of the movable mirror and is given by

The total number N of points of the interferogram depends on the

N = xmax/)\HeNe- (39)

Av =1/(N - Az) is the spacing of the data points. Furthermore, the resolution of the interfer-
ometer equals to

ov=1/(2 Tmax)- (3.10)

The intensity I(n - Ax), called the interferogram, measured by the detector is a sum over all
wavenumbers k - Av in the IR beam:

I(n- Az) = Z S(k - Av) - cos(2m - nAx - kAv),
k

(3.11)

where S(k - Av) is the intensity at a corresponding k - Av. Typical interferograms are depicted
in Fig. 3.5A and B. Note that in order to measure an absorption spectrum, the signal Ir(nAx)
of a clean reference sample (without adsorbates) is measured first. Subsequently, the signal
Is(nAz) of the sample after preparation (adding adsorbates) is recorded. The next step in
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Figure 3.6: Scheme of thermal desorption signals for the orders n = 0, 1, and 2 for increasing

surface coverages.

data processing, performed by a PC, is the discrete Fourier transformation which calculates the

so-called single channel spectrum I(kAv) as follows:

I(kAv) I(nAz) exp(2mink/N). (3.12)

||P12

The resulting spectra Ir(kAv) and Is(kAv) are depicted in Fig. 3.5C and D. Panel E highlights
the difference between the spectra from panels C and D. The last step is the calculation of the
absorption spectrum with the relative reflectivity AR/R as
AR/R =220 (3.13)
depicted in Fig. 3.5F for CO adsorbed at 80 K on 0.95 ML Cu/Ru(0001). For more details on
IRAS data processing the reader is referred to additional literature [124, 125].
The signal to noise ratio (S/N ratio) of an IRAS spectrum is proportional to v/t with the
scan time t. A typical spectrum consists of data from 500 — 2000 coadded scan cycles of the
movable mirror (short: scans). For a resolution of 2 cm™1! the time per scan equals 0.27 seconds.

In the spectrum presented in Fig. 3.5E, recorded with 2 cm ™! resolution and 500 scans coadded,
the S/N ratio equals ~ 12500 : 1.

3.3 Thermal Desorption

3.3.1 Theoretical Approach

Temperature programmed desorption is an experimental method to measure the adsorption
strength and to study the desorption kinetics of adsorbates [126-128]. Thereby, a sample covered
with molecules or atoms is heated linearly with a rate § = dT'/dt = const. In parallel, the
desorption rate Rges = —dN/dt, which is the change of the number N of adsorbed particles with
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time ¢, is measured by means of a quadrupole mass spectrometer. In general, the increase of the
pressure
@ _ RaeskT . (p—po)S
dt v v

(3.14)

upon desorption is the flux of particles into a volume V (e.g. a UHV-chamber with a base
pressure pg) minus the particles pumped by the system with the pumping speed S [126-128|.

The desorption rate is described by the Arrhenius equation

Ryes = —dN/dt = kO™ exp <—Ed>, (3.15)

kT
with the pre-factor x, the activation/desorption energy Ejy, the coverage ©, and the desorption
order n. T = Ty + (-t is the increasing temperature and k is the Boltzmann constant. The
activation energy and the pre-factor are again functions of the coverage @ which changes with 7.
Typical values of x are of the order 103 —10'Y s=1 [128, 129]. For simple systems, e.g. multilayer
desorption with a desorption rate independent of the coverage, the parameters x and Ej can
be calculated from experimental data; by plotting the logarithmic desorption signal versus the
inverse temperature, these parameters can be extracted from the slope and the intercept of the
curve [126-128].

By integrating the desorption rate the initial surface coverage can be calculated:
o0
6= / Rgesdt. (3.16)
0

The dependency of the desorption rate on the coverage is characterized by the desorption
order n as illustrated in Fig. 3.6. Thereby, n = 0 corresponds to the desorption of physisorbed
particles (multilayer desorption); the maximum desorption signal shifts to higher temperatures
with increasing coverage. The intact desorption of chemisorbed molecules is associated with
n = 1. In this case the maximum desorption rate is independent of the coverage. For the
associative (recombinative) desorption, characterized by n = 2, the maximum shifts to lower
temperatures with increasing coverage. According to Redhead [128] the relation between E; and

the temperature, Tiax, at which Ryes is maximum is given approximately by
Eq/kTmax = In(k - Tynax/B) — 3.64 (3.17)

assuming that x and § are constant, F,, is independent of @, and n = 1. Note that Ti,.x and the
shape of the desorption signal depend on the heating rate; specifically, high heating rates, 3, lead
to high desorption temperatures, Ti,ax. In the present work all thermal desorption experiments

were performed at § =1 K/s.
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Figure 3.7: Scheme of a quadrupole mass spectrometer.

3.3.2 Experimental Details

For thermal desorption experiments a Balzers QMA112 quadrupole mass spectrometer (QMS)
with a mass range 0—100 u was used. A scheme of a QMS is presented in Fig. 3.7. The desorbing
particles become ionized by electrons while passing the filament. Thereby, the molecule can
become destroyed (bond breaking) due to the electron impact. Subsequently, the positive ions
enter the quadrupole mass filter which consists of four rods. To the two pairs of opposite rods
an AC voltage of Usc = Uy + U cos(wt) and —Uy¢ is applied, respectively. Thus for a certain
Uac, only ions with a certain mass to charge ratio m/z can pass the filter (stable trajectory)
and become detected by an electron multiplier. All other m/z-ratios exhibit instable trajectories
as shown in the figure.

The temperature control (direct current heating) occurred by means of a computer operated
proportional-integral-derivative controller. Panels (B) and (C) of Fig. 3.8 show a typical constant
temperature gradient and its derivative, respectively. The adjustment from 0 to 1 K/s takes less
than 10 s. Moreover, the noise of the temperature ramp amounts to only +0.1 K/s.

Quasi simultaneous collection of thermal-desorption spectra with up to 10 different masses
was performed by repeatedly scanning through the preset masses. The typical measuring time
per data point equals to 0.2 seconds, and it is followed by a waiting period of 30 ms to let the
signal settle to its proper value. For each data point and mass individual temperature readings
were recorded.

In order to improve the desorption signal the mass spectrometer was equipped with a Feulner
cup [130] (glass enclosure). The diameter of the aperture of the cup equals approximately 60%
of the diameter of the sample which is positioned in front of the aperture at a distance of about
1 mm. Therefore, it is ensured that the QMS detects the desorption from the front face of the
sample only. Furthermore, due to a much smaller volume of the cup as compared to the whole
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Figure 3.8: A: Comparison of thermal desorption spectra (1 K/s, mass 28 u) of CO/Ru(0001)
repeated within a time period of several years to check the reproducibility. To each sample CO
was dosed at 80 K in the IR cell until the saturation of the vc.o vibrational mode. B: A typical
temperature ramp at a heating rate of 1 K/s. C: Derivative of the temperature ramp from panel
(B) showing a fluctuation of the gradient of £0.1 K/s.

UHV-chamber, the increase of the local pressure in the Feulner cup is significantly higher than
in the UHV-chamber which means an enhancement of the detection probability. If the pumping
speed S of the UHV system is significantly larger than the conductance of the cup openings,
then S becomes irrelevant and Eq. 3.14 can be reduced to R qes < p [130, 131].

For a high reproducibility of the desorption spectra the position of the sample in front of
the Feulner cap (QMS) was controlled by measuring the capacitance between the sample and
the aperture of the Feulner cap [132]. TPD spectra of saturated CO/Ru(0001) layers with
Oco = 0.66 ML [85, 129] are depicted in Fig. 3.8A. The experiments have been repeated over a
time period of several years. The dates of the measurements, along with the integrated intensities
of the desorption peaks, are summarized in panel (A). Apparently, the reproducibility of the
spectra is better than +10%.

3.4 Methanol

Methanol is the smallest alcohol (mass 32 u) which consists of six atoms, namely carbon, oxygen,
and four hydrogen atoms, and it exhibits three different chemical bonds (C-O, C-H, and O-H).
At 1 bar pressure methanol is a colorless liquid (p = 0.7872 g/cm®) with the melting and
boiling point at 175.5 and 337.7 K, respectively [133]. It is usually produced from synthesis gas
[134, 135] (CO, COq, Hg) over a Cu/ZnO [136-138] based catalyst at 50— 100 bar pressure and a
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temperature of 200 —300°C. Beside its relevance for the DMFC, methanol is of great importance
for the synthesis of formaldehyde via the CH30H + 0.5 Oy —H2CO + H3O reaction [139]. Mass
spectra of various methanol isotopes can be found in Fig. 3.9. The high intensities of masses 33
and 35 u in the spectrum of CD3OD are due to an D«<H exchange at the walls of the gas line.
Note that this isotopic exchange reaction affects only the OH group of methanol.
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- n - O
1T o 0
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Figure 3.9: Ionization mass spectra of the methanol isotopes used in this work. For each mea-
surement methanol has been dosed in front of the QMS (distance ~ 10 cm) at a pressure of about
1078 mbar. The isotopic purities of the methanol isotopes CD3OH, CD30D and CHA®*OH are 99.8%,
95% and 98.73%, respectively. A scheme of the methanol molecule is given as an inset. Due to a D—~H
exchange of the hydroxyl group at the chamber walls of the GDS the CD3OD spectrum contains a
substantial level of CD3OH.
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Chapter 4

Summary of the Results

This chapter contains a summary of the results of the individual research articles, included in
Chap. 6, along with key figures which underline important findings and illustrate trends.

The results obtained in this work give a broad overview of the complex methanol reactions
on Ru(0001) based catalyst surfaces. In advance, all surface intermediates and desorbing species
identified on the studied catalysts are schematically depicted in Fig. 4.1. A comparison of the re-
action pathways of methanol (CD3OH) on various surfaces is given in Fig. 4.2. The symbols and
the patterned areas correspond to integrated infrared intensities of characteristic modes of the
individual surface intermediates and desorption signals of final reaction products, respectively
(indicated in the figure). Fig. 4.2 serves only as a scheme of the reaction pathways intended
to help the reader to follow the presentation of the results. Additionally, the approximate tem-
perature stability ranges of the main surface species observed with IRAS are summarized in
Tab. 4.1. Noteworthy, the CD3OH methanol isotope will be used in the following as it exhibits

sharper line shapes as compared to the regular one.

Desorbing Species

Surface Species %g 2 *2 Q?OO—
Y i 1

Methanol Methoxy Formaldehyde Hydroxyl Formate Formyl Carbon monoxide Methanol Hydrogen Water Carbon monoxide Formaldehyde Carbon dioxide
CD,OH CD,0 D,CO OH DCOO DCO CcO CD,OH H, H,0 co D,CO co,

Figure 4.1: Surface intermediates and desorbing species formed from methanol reactions on catalyst

surfaces investigated in this work.
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Figure 4.2: Thermal evolution of methanol (CD3OH) on various catalyst surfaces. The plot
comprises stable surface species (symbols) as well as final desorption products (patterned areas).
Note that the desorption signals of CO correspond exclusively to desorbing molecules, i.e. they do
not contain contributions due to ionization fragments of other molecules. In contrast, the signals of
hydrogen (panels A, B, C, and F) refer to raw data. The lines are guides to the eye.
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Table 4.1: Approximate temperature stability ranges (in K) of surface species produced from
CD3OH and observed with IRAS. The films deposited on Ru(0001) are listed in the left column.
The temperatures in parentheses correspond to: (°) methoxy stabilized by postadsorbed oxygen, (*)
Ru-bound methoxy, (T) disordered oxygen, (}) x > 0.3.

CD;3;0H CD30 D,CO DCOO Cco OH
Ru(0001) <180 180-240(300)° - - 240-500 -
Cucimr/Ru <180 180-320(300)* - - 300-450 -
0/Cuimr/Ru <250(100)"  (20)7100-400 - 400-450 - (20)120-320
0/Cuzomr/Ru <180 150-400 - - - -
0/Pt,/Ru <190 - 190-210 - 210-360 -
02 /Pt,, /Ru <160 - - 160-280 - -
O/Pt,Ru;_, /Ru’ <220 180-270 180-250 220-350 280-360 -
Pt,Ru;_,/Ru <180 180-300 - - 300-450 -

Reactions of Methanol on Ru(0001)

On the clean Ru(0001) surface (Fig. 4.2A) it has been found that the thermal evolution of
methanol starts around 180 K with the breaking of the O-H bond leading to an upright (Cs,
symmetry) methoxy species (CD30). At this temperature, however, its decomposition into CO
and deuterium has already started. Yet CD3O, formed at 220 K, can be stabilized up to
320 — 340 K by means of surface site blocking through CO coadsorption. Hydrogen and carbon
monoxide, the resulting reaction products from methoxy decomposition, desorb at 330 — 350 K
and 470 K, respectively. No other reaction intermediates have been identified.

The maximum methoxy coverage of 0.1 ML is low compared to e.g. O/Cu(100) [28, 32, 34,
65, 66]. This is due to the fact that the Cu surfaces are cleaned from the abstracted surface H
atoms by removing them (together with surface oxygen) as water. On Ru(0001), on the other
hand, H atoms remain on the surface up to about 330 — 350 K and block adsorption sites needed
for the formation of further methoxy molecules. An entirely new interpretation is presented
regarding the production of water detected in thermal desorption at about 190 K. Based on
experiments with different methanol and oxygen isotopes it is demonstrated that hydrogen of
the hydroxyl group of methanol and residual surface oxygen (most likely at steps and as a relict
of the surface cleaning procedure with oxygen) contributes to the formation of water. Note that
the hydrogen of the CD3 group does not participate in the water formation reaction. As an
intermixing of the abstracted hydrogen with coadsorbed deuterium is found to be negligible,
the hydrogen abstracted from methanol is suggested to react directly with surface oxygen, i.e.
without adsorbing on the surface in between. Thus, C-O bond breaking, long believed to act as

the primary reaction step towards water formation, can definitely be ruled out.
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Figure 4.3: Temperature dependence of the integrated IRAS intensities of methoxy (d5(CD3) at
1074 cm™!) demonstrating the passivation effect of Ru(0001) by deposited Cu or Pt. The triangles
thereby refer to a clean Ru(0001) surface, while the circles and squares to Ru(0001) with pre-
deposited copper (Ocy = 0.3 ML, Tgrowth = 700—800 K) and platinum (Op, = 0.07 ML, T, = 700 K),

respectively.

Formation of Methoxy on Cu/Ru(0001) Layers

The deposition of one monolayer Cu on Ru(0001) passivates the surface entirely toward methanol
reactions. However, various reaction intermediates are discernible for Gg, < 1 ML. In the
temperature range 220 — 300 K two upright methoxy species (local Cs, symmetry) on uncovered
Ru(0001) areas and on Cu/Ru(0001) can be distinguished. The local methoxy coverage on
the Cu monolayer amounts to about 0.04 ML which is half the value found on Ru(0001). This
value gradually reduces to zero for Cu coverages exceeding 0.75 ML, i.e. approaching the full Cu-
monolayer. Interestingly, the passivation of the Ru(0001) step edges by minute amounts of Cu or
Pt effectively delays the decomposition of the Ru-bound methoxy as illustrated in Fig. 4.3 where
integrated characteristic vibrational bands of the Ru-bound methoxy on clean Ru(0001), 0.07
ML Pt/Ru(0001), and 0.3 ML Cu/Ru(0001) are shown as a function of the surface temperature.
Specifically, the thermal stability of methoxy on uncovered Ru(0001) increases from 220 K for
clean Ru(0001) to about 300 K for a partially filled Cu/Ru or Pt/Ru layer. The thermal stability
of the Cu-bound methoxy is even higher and at least 380 K is required to transform all methoxy
molecules into CO and hydrogen (not shown).

This study clearly shows that a modification of the reaction kinetics on a catalytically active
surface can be achieved even for minute amounts of deposited metal atoms, e.g. by passivating
various types of reaction centers. For extended monolayer films strain and electronic effects
due to the underlying substrate strongly affect stability of intermediate species, as well as their

formation and decomposition kinetics.
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Figure 4.4: Integrated IRAS intensities of surface intermediates and TPD peak areas of desorbing
species (CO2 and D2CO) as a function of preadsorbed surface oxygen. (A): multilayer methanol
adsorbed at 80 K on O/Cugomr/Ru(0001) and heated to 300 K to produce methoxy (§(CD3) at
1086 cm ™). (B): 0.15 ML methanol adsorbed at 80 K on ordered O/Cujpyy,/Ru(0001) and annealed
to 200 and 420 K to produce methoxy (v5(CD3) at 2050 cm™!) and formate (v(OCO) at 1320 —
1330 cm™1!), respectively. The amount of surface oxygen has been determined by means of XPS.

Methanol oxidation on Monolayer Cu/Ru(0001)

In contrast to the pure 1 ML Cu/Ru(0001), the oxygen covered Cu/Ru(0001) layer (Fig. 4.2C)
exhibits enhanced reactivity toward methanol activation and methoxy formation. Interestingly,
the ordered (2 x 2)-O phase is unreactive, which may indicate a reduced affinity of these aligned
oxygen atoms toward hydrogenation. Activation of methanol therefore occurs only in dilute
oxygen environments, or, at defects and domain boundaries of the ordered (2 x 2)-O phase. In
Fig. 4.4B the yielded surface and desorbing species on O/Cujpyg,/Ru(0001) are plotted versus
Oo. In panel (A) a corresponding plot is shown for a O/Cugomr/Ru(0001) layer (Fig. 4.2B)
which also exhibits a maximum reaction yield for intermediate oxygen coverages. Under such
favorable conditions on O/Cujpr,/Ru(0001) (upright) methoxy formation readily occurs, even
at low T' < 80 K. If oxygen layers are not annealed (7" = 20 K) prior to methanol admission,
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Figure 4.5: TPD spectra (1 K/S) of Oz from Pt,/Ru(0001) with n = 1.5, 2.5, 3.5, 6.5, 8.5 and
12 ML. All samples were exposed to 10 L O3 at 85 K.

methanol adsorbs dissociatively even at 20 K. In general, methoxy formation is accompanied
by the formation of surface hydroxyl (OH) which desorbs as water at 300 — 350 K. Methoxy
represents the main intermediate up to 350 K. Reactions upon further annealing depend on the
oxygen coverage; for low ©g < 0.1 ML the formation of formaldehyde (D2CO) and CO which
desorb instantaneously prevails. For high ©¢ methoxy is oxidized to formate (DCOO) which
represents a stable intermediate and eventually desorbs as COs at T' > 450 K. Additionally,

formyl (DCO) has been identified as a minor intermediate species.

Oxygen adsorption on Pt,/Ru(0001) layers

The adsorption of Oz on Pt,,/Ru(0001) layers with n = 1 — 12 ML was investigated in order
to obtain information about the influences of surface strain and of the nearby substrate on the
catalytic properties of the Pt/Ru(0001) system. It is found that the sticking probability of
oxygen on the Pt/Ru(0001) monolayer is virtually zero and increases stepwise for increasing n,
approaching the value of Pt(111) as depicted in Fig. 4.5 where thermal desorption spectra of Oy
from various Pt,,/Ru(0001) layers exposed to 10 L Og at 85 K are shown. Furthermore, n > 2
is needed to dissociate the chemisorbed Os. Additionally, a novel state of the chemisorbed Os,
associated with a minority site of the first Pt layer (e.g. steps), has been identified.
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Figure 4.6: QMS signal levels associated with different methanol isotopes. The squares and circles
denote the respective QMS signals as CD3OH or CD3OD is admitted to our chamber. The black
and white bars correspond to the desorption signals at 188 K for [CD3OH+0Os3]/Ptg pr./Ru(0001)
and at 203 K for [CD3OH+O0]/Pt4 pr/Ru(0001), respectively. For better comparison the thermal
desorption data have been aligned for mass 30 u. In both cases the observed QMS signals of desorbing

methanol are independent of the isotopic nature of preadsorbed oxygen.

Oxidation of Methanol on Oxygen covered Pt,/Ru(0001) Layers

Thin pseudomorphic as well as thick ”Pt(111)-like” Pt/Ru(0001) bimetallic substrates have been
used to study the oxidation of methanol (CD3OH) to COs. Specifically, molecular (cold de-
posited, Fig. 4.2E) and ordered atomic (annealed, Fig. 4.2D) oxygen precovered Pt,,/Ru(0001)
layers with n = 1—15 ML have been studied. Hereby the thickness of the Pt films primarily influ-
ences the adsorption probability of O and much less the energy barriers for methanol reactions.
In particular, no indication of a strain effect could be detected and the reactions of methanol on
Pt,/Ru(0001) multilayer films closely follow the known reaction scheme on Pt(111) substrates:
On O/Pt,,/Ru(0001) methanol is directly oxidized to formate (DCOQ) and eventually desorbs
as CO2 (300 K). The formate producing reaction is promoted by dissociating O molecules
(130 K) and, at higher temperatures (130 — 200 K), by disordered atomic oxygen. This is in
contrast to methanol post-adsorbed onto ordered atomic oxygen covered Pt,/Ru(0001) layers
which exhibit formaldehyde formation and decomposition to CO and H. Note that around 300
K the produced CO reacts with residual surface oxygen to gas phase CO5 until all oxygen atoms
become consumed by this reaction. The excess CO desorbs at about 500 K (see Fig. 4.2D).
An interesting finding illustrated in Fig. 4.6 is that during methanol dissociation at 160 —
200 K a remarkable fraction of methanol molecules experiences an H < D exchange of the
hydroxyl group hydrogen, leading to the dominant desorption of CD30D (white and black bars)
instead of the intially adsorbed CD3OH (squares). Our observation that the relative fraction of
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desorbing CD30H is exceptionally low implies a bold primary isotope effect which we attribute
to the dissimilar zero point energies associated with OH and OD vibrations of methanol.

Reactions of Methanol on Clean and Oxygen Covered
Pt,Ru;_,/Ru(0001) Surface Alloys

On oxygen-free layers the reaction path corresponds to the one on clean Ru(0001). Yet, Pt
increases the thermal stability of methoxy, representing the only stable intermediate, as illus-
trated in Fig 4.7C (full symbols). Interestingly, even low amounts of Pt (ligand effect) lead to
strong shifts of methoxy’s vibrational bands. For high = > 0.4 the surface becomes gradually
less reactive in agreement with the inert full Pt/Ru(0001) monolayer.

On oxygen precovered Pt,;Ruj_, /Ru(0001) surface alloys the oxidation of methanol to DCOO,
via a surface methoxy (CD30), dominates for x = 0.4 — 0.8 ML. For z < 0.4 ML, on the other
hand, total dehydrogenation to CO prevails. This trend is clearly demonstrated in Fig. 4.7A
where the amounts of desorbing CO and CO4 are plotted as a function of x. As evidenced by
the strong correlation between DCOO and COs in panel A, COs is primarily produced from
formate decomposition. Yet, a contribution due to the reaction CO+O is observed for high
amounts of Pt, see panel D. Due to the quadratic increase of the amount of reactively produced
DCOO and COs for z < 0.4 this reaction is ascribed to an ensemble effect associated with Pt.
The Pt content also affects the formation temperatures and the thermal stability of species;
e.g. the dissociation temperature of methoxy, the precursor of DCOO, decreases with increasing
x (empty symbols in panel C ). Consequently, the onset of DCOO formation falls with increasing
x too (blue bullets in panel B).

Formaldehyde formation (200 K) and desorption (290 K) is observed for x = 0.1 — 0.8.
In accordance with methanol reactions on O/Ru(0001) and O/Pt/Ru(0001) no experimental
evidence for surface hydroxyl has been found.
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Figure 4.7: A: Integrated IRAS intensities
of DCOO after annealing to 320 K, as well as
the integrated thermal desorption peaks of
CO9 and of CO as a function of . All sam-
ples were exposed to 4 L oxygen and to 40
mTorr-s CD3OH, both at 80 K. The amount
of DCOO for x = 0.8 is below the amount
of desorbing CO5 due to a lowered COs de-
sorption temperature, see panel B.

B: Temperature range of DCOO formation
and COg desorption, i.e. DCOO decompo-
sition, for the samples in panel A versus
z. The empty and full green symbols cor-
respond to the two maxima in the COs de-
sorption trace; the areal size of the symbols
thereby corresponds to the respective inte-
grals.

C: Dissociation temperature of methoxy
on oxygen precovered (open diamonds) and
oxygen-free (solid diamonds) surface al-
loys. The low dissociation temperature of
CD30+40 for x > 0.4 is due to the onset of
DCOO formation which falls with increasing
x, see Panel B.

D: Quantities of reactively produced CO,
from CD3O dissociation, determined by
TPD (full symbols) and TRAS at 300 — 320
K (open symbols). For z < 0.4 less surface
CO than desorbing CO is observed due to
the enhanced thermal stability of methoxy
for < 0.4 (panel C), i.e. the CD30 dis-
sociation overlaps with CO desorption. For
x > 0.4 surface CO (empty squares) reacts
with O to gaseous COs rather than desorb-
ing as CO (full squares).
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Chapter 5

Discussion

This chapter provides a general discussion of the results obtained in Articles I-VI. The possible
reaction pathways, the influence of surface oxygen on the surface reactivity, and the final reaction
products are discussed first. Subsequently, the formation and the decay of prominent reaction
intermediates is examined. Finally, closing remarks on the relevance of the results for the DMFC

are given.

5.1 Reaction Pathways

At low surface temperatures (20 — 80 K) methanol adsorbs intact on metal surfaces and is
bound through the oxygen atom [140]. The thermally induced reactions of methanol can start
either with the cleavage of the O-H, C-D, or the C-O bond. The first reaction species of the
O-H bond breaking path is a methoxy (CD30) species which becomes stepwise dehydrogenated
to formaldehyde (D2CO), formyl (DCO), and eventually to CO. The C-D bond breaking path
provides hydroxymethyl (CD2,OH) as the first intermediate. In the second step CD2OH can
dissociate either to CDOH or D2CO. If D5CO is formed the O-H and the C-D bond breaking
pathways merge. Otherwise, CDOH decays to CO via a COH species. The final reaction
products, CO and hydrogen, eventually desorb and leave a clean surface behind. A scheme of
these reaction pathways is depicted in Fig. 5.1.

According to DFT calculations the favored initial reaction step on Pt(111) [48, 49] and
Cu(111) [29] is the C-D and the O-H bond breaking, respectively. The barrier for the scission of
the C-O bond is significantly higher than the barriers for the activation of the two other bonds
[49]. The latter finding agrees with experimental works as the C-O bond breaking has not been
observed for any of the investigated systems. Moreover, the absence of a C-O bond breaking
path is supported by other experimental works on Cu(111) [27], Cu(100) [35], Pd(111) [56], and
Pt(111) [46, 47] which lack evidence for this reaction step. Similarly, there is no experimental
evidence for a stable hydroxymethyl species making the C-D bond breaking as the first reaction
step unlikely.

37



5. DISCUSSION

?ﬁgw:%w@?

&
YN Yad Ead SN
&Q&% I —— breaki‘r’lg oath

either or M
N Qiﬂoo%@aﬁbf

Figure 5.1: A scheme of possible reaction pathways. The adsorbate geometries of the C-D bond

O-H bond
breaking path

Oxidation path

breaking path are based on Ref. [49]. The C-O bond breaking path which is energetically unfavored

is not shown.

On all surfaces the activation of methanol starts with the dehydrogenation of the OH group.
Moreover, only surface intermediates (CD30, DoCO, DCO) associated with the O-H bond break-
ing path have been observed experimentally. Noteworthy, according to Mavrikakis and Barteau
[140] the breaking of the O-H bond is expected to be the first reaction step of methanol on metal
surfaces.

Additionally, a new reaction path which exhibits COs as the final product can be opened
by the coadsorption of methanol and oxygen (oxidation path). Thereby, the dehydrogenation of
methanol is accompanied by an oxidation reaction providing formate (DCOOQO) as the precursor
of CO2. Depending on the substrate DCOO is formed either from methoxy or formaldehyde.

A more detailed discussion of the individual reaction species is presented in Section 5.5.

5.2 Clean Surfaces

The reactions of methanol on clean, i.e. oxygen-free, metal surfaces are discussed in the follow-
ing. On such layers CD3O (and CO) represents the only stable surface intermediate. Note-
worthy, among the clean elemental surfaces only Ru(0001) activates methanol; on multilayer
Pt/Ru(0001), Cu/Ru(0001) as well as on Pt(111) and Cu(111) methanol adsorbs reversibly.
This difference can be explained by means of the d-band model [70-73] which predicts a linear
relationship between the relative decrease of adsorbate binding energies Ep and the down-shift
of the metal’s d-band center, ¢4, relative to the Fermi level. In Fig. 5.2A the dependence of
Ep on ¢4 is plotted for several elemental surfaces. The positions of €4 correspond to the values
reported by Ruban et al. [71]. The binding energies Ep were calculated from the desorption
temperatures of chemisorbed methanol on the corresponding substrates according to Redhead
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Figure 5.2: (A): Dependence of the binding energy, Ep, of methanol on various substrates
as a function of the position of the metal’s d-band, €4, relative to the Fermi level. The values
of ¢4 are taken from Ref. [71]. The binding energies have been determined from the desorption
temperatures of chemisorbed methanol according to Redhead [128]. The plot comprises data obtained
on Cu(111)/Ru(0001) [this work], Pt(111) [39, 40], Rh(111) [52], and Ru(0001) [this work] (B):
Schematic potential energy surface of the first reaction step of methanol on Cu(111), Pt(111), and
Ru(0001).

[128]. On Ru(0001) the binding energy of methanol is significantly higher than on Pt(111) or
Cu(111). Therefore, it is likely that on Ru(0001) the dissociation barrier of methanol is located
well below the vacuum level preventing the intact desorption of all methanol molecules and
allowing for methanol reactions as illustrated in Fig. 5.2B. Because on Cu(111) and Pt(111)
Ep is lower than the activation energy intact desorption represents the favored reaction step
[27, 29, 31, 39, 40, 49]. Note that the d-band model usually applies to strongly chemisorbed
molecules,; such as CO, O, or H [70-73], and not to molecules with dominant van-der-Waals
interactions as methanol. Therefore, the nearly perfect linear dependence of the experimental

values for Ep on ¢4 is surprising.

5.3 Influence of ©p on Surface Reactivity

The reactions of methanol strongly depend on the preadsorption of oxygen. Specifically, oxygen
promotes the cleavage of the O-H bond substantially, i.e. it makes the inert surfaces (multilayer
Pt/Ru, Cu/Ru) highly reactive. Another effect of oxygen is the opening of the oxidation pathway
(CO2 path) of methanol and the stabilization of additional intermediates (e.g. D2CO) which are
not observed without surface oxygen.
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5.3.1 O-H Bond Breaking

The activation of the O-H bond facilitated by surface O is strongly correlated with the effective
formation of OH and water which consists of surface O and hydrogen atoms from the dehydro-
genation of methanol. This reaction was observed on all surfaces investigated in this work as
well as on Pt(111) [44, 47] and Cu(111) [27, 31]. Therefore it is suggested that O actively parti-
cipates in this reaction by inducing a direct transfer of the H atoms of the methanolic OH group
without allowing them to bind to the surface in between. Such a direct H transfer has been
unambiguously established on Ru(0001) precovered with oxygen [Article I]. Yet, this mechanism
likely applies to the other surfaces as well. For instance, on PtRu/Ru(0001) surface alloys only
the H atoms from the OH group of CD3OH contribute to water formation; the D atoms from
the dehydrogenation of the CD3 group, on the other hand, desorb as Da [Article VI].

Another possibility would be that O affects the electronic structure of the substrate leading
to a destabilization of methanol and the lowering of the O-H dissociation barrier.

Remarkably, no experimental evidence for stable surface water molecules was found be-
cause the formation of water occurs at temperatures above the natural desorption temperature
of water. Therefore, HoO desorbs immediately after its formation. The only detected stable
compound consisting of surface oxygen and hydrogen is a surface OH, produced by the reaction
CD3OH+0—CD30+HO. Moreover this reaction was observed exclusively on O/Cuyy,/Ru(0001)
[Article IIT].

5.3.2 Oxidation of Methanol

Evidently, oxygen atoms lower the bond breaking barriers of adsorbed methanol substantially,
similar as first layer Ru atoms. In contrast to Ru atoms which promote the total dehydrogenation
only, oxygen opens a new oxidation pathway with gaseous CO2 as the final reaction product.
Thereby, surface DCOO represents the precursor of desorbing COsy. Moreover, DCOO and COs
always consist of one O from methanol and another one due to surface O, as deduced from
isotopic labeling experiments. This finding suggest an active participation of O in the oxidation
reaction, similar as it is the case concerning the formation of water. Note that on Ru(0001),
independent of precovered oxygen, exclusively the CO producing path is observed.

5.3.3 Structure of Surface Oxygen

It is to mention that the structure of the adsorbed O layers has a significant effect on the
reaction yields. Generally, ordered and dense oxygen layers passivate the surfaces. For instance,
the yielded surface intermediates and desorbing species due to methanol decompositions on
oxygen covered Cu/Ru(0001) clearly exhibit maxima for intermediate oxygen coverages (0.1
ML, see Fig 4.4). For both, low and high oxygen coverages, the surface reactivity is inhibited.
Specifically, high (and ordered) oxygen coverages passivate the surface which agrees with the
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results obtained on saturated O/Cu(110) [63, 64], Cu(111)-(2 x 2)-O [27], and Ru(0001)-(2 x 2)-
O [26] which are all inert toward methanol reactions. On Ru(0001)-(2 x 2)-O [141] the binding
energy of H is substantially lower (by about 0.5 — 0.6 €V) than on clean Ru(0001). According
to the Bronsted-Evans-Polanyi (BEP) principle [142, 143] the decreased binding energy of H on
Ru(0001)-(2 x 2)-O leads to a higher activation energy of the dehydrogenation reaction on this
surface as compared to Ru(0001). The BEP principle describes a linear relationship between the
activation energy of a certain reaction and the binding energy of the final state. Because of this
effect, on Ru(0001)-(2 x 2)-O [144] no methanol reactions are observed even though methanol
is stronger bound to this substrate than to the clean Ru(0001) surface.

Consider that high, but disordered (cold deposited) oxygen layers alone are not sufficient
to passivate the surface, but, additionally, an oxygen long-range order is needed [Article III].
The low reactivity of dense and ordered oxygen layers, which seems to be widely spread, has
been confirmed by DFT calculations for the system O/Cu(110) by Gross and Sakong [36] who
identified edge sites of oxygen islands as reactive centers. Furthermore, the aligned O atoms
may also block surface sites needed for the dehydrogenation of methanol.

5.4 Final Reaction Products: CO vs CO,

Referring to the DMFC the thermally induced methanol reactions can be subdivided into two
major pathways: a total dehydrogenation pathway with CO as the final product, and an oxida-
tion pathway which produces gaseous COy (Fig. 5.1). The activation of the CO5 path by the
adsorption of oxygen does not mean that the CO producing path becomes deactivated; generally,
the two pathways are competing processes which depend on the substrate composition.

Fig. 5.3 compares the desorption temperatures and quantities of the final reaction products
of methanol on various catalyst surfaces. The quantities (proportional to the symbol area)
of the desorbing products are indicated in the figure as the percentage of initially adsorbed
methanol. Consider that desorbing water is not included in the figure as its absolute amounts
have not been estimated. The quantities of desorbing hydrogen from O/Cujpr,/Ru(0001) and
O/Pt,Rui_,/Ru(0001) are lower limits only because the intensity of the hydrogen fragment
due to the ionization of formaldehyde could not be determined. In both cases DoCO and Do
desorb at the same temperatures. The values have been estimated under the assumption that
the Dy/D2CO ratio for desorbing D2CO corresponds to the one on O/Cugpyr/Ru(0001).

On oxygen-free catalysts, such as Ru(0001) or submonolayer Cu/Ru(0001), only the dehy-
drogenation path is observed which starts with an O-H bond break leading to methoxy as the
only stable intermediate and ending up with CO and hydrogen [Articles I, IT, VI|. Furthermore,
the activation of methanol on such coadsorbate-free surfaces only takes place if Ru atoms are
present within the first atomic layer. The deposition of Cu or Pt in excess of a monolayer
passivates the Ru(0001) surface entirely.
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Figure 5.3: Desorption temperatures (vertical scale) and quantities (symbol size) given in

percent of initially adsorbed methanol on Ru(0001), O/Cusomr/Ru(0001), O/Cujmr/Ru(0001),
O2/Pt,,/Ru(0001), and O/Pt,Ru;_,/Ru(0001). The calibration of absolute amounts of desorb-
ing CO, CO3, Dy, Hy, and D>CO is described in Articles I and III. To all surfaces 0.1 — 0.15 ML
methanol was added, except for Cugopmr/Ru(0001), or Cu(111)/Ru(0001), where a methanol multi-
layer was adsorbed. Thereby, only the chemisorbed methanol molecules (0.4 ML) are of relevance

[Article IIT]. The oxygen coverages are given at the top of the figure.

On oxygen precovered surfaces both pathways, the dehydrogenation path and the COs pro-
ducing path, are observed. Moreover, surfaces which oxidize methanol to CO4 exhibit only small
amounts of desorbing hydrogen which is removed from the surface as water or leaves the surface
as formaldehyde. Concerning the DMFC this means a substantial drain of the energy providing
H atoms. In contrast, from the clean Ru(0001) surface where CO is the only final reaction prod-
uct all hydrogen atoms from methanol dehydrogenation desorb molecularly. Yet, the formation
of a highly stable CO (Tges =~ 470 K) causes a poisoning of the catalyst and is therefore a serious
drawback of Ru(0001). Note that the criterion for the poisoning of the DMFC’s anode is a high
thermal stability of the corresponding adsorbate, i.e. all adsorbates which survive the operation
temperature of the cell (= 400 K) represent poisons. A further example of a catalyst poison is
DCOO on O/Cujymr,/Ru(0001) which is stable up to around 440 K [Article III].

PtzRu;_,/Ru(0001) surface alloys exhibit a relatively low affinity toward water formation,
i.e. water is formed most likely via a direct H transfer from the OH group to the surface O which
does not affect the CD3 group [Article VI|. In this case the partial drain of hydrogen atoms
proceeds via the desorption of formaldehyde. In parallel a remarkable amount of desorbing CO4
is observed at relatively low temperatures (390 K).

The surfaces with the, by far, highest reactivity toward oxidation of methanol to COq
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and the lowest CO2 desorption temperature are O2/Pt,,/Ru(0001) layers (especially with n >
6 ML). Another surface with a high selectivity toward the conversion of methanol into COq is
O/Cuimr/Ru(0001). Moreover, the amount of desorbing CO3 from O/Cujyg,/Ru(0001) is at
least a factor x10 higher than from 30 ML Cu/Ru(0001) where the oxidation of methanol is a
minor path only, and, to a large extent, methanol is converted to gaseous formaldehyde. Evi-
dently, DoCO does not only represent a stable surface intermediate and a precursor of DCOO
(see Section 5.5.3), but it is also a final reaction product of the O-H bond breaking path. If
D,CO is weakly bound, as on Cu(111), it desorbs molecularly rather than undergoing further
reactions.

5.5 The Formation and Decay of Species

In the following Section general information concerning the formation and the decay of the most
prominent reaction species methoxy formate, and formaldehyde are given.

5.5.1 Initial Reaction Step and Formation of Methoxy

The formation of methoxy as a result of the breaking of methanol’s O-H bond, which is the
expected initial reaction step [140], is widely spread. Interestingly, the adsorption geometry of
methoxy is Cs,, independent of the substrate. The observation of O-H bond breaking as the
initial reaction step in methanol decomposition is in agreement with results obtained on many
other metal surfaces, such as Cu(100) [28, 32, 35, 145], Cu(111) [27, 31], Ag(111) [57], Ru(111)
[51-53], and Mo(110) [59], and with DFT calculations concerning methanol reactions on Cu(111)
where the cleavage of the O-H bond was reported to have the lowest activation barrier [29].

On surfaces which exhibit formaldehyde as the first surface intermediate (O/Pt/Ru(0001)
layers) its formation due to the rapid dehydrogenation of a stable, but short living methoxy
is unlikely. According to the d-band model, on Pt,/Ru(0001) layers (¢4 ~ —2.8 €V) a stable
methoxy is expected to survive temperatures as high as 370 K (see Fig. 5.5). Yet, on such layers
no experimental evidence for a stable methoxy was found. Nevertheless, the cleavage of the O-H
bond, promoted by surface oxygen, plays a key role in the activation of methanol. In parallel,
the CDg3 group becomes partially dehydrogenated. As no intermediates are observed between
methanol and formaldehyde the activation barriers of the O-H and the C-D bonds seem to be
similar. In summary, the cleavage of the O-H bond as the the initial reaction step of methanol
on metal surfaces seems to be general.

5.5.2 Decay of Methoxy and CO Desorption

The decay of the methoxy species occurs by the stepwise dehydrogenation of the CD3 group.
Possible surface intermediates on the way to the total dehydrogenation of CD30 are formalde-
hyde and formyl, which both have been identified experimentally [Article III, V, VI].
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Figure 5.4: Relation between the decomposition temperature of methoxy and the position of the
d-band, €4, relative to the Fermi level. The reaction temperature is defined as the temperature at
which the integrated IRAS intensities of methoxy have decreased by 50%. The values of ¢4 are taken
from the article by Ruban et al. [71]

The thermal stability of methoxy on metal surfaces can be described by the d-band model.
Within this model [70-73] the surface reactivity depends on the position of the d-band center,
€4, relative to the Fermi level: small energetic distances between ¢; and the Fermi level mean a
high surface reactivity. In other words, an energetic up-shift of ¢; causes a strengthening of the
adsorbate-metal interactions which may imply a lowering of the dissociation barrier of a given
molecule. Therefore, the usage of the d-band model seems to be a good approach to describe
the dehydrogenation of CD30. The dependence of the dissociation temperature of methoxy on
€4 is depicted in Fig. 5.4. The plot comprises various substrates investigated in this work; the
corresponding values of €, are taken from the article by Ruban et al. [71]. Obviously, the data
in Fig. 5.4 fit a straight line and the expected trend that methoxy is most stable on surfaces
with relatively low €4 can be clearly observed.

On Ru(0001) it has been found that the dissociation of methoxy is strongly promoted by
Ru(0001) step edges which can be passivated by minute amounts of Cu or Pt [Article II|. The
passivation of these reaction centers leads to an about +40 K higher decomposition temperature
of methoxy than the one given in the figure. It is likely that such an effect is general. Yet, as
the passivation of steps has not been studied on the other layers, the data point associated with
Ru(0001) correspond to the surface with non-passivated steps.

5.5.3 Formation of Formate

The formation of DCOO is an important reaction step as this molecule represents the precursor
of gaseous COs. The oxidation reaction, which produces DCOO, proceeds via a stable DoCO or
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Figure 5.5: Thermal stability of DC*6O0 versus its v(OCO) stretch frequency on various surfaces
indicated in the figure. The dissociation temperature of DCOO is defined as the temperature at
which the DCOO IRAS signals have decayed by 50%. Except for the values for Ag(111) [57], the
plot comprises our own data.

a CD30 intermediate. As mentioned above these reactions are possible only with preadsorbed
surface oxygen. Thereby, the oxidation of either formaldehyde or methoxy is accompanied by
a dehydrogenation reaction. Thus, oxygen and formaldehyde must build a compound which
immediately loses a hydrogen, or formaldehyde first becomes dehydrogenated to DCO which
then becomes rapidly oxidized to DCOOQO. Yet, the details of this mechanism must remain open
as no intermediate species have been observed between methoxy/formaldehyde and formate.

A special case are Oy covered Pt/Ru(0001) layers where methanol becomes directly converted
to DCOQO, i.e. without any stable intermediates. It is found that the formation of formate is
not primarily promoted by dissociating Og as proposed by Endo et al. [44], but it is due to
disordered atomic oxygen, especially at temperatures above the Os dissociation temperature
(130 K) [Article V].

Remarkably, independent of the substrate a Co, adsorption geometry of DCOO was observed.
A further general property of the formate species identified on the investigated surfaces is that
they always consist of one oxygen from methanol and another one due to preadsorbed oxygen
as verified by isotopic labeling experiments [Articles III, V, VI].

5.5.4 Decay of Formate and CO, Desorption

On all investigated layers which oxidize methanol to COg, the reactions proceed via a stable
DCOO which is found to be the precursor of the desorbing CO2. The abstracted D atoms due to
the dehydrogenation of DCOO either desorb molecularly (Cu/Ru) or react with residual surface
oxygen to DO (Pt/Ru). Similarly, under electro-chemical conditions the oxidation of methanol
over a Pt-electrode also occurs via a stable formate [146].
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Interestingly, the dissociation temperature of formate and the frequency of its prominent
v(OCO) stretching mode are correlated. Specifically, the higher the dissociation temperature of
DCOO, i.e. the desorption temperature of COs, the higher the frequency of the O-C-O stretch
as depicted in Fig. 5.5. The data largely fit a straight line with an accuracy of £20 K. This
implies that on all surfaces summarized in Fig. 5.5 formate probably favors the same adsorption
sites, most likely the short-bridge configuration where each oxygen atom is one-fold coordinated
over a metal atom [147, 148]. For different adsorption geometries (e.g. short-bridge vs. cross-
bridge) a frequency shift of around 45 cm™! is expected [148]. This value is significantly higher
than the scatter of the displayed data. Hence, the knowledge of the line position allows an
approximate (+20 K ) determination of the activation energy of DCOO to a given surface and
the temperature at which CO4y desorption is expected.

A unambiguous explanation of the correlation of the frequency of the »(OCO) mode and
the dehydrogenation temperature of DCOO cannot be given. For instance, the data cannot
be expressed in therms of the simple d-band model. A possible contribution are the binding
energies of the final reaction products. However, at this point DFT calculations concerning the
binding of DCOO on metal surfaces will be helpful in order to give a clear reason for the trend
observed in Fig. 5.5.

5.5.5 Formaldehyde

Besides methoxy and formate, formaldehyde is a further prominent reaction product. As men-
tioned above, it represents not only a stable surface intermediate and a precursor of DCOO, but
it is also a possible final reaction product of the O-H bond breaking path. If DoCO is weakly
bound, as on Cu(111), it desorbs molecularly rather than undergoing further reactions.

The formation of a formaldehyde species has been observed in the presence of surface oxygen
only. Furthermore, the experiments are in agreement with the expectation [140] that in the
vicinity of preadsorbed O, which reduces the electron density of the substrate, formaldehyde
preferably adsorbs in the 7'(O)-configuration, i.e. it binds through the oxygen atom to the
surface. On O/Pt,/Ru(0001) formaldehyde represents the main surface intermediate which
eventually dissociates to CO and hydrogen. In contrast, on O/Cu/Ru(0001) only gaseous DoCO
is produced.

The intact desorption (400 K) of formaldehyde from Cu/Ru(0001) layers, as opposed to
the dissociation (200 K) on Pt/Ru(0001) layers, can be explained by different binding energies
of DoCO on these surfaces. In particular, DFT calculations show that the binding energy
of DoCO on Cu(111) [29, 149] is two times lower than on Pt(111) [48, 150, 151]. Hence, at
the high temperatures (400 K), at which formaldehyde is produced on Cu(111), it desorbs
instantaneously. On Pt(111) D2CO is strongly bound and additionally formed at relatively low
temperatures (200 K) making it a stable surface species.

The comparison of the theoretical studies with our own data has to be handled with care
as in our experiments a n'-formaldehyde was detected; in the theoretical works which refer to
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oxygen-free surfaces a n?-formaldehyde, i.e. bound through the C and O atoms to the surface,
is preferred [29, 48, 140, 149-151]. Moreover, aldehydes adsorbed in a n?-configuration are more
stable than in the n'-configuration [140].

5.6 Strained Pt Layers

A number of experimental [68, 69, 74] and theoretical [70, 74] works have demonstrated that
strain, e.g. within pseudomorphic layers, may have a significant effect on the surface reactivity
due to strain induced shifts of metal d-bands with respect to the Fermi level [68-70]. Yet, the
strain effect and the influence caused by the nearby substrate cannot be separated easily as
the most metallic films, such as Cu/Ru(0001), lose their pseudomorphic structure already for
the second atomic layer; for one monolayer thick films the effects due to the substrate clearly
dominate [74, 86]. A possibility to separate these two contributions is provided by the system
Pt,/Ru(0001) which exhibit pseudomorphic growth up to the 5th atomic layer [74]. For such
thick films (> 3 ML) the electronic effects of the substrate can be neglected. Beyond film
thicknesses of 5 ML the lattice constant of the Pt layer gradually relaxes approaching the value
of Pt(111).

In this context it is natural to expect that thin (n < 5 ML) compressed Pt,,/Ru(0001) films
should behave differently referring to methanol reactions than thick (n > 5 ML) Pt,,/Ru(0001)
layers or the Pt(111) surface. Surprisingly, the thickness of the deposited Pt film (3 — 15 ML)
does not affect the reaction energies of the individual reaction steps within an uncertainty of
+5 K [Article V]. Yet, the sticking probability of oxygen dramatically depends on the thickness
of the deposited Pt film on Ru(0001) and consequently affects the methanol reactions indirectly
[Articles IV, V]. Starting with n = 1 ML the sticking probability is zero and increases gradually
with increasing n approaching the value of Pt(111).

Another interesting finding concerning oxygen precovered Pt, /Ru(0001) layers is a D—H
exchange of the H atoms of methanol’s OH group with surface D (from methanol dehydrogena-
tion) which leads to the desorption of CD30D instead of the initially adsorbed CD3OH isotope.
This behavior is due to a primary isotope effect attributed to the lower zero point energy of OD
as compared to OH group. Such an isotope effect has not been observed on the other surfaces
and is thus a unique property of the Pt,,/Ru(0001) layers. As this finding does not depend on
n it is not due to the strain within thin pseudomorphic Pt films.

5.7 Relevance for the DMFC

The requirements of the anode material of a DMFC are a high reactivity toward the oxidation of
methanol to COs and a high resistance against CO poisoning. There exist a number of steady-
state electrochemical studies on methanol oxidation on PtRu alloys [13-16], nano-particles [12],
and Ru/Pt surfaces [14-16] performed with various techniques, such as cyclic voltammetry, mass
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spectrometry and FT-IRAS. In accordance with the findings of this thesis, the electro-chemical
studies [4, 8, 9, 11-16] agree that PtRu alloys are suitable as catalysts for methanol oxidation.
For realistic anode potentials (0.5 V), PtRu alloys with a Ru content of 20 —50% has been found
to oxidize methanol most efficiently [12, 13, 16]. Remarkably, this trend is also confirmed in
Article VI. Even though the methanol reactions over single crystal surfaces represent a model
system only, the obtained results clearly demonstrate the problems of the individual catalysts
and provide a detailed overview of the reaction pathways.

Among the investigated surfaces the chemisorbed molecular or disordered atomic oxygen
covered Pt,, /Ru(0001) layers (T,qs = 80 K) exhibit the highest reactivity for methanol oxidation
to CO2. However, oxygen deposited at room temperature exhibits an ordered phase [47] which
hardly converts methanol to COs; on such layers CO formation is preferred. Furthermore, the
CO desorption temperature is about 100 K higher than the one of COy. Similarly, ordered
O layers on Cu/Ru(0001) or Pt;Ruj_,/Ru(0001) are significantly less reactive than the disor-
dered (cold deposited) layers which are stable at low temperatures only. In spite of that, the
high temperature (440 K) of COg desorption means that the problem of the oxygen covered
Cu/Ru(0001) surfaces is a formate poisoning instead of CO poisoning. In other words the stable
surface species desorb above the operation temperature of a DMFC (a 400 K) which is limited
by the operation temperature of the proton conducting membrane.

The clean Cu and Pt surfaces are either inert toward methanol oxidation or, if first layer
Ru atoms are available, they dehydrogenate methanol to a highly stable surface CO. Yet, the
advantage of such layers is that the hydrogen, which is the energy provider in a DMFC, desorbs
molecularly at around 350 K. On Pt,,/Ru(0001) virtually all reactively produced hydrogen atoms
are removed from the surface as water due to a reaction with surface oxygen. In contrast, on
the Pt,Ruj_;/Ru(0001) surface alloys, hydrogen atoms from methoxy decomposition desorb
molecularly rather than react with surface oxygen. In this case, however, the desorption of
formaldehyde represents the major drain of hydrogen. Nevertheless, the Pt,Ru;_,/Ru(0001)
surface alloys with x = 0.5 — 0.8 are most suitable for practical use. The most stable surface
species (formate, CO) remain on the surface up to about 400 K which is significantly lower than
on e.g. Ru(0001).

This thesis provides a detailed picture of fundamental reaction steps and stable intermediate
species of methanol reaction pathways on bimetallic Cu/Ru(0001) and Pt/Ru(0001) surfaces.
Subsequently it demonstrates how to functionalize the surfaces by the variation of surface pa-
rameters, such as the sort and thickness of a deposited metal, coadsorbates, the adsorbate order
and density or the composition of the surface alloy.
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Chapter 6

Scientific Articles

This chapter, consisting of six scientific articles, is the main part of this thesis. A brief summary

of the results is provided in Chapter 4.
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6.1 Article I: Reactions of Methanol on Ru(0001)

6.1 Article I: Reactions of Methanol on Ru(0001)

Reproduced with permission from P. Gazdzicki, P. Jakob, J. Phys. Chem. C 114, 2655
(2010). Copyright 2010 American Chemical Society.

51



J. Phys. Chem. C 2010, 114, 2655-2663 2655

Reactions of Methanol on Ru(0001)
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Fourier transform infrared absorption spectroscopy and temperature programmed desorption have been used
to study the reactions of methanol (CH;OH, CD;OH and CH3'30H) on the clean Ru(0001) surface in the
temperature range 80—600 K. It has been found that the methanol thermal evolution is initiated by a breaking
of the O—H bond, forming an upright (Cs, symmetry) methoxy species (CH30O). This reaction requires annealing
to about 180 K and, for dense layers, proceeds in parallel to molecular desorption. At 220 K, methoxy is
found to be the dominant surface species. However, its decomposition into CO + 3H already starts at this
temperature, as deduced from the appearance of the ¥(CO) mode of CO; that is, methoxy is stable in a
narrow temperature range only. Yet, CH;0 formed at 220 K can be stabilized up to 320—340 K by means
of surface site blocking through CO coadsorption. Hydrogen and carbon monoxide, the resulting reaction
products from methoxy decomposition, desorb at 330—350 and 470 K, respectively. No other reaction
intermediates have been identified. An entirely new interpretation is presented regarding the production of
water detected in thermal desorption at about 190 K. On the basis of experiments with different methanol
and oxygen isotopes, we demonstrate that it is the hydrogen of the hydroxyl group of methanol and residual
surface oxygen (most likely at steps and a relict of the surface cleaning procedure with oxygen) which
contributes to the formation of water. As intermixing of abstracted hydrogen with coadsorbed deuterium is
found to be negligible, the hydrogen abstracted from methanol is suggested to react directly with surface
oxygen, that is, without adsorbing on the surface in between. C—O bond breaking, long believed to act as the

primary reaction step toward water formation, can definitely be ruled out.

Introduction

The importance of the system studied within this paper,
namely, methanol (CH;OH) and ruthenium, is related to the
direct methanol fuel cell. Thanks to their high tolerance toward
CO contamination, ruthenium—platinum alloys bear a high
potential to be used as catalysts for the dehydration of CH;OH.
Furthermore, because of its small size and three different
chemical bonds, methanol is very attractive when studying
selective activations of competing reaction pathways. The
mainly used experimental method, infrared absorption spec-
troscopy (IRAS), is particularly suitable for the identification
of reaction intermediates on a surface.

In the literature, a high number of publications related to the
reactions of methanol on late transition-metal surfaces can be
found, for example, Ru,'™® Cu,” % Ag?2'?? Mo,** Rh,>?
Pd,27_29 or Pt.30_38

Recently, it has been demonstrated that, at 7 < 80 K,
methanol adsorbs as intact molecule on the clean Ru(0001)
surface as well as on O-precovered Ru(0001).® This finding
revised earlier work'>” dealing with the adsorption and reaction
of methanol on Ru(0001) which suggested spontaneous O—H
bond breaking of methanol to form methoxy, even at 80 K.
Agreement, on the other hand, exists that annealing to 200—220
K leads to a dominant surface species which unequivocally has
been identified as methoxy (CH3;0) with an orientation of the
CO axis parallel to the surface normal.® Also, there is no dispute
regarding the final reaction products, CO and H, formed during
CH;0 decomposition at 7 > 220 K and which desorb at higher
T. Not quite settled are discussions on processes related to the

* Corresponding author. E-mail: peter.jakob@physik.uni-marburg.de.

formation of water (desorbing at ~190 K) which seems to
indicate a breaking of the C—O bond in addition to O—H bond
breaking leading to the formation of methoxy. This topic will
be further elaborated on in this work by using isotopically
labeled surface species.

By applying IRAS, Barros et a suggested a variety of
reaction intermediates of methanol on Ru(0001) such as upright
and tilted methoxy, as well as formaldehyde. Despite various
efforts, we were, however, unable to reproduce their findings.
In particular, we found no evidence for a tilted geometry of
methoxy; rather, our data suggest an upright methoxy with a
local Cs, symmetry at all coverages, and its spectral appearance
agrees very well with similar results of methoxy on other
surfaces such as Cu(111),"> Cu(100),'*"'7 Ag(111),> and
Mo(110).2?* We are not sure whether the discrepancies to
Barros et al. have to do with their different surface preparation
procedure or a somewhat erroneous temperature reading in their
experiments. For example, multilayer desorption occurs at 110
K in their experiments, whereas agreement exists in the literature
that methanol multilayers desorb at 140—150 K (at few Kelvins-
per-second heating rate).">* Likewise, a »(CO) mode of
adsorbed CO from methanol dissociation appears already at 130
K in their spectra,’ that is, at a temperature of about 80 K lower
than that at which methoxy decomposition yields the first CO
molecules in our experiments.

For Ru(0001), no theoretical works dealing with the reaction
pathways of methanol have been published sofar. Yet, density-
functional-theory (DFT) calculations referring to the reaction
steps of methanol on other hexagonally close packed surfaces
are available in the literature: on Cu(111) by Greeley and
Mavrikakis'® and on Pt(111) by Greeley and Mavrikakis,*® as
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well as Desai et al.’” On Cu(111), methanol is suggested to be
weakly bound, and molecular desorption should be favored with
respect to the various decomposition pathways. Once formed,
the methoxy species represents a stable (and the most favored)
reaction intermediate. Other possible intermediates are form-
aldehyde (H,CO) and formyl (HCO). On the more reactive
surfaces, these species might, however, be difficult to isolate
because of their low barriers toward decomposition to CO and
H. On Pt(111), C—H bond breaking is found to be the favored
primary reaction process of adsorbed methanol as compared to
the competing O—H scission, with the energy barrier for the
latter being at least 25% higher than that for the former.’”-¥
The species hydroxymethyl (H,COH) or methoxy then would
represent the first stable reaction intermediates. However, the
barriers for both reactions are quite high, and similar to Cu(111),
methanol rather desorbs than dissociates on Pt(111). This is in
agreement with the experimental observation that methanol
decomposition on Pt(111) occurs at steps and defects only.>

Interestingly, O—H bond breaking of methanol is considerably
enhanced on the various Cu surfaces if surface O is present,
leading to dense layers of methoxy after moderate annealing to
about 300 K.°~!11314 Such annealing also desorbs reactively
produced water and cleans up the surface from abstracted H.
On Cu(100), up to 0.5 ML of the methoxy species may be
formed, leading to an ordered c(2 x 2) structure at an O
precoverage of 0.25 ML.!11216 A similar role of coadsorbed O
to act as a promotor for methanol activation is reported for
Pt, 3073335738 Ag 2122 and Pd?’2 surfaces.

According to IRAS experiments performed during this study,
methoxy is the only stable intermediate of methanol on its way
to the total dehydrogenation to CO. Yet, various thermal-
desorption experiments suggested a minor reaction path starting
with a C—O bond breaking and, eventually, producing water.!#
The calculations mentioned above did not consider C—O bond
scission due to its activation barrier being over three times higher
than those associated with C—H or O—H bond breaking. This
constellation of barriers seems to apply for Ru(0001) as well,
because our data (employing various isotopically labeled
species) reveal that water formation does not involve the O of
the methanol hydroxyl group. Instead, it is surface O (most likely
a residue of the surface cleaning procedure) which contributes
to the reactively formed water; in addition, we detected variable
amounts of water contaminants in the methanol manifolds. We
therefore conclude that the formation of water as a result of
C—O bond breaking can definitely be ruled out for the clean
Ru(0001) surface.

Experimental Methods

The measurements were performed in an UHV chamber with
a base pressure p = 6 x 107! mbar. The Ru(0001) sample (10
mm diameter, 2 mm thickness, 99.999% purity) is mounted on
a lq. He- or N)-cooled cryostat, and it can be heated up to 1570
K (limited by our K-type thermocouple) with linear heating rates
of 0.1—10 K/s. The used FTIR instrument is a Bruker IFS 66v
with evacuable optics (p < 1 mbar) in order to avoid bothersome
absorptions of water or CO,. The polarized IR radiation is
produced by a water-cooled blackbody source (Globar), in
conjunction with a wire grid polarizer. Within this work, a
liquid-nitrogen-cooled MCT (HgCdTe) detector was used,
allowing for measurements in the spectral range 600—4000
cm~ ! IRAS spectra were taken at a resolution of 2 cm™! with
1000—2000 scans coadded, unless otherwise stated. For the IR
measurements, the sample was positioned in a dedicated IR cell,
which contains an additional titanium sublimation pump (TSP).
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A uniform gas exposure is provided by a multicapillary array
with individual diameters of 10 gm. The Ru(0001) sample was
cleaned by Ar' sputtering (1.4 keV, 1 uA) and multiple O,
dosing cycles combined with flashing the sample up to 1570
K; such annealing leaves less than 1% O on the Ru(0001)
surface, as determined by XPS. Linear heating (0.01—10 K/s)
to perform temperature programmed desorption (TPD) experi-
ments was achieved by a microcomputer-controlled power
supply. Thermal-desorption spectra were obtained by using a
glass enclosure (Feulner cup)* to ensure desorption from the
front face only and to enhance desorption signals in the
quadrupole mass spectrometer (QMS). Quasi simultaneous
collection of thermal-desorption spectra (up to 10 different
masses m;) is achieved by repeatedly scanning through the
desired masses. The setting typically comprises a data-collection
time of 0.2 s per data point in conjunction with a waiting period
of 30 ms in advance to let the signal settle to its proper value.
For each data point and mass m;, individual temperature readings
are recorded. A more detailed description of the used apparatus
is given elsewhere.?

The methanol was cleaned by repeated freeze-and-thaw
cycles. The methanol exposures are given in terms of the product
of the pressure in the gas dosing system (mTorr) and the
exposure time (s). Thus, the exposures are specific to the used
experimental setup and can be compared with each other only.
A value of 10 mTorr-s approximately leads to 10% saturation
of the first layer. One monolayer (ML) is defined as the
maximum amount which can be accommodated on Ru(0001)
before multilayers build up.

The isotopic purity of the used molecules is 99.8% for
CD;OH, 99.5% for CH;0D, 95% for CH5'30H, and 98.73%
for '%0,.

Results and Discussion

Main Reaction Pathway: O—H Bond Breaking. In the
course of this work, several methanol isotopes (CH;'®0H,
CH;0H, CH;0D, and CD3;OH) have been used. A comparison
of the respective spectra of isolated molecules adsorbed on
Ru(0001) at 80 K are shown in Figure 1. It is apparent that the
various modes are subject to characteristic isotopic shifts; an
assignment of the vibrational modes is given in Table 1. The
isotopic shifts of CH3;0OH and CH;0D were discussed in detail
in a previous publication,® along with a discussion of the
displacement patterns of the strongly coupled modes.

Figure 2 shows a contour plot of vibrational spectra describing
the thermal evolution of CH3;OH multilayers adsorbed on
Ru(0001) at 80 K.

Figure 2A covers the spectral range 700—1550 cm ™!, display-
ing strong bands at 740, 1048, 1130, and ~1450 cm™! at
80—140 K; they are assigned to the multilayer modes: O—H
out-of-plane bending do0p(OH), C—O stretching v(CO), CH;
rocking p(CH3), and C—H bending 0(CH3), respectively.*! In
Figure 2C, the v(CH;) modes which are in Fermi resonance
with overtones of various CH; bending modes'? are visible at
2800—3000 cm ™! (for a detailed discussion on this topic, we
refer to the literature).'>*>>* A strong »(OH) band is positioned
at 3285 cm ™! for the multilayer spectra at T < 140 K. Figure
2B covers the range of ¥(CO) of on-top CO produced during
CH;0 decomposition at 7 > 210 K.

At temperatures above 140 K, the multilayer modes 0o, (OH)
and v(OH) vanish completely. The annealed spectra exhibit
significantly smaller and narrower peaks. This observation is
obviously correlated with the desorption of the methanol
multilayers (mass 31 u) at 139 K?® as depicted in the left TPD
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Figure 1. IRAS spectra (2 cm™! resolution) of various methanol isotopes on Ru(0001) adsorbed 7 = 80 K (low-coverage spectra, representative
of isolated molecules). The bands at 1061 and 1305 cm™! in the spectrum of CH30D belong to regular methanol which is formed because of

hydroxyl H <= D exchange at the walls of the gas dosing system.

TABLE 1: Vibrational Modes (Frequencies Given in cm™!)
of Different Methanol Isotopes Adsorbed on Ru(0001) at 80
K (Low-Coverage Spectra, Representative of Isolated
Molecules)”

CH;"®OH CH; OH CH; OD CD; OH

mode assignment

949 974 975 946  ¥(CO)
1061 1061 854 860  [0(OH)+ piy(CHs)] out of phase
1299 1305 1207 1244 [6(OH)+ p;y(CH3)] in phase

1454 1453 1454 1091
2824 2823 2822 2065
2925 2927 2926 2190
2970 2970 2969 2232
2994 2995 2994 2250

0.s(CHz)

v(CHs;) stretching modes
in Fermi Resonance
with various

CHj; bending modes

“Note that the mode notation refers to regular methanol; for
other methanol isotopes, O and H have to be replaced by 'O and
D, respectively.

in Figure 3. The 31 u signal shows additional peaks at 170 and
216 K, consistent with available literature.'? It is suggested that
the former is due to desorption of weakly bound methanol
molecules in the second layer or desorption out of a densely
packed chemisorbed first layer (decompression peak). The third
desorption peak of mass 31 u at 216 K has been attributed to
the desorption out of the chemisorbed methanol layer;® in
parallel, a gradual change in the vibrational spectra occurs at
200—220 K. Specifically, it is the reaction CH;OH — CH;0 +
H which is speeding up in this temperature range. At 220 K,
the IRAS spectrum in Figure 2A,C is dominated by this methoxy
species with its bands listed in Table 2. In Figure 2B, a new
peak begins to grow at about 2000 cm ™! which is assigned to
the ¥(CO) stretching vibration of CO.*> The final reaction
products, H and CO, remain on the surface until they eventually
desorb at 330—350 K (H,) and 470 K (CO), see Figure 3. The
desorption of CO is thereby correlated with the vanishing of
the »(CO) mode in the IRAS spectra (not shown).

The integrals of desorbed H, and CO in the left TPD in Figure
3 equal 0.48 and 0.10 ML, respectively. In the right TPD, these
values equal 0.44 and 0.09 ML, respectively. Thus, the H:CO
ratio is slightly higher than 4:1, which would be the expected
value for dissociated CH;OH with H, and CO as the only
desorbing product species. The quantities of desorbing H, and
CO were specified by comparing the mass 2 u and 28 u
desorption signals with TPDs of a saturated Ru(0001)-(1 x 1)-H
layer** and a Ru(0001)—CO layer with O®co = 0.66 ML.*? In
agreement with our results, the amount of CO formed during

N
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Figure 2. IRAS contour plot of CH;0H multilayers on Ru(0001)
(exposure 245 mTorr+s) after heating the sample in 20 K steps and
recooling to the adsorption temperature 7= 80 K. The spectra between
each 20 K step have been interpolated in order to smooth the plotted
data. The color scale is indicated at the figure top; panels A and B
have the same color scale.

3200

the reaction of methanol on Ru(0001) obtained by Deckert et
al.2 equals 0.09 ML.

Even though regular IR spectra have been used to build the
3D contour plot in Figure 2, the color coding merely gives an
overview of possible intermediates and transition temperatures;
that is, it does not exhibit enough details in order to allow an
in-depth discussion of the reactions of methanol on Ru(0001);
therefore, we will additionally present individual spectra
obtained after the stepwise annealing (and recooling) of small
amounts of methanol (<0.1 ML) on Ru(0001). In Figure 4,
IRAS spectra of about 0.1 ML CD3;OH and CH3;0H adsorbed
at 80 K are displayed for comparison. Low-coverage layers
consisting of mostly isolated molecules lead to a relatively small
number of narrow peaks. These are easier to discuss than dense
layers with their broad bands due to interaction of the adsorbates
with each other, for example, clustering of methanol molecules
by building hydrogen bonds.® The assignment of the vibrational
modes is summarized in Table 2.
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Figure 3. Multiple mass TPD spectra of CH;0H adsorbed on Ru(0001)
at 80 K. The sample was heated linearly with 1 K/s from 80 to 600 K.
The initial methanol exposures were 245 mTorr-s (left panel) and 50
mTorr+s (right panel). The inset shows the full range of the mass 31
amu signal. The noise levels are below the line thickness. The signals
of masses 28 u (CO), 18 u (H,0) and 2 u (H,) below 250 K contain
contributions due to fragmentation of desorbing methanol, which was
monitored by its largest ionic fragment at 31 u.

Interestingly, already a slight increase in temperature up to
100 K changes the methanol spectra significantly. A broadening
of several bands and the growth of new bands can be observed,
which is ascribed to methanol-cluster formation. For example,
the loss in intensity of the narrow v(CO) mode of CH;O0H
(CD;0H) at 975 cm™! (947 cm™!) and, in parallel, the growth
of the broad »(CO) mode at 1004 cm™' (966 cm™') are
signatures of this transformation.

At 120 K, the modes belonging to isolated methanol
molecules have virtually vanished; that is, only H-bonded
methanol clusters are present on the surface. Vibrational
frequencies of these small clusters are shifted only slightly with
respect to isolated methanol molecules. For CD;OH, they are
located at 900, 966, 1058, 1097, and in the range 2050—2250
cm™!; for CH30H, various bands are observed at ~1000, 1081,
1455, and in the range 2800—3000 cm™! (see Table 2). Up to
this temperature, no desorption of methanol or other species is
observed as shown in the right panel of Figure 2.

The next IRAS spectrum of Figure 4 (annealing to 180 K)
exhibits a mixture of vibrational modes: the majority of them
is still due to clustered methanol, whereas new, narrow bands
belonging to an upright oriented methoxy species (CH;0 or
CD;0) emerge. As the temperature is raised to 200—220 K,
this species produced by H abstraction of the methanol OH
group becomes the dominant surface compound. In parallel to
its formation, molecular desorption of methanol is observed for
intermediate and dense layers, starting at about 180 K and with
its maximum at 215—220 K (see right panel of Figure 3);
apparently, activation barriers for both processes are not too
different.

Methoxy exhibits C—O stretching vibrations at 985 and 980
cm™! for CH;0OH and CD;OH, respectively. The d,(CDs) and
04(CH3) modes of the upright methoxy are visible in Figure
4A,C at 1074 and 1421 cm™!, respectively. Additional peaks
of methoxy in the spectral range of v(CD) or v(CH) are
displayed in Figure 4B (2066, 2114, and 2163 cm™") and Figure
4D (2812, 2866, and 2926 cm'). The assignment of the
vibrational modes of CD3;0 and CH30 at 220 K is summarized
in Table 2. Remarkably, the d(CD;) mode of CD;O at 1074
cm™! is 10 times more intensive than the 0((CHs3) mode of
regular methoxy (1421 cm™!), which we attribute to its
pronounced coupling to the (spectrally) close and intensive
methoxy C—O stretching vibration at 980 cm™!.
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Our IR spectra provide unambiguous evidence that methoxy
is adsorbed in a Cs, symmetry with the C—O axis parallel to
the surface normal. Specifically, only one d4(CH3) or d,(CD3)
mode is observed in the region of the methyl bending vibrations.
In a tilted geometry, other modes, for example, d,;(CH3) should
be visible as well. Available literature concerning methoxy on
other metal surfaces'>~1"232* reports spectra very similar to those
shown in Figure 4, and we are quite confident regarding its
identity.

By using DFT cluster calculations, the geometry of methoxy
on Ru(0001) has been studied by Cordeiro et al.** Thereby, an
upright methoxy species (C;, symmetry) chemisorbed on hcp
and fcc hollow sites has been predicted to represent the preferred
geometry, in perfect agreement with our experimental data.
Likewise, a very good matching of vibrational frequencies is
attained.

At 220 K, a few small features are detected in Figure 4, which
are not included in Table 2: a low-energy shoulder of the v(CO)
mode at 967 cm™! in Figure 4A, a small peak at 2042 cm™! in
Figure 4B, and the shoulder at 2912 cm™! in Figure 4D. This
latter feature can be explained by the presence of surface H
produced by the dissociation of CH;OH to form methoxy.
Adsorbing methanol on a H-precovered Ru(0001) surface causes
an increase of this peak at the expense of the 2926 cm™' band
and a blue shift of the »(CO) peak to about 995—1000 cm™!
which matches with the position of the high-energy tail of the
peak at 985 cm™!. Tt is speculated that the features at 967 and
2042 cm™! are equivalent bands of the CD;OH isotope.

On Ru(0001), methoxy is stable in a quite narrow temperature
range only. At 220 K, it is the dominant surface species;
nevertheless, it already begins to decompose to form CO and
H. Evidence for this decomposition (CH;0 — CO + 3H) is the
growth of the »(CO) stretching vibration at about 2000 cm ™!
(see Figure 4B). Desorption signals of accumulated H (mass
2 u) at 330—350 K and CO (mass 28 u) at 470 K (see Figure
3) support this conclusion. Our observation of a direct transition
of methoxy to adsorbed CO verifies that the second step in the
methanol decomposition involving an activation of the C—H
bond does not produce any stable intermediates (such as
formaldehyde and formyl).

The formation and decomposition of methoxy is illustrated
in Figure 5 which displays the temperature-dependent integrals
of characteristic peaks of methanol, methoxy, and CO. The
decomposition of methoxy is completed at 260 K, where
virtually all features of methoxy have vanished in the IRAS
spectra and the CO band reaches its maximum intensity. The
(CO) signal remains constant up to about 430 K and then
decays because of CO desorption in accordance with the TPD
spectra in Figure 3. At about 600 K, the IRAS spectrum of the
clean Ru(0001) surface is reproduced.

Interestingly, methoxy can be stabilized on Ru(0001) up to
320—340 K by coadsorbing ample amounts of CO as shown in
Figure 6 for the CD30/Ru(0001) layer. '3CO was chosen instead
of 2CO in order to avoid overlapping of the »(CO) peak with
v(CD) stretching modes of methoxy. One may also choose the
combination CH;0 and regular CO to avoid overlapping of CO
and methoxy related modes. However, CD;O exhibits more
intense and narrow peaks than CH;0. Especially, the 0,(CDs)
mode at 1074 cm™! is significantly larger than the tiny ,(CH3)
band at 1421 cm™! for the same methanol exposure (see bottom
spectra of Figure 4); as it turned out afterward, this particular
band loses most of its intensity after CO coadsorption, rendering
it almost invisible, that is, useless for our quantitative analysis.
Spectrum a in Figure 6 represents the initial CD;OH layer which
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TABLE 2: Vibrational Modes (Frequencies Given in cm™!) of Low-Coverage Layers of CH;OH and CD;OH Adsorbed on

Ru(0001) at 80 K*

CH;0H, 80 K (CH3;0H),, 120 K CD;OH, 80 K (CD;OH),, 120 K CH;0, 220 K CDs0, 220 K mode assignment
975 1004 947 966 985 980 »(CO)
1061 1081 [6(OH)+ p;r(CH3)] out of phase
860 900 [0(OH)+ p;(CD3)] out of phase
1305 [0(OH)+ pir(CH3)] in phase
1243 [0(OH)+ p;,(CD5)] in phase
1421 04(CHj3)
1058 1074 04(CD3)
1454 1455 0.(CH3)
1091 1097 0.(CD3)
2823 2813 2065 2061 2812 2066 v(CH3)/v(CDs) stretching modes
2927 2926 2190 2197 2866 2114 in Fermi Resonance
2969 2953 2231 2218 2926 2163 with various
2994 2983 2250 2241 CH; or CDj; bending modes

“The respective slightly shifted values obtained after annealing to 120 K are ascribed to methanol dimers or small clusters. The modes at

220 K are assigned to an upright methoxy species (CH;0 and CD;0).
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Figure 4. Thermal evolution of a subML of CD;OH (left) and CH;O0H (right) on Ru(0001) adsorbed at 80 K (exposures ~10 mTorr*s). The
sample was heated with 1 K/s to the indicated temperatures and recooled to 80 K before IRAS spectra were taken at 2 cm™! resolution.
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Figure 5. Integrals of the characteristic modes of methanol (d,(CHs)
at 1455 cm™! (0)), methoxy (v(CH3) at 2812 cm ™! (@)), and CO (»(CO)
at ~2000 cm™! (A)) as a function of increasing surface annealing
temperature. The adsorption temperature was 80 K, and the initial
exposure equals ~10 mTorr+s for the shown data set.

was heated to 220 K thereafter in order to create methoxy
(spectrum b). In accordance with Figure 4, the bands at
1950—1980 cm™! in spectrum b are attributed to v('CO) of

regular CO resulting from minor methoxy dissociation at 220
K. BCO was then stepwise postadsorbed until the layer was
close to saturation. For spectrum c, the sample was again
annealed up to 220 K before data acquisition, resulting in a
resharpening of the methoxy peaks. The ¥('*CO) mode begins
growing at 1920—1940 cm™! and finally reaches 2002 cm™! as
shown in the inset of Figure 6. The prominent extra band at
1935 cm™ ! in spectra c and d is attributed to v('*C'®0) because
our 3CO gas (99% '*C content) also contained 11% of the
BC80 isotope. We note that the v(CO) bands due to postad-
sorbed CO are identical to those arising from dissociated
methoxy (not shown); that is, the local environment of both
types of CO (referring to their prehistory) is the same. Because
postadsorbed CO is distributed randomly across the surface, we
conclude that the same applies to methoxy and its decomposition
products, which rules out enhanced reaction rates at special sites,
for example, steps or chemical impurities.

The overall weaker intensities of methoxy vibrational modes
in the presence of CO is attributed to electronic screening.* ™+’
Specifically, coadsorbed '*CO causes a weakening of all CD;0
modes by about 70%, except for the d,(CD3) mode at 1074 cm™!
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Figure 6. CD;OH (~0.1 ML) adsorbed on Ru(0001) at 80 K. Spectrum
a represents the initial CD;OH layer at 80 K, which was annealed to
220 K with 1 K/s to obtain spectrum b, representative of methoxy
(CD;0) on Ru(0001). Spectrum ¢ was taken after adsorbing *CO (at
80 K) and again heating up to 220 K. Before taking spectrum d, the
sample was annealed to 320 K. All layers were recooled to 80 K for
data acquisition. Note that the vertical scale in panel (B) is enlarged
by factor two with respect to the scale in panel (A). The inset covers
the full range of the »('*CO) vibrational mode of spectrum c.

which has virtually vanished. In addition, slight displacements
of the various bands (chemical frequency shifts) are observed.
For example, the ¥(CO) mode of methoxy exhibits a red shift
from 978 to 952 cm™!, whereas all ¥(CD;) modes as well as
the 04(CDs) band shift to higher energies.

When annealing to 320 K, spectrum d causes the methoxy
peaks to become smaller, most likely because of its decomposi-
tion, because CO desorption starting at about 300 K produces
empty sites needed for such a process to occur. The integral of
the methoxy C—O stretch mode decreases by about 15% and
displays a broadened line shape; the ¥(CD) modes, on the other
hand, simply lose intensity without broadening. The dissimilar
behavior probably is due to a less strong coupling of the CD3
group to the substrate and, consequently, a less pronounced
sensitivity to the more heterogeneous surroundings. After
annealing to =340 K, only the C—O stretch mode of CO could
be detected. A similar site-blocking effect in the primary
decomposition step of methanol when using coadsorbed CO has
been identified by Deckert et al.> by using isothermal LITD.

Figure 7 shows the relative fraction of the two main reaction
pathways of methanol on Ru(0001), namely, molecular desorp-
tion and methoxy formation. Specifically, the integral of the
narrow v(CHj3) stretching mode of methoxy at 2812 cm™! and
the integral of mass 31 u desorption signal are plottet as a
function of the amount of initially adsorbed CH;OH at 80 K.
The integral of the CHj stretching region (2800—3000 cm™ ')
was taken as an approximate measure for the initial methanol
coverage. For low methanol coverages up to 0.5 ML, corre-
sponding to a methanol ¥(CH3) intensity of 10%-cm™! (equiva-
lent to 50 mTorr+s in terms of the exposure units used), the
amount of produced methoxy grows linearly with the methanol
exposure. For initial methanol coverages equivalent to
10—20%+cm™! (Figure 7), the maximal amount of methoxy is
nearly reached, and the integral of the v(CHj3) peak of methoxy
remains about constant, converging toward 0.6%+cm~!. Yet,
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Figure 7. Integral of the 2812 cm™! peak of methoxy measured after
heating the sample up to 220 K (left scale) and integral of the mass
31 u thermal-desorption signal (right scale) versus the integral of the

C—H stretching modes of the methyl group of intact methanol (7 =
80 K).

the quantity of desorbing methanol is still more than an order
of magnitude lower than for about 2—3 ML (60%cm™!). It is
suggested that H abstraction of methanol to form methoxy is
the preferred reaction pathway for low and intermediate
methanol coverages (unless other factors such as coadsorbates
interfere), whereas for thick layers, molecular desorption takes
over more and more.

We also find evidence that H abstraction is inhibited for dense
methanol layers, most likely because of site blocking. For
example, low methanol coverages lead to slightly reduced onset
temperatures (about 160 K) of methoxy formation. Vice versa,
the formation of methoxy is somewhat delayed for dense
methanol layers, and H abstraction proceeds in parallel to
desorption of the chemisorbed CH;OH layer at 170—180 K.
Furthermore, the fact that the integral of the methoxy peak is
saturated at initial methanol coverages clearly below 1 ML is
consistent with the idea that methoxy formation on Ru(0001)
is a self-limiting process due to accumulation of the reaction
products methoxy and H; that is, once again, site blocking is
effective. We note that neither extended methanol exposures at
a sample temperature in the range 180—220 K nor postadsorp-
tion of methanol on a CH30/Ru(0001) layer at low temperature
followed by annealing to 220 K could increase the amount of
adsorbed methoxy. Because of the onset of methoxy dissociation
at T > 220 K, higher temperatures could not be used here.
According to thermal-desorption spectra of desorbing CO (see
Figure 3), the maximum methoxy coverage equals about 0.1
ML with respect to Ru(0001) surface atoms. This relatively low
CH;0 coverage correlates well with our lack of detecting any
ordered methoxy layer by using LEED. In order to obtain
additional information regarding the coverage of methanol and
its reaction products, XPS data (O, core level) were taken. By
using the Ru(0001)-(2 x 2)-O surface as a reference, we find
that the methanol monolayer corresponds to an O-equivalent
coverage of 0.4 ML, and this value reduces to 0.11 ML when
annealed to 220 K to produce methoxy, corroborating the
thermal-desorption data. This observation is in contrast to the
much denser CH;O layer with (2 x 2) long-range order which
is attained for methanol adsorbed on a O(2 x 2) precovered
Cu(100) surface'®'>!® after annealing to 200 K to desorb
reactively produced water from surface oxygen and abstrac-
ted H.

Alternative Reaction Pathways. Water, which is found to
desorb at about 190 K, represents another possible reaction
product of adsorbed methanol. The TPD spectra in Figure 3
show desorption peaks of mass 18 u (H,O) at 190 K which are
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not a fragment ion of desorbing methanol. In order to explain
the observation of desorbing water, a C—O bond-breaking
reaction was suggested by Hrbek et al.: up to 20% of adsorbed
methanol has been allotted to produce water and, as side
products, H and surface carbon.! No direct spectroscopic
detection of surface water or any precursor thereof was,
however, achieved, which could be due to its instantaneous
desorption once it is formed. This finding has been confirmed
recently by Barros et al.> by using IRAS, and it is in accordance
with the data presented in this work.

In the course of our investigation, this topic was further
looked into by performing a series of TPD measurements by
using a number of isotopically labeled species and different
surface-preparation procedures. The somewhat surprising out-
come of these experiments was that the formation of water is
primarily driven by residual surface O and in part stems from
a water contamination of methanol. Specifically, we find
unequivocal evidence that it is not the O of the hydroxyl group
of methanol which is contained in the desorbing water mol-
ecules. Rather, the O atom of desorbing water originally is a
surface oxygen species; more precisely, it represents a remnant
(less than 1%, as determined by XPS) of the preceding O
cleaning treatment of Ru(0001) to remove surface carbon (see
Experimental Methods).

The formation of water due to the reaction of methanol with
surface O exhibits unexpected behavior: (i) H atoms of the
methyl group do not contribute to the formation of water, but
exclusively the H from the OH group does and (ii) coadsorbed
surface H/D does not contribute to the water formation. One
important message from this latter finding is that no exchange
of the hydroxyl-group H and surface H/D occurs, which differs
substantially from the system benzene (C¢Dg) + H which
displays a prominent D < H exchange.*® These observations
lead us to conclude that the O—H bond breaking of methanol
to form methoxy + H is an irreversible process, at least under
UHV conditions. Furthermore, point (ii) demonstrates that
methanol transfers its hydroxyl H atom directly to surface O
(with no intermediate surface-H species). A direct transfer of
hydroxyl H to surface O has likewise been suggested on
Rh(111)% and Pd(111)? surfaces. These observations would be
in accordance with a suggestion (based on DFT) of Desai et
al.” that surface O on Pt(111) acts as a Brgnsted base that
facilitates the breaking of the O—H bond of methanol. Experi-
mentally, the promotion of methanol O—H bond breaking by
surface-O atoms is frequently observed on Cu, Ag, Pt, and Pd
SubStrateS.g’]O’M’z]'22'30_33

A very similar observation has been reported by Clay et al.*
and Bauer et al.® when studying the peculiarities of water
thermal desorption on Ru(0001). In their studies, they identified
efficient H-atom transfer to nearby surface-O atoms as the main
source of temporary dissociation of H,O. For D0, this process
is probably active as well, albeit at a reduced rate due to a
smaller O—D bond zero-point energy,”® which might explain
the observed bold isotope effect in thermal-desorption spectra
of the water/Ru(0001) system.

For moderate O coverages O, the reaction kinetics of surface
H and O on Ru(0001) has been studied some time ago,’' and
thermal activations equivalent to 300—400 K were needed to
initiate water formation (followed by instantaneous desorption);
the removal of trace amounts of O required even higher
temperatures, in conjunction with substantial H background
pressures, that is, very different conditions than those encoun-
tered here, with water-formation reactions occurring at T ~
200 K.
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Figure 8. (A) TPD spectra (d7/dt = 1 K/s) of masses 17, 18, and
20 u of CH;'®OH adsorbed on Ru(0001) at 80 K. Spectra a—c have
been measured after cleaning the sample with regular '°O,. Note that
the mass 20 u signal in spectrum c is displayed at a x10 enlarged vertical
scale. Spectra d and e have been obtained after cleaning the sample
with the 80, isotope. (B) TPD spectra (d7/dt = 1 K/s) of CD;'°OH
coadsorbed with about 0.3 ML D on Ru(0001) at 80 K after cleaning
the sample with '°O,. The increased noise levels for mass 2 and 18 u
signals are due to high background levels of regular H and water
compared to their less abundant isotopes. Other masses, e.g., 2, 12,
28, 30, and 31 u (33 u for '*0, sample cleaning) were measured
simultaneously (not shown) to support our conclusions.

The spectra a—c in Figure 8A have been measured after the
adsorption of CH;'®0OH on a Ru(0001) surface (T,gs = 80 K)
which was cleaned by using '°O,. The curves represent the
desorption signals of the masses 17 u ('°OH), 18 u (H,'°0),
and 20 u (H,'0), respectively. Quite clearly, a desorption peak
at 194 K is found for the 18 u signal, that is, of desorbing H,'°0,
whereas an equivalent feature, which would indicate the
desorption of H,'®0, is entirely missing for mass 20 u. The peak
in the 17 u curve is a fragment of regular water. The features
at 221 and 476 K in the mass 18 u trace indicate ion fragments
(*80™) of desorbing CH;'®OH and C'®0, respectively rather than
H,'°0. We conclude that the O atom contained in the desorbing
water molecules definitely cannot stem from CH;'80H, that is,
from adsorbed methanol. Note that this finding also excludes
the possibility of CHj abstraction and transfer to surface O to
produce methoxy. For Pt(110)-(2 x 1), this topic has been
discussed earlier by Lee et al.,?* and the associated C—O bond-
breaking process has been discarded by means of similar isotopic
mixing experiments.

Spectra b and ¢ will now be compared to equivalent
experiments with CH;'3OH adsorption after repeatedly cleaning
the sample by using the '*0, isotope (98.73% '*0, 0.59% '70).
Again, the desorption traces of H,'°0 (18 u) and H,'%0 (20 u)
were recorded (spectra d and e). Most significantly, the
formation of H,'80, which is associated with the presence of
surface '%0, is now clearly observed. The 18 u signal (H,'°0),
however, definitely can stem neither from the dissociation and
water-formation reaction of CH;'®OH nor from a reaction with
surface '80. Therefore, it is concluded that the signal of regular
water is due to water contamination in the methanol reservoir.
This hypothesis is corroborated by substantial variations (up to
a factor 10) of the 18 u signals at 190—195 K when adsorbing
different methanol isotopes (CH3'°OH, CH;'30H, CD;'°OH) at
similar initial methanol coverages. Furthermore, the amount of
desorbing H,'80 scales directly with the amount of surface %0
(prepared by flashing to different temperatures 7= 1500—1570
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K after surface cleaning by using '%0,), whereas the 18 u signal
remains about constant. Another possibility we took into
consideration was the formation of H,O due to a reaction of
methanol with the walls of the gas dosing system. However,
flooding of the gas dosing system with either '°O, or 130, right
before dosing methanol had no influence on the desorption
signals of 18 and 20 u. Thus, this possibility can be discarded.

Figure 8B displays a (multimass) TPD spectrum measured
after adsorbing CD3'®OH and 0.3 ML deuterium onto Ru(0001)
which was cleaned by using '%0,. When assuming for a moment
that all hydrogens of the methanol molecules contribute equally
and the water formation proceeds via surface hydrogen as an
intermediate, one would expect to observe the desorption of
masses ranging from 18 u (H,'°0) to 20 u (D,'°0). Moreover,
the 20 u peak should be considerably larger than the peak of
the 18 u signal because of the contribution of D from the methyl
group of methanol as well as because of the substantial amount
of preadsorbed deuterium. However, only mass 18 u exhibits a
significant desorption signal at 194 K, thereby providing
additional clear evidence that the desorption of water (mass 18 u)
is due to a slight H,'°0 contamination of methanol and H,'°0
produced in the reaction of methanol and surface oxygen (°0
isotope). The peak of 20 u amounts to only 1% of 18 u. One
may reason whether it is a CD3'°0D residue within our CD3'*OH
methanol, a CD5'OH + D — CD5'%0D + H exchange reaction,
or a nonzero reaction rate of surface oxygen and surface
hydrogen which contributes to the tiny mass 19 and 20 u signals
in Figure 8B. Also, one should bear in mind that regular O
contains 0.2% of the 30 isotope which will contribute to the
mass 20 u signal. All in all, we conclude that only H of the
hydroxyl group contributes to the formation of water. Further-
more, our data demonstrate that this H atom must be transferred
directly to the surface O without first adsorbing on the Ru(0001)
surface; otherwise, intermixing of preadsorbed D and abstracted
H would lead to an immense amount of D, O to be formed,
which is not the case. It is therefore suggested that the water-
forming reaction proceeds in the following way:

2CD,'"°0H + "0, ;.. — H,"*0 + 2CD,'°0

surface

It is quite feasible that the two hydrogenation steps of O to
form water are not entirely independent because methanol has
already formed small clusters at temperatures 7 ~ 120 K.
Dimers or larger units will then migrate as a unit and may
transfer their hydroxyl H atoms to surface O, thereby producing
water. Decay of the unstable (or short-living) OH species,!
which sofar has never been detected on Ru(0001), could be
outpaced this way.

The onset of methoxy formation by means of H-atom
abstraction as observed in the IRAS spectra (160—180 K) agrees
favorably with water synthesis and desorption at 180—200 K.
The abstraction of the H atom during methoxy formation
therefore produces water when residual surface O is available
or simply adsorbed H on clean Ru(0001). We note that
consecutive methanol-adsorption and thermal-desorption cycles
yielded less and less of the reactively produced water which is
attributed to a gradual removal of surface O. Intentional O
preadsorption produced by annealing an O-covered Ru(0001)
surface to 1500 K (instead of 1570 K) gave ©®o = 0.07 ML,
and this value could be lowered to 0.02 ML after two cycles
comprising methanol adsorption at 80 K followed by annealing
to 600 K. Although we did observe extra bands associated with
coadsorbed O in our IR spectra (closely resembling spectra
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Figure 9. Schematic reaction pathway of methanol on Ru(0001). For
a better discrimination of the configuration of the reaction products,
the methanol isotope CD3'°OH was chosen. '30 represents residual O
after '80, surface cleaning.

obtained for methanol adsorption onto the Ru(0001)-(2 x 2)—0O
surface), no new desorption species could be detected. Also,
the amount of methoxy formed could not be enhanced this way.
We stress that we did not find any evidence of a C residue (as
invoked by Hrbek et al.)! in our experiments, for example, by
means of subsequent O adsorption and detection of reactively
produced desorbing CO (detection limit less than 0.001 ML).
Removal of surface O is exclusively proceeding via the water-
formation reaction pathway by means of direct H-atom transfer
from the hydroxyl group.

Conclusions

In this work, the adsorption and thermal evolution of methanol
on Ru(0001) has been investigated. At low temperatures (<80
K) and low coverages (<0.1 ML), isolated methanol molecules
are found. With increasing coverages or by means of slight
annealing (7 — 120 K), methanol forms clusters, driven by the
building of H bonds.®

The schematic presentation in Figure 9 summarizes the
various processes and reactions of methanol on Ru(0001) on
the basis of our observations. Not included is the desorption of
weakly bound methanol at 140 and 170 K, which does not
participate in the various reactions.

As the primary reaction process of chemisorbed methanol,
O—H bond breaking produces methoxy and surface H at
160—180 K. For denser layers, this reaction proceeds at slightly
higher T because molecular desorption of methanol is required
to produce empty adsorption sites for the reaction-product
species, methoxy and surface H.

At about 190 K, methanol reacts with surface O (which is a
remnant of the surface-cleaning process described in the
Experimental Methods) and desorbs as water. Only the H from
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the OH group contributes to this reaction, and this H-atom
transfer does not involve a surface intermediate; that is, it
proceeds without adsorbing on Ru(0001) in between.

At 220 K, both processes come to an end, leaving upright
methoxy (Cs, symmetry) as the dominant surface species. Even
though 220 K is required to fully convert methanol to methoxy,
this temperature suffices to cause methoxy decomposition, as
deduced from the weak CO stretching mode growing at about
1950 cm™'; that is, methoxy is found to be stable in a narrow
temperature range (180—220 K) only and readily dissociates
to CO + 3H, with no evidence for additional stable intermediates.

Dissociation of methoxy is completed at 260 K, leaving the
reaction products H and CO behind, which desorb at about
330—350 and 470 K, respectively. A stabilization of the
methoxy species up to 320—340 K can be achieved by CO
coadsorption, thereby effectively taking advantage of a site-
blocking effect for the methoxy dissociation products CO +
3H.

A substantial revision of existing knowledge regarding water
formation during methanol thermal evolution on Ru(0001) is
proposed, based on experiments using various isotopically
substituted species. The commonly observed desorption of H,'°O
has two different origins: (i) it is produced by H-atom transfer
from the methanol hydroxyl group to surface O, or (ii) it is due
to a slight water contamination in the methanol reservoir. A
C—O bond-breaking process of methanol as suggested in the
literature can definitely be ruled out. This conclusion is in
agreement with a complete lack of methane thermal desorption
and the absence of any O residue after methanol adsorption and
decomposition by annealing to 600 K. The absence of C—0O
bond scission agrees with DFT calculations for methanol on
Pt(111) which find that the energetic barrier for this reaction
pathway is substantially higher (2.2 eV) than that for C—H or
O—H bond breaking (0.5—1 eV).

It is left to mention that under no conditions did we observe
the formation and/or desorption of methane, formaldehyd, or
CO, in TPD for methanol on Ru(0001), either with or without
coadsorbed O.
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ABSTRACT: The adsorption and reactions of methanol are of consid-
erable technological relevance for the direct methanol fuel cell. Thereby,
the stability of intermediates and activation barriers of the various
reaction pathways depend critically on specific properties of the substrate
materials. Deposition of ultrathin metal layers represents an established
means to tune these in a controlled way. In the present study, Fourier
transform infrared spectroscopy and temperature-programmed desorp-
tion have been employed to study the thermal evolution of adsorbed ,
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turns out to be inert in the absence of coadsorbates such as oxygen,
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various reaction intermediates are discernible for ® ¢, < 1 ML. In the temperature range 220—300 K, two upright methoxy species
(local C3, symmetry) on uncovered Ru(0001) areas and on Cu/Ru(0001) can be distinguished. The local methoxy coverage on the Cu
monolayer amounts to about 0.04 ML which is half the value found on Ru(0001). This value gradually reduces to zero for Cu coverages
exceeding 0.75 ML, ie., approaching the full Cu monolayer. Interestingly, passivation of the Ru(0001) step edges by minute amounts of
Cu or Pt effectively delays decomposition of Ru-bound methoxy. Specifically, the thermal stability of methoxy on uncovered Ru(0001)
increases from 220 K for clean Ru(0001) to about 300 K for a partially filled Cu/Ru or Pt/Ru layer. The thermal stability of Cu-bound
methoxy is even higher, and at least 380 K is required to transform all methoxy molecules into CO and hydrogen. Our study clearly
shows that a modification of the reaction kinetics on a catalytically active surface can be achieved even for minute amounts of deposited
metal atoms, e.g., by passivation of various types of reaction centers. For extended monolayer films, strain and electronic effects due to the
underlying substrate strongly affect stability of intermediate species, as well as their formation and decomposition kinetics.

H INTRODUCTION

In this paper, the thermal evolution of methanol on Cu/
Ru(0001) is presented. Special emphasis is thereby devoted to
the effect of preadsorbed Cu on the formation and decay of the
main intermediate methoxy. Despite its seminoble character,
Cu in conjunction with other materials may display exceptional
catalytic behavior. For example, copper is an important compo-
nent of the Cu/ZnO catalysts which is used for the synthesis of
methanol from H,, CO, and CO,.!

On Ru(0001), the first Cu layer grows pseudomorphically
despite a bold lattice mismatch of 5.5% with respect to Cu(111).>
Starting from the second Cu layer, the lattice strain begins to
relax. Detailed studies on the growth and properties of Cu/
Ru(0001) layers were conducted by several groups.””’

Since the work of Gsell et al,* it is well-known that strain has
a direct influence on adsorption energies and may significantly
affect surface reactivity. A simplified picture says that surface
reactivity increases with lattice expansion. DFT calculations for
CO and O adsorption, as well as CO dissociation on Ru(0001),
explain this effect by means of strain-induced shifts of metal
d-bands with respect to the Fermi level.'’

For thin pseudomorphic (strained) films, theory and experi-
ments show that the electronic influence of the substrate
represents the dominant contribution to surface reactivity.' ">
This was demonstrated by calculations of Laurent et al.'* for the
adsorption of H, on Cu/Ru(0001) and Pd/Ru(111) as well as on

v ACS Publications © 2010 American chemical Society

artificially strained Cu(111) and compressed Pd(111). The
adsorption of H, on normal Cu(111) and and that of Cu(111)
expanded by 5.5% (i.e., matched to the Ru(0001) lattice) are
both activated processes with barriers of a few hundred milli-
electronvolts; in agreement with expectation, the calculated
surface barrier is slightly reduced (130 meV) for the latter
system.'”””'* The experimentally observed sticking coefficient
for Cu(111) is ~10~%" on monolayer Cu/Ru(0001), the
activation threshold is reduced significantly to 160 meV, starting
from 360 meV for Cu(111)." Yet, for practical applications, the
sticking probability is still negligible. For Pd(111), on the other
hand, DFT calculations show that H, adsorption is nonactivated
with a sticking probability sy, = 1. For a 2% compressed lattice
constant (matched to Ru(0001)), sy, is still close to unity, yield-
ing a negligible activation threshold of 20 meV. In contrast, a
strongly activated H, adsorption (130 meV) is suggested for the
(compressed) pseudomorphic Pd/Ru(0001) monolayer.12 Even
though the strained and normal Cu and Pd surfaces behave
completely different in terms of H, adsorption, the pseudo-
morphic Cu/Ru(0001) and Pd/Ru(0001) monolayers are similar
insofar as they yield similar barriers of about 150 meV leading
to negligible sticking, s;; —0. Note that sy =0.25 for Ru(0001).
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Interestingly, the sticking probabilitly of oxygen so, on pseudo-
morphic Cu/Ru(0001) equals ~0.6; ®ie, it is similar to so,=
0.75 on the clean Ru(0001)."” In contrast, on the clean Cu(111)
surface so, is only in the range 10 >.'* From this comparison, it
becomes clear that besides strain the nearby substrate represents
another source of considerable influence on the adsorptive/
reactive properties of ultrathin metallic films.

The effect of these two influences on the characteristics of a
pseudomorphic strained layer has been disentangled in the case
of Pt/Ru(0001) where Pt grows pseudomorphically up to the
fourth atomic layer.""'* By means of experiments and theory, it
has been shown that the substrate predominantly influences the
epitaxial Pt monolayer and that this contribution has largely
vanished for three Pt layers, leaving the lattice strain as the
dominant effect.

Consequently, for submonolayer Cu/Ru(0001), the surface
reactivity regarding methanol is expected to be influenced by the
residual empty Ru(0001) substrate. This does not necessarily
mean that the reaction path must be the same like on Ru(0001).
An example for an unexpected effect of a submonolayer Cu/
Ru(0001) sample is the strong reduction of 55, on Ru(0001)
even at small Cu coverages: for O¢, = 0.1 ML sticking reduces
to sy, ~ 0.05,” starting from sy ~ 0.25 for clean Ru(0001). It is
therefore invoked that the passivation of step edges or other
types of reactive centers represents another important aspect to
be considered when investigating reactivity of bimetallic surfaces.

The only study dealing with methanol on Cu/Ru(0001)
has been conducted by Paul and Hoffmann®*® with HREELS
(high-resolution electron energy loss spectroscopy) and TPD
(temperature-programmed desorption) used as surface analyti-
cal methods. They identified a methoxy species as the primary
reaction product on clean and Cu precovered Ru(0001). This
finding, however, applies only to Cu layers in the submonolayer
regime since Cu films at or exceeding monolayer thickness
turned out to be inert in terms of methanol reactions. The lack
of any reaction of methanol on the complete Cu/Ru(0001)
monolayer as well as a Cu-induced stabilization of Ru-bound
methoxy could indeed be verified in this work. Additionally, the
superior spectral resolution of infrared absorption spectra allows
us to distinguish two different methoxy species, Ru-bound as well
as Cu-bound methoxy, and study their thermal evolution in detail
for various Cu submonolayer coverages.

On Cu(111), experimental and theoretical works agree that
no reactions of methanol occur.*' ~** Methoxy on Cu is formed
only when preadsorbed oxygen is available, promoting the O—H
bond breaking of methanol and leading to the removal of
hydrogen from the surface by water formation and desorption.”*
Especially, the Cu(100) surface turned out to be particularly
effective in this respect as high methoxy coverages up to 0.5
monolayers (ML) can be attained** *® In comparison, the
maximum amount of methoxy produced from methanol disso-
ciation on the clean Ru(0001) surface is 0.1 ML.* On sub-
monolayer Cu/Ru(0001) layers, the highest local Cu-methoxy
coverage is 0.04 ML, ie, about half as much as found on
Ru(0001) areas. On all of these surfaces, an upright geometry
of an oxygen-bound methoxy has been suggested.

B EXPERIMENTAL SECTION

The experiments were performed at a base pressure p = 6 X
10~ "" mbar. The Ru(0001) crystal has a diameter of 10 mm, a
thickness of 2 mm, and a purity of 5 N. It is mounted on a liquid

He or N, cooled cryostat, and it can be heated to 1570 K (limited
by the type K thermocouple) with linear heating rates of 0.1—
10 K/s. The Fourier transform infrared spectrometer (FTIRAS)
is a Bruker IFS 66v with evacuable optics (p < 1 mbar). The
polarized IR radiation is produced by a water-cooled blackbody
source (Globar), in conjunction with a wire grid polarizer. Within
this work, a LN,-cooled MCT (HgCdTe) detector was used,
allowing for measurements in the spectral ranges 600—
4000 cm ™', All infrared absorption (IRAS) spectra were taken
at a resolution of 2 cm ™~ ' with 500—2000 scans coadded. For the
IRAS measurements, the sample was positioned in a dedicated IR
cell, which contained an additional titanium sublimation pump. A
uniform gas dosage is provided by a multicapillary array with
individual diameters of ~10 zm. The sample was cleaned by Ar"
sputtering (1.5 keV, 1 uA) and multiple O, dosing cycles
combined with flashing the sample up to 1570 K. For the
X-ray photoelectron spectroscopy (XPS) measurements, a VG
Microtech Clam?2 electron energy analyzer in combination with a
Mg Ko source have been used. A more detailed description of the
experimental setup has been published recently.*”*°

The homemade Cu evaporator consists of a tantalum boat
which encloses a melted copper wire (GoodFellow, 99.99-+%
purity, 1 mm diameter). For temperature control, a tantalum wire
(5 mm length) inserted into the molten Cu contacts a NiCr—Ni
thermocouple. Cu was evaporated at Tc, = 910 K for about
45 min with a deposition rate of 4 X 10~ > ML min”~ ' at a growth
temperature T, = 700—800 K. Durinig the evaporation time, the
pressure increases up to 2—4 x 10~ mbar.

The Cu/Ru(0001) samples were prepared by evaporating
1.5—2 ML Cu and then flashing to 1100—1150 K to desorb
redundant copper. The prepared Cu/Ru(0001) layers were
characterized with IRAS by the adsorption of CO which exhibits
characteristic vibrational modes at 1991, 2068, and 2074 cm ™"
for the uncovered Ru(0001), the first Cu/Ru layer, and the
second Cu/Rulayer, respectively.’’ The corresponding IRAS
spectra of CO on 2 ML Cu/Ru(0001) and on 1 ML Cu/
Ru(0001) are shown in panels (A) and (C) of Figure 1. Panels
(B) and (D) show thermal desorption spectra of Cu from these
layers.

The methanol was cleaned by repeated freeze-and-thaw
cycles. The isotopic purity of CD;OH and CH,'"®OH (both
from Sigma-Aldrich Co.) was 99.8% and 95%, respectively. All
methanol exposures in this paper are specific to our experimental
setup only, and they are given as the product of the pressure in
our gas dosing system and the exposure time; the units used are
mTorr-s.

In the following, a monolayer (ML) is defined as the ratio of
the number of adsorbed particles to the number of substrate
atoms in the topmost layer. An amount of 10 mTorr-s of
methanol approximately leads to 10% saturation of the first layer
and equals 0.04 ML referring to the above definition as deter-
mined by XPS measuring the integral of the O, peak and
comparing the result with the one of O(2 x 2)/Ru(0001).

B RESULTS AND DISCUSSION

Our database regarding the adsorption and reaction of metha-
nol on bimetallic Cu/Ru(0001) layers comprises the isotopic
species CH;0H, CH;'®OH, and CD;OH. The data shown in
this work correspond to the CD;OH isotope only, as its
vibrational modes exhibit somewhat sharper line shapes with
respect to regular methanol. In addition, for the most prominent
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Figure 1. (A) IRAS spectrum of CO (@¢o = 0.03 ML) adsorbed on
2 ML Cu/Ru(0001) at 80 K. (B) TPD of 2 ML Cu/Ru(0001). The
QMS signal of mass 63 u was recorded while annealing the sample with
1Ks ™" (C) IRAS spectrum of CO (O¢p = 0.07 ML) adsorbed at 80 K
on 1 ML Cu/Ru(0001) recorded before the TPD on the right was
measurled. (D) TPD (mass 63 u) of I ML Cu/Ru(0001) measured with
1Ks .

reaction intermediate methoxy on Ru(0001), the CD;0O isotope
exhibits a 10 times stronger umbrella mode d,(CD3) (symmetric
CDs; stretch) than CH30 which allows a more accurate qualita-
tive analysis.29 A similar observation was reported in the litera-
ture for methanol on oxidized Cu(111)** and Cu(100)*® where
the methoxy umbrella mode was not at all observed for CH;0
but for CD;0 only.

A series of IRAS spectra taken from equal amounts of
methanol adsorbed at 80 K on Cu/Ru(0001) for different Cu
coverages is presented in Figure 2. Panels (A) and (B) cover the
spectral ranges 800—1550 and 1975—2400 cm ™', respectively.
In the range 1550—1975 cm ™ ! no features have been identified.
We have omitted an extra adsorption series here because, on
Ru(0001) areas, these spectra simply reproduce the well-known
behavior,®® while on the Cu/Ru(0001) monolayer at 80 K, all
vibrational modes of methanol grow in parallel not showing any
change in relative intensities and in line position. Such mono-
tonic behavior is in contrast to the adsorption of methanol on the
clean Ru(0001) surface.’® In that case, a coverage-dependent
variation in vibrational frequencies and intensities is observed
and has been attributed to clustering of individual methanol
molecules. This conclusion is mainly based on a low methanol
coverage (Opfethanol) thermal annealing series starting at 30 K
which exhibits clustering behavior at temperatures above about
100 K (high and intermediate methanol coverages led to
clustering even at low T).

Strictly speaking, a similar scenario applies to methanol on
Cu/Ru(0001); the difference is simply due to a higher lateral
mobility as compared to Ru(0001). Specifically, on Cu/Ru-
(0001), cluster formation sets in already at 60 K (even for low
methanol coverages of 0.1 ML), and therefore no isolated methanol
exists at 80 K. As this paper focuses on methanol reactions which
set in at T' > 180 K, the clustering behavior will not be discussed
further.

In this respect, we note that on clean Ru(0001) methanol
adsorbs as isolated molecules at rather low exposures <20
mTorr+s only; ie., the bottom spectrum in Figure 2 already
corresponds to clustered methanol (CD3;OH),,/Ru(0001).

In Figure 2, two sets of vibrational bands can be discriminated:
the one (e.g, peaks at 1106 and 1341 cm™ ') scales with the Cu
coverage O, while the other set (e.g., bands at 948, 1097, and
1242 cm™ ') is proportional to (1 — @¢,), i.e,, to the remaining
empty Ru(0001) area. For ©¢, — 0 ML, the spectra look more
and more like those of methanol on the clean Ru(0001) surface.
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Figure 2. Series of IRAS spectra taken from CD3;OH adsorbed at T4, =
80 K on various Cu precovered Ru(0001) layers. The Cu coverages in
monolayers are denoted on the right side of the figure. Two different
spectral regions are displayed. The amount of adsorbed CD;OH was
about 40 mTorr-s. The vertical scale is identical in panels A and B, and
the spectra are offset vertically for better clarity of presentation.

These modes, on the other hand, begin to shrink with increasing
Cu coverage, and they are completely gone for the complete Cu
monolayer. A number of modes (located at ~900, ~96S, and
~1060 cm ™" and in the range 0f 2050—2250 cm™ ') overlap, and
a clear-cut separation is not possible, even though in the limit of
very low Oc, and close to completion of the Cu monolayer
distinctly different line positions are observed for the respective
vibrational bands.

The feature at 1428 cm ™' in Figure 2 is observed for O¢, >
0.9 ML and in a rather narrow sample temperature range (80—
160 K) only, and it seems to be correlated with clustering of
methanol on Cu/Ru(0001). Yet, we will refrain from giving a
more explicit assignment of this peak in this work since it is
irrelevant for the thermal evolution of methanol on the Cu/
Ru(0001) monolayer and disappears upon slight annealing (160 K).

Clear evidence for an intact adsorption of methanol is
provided by the identification of the [6(OH) + p;,(CH;)] out
of phase and [0(OH) + p;,(CHs)] in phase modes. On Ru-
(0001), these modes of CD;OH have been observed at 900 and
1243 cm respectively;29 for a detailed description of these
coupled normal modes, see our previous publication.*® The corre-
sponding peaks for CD;OH on 1 ML Cu/Ru(0001) are located at
895 and 1341 cm™ ' (compare the topmost and the bottom
spectrum in Figure 2). An assignment of the vibrational modes is
summarized in Table 1. Other prominent modes in the topmost
spectrum (methanol on a complete Cu/Ru(0001) monolayer) are
the ¥(CO) stretching mode at 964 em™ ', as well as the 6(CD;)
antisymmetric and symmetric bending modes at 1065 and 1106
cm™ !, respectively. The modes in the range 2050—2250 cm™ " are
assigned to the ¥(CD3) stretching modes in Fermi resonance>> >*
with 6(CD3) bending overtones.

Figure 3 displays IRAS spectra of the layers in Figure 2 after
annealing to increasingly higher temperatures. Specifically, panels
(A), (B), and (C) show spectra after heating the samples to 220,
300, and 400 K, respectively. Similar to Figure 2, two different
species can be distinguished for submonolayer Cu/Ru(0001)
(panel (A) of Figure 3), one being dominant at negligible Cu
coverages and the other for high ©c,. The correspondin% sets of
peaks are found at 980, 1074, 2065, 2114, and 2163 cm™ ~ and at
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Table 1. Vibrational Modes (Frequencies Given in cm ') of Clustered Methanol (CH;0H and CD;OH) and CD;0 on Cu/
Ru(0001) as Well as CD;0H Clusters and CD30 on Clean Ru(0001)*

CH,0H CD,0H CD,0H CD;0—Cu  CD;O—Ru
T=80K T=80K T=80K T=220K T=220K
Oca=10  Oc =10 B¢ =00 Oc. =09 Oc, = 0.0
1005 964 967 990 980
~1110 895 900
1378 1341 1242
~1470 1065 1059
1435 1106 1097 1090 1074
2818 2065 2058 2054 2065
2912 2125 2118 2128 2114
2948 2217 2212 2187 2163
2975 2237 2239

mode assignment

v(CO)

[6(OH) + pip(CD3)] out of phase
[0(OH) + p;,(CD5)] in phase
0,(CD3)

0,(CD3)

v(CDj) stretching modes in Fermi resonance with various CD bending modes

“Note that the mode notation refers to CD;OH. O, is given in monolayers.
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Figure 3. Set of IRAS spectra of CD3;0H (T4, = 80 K) on Cu/Ru(0001) with © ¢, from 0 to 1.2 ML. The Cu coverage of each layer is denoted in panel
A. The three panels refer to the layers of Figure 2, annealed (heating rate 1 K/s) to 220 K in panel (A), to 300 K in panel (B), and to 400 K in panel (C).
All initial methanol coverages correspond to 40 mTorr s, and spectra were taken at 80 K. Note that the spectra labeled with an asterisk were heated to a
slightly different temperature as indicated in the figure (which resulted in negligible modifications as verified by other experimental runs). In the left out
spectral range 1220—1900 cm ™ ', no vibrational peaks are observed. For better clarity of presentation, the spectra are offset vertically. The spectra at a
certain vertical position (or color) belong to identical samples heated to different temperatures.

990, 1090, 2054, 2128, and 2187 cm ™}, respectively. The complete
assignment of these modes is also included in Table 1, referring to
spectra obtained at @, = 0.0 and 0.9 ML. Quite clearly, the
observed spectral features act as fingerprints of an upright methoxy
species (CD30) on uncovered Ru(0001) areas and on the Cu/
Ru(0001) monolayer. CD30 is formed due to the breaking of the
hydroxyl bond of the methanol molecule. Note that the formation
and characteristics of methoxy on clean Ru(0001) have been
discussed elsewhere.” Tt is apparent that the spectra at high Cu
coverages exhibit a signature very similar to methoxy on clean
Ru(0001), ie., typical for an oxyzgen-bound methoxy on a metal
surface with local Cy, symmetry.”***** Since the detected bands
mostly refer to internal vibrations of the methoxy species, the
substrate effect is relatively minor and consists of slight shifts in the
positions of individual modes up to about 20 cm

In panel (B), after annealing to 300 K, the vibrational modes
assigned to CD30 on uncovered Ru(0001) have decreased in inten-
sity by a factor of 2—3, and additional features around 2000 cm ™'
due to reactively produced CO appear. This observation is in

1964

accordance with expectations for methanol on the clean Ru(0001)
surface (@¢, = 0 ML) which yields complete decomposition of
CD;0 to CO and D at 300 K. The detection of intact Ru-bound
methoxy for ©¢, > 0.1 ML in panel (B) suggests that methoxy
decomposition is catalyzed by Ru defect sites (most likely step
edges) which became passivated by Cu. Interestingly, methoxy
on Cu/Ru(0001) remains virtually unchanged upon annealing to
300 K. These findings are visualized in Figure 4 where integrated
intensities of Cu- and Ru-bound methoxy as well as of CO from
methoxy decomposition are plotted as a function of the sample
annealing temperature for ©¢, = 0.6 and 0.3 ML. It is apparent that
CD3;0—Cu is more stable (AT ~ 40 K) compared to CD;0—Ru.
This result implies that the reaction pathways of Cu- and Ru-bound
methoxy are decoupled; i.e., migration between these two areas is
negligible.

The only peaks observed in the spectra of panel (C)
(Figure 3), ie., after annealing to 400 K, are located at about
2000 cm™ ', and they are assigned to CO as a result of methoxy
decomposition (on the Ru(0001) as well as the Cu/Ru(0001)

dx.doi.org/10.1021/jp107981x |J. Phys. Chem. C 2011, 115, 19611968
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Figure 4. Temperature dependence of integrated IRAS intensities:
(i) ¥(CO) (located at about 2000 cm ™ ') of the methoxy decomposition
product CO (rthombus), (ii) 6,(CD;) mode of Cu-bound methoxy at
1090 cm ™ * (triangle), and (iii) 94(CD3) mode of Ru-bound methoxy at
1074 cm™ " (circle). The top and bottom panels refer to Cu coverages of
0.6 and 0.3 ML, respectively. CD3;OH was adsorbed at 80 K, heated
(1K/s) to the respective temperatures, and then recooled to 80 K before
the IRAS spectra were taken. The initial methanol exposures equal
40 mTorr-s. The colored curves are guides to the eye.

areas). Since all ¥(CO) vibrational bands are located well below
2070 cm” ', it is concluded that all of the produced CO migrates
to uncovered Ru(0001) sites, which is in agreement with the
literature;*' it is furthermore corroborated by our observation that
CO is more weakly bound to monolayer Cu/Ru(0001) which
desorbs already at about 230 K, ie, at temperatures which are
substantially lower than the 400 K applied in ganel (C) and the
480 K required to desorb CO from Ru(0001). 6

For the sample with O¢, = 1.2 ML, all vibrational bands in
panels (A) and (B) are strongly attenuated. This observation may
indicate that the complete Cu monolayer is more or less
unreactive; i.e.,, reversible adsorption of methanol prevails.

An enhanced reaction yield for the partially covered Cu/
Ru(0001) layers strongly suggests a vital role of bare Ru(0001)
areas in activating methanol and forming methoxy on Cu/
Ru(0001) areas. To elucidate this hypothesis, we plotted the
Cu-dependent intensities of the characteristic methoxy v,(CD5)
vibrational mode due to reactively produced methoxy on Ru-
(0001) and on Cu/Ru(0001) (see Figure S). The various inte-
grated intensities were taken after annealing to 300 K; in the
case of methoxy on Ru(0001), an additional curve (annealing to
220 K) has been added since, at 300 K, methoxy has already
started to dissociate. This is particularly true for low Cu coverages
due to incomplete passivation of the more reactive Ru steps. As
expected, the methoxy/Ru(0001) bands gradually lose intensity as
O, increases, eventually vanishing completely at about O, = 1 ML.
Our data therefore suggest that complete pseudomorphic Cu layers
on Ru(0001) are inert with respect to methanol reactions, in
agreement with the literature.” Similarly, reversible adsorption of
methanol has been reported for Cu(111) as well 2%

Yet, submonolayer Cu/Ru(0001) definitely yielded Ru as well
as Cu-bound methoxy. Specifically, for methoxy on Cu/Ru-
(0001), the ¥,(CD3) band initially increases linearly with @¢,,
reaches a maximum at @c, = 0.75 ML, and gradually decays to
zero after completion of the Cu monolayer (the elimination of
residual empty Ru(0001) areas actually required a little more
than 1 ML of deposited copper).

V¥V CD,0-Cu@ 300K
O CD,0-Ru@220K
@® CD,0-Ru@ 300K

szv

06 08
0, ML]

1.0 1.2

Figure S. Integrated IRAS intensities (v,(CDj3) vibrational mode) of
reactively produced methoxy on Ru(0001) and Cu/Ru(0001) for
increasing amounts of deposited Cu (T, = 700—800 K). The underlying
spectra were obtained after adsorbing 40 mTorr+s CD3;OH at 80 K,
heating (1 K/s) to 220 or 300 K, and then recooling to 80 K for data
taking. The curves are guides to the eye.

To analyze the special role of Ru in the formation of methoxy
on the Cu/Ru(0001) monolayer islands, the uncovered areas of
Cu/Ru(0001) (O, = 0.75 ML) were passivated by the pre-
adsorption of hydrogen before exposure to methanol. This
treatment resulted in a 70% reduction in the methoxy yield on
Cu/Ru(0001), which led us to conclude that, indeed, residual
ruthenium areas represent a key factor in the formation of Cu-
bound CD;0. In this respect, we note that at 80 K H, does not
easily adsorb on Cu/Ru(0001).>° The reported reduction of the
H, sticking coefficient on Cu/Ru(0001) by at least a factor S0
with respect to clean Ru(0001) was confirmed by our TPD
experiments: a sample with about 0.9 ML Cu/Ru(0001) was
exposed to 16 Langmuir H,; this amount of hydrogen is found
sufficient to achieve saturation of H/Ru(0001). The integrated
mass 2 u desorption signal, however, corresponded to only 4.5%
of a monolayer H/Ru(0001), and for the most part it stems from
residual Ru areas. For 2 ML Cu/Ru(0001), the corresponding
2 u signal equaled <1% of a monolayer.

A reaction scheme with the steps (perimeter) of Cu/Ru-
(0001) monolayer islands representing the key component to
formation of Cu-bound methoxy (instead of residual Ru(0001)
areas as discussed above) can be ruled out, as an increased
number of small Cu islands on Ru terraces (sample temperature
held at 80 K during 0.5 ML Cu deposition) had virtually no effect
on the formation or thermal evolution of CD30. We conclude
that methoxy is primarily formed on uncovered Ru(0001) areas
and then partially migrates to Cu/Ru(0001) where it remains
bound as CD3;0—Cu. Thereby, the location of Cu-bound methoxy
is not restricted to the Cu/Ru boundaries but most likely extends
over the entire Cu areas. This is concluded from the largely linear
dependence of the CD3;0— Cusignal (Figure S) as the Cu coverage
increases. Otherwise, the CD;O signal on Cu/Ru(0001) should
saturate for rather low O, i.e,, as soon as Ru step edges become
decorated by a few atomic rows of Cu. The relatively small amount
of CD;0—Cuis ascribed to a poisoning of more reactive Ru(0001)
sites by relatively strongly bound methanol decomposition frag-
ments CD30, CO, and hydrogen which accumulate at T = 200 K
and which start desorbing only at T > 350 K. This means that active
sites for the production of additional methoxy become unavailable
at an early stage of methoxy formation.

The next thing that is important to mention is that even for
low methanol coverages (15 mTorr-s) and low O¢, = 0.3 ML
CD30—Cu decomposition nonetheless occurs at higher tem-
peratures than CD;O—Ru. It is concluded that the increased
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Figure 6. Temperature dependence of the integrated IRAS intensities
of methoxy (panel B, 6,(CD;) at 1074 em™ ') and its decomposition
product CO (panel A, ¥(CO) mode at 2000 cm™ '), demonstrating the
passivation effect of Ru(0001) by deposited Cu or Pt. In both panels, the
integrals comprise the Ru-bound methoxy and CO species only. The
triangles thereby refer to a clean Ru(0001) surface and the circles and
squares to Ru(0001) with predeposited copper (@¢, = 0.3 ML, T, =
700—800 K) and platinum (Op, = 0.07 ML, T, =700 K), respectively.
CD3;OH was adsorbed at 80 K, heated (1 K/s) to the respective
temperatures, and then recooled to 80 K for IRAS data taking. The
initial methanol exposure on Ru(0001) was 1S mTorr:s. On Cu/
Ru(0001) and Pt/Ru(0001), the corresponding value was 40 mTorr .
We note that the methoxy decomposition on Ru(0001) does not
depend on the initial methanol coverage.

stability of CD;0—Cu is a genuine effect of the Cu/Ru(0001)
monolayer rather than a consequence of a poisoning of free Ru
areas by methoxy decomposition products (we originally specu-
lated that the more reactive Ru(0001) areas might be responsible
for decomposition of Ru- as well as Cu-bound methoxy). In this
regard, we conclude that CD3;0—Cu decay does not involve
methoxy migration onto Ru(0001) areas.

A particular interesting property of the Cu/Ru(0001) layers is
the increased thermal stability of Ru-bound methoxy on these
surfaces as compared to clean Ru(0001). This observation is
visualized in Figure 6 where the umbrella mode 0,(CD3) of
CD;0—Ru and ¥(CO) of CO are shown as functions of the
annealing temperature for clean Ru(0001), Cu/Ru(0001) at ©¢, =
0.3 ML, and Pt/Ru(0001) at ®p, = 0.07 ML. On clean Ru(0001),
methoxy begins decomposing to CO and 3H right after it is
formed;” ie, CD5O (triangles, panel (B)) decays for T > 220 K,
while the CO entity (triangles, panel (A)) increases in parallel. At
280 K, methoxy decomposition is completed, and the amount of
CO reaches its maximum value. In the presence of preadsorbed
copper (located at Ru step edges due to our growth temperature
T, =700 K) ,* Ru-bound methoxy (circles, panel (B)) is fully stable
up to 250 K. Even at 300 K a notable fraction of intact CD;0
molecules on copper-free Russites are found (see the IRAS spectra in
panel (B) of Figure 3).

Similar to the clean Ru(0001) surface, the amount of pro-
duced CO increases in parallel to methoxy decomposition
(bullets, Figure 6(A)). It is quite evident that the decomposition
of Ru-bound methoxy proceeds slower on Cu/Ru(0001) than on
the clean Ru(0001) surface. These observations suggest that the
process of methoxy decomposition is driven by Ru step edges
and can be suppressed by Cu attachment. A similar observation is
made for Ru(0001) samples with Ru step edges passivated by
0.07 ML Pt,* deposited at T = 700 K (squares, Figure 6).

In Figure 7, multiple mass thermal desorption spectra of
CD;OH (and various reaction products) are presented for dif-
ferent Cu coverages on Ru(0001). The initial methanol cov-
erages correspond to those used in Figure 2 and Figure 3 and
equal 40 mTorr*s (Opehanol = 0.15 ML). Following methanol
adsorption at 80 K, the samples were heated at 1 K/s, and the
masses 2, 3, 4,28, and 33 u were measured in parallel. To monitor
CD;OH mass, 33 u was used which is the most intensive
fragment of the ds;-methanol isotope. Desorption of intact
methanol molecules (33 u) thereby always occurs at 170—
200 K, with a slight dependence on the Cu coverage. This peak
is due to chemisorbed methanol and not due to multilayer
desorption which can be observed at about 140 K for higher
methanol exposures.”” At 80—250 K, other masses with signals
resembling the 33 u trace are due to ionization fragments of
desorbing methanol. Desorption of the final reaction products of
methanol decomposition, i.e., H,, HD, D,, and CO, is observed
at 340—380 K (masses 2, 3, and 4 u) and at 380—480 K (mass
28 u), respectively.

For a full Cu monolayer (@, = 1 ML), the amount of
desorbing CO and hydrogen is very low (Figure 7); the integral
of the 28 u signal (marked blue in the figure) corresponds to less
than 1% of a monolayer CO. This value increases steadily if less
Cu has been deposited; e.g., a sample with 0.9 ML Cu produces
0.02 ML CO. To a good approximation, the amount of desorbing
CO scales with the fractional area of non-Cu-covered Ru(0001).
Since CO is the only dissociation product of methoxy on the
studied surfaces, the integral coverage of this species can be
derived from analyzing the amount of desorbing CO. In this
respect, we note that we have not found any evidence for the
presence of formaldehyde, both as a desorbing or a surface
species (detection limit 107> ML). In the case of a rather low Cu
coverage (Oc, = 0.2 ML), for example, the maximum amount
of methoxy (after repeated CD3;OH dosing and annealing T —
250 K) calculated from CO desorption equals 0.085 ML. This
value is in good agreement (~15% variation) with the value
obtained from the decomposition of methanol on the clean
Ru(0001) surface (see Figure 7(D)) which is about 0.1 ML.*’
These findings corroborate our conclusions that methoxy forma-
tion from methanol proceeds until saturation of non-Cu-covered
Ru(0001) areas by methanol decomposition products impedes
further activation of adsorbed methanol.

For high @c,, the hydrogen isotopes H,, HD, and D, desorb
at different temperatures, namely, ~340, ~350, and ~365 K,
respectively. Regular hydrogen desorbs first, and the signal is
exclusively caused by the hydrogen from the initial abstraction
of the hydroxyl hydrogen atom (CD;OH — CD;O + H)
which occurs at 180—200 K when methoxy is built. D, on the
other hand exclusively stems from the dissociation of the
methyl group which occurs at higher temperatures (350—
360 K) when methoxy decays into CO and 3D. Consequently,
the 3 u signal (HD) is due to the coexistence of H and D on the
surface.

The sequential desorption of H,, HD, and D, on Cu-rich
samples is in contrast to the observation that all hydrogen
isotopes desorb simultaneously in the absence of Cu on Ru-
(0001) (see the very right panel of Figure 7). We attribute this to
the fact that on the clean Ru(0001) methoxy dissociates well
below 300 K; ie., the dissociation temperature of methoxy is
lower than the desorption temperature of hydrogen, so that
accumulation of H and D occurs until both of them desorb in
common and associatively at about 370 K.
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Figure 7. Multiple mass TPD spectra of CD;OH adsorbed on different Cu/Ru(0001) layers at 80 K. The Cu coverages in panels (A), (B), (C), and (D)
are equal to 1.2, 1.0, 0.9, and 0 ML, respectively. The sample was linearly heated (1 K/s) from 80 to 600 K. The initial methanol exposures were
40 mTorr+s. The 28 u desorption peaks at 350—500 K are emphasized, and they correspond to reactively produced CO (methoxy decomposition). The

integral amounts (given in monolayers) are denoted in the image.

The 28 u desorption signals at ~400 K consist of two peaks for
Oc, = 1.2, 1.0, and 0.9 ML, one around 380 K and a second one
at 430 K. On the clean Ru(0001) surface, CO likewise exhibits
two desorption peaks for CO coverages @¢o > 0.33 ML.>%*
Due to small Ru areas which are not covered by Cu at 1.2 ML >
B¢, > 0.9 ML, and in conjunction with a pronounced prefer-
ence of CO for non-Cu-covered Ru(0001), the local CO cover-
age in these areas can likely exceed 0.33 ML and lead to the well-
known double peak signature in the CO desorption trace. This
hypothesis is corroborated by the relative ratio of these two 28 u
peaks which changes with Cu coverage: the higher the Cu coverage,
the higher the intensity of the low temperature peak, i.e., the higher
the local CO coverage of the Cu-free Ru areas. For the clean
Ru(0001) surface, only one CO desorption peak is observed at
about 475 K.

The small amount of desorbing CO from samples with high
Cu coverages, e.g., ©¢, = 0.9 ML, seems to be in contradiction to
the intensive methoxy vibrational peaks in the spectra in Figure 3
and may indicate an alternative decomposition pathway avoiding
CO formation. Specifically, the intensities of the CDj stretch and
bending vibrations of Cu-bound CD;0 are comparable to those
of methoxy on clean Ru(0001); hence, one would expect similar
CD30 coverages for both samples. On the sample with 0.9 ML
Cu, however, the overall amount of produced methoxy, as cal-
culated from the CO desorption signal (or deduced from the CO
internal stretch intensities), equals 0.02 ML only, which is S times
less than on the clean Ru(0001). This result was confirmed by
XPS: The quantities of CD30 and CO were determined by
measuring the O, peak and comparing the result with the one of
O(2 x 2)/Ru(0001) which corresponds to © = 0.25 ML. On a
sample with about 0.7—0.8 ML Cu several CD;OH dosing (T =
80 K) and annealing (T — 250 K) cycles were performed until
maximum IRAS intensity of the CD;O—Cu species was ob-
tained. The integrated O, peak of this sample equaled 0.048 ML
oxygen. From the CO thermal desorption peak (identical layer),
the corresponding value was determined to be 0.043 ML con-
firming the XPS results. It seems, therefore, that the dynamic
dipoles of Cu-bound methoxy modes are significantly stronger
than equivalent ones of Ru-bound methoxy.

For a more detailed investigation of the exceptionally strong
modes of the CD;0—Cu species, we performed additional
experiments with methanol adsorbed on Cu(111)/Ru(0001)
(©¢y=30 ML held at 900 K for 30 min after Cu deposition). Our
IRAS, TPD, and XPS data confirm previous findings that the
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clean Cu(111) surface is fully inert regarding methanol reac-
tions and that surface oxygen is needed to convert methanol
to surface methoxy (which mainly desorbs as formaldehyde at
400 K).*' > A fractional amount of methoxy undergoes further
oxidation to surface formate which eventually desorbs as CO,
and I;I12 as suggested for Cu(111) single-crystal surfaces by Russell
et al.

Similar to Cu/Ru(0001), we found that for a methoxy cover-
age of about 0.1 ML (measured with XPS) the vibrational bands
of Cu-bound methoxy on multilayers Cu(111)/Ru(0001) are
once again much stronger than equivalent ones of Ru-bound
methoxy on clean Ru(0001). Specifically, we determined en-
hancement factors of X 1.5 for the methoxy C—O stretching
mode, X10 for the symmetric CD; bend (umbrella mode),
and x$ for the symmetric CDj stretching modes. These findings
are consistent with our data on methoxy on Cu/Ru(0001)
submonolayers. While we cannot give a convincing explanation
for this increase at present, we suspect that for Cu-bound methoxy
the coupling between methoxy dynamic dipoles and Cu surface
states may lead to exceptionally strong dynamic charge oscillations
associated with methoxy vibrational excitations. At this point, DFT
calculations for normal mode intensities as well as for coupled
modes (Fermi resonance) of methoxy on Cu/Ru(0001) layers
would be helpful.

Kind of puzzling, the 28 u signal shows a peak at about 230 K
for Cu/Ru(0001) layers close to Cu monolayer coverage (two
left panels of Figure 7). The temperature matches the desorption
temperature of CO from the first Cu/Ru(0001) layer;*" in
addition, these peaks correlate well with the 12 u signal (not
shown), which represents a fragment of desorbing CO. Specifi-
cally, the trace of the mass 12 u signal multiplied by 10 resembles
the 28 u curve for temperatures above 210 K. At lower T both
curves differ because in this temperature range the mass 12 u
signal represents a fragment of desorbing methanol and not of
CO. The 230 K peak, however, is probably not caused by CO
stemming from methanol decomposition, but it is, most likely,
due to a CO contamination which was accumulated during
sample positioning in front of our mass spectrometer. The
amount of CO desorbing at 230 K in Figure 7 equals about
0.005 ML which matches the amount after positioning the clean
sample (T = 80 K) for 1 h in the IR cell and then taking a TPD
spectrum. For lower @c,, this peak is missing since CO will
migrate to the remaining empty Ru sites, leading to desorption at
about 430 K.
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For completion, we like to mention another possible reaction
path which involves C—O bond breaking of methanol as the
primary activation step. Yet, this path can be excluded as there is
no experimental evidence for this reaction which would likely
produce water (2CH;0H — 20H + 2CH; — H,0 + O +
2CHj;) or methane (CH;OH — OH + CH; — O + CH,). In
the TPD experiments, no 18 (H,0), 19 (HDO), or 20 u (D,0)
signals are detected except for methanol fragments. The same
applies to the TPD signal of mass 15 u (CH; ™) which would be a
major fragment of desorbing CH, in an experiment with
CH;0H/Cu/Ru(0001). As already mentioned above, D,CO
represents another potential intermediate species which, how-
ever, is not observed under the conditions of our experiment, i.e.,
in the absence of surface oxygen. Furthermore, in the IRAS
spectra no indication for surface water or OH could be found. We
note that in previous work on “clean” Ru(0001) H,O formation
and desorption has been traced to the reduction of residual
oxygen by means of direct H transfer of methanol hydroxyl
hydrogens.*’

B SUMMARY

In this work, the reaction of methanol on Cu/Ru(0001) has
been studied. At low T methanol adsorbs intact on Cu/
Ru(0001). Due to an enhanced mobility on Cu/Ru(0001)
monolayer areas, clustering of methanol occurs at 80 K, even
for low Oyfethanoy; this is in contrast to methanol adsorption on
clean Ru(0001) which exhibits isolated molecules at 80 K and
low Opjethanol- For a closed Cu monolayer, reversible adsorp-
tion of methanol is observed, in agreement with previous
experiments on Cu/Ru(0001)*° and with measurements of
methanol on Cu(111).*"?* For @, < 1 ML, annealing to
200—220 K leads to methanol desorption and, in parallel, to a
decomposition via O—H bond breaking forming upright
methoxy molecules. The IRAS spectra allow us to discriminate
methoxy on uncovered Ru(0001) areas as well as Cu-bound
methoxy. The maximum local methoxy coverage on Cu/Ru-
(0001) monolayer areas equals 0.04 ML which is about half the
quantity formed in the course of methanol decomposition on
clean Ru(0001).”

The formation of Cu-bound methoxy requires free Ru(0001)
sites to be present. Blocking of these by preadsorbed hydrogen or
by completion of the Cu/Ru(0001) monolayer effectively sup-
presses methoxy formation. Similarly, the methanol decomposi-
tion products hydrogen and methoxy lead to a self-poisoning of
Ru(0001) with respect to methanol activation. Another passiva-
tion effect concerns the decomposition of methoxy on Ru(0001).
Our data clearly demonstrate that the thermal stability of
Ru-bound methoxy can be enhanced by 40—50 K by means of
Cu passivation of Ru step edges. This passivation of Ru step
edges could also be achieved by deposition of submonolayer
amounts of Pt. Cu-bound methoxy is notably more stable than
CD;0—Ru and can be observed up to 380 K. At 350—400 K,
the decomposition of virtually all methoxy is completed,
leading to the final reaction products, namely, carbon mon-
oxide and hydrogen. They desorb at 380—480 and 340—
380 K, respectively. For CO we find unequivocal evidence for
migration to free Ru(0001) areas in advance of desorption.
Contrary to methoxy decomposition, methoxy formation is
not affected by predeposited Cu or Pt, which rules out any
influence of steps in the initial activation of methanol on
Ru(0001).
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ABSTRACT: A versatile though straightforward process to
functionalize materials is to deposit thin metal films or add
coadsorbates in a controlled way. Referring to the direct
methanol fuel cell, it is desirable to influence chemical reactivity
and selectivity of catalysts to convert methanol to CO, instead
of CO, which acts as a poison affecting continued and stable
operation. In this study Fourier transform infrared spectrosco-
py, temperature-programmed desorption, and X-ray photoelec-
tron spectroscopy were used to study the reactions of methanol
(CD3;0H) on Cu monolayers on Ru(0001). In contrast to
the inert pure Cu/Ru(0001) monolayer, the oxygen-covered
Cu/Ru(0001) layer exhibits enhanced reactivity toward metha-

[CD,®OH+10]/Cu/Ru(0001)
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nol activation and methoxy (CD30) formation. Interestingly, the ordered (2 x 2)-O phase is unreactive as well, which indicates a
reduced affinity of this ordered array of oxygen atoms toward hydrogenation. Activation of methanol therefore occurs primarily in
dilute oxygen environments or at defects and domain boundaries of the (2 x 2)-O phase. Under such favorable conditions (upright)
methoxy is formed readily, even at low T < 80 K. If oxygen layers are not annealed (T < 80 K) prior to methanol admission methanol
adsorbs dissociatively even at 20 K. In general, methoxy formation is accompanied by the formation of surface hydroxyl (OH) which
desorbs as water at 300—350 K. Methoxy represents the main intermediate up to 350 K. Depending on the oxygen coverage, further
annealing transforms methoxy into formaldehyde (D,CO), which desorbs instantaneously, or methoxy is oxidized to formate
(DCOO), which represents a stable intermediate and eventually produces (desorbing) CO, at T > 450 K. As a minority species

formyl (DCO) is identified.

B INTRODUCTION

This study concerns methanol (CD3;OH) reactions on oxy-
gen-covered Cujpy /Ru(0001) layers (¢, ~ 1 ML) which
exhibit reactivity toward complete methanol oxidation and thus
formation of CO,. In general, catalysts that convert methanol to
CO, are of interest with respect to the direct methanol fuel cell
(DMFC) where CO poisoning of the electrodes represents a
longstanding problem.' >

Methanol reaction pathways eventually leading to CO, for-
mation may proceed via a CO formation and oxidation reaction
or the dehydrogenation of a formate (DCOO) species. Thereby
formate can be formed by oxidation of formyl (DCO) or of
methoxy (CD;O) with the latter releasing excess D atoms.
Because of CO poisoning, catalysts that dehydrogenate methanol
without oxidation of CO may be unsuitable for practical use.
Usually PtRu alloys are used as electrode materials in a DMFC.>
Copper, or more specifically Cu/ZnO, is the material used for
methanol synthesis from syngas.

Reactions of methanol on Ru(0001) have recently been
analyzed and methoxy as well as CO were identified as the only
stable surface intermediates.” Residual oxygen thereby is identi-
fied to induce a direct H-transfer from the methanol OH group,
eventually leading to water formation and desorption removing
surface oxygen. Ordered O(2 X 2) or O(2 x 1) overlayers on

v ACS Publications ©2011 American chemical Society
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Ru(0001), on the other hand, turned out to be entirely unreactive
under the (ultrahigh vacuum) conditions of our experiment.*

The growth of Cu on Ru(0001) has been investigated by a
number of groups.’”” Their experimental results agree that a
pseudomorphic first Cu layer on Ru(0001) is formed with a
lattice mismatch of 5.5% (expansion) with respect to Cu(111).
Starting with the second Cu layer the strain begins to relax, and
the pseudomorphic structure is lost. Thick Cu layers (<40 ML)
behave virtually identical to the Cu(111) surface referring to their
adsorptive properties.®

The reactions of methanol on various (oxygen free) submo-
nolayer Cu/Ru(0001) surfaces have been studied previously.”'
The complete Cu/Ru(0001) monolayer thereby turned out to be
unreactive; that is, methanol desorbs intact at 180 K rather than
reacts. For ©¢, < 1 ML dehydrogenation of methanol via an
upright (local Cs, geometry) methoxy (CD3O) intermediate,
formed at 180—200 K, occurs. The final reaction products
hydrogen and CO desorb at 350—370 and 380—470 K, respec-
tively. One of the main differences between clean Ru(0001) and
submonolayer Cu/Ru(0001) is that Ru step edges which play an
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active role in methoxy decomposition become passivated by
Cu, increasing the methoxy decomposition temperature from
220 K for clean Ru(0001) to 300 K.*'°

Similar to the clean Cu(111) surface,""'* preadsorbed oxygen
is needed for the Cu/Ru(0001) monolayer to initiate methanol
reactions via O—H bond breaking as the first step. On Cu(111),
hydrogen abstracted from the methanol OH group reacts with
surface oxygen and desorbs from the surface as water, leaving a
methoxy'""* layer behind. Upon further annealing methoxy is
dehydrogenated and desorbs as formaldehyde."" A low binding
energy of formaldehyde which desorbs rather than under%oes
further reaction is in accordance with theoretical predictions.">"*
In parallel, minor CO, desorption was observed, suggesting
methoxy oxidation and a formate intermediate."" Experiments
and thlelm?r3 agree that without preadsorbed oxygen no reactions
occur.

The oxidation of methanol on oxygen-precovered Cu(100)
has been investigated by Ryberg and Trenary’s group.'>~'* Using
IRAS, the authors identified methoxy as the major reaction
intermediate which decomposes to gas phase formaldehyde
and, as a minor reaction species, formate.

Similarly, methoxy which decays to gaseous formaldehyde also
represents the dominant reaction intermediate of the methanol
reaction path on 0/Cu(110).122° Remarkably, on Cu(100),
Cu(110), and Cu(111) surfaces, dense oxygen layers are found
to inhibit methanol activation; for Cu(110) edge sites of the
oxygen islands were identified as reaction centers.'"'” >

Similar to Cu surfaces, preadsorbed oxygen is also needed to
activate methanol on Pt(111).>' On O/Pt(111) methanol simply
decomposes to CO and H.**** For submonolayer methanol
coverages formaldehyde is identified as an intermediate which
again decomposes to CO and H; further oxidation to formate
represents a minor reaction pathway.z2 In contrast, for the
O,-covered Pt(111) surface the oxidation of methanol leads to
formate as the main reaction product species.”® In parallel,
released H efficiently produces water on Pt(111), as long as
surface oxygen is available; this latter process represents an
unwanted drain of H atoms in the fuel cell.

To the best of our knowledge, the only work dealing with
methanol on oxygen-precovered Cu/Ru(0001) layers has been
published by Paul and Hoffmann.” In their study partial dehy-
drogenation of methoxy to formaldehyde desorbing at about
400 K was observed. This specific finding is in agreement with
results presented in this work. Yet, neither spectroscopic evi-
dence for surface formate nor CO, desorption, which could act as
a hint for complete methanol oxidation, has been reported by
Paul and Hoftmann.

B EXPERIMENTAL SECTION

The experiments were performed at a base pressure p = 6 x
10~ " mbar. The sample is a Ru(0001) crystal (5 N purity) with
10 mm diameter and a thickness of 2 mm. It can be cooled with
liquid He or N,, and it can be heated up to 1570 K (limited by the
type K thermocouple) with linear heating rates of 0.1—10 K/s.
The quadrupole mass sgectrometer (Balzers QMA112) is equip-
ped with a Feulner cup™* (glass enclosure) to ensure desorption
from the front face of the sample only and to enhance the
desorption signals. The Fourier transform infrared spectrometer
(FTIR) is a Bruker IFS 66v with evacuable optics (p < 1 mbar).
Polarized IR radiation is produced by a water-cooled black-
body source (Globar) in conjunction with a wire grid polarizer.

Within this work a LN, cooled MCT (HgCdTe) detector
was used, allowing for measurements in the spectral range
700—4000 cm ™ '. All infrared absorption (IRAS) spectra were
taken at a resolution of 2 cm ™' with typically 500—2000 scans
coadded. For the IRAS measurements the sample was positioned
in a dedicated IR cell, which contained a titanium sublimation
pump. A uniform gas dosage is provided by a multicapillary
array with individual diameters of ~10 um. The sample was
cleaned by Ar” sputtering (1.4 keV, 1 #A) and multiple O, dosing
cycles combined with flashing the sample up to 1570 K. For
the X-ray photoelectron spectroscopy (XPS) measurements, a
VG Microtech Clam?2 electron energy analyzer in combination
with a Mg Ka source has been used. In the following a mono-
layer (ML) is defined as the ratio of the number of adsorbed
molecules or atoms to the number of substrate atoms in the
top layer.

For Cu deposition homemade thermal evaporators were used.
The typical deposition rates were ~0.1 ML min ™" at a growth
temperature Ty, = 700—800 K. During the evaporation time the
pressure increases up to (2—4) x 10 '* mbar. A more detailed
description of the experimental setup has been published
recently.*>> The Cu/Ru(0001) monolayer samples were pre-
pared by evaporating 1.5—2 ML Cu and then flashing to 1100—
1150 K to desorb redundant copper. The prepared Cu/Ru-
(0001) monolayers were characterized by measuring the ¥(CO)
mode of adsorbed CO with IRAS."® The error of the Cu coverage
is estimated to be 5%. In our recent paper the preparation of the
Cu/Ru(0001) layers has been described in detail.'’

Methanol was cleaned by repeated freeze-and-thaw cycles.
The isotopic purity of CD;O0H and CH;'®OH was 99.8% and
95%, respectively. All methanol exposures in this paper are
specific to our experimental setup only, and they are given as
the product of the pressure in our gas dosing system and the
exposure time; the units used are mTorr+s. 10 mTorr-s of
methanol approximately leads to 10% saturation of the first layer
and equals 0.04 ML referring to the above definition as deter-
mined by XPS (integral of the O}, peak) and comparing the
result with O(2 x 2)/Ru(0001) (Supporting Information).
Accurate O(2 x 2)/Ru(0001) layers with ®g = 0.25 ML were
prepared according to Koch et al.>® The oxygen coverages, @,
on Cu/Ru(0001) have been determined analogous by measuring
the Oy peak by means of XPS; errors in the given values are
estimated to =10%.

The data shown in this work comprise the CD;OH isotope
only, as its vibrational modes exhibit somewhat sharper line
shapes with respect to regular methanol (see Supporting In-
formation). In addition, CD30 (methoxy) on Ru(0001) exhibits
a 10 times stronger umbrella mode d,(CD3) (symmetric CD;
stretch) than CH30, which allows a more accurate quantitative
analysis.* A similar observation was reported in the literature for
methanol on oxidized Ag(lll),27 Cu(111),"* and Cu(100)*®
where the umbrella modes were not at all observed for CH;O but
for CD;0 only.

B RESULTS AND DISCUSSION

As it will turn out in the course of this study, oxygen-free
Cuyp,/Ru(0001) and the well-ordered (2 x 2)-O phase on this
substrate are more or less unreactive with respect to methanol
activation. This is why the majority of presented data refer to
intermediate oxygen coverages. Another important aspect will be
whether the oxygen layers have been annealed (to induce at least
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Figure 1. Thermal evolution of infrared absorption spectra of CD;OH
adsorbed on O/Cu, /Ru(0001) (O = 0.11 ML, annealed to 600 K).
Initial methanol exposures (T,q = 20 K) amount to 10, 20, and
40 mTorr-s. After annealing to the indicated temperatures the sample
has been recooled to 20 K for data collection. The spectra are offset
vertically for better clarity of presentation.

Table 1. Vibrational Modes (Frequencies in cm ™ ') of
CD;'°0 and CH;'°0 on O/Cu;p/Ru(0001) and on Clean
Cu; i /Ru(0001)1°¢

O/Cu/Ru(0001) Cu/Ru(0001)
CD;0 CH;0 CD;0 CH;0 mode
1001 1025 990 1013 v(CO)
1094 1090 0,(CD3)
2050 2801 2054 2813 v(CD3) stretching modes
2126 2875 2128 2880 in Fermi resonance
2187 2917 2187 2915 with various 0(CD5)

“ The quoted line positions deviate slightly from those in Figure 1 as they
were derived from layers annealed to 300 K; in addition, coadsorbed
oxygen may lead to slight shifts in line positions. Note that the mode
description and notation refers to CD;0.

partial ordering) in advance of methanol adsorption or whether
methanol has been admitted onto nonannealed, disordered
O/Cujpr/Ru(0001). Molecular adsorbed (chemisorbed) oxy-
gen species could not be identified even at 20 K.

Methanol on Ordered Oxygen Layers. Adsorption and
Initial Activation. In this study, oxygen has been generally
adsorbed at low T (20—80 K); ordered oxygen layers were
achieved by annealing the sample to 600 K. Below 350 K only
Ru spots were observed with LEED. Between 350 and 450 K a
(2 x 2) LEED overstructure appeared (see Supporting In-
formation). Using LEED and STM, the structure of oxygen
layers on Cujpy/Ru(0001) has been investigated by Ammer
etal,* and a complex (3 3)-O structure has been found after the
Cu/Ru(0001) monolayers have been exposed to ~100 lang-
muirs of O, at 520 K. In our case moderate oxygen exposures up
to 15 langmuirs were used, leading to the simpler (2 X 2)-O
superstructure.

IRAS spectra monitoring the adsorption and the initial reaction
step of methanol on 0.11 ML oxygen on 1 ML Cu/Ru(0001) are

presented in Figure 1. Increasing amounts of methanol were
adsorbed at 20 K and then heated as indicated in the figure before
recooling for data acquisition. At 20 K CD;OH adsorbs intact
very much the same as on Ru(0001)*** or Cu/Ru(0001)"° at 80
K. Unlike these system, however, the initial activation of metha-
nol occurs well below LN, cooling temperatures (80 K).
Specifically, we identified an O—H bond breaking leading to
the formation of methoxy already at 60 K.

The vibrational modes providing unambiguous evidence for
methanol dissociation at 60 K are those associated with the
methoxy species (CD30), the most prominent one being the
v(CO) mode at 995 cm™'. At 80 K weaker methoxy peaks at
1092 and 2188 cm ™' can be recognized as well. At about 120 K all
peaks of methoxy are clearly visible at 996, 1092, 2051, 2126, and
2188 cm '; they are assigned to the ¥(CO) stretch, d,(CD;)
symmetric bend, and v(CDj) stretching modes in Fermi
resonance>">*** with various CD5 bending modes (see Table 1).
The spectral signature fits well to an upright methoxy occupying
3-fold hollow sites and with its C—O axis oriented normal to the
surface, as observed on Cu(111) and on various transition metal
surfaces.”'*'>*73973 1 parallel to the growth of methoxy
vibrational features the original bands indicative of intact metha-
nol fade away. On the clean Ru(0001) surface methoxy forma-
tion requires much higher temperatures (about 200 K). This
points at a significantly lower barrier for methanol decomposi-
tion on the oxygen-precovered Cu/Ru(0001) monolayer. The
abstracted H atoms react with surface oxygen to O—H which
becomes clearly visible at T > 120 K: in the spectrum at 120 K a
tiny peak evolves at 3590 cm ' which we take as a clear
indication for the presence of an OH species.

In Figure 2, IRAS spectra of CD;OH adsorbed at 80 K on
O/Cuyp/R(0001) are displayed. The initial oxygen coverages
in panels A and B are 0.04—0.05 and 0.2—0.25 ML, respectively.
In the following these layers will be called O8" and O a5 they
are representative of two dissimilar reaction pathways. It is
apparent that in both cases a mixture of intact methanol
(spectral signature according to Figure 1 and Table 1) and its
dissociation product methoxy is present at low T ~ 80 K.

Annealing to 200 Kleads to characteristic changes in the IRAS
spectra in both panels. For ©3" and ©%¢" the vibrational bands
of methoxy represent the dominant features in the spectra. Yet,
the thermal evolution proceeds distinctly different for the two
oxygen precoverages of panels A and B, as will be outlined in the
following.

For low ©¢ (panel A) an additional feature at 3622 cm™ " is
observed which is assigned to the ¥(OH) stretching mode of
surface hydroxyl (OH). It exhibits maximum intensity at 250 K
and then decreases gradually as the annealing temperature
increases further, until it is completely gone at 350 K as depicted
in Figure 3A. Alternative assignments such as the O—H vibration
of methanol can be excluded as the respective O—H stretch
mode is located at about 3500 cm ' for adsorbed isolated
methanol (on the Ru(0001) surface) and at about 3200 cm ™'
for methanol clusters and multilayers.”® Our interpretation is
further supported by the detection of an equivalent band, slightly
shifted in frequency, when regular surface oxygen is replaced
by '®0. Preadsorption of a mixture of 190 and '*0 then produces
vibrational bands at 3622 and 3611 cm™ ' (see inset of panel A)
which are assigned to the v(**OH) and v(**OH) modes of
the two hydroxyl isotopes. The derived '°0 <> "0 isotopic shift
factor of 1.00305 agrees with expectations for isolated OH, giving
1.0033.
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Figure 2. IRAS spectra of CD;OH adsorbed at T,q, = 80 K on annealed O/Cuypy/Ru(0001) layers: (A) ¢ = 0.04—0.05 ML (©S*) and (B)
©,=02-025ML (@}Sgh). The initial methanol exposures correspond to 40 mTorr - s, and the spectra were taken at 80 K after heating with 1 K/s to the
indicated temperatures. Note that in the spectral range 2300—3500 cm ™' no vibrational peaks have been observed. The inset in (A) shows an IRAS
spectrum of CD;OH on a mixed (**0 + '°0)/Cu/Ru(0001) layer (O™ A 0.05—0.1 ML) after annealing to 200 K. The spectra are offset vertically for

better clarity of presentation.
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Figure 3. (A) Integrated IRAS intensity of the surface hydroxyl O—H
stretch mode, ¥(OH), at 3622 cm ' on the annealed O/Cujpg/
Ru(0001) layer (© =2 0.1 ML) as a function of annealing temperature.
(B) Integrated IRAS intensity of the in-phase [0(OH) + pm_Phne(CDﬁ}
mode at 1313 cm ™' of CD3;OH on the annealed O/Cu;y; /Ru(0001)
layer (@ ~ 0.2 ML) as a function of annealing temperature. The initial
methanol exposures were 40 mTorr-s.

The proposed reaction is CD;OH + O — CD;0 + OHj ie, the
hydrogen of methanol’s OH group is transferred to a surface
oxygen atom and eventually desorbs associatively as water H,O
(see below). A similar behavior is encountered on Ru(0001) where
a direct transfer of methanol’s hydroxyl hydrogen to surface oxygen
is found without intermediate binding of abstracted H to Ru-
(0001).* On Ru(0001) this very process has been verified by
coadsorption of CD;0H, O, and D. In the resulting TPD spectra
only H,O (18 u) was observed (peak areas of masses 19 and 20 u
amounted to less than ~1% of 18 u). In the case of O/Cuypy/
Ru(0001) such a direct transfer could not be investigated because
the sticking probability of H, is close to zero. As to the primary
activation of methanol on Cu/Ru(0001), we can clearly exclude
any transfer of hydrogen (D) from the CD; methyl group because
v(OD) should exhibit a peak at about 2600 cm ™" which was not
observed in the course of our experiments.

For high oxygen coverages on Cu/Ru(0001) (annealed layer)
the thermal evolution of methanol proceeds differently.

16558

Specifically, an extra set of vibrational bands, the most prominent
one located at 1313 cm ™, is observed upon annealing to T > 150
K. This mode scales directly with other vibrational features at
885, 960, 1065, 2076, and 2239 cm ™' as the annealing tempera-
ture is raised. As will be detailed below, using isotopic substitu-
tion, they can be ascribed to intact methanol, most likely
embedded in a well-ordered (2 X 2)-O environment. In the
following we call this species CD;0H®*?© This interpretation
is supported by the close similarities to spectra of adsorbed
methanol on (i) clean Ru(0001) and (ii) an ordered oxygen-
precovered Ru(0001)-(2 x 2)-O surface (see Table 2).

By further annealing the methanol layers to 300 K, the
vibrational signature changes significantly for the layer with
Ohish a5 CD;OH®*?© has vanished completely; methoxy,
on the other hand, remains. In panel A methoxy and hydroxyl
coexist on the surface. In fact, the modes of methoxy have even
increased by about 30% (same for the layer in panel B), as
compared to the spectrum at 200 K; a narrowing of vibrational
bands indicates an improved local order, or, equivalently, a less
heterogeneous environment.

The temperature-dependent integrated intensity of the peak at
1313 cm™ ' is depicted in Figure 3B, demonstrating that this
species begins forming at 160 K and passes through a maximum
at 200 K followed by gradual loss in intensity until it is virtually
gone at 300 K. We note that for layers with ®o > 0.2 ML
methanol desorption is observed at 250 K (see below), support-
ing our interpretation of the 1313 cm™ ' band to intact methanol
(CD,0H®*0),

In order to unambiguously identify the observed species,
additional experiments with isotopically labeled methanol and
preadsorbed oxygen were performed. The resulting spectra of
CH,"®0H + '®0 and CD5'°0H + *°0, taken after annealing to
200 K, are presented in Figure 4. From the isotopic shifts of the
individual peaks (marked with dashed lines in the figure) the new
species is identified as intact methanol in an ordered (2 x 2)
oxygen overlayer with the following modes (referring to

CD;0H): the out-of-phase [0(OH) + iy plane(CD3)Joop mode
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Table 2. Vibrational Modes (Frequencies in cm ') of Various (Isolated) Methanol Isotopes on Cuypgy /Ru(0001)-(2 x 2)-O

(@ =0.2—0.25 ML)*

Cuyp/Ru(0001)-(2 x 2)-O Ru(0001) Ru(0001)-(2 x 2)-O
CH,;0H CH;'*0OH CD;0H CH,;OH CH;'*0H CD,;OH CH;OH CD,;OH mode assignment”®
988 970 960 975 949 946 982 958 v(CO)
1110 1110 885 1061 1061 860 1089 875 [0(OH) + p;,(CD;)] out of phase
1347 1342 1313 1304 1299 1244 1322 1285 [6(OH) + p;,(CD3)] in phase
1460 1460 1065 1061 0,(CD5)
1095 1454 1454 1091 1461 1097 0,(CD3)
2842 2840 2076 2822 2824 2065 2840 2075 v(CD;) stretching modes
2129 2127 in Fermi resonance
2946 2943 2182 2926 2925 2190 2948 2203 with various
2983 2979 2238 2969 2970 2232 3000 2243 CDj; bending modes
2994 2994 2250 2257

“ For comparison, the line positions of methanol on clean Ru(0001) and Ru(0001)-(2 x 2)-O are listed as well. Note that the mode notation refers to

CD3OH. All spectra were measured at 80 K.
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Figure 4. IRAS spectra of methanol (T,4, = 80 K) on an annealed
O/Cuyp/Ru(0001) layer (©p = 0.16—0.21 ML) after T — 200 K.
Individual spectra refer to different methanol and oxygen isotopes:
CH;'®OH + "0 (top) and CD;'°OH + '°O (bottom). The initial
methanol ex}aosures were ~40 mTorr-s. The modes belonging to
CD3OH(2X2 “© and the isotopic shifts of these modes are marked with
gray dashed lines. The remaining peaks are due to methoxy (labeled with
blue dots). In the range 2300—2700 cm ™" no additional features were
detected. An expanded view of the double peak feature at 1097 cm™ " is
shown in the inset; as the 1095 cm™' shoulder decays at lower
temperatures than the 1098 cm ™" band, the former is ascribed to intact
methanol and the latter to methoxy. For better clarity of presentation the
spectra are offset vertically.

at 885, ¥(CO) at 960, 0,(CD;) at 1065, 8,,(CD;) at 1095
(shoulder), the in-phase [0(OH) + pinplane(CD3)];p mode at
1313, and ¥(CD3) stretching modes (in Fermi resonance with
O(CD;) overtones) at 2076, 2129, 2182, and 2238 cm ™ '. We
note that the observed frequencies are independent of the
isotopic nature of preadsorbed oxygen. The complete assign-
ment of the peaks of all used isotopes is given in Table 2. For
comparison, the frequencies of isolated methanol on Ru(0001)
and on (2 x 2)-O/Ru(0001) are listed as well. The other peaks
in the spectra in Figure 4 are assigned to methoxy (labeled with
blue dots; also compare Table 1, Figure 1, and Figure 2), in
accordance with our very recent work.
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Figure S. Integrated IRAS intensities of prominent modes in Figure 2 as a
function of the surface oxygen coverage on Cujp/Ru(0001): (i) ¥(OH)
mode of surface OH at 3622 cm ' and (ii) in-phase [0(OH) + py,.
plane(CD3)] mode of CD;0H®?© 4t 1313 em™". The data refer to
layers after annealing to 200 K. The initial methanol exposures were
40 mTorr-s. Oxygen coverages, @, have been determined using XPS.

Next to mention is that the amount of CD3OH(2X2)‘O

increases dramatically with the coverage of preadsorbed oxygen.
This dependence is depicted in Figure S where the IRAS peak
areas of characteristic modes (after annealing to 200 K) of
CD;0H®*?© and OH are plotted as a function of surface
oxygen coverage ©¢ (derived by XPS). Interestingly, only small
quantities of CD;0H®?© are present when the amount of
produced OH is high, and vice versa. Up to about 0.03 ML,
neither species is observed and methoxy represents the only
stable intermediate. From 0.04 to 0.1 ML the ¥(OH) signal
steeply increases and falls off continuously until, for @y ~
0.2 ML, its intensity has vanished completely. CD;0H®*?©,
on the other hand, is formed preferentially for layers with high
oxygen coverages, i.e, @o > 0.13 ML. This observation is in
accordance with our interpretation of a less reactive (2 x 2)-O
overlayer which stabilizes methanol until it desorbs at 250 K. As
mentioned above, methoxy occupies 3-fold sites on Cu-
(111).3%3* Thus, if methanol is embedded into a (2 x 2)-O
structure, the adsorption sites required by methoxy may
be unavailable and methanol desorbs rather than reacts. A similar
conclusion has been drawn in the case of methanol on
0/Cu(100) by Ryberg,'® who argued that free nearest-neighbor
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sites next to oxygen are necessary for the initial reaction step
(methoxy formation) to occur. Only at vacancies, defects, or
phase/domain boundaries is activation of methanol and methoxy
formation possible. Such preferential reactions of methanol at
the edges of oxygen rows/islands has been observed on Cu(110)
by Bowker’s group.'¥*

Formate Formation. Further reactions can be initiated by
heating the sample; at 400 K (not shown) methoxy has already
begun to decay but still represents the dominant surface species.
Surface hydroxyl (Figure 2A), on the other hand, has vanished
completely by desorbing associatively as water (H,O). At 420 K
(Figure 6A) the decay of methoxy has further progressed,
rendering only small peaks as compared to the spectra in Figure 2.
A closer look at the top spectrum in Figure 6A reveals that the
residual methoxy peaks must be ascribed to two different
methoxy species which are each labeled (see solid colored lines).
The majority methoxy with the features at 988, 1090, 2055, 2126,

7/
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Figure 6. (A) Complex IRAS spectrum of CD3;OH (exposure equiva-
lent to 40 mTorr+s at T,g = 80 K) on O/Cujpg /Ru(0001) (O = 0.1
ML) after annealing to 420 K (top spectrum). For comparison, the
bottom spectrum shows CD;OH (exposure equivalent to 40 mTorr+ s at
Toas = 80 K) on 0.9 ML Cu/Ru(0001) after annealing to 300 K which
produces a single methoxy surface species only. The upper spectrum
apparently contains two methoxy species with slightly shifted sets of
peaks; they are each interlinked by connecting lines. The remaining
features, belonging to formate, are marked with triangles. (B) IRAS
spectra of DCOO produced from 40 mTorr-s CD;OH adsorbed at 80 K
on 0.1 ML (annealed) oxygen/Cu,/Ru(0001) heated to 420 K (a).
Spectra b—d were measured after dosing increasingly higher amounts of
oxygen at 80 K and again annealing to 420 K.

and 2187 cm ™ fits well to methoxy on clean Cu/Ru(0001)."
For comparison, a spectrum of CD30 on 0.9 ML Cu/Ru(0001)
is depicted in Figure 6A as well. We note that on incomplete Cu/
Ru(0001) monolayers methanol activation can be achieved even
in the absence of coadsorbed oxygen. The other set of peaks at
982, 1086, 2065, and 2181 cm ™' is most likely due to a minority
methoxy species affected by nearby surface oxygen.

Interestingly, a new band at about 1320 cm ™' has developed
after annealing to 420 K. We note beforehand that the near
degeneracy with the prominent 1313 cm ™' band reported in the
previous section is accidental as isotopic substitution yields
entirely different shifts (see below). In order to achieve a well-
founded assignment of the new feature at 1320 cm ™", measure-
ments with isotopically labeled methanol and oxygen have been
performed. Because of the observed frequency shifts, which are
summarized in Table 3, the new species is identified as formate
DCOO with a symmetric ¥(OCO) stretch at 1320 cm ™', The
corresponding ¥(CD) mode which scales in intensity with the
v(OCO) mode is observed at 2151 cm™'. Other modes in
the C—D stretching region are due to residual methoxy and will
be discussed shortly. The frequencies of both our formate
vibrational modes agree favorably with data reported in the
literature: For Cu(100)***¢ and Pt(111)*” the ¥(OCO) modes
of HCOO are located at 1330—1340 and 1315 cm™ ', respec-
tively. The v(CH) stretch on Cu(100)*® was observed at
2840 cm ™', matching the value observed in our experiments
with regular methanol (see Table 3).

According to theory,>>*® two geometries of formate on Cu-
(111) seem possible: the short-bridge and the cross-bridge
configurations of HCOO with »(OCO) frequencies at 1368
and 1331 cm™ !, respectively, with the former being favored
energetically on Cu(11 1).% At variance with this finding formate
exhibits an O—C—O band at 1325 cm™ ' on Cu(111)*° which fits
well the calculated frequency of a cross-bridge bound HCOO.
Yet, in a NEXAFS study on Cu(110) a formate orientation along
the Cu chains (short-bridge) has been 1reported.40 In our experi-
ments virtually identical ¥(OCO) frequencies have been found
for Cuypng/Ru(0001) and Cuszong/Ru(0001) substrates (see
Table 3). As our measured vibrational frequency for HCOO
on Cuyp /Ru(0001) (1347 cm™ ', Table 3) lies exactly between
the calculated vibrational frequencies of short-bridge and cross-
bridge HCOO, an unambiguous determination of formate’s
binding site is not possible at this point.

The band at 2160 cm ™' in the top spectrum of Figure 6A
could not be correlated with any of the modes of formate
or with one of the methoxy species. The appearance of this peak
seems to be unclear and varies from one measuring series to
another. Thus, an assignment of this mode is not given in
this work.

Figure 6B demonstrates the influence of the amount of surface
oxygen on the vibrational signature of DCOO. Spectrum a shows
formate produced analogous to Figure 6A. Spectra b—d depict
DCOO after dosing extra oxygen at 80 K and again heating to
420 K. For O < 0.15 ML exclusively the peak at 1319 cm™ " is

Table 3. Vibrational Modes (Frequencies in cm ') of Various Formate Isotopes on O/Cu;yy /Ru(0001) in Comparison with

DCOO on “Cu(111)” (Cusgn/Ru(0001))*

DC'0'°0 DC'°0™0 HC'°0'¢0
1320 (1330) 1298 1347 (1358)
2151 (2184) 2844

HC'0'"0

1322 (1335)

HC'®0'"%0 DC'°0'0/“Cu(111)” mode
1309 (1321) 1320 r(0CO)
v(CD)

“Values in parentheses correspond to oxygen-rich environments of the formate species. Note that the mode notation refers to DCOO.
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Figure 7. (A) Thermal evolution of integrated IRAS intensities of the
DCOO (¥(OCO) mode at 1320 cm ') and of the CD;0 (v,(CD;)
mode at 2050 cm ') produced by methanol postadsorption onto
annealed O/Cu,y; /Ru(0001) (©g ~ 0.16 ML). The initial methanol
exposure was S0 mTorr-s. (B, left scale) Integrated IRAS intensities of
DCOO (¥(OCO) modes at 1320—1330 cm™ ') and of CD;0 (v,(CD3)
modes at 2050—2065 cm ') as a function of preadsorbed surface
oxygen coverage ®p (annealed layer). The initial methanol exposure
was 40 mTorr-s, and the data points refer to annealing temperatures of
200 K (CD;0) or 420 K (DCOO), which display maximum yield of the
respective surface intermediate. In addition, the amount of desorbing
CO, (derived from the 46 u desorption signal at T &~ 400—470 K of
C'%0™0 after adsorption of 40 mTorr-s CD3;OH on 180 /Cupp/
Ru(0001) is overlaid (right scale, half-filled circles).

observed (spectrum a). For ©®o ~ 0.2 bands at 1272 and
1330 cm ™' appear (spectrum b). While the former disappears
again for higher @ the 1330 cm ™' feature dominates for layers
with @g ~ 0.25—0.3 ML (spectra c and d). Thus, the 1319 and
1330 cm™ ' features can easily be attributed to DCOQ in an
oxygen-poor and an oxygen-rich environment, respectively.
Additionally, the shifts of the line positions induced by isotopic
labeling give consistent results for these two bands. The shifts for
the 1271 cm ™! peak, however, do not show a clear correlation
with the other two peaks. Furthermore, the band at 1271 cm ™"
correlates with a tiny peak at 2192 cm™ " and is stable up to
slightly higher temperatures (+20 K) than the bands at 1319 and
1330 cm™ . Therefore, it must be due to another surface species
which is discussed in the following.

A possible candidate for a peak in the 1250—1300 cm ™ region
(depending on the used isotope) is a %°-D,CO species
(formaldehyde bound through the C and O atoms to the
surface). Yet, D,CO (32 u) desorption (the TPD is discussed
later) at 425 K is observed not only for high initial oxygen
coverages (which cause the growth of the 1271 em ! peak) but
also for @g =< 0.15 ML, i.e,, for layers which definitely do not
exhibit a peak at 1271 cm™'. A second argument against a
formaldehyde surface species is provided by the TPD peak of

(CD,"0OH+"0)/Cu/Ru(0001)
©,=0.05 ML

QMS Signal [A.U.]

po e 2

200 300 400 500
TIK]

Figure 8. Multiple mass TPD spectra of CD;OH adsorbed at 80 K on
annealed O/Cuypy /Ru(0001) with @5 ~ 0.05 ML. The initial metha-
nol exposure was 40 mTorr-s, and the sample was heated with 1 K/s
from 80 to 600 K. In order to isolate the contribution of desorbing CO
from the mass 28 u signal, the contributions of CO" fragments
from desorbing CO, (44 u) and formaldehyde (32 u) are subtracted;
the corrected curve 28 u,corr, has been calculated according to
28 u,corr =28 u — 0.35 X 44 u — 1.7 X 32 u. The 28 u/44 u and 28
u/32 u ratios are known from CO, desorption experiments on Pt/
Ru(0001) and from desorption of D,CO from multilayer Cu/Ru(0001),
respectively (see Supporting Information). Desorption of reactively
produced water (18 u) is emphasized by a gray background. The dashed
33 u signal refers to a sample with ©¢ A 0.2 ML.

32 u at 425 K which is observed at clearly lower temperatures
than the decay of the 1271 cm™ ' feature at 440—460 K. As we
neither could detect any CH, scissor nor wagging modes, we
exclude 7>-D,CO as a stable reaction intermediate.

On the basis of a relatively small line shift of the mode
at1271cm ! upon D <> H isotope substitution (+6 cm™ ') and,
on the other hand, a strong blue shift upon '*0 < '°O
substitution (+33 cm '), we conclude that it is a mode with pre-
dominately C—O stretch character and some (much smaller)
C—H bending or stretching contribution. A species with its
C—H bond aligned parallel to the C—O axis, however, is
expected to exhibit a much stronger shift (225 cm™') of
this mode upon D <> H isotopic exchange (equivalent to a
“C < 3C replacement of a CO species); therefore, we
conclude that the C—H bond is substantially inclined with
respect to the C—O bond. We are therefore confident that the
set of modes can be attributed to a #7*formyl (DCO bound
through the C and O atom to the substrate) with the ¥(CO) and
v(CD) stretching modes at 1271 and 2192 cm ™', respectively.
We note that formyl represents a minority species which is most
likely formed due to the partial dehydrogenation of methoxy
which is still available at 420 K.

According to a quantitative analysis of spectra obtained after
annealing to successively higher T, vibrational bands associated
with methoxy shrink in parallel to the uprise of features
belonging to formate (with no extra bands showing up in the
transition regime) as illustrated in Figure 7A. Our observation of
a surface formate species is therefore attributed to a reaction of
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methoxy with surface oxygen: CD;0 + O — DCOO + 2D with
no stable intermediates in between. Clear evidence for such a
synthesis of formate from methoxy and surface oxygen comes
from isotopic shifts of the various formate modes as listed in
Table 3. Note that, according to our thermal desorption data
(see below), this reaction is accompanied by the formation and
immediate desorption of formaldehyde (see below): it is there-
fore very likely that such species actually represents a temporary
intermediate in the decomposition of methoxy to formate.

As surface reactions at elevated T are usually accompanied by
the desorption of product species, thermal desorption experi-
ments provide valuable extra information to surface spectro-
scopies such as IRAS. The decomposition of formate, for
example, leads to the production of CO, which then opens up
the possibility for a qualitative and quantitative analysis of
reactions schemes and yields (see Figures 7 and 8).

Additional evidence for a methoxy to formate reaction is
provided by TPD exPeriments using CD;'°OH and *°0, with
masses 46 u (C'°0'*0) and 48 u (C'*0,) being detected.
In these experiments only the 46 u signal exhibits a significant
desorption signal. Thus, desorbing CO, and consequently its
precursor (formate) always contains one oxygen from methanol
and another one due to preadsorbed surface oxygen. We note
that coadsorption of CO and O on Cu/Ru(0001) does not
produce any CO, (44 u) in thermal desorption experiments. In
agreement with our data of CD;"°OH on *0/Cu,p/Ru(0001)
the desorbing C'°0"*0 from Cuson/Ru(0001) (~30 ML Cu
deposited onto Ru(0001) and annealed to 900 K for 30 min)
contains one O from methanol and another one from pread-
sorbed surface oxygen. According to Kneitz et al,® such
Cu/Ru(0001) multilayers largely behave like a Cu(111) surface.

The transformation of methoxy to formate and its decom-
position to produce gas-phase CO, are illustrated in Figure 7B
where integrated intensities of the most prominent vibrational
modes of DCOO and CD;O as well as the amount of desorbing
CO, are plotted versus the oxygen coverage. Apparently, the
amount of produced formate (after annealing to 420 K) is
correlated with the amount of methoxy available at 200—
300 K. Both species exhibit maximum yield for 0.07—0.11 ML
oxygen. This is attributed to zero reactivity of methanol on the
bare Cu;p/Ru(0001) monolayer as well as on the annealed
O/Cuypr/Ru(0001) surface with @ ~ 0.3 ML. We suspect
that activation of methanol occurs only at the borders of (2 x 2)-
O areas or on imperfectly ordered oxygen layers. Such a max-
imum in the yield of the reaction products was reported by Russel
et al."! for methanol on oxidized Cu(111) (methoxy is found to
decompose at 2350 K, producing formaldehyde as the main
reaction product). Maximum yield is reported for @y ~
0.26 ML. For ®g > 0.26 ML side blocking becomes more
and more important. Similarly, calculations*' as well as experi-
ments'**° of methanol on O/Cu(110) show a high reactivity
toward methanol oxidation for isolated oxygen atoms and atoms
terminating the CuO chains only; for dense oxygen layers, i.e., for
complete CuO chains, the dehydrogenation of methanol is
endothermic by 1.29 eV*" and the surface becomes inert.

A coser inspection of the formate and methoxy entities
(Figure 7B) shows that the probability of methoxy to convert
to formate is not constant. Rather this yield is close to zero for
©0 < 0.04 ML and reaches its maximum level (not necessarily
100%) only for @ > 0.1 ML. By means of monitoring the
surface composition using IRAS, as well as the entity of desorbing
species using TPD (see Figure 8), a direct comparison can be

attained. In particular, we find that the amount of desorbing CO,
is proportional to the intensity of the ¥(OCO) IRAS mode of
formate as shown for several oxygen coverages (half-filled green
circles in Figure 7B). The amount of desorbing CO, is derived
from a comparison of the CO, desorption signals from Cu/Ru(0001)
layers in this work with TPD data (masses 28, 32, and 44 u) of
reactively produced CO, from coadsorbed CO and O on Pt
multilayer films on Ru(0001 (see Supporting Information).

We note that the CO, desorption yield can be enlarged by
adding extra oxygen to a (CD30 + O)/Cuypr/Ru(0001) layer.
Specifically, under optimal conditions (see Figure 7B), i.e., with
0.1 ML oxygen preadsorbed and after the annealing step to 300 K
to produce methoxy, exposure to another 3 langmuirs of O, at
80 K yields a x 2.6 increased amount of CO, desorption as
compared to an identical layer without the extra oxygen dose (see
Figure 6A). In this experiment the absolute amount of CO, was
increased from 0.03 to 0.08 ML (see Supporting Information). In
parallel, a 40% reduction of desorbing CO was observed. Thus, it
is concluded that efficient transformation of methoxy to formate
requires a high concentration of oxygen in the vicinity of
methoxy. Such a high oxygen coverage right from the beginning,
however, lowers the fraction of methanol to transform into
methoxy. Ironically, under conditions when maximum methoxy
is produced (0.1 ML oxygen) there is not enough oxygen left on
the surface to efficiently convert all CD3;0 to DCOO; according
to our findings this constraint can be eliminated by oxygen
postadsorption. A similar conclusion has been drawn by Sakong
and Gross*' based on DFT calculations of methanol oxidation on
Cu(110) where the presence of oxygen in the vicinity of methoxy
is needed to produce formate. Furthermore, STM measurements
show that the amount of produced formate on Cu(110) can be
increased significantly by dosing a gas mixture of methanol and
oxygen at 300 K*

For methanol on O/Cu(111) Russel et al.'' identified a minor
reaction path leading to CO, at 480 K, and they concluded that
this observation is due to the decomposition of a D containing
intermediate, namely DCOO (formate). In our own experiments
of methanol on O/Cujzgp/Ru(0001) the main results of Russell
et al'! concerning methanol reactions on O/Cu(111) are
confirmed. Additionally, we were able to directly detect surface
formate (¥(OCO) at 1320 cm ™ ') after annealing a methanol
multilayer postadsorbed on oxygen precovered Cuzonr/
Ru(0001) to 440 K (see Supporting Information). We note that
the amount of produced formate and of desorbing CO, from
Cuszopmy, (with 0.1 ML oxygen) is at least a factor 10 lower than for
O/Cuyp/Ru(0001), as the dominant dissociation channel of
methoxy on Cu(111) is dehydrogenation to formaldehyde
(D,CO).

Desorption of formaldehyde actually represents yet another
dissociation pathway of methoxy molecules on O/Cujpy/
Ru(0001) layers, as verified by our multimass TPD in Figure 8.
Specifically, a 32 u desorption peak is observed at 425 K with zero
signal for mass 33 u (33 u represents the most intense methanol
peak in the QMS spectrum, besides the more ambiguous 28 u
and 30 u signals). In our IRAS spectra the only vibrational bands
which decrease in this temperature range belong to CD;O.
Hence, the produced formaldehyde results from methoxy de-
composition and desorbs immediately.

We like to stress that we did not find any evidence for a
C—O bond breaking for the whole reaction path as the pro-
duced surface OH species consist exclusively of preadsorbed
surface oxygen. Also, C—O bond breaking is rather unlikely
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Figure 9. Temperature dependency of the integrated IRAS intensities
of the umbrella mode 9,(CD3) of various methoxy species (CD30):
(i) on clean Ru(0001) (blue squares, 1074 cm '), (i) Cu-bound CD;0
on 0.5 ML Cu/Ru(0001) (green triangles, 1090 cm '), and (iii) CD;0
on O/Cuypy /Ru(0001) (bullets/circles, 1094 cm™ !, ©¢, = 1 ML). The
bullets (circles) correspond to samples with (without) annealing of the
oxygen layer (@ = 0.2—0.25 ML) to 600 K before methanol adsorp-
tion. The initial methanol exposures (80 K) correspond to 40 mTorr-s.
For comparison, the curve derived for CD;O on oxygen-covered
“Cu(111)” is shown as well (full gray triangles). “Cu(111)” was prepared
by deposition of 30 ML Cu on Ru(0001) followed by annealing to 900 K
for 30 min. This surface was then exposed to 50 langmuirs of oxygen at
300 K before a multilayer methanol was added at 80 K and successively
annealed to higher T. The colored lines are guides to the eye.

according to reports for methanol on different metal sub-
strates.¥' 11192237 Referring to DFT calculations for methanol
on Pt(111), the barrier for C—O activation is 3 times higher than
for C—H or O—H."

The high dissociation temperature of formate (and CO,
desorption) and the fact that it is the most stable surface inter-
mediate are in accordance with theoretical works. The calculated
binding energy of HCOO on Cu(111)***® and Cu(110)**
equals ~3.3—3.5 eV. For comparison, the second-most stable
intermediate on Cu(111), methoxy, has a binding energy of
A2 eV.">*! The binding energy of formaldehyde, on the other
hand, amounts to only 0.1-0.3 eV,"*™ which is in agreement
with our findings, i.e,, its rapid desorption once it is formed.

The complex structure of the 28 u desorption peak at
420—440 K suggests several contributions. Besides desorbing
genuine CO, the CO” ionization fragments of desorbing for-
maldehyde and of CO, contribute as well. In the 28 u,corr trace
the contributions of CO, (44 u) and formaldehyde (32 u) have
been subtracted (determination of ionization fragments: see
Supporting Information). The remaining signal corresponds to
0.015 ML CO which is produced in the course of methanol
reactions (methoxy decomposition) on oxygen-covered Cuay./
Ru(0001) layers. Our IRAS data did not detect any ¥(CO) band
of surface CO on Cuyyy /Ru(00001), which we attribute to the
rapid CO desorption from Cu/Ru(0001) (at temperatures below
250 K), that is, at temperatures significantly lower than the
dissociation temperature of methoxy. For Cu/Ru(0001) ample
amounts of CO on Ru(0001) have been detected only if un-
covered Ru(0001) areas were still available, i.e., for ©¢, < 1 ML.
The 4 u peak (D,) at about 430 K has contributions of form-
aldehyde and due to desorption of deuterium from formate and
methoxy decomposition.

In the low-temperature region (T < 300 K) desorbing species
comprise water and methanol. The water (18 u) desorption has

two contribution. The broad feature at 200—350 K (highlighted
by a gray background) is attributed to hydrogen of methanol’s
OH group which is transferred to surface oxygen, leading to the
associative desorption as water (H,O); the mass 18 u signal at
~170 K is probably caused by a contamination in the methanol
reservoir.* Both contributions have been discriminated in an
isotopic labeling experiment using the '*0 isotope instead of %0
for preadsorbed oxygen. In this case the broad feature at
200—350 K merely yielded desorption of H,'*0 (20 u) while
the equivalent 18 u signal is missing. The 28 u peak at 230 K is
observed in the TPD spectra independent of the initial oxygen
coverage. As its desorption temperature matches the desorption
temperature of CO from a clean Cu/Ru(0001) layer," we
attribute this signal to a slight CO contamination (0.003 ML)
accumulated during sample positioning in front of the mass
spectrometer.'” IRAS spectra obtained in advance of TPD
experiments never displayed any CO features beyond 0.001 ML.

Interestingly, there is no real big difference in TPD spectra for
different © as long as O > 0.04 ML, besides a variation of the
intensities of individual desorption peaks. Yet, the trace of 33 u,
indicative of desorbing methanol (CD3OH) makes an exception.
Therefore, the dashed line has been added to Figure 8, and
it represents the 33 u signal obtained from a layer with @o ~
0.2 ML. The peak at 250 K is correlated with the decrease of
vibrational features associated with CD3OH(2X2)’O. The desorp-
tion of methanol from the clean Cuyyy/Ru(0001) exhibits a
peak in the range 170—190 K.'® The position of the maximum of
this peak thereby depends critically on the exact Cu coverage:
The two peaks at 170 K (solid line) and 190 K (dashed line) are
likely due to slightly different Cu coverages (e.g., 1.05 and 0.95 ML)
of the two samples. Below 0.04 ML the spectra resemble those
obtained for methanol on oxygen-free Cu/Ru(0001) layers.
Therefore, the TPD in Figure 8 can be considered representative
of an arbitrary O/Cuypy./ Ru(0001) layer.

Another interesting property of the oxygen-precovered
Cu;ymr/Ru(0001) layer is that methoxy decays at higher tem-
peratures as compared to other layers, eg the clean Ru(0001)*
surface or submonolayer Cu/Ru(0001).™ In order to illustrate
this, integrated IRAS intensities of methoxy on clean Ru(0001),
Cu/Ru(0001), Cuzon,/Ru(0001), and O/Cuy g /Ru(0001) are
plotted as a function of surface temperature in Figure 9. While on
the clean Ru(0001) methoxy begins decomposing already at
220 K, dissociation on Cu/Ru(0001) is slowed down and starts
only at 280—300 K. On oxygen-precovered Cu/Ru(0001)
monolayers this onset is delayed by another 30—40 K, and
methoxy decomposition occurs at temperatures similar to
O/Cusopr/Ru(0001) layers. Possibly, these variations in meth-
oxy decomposition temperatures are due to different CO
(methoxy decomposition product) bindin§ energies. From Ru-
(0001)**€ and monolayer Cu/Ru(0001) ** small amounts of
CO desorb at 490 and 250 K, respectively. When oxygen is
preadsorbed on Cuypg /Ru(0001), the CO desorption tempera-
ture is further lowered to about 180 K (not shown). A similar
value is reported for Cuynyiitayer/ Ru(0001).® In other words, the
methoxy decomposition temperatures is proportionately lower
the higher the CO binding energy. Such a correlation between
the reaction (or adsorption) energy and the activation energy of a
certain reaction pathway is called the Bronsted—Evans—Polanyi
relation.*”*® DFT calculations confirm linear dependencies of
the dissociation barriers on adsorption energies for diatomic*>
(e.g, CO, Ny, NO, or O,) and more complex™ (CH,, NH;,
H,0) molecules on various transition metal surfaces. A recent
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Figure 10. IRAS spectra of CD3;OH adsorbed at T, 45 =20 K on disordered
(nonannealed) O/Cuypg/Ru(0001) with @g A~ 025 ML. The initial
methanol exposure was ~40 mTorr-s, and the spectra were taken at 20 K
after annealing to the indicated temperatures with 1 K/s. Note that in the
spectral range 2300—3500 cm ™" no vibrational bands have been observed.
For better clarity of presentation the spectra are offset vertically.

experimental example of the Bronsted—Evans—Polanyi princi-
ple is given for the system O,/Pt,/ Ru(0001)** where the
energetic barrier for the transition of molecular O, from the
physisorbed state to the molecularly chemisorbed state depends
on the binding energy Ee™ of the chemisorbed state; as Eo*™
increases with the number of Pt layers, the mentioned transition
into the molecular chemisorbed state become easier and the O,
sticking coefficient increases dramatically.

Methanol on Disordered Oxygen. The effect of oxygen
long-range order on methanol adsorption and reactions will be
studied in this section. Here, Cu/Ru(0001) monolayers have
been exposed to oxygen at T < 80 K, and no annealing is applied
before methanol adsorption.

In Figure 10, IRAS spectra of CD3;OH on such disordered
O/Cujpr/Ru(0001) with @ ~ 0.25 ML are depicted. Oxygen
and methanol were successively adsorbed at 20 K followed by
annealing to increasingly higher temperatures (as indicated in the
figure) and recooling to 20 K before data acquisition. According
to the multitude of vibrational features at 20 K (1000, 1100,
2000—2200, and 3620 cm ') we conclude that a mixture of
species is present. The vertical gray lines thereby mark peaks
belonging to methoxy which are observed at 1008, 1094, 2052,
2129, and 2187 cm™ ' (compare with Figure 1). These bands
grow to maximum intensity upon slight annealing, while the
modes associated with intact methanol (965, 1104, 1120, 2074,
and 2210 ecm ™) gradually disappear. Apparently, methoxy is
formed already at 20 K, suggesting a dissociative adsorption of
methanol. Even though the methoxy peaks are relatively small at
low temperatures and they overlap with additional features
belonging to intact methanol, they are clearly discernible.

A dissociative adsorption of methanol at 20 K is corroborated
by our observation of the hydroxyl band at 3620 cm ™' which is
visible right from the beginning even at 20 K. It vanishes in the
range 300—380 K, which is about 50 K higher than on annealed
O-layers. Similar to the previous section, isotopic labeling
experiments underline its nature as adsorbed OH and exclude
an alternative assignment as the hydroxyl group of intact
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Figure 11. Multiple mass TPD spectra of CD3;OH adsorbed at 80 K on
disordered O/Cu;p/Ru(0001) with ®g ~ 0.2 ML. The initial
methanol exposure was 40 mTorr-s, and the sample was heated with
1 K/s from 80 to 600 K. Regarding the 28 u,corr curve, see explanatory
remarks in the caption of Figure 8.

methanol.>® Hence, surface hydroxyl is formed spontaneously
via methanol O—H bond breaking and, most likely, direct
transfer of the separated H to a surface oxygen. The possibility
of C—D bond breaking of CD;OH which should exhibit an
O—D stretch at ~2600 cm ™' can be ruled out because no
features are observed in the spectral range 2300—3500 cm ™ . In
parallel to OH formation the creation of CD3O at 20 K must
occur, which is indeed observed. In a DFT study such dissociative
adsorption of methanol, spontaneously producing methoxy and
OH on Cu(110), was reported by Sakong and Gross.*

By annealing to 80 K the bands associated with methoxy
(vertical gray lines in Figure 10) and OH increase significantly. In
the region of C—D stretch modes even the weakest methoxy
v(CDj) stretch at 2129 cm ™' is clearly visible now.

Annealing to 200 K further enhances the CD3O bands, while
features associated with intact methanol are virtually gone. The
TPD shown in Figure 11 does not exhibit any peaks of the 33 u
(CD3;OH) signal in the entire temperature range 80—600 K
(no desorption of intact methanol occurs). This observation is in
contrast to the TPD in Figure 8 where small amounts of intact
methanol are found to desorb after the oxygen layer has been
annealed. It is evident that the disordered oxygen layer is more
reactive in terms of methanol dehydrogenation than annealed
oxygen on Cu,p,/Ru(0001).

For temperatures above about 350—380 K, that is, after all OH
have desorbed associatively as water, the thermal evolution of
methanol on O/Cu;p:/Ru(0001) layers proceeds largely in-
dependent of the original oxygen long-range order. The only
differences arise due to the fact that some surface species have
been produced with higher efficiency for the nonannealed layers.
In brief, the thermal evolution proceeds as follows: methoxy
partially reacts with surface oxygen to form DCOO (see Figure 10
at 420 K) while another fraction of the CD;O molecules
becomes dehydrogenated to D,CO (formaldehyde) which des-
orbs immediately at about 425 K (see Figure 11).
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Figure 12. Simplified reaction scheme of CD3'®OH + '®O on the
Cu/Ru(0001) monolayer. For details see text.

The multiple peaks in the range 1260—1330 cm™ ' can be
assigned to (i) formate in an oxygen-rich environment, (ii) formate
in an oxygen-poor environment, and (iii) to a formyl species as
described in the previous section (compare with Figure 6B).

In the TPD in Figure 11 only masses 28 and 18 u develop
notable peaks below 250 K. However, these features are due to
slight H,O and CO (~0.0025 ML) contaminations. The weak
28 u signals at 170 and 220 K resemble CO desorption from a
O/Cuymr/Ru(0001) layer; as IRAS does not detect any adsorbed
CO, these features are attributed to CO accumulated in front
of the QMS. Similar to Figure 8, the 28 u desorption curve
at ~400 K in Figure 11 contains a multitude of contributions
(CO" ionization fragments of desorbing CO, and D,CO), which
overlay the true desorption signal of CO. This latter signal
(28 ucorr), i.e,, CO resulting from the decomposition of methoxy,
can be derived by subtracting the fragmentation contributions.

Reaction Pathways. In the following the reaction paths
discussed above will be briefly summarized. For better clarity a
simplified reaction scheme is presented in Figure 12.

For ordered (annealed) as well as disordered oxygen on
Cu/Ru(0001) monolayers the primary activation of methanol
involves the breaking of methanol’s O—H bond to form meth-
oxy. In parallel, surface OH is formed by means of H transfer
from methanol’s hydroxyl group to surface oxygen, a process
which requires very little thermal activation since it proceeds at
temperatures of 60 K and below; eventually these OH species
desorb associatively as water (*300—380 K). Such a breaking of
methanol’s O—H bond as the initial reaction step is also observed
on clean Ru(0001),* on submonolayer Cu/Ru(0001),"* and
on O/“Cu(111)” (30 ML Cu/Ru(0001) annealed at 900 K for
30 min).

Ordered areas of the oxygen phase (prevailing at higher
®o > 0.1 ML) lead to a stabilization of intact methanol,
and methoxy formation proceeds at a lower rate or requires
higher temperatures, probably involving defects of the ordered
(2 x 2)-O phase. For temperatures above 350 K the reaction
pathways, starting with ordered or disordered oxygen layers,
merge. The second reaction step occurs via C—D bond breaking
of the methoxy methyl group. Depending on the local environ-
ment, i.e., the local oxygen concentration, either formate alone or
formate including formyl as a minority species is produced.
Additionally, a fraction of the methoxy molecules dehydrogen-
ates and desorbs instantaneously as formaldehyde. For low Oq
complete dehydrogenation of methoxy, leading to correlated
desorption of D, and CO represents a competitive channel to
formaldehyde desorption (420—450 K). The final reaction step,
once formate has been produced, is the C—D bond breaking of
DCOO, leading to the desorption of CO, and D,.

B CONCLUSIONS

In this work the reactions of methanol on oxygen-covered
Cu/Ru(0001) layers with ©¢, = 1 ML were investigated. One of
the major findings thereby is that the initial activation step critically
depends on the lateral ordering of the precovered oxygen layer.

On disordered O layers methanol adsorbs dissociatively even
at 20 K. Such an efficient activation of all molecules is corrobo-
rated by the absence of desorption of intact methanol. On the less
reactive annealed O/Cuyyy /Ru(0001) layer the reaction starts
at 60 K. In this case a small amount of intact methanol is found to
desorb. Layers with ©¢ < 0.13 ML which display only local long-
range order despite annealing lead to the formation of surface
O—Hj no such reaction of the methanol hydroxyl group and
surface oxygen is, however, observed for layers with ®g >
0.13 ML, displaying extended long-range order.

Decomposition of the main reaction product methoxy re-
quires temperatures T > 350 K. Depending on the amount of
coadsorbed oxygen different processes and product species were
identified: (i) methoxy oxidation to formate (favored at high ©,),
(ii) partial dehydrogenation to formaldehyde which desorbs
instantaneously into the gas phase, and (iii) or complete dehy-
drogenation to CO (favored at low ©,), again leading to im-
mediate desorption from Cu/Ru(0001). In addition, a stable
formyl species has been detected.

Because of a complex reaction pathway, with methoxy repre-
senting an important intermediate, the maximum amount of
formate is found for O layers at ©¢ A 0.10 ML after annealing to
T = 420 K. The amount of formate has been estimated by the
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quantity of desorbing CO, which represents the only dissocia-
tion product, besides abstracted hydrogen. The CO, yield (and
consequently of formate) can be substantially enhanced by at
least a factor 2 by adsorbing extra oxygen onto a methoxy/
O/Cuyp/Ru(0001) layer.

Compared to the clean Ru(0001) surface which dehydrogen-
ate methanol to CO (T4e = 470 K), the O/Cu;p,/Ru(0001)
layers, which convert methanol to gas phase CO, at 440 K, are
not a real improvement referring to practical use (e.g, in
a DMFC). The dissociation temperatures of formate on
O/Cuypp/Ru(0001) and the desorption temperature of CO
from Ru(0001) or Pt(111) differ only slightly. This means that
the problem of the oxygen-covered Cu/Ru(0001) surface is a
formate poisoning instead of CO poisoning.

Our study clearly demonstrates that surfaces can be efficiently
functionalized and chemical properties of materials altered by
deposition of sinS%Ie monolayers; similar to the paradigm system
Pt/Ru(0001),°*> the behavior of such materials cannot be
simply interpolated between its components but yields entirely
novel characteristics.

B ASSOCIATED CONTENT

© Supporting Information. IRAS spectra of different meth-
oxy isotopes and of formate on oxygen precovered Cu/Ru(0001)
layers (Figure 1); calibration of the oxygen coverage (Figure 2);
LEED patterns of O/Cu,py /Ru(0001) layers (Figure 3); intensity
ratios of ionization fragments of CO, and D,CO (Figure 4);
methoxy oxidation on Cujpy/Ru(0001): control of formate
product yield by oxygen postadsorption (Figure S). This material
is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1: A: IRAS spectra of different methoxy isotopes and of formate on oxygen pre-
covered Cu/Ru(0001) layers IRAS spectra of (a): CH30 on O/Cuj . /Ru(0001) (g = 0.2),
and (b): CD30 on O/Cuj pr./Ru(0001) (®g = 0.2 ML). 0.15 ML CD3;0H or CH30H have been
adsorbed at 80 K onto annealed oxygen layers. (c) For comparison a spectrum of CD3O on
O/’Cu(111)’/Ru(0001) is included. CD3O0 is produced by heating a CD3;0OH+O coadsorbate layer
(®o =0.14 ML, Ocp3zog = 1 —2 ML). In all cases the sample was annealed to 300 K to produce
methoxy and recooled to 80 K for data taking. *Cu(111)’/Ru(0001) was prepared by deposition of
~30 ML Cu on Ru(0001) followed by annealing to 900 K for 30 min. The comparison of spec-
tra demonstrates that CD3O exhibits significantly narrower line shapes than CH30O. In addition it
is apparent that the d;(CH3) mode, expected at ~1400 cm~ !, cannot be detected for the regular
methoxy isotope on Cu/Ru(0001), while it is clearly visible for the CD3OH isotope. This pecu-
liarity is attributed to mode coupling of J;(CD3) with the nearby v(CO) mode which enhances the
intensity of this mode; for 6;(CH3) such coupling is negligible due to the frequency mismatch. The
mode assignment is denoted in the figure. B: Formate on Cujzgy,/Ru(0001). DCOO produced
by annealing the layer in (c) to 440 K. As on 1 ML Cu/Ru(0001) (see figure 6 of the article) the
two peaks at 1291 and 1319 cm™! correspond to the C-O and O-C-O stretching modes of formyl
and DCOQO, respectively. Methoxy bands are marked by blue dots.
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Figure 2: Calibration of the oxygen coverage. XPS spectra of the O Is peak on the nominally
clean Ru(0001) surface and on Ru(0001)-(2 x 2)-O measured with a MgK,, source. The Ru(0001)-
(2 x 2)-0 layer with ®g = 0.25 ML was prepared by adsorption of 0.5 ML O, flashed to 1250 K
to obtain 0.5 > ®¢p > 0.25 ML, and dosing H; to remove redundant oxygen (beyond 0.25 ML) as
desorbing water. The required H, exposure is derived from A® (work function) measurements with
a Kelvin Probe shown in the inset. At a sample temperature of 350 K A® decreases until a perfect
(2 x 2)-O overlayer is attained which is largely inert towards further titration with hydrogen. !>
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Figure 3: LEED patterns of O/Cuyy,/Ru(0001) layers. Image (A) shows a LEED pattern of
1 ML Cu/Ru(0001) confirming the pseudomorphic structure of the Cu monolayer. The line scan
in panel (B) corresponds to the arrow in panel (A). Image (C) was taken after dosing 0.5 L O,
(equivalent to ~0.1 ML) at 80 K followed by annealing to 500 K. The line scan (arrow in panel
(©)) is depicted in panel (D). Besides Cu/Ru additional spots due to the oxygen (2 x 2)-overlayer
are discernible. The LEED pattern of the Cu/Ru(0001) monolayer after an exposure of 14 L O, at
80 K (and annealing to 400 K) and the corresponding line scan are depicted in panels (E) and (F),
respectively.
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Figure 4: Intensity ratios of ionization fragments of CO; and D,CO. The intensity ratios of the
ionization fragments of CO, and D,CO have been derived from the TPDs (1 K/s) in panels (A) and
(B), respectively. (A): TPD of coadsorbed CO and O on 12 ML Pt/Ru(0001). At 300 K reactively
produced CO» (44 u) desorbs until all surface oxygen is consumed. Thus, the 28 u peak at 300 K
is exclusively due to cracking of CO; and a value of ﬁ—ﬁ =0.3510.01 is derived. The desorption
of excess CO is observed at 410 K. Due to measuring the amount of preadsorbed oxygen with XPS
this TPD also acts as a calibration of the quantity of desorbing CO,. (B): multiple mass TPD of
CD;30 on '30/Cuszgp/Ru(0001). Virtually all methoxy (CD30) desorbs as formaldehyde (D,CO,
mass 32 u). The masses 30, 28 and 4 u are due to cracking products of D,CO in the QMS. The
peak of 46 u is due to minute amounts of desorbing C'80!°0 caused by formate decomposition;
formate is produced by minor oxidation of methoxy. The ratio of CO/CO; for CO, desorption is
known from panel (A). The intensity ratio of the CO™ ionization fragment of desorbing D,CO is
B — 1.65+0.1.
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Figure 5: Methoxy oxidation on Cuyy/Ru(0001): Control of formate product yield by oxy-
gen post-adsorption. Solid lines: TPD of CD3OH (exposure 40 mTorr-s) post-adsorbed at 80 K
onto annealed 0.1 ML oxygen on Cu; pr./Ru(0001); before the TPD the sample was heated to 300
K to produce CD30O. Dashed lines: analogous experiment as above with extra oxygen added (3 L
O, at 80 K) after the annealing step to 300 K. The plotted masses correspond to CO; (44 u), D,CO
(32 u) and CO (28 u). Note that the CO, and D,CO ionization fragment contributions have been
subtracted from the measured 28 u signal. The data demonstrate that the relative yield of produced
CO; and CO can be controlled by adding extra O to the methoxy layer on the Cuy p/Ru(0001)
monolayer.
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6.4 Article I'V: Oxygen on Pt/Ru(0001) Layers

6.4 Article IV: Oxygen on Pt/Ru(0001) Layers

Reproduced with permission from P. Jakob, A. Schlapka, P. Gazdzicki, J. Chem. Phys.
134, 224707 (2011). Copyright 2011, American Institute of Physics.
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Oxygen adsorption on Pt/Ru(0001) layers
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Chemical properties of epitaxially grown bimetallic layers may deviate substantially from the be-
havior of their constituents. Strain in conjunction with electronic effects due to the nearby inter-
face represent the dominant contribution to this modification. One of the simplest surface processes
to characterize reactivity of these substrates is the dissociative adsorption of an incoming homo-
nuclear diatomic molecule. In this study, the adsorption of O, on various epitaxially grown Pt
films on Ru(0001) has been investigated using infrared absorption spectroscopy and thermal des-
orption spectroscopy. Pt/Ru(0001) has been chosen as a model system to analyze the individual
influences of lateral strain and of the residual substrate interaction on the energetics of a dissocia-
tive adsorption system. It is found that adsorption and dissociative sticking depends dramatically on
Pt film thickness. Even though oxygen adsorption proceeds in a straightforward manner on Pt(111)
and Ru(0001), molecular chemisorption of oxygen on Pt/Ru(0001) is entirely suppressed for the
Pt/Ru(0001) monolayer. For two Pt layers chemisorbed molecular oxygen on Pt terraces is produced,
albeit at a very slow rate; however, no (thermally induced) dissociation occurs. Only for Pt layer
thicknesses Np; > 3 sticking gradually speeds up and annealing leads to dissociation of O,, thereby
approaching the behavior for oxygen adsorption on genuine Pt(111). For Pt monolayer films a novel
state of chemisorbed O,, most likely located at step edges of Pt monolayer islands is identified. This
state is readily populated which precludes an activation barrier towards adsorption, in contrast to
adsorption on terrace sites of the Pt/Ru(0001) monolayer. © 2011 American Institute of Physics.
[doi:10.1063/1.3598957]

. INTRODUCTION nal surfaces and compare the findings to ideal, single crystal
surfaces.!*2 =13 However, more often than not definite con-
clusion, i.e., the ascription to a particular interaction process,
is hampered by ill-defined experimental conditions, e.g., the
combined variation of too many parameters, or a multitude
of influences contributing to the detected quantity. For ex-
ample, the addition of different chemical elements to a cat-
alyst material (e.g., alloying) may introduce novel charac-
teristics either due to the ensemble or the ligand effect, as
well as due to strain imposed on the lattice as a result of
atoms with a different atomic diameter or number of valence
electrons.® 1413

Another procedure to functionalize surfaces is to epitax-
ially grow metallic layers.*!%!7 A key characteristic of such
bimetallic systems is the lattice mismatch between the adlayer
and the substrate. In order to maintain a high degree of sur-

The tailoring of the chemical characteristics of catalyti-
cally active materials represents a major, though elusive task.
The aim is to control selectivity and productivity of chem-
ical reactions by proactively influencing the available ad-
sorption sites, the respective adsorption energies, the sticking
coefficients for impinging gaseous species and the various ac-
tivation energies of processes encountered along the reaction
pathways. Due to a large number of parameters this repre-
sents a formidable endeavour and the extraction of unam-
biguous and generally applicable information is both, rare
and cumbersome. Besides the chemical nature of a cata-
lyst material, its activity may be influenced in particular by
the type of adsorption sites (coordination number, terrace,
step, or kink sites),' the number and chemical nature of

neighboring atoms (ensemble and ligand effect),*® as well
as strain imposed on a lattice by means of various types of
heterogeneity.>’~ Yet another degree of freedom (which will
not be discussed any further) may be introduced by gas mix-
tures and the utilization of promotors.'°

In order to extract reproducible, clear-cut, and well-
founded information from catalytic studies, it is advisable
to keep good control of experimental (sample) parameters
and to add heterogeneity very selectively and systematically.
A common approach in the past has been to employ vici-

¥Electronic mail: peter.jakob @physik.uni-marburg.de.

0021-9606/2011/134(22)/224707/10/$30.00

134, 224707-1

face homogeneity it is desirable to grow pseudomorphic, or
otherwise lattice-matched layers.% '8 19

In the present paper the adsorption of oxygen on epi-
taxially grown bimetallic Pt/Ru(0001) layers has been ana-
lyzed. For Pt on Ru(0001), up to at least 4 monolayers (ML)
Pt grow pseudomorphically, i.e., they adopt the lattice con-
stant of the Ru(0001) substrate and, consequently, are lat-
erally compressed by 2.5%.%!'® Due to this structural lattice
distortion, the Pt electronic structure will deviate from
Pt(111), in addition to the remaining influence of the
Ru(0001) substrate and of the Pt/Ru interface. In a combined
experimental and theoretical approach these two effects have

© 2011 American Institute of Physics
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recently been disentangled for CO on Pt layers of various
thickness on Ru(0001).3 It has been shown that the electronic
influence of the substrate, while dominant for Pt islands of
monatomic height, has largely vanished for three Pt layers
(Npy). The contribution due to surface strain, on the other
hand, is still fully operative until Np; = 4-5 ML when the
Pt film starts to relax (and gradually approaches the Pt lat-
tice constant), as indicated by the formation of a dislocation
network. 18

For thick Pt layers Np; > 10 ML adsorption of CO
strongly resembles CO on Pt(111); slight deviations in terms
of step density, CO binding energy and vibrational frequen-
cies, however, remain.'8 According to recent experimental as
well as theoretical studies, adsorbate binding energies on lat-
erally expanded lattices are higher (stronger bonding) than on
laterally compressed ones.”2%2! In the case of CO adsorption
on pseudomorphic Pt/Ru(0001) layers, both effects (compres-
sive lateral strain and influence of the Pt/Ru interface) lead to
a substantial weakening of the CO-substrate bond strength, in
agreement with expectations. The deviations from the behav-
ior on Pt(111) thereby are most significant for thin Pt films,
indicating that the influence of lateral strain within the pseu-
domorphic layers on the adsorption energetics is of subordi-
nate importance as compared to the substrate/interface effect.®
Only for Np; > 3 ML, the strain effect dominates. According
to theory oxygen adsorption energies on Pt/Ru(0001) films
will be modified (reduced) too, in particular for very thin Pt
films.?

Despite its notable degree of complexity, the system O,
on platinum has a number of characteristics which renders
it a favorable choice. Specifically, various types of adsorbed
oxygen species exist and can be distinguished using infrared
absorption spectroscopy (IRAS): physisorbed O,, two types
of chemisorbed O,, as well as chemisorbed atomic oxygen;
since all of them are separated by an activation barrier, the
various states can be prepared separately and characterized
by standard surface analytical tools.?3~%’

The used IRAS setup is designed for low temperature
measurements down to 30 K, providing in-depth insight in
the adsorption behavior of oxygen on deposited Pt films on
Ru(0001). On Pt(111) there exist various transient stages of
O, adsorption, depending on sample temperature. At 7 <
40 K, O, is molecularly physisorbed with an intramolec-
ular O-O stretching frequency very close to the free O,
molecule in the gas phase at 1556 cm™'.2® At T > 45 K,
physisorbed O, is transformed into two types of molecular
chemisorbed states: a paramagnetic so called “superoxo” O5
state and a nonmagnetic “peroxo” 03— species have been
suggested.”>?-3! The respective internal vibrational modes
vo.o are located at about 875 cm™! and 700 cm™!.323% Ac-
cording to theoretical calculations® and, in particular, a care-
ful STM investigation®®3¢ the two oxygen species are cen-
tered above bridge and fcc sites, respectively (Fig. 1). Their
abundances depend critically on the adsorption temperature
(low T favors the bridge bonded superoxo state), which is
due to dissimilar activation energies to reach these states,
starting from a highly mobile (intrinsic) precursor state.>6 A
third state located at Pt step edges with (111) microfacets
(B-type) has additionally been identified using STM; no

J. Chem. Phys. 134, 224707 (2011)

@@ superoxo state
@@ peroxo state (fcc)

@3 peroxo state (hcp)

FIG. 1. Adsorption sites of the peroxo and the superoxo species adsorbed
on Pt(111), according to a theoretical (Ref. 30) and an experimental study
(Ref. 26). They all display three equivalent orientations.

molecules have been detected at steps with (100) microfacets
(A—type).26'36

Heating beyond 150 K causes thermal dissociation of
molecularly chemisorbed O,.3%3* This process is usually ac-
companied by molecular desorption. In case CO is present,
a reaction to form CO, proceeds in parallel as well.>’3° For
stepped Pt(111) surfaces (steps along Pt atom rows, i.e., the
(1, —1, 0) direction) extra O, desorption peaks have been re-
ported at 170-180 K and 220 K (Refs. 2,12, 13, 40,41, and
42) with the former being related to O, in the vicinity of
atomic oxygen and the latter representing a genuine O, step
species.*0:42

Atomic oxygen on Pt(111) preferentially occupies fcc
sites’>3° and is characterized by a Pt-O stretch frequency
at about 480 cm™!, when arranged in an ordered (2x2)-O
overlattice 3+

In this study on the adsorption behavior of chemisorbed
0O, on Pt/Ru(0001) layers a detailed description in terms of
vibrational frequencies, binding energies and sticking coef-
ficients will be presented. Direct observation of the inter-
nal O-O stretch modes (vp.g) of chemisorbed O,, and of
vpi.o for atomic oxygen thereby allows us to distinguish the
various adsorption states of molecular and atomic oxygen
species. The data are supplemented by vibrational spectra
of coadsorbed CO, acting as a probe molecule which distin-
guishes between Pt layers of different thickness and which
additionally responds sensitively to the presence of nearby
oxygen.

Il. EXPERIMENTAL

All experiments were performed in an UHV chamber
with a base pressure p = 6 x 10~!! mbar, containing facili-
ties for XPS (X-ray photoelectron spectroscopy), low energy
electron diffraction, TPD (temperature programmed desorp-
tion), FT-IRAS (Fourier transform infrared absorption spec-
troscopy), and for measurements of work function changes
using a Kelvin probe. The sample is a Ru single crystal with
a diameter of 10 mm, a thickness of 2 mm, an orientation in
the (0001) direction and a purity of 99.999%. It is mounted
on a liquid (Iq.) He or N; cooled cryostate and it can be
heated up with linear heating rates of 0.01-10 K/s; the sample
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temperature is limited to 1570 K due to a K-type thermo-
couple spot-welded to the side of the sample. The Ru(0001)
surface was cleaned by Ar™ sputtering (1.5 keV, 1 nA) and
multiple O, dosing cycles combined with flashing the sam-
ple up to 1570 K. The used FTIR instrument is a Bruker
IFS 66v with evacuable optics (p < 1 mbar) in order to
avoid bothersome absorptions of water or carbon dioxide.
Within this work a liquid nitrogen cooled MCT (mercury-
cadmium-tellurium) detector was used, allowing for mea-
surements in the spectral range 6004000 cm™!. Spectra
ranging down to 400 cm™! used a liquid He cooled Si:B de-
tector. Unless otherwise specified, IRAS spectra were taken at
a resolution of 4 cm~! with 500-1000 scans coadded. For the
IR measurements the sample was positioned in a dedicated
IR-cell, which contained an additional titanium sublimation
pump to reduce contamination. A uniform gas exposure is
provided by a multi-capillary array (MCA) with individual di-
ameters of >~ 10 um. Linear heating (0.01-10 K/s) to perform
temperature programmed desorption (TPD) experiments was
achieved by a microcomputer-controlled power supply. Ther-
mal desorption spectra were obtained using a glass enclosure
(Feulner cup) (Ref. 44) to ensure desorption from the front
face only and to enhance desorption signals in the quadrupole
mass spectrometer.

Our Pt films were typically deposited at substrate growth
temperatures 7g = 600-700 K at deposition rates of R
~ 1073 ML/s. Post-annealing was restricted to the tempera-
ture range of 700-800 K, which assures low defect densities
and excludes the possibility of surface alloying.® 41343

lll. RESULTS

A. Molecular chemisorbed oxygen and conversion to
the atomic state

As outlined in Sec. I the adsorptive properties of epitaxi-
ally grown Pt layers on Ru(0001) are modified by a combined
effect of the Pt/Ru interface as well as lateral strain imposed
on the Pt lattice.®'® Using CO as a probe particle it has been
found that the Pt/Ru interface is perceptible only for thin lay-
ers (Npy < 3 ML), while the influence of lateral strain persists
until the Pt lattice is relaxed by means of dislocation forma-
tion (Np; > 5 ML). Pt films in excess of 10 ML exhibit only
minute deviations from a genuine Pt(111) substrate.'3

To confirm these characteristics, 30, and 90, isotopic
species have been adsorbed at 7,,, = 80 K onto a 10 ML
Pt/Ru(0001) film (growth temperature 7 = 700 K). The re-
spective vibrational spectra are displayed in Fig. 2 for the per-
oxo and superoxo species of molecularly chemisorbed O,; the
various line positions are summarized in Table I, along with
the respective isotopic shift factors. Also included in Table I
are data on adsorbed atomic oxygen (O-(2 x 2) phase), which
forms upon slight annealing of molecularly chemisorbed oxy-
gen to T > 150 K (see Figs. 2(c) and 2(d)). Note, that the
values in Table I deviate slightly from Figs. 2(c) and 2(d),
as the displayed spectra were obtained from an incomplete O-
(2 x 2) phase; only after several adsorption/annealing cycles a
perfect p(2 x 2) long range order of the produced atomic oxy-
gen layers is obtained. It is apparent that the vibrational bands

J. Chem. Phys. 134, 224707 (2011)

Reflectivity

T T T T
600 700 800 900 1000

Frequency [cm]

FIG. 2. Infrared absorption spectra of 160,, (a), and 180,, (b), adsorbed at
80 K (exposure 30 L) on epitaxially grown Pt/Ru(0001) films (Np; =10 ML,
Tc = 700 K). IR spectra of atomic oxygen, obtained after annealing the
molecular adsorbates to 300 K, are reproduced in curves (c) and (d) for e}
and 180, respectively. All spectra were taken at a sample temperature of T},
= 80 K, using a 1q. He cooled Si:B detector and at a spectral resolution of
2cem™!

associated with '30, and '®0, display a bold isotopic shift
for both molecular chemisorbed oxygen species, which con-
firms their identity as oxygen derived vibrational modes. The
vo.o frequencies for oxygen adsorbed on a 10 ML Pt film are
somewhat higher as compared to Pt(111) which is attributed
to a slightly weaker interaction of O, with the not yet fully
relaxed Pt film. This observation is in accordance with CO
adsorption on the very same Pt film, which likewise displays
only marginal deviations in vibrational frequencies as com-
pared to CO on Pt(111), along with slightly lower desorption
temperatures in TD-spectra.®!® The close similarities of our
Pt films and Pt(111) in particular comprises the isotopic shift
factors k;, of atomic and molecular oxygen species; in par-
ticular, they deviate only slightly from the value of gas phase
0, (kiso = 0.943).28

B. Adsorption series for different Npy

In order to investigate the dependence of the adsorption
probability of impinging O, molecules on Pt/Ru(0001)

TABLE I. Experimentally observed oo line positions of the peroxo and
the superoxo O-O stretch modes for the two isotopic species 80, and '00,.
Also included are the respective Pt-O stretch frequencies Upi.o of atomic
oxygen (O-(2 x 2) phase). All line positions are given in cm~! and they
refer to a sample temperature of 80 K during IR measurements. The data for
Pt(111) are quoted from the literature for comparison (Refs. 27,35, and 43).

Substrate 10 ML Pt on Ru(0001) Pt(111)
Oxygen isotope 80, 100, ki, 80y 1902 kis
P0-0 (peroxo species) 672 713 0.942 703

0946 830 875 0.949
0946 452 477 0.948

Po-0 (superoxo species) 833.5 881.4
Ppr.o (atomic oxygen) 458 484
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layers of varying thickness, the vo.0o mode of the superoxo
species has been monitored for increasingly higher O,
exposures. Thereby a thermal beam, aligned by means of a
micro-capillary array has been directed at the sample (normal
incidence) which was held at a temperature of 80 K (unless
otherwise specified).

Unfortunately, the determination of absolute values of
the sticking coefficient s was impeded due to the fact that
the MCA is located inside the IRAS measurement cell which
contains an extra titanium sublimator pump to ensure negligi-
ble contaminations; the pressure increase as measured in the
UHYV main chamber therefore remained in the low 10~° mbar
range even if substantial amounts of gas were introduced.

Exposures are therefore based on the pressure reading
in the dosing line x exposure time (day-to-day reproducibil-
ity about £5%). In order to obtain equivalent exposures in
langmuir (L), a calibration has been carried out lateron. Here,
identical O, surface coverages have been prepared in two dif-
ferent ways: (i) by means of the directed MCA gas dosing
beam and (ii) using isotropic dosing.

The pressure reading in the gas dosing line is provided
by a bakable MKS baratron held at a constant temperature to
minimize thermal drifts. The pressure in the gas dosing sys-
tem is dynamically held constant by adjusting a permanent
flow from the reservoir while slightly pumping with a turbo-
molecular pump. A 1q. N, cold trap inserted in the gas dosing
line ensures removal of residual condensable contaminants.

In Fig. 3, three series of IR-spectra taken as the O, cov-
erage increases are displayed. The Pt layer thicknesses have
been chosen to be 1.3, 2.0, and 10 ML. It is apparent that
independent of Pt layer thickness, the spectral appearances,
as well as coverage dependent vo_o line shifts of the super-
oxo species at 870-880 cm~' are quite similar to the find-
ings on Pt(111).3*3% The same applies to vo.o of the peroxo
species at about 710 cm™! except for the fact that this band is
missing for thin Pt films (Np; <4 ML). A remarkable differ-
ence with respect to adsorption on Pt(111), however, are the
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substantially increased oxygen gas exposures necessary to
reach a certain O, coverage.

Another quite startling observation is represented by the
790 cm~! band which is associated with Np ~ 1 ML and
which grows to its final strength already for rather low ex-
posures at 80 K; annealing to 175 K causes this species to
disappear. An extra paragraph will be devoted to this novel
species (see below).

C. Extraction of sticking coefficients

According to a quantitative analysis of the O-O stretch
mode intensity /(vo.o) in Fig. 3, the amount of chemisorbed
O, initially increases about linearly with O, exposure for each
of the Pt/Ru(0001) layers; eventually, the increase of I(vo.o)
slows down which is attributed to the onset of saturation of the
Pt/Ru(0001) surface, and probably, electronic screening (de-
polarization) of vo.o. The linear dependence between /(vo.o)
and the amount of chemisorbed O, (derived from thermal
desorption spectroscopy) has been verified for Pt-layers Np,
= 1.5-12 ML (see supplementary material*®). This means
that, independent of Pt layers thickness, the vo.o oscillator
strength for adsorbed O, remains more or less constant.

From these traces the averaged initial sticking coefficient
so(Np,) is extracted for the various layers. Specifically, it is
found that sy grows dramatically with increasing average Pt
layer thickness Np,. In a more detailed analysis of O, sticking
the individual fractional areas A; with Np; Pt layers were ad-
ditionally taken into account. Using IRAS, these can be eas-
ily discriminated by adsorbing small amounts of CO; in the
absence of dynamical dipole coupling, i.e., at low CO cov-
erages ®Oco, discrete bands of vc.g (C-O stretch mode) have
been observed at 2085.5, 2094, and 2098 cm™! for Np; = 1, 2,
and 3 ML, respectively.'® For vg.o of chemisorbed O, such
a discrimination is impeded by the fact that the respective
vibrational bands at 860-880 cm™! are quite broad. This is
why, prior to oxygen adsorption, each Pt layer deposited onto
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FIG. 3. Infrared absorption spectra of increasing amounts of molecularly adsorbed 'O, on epitaxially grown Pt/Ru(0001) films: (left) Np, = 1.3 ML, Tg
= 600 K; (center) Np; = 2.0 ML, T = 600 K; (right) Npy = 10 ML, T = 700 K. Accumulated O, exposures at 7,4, = 80 K as indicated in Fig. 4(a).
Maximum O, exposures in the left, center, and right series of IR-spectra were 235 L, 520 L, and 18 L, respectively. All spectra were obtained at 7,, = 80 K

using a Iq. N> cooled MCT detector and at a spectral resolution of 4 cm~!,
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FIG. 4. (a) Integrated intensities of the vo.o bands of the superoxo Oz
species as the oxgen exposure is increased ( T,z = 80 K). The individual
curves refer to Pt/Ru(0001) layers of different thicknesses, as indicated in the
figure. The relative error in the given exposures is estimated to be £10%.
(b) Extracted sticking coefficients of impinging O (thermal beam) for an in-
creasing number of Pt layers. The quoted values refer to low O, coverages
(©0, < 5%), and they are given with respect to O, adsorption on Pt(111).
The value of 1073 for Np; = 1 ML represents an upper limit.

Ru(0001) has been characterized by CO adsorption at low T
~ 80 K (flashed away lateron); the low temperatures thereby
suppress lateral motion and ensure negligible interlayer trans-
port during CO adsorption. From these spectra the fractional
areas A; with Np; Pt layers were determined. The average
amount of deposited Pt (which scaled nicely with the inte-
grated flux of deposited Pt) then equals Np, = > A; - Npi;.

The derived, averaged sticking coefficients (see Fig. 4(a))
are then used to extract the values for individual Np, (see
Fig. 4(b)). The most striking finding of the adsorption exper-
iments presented in this work is the very low sticking coeffi-
cient of oxygen molecules on the Pt/Ru(0001) monolayer, de-
spite an efficient oxygen uptake for the pristine close-packed
surfaces of platinum'?2%32 and ruthenium*’ (sticking coeffi-
cients for thermal beams amount to 0.5 and beyond). More-
over, it is found that sticking greatly increases, as thicker lay-
ers are grown.

Comparison of the findings regarding O, adsorption on
the 10 ML Pt film and on Pt(111) yields a somewhat lower
sticking probability for the epitaxially grown film along with
a minor vo.o frequency shift, which is attributed to the not
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yet fully relaxed evaporated Pt film. Similar observations have
been reported for vc.o frequencies of isolated CO species on
increasingly thicker Pt layers which approach the value ob-
served on Pt(111) only little by little.'® Note that Pt layers
grow pseudomorphically for Np; < 4 ML and relaxation of
the strained (compressed) Pt lattice proceeds very gradually
for thicker layers, and is accompanied by the formation of
a dislocation network.®'® Using monochromatic molecular
beams, the sticking of O, on Pt(111) has been analyzed in
detail by Luntz et al.;>> based on their data an absolute stick-
ing coefficient of about 0.6 is to be expected for a thermal
beam such as ours, impinging perpendicularly onto Pt(111),
and accordingly lower values for the Pt/Ru(0001) films.

The negligible sticking of O, on the Pt monolayer is con-
firmed by vibrational spectra of coadsorbed CO (Fig. 5). Here
it is essential that the internal stretch frequency of CO on Pt is
sensitively influenced by coadsorbates. For example, for Np;
= 10 ML Pt on Ru(0001) vc.o experiences blue shifts of about
20 and 10 cm~! when coadsorbed with either O, or atomic
oxygen, respectively, in favorable agreement with findings of
CO on Pt(111).*® Similar observations were made for CO
on Ru(0001) surrounded by various chemisorbed coadsorbate
species.**->? In Fig. 5 the curves (a)—(f) correspond to the lay-
ers in the left panel of Fig. 3. Due to a heavy CO dose just be-
fore the oxygen adsorption series was conducted, the oxygen
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FIG. 5. Infrared absorption spectra of CO used as a tracer to monitor ad-
sorption of molecular oxygen on an epitaxially grown Pt/Ru(0001) film (Np
= 1.3 ML). The curves (a)—(f) represent the spectra in Fig. 3 (left panel) in the
spectral region of the C-O stretch mode. Due to minute amounts of CO in the
0O, gas, oxygen uptake at 80 K was accompanied by the growth of the vc.o
modes at 2070-2100 cm™! (curves (a)—()). (g): Layer in (f) after annealing
to 175 K; (h): layer in (g) after annealing to 600 K (thereby desorbing CO
entirely) and with 0.02 ML CO adsorbed at 80 K thereafter. For comparison
the IR spectrum of 0.02 ML CO adsorbed at 80 K on the native Pt/Ru(0001)
layer (i.e., before oxygen according to curves (a)—(f) has been admitted) is
displayed as well (curve (i)). The spectra were obtained at 7;, = 80 K using
algq. Ny cooled MCT detector and at a spectral resolution of 4 cm™! (curves
(a)-(h)) or 2 cm™! (curve (i)).
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gas contained tiny amounts of CO which accumulated on the
Pt/Ru(0001) surface as the O, exposure increased; in curve
5(f) the CO coverage amounts to 0.005 ML. Thanks to a no-
table chemical shift of vc_g in the vicinity of coadsorbed oxy-
gen atoms or molecules, CO can be used as a probe molecule
to detect adsorbed oxygen on Pt/Ru(0001). As vc.o displays
characteristic line shifts for increasing Np (see supplemen-
tary material*® and Ref. 18) this analysis has the advantage of
being layer sensitive.

Specifically, it is found that, independent of O, expo-
sure, V.o at 2085.5 cm™! (ascribed to CO on the Pt/Ru(0001)
monolayer) (Ref. 53) remains unchanged with respect to CO
on a clean Pt/Ru(0001) monolayer. This observation of a non-
distorted vc.o band for Np; = 1 ML stands even after quite
high oxygen exposures of several hundred L have been admit-
ted, in accordance with a zero (or close to) adsorption proba-
bility for O, on this layer. For thicker Pt layers, on the other
hand, vc.o displays substantial line shifts if molecularly or
atomically chemisorbed oxygen is coadsorbed. Specifically,
for CO located in sub-areas with 2 ML Pt/Ru(0001), O, expo-
sure leads to a narrow line at 2102 cm™! (see Figs. 5(d)-5(f)),
i.e., chemisorbed O, induces a +8 cm~! blue shift with re-
spect to 2094 cm ™! expected for CO on the clean Pt/Ru(0001)
bilayer film. A closer inspection of this band (curves (a)—(e)
in Fig. 5) reveals a gradual shift 2094 — 2102 cm™!, which
we attribute to the decreasing distances between CO and O,
as the O, exposure/coverage increases.

Upon annealing to 175 K (Fig. 5(g)), this vc_o blue shift
is nullified again. Evidently, negligible amounts of molecu-
larly chemisorbed O, convert to atomic oxygen on these Pt
mono and bilayer films, i.e., chemisorbed O, largely des-
orbs upon thermal annealing. On Pt(111) or thick Pt/Ru(0001)
films a substantial fraction (roughly a quarter, or even more
for O, submonolayer coverages) dissociates upon annealing.
It is suspected that a lower binding energy of O, (favoring
desorption at lower T), in conjunction with a slightly higher
activation energy for the dissociation channel are responsible
for this reduced efficiency in O, dissociation. Just for comple-
tion we note that CO molecules, initially located on the Pt/Ru
monolayer (2085.5 cm ™! band) become mobile at T > 100 K
and leave these areas; their preferred locations, populated
upon annealing, are Pt step edges (2075 cm™!) and, probably,
areas with Np; = 2 ML (2094 cm ™).

As mentioned above, exposure of the Pt/Ru(0001) mono-
layer to molecular oxygen at low T exhibits a novel spectral
feature at about 790 cm~!. This species forms already for
low O, exposures, which is at striking variance to the per-
oxo and superoxo species which are formed only very grad-
ually for thin Pt films on Ru(0001), or, they may not form at
all on the P/Ru(0001) monolayer; moreover, the 790 cm™!
band disappears as soon as higher Pt layers were grown (see
Figs. 6(a)-6(d)). Since the 790 cm~! band saturates at quite
low intensities (and exposures), it is concluded that it must be
associated with some special minority site and that these sites
may get populated readily due to an increased bond strength;
Pt monolayer terraces, on the other hand, remain virtually
oxygen-free.

A straightforward candidate to explain the 790 cm™!
band would be O, located at Pt steps, as such species
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FIG. 6. Infrared absorption spectra of ultrathin Pt/Ru(0001) films (Pt layer
thickness ranging from 0.8-1.7 ML, as indicated in the figure) which have
been exposed to molecular oxygen at 80 K: (a) 5 L; (b) 25 L; (c) 18 L;
(d) 15 L. All P/Ru(0001) layers have been grown at 7 = 600 K.

have been observed by STM (Refs. 26 and 36) and these
oxygen molecules seem to be more strongly bound than O,
on terraces;> % 134042 guch stronger bonding would be in ac-
cordance with the reported higher desorption temperature and
a suggested larger fraction of O, dissociation as compared to
0, on the plain terraces of Pt(111).33*

Another evidence is provided by vibrational spec-
troscopy: Oxygen adsorption on a stepped Pt(111) surface (B-
type of steps with (111) microfacets) indeed gave an extra vi-
brational band at 820 cm™!, not observed previously (Fig. 7).
For Pt(335) substrates (i.e., substrates with A-type of steps) a
similar molecular oxygen species with substantially reduced
0-O stretch frequency (about 800-820 cm™!) has been ob-
served (using HREELS) and attributed to O, located at the
ridges separating the rather short terraces.>*' Kind of puz-
zling, the assignment of the 790 cm™! mode to a step species
does not really explain why this band is not observed for Pt
films beyond monolayer thickness. Possibly, the nearby and
much stronger regular terrace O, mode screens the respective
mode of the minority step edge species (electronic screening
or by means of “intensity borrowing”).>=7 As no oxygen ad-
sorbs on the terraces of the Pt/Ru(0001) monolayer, the ob-
servation of the weak step species is facilitated.

An alternative interpretation is associated with the spe-
cial sites located at the boundaries of original Ru step edges
and Pt monolayer areas attached to them in the course of the
(step-flow) Pt deposition process at elevated T. While one can-
not give a definitive answer, the close agreement of the vi-
brational frequency of this novel state and the O-O stretch
frequencies of O, at Pt step edges gives clear support to the
step edge geometry. Further corroboration to this interpreta-
tion comes from the enhanced sticking coefficient for stepped
Pt(111) samples,'>?* which agrees perfectly with the rapid
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FIG. 7. Infrared absorption spectra of molecular oxygen adsorbed on a
stepped Pt(111) surface (5° misorientation with B-type of steps, i.e., with
(111) microfacets), and annealed to increasingly higher T thereafter: (a) ex-
posure of 1.2 L Oy at T,4; = 80 K; (b) layer in (a) +1.2 L O, at 80 K;
(c) layer in (b) +3.6 L Oy at 80 K; (d) layer in (c) annealed to Typpeal
= 100 K; (e) layer in (d) annealed to Typnear = 134 K. All spectra were
taken after recooling to 80 K.

uptake of this species despite zero sticking on the Pt/Ru(0001)
monolayer for the regular terrace O, species.

D. Physisorbed O, and thermally induced conversion
to chemisorbed Oy

In the following it is investigated whether the lack of O,
adsorption on the Pt/Ru(0001) monolayer is associated with
a kinetic barrier along the adsorption pathway, or, it is sim-
ply due to a much too shallow adsorption potential and un-
sufficient cooling of the sample at T = 80 K. Therefore, Iq.
He cooling is used in the following. According to the litera-
ture, O, exposures should predominantly lead to population
of a physisorbed O, state at very low T.?>?7 A transition into
the molecularly chemisorbed O, states then can be initiated
by slight thermal annealing to 40-70 K; it appears likely that
population of the weakly bound precursor state will be tran-
sient only, when applying the O, gas at elevated surface tem-
peratures (60—120 K). Moreover, the activation barriers sta-
bilizing the physisorbed state on Pt(111) vary slightly for the
different adsorption sites underneath, so that the relative ra-
tio of peroxo and superoxo species produced upon annealing
depends critically on the adsorption temperature.?% 2’

Figure 8 shows IRAS data of oxygen gas applied to
ultrathin Pt/Ru(0001) layers at T = 36 K. In the range of
1400-1600 cm~" a single vibrational mode at 1544.4 cm™!
(1457.1 for the 30, isotopic species; ks, = 0.9435) due to
physisorbed O, is observed (see curves 8(a) and 8(b)). The
internal vibration of this weakly bound molecule apparently
has a quite small dynamic dipole moment perpendicular to
the surface and its O-O stretch frequency is red shifted by
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FIG. 8. IRAS spectra of physisorbed O, on bimetallic Pt/Ru(0001) layers:
(a) Np; = 1.0 ML, grown at Tg = 600 K, exposed to 35 L 90, at T4
=36 K; (b) Npy = 1.0 ML, grown at T = 600 K, exposed to 45 L 1802
at T,qs = 36 K; (¢c) Np; = 1.6 ML, grown at T = 800 K, exposed to 1.5 L
160, at Tygs = 36 K; (d) layer in (c), additionally exposed to 25 L 160, at
Tads = 36 K; (e) layer in (d), annealed to 7,4, = 60 K. All spectra have been
obtained at 7, = 36 K using an MCT detector and at a spectral resolution of
4em™!

~12cm~! as compared to the respective mode of the free O,
molecule?® (and blue shifted by 1 cm™! with respect to O, on
the Pt(111) surface?’).

The only extra band detected for these layers is located at
about 765-800 cm ™! for '°0,. Interestingly, this band is sub-
ject to a red shift by about 25 cm~! when physisorbed oxy-
gen is present (see curves (c) and (d) of Fig. 8). This shift is
reversible after physisorbed O, has desorbed (Fig. 8(e)). In
Sec. III C this feature has been attributed to molecular oxy-
gen at some kind of defect sites, most likely at the step edges
of Pt-terraces. Clearly, there exists an isotopic shift 767 —
730 cm™! (ki5, = 0.952), when '°0, is replaced by the 20,
isotopic species (see curves (a) and (b) of Fig. 8).

In accordance with the adsorption studies at T = 80
K (see Fig. 6), the 790 cm™! species forms readily, even
for rather low exposures (Fig. 8(c)). As the growth of the
physisorbed oxygen starts only with some delay, it appears
reasonable that there exists a non-activated exit channel of the
physisorbed state. It is obvious that these special high reactiv-
ity sites of the Pt/Ru(0001) surface are associated with the
molecular chemisorbed state with 7o.¢ at about 790 cm™!.
It seems that only after these sites have been occupied, the
physisorbed oxygen represents a stable (observable) state.

The well-known superoxo and peroxo species, on the
other hand, experience shallow but nevertheless effective ac-
tivation barriers along their adsorption pathways. Referring
to molecularly chemisorbed O, (superoxo species) with Uo.o
expected in the range of 850-900 cm™', no infrared absorp-
tion bands are observed for Np; < 2 ML when O, dosage is
performed at 36 K (apart from a slight baseline instability at
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800-1000 cm~' in Figs. 8(d) and 8(e)). With an increasing
number of Pt layers, i.e., for Npy = 3 ML and beyond, the fill-
ing of the physisorbed O, state is accompanied by the growth
of a weak band at 870 cm~!. It is attributed to the superoxo
state of chemisorbed O,, in accordance with the adsorption
series at 80 K (see Fig. 3). This band gains considerably in in-
tensity upon annealing to 80 K which transforms physisorbed
0, to the molecularly chemisorbed state on Pt(111).%3-%" Note
that the vo.o mode of the superoxo species at about 870 cm™!
likewise is subject to a slight red shift (about 6 cm™') in
the presence of physisorbed O, (not shown). Such frequency
shifts of chemisorbed species in the presence of physisorbates
are quite common.**>" Interestingly, this shift is substantially
weaker for superoxo O, as compared to the defect (step) re-
lated species with Dg.o = 790 cm™!. It is invoked that the
more compact arrangement®®3® of the superoxo species (870
cm™!) attenuates the influence of nearby physisorbed O,. In
addition, the effect of second layer O, (physisorbed O, above
islands of superoxo O,) is expected to be a lot weaker as com-
pared to first layer physisorbed O,; such behavior has been
noticed before for the system CO + Xe/Ar on Ru(0001) and
it is in accordance with a negligible work function change of
second layer vs. first layer physisorbed species.””

For Pt(111) physisorbed oxygen can be readily trans-
formed into molecularly chemisorbed O, simply by heating
to about 40 K.>* For Pt/Ru(0001) layers such a transfer works
efficiently only for Np; > 3 ML. For Np; = 1 ML such an-
nealing fully desorbs physisorbed O, and for Np; = 2 ML the
amount of produced chemisorbed O, is negligibly small. Only
by applying extended oxygen exposures at 80 K notable sig-
nals of chemisorbed O, could be obtained. Further annealing
to T > 130 K desorbed O,; as a consequence, atomic oxygen
could not be produced on mono and bilayer Pt/Ru(0001). This
conclusion is based on the lack of detecting vp.o of atomic
oxygen and the absence of any oxygen induced vc_g line shifts
when using CO as a probe molecule (see Fig. 5, above).

IV. DISCUSSION

In a detailed ab initio local-spin-density calculation, the
adsorption of oxygen on Pt(111) has been analyzed3*>? and
it turned out that the d-band is contributing most significantly
to the bonding. Based on the model developed by Hammer
and Ngrskov %% it has been further shown, that the binding
energies of various adsorbate species, such as CO molecules
and, in particular, oxygen atoms are linearly lowered as the
d-band center departs from the Fermi level.2!61,62

In previous work an elegant way to modify the surface
electronic structure, e.g., the location of the d-band, by grow-
ing bimetallic layers has been presented.® Specifically, clear
evidence that the first monolayers of Pt on Ru(0001) grow
pseudomorphically and are laterally compressed by 2.5% has
been found. According to theory,":?>3-%! such a compres-
sion yields a stronger overlap of neighboring Pt d-band or-
bitals and an accordingly energetically broadened d-band. For
Pt on Ru(0001), both of them being transition metals with
more than half-filled d-band, the energetic position of the d-
band center is then shifted downward from the Fermi level to

J. Chem. Phys. 134, 224707 (2011)

ensure charge neutrality of bulk and surface. In the calcula-
tions of Mavrikakis and co-workers this shift, as well as vari-
ations in adsorbate binding energies have been directly corre-
lated with lattice strain.?! On the experimental side, this trend
of reduced bond strength of adsorbate (oxygen) species on
compressed lattices is documented for the Ru(0001) surface,
locally strained by means of nanoscale protrusions caused by
subsurface Ar-filled cavities after Ar'-ion bombardment and
implantation.”-2

The adsorption geometry and energetics of atomic and
molecularly chemisorbed oxygen on Pt/Ru(0001) layers have
been investigated theoretically by M. Lischka et al.>> Using
density-functional theory (DFT) the binding sites of molecu-
larly chemisorbed oxygen on Pt/Ru(0001) have been identi-
fied and their adsorption energies determined. For reference,
similar calculations have been performed for Pt(111) sub-
strates and their data agreed favorably with other published
theoretical calculations on Pt(111),3%%® as well as with ex-
perimental findings: O, adsorbs in two configurations, the su-
peroxo (¥o.0 =~ 870 cm™!) and the peroxo state (V9.0 =~ 690
cm™ 1), which are centered above bridge and threefold hollow
sites, respectively. Their binding energies on Pt(111) (0.78 eV
for superoxo — O, and 0.80 eV for peroxo — O;) are found
to decrease substantially upon lateral compression of Pt(111)
down to the Ru(0001) lattice constant (eventually reaching
0.56 eV for superoxo — O, and 0.53 eV for peroxo — O;).
Interestingly, the calculated values for oxygen molecules ad-
sorbed on laterally compressed Pt(111) and on pseudomor-
phic 3 ML Pt/Ru(0001) films are virtually identical.”> This
finding corroborates an earlier conclusion stating that the in-
fluence of the Pt/Ru interface is negligible for Pt layer thick-
nesses of Np; = 3 ML and beyond.8 Only for Npy = 2 ML
and especially for the Pt/Ru(0001) monolayer the substrate
influence is substantial, leading to additional reductions of the
oxygen-Pt interaction strength.

At variance to expectation based on calculated binding
energies of O, on Pt/Ru(0001) monolayers,22 the molecular
chemisorbed superoxo — O, species could not be detected in
our experiments. For Pt bilayers this species is formed, albeit
at a slow rate due to the small sticking probability; upon an-
nealing molecular oxygen desorbs entirely, i.e., no transition
to the atomic state could be initiated on Pt bilayers. To vi-
sualize these differences, a schematic picture of the potential
curve as seen by impinging O, is displayed in Fig. 9. Despite
its simplicity it may nevertheless provide an intuitive picture
of the findings of this study regarding the sticking of oxygen
on the various Pt/Ru(0001) layers.

In our TD spectra (see supplementary material*®) we ob-
serve an increase in O, desorption (peak) temperature 7,
= 115 — 135 K for Np; = 2-5 ML (heating rate 1 K/s); for
thicker Pt films gradual strain relaxation within the Pt film
adds another 5-10 K. This finding is in accordance with theo-
retical predictions®” that adsorption energies E; of the molec-
ular chemisorbed state of oxygen increase with layer thick-
ness (and also upon Pt lattice relaxation). The binding energy
of the physisorbed O, species (E,ys), on the other hand, is
expected to be largely independent of Pt layer thickness. By
means of numerical integration of an Arrhenius rate equa-
tion (assuming first order desorption kinetics and a constant
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FIG. 9. Schematic view of the binding energies and the transition barriers be-
tween the various adsorption states of oxygen on Pt(111), such as physisorbed
O3, molecularly chemisorbed O, and atomically chemisorbed oxygen (full
line). Approximate values of the activation barriers and potential depths were
taken from Luntz e al.2>2* For the bimetallic Pt on Ru(0001) system a lower
binding energy for chemisorbed oxygen on the Pt/Ru(0001) mono and bilay-
ers probably leads to an increase of the transition barriers which obstructs
transition of physisorbed O into the chemisorbed state, as well as suppresses
dissociation of molecularly chemisorbed O, (dashed curve).

standard prefactor of ky = 10'® 1/s), the respective adsorption
energies £ have been derived from a comparison to the
thermal desorption spectroscopy traces of desorbing O;; for
Np = 2-10 ML values of 0.3-0.4eV were obtained. Since no
chemisorbed O, can be produced for monolayer Pt/Ru(0001),
the associated binding energy E| must remain open; it is likely
that E, is significantly lower than E;. On Pt(111), the ad-
sorption energy of O, has been experimentally determined by
Luntz et al.” to be 37 kJ/mol (0.38 eV). This energy is reason-
ably close to the value derived for Np; = 10 ML in this work,
which is not a big surprise since the 10 ML Pt film already
started to relax structurally and its lattice constant gradually
approaches the Pt(111) value.

The experimentally derived value for superoxo O, on
Pt(111) is about 50% lower than calculated using DFT.?%30-58
For the Pt/Ru(0001) layers this factor amounts to 30-40%
(Ref. 22) and even though the deviations in absolute val-
ues are notable, the derived trend for different Pt/Ru(0001)
layer thicknesses is quite clear and correlates well with ex-
perimental data. Assuming a similar “correction” factor of
0.6-0.7 to apply for the Pt/Ru(0001) monolayer, the ener-
gies from DFT calculations?®> may be employed to extrapo-
late a fictitious value of E¢4* ~ (0.34 eV)-0.65 ~ 0.22 eV,
leading to T ~ 80 K, if a standard prefactor (10'3 1/s)
for the desorption process is assumed. As liquid N, cool-
ing is insufficient to stabilize such a weakly bound surface
species on the Pt/Ru(0001) monolayer, liquid He cooling is
required to avoid rapid desorption out of this state once it
is populated. However, neither extended exposures at low T
~ 36 K nor annealing of physisorbed O, could produce
molecular chemisorbed oxygen on the Pt/Ru(0001) mono-
layer (except for a defect-related state with Tg.0 &~ 790
cm™!). Apparently, the transition from the physisorbed state
to chemisorbed O, is hindered for Pt/Ru(0001) monolayer
substrates, which is attributed to a higher activation barrier as
compared to desorption of physisorbed O,. It is invoked that
the less deep adsorption potential of O, on the Pt/Ru(0001)
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monolayer is the primary cause for this increased barrier
height. For 2 ML Pt/Ru(0001), the increased depth of the su-
peroxo chemisorption potential reduces the barrier between
the physisorbed and molecular chemisorbed O, states suffi-
ciently to allow a transition by heating the sample to about
50 K. Such a correlation between activation barriers and the
ground state energies of educt or product species is known
as the Brgnstedt-Evans-Polanyi principle.5% In particular,
when it comes to predict catalytic behavior and to describe
trends, a renewed interest in these concept exist.®>%

In order to end up in the atomically chemisorbed state
(as observed for chemisorbed O, on Pt(111) (Refs. 24 and
34)), the O, molecules eventually have to dissociate, e.g., by
controlled annealing of the layers. For bimetallic Pt/Ru(0001)
layers with Np; = 2 ML desorption sets in prior to dissocia-
tion. A transition into the atomic state is found only for > 3
ML Pt layers; we suspect that a similar scenario as described
above applies to the atomically chemisorbed state (E,;), i.e.,
an enhanced bonding of oxygen atoms to thick Pt layers re-
duces the barrier towards dissociation. It is suggested that
both, the residual electronic effect of the Ru(0001) substrate
as well as lattice strain within the pseudomorphic Pt layers,
contribute to the modified chemical properties of Pt/Ru(0001)
with respect to Pt(111). While the former has virtually van-
ished for Np, > 3 ML, the strain effect remains active for
thicker layers and is only gradually released for Np; > 5 ML
by the formation of dislocations.® '8 According to the present
findings the contribution due to strain seems to be of minor
importance, as compared to the electronic influence of the
Ru(0001) substrate (including the Pt/Ru interface), at least for
the studied transition of physisorbed O, into chemisorbed O,,
as well as the dissociation into the atomic state.

V. SUMMARY

In conclusion, infrared absorption and thermal desorp-
tion spectroscopy have been employed to study the adsorption
behavior of oxygen on epitaxially grown, pseudomorphic Pt
layers on Ru(0001). Thereby, drastically modified chemical
properties with respect to oxygen adsorption on Pt(111) are
revealed. Specifically, sticking of O, and occupation of the
molecularly chemisorbed peroxo and superoxo states is found
to depend critically on Pt layer thickness, which is attributed
to an increasingly higher kinetic barrier for thin Pt films. For
the Pt monolayer occupation of these states is entirely sup-
pressed; quite similarly, the transition between the molecular
chemisorbed and the atomic oxygen states is kinetically hin-
dered and O, dissociation proceeds only for Np, > 3 ML.

Irrespective of the Pt film thickness, the spectroscopic
signature (line position, line width, intensity) of the promi-
nent O, superoxo state at about 880 cm™' agrees favorably
with O, on Pt(111); such similarities have been noticed be-
fore for CO on these Pt/Ru(0001) films.'® Even though the
characteristics of the adsorption states once formed might not
be that different, kinetic processes proceed at vastly different
rates and may dramatically influence the accessible adsorp-
tion states and possible reaction intermediates.

In brisk contrast to the zero sticking of O, on Pt/Ru(0001)
monolayer films, a novel molecular chemisorbed O, species,
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located at some minority site, most likely at step edges of the
Pt monolayer, has been identified; this species readily forms
without any indication of a kinetic barrier.
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S1 Internal C-O stretch frequency (vc.o) of CO (coverage ®co = 0.01 ML, sample
temperature 80 — 100 K) adsorbed on various Pt\/Ru(0001) overlayers (number of Pt
layers Npt = 0.3 — 15 ML). Pt has been deposited onto a Ru(0001) substrate held at 600 —
700 K at a rate of R ~ 10 ML/s. Pt grows pseudomorphically on Ru(0001) up to at least 4
ML [1, 2]. Thereby vc.o is influenced by two effects [1, 2]:

(i) strain within the Pt film (lattice mismatch Aa/a = 2.5%); this effect remains constant as
long as the Pt layers retain their pseudomorphic structure, i.e. up to Npt =4 — 5 ML.

(i) an electronic influence due to the underlying Ru(0001) substrate and the presence of
the Pt/Ru interface; this effect is dominant for few Pt layers and vanishes for Np; = 3 ML.

The elongated bars refer to broadened vibrational bands: for such layer thicknesses the
strained pseudomorphic Pt\/Ru(0001) layers start to relax structurally and begin to
adopt/approach the Pt lattice constant.

Open symbols refer to data obtained very recently, bold symbols to data taken several
years ago. Slight deviations in peak position are due to variations in CO coverage and
associated line shifts due to lateral interactions. Note that the line positions refer to the low
coverage limit and the quoted variations in line positions amount to few tenth of cm™ only.
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S2  Series of thermal desorption spectra (heating rate dT/dt = 1 K/s) obtained from O
adsorbed on various Pty/Ru(0001) overlayers (Npt = 1.5 — 12 ML). Pt has been deposited
onto a Ru(0001) substrate held at 700K at a rate of R ~ 10° ML/s. An identical O,
exposure of 10 L has been applied to Pty/Ru(0001) and the variation in the amount of
desorbing O, reflects the dramatic increase of the O, sticking coefficient with Pt layer
thickness. The thermal desorption spectra were obtained using a glass enclosure to
ensure desorption from the front face of our sample only and to enhance desorption
signals in the quadrupole mass spectrometer. Note that the integrals of the displayed
curves do not reflect the entire amount of adsorbed O; since a certain fraction dissociates
during annealing. A quantitative evaluation of this fractional amount can be attained by
means of CO post-adsorption and CO + O — CO, formation (and desorption).
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83  Comparison of the superoxo O-O stretch mode intensity I(vo.0) and of the surface
oxygen coverage ®o on various Ptn/Ru(0001) overlayers (Npy = 0.3 — 12 ML), as a result
of a 10 L exposure to molecular oxygen at 85 K. I(vo.o) has been derived from the
integrated IR absorption signal of the O-O stretch mode located at about 880 cm™. ©¢ is
obtained from thermal desorption spectra and is the sum of two contributions: (i)
desorbing molecular O, at about 130 K; (ii) associative CO, desorption after CO post-
adsorption, which consumes left-over atomic oxygen from dissociated O, after the run (i).
Calibration of oxygen coverages and TDS desorption yields has been attained using XPS
for the 12 ML Pt/Ru(0001) sample. In panels A and B identical data are displayed, either
in a linear or a logarithmic scale, respectively. Note that the fractional ranges of the two
log scales (on the left and right of panel B) are identical and differ only by a constant offset.
The parallel evolution of IR intensities and oxygen coverages therefore confirms the linear
dependence of I(vo.0) and of @, i.e. I(vo.0) = ¢ (®o)" withn =1.
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Oxidation of Methanol on Oxygen covered Pt,/Ru(0001) Layers
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Thin pseudomorphic as well as thick "Pt(111)-like” Pt/Ru(0001) bimetallic substrates have been
used to study the oxidation of methanol (CD3OH) to CO2. Specifically, molecular (cold deposited)
and ordered atomic (annealed) oxygen precovered Pt,/Ru(0001) layers with n = 1 — 15 ML have
been studied. Thereby the thickness of the Pt films primarily influences the adsorption probability
of Oz and much less the energy barriers for methanol reactions. In particular, no indication of
a strain effect could be detected and the reactions of methanol on Pt,/Ru(0001) multilayer films
closely follow the known reaction scheme on Pt(111) substrates: On Oz /Pt,/Ru(0001) methanol is
directly oxidized to formate (DCOQ) and eventually desorbs as CO» (300 K). The formate produc-
ing reaction is thereby promoted by dissociating O2 molecules (130 K) and, at higher temperatures
(130-200 K), by disordered atomic oxygen. This is in contrast to methanol post-adsorbed onto
ordered atomic oxygen covered Pt, /Ru(0001) layers which exhibit formaldehyde formation and de-
composition to CO and H. Interestingly, during methanol dissociation at 160-200 K a remarkable
fraction of methanol molecules experiences an H <> D exchange of the hydroxyl group hydrogen,
leading to the dominant desorption of CD3OD. Our observation that the relative fraction of des-
orbing CD3OH is exceptionally low implies a bold primary isotope effect which we attribute to the

dissimilar zero point energies associated with OH and OD vibrations of methanol.

PACS numbers:
I. INTRODUCTION

In this study methanol (CD3OH) reactions on (molec-
ular and atomic) oxygen precovered Pt,, /Ru(0001) layers
with n = 1—15 ML (monolayers) have been investigated
using infrared absorption spectroscopy (IRAS) and tem-
perature programmed desorption (TPD). These systems
exhibit reactivity towards complete methanol oxidation
and thus formation of CO5. In general, catalysts which
convert methanol to COs, as opposed to CO accumula-
tion at the electrodes, are of high interest with respect
to the direct methanol fuel cell (DMFC).}™® Due to such
CO poisoning, catalysts which dehydrogenate methanol
without complete oxidation may be unsuitable for prac-
tical use.

On Pt(111) no methanol reactions are observed in the
absence of preadsorbed oxygen.? Referring to IRAS and
thermal desorption experiments by Liu et al.!? and Endo
et al.'', methanol activation can be initiated by coad-
sorption with atomic or molecular oxygen. Thereby, ab-
stracted hydrogen readily removes all surface oxygen and
desorbs as water. For submonolayer methanol coverages
on O(2 x 2)/Pt(111) layers formaldehyde was addition-
ally found as a stable surface intermediate which decom-
poses to CO and H at elevated T; further oxidation of
H>CO to formate merely represents a minority reaction
pathway.'? For saturation methanol coverages on O(2x2)
layers no stable intermediates were observed except for
CO which eventually desorbs at ~ 500 K. Methanol coad-
sorbed with chemisorbed molecular oxygen on Pt(111) is
reported to undergo oxidation to formate. Interestingly,
this reaction occurs at temperatures as low as T~ 70 K,
i.e. well below the dissociation temperature of molecular
oxygen on Pt(111).11:12

Reactions of methanol on Ru(0001) have recently been
analyzed by us.!314 On the oxygen-free surfaces methoxy
as well as its decomposition product, CO, were identified
as the only stable surface intermediates. Ordered O(2x2)
or O(2 x 1) overlayers on Ru(0001), on the other hand,
turned out to be entirely unreactive under the conditions
of our experiment. This does not apply to residual oxy-
gen (few percent) on clean Ru(0001) which induces a
direct H-transfer from the methanol hydroxyl group to
surface oxygen which is then removed from the surface
as water.

The growth of Pt on Ru(0001) has been studied exten-
sively with IRAS and STM in the submonolayer and mul-
tilayer regime.'519 It has been found that Pt grows pseu-
domorphically at least up to the 4*h atomic layer.'”19
For higher layers the strain relaxes and the Pt lattice
constant gradually approaches the Pt(111) value. The
(short range) electronic influence of the Ru(0001) sub-
strate dominates for few layer Pt films and vanishes start-
ing with the third Pt layer. This peculiarity allows us to
study the effect of laterally compressed "Pt(111)” on the
surface reactivity. Experimental evidence for such an in-
fluence of strain on adsorption energies has been provided
by Gsell, Jakob and Menzel.2%2! DFT calculations ex-
plain this phenomenon by means of strain induced shifts
of metal d-bands with respect to the Fermi level.?? For
the system Oy /Pt,,/Ru(0001) it has been shown that the
sticking probability of oxygen is virtually zero for the first
Pt layer and increases step by step, approaching the value
of Pt(111) for thick layers.23:2* Tt therefore appeared in-
teresting to analyze more complex reactions, involving a
variety of different bonds. In the case of methanol reac-
tions activation barriers now separate two surface species,
both of them subject to strain and/or the electronic influ-
ence of the Pt/Ru interface, as opposed to the Og stick-



ing reaction which involves surface species only on the
product side. The fundamental question therefore was,
whether adsorption energies of transition states and of
reaction products and educts scale evenly, or they are
more or less decoupled.

In our study we will first present results on
methanol adsorption and reactions for Os precovered
Pt,/Ru(0001) layers with n denoting the number of de-
posited Pt layers. Subsequently, reactions on O cov-
ered Pt,,/Ru(0001) substrates will be discussed. To the
best of our knowledge no UHV-studies on thermally in-
duced methanol reactions on oxygen precovered or clean
Pt,,/Ru(0001) multilayers have been published up to
now.

II. EXPERIMENTAL

The experiments were performed in a UHV chamber
at a base pressure of p = 6 x 107!! mbar. The sample
is a Ru(0001) crystal (5N purity) with 10 mm in diam-
eter and a thickness of 2 mm. It can be cooled with
liquid He or Ny and heated up to 1570 K (limited by
the type K thermocouple) with linear heating rates of
0.1-10 K/s. The quadrupole mass spectrometer (Balzers
QMA112) is equipped with a Feulner cup?® (glass en-
closure) to ensure desorption from the front face of the
sample only and to enhance the desorption signals. The
Fourier transform infrared spectrometer (FTIRAS) is a
Bruker IFS 66v with evacuable optics (p < 1 mbar). Po-
larized IR radiation is produced by a water cooled black-
body source (Globar) in conjunction with a wire grid po-
larizer. Within this work a LNs cooled MCT (HgCdTe)
detector was used, allowing for measurements in the spec-
tral range of 750-4000 cm™!. All infrared absorption
(IRAS) spectra were taken at a resolution of 2 cm™! with
500-2000 scans coadded. For the TRAS measurements
the sample was positioned in a dedicated IR-cell, which
contained also a titanium sublimation pump. A uniform
gas dosage at the IR measurement position is provided
by a multi-capillary array with individual diameters of
~ 10 ym. The sample was cleaned by Art sputtering
(1.4 keV, 1 pA) and multiple O2 dosing cycles combined
with flashing the sample up to 1570 K.

For Pt deposition an e -beam evaporator was used.
The typical deposition rate was 0.03 ML min~! at a
growth temperature T, = 700 K. During the evapora-
tion time the pressure increases up to 2 x 1071 mbar. A
more detailed description of the experimental setup has
been published recently.!®1* The prepared Pt/Ru(0001)
layers were characterized by monitoring the #(CO) mode
of adsorbed CO with IRAS.1"'® The error of the Pt
coverage is estimated to 5%. Referring to the notation
Pt,,/Ru(0001), n denotes the number of deposited Pt
monolayers (ML). In the following a monolayer (ML)
refers to the ratio of the number of adsorbates to the
number of substrate atoms in the topmost layer.

Methanol was cleaned by repeated freeze-and-thaw cy-

cles. All methanol exposures in this paper are specific to
our experimental setup only and are given as the product
of the pressure in our gas dosing system and the expo-
sure time; the units used are mTorr-s. 10 mTorr-s of
methanol approximately leads to 10% saturation of the
first layer and equals 0.04 ML referring to the above def-
inition as determined by XPS (integral of the O;; peak)
and comparing the result to O(2 x 2)/Ru(0001)%6. An
oxygen exposure of 1 Langmuir (L) equals to 30 mtorr-s.
For Pt,/Ru(0001) with n > 10 ML an exposure of 10 L
04 at 80 K leads to an O5 coverage equivalent to a sur-
face oxygen coverage of ©g = 1 ML. The correlation of
O0 and n for a constant Oy exposure has been published
recently.?*

The isotopic purity of the used gases was 99.8% for
CD30H, 99.8% for CD30D, 95% for CHi*OH, and
98.73% for 180,.

The data shown in this work primarily comprises
the CD3OH isotope, as its vibrational modes exhibit
somewhat sharper line shapes as compared to regular
methanol. In addition, CD30O (methoxy) on Ru(0001) ex-
hibits a 10 times stronger umbrella mode d,(CD3) (sym-
metric CDj3 stretch) than CH30 which allows a more
accurate quantitative analysis.'®> A similar observation
was reported in the literature for methanol on oxidized
Ag(111).27 On Cu(111) the umbrella mode was not at all
observed for CH30 but for CD30 only.?82° The reason
for such dissimilar oscillator strengths for two methoxy
isotopes is that mode coupling with the nearby v(CO)
mode enhances the intensity of d5(CDs3).

III. RESULTS AND DISCUSSION
A. Methanol on O:/Pt, /Ru(0001)

In this section methanol reactions on
Pts_15mn/Ru(0001)  substrates  precovered — with
chemisorbed Oy will be analyzed. We like to state
right at the beginning that the methanol reaction
intermediates and product yields, as well as reaction
and desorption temperatures are largely independent of
the Pt-film thickness for n = 3 — 15 ML; as Pt films
grow pseudomorphically for n < 5 ML and relax for
thicker layers we conclude that strain within the Pt
film has a marginal influence on the reaction pathway
(discussed later). Due to negligible oxygen uptake and
dissociation for Pt mono- and bilayers on Ru(0001),2*
the thermal evolution of methanol on these layers has
been analyzed in the absence of coadsorbed oxygen;
however, no evidence for methanol activation has been
found under the conditions of our experiment.

Oxygen adsorption on Pt,/Ru(0001) proceeds simi-
lar to Pt(111)3%31 ie. Oy adsorbs molecularly at T' <
120 K.24 Upon annealing a fraction of the oxygen desorbs
molecularly at about 130 K while another fraction disso-
ciates to atomic oxygen and desorbs recombinatively at
around 800 K.
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FIG. 1: (A): IRAS spectra of CD3OH adsorbed onto
Pt3 mr./Ru(0001) precovered with #Os (exposure: 60 L).
Spectrum (a) shows the Oz/Pt,/Ru(0001) layer alone. In-
creasing exposures of CD3OH (up to 40 mTorr-s) are dis-
played in spectra (b)-(e). Spectra (f)-(h) show the sample
after annealing to increasingly higher temperatures as de-
noted in the figure. (B): IRAS spectra of [CD3OH + ¥0,],
[CD30H + '90,] and [CHA®*OH + '®03] coadsorbate layers on
Ptsmr/Ru(0001); the layers have been annealed to 240-260 K
in order to analyze isotopic shifts of the observed formate vi-
brational modes. All adsorbates were deposited at Thas = 80
K. The exposures of preadsorbed Oz were 50 — 60 L.

In Fig. 1A IRAS spectra of CD3OH postadsorbed onto
1804 precovered Ptsyr,/Ru(0001) are displayed for in-
creasing methanol coverages (b)-(e) and increasing an-
nealing temperatures (f)-(h) as indicated in the figure.
60 L 80y were dosed at 80 K, leading to a prominent
stretch vo.0 mode at 835 cm™!. Spectrum (a) depicts
the Oz /Ptsymr./Ru(0001) layer prior to the methanol ex-
posure. After methanol has been added all vibrational
bands, while being fully compatible to equivalent data of
CD3O0H on clean Ru(0001),'3 display rather broad lines,
which lead us to conclude that the coadsorbates build a
heterogeneous layer. The following spectral features are
attributed to methanol: ¥(CO) at 955 cm™!, and several
5(CD3) bendings at 1060-1112 cm~!. In the region of
C-D stretch modes spectral features at 2193, 2220, and
2246 cm~! have been identified (not shown), similar to
spectra on Ru(0001).

At 160 K molecular oxygen (!80,) has partly des-
orbed (see thermal desorption experiments in Fig. 3B,

below) while another fraction dissociates, both of which
contribute to the vanishing of the 835 cm™! vibrational
band. In parallel, the §(CD3) mode of CDsOH at 1094
cm~! has increased significantly. The observed change
of the spectral signature is likely due to the replacement
of molecular oxygen by atomic oxygen which implies
an altered chemical environment of adsorbed methanol.
Moreover, no desorption of methanol is observed in this
temperature range as will be discussed below. Analo-
gous vibrational features of intact methanol have been
detected on atomic oxygen precovered Ptyanr,/Ru(0001)
after heating to 160 K (see below).

A particular interesting set of vibrational bands (lo-
cated at 752, 1276 and 2192 cm™!) appears after an-
nealing to 240 K; they are assigned to the symmet-
ric O-C-O bend, §,(OCO), symmetric O-C-O stretch,
v5(0CO), and the C-D stretching mode, v(CD), of a for-
mate species (DCOO) with a local Cy, symmetry. To
corroborate this assignment, additional experiments with
various methanol and oxygen isotopes have been per-
formed. In Fig. 1B the spectra of three different formate
isotopes are displayed. Thereby, all vibrational modes of
a Co,-formate expected in the spectral range 700 — 3000
cm~! could be identified. Analogous to the methanol oxi-
dation on O/Cuy pr/Ru(0001)32 the reactively produced
formate species consists of one oxygen from methanol
and another one due to preadsorbed oxygen; otherwise
no shift in the line positions would be observed for the
0O-C-0O modes if preadsorbed 60, is replaced by 80,.
The assignment of the observed formate modes (sum-
marized in Tab. I) agrees with literature data regard-
ing formate on Pt(111)'112:33 Ru(0001)34, Cu(110)3°,
Ag(111)27 or Ni(110)%6. Moreover, our detection of for-
mate as a prominent intermediate in methanol oxidation
is in agreement with electro-chemical experiments over
Pt electrodes.?!

Interestingly, formate containing regular hydrogen ex-
hibits two peaks at 2800-3000 cm™'; one of them is due
to the C-H stretch and the other one is a combination
mode, Veomb = Vas(OCO)+0(CH), of the forbidden in-
plane anti-symmetric O-C-O stretching and in-plane C-H
bending modes. Group theory confirms that their com-
bined excitation contains the totally symmetric repre-
sentation and thus is dipole allowed. This combination
band, observed on numerous surfaces (see Tab. I), was
first reported by the group of Bradshaw?3:37 for the sys-
tem HCOO/Cu(110).

On Pt(111) Sawada et al.'? reported that (pread-
sorbed) Oz and CH3OH react to HCOO even below 80 K.
In Fig. 1 no indication for formate (DC*¢0*80) is found
at 80 K. However, in the case of the IRAS spectrum of the
DC160180 isotope shown in Fig. 2 the (OCO) mode at
1294 cm™~! could be clearly observed at 80 K confirming
the finding of Sawada et al.'? The authors concluded that
formate formation is caused by an attractive interaction
between O5 and methanol which leads to the dissociation
of Oy even below 80 K. Endo et al.'!, on the other hand,
postulated that formate formation is initiated by ”hot”



TABLE I: Vibrational modes (frequencies given in cm™!) of formate (Ca, symmetry) on various metal surfaces. The values in
parentheses refer to low formate coverages. v(OCO) frequencies of the HC'®O'®0 and HC'®0O'0 isotopes on Pt,,/Ru(0001)
are found at 1293 and 1316 cm™" (low formate coverage values, see Fig. 7). All literature data refer to species containing the

regular oxygen isotope.

Pt,, /Ru(0001), this work Pt(111)*  Ru(0001)** Cu(110)*3| Ni(110)3¢ Ag(111)*" mode
DC'®0'%0  DC!f0'®0  HC'®0¥0| HCOO HCOO HCOO HCOO | HCOO DCOO assignment
772 752 745 790 784 - 77 - - 5:(0CO)
1299 (1294) 1276 (1271) 1284 (1278) 1340 1361 1350 1362 1320 1296 v(0CO)
2192 2192 2918 - 2851 2900 2850 2808 2126 v(CH)
- - 2953 2950 2939 2950 2944 2882 - Veomb
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FIG. 2: TRAS spectra of increasing coverages of CD3OH
adsorbed at 80 K on '°Os (exposure: 50 L) precovered
Pt3 m/Ru(0001), (a-c), and after annealing to 120 K (d).
In addition to bands due to intact methanol (=960, 1060,
~1094, 1112 and 2050-2250 cm™'), the ¥(OCO) and v(CD)
modes of DCOO at 1294 and 2192 cm™' (not shown) are
clearly discernible already at 80 K. Upon slight annealing to
120 K, they both gain in intensity.

oxygen atoms produced in the course of Oy dissociation
around 130 K.

According to our data, the amount of DCOO produced
at low temperatures and even during Os dissociation is
rather small. In fact, this reaction seems to proceed sig-
nificantly more effective at 7' ~ 140 — 200 K (compare
with Fig. 3A), i.e. at temperatures with atomic oxygen
instead of Og present. This observation strongly suggests
that the formation of formate is not primarily promoted
by dissociating O as proposed by Endo et al.'! but it
is also due to disordered atomic oxygen, especially at
T > 130 K. The high reactivity of such disordered oxygen
atoms towards methanol activation has been reported re-
cently for the Cu/Ru(0001) monolayer.?? In accordance
with Sawada et al.!? we believe that low temperature for-
mate observed at 80 K in Fig. 2 implies an alternative
process and may involve some special sites of Os.

In spectrum (g) in Fig. 1A the formate vibrational

band at 1274 cm™! actually represents a double-peak
feature with individual maxima at 1271 and 1276 cm™!
for the DC'0!80 isotope. At T < 160 K the low fre-
quency mode is dominant and the second peak at 1276
cm™! only appears as a separate feature upon heating
the sample to 180-190 K. In Fig. 3A the combined inte-
grated IRAS intensities of the two modes as well as of the
various §(CD3) modes of CD3OH (1050-1120 cm™1) are
plotted versus the annealing temperature. It is apparent
that the somewhat delayed growth of the 1276 cm ™! peak
is the reason for the extra increase of the DCOO intensity
at 180-190 K. Furthermore, this process correlates with
the vanishing of CD3OH related vibrational bands; this
latter observation, however, is, at least partially, caused
by methanol desorption proceeding in parallel.

The prominent desorption of COy at 300 K is clearly
correlated with the decomposition of formate (bullets) at
250-300 K in Fig. 3A. The final reaction step is therefore
DCOO—D+CO; with produced COs desorbing instan-
taneously. At variance to quite substantial COs evolu-
tion in the TPD spectra, no Dy (4 u) desorption is ob-
served in this temperature range. It is suggested that
D reacts with residual surface oxygen (*¥O in our exper-
iment) and desorbs as water (D320, 22 u) rather than
it desorbs molecularly as Dsy. Indeed the 22 u signal ex-
hibits a distinct peak at 300 K which explains the missing
4 u desorption signal. The detected mass 12, 18, 28, and
30 u signals at 300 K represent ionization fragments of
C160™0. To avoid confusion, we note that the mass 30
u signal observed at 130 K is due to C'®0 formed from
desorbing '®04 and C at the filament of our QMS, as it
closely follows the 36 u trace of desorbing '#O,; in ex-
periments with preadsorbed '®0O, a corresponding peak
appears for mass 28 u (C160).

The QMS traces of various masses in the 170-190 K
range in the TPD in Fig. 3B deserve a closer inspec-
tion. Surprisingly, the masses 36 u and 34 u exhibit sig-
nificant desorption signals which cannot be ascribed to
the initially adsorbed CD3OH methanol isotope (35 u)
or fragments thereof. Furthermore, the outcome of such
an experiment was independent of the isotopic nature of
preadsorbed oxygen. Yet, these desorption signals pro-
vide clear evidence for significant CD3OD desorption as
verified by the comparison of mass 29-36 u QMS signal
levels in Fig. 4: data from a TPD experiment equiva-
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FIG. 3: (A): Thermal evolution of methanol (CD3OH) and
formate (DCOO) as monitored by the integrated IR intensi-
ties of various §(CD3) modes at 1050-1120 cm™* and »(OCO)
modes at & 1270 — 1280 cm ™', respectively. The sample was
prepared by dosing 50 L *¥04 and CD3OH (dose: 40 mTorr-s)
at 80 K onto Pti2 mr,/Ru(0001). The individual IRAS spec-
tra contributing to these curves were measured while ramping
the surface temperature at a rate of 0.2 K/s. (B): Multi-mass
TPD of [CD3sOH + 1802} on Pti2 mr/Ru(0001) prepared as
described above. The sample was heated with 1 K/s from 80
to 500 K. (*) The 4 u signal was taken from a second TPD
experiment with a slightly lower Pt/Ru(0001) film thickness
of 9 ML Pt under otherwise identical conditions; for this run
QMS desorption traces of masses 28-36 are virtually identical
to those displayed here.

lent to Fig. 3B (black bars) are compared with the mass
spectra of CD3OH (squares) and CD3OD (circles) which
have been introduced into our UHV system. Evidently,
the data from Fig. 3B and Fig. 4 suggest a substantial
prevalence of the CD30D over the CD3OH isotope, as the
distribution of mass intensities closely resembles CD3OD
and deviates notably from CD3OH. We suggest that this
bold isotope effect (preference of CD3OD) is caused by
the lower zero point energy of CD30D as compared to
CD3OH, in conjunction with the low temperatures suffi-
cient for this isotopic exchange reaction to occur.

The slight discrepancies in the relative intensities (bars
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FIG. 4: QMS signal levels associated with different methanol
isotopes. The squares and circles denote the respective QMS
signals as CD3OH or CD30D is admitted to our chamber.
Slight contributions of CD3OH in the dosed CD3OD gas, most
likely due to isotopic exchange of the OD hydroxyl group at
the walls of the gas dosing system, have been subtracted. The
black and white bars correspond to the desorption signals at
188 K for [CD3OH+03]/Ptg mr,/Ru(0001) and at 203 K for
[CD3OH+O0]/Pt4 mr,/Ru(0001), respectively (see Supporting
Information). For better comparison the two thermal des-
orption data sets have been aligned for mass 30 u. In both
cases the observed QMS signals of desorbing methanol are
independent of the isotopic nature of preadsorbed oxygen.

and symbols) in Fig. 4 probably are due to different
dosing conditions: The thermal desorption spectra have
been taken with the sample directly in front of the glass
enclosure of the QMS (distance ~ 2 mm). The mass
spectra, on the other hand, were measured by dosing
methanol through an MCA doser in our chamber (facing
the QMS at a distance of & 10 ecm). Also we should keep
in mind that a notable fraction of introduced CD3OD
actually converts to CD3OH at the chamber walls of the
gas dosing system, i.e. the QMS raw data correspond
to a mixture of both isotopic species. The QMS signal
levels of CD30D have therefore been corrected for this
CD3OH contribution so that the QMS values displayed
in Fig. 4 (open circles) refer to nominally 100% CD3OD.

The mechanism which leads to CD3OD formation and
desorption at T' =~ 170 — 190 K is proposed to be an ex-
change of the hydrogen from methanol’s OH group by
surface deuterium or hydrogen. Note that methanol de-
hydrogenation and oxidation to formate starts already at
120 K producing surface hydrogen and deuterium with a
ratio of 1:2. As no evidence for surface CD30D is found,
its formation presumably occurs close to the desorption
temperature only. Regarding the details of this exchange
process it is worth mentioning that a recombination of a
methoxy (CD30) species with surface D to produce des-
orbing CD30D can be ruled out as there is no evidence
for the presence of surface methoxy despite a high detec-
tion sensitivity of less than 0.01 ML for such a species
(see also below). For a related system, methanol coad-
sorbed with deuterium on Ru(0001), the total lack of H



- D exchange reactions of the methanol hydroxyl group
has been associated with the irreversible dehydrogenation
of methanol to a strongly bound methoxy species.'# This
observation strongly suggests that the formation of a sta-
ble methoxy precludes the reversible H < D exchange of
the hydroxyl hydrogen with surface H/D.

At variance to the methanol hydroxyl group, the CDj3
group of intact methanol is not affected by such an H—D
exchange; otherwise the IRAS spectra of formate should
exhibit not only C-D but also a C-H stretching mode, in
addition to an isotopically shifted »(OCO) mode of for-
mate (expected at about 1320 cm~!). However, under no
circumstances did we observe such bands in the course of
our experiments using CD3OH. For unsaturated hydro-
carbon species CH bonds may in fact undergo isotopic
exchange with coadsorbed D. Specifically, for benzene
coadsorbed with hydrogen on Ru(0001) various combi-
nations of isotopically labeled Cg H,, Dg_,, species have
been identified after slight annealing, and a prevalence
of CD versus CH bonds have been found.?®3% In that
case, a hydrogenation - dehydrogenation sequence (with
a short-living C¢HgD intermediate) has been proposed, a
process that is not accessible to a saturated hydrocarbon
species, or a methyl group.

The overall reaction can be described as follows:

CDIOH® + CDISOH® +18 0 —,
CDOH® + DC®00® +2D®) + HE —
CDI*OD® + DCO0® + DO 4 2HE),

with ®) and ® denoting stable surface intermediates and
desorbing species, respectively.

An analogous exchange reaction, CDsOH + D —
CD3OD + H, has been observed for methanol coad-
sorbed with atomic oxygen on Pt,,/Ru(0001) (white bars
in Fig. 4). Yet, in this case H and D atoms are provided
by a dehydrogenation reaction of methanol to surface
formaldehyde and not to formate (see below). In both
cases remaining abstracted hydrogen atoms (H and D)
react with surface 80 to water which desorbs in parallel
to CD30D at 190-200 K. The 22 u desorption peak can be
taken as unambiguous evidence for reactively produced
D480 because no methanol cracking product is expected
at mass 22 u. The other masses which exhibit peaks at
180-200 K (2, 12, 28, 30 u, and partially 18 u), on the
other hand, do represent methanol ionization fragments
produced in the mass spectrometer.

An estimate of the CD3O0D : CD3OH preference K
must take into account the vibrational partition func-
tions of both species at T ~ 160 — 200 K.*® As the ma-
jority of modes do not shift upon OH < OD exchange
and therefore merely give a factor close to unity, the OH
(OD) stretch and bending modes will enter the analysis
through their different zero point energies. Due to their
much lower vibrational frequencies, the bending modes
contribute only little and may be approximately com-
pensated by an inverse factor due to adsorbed surface
D (H), so that consideration of the hydroxyl stretching
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FIG. 5: Comparison of 805 coverages (integrated IRAS in-
tensities of the v(**O—'80) mode at 835 cm™' after 50 — 60
L exposure at 80 K for n <9 and 20 — 30 L for n > 9 ML),
the amount of reactively produced formate DC'®O'8O (inte-
grated IRAS intensities of the ¥(OCO) mode at 1275 cm™*
after annealing to 200-220 K) and the amount of desorbing
C'0'0 (integrated desorption peak of mass 46 u signal at
~ 300 K) as a function of Pt,/Ru(0001) film thickness. All
layers were exposed to 40 mTorr-s CD3OH at 80 K.

modes at 3500 (2500) cm~!* suffices to obtain an ap-
proximate value. Specifically, we obtain K values of the
order of 40 - 100 for T" =~ 160 — 200 K, explaining the
dominance of the CD30OD over the CD3OH isotope in
the detected methanol desorption yield.

As the water formation reaction occurs in parallel to
the described D < H exchange of methanol and differ-
ences in OH (OD) stretch zero point energies are simi-
lar, one may invoke as to why the water formation does
not exhibit a similar preference for the heavier hydro-
gen isotope. The reason is that the applicability of such
a thermodynamic argument (different zero point ener-
gies) is closely related to the question, whether the H
— D exchange process is reversible or not. Apparently,
methanol (CD30D and CD30H) is able to release its hy-
droxyl H(D) reversibly. For water and OH this is not
true; as water does not dissociate on Pt(111) and ad-
sorbed OH likewise represents a rather stable compound,
produced OD or D,O won’t be able to take profit of their
even more stable configurations as compared to OH or
H>0, i.e. adsorbed oxygen accepts whichever isotope, H
or D, initiates the reaction, and keeps it permanently.
Therefore, the water formation path is not selective in
terms of H or D. Actually, the higher zero point energy
of adsorbed surface H would imply a reduced O + H —
OH reaction barrier as compared to O + D — OD, in ac-
cordance with our observations. Another process which
may contribute to the prevalence of HyO in the water
formation yield, especially at the low T side of the cor-
responding desorption peak is a direct H-transfer of the
hydroxyl H to nearby surface oxygen. Such a process has
been unambiguously established for [methanol + D] on



Ru(0001)!3 and it may well contribute to the observed
high fraction of CD30D in methanol desorption.

The yield of reactively produced formate and of des-
orbing COs is depicted in Fig. 5 as a function of the
number of Pt layers. Specifically, Fig. 5 comprises the
integrated intensities of vibrational modes associated
with 80y (vo.0 mode at 835 cm™!) and of DC80Q0
(vo-c.0 modes at 1270-1280 cm™!), as well as the (inte-
grated) desorption peaks of C1800 for nominally satu-
rated Oz /Pt,,/Ru(0001) layers (exposures: 50 — 60 L for
n < 9 ML and 20 — 30 L for n > 9 ML) and an initial
methanol coverage of 40 mTorr-s (0.16 ML). Apparently,
the quantities of produced formate and COs scale with
the amount of initially adsorbed molecular oxygen. For
thin Pt films of less than 6 ML Pt this value becomes
smaller, as a result of the decreasing sticking probability
of 02.24 For thicker layers (n > 6 ML) the efficiency to-
wards methanol oxidation remains constant and probably
equals the value of the Pt(111) surface.

In Fig. 6 integrated intensities of methanol and the
dominant reaction intermediate (formate) are plotted
versus the surface annealing temperature for various Pt
coverages. Obviously, the formation and decomposition
temperatures of the observed species do not vary with
n, i.e. the activation energies of the individual reac-
tion steps are largely independent of n. Consequently,
the thermal evolution proceeds identically on laterally
compressed (pseudomorphic!®) Pt,, /Ru(0001) and on re-
laxed Pt films (> 10 ML) with lattice constants close to
Pt(111).

DFT calculations concerning Cu/Ru(0001) and
Pd/Ru(0001)*!, as well as pseudomorphic Pt,,/Ru(0001)
layers'® show that for thin (n = 1 —2 ML) films the elec-
tronic influence of the substrate is dominant compared to
the effect caused by strain. Thus, it would be interesting
to study methanol reactions also on oxygen covered single
monolayer Pt films. Yet, such experiments are virtually
impossible as the sticking probability of Oy for n =1—2
ML is negligible.2

The integrated CO4 desorption signal for the samples
with n > 6 ML equals 0.08(+10%) ML, i.e., the frac-
tion of CD3OH molecules which becomes oxidized to for-
mate adds up to about 50% for an initial methanol cov-
erage of 0.16(+£10%) ML. A calibration of the absolute
values of desorbing CO> has been achieved by means of
TPD, monitoring the signals of masses 28, 32 and 44 u
of reactively produced CO5 from coadsorbed CO and O
(B0 ~ 0.13 ML, measured with XPS; T,qs = 80 K) on
Pt15 ML/Ru(OOOl)

B. Methanol on O/Pt,/Ru(0001)

In this section methanol adsorption and reactions
on ordered atomic oxygen (7' — 300 K) precovered
Pt,/Ru(0001) layers are described. In each case Oa
has been adsorbed at 80 K and the layers annealed
to 300 K to induce at least partial ordering of pread-
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FIG. 6: Thermal evolution of CD3OH (integrated IR in-
tensities of the §(CD3) modes at 1050-1120 cm™') and of
DCOO (integrated IR intensities of the v(OCO) modes at
~ 1270 — 1280 cm™') on various Os/Pt,/Ru(0001) layers,
with n = 3, 6, 9, 12, and 15 ML. The oxygen exposures at 80
K were 50—60 L for n < 9 and 20—30 L for n > 12 ML. The in-
dividual IRAS spectra contributing to these curves have been
measured while ramping the surface temperature at a rate of
0.2 K/s.

sorbed oxygen. In accordance with findings for pread-
sorbed Oy the reaction pathways again seem to be in-
dependent of the Pt film thickness and the amount
of adsorbed oxygen represents the primary factor af-
fecting the reaction yields on Pt,/Ru(0001) films of
different thicknesses. IRAS spectra of CD3OH ad-
sorbed at 80 K on Ptiopmr/Ru(0001) precovered with
0.15 ML 0 and annealed to increasingly higher tem-
peratures are depicted in Fig. 7TA. At 80 K intact iso-
lated methanol molecules are visible with the following
modes: out-of-phase [6(OH)+pinpiane(CD3)]oop mode at
872 ecm™!, v(CO) stretching mode at 947 cm™!, in-
phase [§(OH)+pinpiane (CD3)]ip mode at 1280 cm ™!, and
§(CD3) stretching modes at 1060 — 1100 cm™!. The ip
and oop modes are characteristic for isolated methanol



and therefore provide unambiguous evidence for intact
methanol because both the CD3 and the OH group par-
ticipate in these vibrations.'* The bands around 2100
cm ™! are due to a slight CO contamination accumulated
during the Oy exposure.

16, 16,
1060 [CD"OH+"OJ/Pt,,  /Ru(0001) o
; ! \ 80K ¥
872 947 1280
160K 3%
1094
200K x4

- 05% {2007

1816 1437 U 1457
12744 55

1293

\
1 1255
1244

(B) 1602

1000 1100 1200 1300 1400 1500 1600 1700 1800
Frequency [cm™]

14307 L1456

FIG. 7: (A): IRAS spectra of ~ 0.15 ML CD3OH adsorbed
at 80 K onto O/Pt12 m1,/Ru(0001) with ©p ~ 0.15 ML (1 L
160y, adsorbed at 80 K and annealed to 300 K). The spec-
tra at 80 and 160 K show intact isolated methanol (872,
947 and 1280 cm™! bands) and clustered methanol (~960
and 1094 cm™! bands), respectively. At 200 K formaldehyde
(D2CO) is observed (~ 1087, 1289, and 1601 cm™!). At 220
K minute amounts of formate (DCOO) are discernible (vibra-
tional bands at 1293 and 2192 cm™'), while the spectrum is
dominated by the strong bands at 2075 and 2097 cm™' due
to CO (from formaldehyde decomposition) located at Pt(111)
steps and terraces, respectively. The cartoon illustrates the
binding geometry of formaldehyde. (B): IRAS spectra ob-
tained after annealing the [methanol + oxygen| coadsorbate
layers on Ptiamr, /Ru(0001) to produce n'-formaldehyde. Top:
[CD3OH + O], T'— 200 K; center: [CHsOH + O], T' — 190
K; bottom: [CH3*OH + O], T — 180 K. All spectra have
been recorded after recooling to 80 K. The full circles identify
modes belonging to formate.

Upon heating the sample to 160 K, the modes at ~ 960,
1060 and 1094 cm™', assigned to clustered methanol
molecules, gain in intensity, while the characteristic ip

and oop modes of isolated methanol are weakened sub-
stantially. The IRAS spectra of methanol on O/Pt(111)
reported in the literature!? agree with our spectra. How-
ever, Liu et al.'® assigned the various vibrational modes
at 160 K to a surface methoxy species. Yet, this as-
signment adheres to earlier HREELS measurements pub-
lished by Sexton??. In our opinion, the spectral fea-
tures look significantly different from methoxy on transi-
tion metal surfaces!327:2943:44 which in all cases exhibits
a prominent Fermi resonance signature in the methyl
group stretching region. While we cannot exclude that
small amounts of methoxy may be present after anneal-
ing to 160 K we attribute the dominant peaks at =960,
1060, 1094 cm ™! to intact methanol as already mentioned
above.

After annealing to 200 K the spectrum changes dra-
matically. Specifically, the C-O stretching mode at
900 — 1000 cm ™! has disappeared and new strong bands
appear at 1087, 1289 and 1601 cm ™!, respectively. Again,
the vibrational spectrum obtained by Liu et al.!® on
Pt(111) looks very similar; they assigned two of these
bands, at 1087 and 1601 cm ™!, to the p(CDs) and v(CO)
modes of n'-formaldehyde, respectively, with the C-O
axis tilted as shown in the cartoon in Fig. 7A and as pro-
posed by Anton et al.4® for formaldehyde on Ru(0001).
Note that the mirror plane of the molecule containing
all atoms is still perpendicular to the surface. Regarding
the assignment of the vibrational peak observed at about
1290 cm ™! Liu et al. concluded that this band does prob-
ably not belong to DoCO but to a different species which
could not be identified.!® According to our data these
three peaks belong to the same species produced after
methanol dehydrogenation for the following reasons:

(i) all three features correlate closely in intensity for
all annealing temperatures and they are observed in a
narrow temperature range only (180 — 200 K) (see Sup-
porting Information);

(ii) the line positions are not affected by the isotopic
nature of preadsorbed oxygen (see Supporting Informa-
tion). This latter point definitely excludes species such
as formate which contain two oxygen atoms.

On the oxygen precovered Rh(111) surface, heating
to 240 K converts methanol to a n'-HyCO species as
well, as deduced from HREELS data.*® According to
our data formaldehyde formation is also found for the
Rh/Ru(0001) monolayer (see Supporting Information).

The interpretation of the observed vibrational bands to
a tilted n*-DoCO formaldehyde is in agreement with find-
ings of Anton et al.;*® an assignment of the vibrational
bands observed at 200 K in Fig. 7A, along with a compar-
ison to literature data, is given in Tab. II. In particular,
the observed isotopic shift of the p(CD2)/p(CHz) mode
by 4200 cm™! upon D«+H exchange is in agreement
with data of formaldehyde on Ru(0001)*®. Note that
the v(CDy) and v(CH,) stretching vibration of the sp?-
hybridized CDg- (CHa-) group of formaldehyde is located
at 100 — 200 cm ™ higher energies than the v(CD3) and
v(CH3) stretching modes of the sp3-hybridized methyl



group of methoxy,'® providing further support for a n'-
formaldehyde with a C-O double bond as the observed
surface species. According to Mavrikakis and Barteau®®
the reduced electron density in the vicinity of surface oxy-
gen should, quite generally, lead to a preferred adsorp-
tion of formaldehyde in the n'-configuration as opposed
to n2-formaldehyde, in accordance with our conclusions.

In order to further corroborate the identity of this
species we performed additional experiments with var-
ious isotopically labeled methanol molecules as depicted
in Fig. 7B. The assignment of the 1601 cm™! peak to a
C-0O stretching vibration of formaldehyde is thereby as-
sured by the isotope substitution of the methanolic oxy-
gen CHISOH—CHI®OH which causes a frequency shift
1628 < 1602 cm ™.

At 1289 cm™! the frequency of the suggested 6,(CD5>)
scissor mode is remarkably high. Comparing the data
of matrix isolated formaldehyde” and formaldehyde ad-
sorbed on Ru(0001)%5 (see Tab. IT) the shift of this mode
upon adsorption amounts to +86 cm™! for DoCO, start-
ing at 1104 cm~!. On Pt,,/Ru(0001) or Pt(111) the fre-
quency of this band is even higher by another +100 cm ™1,
reaching 1289 cm~! for our layers.

The dependency of the §(CD3) and p(CDs) line po-
sitions on the frequency of the v(CO) stretch mode is
depicted in Fig. 8; the plot comprises data of DoCO on
O/Pt,,/Ru(0001) (this work), O/Rhypnr/Ru(0001) (this
work), O/Ru(0001)#%, and of matrix isolated DoCO*7.
Obviously, the §(CD3) and p(CD3) line positions ex-
hibit the higher values the lower the frequency of the
C-O stretch. This effect seems to be related to the
distortion of gas phase formaldehyde upon adsorption
which appears particularly severe on Pt,,/Ru(0001) and
on Pt(111) surfaces'®. HyCO on Rh(111), on the other
hand, displays vibrational frequencies (measured with
HREELS) which largely match those of matrix iso-
lated HoCO*®. Interestingly, the Rh/Ru(0001) mono-
layer leads to substantially stronger shifts of formalde-
hyde modes as compared to Rh(111) (see Supporting In-
formation).

The spectra for H,CO and HyC'O both exhibit two
peaks in the regions of the §(CHjy) and p(CHsz) modes
at about 1450 and 1250 - 1300 cm™!, respectively. As
the isotopic shifts of these modes are very similar (see
Tab. II) they are both attributed to formaldehyde, how-
ever, located in two slightly different local environments.

Much weaker bands located at 1038 and 1182 cm ™! for
D, CO and HoCO, respectively, may indicate the presence
of some unknown species. An alternative interpretation
would be a slight off-plane tilt rendering the w(CHs) of
formaldehyde dipole active.

By further heating to temperatures above 200 K
formaldehyde vanishes suddenly and the strong band at
around 2100 cm™! associated with reactively produced
CO from formaldehyde decomposition grows to its max-
imum height. Additionally, a tiny peak appears at 1293
cm™!'. Analogous experiments with preadsorbed 20O
confirm the existence of this latter peak, however, sig-
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FIG. 8 Dependence of the §,(CD2) and p(CD2) line po-
sitions on the frequency of the respective v(CO) stretch-
ing mode of formaldehyde in different environments: ad-
sorbed on O/Pt,/Ru(0001) (1601 cm™', this work),
O/Rhymr,/Ru(0001) (1615 em™!, this work), O/Ru(0001)*°
(1650 cm ™), and of matrix isolated D2CO*" (1694 cm™').

nificantly shifted to 1271 cm~! (compare with Fig. 1B
and Supporting Information). Hence, its assignment to
the (OCO) mode of formate, produced in the course of
formaldehyde oxidation, is straightforward. The corre-
sponding v(CD) stretch at 2192 cm™! agrees perfectly
with corresponding frequencies given in Tab. I and with
experiments on Pt,,/Ru(0001) with preadsorbed Os.

Fig. 9 shows a thermal desorption spectrum of CD3OH
on Ptyapr/Ru(0001) precovered with 0.15 ML atomic
oxygen. The strong peaks at about 200 K are due to des-
orbing methanol and water, as well as various cracking
products thereof. Note that this temperature range cor-
responds to the temperature where formaldehyde bands
develop in the TRAS spectra. Analogous to the Oq
precovered Pt,/Ru(0001) layers, an isotopic exchange
CD3OH+D — CD3OD+H during the methanol decom-
position and desorption process occurs as well, leading
to desorption of CD3OD (compare with Fig. 4). Sur-
face H and D are thereby provided by the dehydrogena-
tion reaction of methanol to formaldehyde in the tem-
perature range 180-200 K. Interestingly, the DyCO re-
action intermediate is observed in a narrow temperature
range only and becomes dehydrogenated already at 200-
210 K. In addition, we actually noticed a weak isotope
effect, as formaldehyde formation and decomposition oc-
curs at about 10 K lower temperatures for CH3OH than
for CD3OH. This finding is in accordance with the higher
activation energy for dehydrogenation of the CDs- as
compared to the CHz-methyl group, due to a lower zero-
point energy for the former. Regarding formaldehyde it
is worth mentioning that our detected mass 32 u signal
at 203 K is entirely due to an ionization fragment of des-
orbing methanol, i.e. there is no indication for DoCO
desorption.

By looking at the mass 18, 19 and 20 u signals of re-
actively produced and desorbing water (various isotopes)
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TABLE II: Vibrational modes (frequencies given in cm™") of adsorbed tilted 7'-formaldehyde and of matrix isolated formalde-
hyde isotopes. If not specified otherwise, then O refers to the regular 16-oxygen isotope. Mode notation: stretching v, scissor

ds, rocking p.

this work

D,CO H,CO H,C'%0 ‘

Ru(0001)4°
D2CO H>CO

mode
assignment

matrix isolated*”

Rh(111)%®
D,CO H,CO H,C®0

H>CO

2239 3055 3054
1601 1628 1602
1289 1457/1437 1456,/1430
1087 1285/1274 1255/1244

2200 2970
1650 1670
1190 1456
1025 1220

2187 2874 2859
1694 1740 1707
1104 1505 1495
989 1250 1244

2850
1740
1500
1240

v(CHaz)
»(CO)

3s(CHz)
p(CHz)

/Ru(0001)

12 ML

[CD,"*OH+"0]/Pt
363
203 Ileo3

44 u

35u
32u
205

N A
/ 1 28u

300

" | 20u
19u
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FIG. o Multi-mass TPD of [CD;OH+!0] on
Pt12 m/Ru(0001). 1 L O was dosed at 80 K and an-
nealed to 300 K to dissociate oxygen leading to ©¢ =~ 0.15
ML in advance of the methanol exposure (30 mTorr-s at 80
K). The sample was heated with 1 K/s from 80 to 600 K.

in more detail, we notice that the H-containing species
prevails at &~ 180 K, i.e. during formaldehyde formation,
while D5O desorption is observed as a sharp feature dur-
ing formaldehyde decomposition only. This observation
is in accordance with expectation as both hydrogen iso-
topes are released during DoCO formation while exclu-
sively deuterium is liberated in the course of its decay.
Actually, the fractions of desorbing HDO and D>O wa-
ter isotopes at T' < 180 K are considerably below ex-
pectation, if equal amounts of adsorbed H and D (from
methanol to formaldehyde conversion) contribute to the
overall water formation. Two explanations appear rea-
sonable: (i) the hydroxyl group efficiently transfers its H
atom directly to surface oxygen, similar to our observa-
tions on Ru(0001)!? or (ii) abstracted D atoms are con-
sumed in the exchange reaction CD3OH + D — CD30D
+ H as discussed above, effectively replacing D by H as

a surface species. While there is clear evidence for the
latter process (see discussion related to Fig. 4, above),
process (i) appears likely, but must remain speculative
for now.

CO produced in the course of formaldehyde decompo-
sition at about 200 K partially desorbs instantaneously,
or it stays behind as a surface compound and leaves the
surface at higher temperatures: at 360 K a strong mass
44 u peak indicates the reaction of accumulated CO and
surface oxygen to COg; the 28 u signal evolving in par-
allel represents a COs ionization fragment. In contrast,
the small 28 u peak around 470 K is due to desorption
of remaining CO after all surface oxygen has been con-
sumed.

An analysis of the ionization fragments of desorbing
methanol yields yet another surprise. Namely, the signal
of mass 28 u at 200 K is way beyond expectation as a
methanol ionization fragment. Purely thermal CO des-
orption at temperatures as low as 200 K appears unlikely
as well. As the CO evolution correlates with formalde-
hyde decomposition, a non-equilibrated CO species pro-
duced during abstraction of both D-atoms may explain
our observation. Note that bonding of formaldehyde is
via the oxygen atom and a flipping of the CO core is
required to produce adsorbed CO. While a ’one by one’
abstraction of the two D leads to a chemical bonding of
the C-atom to the substrate, eventually producing (up-
right) CO, a ’'two at once’ abstraction would leave the
CO in an unfavorable, non-bonding upside-down config-
uration, leading to instantaneous desorption.

It is left to mention that there is no indication for the
scission of methanol’s C-O bond. DFT calculations of
Greeley and Mavrikakis® show that on Pt(111) the ener-
getic barrier for C-O bond breaking is 3 times higher
than for C-H or O-H bands. In various experimen-
tal studies'®12:13:44.50 dealing with methanol on tran-
sition metal surfaces a C-O bond breaking path has
been ruled out as well. In contrast to methanol on
0/Cu; mr/Ru(0001)32? and to the hydrogenation of oxy-
gen on Pt(111)53 no stable surface hydroxyl could be de-
tected in the course of this study.

IV. CONCLUSIONS

In this work the adsorption and reactions of methanol
on oxygen covered Pt,/Ru(0001) multilayers have been



investigated with IRAS and TPD. Specifically, the re-
actions of methanol on atomic and molecular oxygen
covered Pt,,/Ru(0001) layers are found to proceed sig-
nificantly different. In the latter case the formation
of a formate species prevails with no stable intermedi-
ate detected in between. To some extent this reaction
occurs even below the Os dissociation temperature at
T < 100 K, probably at some special sites; much higher
rates, however, have been achieved at slightly higher
T =~ 140 — 200 K, after Oy has dissociated and most
likely involves disordered oxygen atoms. Once pread-
sorbed oxygen layers have been annealed, formate is pro-
duced as a minority species only and formaldehyde (n!-
D2CO) is identified as the dominant stable reaction in-
termediate in the temperature range 180 - 210 K.

A central finding of this investigation is that the
methanol reaction pathway on Pt,,/Ru(0001) multilayers
looks very similar to Pt(111) and depends only weakly on
the thickness of the Pt,/Ru(0001) film. Strain within
the Pt overlayers seems to influence the reactivity of
methanol on these surfaces only marginally. The only rel-
evant aspect to be considered when analyzing reactions
on few layer Pt,,/Ru(0001) substrates is the sticking coef-
ficient of oxygen which depends dramatically on n?* and
consequently affects the methanol reactions indirectly.

In addition to literature findings related to O2 or O
precovered Pt(111)!2. isotopic labeling experiments al-
lowed us to develop a more intricate description of the
reaction schemes. Specifically, we found that H and D
atoms abstracted during methanol decomposition lead
to two different reactions both of them proceeding at
relatively low 7' < 200 K: (i) hydrogenation of surface
oxygen to gas phase water, and (ii) H <> D exchange be-
tween methanol’s OH group and surface H/D leading the
preferential desorption of CD3OD instead of the initially
adsorbed CD3OH. Our analysis of this latter process re-
vealed a remarkable primary isotope effect which we at-
tribute to the difference in zero point energies associated
with OH and OD vibrations of methanol.

Referring to the DMFC where hydrogen acts as the
energy provider, the easy reaction of hydrogen released
during methanol decomposition with surface oxygen to
produce gas phase water (180 - 200 K) on Pt multilay-
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ers constitutes a severe drawback. A possible way-out of
this dilemma would be to enhance the adsorption energy
of oxygen, e.g. by employing Pt,Ru;_, surface alloys,
thereby lowering the affinity of oxygen on Pt(111) to-
wards hydrogenation; ideally, this may proceed without
impairing its beneficial role in CO oxidation.

We note that application of our findings to realistic
catalytic processes is not straightforward and some cau-
tion is advised. For example, the clean Pt(111) surface is
non-reactive under UHV conditions (reactions occur on
defects only?); under steady-state electrochemical condi-
tions, however, this surface exhibits higher current den-
sities upon methanol oxidation than the Pt(110) surface
which is more reactive in UHV.® This surprising finding
has been attributed to rapid CO poisoning of Pt(110) un-
der continuous methanol flow conditions as a result of the
relatively high reactivity of methanol on this surface.>?
Nevertheless, our investigation provides an in-depth view
of the individual reaction steps and produced reaction
intermediates. Interestingly, strain within the Pt films
does only marginally influence the reaction pathways and
yields of methanol on an oxygen precovered Pt surface.
This is attributed to the fact that strain primarily af-
fects adsorption energies; assuming that the energetic
positions of transition states shift accordingly, the ac-
tivation barrier separating two adsorbed species will stay
the same (at least to a first approximation).

Supporting Information Available

e Jonization fragments of methanol desorbing from
oxygen pre-covered Pt,, /Ru(0001) surfaces (figure)

e Formaldehyde formation on Pty pmp/Ru(0001).
(figure)

e Water desorption from [CDi°OH + 1°0] and [D
+ 160] coadsorbate layers on Pt,/Ru(0001) sub-
strates. (figure)

This material is available free of charge via the Internet
at http://pubs.acs.org.
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Figure 1: Ionization fragments of methanol desorbing from oxygen pre-covered Pt,/Ru(0001)
surfaces Multi-mass thermal desorption spectra (1 K/s) of [CD%6OH + 160, ]/Pto p1/Ru(0001)
(panel A) and [CDéf’OH + 190]/Pt4 p/Ru(0001) (panel B). The oxygen exposures were 30 L and
40 L for the layers in (A) and (B), respectively; in the latter case the oxygen layer has been annealed
to 300 K inducing dissociation and some ordering of preadsorbed oxygen. To both layers ~ 0.15
ML methanol was added at 80 K. Our comparison of intensity ratios of the mass 30-36 u QMS
signals in the temperature range 160 - 210 K demonstrate the occurrence of an isotope effect in the
CD30H+D «+ CD30D+H exchange reaction, discussed in detail in the main article: even though
the surface was exposed to the CD3OH isotope only (dominant peaks expected at 35 u and 33 u)
the data suggest a strong prevalence of CD3OD (dominant peaks at 36 u and 34 u). Note that the
figure focuses on signals associated with desorbing methanol (and various ionization fragments
thereof) and other relevant masses have been blanked out.
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Figure 2: Formaldehyde formation on Pt;; i /Ru(0001). IRAS spectra of the coadsorbate
layer [CD%‘SOH + 130] on Pt;5 pr/Ru(0001) in the temperature range 170 — 210 K (spectra (a)-
(e)) demonstrating the increase and decay of the peaks associated with surface formaldehyde (gray
lines). Identical peak positions with respect to an equivalent layer ([CD%6OH + 1601, see Fig. 7,
main article) confirm that surface oxygen is only indirectly involved in the formaldehyde forma-
tion, e.g. by accepting abstracted H(D) atoms from methanol. Note that the distinctly different
frequencies detected for formate (1272 cm™! versus 1293 cm™! in Fig. 7 in the main article)
demonstrate the incorporation of surface oxygen to produce formate (DCOO). In addition, spec-
trum (f) shows formaldehyde (characteristic modes at 1087, 1291, and 1615 cm™ ) produced on 1
ML Rh/Ru(0001) after annealing a [CDé6OH + 160] coadsorbate layer. Both surfaces have been
exposed to 1 L of oxygen (annealed to 300 K) before methanol admission (®,,¢1han01 = 0.15 ML)
at 80 K. The samples were heated to the temperatures indicated in the figure and recooled to 80 K
for data acquisition. Vibrational bands belonging to species other than formaldehyde have been
individually labeled: methanol (rhombus), methoxy (triangles), and formate (bullets). Each set of
peaks has been identified by its characteristic thermal evolution.
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Figure 3: Water desorption from [CD!°OH + '°O] and [D + '°O] coadsorbate layers on
Pt,/Ru(0001) substrates. (A): Enlarged view of mass 18, 19 and 20 u TPD traces (see Fig. 9,
main article) of reactively produced water. The 18 u,corr curve represents the signal of desorbing
H»,O and it corresponds to the 18 u signal with contributions due to ionization fragments of other
species (methanol, HDO and D,0) desorbing in parallel subtracted: 18 u,corr=18u-4x32u -
0.3 x20u - 0.15 x 19 u. The prevalence of desorbing H,O at temperatures below 200 K points at
an efficient transfer of hydroxyl H to coadsorbed oxygen atoms. HDO and D, O evolution, on the
other hand, only sets in after formaldehyde formation has started, which provides an extra D atom
from the CD3; methyl group. As outlined in the main paper, water formation is accompanied by
the preferential incorporation of D into methanol, i.e. CD%GOH +D — CD§6OD + H. (B): Ther-
mal desorption spectra of the coadsorbate system [D+'°0] on Pt4 p./Ru(0001) showing reactively
produced desorbing water at 170 K. After all oxygen has been consumed, the remaining hydrogen
desorbs at around 300 K. O, was dosed at 80 K and annealed to 300 K prior to D, exposure at
80 K. Note that the sample contains a slight H contamination leading to the desorption of H;O,
HDO (19 u), H, (2 u), and HD (3 u). The steep exponential increase and decrease of the water
desorption rate leading to the narrow line shape (FWHM = 5 K) of the peak at 170 K confirms the
autocatalytic water formation reaction reported in the literature [Sachs et al., Science 293 (2001)
p.1635, and references therein]. It is apparent that water formation occurs at higher temperatures
for the methanol + oxygen coadsorbate layer which suggests that abstraction of hydrogen is the
rate limiting step.
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Reactions of Methanol on Clean and Oxygen Covered
Pt,Ru;_,/Ru(0001) Surface Alloys

Pawel Gazdzicki, Sebastian Thussing, and Peter Jakob
Fachbereich Physik und Zentrum fir Materialwissenschaften,
Philipps-Universitdt Marburg, Renthof 5, 35032 Marburg, Germany

In this study the adsorption and reactions of methanol (CD3OH) on clean and oxygen precovered
PtyRui_/Ru(0001) surface alloys with z = 0 — 0.8 have been investigated using Fourier transform
infrared spectroscopy and thermal desorption. Particular interest has been devoted to the influence
of coadsorbed (atomic) oxygen. For increasing amounts of Pt the clean surface becomes gradually
passivated in agreement with the inert full Pt/Ru(0001) monolayer. On such oxygen-free layers the
reaction pathway proceeds similar to clean Ru(0001). Yet, Pt increases the thermal stability of the
methoxy (CD30O) intermediate which represents the only stable reaction product species besides
CO. On oxygen precovered Pt;Rui—5/Ru(0001) surface alloys the primary activation of methanol
again leads to methoxy. Depending on the Pt concentration within the Pt/Ru(0001) surface alloy
subsequent reactions, however, vary substantially. For z < 0.4 total dehydrogenation to CO prevails,
while for z > 0.4 formate (DCOO) is produced, eventually leading to CO2 desorption. Formaldehyde
formation and desorption is observed for z = 0.1—0.8. Similar to methanol reactions on O/Ru(0001)

and O/Pt,/Ru(0001) no experimental evidence for surface hydroxyl has been found.

PACS numbers:

I. INTRODUCTION

In this study methanol (CD3OH) reactions on clean
and atomic oxygen covered Pt,Ru;_,/Ru(0001) surface
alloys have been investigated using infrared absorption
spectroscopy (IRAS) and temperature programmed des-
orption (TPD). This bimetallic system exhibits reactivity
toward complete oxidation of methanol and COs desorp-
tion and is therefore of high relevance as a catalyst ma-
terial for a direct methanol fuel cell (DMFC).18

The reactions of methanol on Ru(0001)*!% and
Pt,,/Ru(0001)!! layers have been presented recently. It
has been found that the clean Ru(0001) surface is reac-
tive toward methanol dehydrogenation to CO via a stable
methoxy intermediate (CD30). In contrast, ordered oxy-
gen overlayers, such as O(2 x 2) or O(2 x 1), passivate the
surface completely. Low oxygen coverages of few percent
of a monolayer, however, induce a direct H-transfer from
the methanol hydroxyl group to surface oxygen leading
to the desorption of water.’

On Pt,/Ru(0001)* and Pt(111)!27* the situation
is different: on the clean surfaces no reactions oc-
cur and surface oxygen is needed to activate methanol.
Preadsorbed disordered (cold deposited) atomic or
chemisorbed molecular oxygen oxidizes methanol directly
to DCOO without any stable surface intermediates in
between.!1415 When ordering of the atomic oxygen
layer is induced by annealing, adsorbed methanol decom-
poses to CO via a stable formaldehyde (D2CO) surface
species. The continued oxidation of formaldehyde to for-
mate (DCOO) thereby represents a minor path only.

The properties of bimetallic surface alloys have been
studied extensively establishing that the behavior of for-
eign atoms embedded in the surface layer of a host ma-
terial (surface alloy) behave substantially different than
bulk alloys or elemental surfaces.!®!” A key parameter

to describe the chemical properties of bimetallic alloys
is represented by the number of specific surface sites
needed to activate a certain species (geometric or ensem-
ble effect)!”18; other relevant influences are the electronic
interaction between different types of atoms involved in
the reaction (electronic or ligand effect)”'®, and strain

introduced by the difference in atom sizes!'?.

Hence, referring to methanol reactions, the pathways
may be tailored based on which of the effects described
above dominates. The properties of surfaces with high
concentrations of Pt where the ensemble effect due to
Pt is expected to dominate should behave different from
alloys with low amounts of Pt dominated by ligand effects
(Pt-Ru interaction) within the first layer.

Notably, epitaxially grown bimetallic Pt/Ru(0001)
films, studied in previous work as a catalyst for methanol
reactions, converts into such a surface alloy upon anneal-
ing of submonolayer Pt films to 1300 K.2%:2! Surface alloy
means that Pt atoms intermix with Ru atoms within the
topmost layer, while diffusion of Pt into Ru bulk remains
negligible. According to Hoster et al.?!, a statistical dis-
tribution of Pt and Ru atoms prevails and conservation
of the number of Pt atoms in the topmost layer is ensured
for ©p; < 0.8 ML.

There exist a number of steady-state electrochemical
studies regarding methanol oxidation on PtRu alloys®™7,
nano-particles®, and Ru/Pt surfaces®® performed with
various methods, such as cyclic voltammetry, mass spec-
trometry and FT-IRAS. An important question in these
studies concerns the influence of the surface structure3 6
and composition®7 on the catalytic activity. All groups
agree that PtRu catalysts exhibit reactivity toward
methanol oxidation and a high resistance against CO poi-
soning. Furthermore, rough PtRu alloys seem more reac-
tive than smooth ones.* For realistic anode potentials a
Ru content of 20-50% for both the PtRu bulk alloys® 7 as



well as for the Ru/Pt surfaces®® yielded the highest cur-
rent density. Using IRAS, Chen et al.?2 unambiguously
identified formate as an intermediate in methanol electro-
oxidation over a Pt electrode. This specific result is in ac-
cordance with our previous findings on Os /Pt,, /Ru(0001)
layers.!!

To the best of our knowledge no UHV-studies on ther-
mally induced methanol reactions on oxygen precovered
or clean Pt Ru;_,/Ru(0001) surface alloys have been
published up to now.

II. EXPERIMENTAL

The experiments were performed in an UHV system at
a base pressure of p = 6 x 107!! mbar. The sample is
a Ru(0001) crystal (5N purity) with 10 mm in diameter
and a thickness of 2 mm. It can be cooled with liquid
He or Ny and heated up to 1570 K (limited by the type
K thermocouple) with linear heating rates of 0.1-10 K/s.
The quadrupole mass spectrometer (Balzers QMA112) is
equipped with a Feulner cup?? (glass enclosure) to ensure
desorption from the front face of the sample only and to
enhance the desorption signals. The Fourier transform
infrared spectrometer (FTIR) is a Bruker IFS 66v with
evacuable optics (p < 1 mbar). Polarized IR radiation is
produced by a water cooled blackbody source (Globar) in
conjunction with a wire grid polarizer. Within this work
a LNj cooled MCT (HgCdTe) detector was used, allowing
for measurements in the spectral range 700-4000 cm™!.
All infrared absorption spectra were taken at a resolution
of 2 ecm™! with 500-2000 scans coadded. For the IRAS
measurements the sample is positioned in a dedicated IR
cell, which contained a titanium sublimation pump. A
uniform gas dosage is provided by a multicapillary array
with individual diameters of &~ 10 ym. The sample was
cleaned by ArT sputtering (1.4 keV, 1 pA) and multiple
O dosing cycles combined with flashing the sample up
to 1570 K.

For Pt deposition a thermal evaporator was used. The
typical deposition rate was 0.03 ML min~! at a growth
temperature T, = 700 K. During the evaporation time
the pressure increases up to 2 x 10719 mbar. A more
detailed description of the experimental setup has been
published recently.?"'® The prepared Pt/Ru(0001) layers
were probed by measuring the v(CO) mode of adsorbed
CO with IRAS.2425 The error of the Pt coverage is esti-
mated to 5%.

In order to induce alloy formation, the sample was an-
nealed to 1300 K for 3-5 min. The conservation of the
amount of surface Pt, as reported by Hoster et al.?!, is
confirmed by XPS measurements of the Pt 4f; /5 and 4f7 /5
peaks before and after alloy formation. The integrated
intensities of these peaks remain constant within +5%.

Methanol was cleaned by repeated freeze-and-thaw cy-
cles. The isotopic purities of CD3OH, CH®OH, and 180,
are 99.8%, 95%, and 98.73%, respectively. All methanol
exposures in this paper are specific to our experimen-

tal setup only and are given as the product of the pres-
sure in our gas dosing system and the exposure time;
the units used are mTorr-s. 10 mTorr-s of methanol ap-
proximately leads to 10% saturation of the first layer and
equals 0.04 ML referring to the above definition as deter-
mined by XPS (integral of the O, peak) and comparing
the results with perfect O(2 x 2)/Ru(0001) layers at an
oxygen coverage ©o = 0.25 ML, prepared according to
Koch et al.?6.

The data presented in this work primarily comprises
the CD3OH isotope, as its vibrational modes exhibit
somewhat sharper line shapes as compared to regular
methanol. In addition, CD3O (methoxy) on Ru(0001)
exhibits a 10 times stronger umbrella mode 0,(CD3)
(symmetric CDj3 stretch) than CH3O which allows a
more accurate quantitative analysis.” A similar obser-
vation was reported in the literature on Ag(111)%7 and
on Cu(111)?%29. The reason for such dissimilar oscilla-
tor strengths for two methoxy isotopes is that coupling
among modes of equal symmetry depends on their spec-
tral separation;?? in our case, the nearby v(CO) mode
considerably enhances the intensity of §;(CD3) but not
of 5S(CH3)

IIT. RESULTS AND DISCUSSION

In this section the reactions of methanol on clean and
on atomic oxygen precovered Pt,Ruj_./Ru(0001) sur-
face alloys (z = 0 — 0.8) will be described. Thereby =
denotes the relative amount of Pt atoms with respect to
the total number of atoms in the topmost layer. Note
that on Ru(0001) and Pt,Ru;_,/Ru(0001) O2 adsorbs
dissociatively with a high probability, while sticking of
0> on a single Pt/Ru(0001) monolayer is zero.*® Thus, a
non-constant sq is also expected for Pt,Ru;_,/Ru(0001)
surface alloys. Since we applied a constant O exposure
(4 langmuirs) to all Pt;Ruj_,/Ru(0001) surface alloys,
the layers with a low concentration of Pt atoms should
exhibit higher oxygen coverages than layers with high
z. In general, the oxygen layers have not been annealed
before exposure to methanol, as heating of the oxygen
layers to 600 K prior to methanol exposures largely pas-
sivates the surface in terms of methanol reactions. This
is most likely due to the formation of ordered oxygen
layers, e.g. (2 x 2)-O or (2 x 1)-O overlayers, which are
known to be unreactive.?3173% This finding strictly holds
for Ru(0001) only, while for Pt;Ru;_,/Ru(0001) surface
alloys minute amounts of reactively produced DCOO are
observed. Yet, these quantities correspond to only 10%
of the amounts produced on cold-deposited O-layers.

In our study using IRAS and TPD experiments we first
present the reactions of methanol on oxygen-free surface
alloys. Subsequently, the effect of preadsorbed oxygen
on alloys with 55 — 70% Pt (z = 0.55 — 0.70) will be
discussed. Finally, we will analyze the influence of the
Pt/Ru ratio within the surface alloys.



A. Methanol on Clean Pt;Ru;_,/Ru(0001)

On oxygen-free Pt,Ru;_, /Ru(0001) surface alloys the
methanol reactions proceed similar to the reactions on
clean Ru(0001)%19: methanol adsorbs intact at 80 K
and undergoes an O-H bond cleavage upon heating to
180 K leading to an upright methoxy species. Methoxy
is stable at intermediate temperatures only and decays
by means of hydrogen abstraction, producing CO. This
correlation is illustrated in Fig. 1A showing the de-
crease of IRAS peaks associated with methoxy and the
increase of the CO stretch mode for both layers, the
clean Ru(0001) surface (blue symbols) and an alloy with
x = 0.4 (red symbols). In contrast to Ru(0001) this
decay proceeds at significantly higher temperatures for
the Pt,Ru;_,/Ru(0001) surface alloy. With increasing
x the corresponding transition temperature shifts from
250 to 305 K for 2 = 0.4 and 315 K for 2z = 0.6 (see
Fig. 1A and B and Fig. 5C below). For increasing 2 > 0.5
all vibrational bands associated with methoxy gradually
lose intensity (see Fig. 1C) which is in agreement with
the zero reactivity of methanol on the full Pt/Ru(0001)
monolayer!'! and on Pt(111)'2.

A second characteristic associated with Pt-Ru surface
alloys is the influence of Pt on the vibrational modes
of methoxy as demonstrated in 1C. Specifically, the C-
O stretching mode at 980 cm ™!, attributed to methoxy
on clean Ru(0001), looses in intensity very quickly with
increasing = and is replaced by an equivalent mode at
997 cm~!. Even for low 2 = 0.14 the 980 cm ™! peak has
less intensity than the one at 997 cm ™!, associated with
the presence of Pt in the surface layer; for > 0.4 the
980 cm ™! peak has vanished almost completely. These
observations suggest that only few, probably isolated, Pt
atoms are needed to change the vibrational signature of
methoxy significantly. Hence, a strong ligand effect is
most likely the reason for this behavior.

Besides the C-O mode, the Fermi resonance appear-
ance of the methoxy methyl group is influenced by the
local binding geometry as well. Such a dependence of
these vibrations on the local chemical environment has
also been observed for methoxy on clean Ru(0001) post-
exposed to increasing amounts of oxygen (see Supporting
Information). Specifically, for increasing = (and similarly
©0), the prominent and strongest Fermi resonance band
at 2066 cm™! seems to split up into weaker bands at
2053 and 2070 cm~!. One may invoke that incorporated
Pt atoms as well as coadsorbates lead to significant line
shifts of the methyl bending and stretching modes. How-
ever, this conclusion is erroneous, as no such peak dou-
bling is observed when replacing CD3OH by CH3OH.

In Fig. 2 the well-known spectra of CD30 and CH30
on Ru(0001) are reproduced and compared to the respec-
tive methoxy species produced on Ptg 3Rug.7/Ru(0001).
It is apparent that the 30% fraction of Pt within the
surface layer does shift the methoxy v(CO) mode, but
leaves the modes in the C-H stretch region virtually un-
changed. This finding agrees with the expectation that
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FIG. 1: (A): Decomposition of CD3O (diamonds) to
CO (squares) on clean Ru(0001) (blue symbols) and on
PtyRui—z/Ru(0001) (brown symbols). The data points cor-
respond to integrated IRAS intensities of methoxy (v(CO)
modes at 980 and 997 cm™! for z = 0 and 0.4, respectively)
and CO (v(CO) mode at 2000-2100 cm™!). (B): IRAS spec-
tra of CD30 on PtxRui.x/Ru(0001) with = 0.4 obtained
after annealing to increasingly higher temperatures from top
to bottom as indicated in the figure. (C): IRAS spectra of
CD30 on PtxRui.x/Ru(0001) surface alloys with z increas-
ing from top to bottom as indicated in the figure. In all
panels methanol (covarege: 0.15 ML) was adsorbed at 80 K,
annealed as indicated in the figure and recooled to 80 K for
data acquisition.
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FIG. 2: IRAS spectra of methoxy on clean Ru(0001) and
on PtzRui_,/Ru(0001) surface alloys. The top spectra cor-
respond to CH30 on surfaces with x = 0.0 and 0.3. The
bottom spectra represent CD30O on surfaces with z = 0.0 and
0.4. To all samples about 0.15 ML methanol was added at 80
K and annealed to 220 K to produce methoxy prior to data
acquisition at 80 K.

the large distance of the methyl group from the surface
plane renders the methyl group insensitive to modifica-
tions at the surface. In accordance with Sim et al.2” the
doublet at 2040-2080 cm~! is attributed to the effect of
another ’overtone’ band, the [¥(CO) + 6,;(CD3)] com-
bination band, interacting with the (fundamental) sym-
metric v4(CD3) mode.

Actually, for the clean Ru(0001) surface (z = 0) the
[v(CO) + 65(CD3)] combination band is also visible at
2041 cm™! (inset of Fig. 2), i.e. red shifted due to the
lower v(CO) frequency and the apparent repulsion from
the fundamental v4(CD3) mode via Fermi resonance cou-
pling. What we observe is therefore not a splitting of
the 2060 cm~! band but a redistribution in oscillator
strength between the v4(CD3) fundamental mode and the
[v(CO) + §5(CD3)] combination band.

In agreement with a negligible coupling among the
overtone and combination bands of the Fermi resonance
(Darling-Dennison constants),6739 the remaining CD30
modes at 2100-2200 cm ™! stay virtually the same, inde-
pendent of Pt alloying or oxygen coadsorption.

A quantitative analysis of the Fermi resonance cou-
pling yields a coupling Wy, = 12+ 1 cm™! between
[v(CO) + §5(CD3)] and v4(CD3) (for a full account of
the various coupling constants etc., see Supporting Infor-
mation). Our analysis additionally provides the anhar-
monic coupling between the v(CO) and d5(CD3) modes
of CD30 which amounts to dvunn = 9£1 cm™1.

In the following, the more heterogeneous re-
actions of coadsorbed methanol and oxygen on
Pt,Ru;_,/Ru(0001) surface alloys will be discussed.
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FIG. 3: IRAS spectra of [CD;OH + *#0] coadsorbate layer on
a Pto.s5Rug.45/Ru(0001) surface alloy. Methanol and oxygen
exposures at 80 K were 40 mTorr-s (0.15 ML) and 4 lang-
muirs (0.3 ML), respectively. All spectra were taken at 80
K after heating (1 K/s) to the temperatures indicated in the
figure. In the spectral range above 2300 cm ™! no vibrational
peaks have been observed. The inset shows IRAS spectra of
[CDi°0OH4-'%0] and [CDi°OH+'30] on Pto.3Rug.7/Ru(0001)
after heating to 320 K to produce formate.

A second characteristic associated with Pt-Ru surface
alloys is the influence of Pt on the vibrational modes of
methoxy as demonstrated in Fig. 1C. Specifically, the C-
O stretching mode at 980 cm ™!, attributed to methoxy
on clean Ru(0001), looses in intensity very quickly with
increasing x and is replaced by an equivalent mode at
997 cm™!. Even for low = = 0.14 the 980 cm ™! peak has
less intensity than the one at 997 cm™!, associated with
the presence of Pt in the surface layer; for > 0.4 the
980 cm~! peak has vanished almost completely. These
observations suggest that only few, probably isolated, Pt
atoms are needed to change the vibrational signature of
methoxy significantly. Hence, a strong ligand effect is
most likely the reason for this behavior.

B. Methanol on O Covered Pt;Ru;_,/Ru(0001):
Infrared Spectroscopy

In Fig. 3 the thermal evolution of IRAS spectra of
CD30H on a 80 precovered Pty 55Rug.45/Ru(0001) sur-
face alloy are depicted. This mixture of Pt:Ru surface
atoms has been chosen because it provides a representa-
tive overview of the various surface processes and inter-
mediates encountered in the course of methanol activa-
tion and beyond. Modifications hereof and the depen-
dence on x will be discussed thereafter. Oxygen and
methanol have been adsorbed at 80 K and then an-
nealed to the temperatures indicated in the figure be-
fore data acquisition at 80 K. The topmost spectrum



shows intact CD3OH molecules with the following vi-
brational modes: [0(OH)+p;,(CD3)] in phase and out
of phase modes at 1283 and 876 cm™!, respectively,
v(CO) mode at 950 cm~!, as well as §(CD3) modes
at 1060-1112 em™!; various v(CD3) stretching modes
in Fermi Resonance??:373940 with §(CD3) bending over-
tones are located at 2000-2200 cm~'. Clear evidence for
intact methanol adsorption is thereby provided by the
detection of the two peaks at 876 and 1283 cm™!; for
methanol on Ru(0001) this set of modes has been unam-
biguously assigned to the [6(OH)+p;,(CD3)] out of phase
and [§(OH)+p;,(CD3)] in phase modes of methanol.”

At 180 K methanol begins to transform into methoxy
due to abstraction of the hydroxyl hydrogen and transfer
to surface oxygen as evidenced by Hi®O desorption at
175 K (see Fig. 4A below). Thereby methoxy is identi-
fied on the basis of its prominent bands v(CO) at 984 and
5(CD3) at 1070 cm™!; the characteristic Fermi resonance
at 2000-2200 cm~! is barely visible but still discernible.
Note that after annealing to 7" > 200 K the spectral
range at 2030 — 2080 cm ™! becomes more and more dom-
inated by reactively produced CO from methoxy decom-
position. Even though a fraction of methanol molecules
has decayed, the intensity of the bands associated with
methanol remain about constant; yet, shifts in line po-
sitions are observed. These modifications are proba-
bly due to a reorganization of the methanol layer, most
likely clustering caused by hydrogen bonding, similar to
methanol on clean Ru(0001)10.

Annealing to 260 K leads to the gradual disappear-
ance of (intact) methanol’s vibrational modes, partially
due to molecular desorption (208 K), or due to the con-
tinued conversion to methoxy. Moreover, entirely new
peaks show up at 1282 and 1601 cm™!, with only the
former surviving further annealing to 340 K. These new
bands therefore belong to two different surface species.
While the 1601 cm™! band is characteristic for a n'-
formaldehyde species, the 1282 cm ™! peak, along with
the tiny band at 2197 cm™!, can be attributed to for-
mate. This interpretation is supported by the observed
isotopic shift 1282 « 1303 c¢cm™! for the [CDi°OH
+ 160] and [CDi®OH + O] coadsorbate layers on
Pto.3Rug.7/Ru(0001) after heating to 320 K (see the inset
of Fig. 3). The vibrational frequencies fit well to formate
on Pt,, /Ru(0001)* and Ru(0001)*! as revealed by Tab. I.
Specifically, the observed bands at 1282 and 1303 cm™!
can be ascribed to the formate isotopes DC'%0'80 and
DCQ0, respectively.

The identity of the 1601 cm™' peak as a vibrational
mode of formaldehyde (D2CO) is ensured by the fact
that its frequency does not depend on the isotopic nature
of preadsorbed oxygen; this species is therefore formed
solely due to the dehydrogenation of methanol or possi-
bly of methoxy. Referring to Liu et al.'3, Anton et al.*?
and our recent experiments on Pt,, /Ru(0001) layers!! the
1601 em~! peak is assigned to the v(CO) stretching mode
of an inclined n'-formaldehyde (D,CO). Details regard-
ing the adsorption geometry, however, must remain open,
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FIG. 4: A: Multi-mass TPD of [CD30H + ®0] coadsorbate
layer on Ptg.¢Rug.4/Ru(0001). Methanol and oxygen expo-
sures at 80 K equal to 40 mTorr-s (0.15 ML) and 4 langmuirs
(0.3 ML), respectively. The sample was heated with 1 K/s
from 80 to 600 K. The dashed lines (mass 28 u and 30 u)
correspond to 28 u,corr = 28 u - 0.16 x 46 u and 30 u,corr =
30 u - 0.17 x 46 u with contributions of desorbing C'*0'®0O
(46 u) subtracted. The dashed line of 32 u correspond to the
original 32 u signal (solid line) with contributions of desorbing
methanol (35 u) subtracted. The relative ratios of the individ-
ual C*®0O" and C'®O™ fragments are known from reactively
produced C**0+¥0 — C'0'0 on Pt,/Ru(0001). The
gray lines at 46 u are fit curves to estimate the contributions
of the two desorption features. The inset shows an analogous
TPD for Pto.3sRuo.7/Ru(0001) with masses 44, 46 and 48 u
recorded. B: Temperature dependent integrated IRAS sig-
nals of CD3OH (v(CO) mode at 960 cm ™), methoxy (v(CO)
mode at 980 cm™'), D2CO (v(CO) mode at 1601 cm™*),
DCOO (v(OCO) mode at 1300-1305 cm™'), and CO (vc.o
mode at 2020-2060 cm_l). 4 L %0, followed by 40 mTorr-s
CD3%0H were adsorbed at 80 K on Pto.7Rug.3/Ru(0001) be-
fore the sample was heated (1 K/s) to increasingly higher
temperatures. The colored lines are guides to the eye. The
individual curves are offset vertically for a better clarity of
presentation.



TABLE I: Vibrational modes (frequencies given in cm ™) of formate (Cg,-symmetry) on Pt,Ru;_,/Ru(0001), Pt,/Ru(0001),

and Ru(0001). Note that the mode notation refers to DCOO.

Pt,Ru;—,/Ru(0001) Pt,, /Ru(0001)*! Ru(0001)*! mode
DC'®0'0 DC'®0'80 HC'®0'%0 DC'®0'0 DC%0'80 HC'%0'°0 assignment
1303 1282 1336 1294 1276 1363 v(0CO)
2193 2197 2926 ‘ 2192 2192 ‘ 2851 v(CD)

as only the strongest mode of DoCO is observed. Addi-
tional support for the assignment of the 1601 cm™! peak
to the C-O stretching vibration (vo—o) of formaldehyde
is provided by our isotope substitution of the methano-
lic oxygen CHASOH«—CHI3OH which causes a frequency
shift 1626 «» 1602 cm™! (the closeness of the v(CO) fre-
quencies of HoC™®0 and D,C'0 is accidental).

In the course of our investigation no experimental ev-
idence for the formation of surface hydroxyl (OH) has
been found in contrast to the reactions of methanol on
oxygen precovered Cu/Ru(0001)32 monolayers. Further-
more, we did not find any indication for the scission
of methanol’s C-O bond which would represent an al-
ternative activation channel of methanol. DFT calcula-
tions of Greeley and Mavrikakis® show that on Pt(111)
the energetic barrier for C-O bond breaking is 3 times
higher than for C-H or O-H bands. In various experi-
mental works?13:15-43:44 dealing with methanol on tran-
sition metal surfaces the C-O bond breaking path has
been ruled out as well.

C. Thermal Desorption Spectroscopy

A multi-mass TPD spectrum of methanol postad-
sorbed onto an oxygen precovered Ptg gRug 4/Ru(0001)
surface alloy is displayed in Fig. 4A, along with the in-
tegrated intensities of vibrational modes associated with
various surface intermediates produced upon thermal an-
nealing (panel B). Even though the complexity of the sur-
face structure and composition is substantial, the multi-
tude of accessible spectral information allows us to de-
velop a clear picture of the various surface processes en-
countered during the thermal evolution.

A closer look at the data depicted in Fig. 4 (and
keeping the IRAS findings in mind) reveals that, once
methoxy is formed, the further reactions proceed via dif-
ferent pathways (for clarity abstracted hydrogens have
been omitted; '’ and ’9’ denote surface and gas phase
species, respectively):

e Pathway I: total dehydrogenation path, leading to
surface CO,
CD30OH®* — CD30°®* — CO* — CO¥Y

e Pathway II: partial dehydrogenation path, produc-
ing surface formaldehyde,
CD3OI‘IS — CDgOS — DQCOS — DQCOQ

e Pathway III: oxidation path, leading to CO5 via a

formate (DCOO) intermediate,
CD30H*+0* — CD30°+0* — DCOO* — CO}

In the following these will be discussed in more detail.

1. Initial Activation of Methanol and Water Formation

The first desorption peak referring to the anneal-
ing temperature in panel (A) is the one of 20 u ob-
served at 160-180 K which is due to reactively produced
water (H320). In experiments with initially adsorbed
[CHi8OH+160] and with mass 18 u and 20 u monitored,
only the 18 u signal exhibits a desorption signal around
170 K. It is therefore concluded that desorbing water
exclusively contains preadsorbed oxygen atoms and not
oxygen from methanol; this finding excludes any C-O
bond breaking to act as the primary activation process
of methanol. Furthermore, the contribution of deuterium
from the CD3 group is negligible as the desorption sig-
nal of 22 u (D380) at 175 K is zero. Consequently, the
involved hydrogen stems from the methanol hydroxyl
group only; this observation additionally renders C-D
bond breaking of intact methanol unlikely.

The proposed reaction (primary activation of
methanol) is therefore

2CDOH® 118 0 — 2CDI0E) + HPO®),

where ®) and (® denotes surface and gas phase species,
respectively. Deuterium from the methanol methyl group
does, however, contribute to the water desorption at 200-
230 K; in accordance with the easier abstraction of the
hydroxyl H, desorption of HA¥O (mass 20 u signal) pro-
ceeds at 10-15 K lower temperatures (212 K) as compared
to DO (mass 22 u peak at 225 K).

As the water desorption at 175 K and 200-230 K repre-
sent two distinct features, they are ascribed to different
water formation processes. Specifically, the desorption
at 200-230 K is attributed to the recombination of sur-
face D and 80, as it correlates with methoxy decom-
position, releasing D atoms from its methyl group. In
contrast, H¥O evolution at 175 K is likely due to a di-
rect H-transfer from the methanol’s OH-group to a sur-
face oxygen atom (180). Unambigeous evidence for such
a reaction has been provided for methanol on Ru(0001)°.

In parallel to methanol decomposition the mass 35 u
peak at 208 K indicates desorbing CD3OH, in accordance
with the decrease of the CD3OH IRAS signal (circles in
panel B). Other desorption peaks (32, 30, 28, 20, 18, 4,



and 2 u) which evolve in parallel to the 35 u peak are due
to methanol cracking fragments produced during ioniza-
tion in the QMS. At variance to methanol on oxygen
precovered Pt,/Ru(0001) layers'! no isotopic exchange
CD3sOH + D — CD3OD + H, involving abstracted D
from the concurrent CD3OH + Oy — DCOO + O + 2D
+ H reaction, is found here.

2.  Formaldehyde Formation and Desorption

The next desorption feature in the energetic order is of
mass 32 u and extends over a broad temperature range
230-320 K. Incidentally, these temperatures coincide with
the vanishing of characteristic methoxy and formalde-
hyde vibrational features (squares and triangles in panel
B). As the mass 32 u signal is not accompanied by a corre-
sponding peak of mass 35 u, its identity as formaldehyde
(D2CO), as opposed to a cracking fragment of CD3OH, is
ensured. The D,CO cracking products DCO' and CO™
with masses 30 and 28 evolving in parallel support this
conclusion.

Interestingly, deuterium desorption (mass 4 u signal)
proceeds in the same temperature range which may point
at a common origin. According to Fig. 4B methoxy de-
composition represents such a mechanism which natu-
rally could explain the evolution of both species. At T
< 250 K DoCO desorption is still slow and this species
is detected as a surface compound. At higher T D,CO
exists as a transient species only which desorbs soon after
its formation from methanol or methoxy decomposition,
similar to methanol on O/Cuiy,/Ru(0001)32 layers. In
order to separate signals of genuine DyCO desorption
from those of the methanol ionization fragment (at 208
K), we subtracted the latter contribution which gave the
32 u,corr trace (dashed line).

For x = 0.1 desorption of DoCO occurs at high temper-
atures (7' = 378 K) only, in agreement with the high de-
composition temperature of the parent methoxy species
for such low Pt concentrations. As this process repre-
sents the rate limiting factor in formaldehyde desorption
(rather than desorption itself) no surface formaldehyde
is observed in TRAS. Only for = 0.3 — 0.8 such species
have been detected; the amount is found to be only
weakly dependent on the Pt content and corresponds to
about 0.2% ML. Note that this quantity refers to sur-
face D3CO only, while the total amount of produced
formaldehyde including the desorbing (transient) species
is much larger (about 0.02-0.03 ML). For thick Pt lay-
ers on Ru(0001) similar amounts of formaldehyde have
been detected as a stable surface compound; however,
at variance to the present findings, DoCO easily disso-
ciates to produce CO.'! As this process occurs already
at 220 K, no formaldehyde desorption takes place. As to
the further dehydrogenation of DoCO towards CO on the
O/Pt,Rui_,/Ru(0001) surface alloys, we consider such
a decomposition unlikely as intact desorption of D2CO
is observed in a broad temperature range up to 300 K,

i.e. until all methoxy and methanol is consumed. This
conclusion is corroborated by the intact desorption of
formaldehyde around 275 K for HoCO adsorbed on the
oxygen precovered Ru(0001)-(2 x 2)-O surface*2.

Hence, as mentioned above, formaldehyde represents
the final reaction product of the partial dehydrogenation
Pathway I1.

8. Formate Formation and COz Desorption

The desorbing C*¥0%0 molecules (46 u) in panel (A)
of Fig. 4 are the final products of Pathway III. They
are produced due to the dissociation of surface formate
(solid circles in Fig. 4B). The inset depicts desorption
signals of the masses 44, 46 and 48 u for a sample with
coadsorbed [CD3®OH + ¥0]. As only the mass 46 u ex-
hibits a significant desorption signal it is invoked that
the CO2 molecules consist of one oxygen from methanol
and a second one due to the preadsorbed surface oxygen.
The same applies to COy produced on Cu/Ru(0001)32,
and Pt/Ru(0001)*! again involving a formate precursor
intermediate. The observation of formate as a key inter-
mediate in methanol oxidation to CO; is in agreement
with electro-chemical experiments over a Pt electrode.??

In parallel to the C80'0 (46 u) desorption we
observe peaks of 28 and 30 u which are ascribed to
C!0O* and C'™O" ionization fragments of desorbing
C0180. The ratios of 28u/46u and 30u/46u for des-
orbing C80'%0 are known from TPD experiments with
coadsorbed [CO + 80] on Ptjanr,/Ru(0001) which pro-
duces desorbing C'#0'%0.!! Subtraction of these contri-
butions yield the true C%0 and C'80 desorption signals
(dashed lines in Fig. 4A). While the 30 u signal entirely
represents a C8000 fragment, there is indeed a proper
C160 desorption which we associate with methoxy de-
composition (Pathway I). The desorption of C!60 as op-
posed to C80 is corroborated by our observation of sur-
face C'®0 using IRAS in the temperature range 260-380
K (squares in Fig. 4B) while vibrational bands due to
C'0 are missing.

One possibility for the formation of DCOO is the
oxidation of the stable CD3O intermediate similar to
methanol on O/Cuymr,/Ru(0001)32; an alternative reac-
tion path would be the direct oxidation of methanol, i.e.
without other stable intermediates, similar to methanol
on disordered O/Pt,/Ru(0001) layers with n = 3 — 15
ML, These conclusions are based on the correlated in-
crease of the DCOO vibrational modes (solid circles) and
the decrease of CD30H as well as CD30 bands (open cir-
cles and diamonds). As methoxy is clearly observed as a
surface compound in our experiments and it represents
an obvious intermediate on the way to DCOO we suggest
that methoxy represents the precursor species of DCOO
(Pathway IIT). The formation of formate from formalde-
hyde is unlikely as there is clear evidence for molecu-
lar desorption of DoCO even at temperatures when for-
mate production is completed. Yet, as this reaction



has indeed been observed on ordered O/Pt(111)!3 and
O/Pt1am1,/Ru(0001)! it cannot be ruled out completely.

Remarkably, no Ds (4 u) desorption is observed in par-
allel to COg desorption at around 390 K, even though
formate decay (DCOO — CO3 + D) should release some
D. This puzzle is resolved by mass 22 u in Fig. 4A which
exhibits a tiny peak at 350-400 K (see enlarged curve)
indicative of a reaction of D and residual surface #0 to
gas phase D180 (22 u).

4. Influence of Pt/Ru Ratio on the Abundance of Surface
Species and Desorption Yields

A general observation in the course of our study was
that the initial activation always led to a methoxy in-
termediate, with the abstracted hydrogen being oxidized
by surface oxygen to desorbing water. Depending on
the concentration of Pt in the surface layer the decay
of methoxy, however, proceeds in different ways as de-
scribed above. As Pathway II (formaldehyde formation
and desorption) is largely independent of z, it won’t be
discussed in the following.

The dependence of Pathways I and III on the con-
tent x of Pt atoms within the Pt;Ru;_,/Ru(0001) sur-
face alloy is illustrated in Fig. 5A. Specifically, the inte-
grated intensities of surface DCOO (vibrational spectra
obtained after annealing to 320 K) and of desorbing CO
and CO» (thermal desorption peaks) are plotted versus x.
It is apparent, that the amount of desorbing CO5 closely
follows the intensity of surface DCOO, confirming the
DCOO—CO2 decomposition reaction proposed above.
The intensity of desorbing CO shows an inverse behavior,
i.e. for x increasing from 0 to 0.8 the amount of desorbing
COg, increases, while a decrease is observed for the CO
desorption yield. In other words, methanol oxidation to
COg prevails for surface alloys with « > 0.4. In contrast,
total dehydrogenation to CO dominates for x < 0.4. The
quadratic dependence of the CO5 and DCOO signals on
the amount of Pt in the range z = 0 — 0.4 clearly suggest
an ensemble effect involving at least two neighboring Pt
atoms to be responsible for this oxidation reaction; in
case of a dominant ligand effect a linear increase of these
data should prevail.

For z = 0.8 the DCOO signal lies significantly below
the corresponding COs signal; the reason for this devia-
tion is the onset of formate decomposition and CO5 des-
orption which decreases with increasing = as depicted in
Fig. 5B. Thus, the reduced amount of adsorbed DCOO
for x = 0.8 as compared to z = 0.6 after annealing to
320 K is simply due to incipient DCOO decomposition
and CO2 desorption, both of which start slightly below
300 K for z = 0.8.

In general, the thermal stability of methoxy on the
oxygen covered alloys seems significantly higher than on
clean Ru(0001), see Fig. 5C (blue diamonds). Interest-
ingly, this effect appears more pronounced on Ru(0001)
as compared to Pt rich Pt,Ru;_,/Ru(0001) surface al-
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FIG. 5: A: Integrated IRAS intensities of formate (v¥(OCO)
mode at 1300—1305 cmfl) after annealing to 320 K, as well as
absolute amounts of CO2 and of CO determined from the in-
tegrated thermal desorption peaks of 44 u and 28 u—0.35 x 44
u, respectively, as a function of z. B: Temperature range of
DCOO formation and of CO2 desorption for the samples in
panel A versus x. The empty and full green symbols cor-
respond to the two maxima in the CO2 desorption trace in
Fig. 4A; the areal size of the symbols thereby corresponds to
the the respective integrals. C: Dissociation temperature of
methoxy on oxygen precovered (open diamonds) and oxygen-
free (solid diamonds) surface alloys. The point at 320 K for
x = 0 refers to methoxy on clean Ru(0001) to which 1 L
oxygen was added at 80 K after its formation at 220 K. D:
Absolute amounts of surface CO (v(CO) mode at 300-320 K)
and of desorbing CO (28 u—0.35 x 44 u) as a function of z.
All samples were exposed to 4 L oxygen and to 40 mTorr-s
CD3OH, both at 80 K. The data points associated with CO
and COz desorption have been obtained simultaneously.

loys. For example, CD30 on clean Ru(0001) which is



observed in the temperature range 200 - 260 K only, be-
comes stabilized when 1 L oxygen is added, and 320 K are
needed to dissociate half of the methoxy molecules to CO
and D. We attribute this observation to the low reactiv-
ity of ordered oxygen layers on Ru(0001). For the alloys
with high z things are more complex and it is neces-
sary to assess the contributions of incorporated Pt atoms
and of coadsorbed oxygen separately. For the oxygen-free
surface alloy increasing amounts of Pt also lead to an in-
crease of the thermal stability of methoxy up to 315 K for
z = 0.6 (solid red diamonds). Remarkably, the combi-
nation of adsorbed O and increasing z initially improves
the thermal stability of methoxy for x < 0.2, while an
accelerated decay is observed for z > 0.3, reaching 260 K
for z = 0.8 (blue diamonds). The reason for this latter
effect is the onset of the CD30 + O — DCOO + Dy ox-
idation reaction, which effectively consumes all methoxy
molecules. According to panel B in Fig. 5 (blue solid cir-
cles) the DCOO formation temperature shifts down from
270 to 220 K for x increasing from 0.35 to 0.8. This accel-
erated methoxy to formate reaction for Pt rich alloys in
conjunction with a stabilization of methoxy with respect
to dehydrogenation to CO at low x naturally explains
the observed selectivity change in the methanol reaction
pathway on Pt;Ruj_./Ru(0001) surface alloys.

Fig. 5D depicts the amounts of surface CO N, (inte-
grated IR intensities at 300-320 K) and of desorbing CO
Nges (TPD peak areas) as a function of z. Apparently,
these two signals behave completely different; the amount
of surface CO remains about constant while desorbing
CO exhibits the trend known from panel A. In the fol-
lowing we need to treat the two cases of (i) N3, < N&%
and (i) N3, > NZ% separately.

(i) The higher amount of desorbing CO as compared
to surface CO for x < 0.4 is simply due to the increased
thermal stability of methoxy for such low concentrations
of Pt as evidenced in panel C: at annealing tempera-
tures of 300-320 K, applied to our sample before sur-
face CO is monitored (empty symbols), the decomposi-
tion of methoxy is not yet completed; actually, only a
small fraction has decayed (see Supporting Information).
Higher annealing temperatures decompose methoxy, but
nonetheless won’t increase Ngo due to the onset of CO
desorption. Similarly, the high temperatures required for
methoxy to decay prevents any surface formaldehyde to
build up, even though this reaction channel is definitey
operative, as evidenced by a pronounced mass 32 u des-
orption peak of DyCO at 378 K (see Supporting Infor-
mation).

(ii) For > 0.4 methoxy decomposition occurs at lower
T and does not interfere with CO desorption. At high
x the amount of detected surface CO therefore reflects
the true yield of Pathway I and the lack of detecting
desorbing CO has a different reason. From thermal des-
orption experiments on alloys with > 0.5 we know that
the reaction CO + O — COs takes place at 300-400 K.
Based on these findings we suggest that the lack of des-
orbing CO at high x is caused by an efficient reaction of
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FIG. 6: IRAS spectra of the coadsorbate system

[CD30H+180] on Pt;Rui—,/Ru(0001) surface alloys with
z = 0.12—0.8 emphasizing formate and methoxy as stable sur-
face intermediates. The spectra of the layers with z = 0.3—0.8
were recorded after annealing to 260 K. The samples with
z = 0.12 was heated to 300 K in order to desorb all residual
methanol and present methoxy as the only intermediate (note
that no formate is produced). For the layer with = 0.3 the
formate band at 1282 cm ™! is additionally shown after heat-
ing to 300 K, because slightly higher T are required to initiate
formate formation at low z. Vibrational bands belonging to
residual methanol (dashed lines), methoxy (gray bars), and
formate (solid circles) are labeled in the figure. The broad
bands at 2000-2080 cm ™!, which overlap with the 2070 cm ™!
peak of methoxy, are due to reactively produced CO. The
weak band at 1601 cm ™! due to formaldehyde is not, shown.

surface CO with oxygen. Consequently, the CO2 desorp-
tion yield in Fig. 5A contains contributions (up to 20%)
due to CO oxidation, in addition to the formate decay
channel. The low bias of CO towards oxidation at low
x even though surface oxygen is available is confirmed
by observations of a marginal CO + O — COs reaction
yield for Ru(0001) as compared to Pt(111) under UHV
conditions. In contrast to Pt(111), this recombinative
desorption does not consume all oxygen atoms on the
Pt-Ru surface alloy. We conclude that active and passive
surface sites with respect to this reaction exist, which
points at a marked ensemble effect: only locations with
a high local concentration of Pt represent active regions.

In Fig. 6 a series of IR spectra obtained from [CD*OH
+ 180] on various Pt,Ru;_,/Ru(0001) surface alloys
with « = 0.12 — 0.8 and after annealing to 260 K are
displayed. For low z the reaction scheme resembles
Ru(0001) and less formate but more methoxy is pro-
duced, exhibiting the classic Fermi resonance signature
of methoxy on Ru(0001). Note that the observed bands
at 992, 1073, 2069, 2109 and 2163 cm ™' are slightly offset
with respect to methoxy on clean Ru(0001)° which are



located at 980, 1074, 2066, 2114 and 2163 cm™!.

For x > 0.3 slight frequency shifts of the methoxy
modes are observed, e.g. the 1073 cm™! band shifts to
1070 cm™!, which we attribute to the influence of Pt
atoms participating in the bonding to methoxy. In par-
allel, the Fermi resonance bands (2070-2170 cm™!) be-
come significantly broadened for z > 0.3 as compared
to x = 0.12; for z > 0.55 they are missing almost en-
tirely. Considering the fact that the oxygen precovered
Pt,Ru;_,/Ru(0001) alloys provide a much larger vari-
ety of local binding geometries of methoxy than clean
Pt;Ru;_,/Ru(0001) alloys or (CD3O+0)/Ru(0001) lay-
ers, it is likely that this heterogeneity led to the observed
broadening and eventually the vanishing of the Fermi res-
onance modes at high Pt concentrations.

According to our series of IR spectra in Fig. 6, DCOO
formation gradually sets in for « > 0.2 as evidenced
by the 1282 cm™! band (DC%00 isotope). At low x
about 300 K are needed to produce formate and this an-
nealing temperature slightly shifts to lower values for in-
creasing Pt concentration, as depicted in Fig. 5B. For x >
0.55 an additional vo.c.o mode emerges at 1278 cm ™1,
as demonstrated in Fig. 6 (x = 0.55 — 0.8); for z = 0.8
the 1278 cm ™! peak accounts for more than 80% of the
total formate yield. In this respect we note that the for-
mate signals in Fig. 4B and Fig. 5A represent the sum
of both formate peaks. The corresponding features of
the regular DC'600 isotope are located at 1304 and
1300 cm~!, respectively. Thereby the high-frequency
peak survives about 20-40 K higher annealing temper-
atures; moreover the presence of the two vo.c.o modes
correlates with the observation of the double peak struc-
ture of the COy desorption peak with individual maxima
at ~ 360 and 390-400 K in Fig. 4A. Specifically, TPD
spectra of samples with z < 0.6 exhibit only a single
COs desorption peak at around 400 K. We conclude that
two formate species with slightly different local environ-
ments and binding energies are formed. The presence
of two formate species with different vibrational frequen-
cies of the O-C-O stretch have also been reported on
Cu/Ru(0001)3? and Pt/Ru(0001)!.

From the quantities of the desorbing reaction products
D>CO, CO4 and CO, the relative amount of methanol
which undergo a reaction is estimated to be approxi-
mately 35% for an initial methanol coverage of 0.16 ML
and for x = 0.6. Note that the calibration procedures of
the absolute amounts of desorbing CO, CO5 and D,CO
have been reported previously.?32

IV. CONCLUSIONS

In this work the adsorption and reactions of methanol
on clean and oxygen covered Pt,Ruj_,/Ru(0001) sur-
face alloys have been investigated using IRAS and TPD.
On oxygen-free Pt,Ru;_,/Ru(0001) surface alloys the
reactions proceed similar to Ru(0001), with Pt primar-
ily enhancing the thermal stability of the methoxy in-
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termediate and lowering the CO desorption tempera-
ture. In agreement with expectations regarding the in-
ert full Pt/Ru(0001) monolayer, the amount of produced
methoxy gradually decreases for x — 0.6.

With cold deposited oxygen preadsorbed, methoxy
again represents the primary reaction intermediate. De-
pending on the Pt concentration the further thermal evo-
lution, however, varies: At low z < 0.4, methoxy pref-
erentially dissociates to CO which eventually desorbs at
about 400 K. In contrast for x > 0.4, methoxy under-
goes oxidation to surface formate (DCOO) at 200-300
K. This species is rather stable and its decay can be
monitored by detection of desorbing CO;. The maxi-
mum amount of DCOOQO, as deduced from the CO> des-
orption yield, is obtained for Pt,Ru;_,/Ru(0001) alloys
with z = 0.6—0.8 and equals 15% of the initially adsorbed
methanol molecules. In addition and largely independent
of z, the partial dehydrogenation of methoxy to surface
formaldehyde is observed; this reaction intermediate is
found to desorb moleculary.

Referring to the DMFC where hydrogen acts as the
energy provider, the easy reaction of hydrogen (released
during methanol decomposition) with surface oxygen to
produce gas phase water constitutes a severe disadvan-
tage of Pt(111)314. For Pt,Ruj_,/Ru(0001) surface al-
loys this reaction channel is suppressed (most probably
due to a much stronger bonding of oxygen to Ru atoms)
and hydrogen from methoxy decomposition (250-300 K)
eventually desorbs molecularly rather than reacts with
surface oxygen. Still, water formation associated with
the initial activation of methanol (abstraction of the hy-
droxyl hydrogen), as well as formaldehyde production
and desorption represent loss channels with respect to
the total H production yield.

Another important aspect to be considered when ana-
lyzing the various substrate materials in terms of appli-
cations in DMFC is CO poisoning. On Ru(0001) CO rep-
resents a persistent surface compound due to the strong
Ru-CO bonding and its negligible CO + O — COg re-
action activity (at least under UHV conditions). For
Pt,Ru;_,/Ru(0001) surface alloys this reaction is pos-
sible at T' > 300 K for x > 0.5. In addition, the incor-
poration of Pt atoms within the Ru(0001) surface lowers
the CO desorption temperature considerably by about 60
K for z = 0.7 — 0.8.4546 Our suggestion for a reasonably
well performing anode catalyst is therefore a Pt:Ru ratio
of £ = 0.6 — 0.8 in the surface layer.
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e IRAS spectra of methoxy (CD30) on O/Ru(0001)
and on Pty 4Rug.6/Ru(0001). (figure)

e Optimized parameters of the methoxy Fermi reso-
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e Thermal evolution of [CD3sOH +
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Figure 1: IRAS spectra of methoxy (CD30) on O/Ru(0001) and on Pty 4Rug ¢/Ru(0001).
Spectrum (A) shows methoxy on clean Ru(0001) after heating adsorbed methanol (Onen =
0.1 —0.15 ML) to 220 K to produce methoxy. Spectrum (B) has been obtained in a similar way
as spectrum A, but with 0.1 ML oxygen preadsorbed. In spectrum (C) the layer in (B) has been
exposed to an extra oxygen dose of 0.6 L at 80 K and again annealed to 220 K. The peaks la-
beled by the gray boxes are due to residual intact methanol. Specifically, the peaks at 1278 and
1312 cm™! can be associated with isolated methanol molecules embedded in a (2 x 2)-O and
a (2 x 1)-O matrix, respectively; > note that 250 K are required to fully desorb methanol from
O/Ru(0001) layers. Spectrum (D) refers to CD30 on a Pty 4Rug ¢/Ru(0001) surface alloy with
40% Pt atoms in the surface layer. 0.15 ML methanol was adsorbed at 80 K and annealed to 220 K
to produce methoxy prior to data acquisition at 80 K. The modes located at 2030 - 2180 cm™!
are attributed to Fermi resonance multiplets of methoxy comprising the symmetric v;(CD3) funda-
mental mode interacting with several overtone and combination bands of this species; among them
are the symmetric and the twofold degenerate asymmetric methyl C-D bending modes, 8,(CD3)
and 0,5(CD3), as well as the [v(CO)+0;(CD3)] combination band. Their mixing has been calcu-
lated as described below by adjusting their unperturbed line positions and the respective Fermi
resonance coupling constants. Simulated spectra (black curves) with parameters summarized in
Table 1 and using Gaussian functions with a FWHM= 4 cm~! have been added in the spectral
range 2030 — 2180 cm ™! for comparison.
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The parameters of the methoxy Fermi resonance observed in Figure 1 have been derived from
an analysis of the mutual coupling of the contributing modes similar to the analysis performed by
Asmundsson and Uvdal,? except for the fact that an additional mode, the [v(CO)+d3(CD3)] com-
bination band is included. These modes (with unperturbed frequencies Vv;) have identical symmetry
and the interaction between them (Fermi resonance coupling constants, W;;) can be described by

the symmetric effective Hamiltonian matrix H:*>

Vi
W v
H= (D
0 Wi ws

0 Wio 0 wy

Thereby the couplings between the overtone and combination modes (Darling-Dennison con-
stants) %7 are neglected as they are significantly weaker than the Fermi resonance coupling con-

stants.® The matrices of eigenvalues E and of eigenvectors W of the equation

H=WYEY! )

then provide the perturbed peak positions and peak intensities, respectively.

An optimized set of parameters which (almost) perfectly reproduces the three independent ex-
perimental data sets (spectra A, C, and D of Figure 1) is presented in Table 1. Here the unperturbed
frequencies of all modes associated with the methyl group have been kept constant for all three data
sets, i.e. only the value of the [6,(CD3)+Vv(CO)] combination band has been changed to simulate
the individual spectra. Note that the respective line shifts of this band were directly taken from the
experimentally observed line shifts of the methoxy v(CO) band. Of course the individual Fermi
resonance coupling constants were kept constant for all three data sets.

Our analysis additionally provides the anharmonic coupling between the v(CO) and d,(CDj3)
modes of CD30 which amounts to §V,, = 91 cm™!; here we assume that v(CO) and 8,(CD3)

are not affected by dynamic dipole shifts, which would reduce 8V accordingly.
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Table 1: Optimized parameters of the methoxy Fermi resonance. The vibrational modes
(frequencies given in cm~!) of CD3;0 (C3, symmetry) refer to the spectra A, C, and D in
Figure 1. The values have been obtained by a systematic variation of the parameters in
Eq. (1) and optimizing congruency with the experimental spectra. Note that the high values
of the coupling constant Wy, and the intensity of the 25,; mode are because of the twofold
degeneracy of this mode.

mode coupling | unperturbed peak positions | perturbed peak positions
A C D A C D
Vi = 85(CD3)+V(CO)-0Vann | Wo1 =12 | 2045 2070 2062 2041 2056 2053
Vv, = V4(CD3) 2099 2099 2099 2067 2076 2071
vz = 26,(CD3) Wap =27 | 2104 2104 2104 2114 2114 2114
V4 = 20,5,(CD3) Wi =37 | 2136 2136 2136 2163 2163 2163
References

(1) Gazdzicki, P.; Uvdal, P.; Jakob, P., J. Chem. Phys. 2009, 130, 224703.

(2) Gazdzicki, P.; Jakob, P., J. Phys. Chem. C 2011, 115, 16555.

(3) Asmundsson, R.; Uvdal, P., J. Chem. Phys. 2000, 112, 366.

(4) Califano, S., Vibrational States (Wiley, New York, 1976).

(5) Wilson, E.B.; Decius, J.C.; Cross, P.C., Molecular Vibrations (Dover, New York, 1980).
(6) Darling, B.T.; Dennison, D.M., Phys. Rev. 1940, 57, 128.

(7) Herzberg, G., Infrared and Raman Spectra of Polyatomic Molecules (D. Van Nostrand Com-

pany, 1960).
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Figure 2: Thermal evolution of [CD;OH + '°0] on Pt,Ru;_,/Ru(0001) for x~ 0.1.

A: Multi-mass TPD (heating rate 1 K/s) comprising masses of various desorbing species labeled
at the right. The methanol exposure at 80 K corresponds to 40 mTorr-s (leading to a coverage of
about 0.15 ML) and has been applied to an oxygen covered PtRu alloy surface (Qg =~ 0.4 ML).
B: Integrated IR intensities of characteristic modes associated with the various surface species after
annealing to increasingly higher temperature: methanol v(CO) mode at 957 cm™!, methoxy v(CO)
mode at 992 cm~!, carbon monoxide v(CO) mode at 1950-2000 cm~!. No other stable surface
intermediates (formate, formaldehyde, ...) have been observed. Methanol and oxygen exposures
as in (A); annealing of the sample to the indicated temperatures used a linear ramp of 1 K/s. The
colored lines are guides to the eye. The individual curves are vertically offset for better clarity of
presentation.
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