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Abstract
This thesis investigates fundamental interactions between catalyst surfaces and
adsorbates that can affect the performance of heterogeneous catalysts by using controlled, model
surface science studies. These interactions include: adsorbate binding strength, van der Waals
(vdW) interactions, adsorbate migration, surface electronic structure and dynamic interface
rearrangement.
First, the utilization of near-ambient pressure X-ray photoelectron spectroscopy for
investigating model catalyst surfaces (Chapter 1) and development of an improved method for
photoelectron spectra analysis by accounting for multi-electron interactions (Chapter 2) is
described.
Second, interactions on a gold surface is explored for the selective oxidation of organic
acids facilitated by gold, where adsorbed oxygen initiates the reaction. The relative stability of
surface adsorbates (carboxylates) is determined by an interplay between surface anchoring group
strength and vdW interactions (Chapter 3). Adsorption of water on oxygen-covered gold
redistributes adsorbed oxygen atoms (active sites) via transient hydroxyl formation and diffusion
(Chapter 4). Highly stepped surface sites, which can be present on high curvature nanoparticles,
readily reconstruct with thermal treatment and high concentration oxygen adsorption induces
cluster formation which decreases reactivity (Chapter 5).

iii

Third, interactions on a palladium-silver surface is explored for a range of reactions, where
generally palladium activates reactants and silver imparts selectivity. Dynamic surface
restructuring is dependent on reaction conditions, where the absence of adsorbates favors silver
termination while carbon monoxide adsorption or palladium oxidation favors palladium
termination (Chapter 6). Oxophilicity facilitates the oxidation of palladium in contact with silver
oxide, while a strong palladium-silver interaction promotes materials separation by formation of
three-dimensional palladium particles on silver (Chapter 7). Metallic palladium dissociates
dihydrogen where hydrogen atoms diffuse to silver, where adsorption is endothermic, through
metastable adsorption sites at the palladium-silver interface (Chapter 8). Palladium oxide
promotes silver oxide reduction by dihydrogen via interfacial intermediate migration involving
transport of catalyst material (Chapter 9). An atomic layer film of silver on palladium promotes
formic acid decomposition by modifying the electronic structure of silver (Chapter 10).
Lastly, appendices explore carboxylate decomposition and stability on Au(110) (Chapter
11), methane reaction on oxidized Pd(111) (Chapter 12) and molecular hydrogen reaction on
oxidized Ag(111) (Chapter 13).
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Elucidating Determining Factors in Heterogeneous
Catalysis Using Surface Science Models
Introduction

Heterogeneous catalysis is used extensively in the production of fuels and chemicals, thereby,
having a major impact on worldwide energy use and greenhouse gas production and stimulating
interest in the development of more efficient catalytic processes. Recently, there has been a drive
to go beyond “trial-and-error” approaches and to design principles for catalytic function. A major
challenge in this effort lies in the complexity of catalyst surfaces and reaction networks which
necessitates a detailed understanding of the interplay of the structure and composition of catalyst
materials and dominant reaction pathways over a large range of scales including space, time,
pressure and temperature.
This thesis has focused on model single crystal systems in an effort to understand bonding
of reaction intermediates and the effects of complex surface rearrangement on reactivity. The
surface chemistry of gold surfaces [1] and palladium-silver surfaces [2] has attracted attention for
their ability to promote highly selective partial oxidation and hydrogenation reactions. These
surface chemistries are controlled by rates of various reaction steps at specific surface structures,
where the surface structure can dramatically change with material composition but also with the
reaction conditions. A detailed knowledge of the surface chemistry of gold and palladium-silver
1

surfaces at an atomic scale provides principles that may guide the design of improved catalytic
systems. The understanding of single crystal model surfaces can be highly applicable for catalysts
with highly crystalline surfaces if the surface structure, composition and concentration of
intermediates are similar (Figure 1). To this end, fundamental studies of the bonding and
reaction of surface intermediates, and of complex surface rearrangements on model gold and
palladium-silver surfaces were performed using surface science tools. Further, the utilization of
near-ambient pressure X-ray photoelectron spectroscopy and development of new methodologies
has been employed to provide unparalleled insight into the surface chemistry of these model
catalyst systems. Accordingly, this thesis has been divided into four sections.

Figure 1. Transmission electron microscope images of nanoporous gold catalysts shows an
atomically resolved surface with high crystallinity that resembles model single crystal gold
surfaces. (Adapted with permission from [3]. Copyright (2015) American Chemical Society;
Adapted with permission from unpublished data - Branko Zugic).

2

In Section 1, Development of methods, the utilization of advanced methods and
development of new methodologies to provide fundamental understanding bonding of reaction
intermediates and complex surface rearrangement on model catalyst surfaces is described. The
complexity of catalyst surfaces and reaction networks on catalyst materials necessitates a detailed
understanding of the interplay of the structure and composition of catalyst materials and
dominant reaction pathways over a large range of scales including space, time, pressure and
temperature. Model surface science studies can provide insight into these processes; however,
these model studies are typically performed at pressures (< 10-9 Torr) which are orders of
magnitude lower than catalyst operating conditions (~ 102 – 103 Torr). The recent development
of near-ambient pressure X-ray photoelectron spectroscopy (XPS) has provided an opportunity
to partially bridge this difference in pressure, although several new issues arise in extracting
fundamental understanding from these investigations. The successes and limitation of
synchrotron and laboratory source near-ambient pressure XPS are discussed with
recommendations on evaluating and avoiding issues that can arise from the technique
(Chapter 1). The subsequent interpretation of XPS spectra can be complicated; therefore, a new
analysis method is developed with a strong theoretical basis that enhances understanding
(Chapter 2).
In Section 2, Surface chemistry of gold surfaces, fundamental studies of adsorbates
important in selective oxidation reactions on gold surfaces are described. A general mechanistic
framework for oxidation of organic acids on gold surfaces was previously established, where
adsorbed atomic oxygen initiates reaction [4]. The reaction products depend on the concentration
of each adsorbed species, and therefore a competition between intermediates (e.g. alkoxides and
carboxylates) for adsorption sites can affect reaction selectivity. The strong bonding of
carboxylates can block reactive sites, thereby, inhibiting formation of alkoxides, the key
intermediate in selective oxidative coupling. This affect was investigated through experiments
measuring competitive binding of carboxylates on gold (Chapter 3) [5]. Meanwhile, the chemical
3

state of oxygen (e.g. chemisorbed oxygen, surface oxide or bulk oxide) can also lead to differences
in reactivity where chemisorbed oxygen shows the highest reactivity [6]. The presence of water
can promote oxidation reactivity for gold surfaces [7]; therefore, the interaction of oxygen covered
gold with water, a product of oxidative coupling, was investigated to determine changes in the
structure of adsorbed oxygen facilitated by water (Chapter 4) [8]. Further, the oxidation activity
is sensitive to the surface structure, based on previous investigations of high curvature gold
nanoparticles [9], necessitating an investigation into the reconstruction and adsorption of atomic
oxygen on highly stepped gold surfaces (Chapter 5) [10]. Therefore, the overall impact of this
work is an understanding of fundamental principles which guide the relative stability of
intermediates (e.g. carboxylates), the structure of adsorbed oxygen on gold surfaces and the
interaction of adsorbed oxygen with molecules (e.g. water and reactants) that are present in
reaction gas environments.
In Section 3, Surface chemistry of palladium-silver surfaces, an investigation of
fundamental interactions between palladium-silver surfaces and adsorbates is performed to
provide understanding for a range of reactions facilitated by palladium-silver surfaces.
Palladium-silver surfaces are highly selective hydrogenation catalysts that are currently used
industrially [11]. Pretreatments of the catalyst with a reactive gas environment are commonly used
to form a more desirable surface for increased reactivity, necessitating an investigation into the
material rearrangement of a palladium-silver surface under thermal treatments and under
reactive gas environments (Chapter 6) [12]. Further, the interaction of internal metallic and
oxide palladium-silver interfaces under such conditions may change the catalyst structure;
therefore an investigation into the structure and chemical environment of metallic palladium
deposited on a silver oxide surface was performed (Chapter 7) [13]. Palladium-silver catalysts
exhibit better selectivity for a given conversion than pure palladium or silver catalysts, however
the fundamental role of silver in promoting efficient catalysis over pure palladium has not been
conclusively determined [11]. It has been proposed that synergistic effects between two metal
4

components could originate from reactant activation and intermediate formation (e.g. H2 to H
atoms) on one component (palladium), followed by intermediate migration and reaction on
another component (silver) [14]. An investigation of the migration of intermediates across a
palladium-silver interface was performed by probing the interaction of H2 with metallic palladium
islands on a silver surface (Chapter 8). This general concept can also be applied to oxidative
processes, including possibly alkane activation, where palladium oxide can readily form alkyl
intermediates from alkanes and silver oxide can facilitate selective partial oxidation of these alkyl
intermediates; therefore, an investigation was performed on a dynamic palladium-silver interface
for the model reaction of H2 with a palladium-silver oxide surface (Chapter 9) [15]. Further,
palladium-silver catalysts also have shown enhanced performance for formic acid decomposition
to molecular hydrogen and carbon dioxide, enabling formic acid to possibly be used for storage of
molecular hydrogen [16]. The enhanced performance has hypothesized to be a result of
modification of the electronic structure of the metals due to the intimate contact between
palladium and silver; therefore an investigation of ultrathin films of silver on palladium for
modified electronic structure and enhanced reactivity with formic acid was performed
(Chapter 10) [17]. These investigation provide insight into fundamental principles that guide the
formation and restructuring of these palladium-silver interfaces, the migration of intermediates
across palladium-silver interfaces and the effect of intimate contact between palladium and silver
on the electronic structure for palladium-silver catalysts.
In Section 4, Appendices, investigations are described that extend, complement and
support the studies presented previously. The decomposition of carboxylates and an extended
investigation of the competition of carboxylates for active sites to provide insight into
carboxylates, which act as site-blocking species, on gold is presented (Chapter 11). An
investigation of the reaction of methane on an oxidized palladium surface was performed to
provide insight into the activation of alkanes which may be feasible on palladium-silver catalysts
(Chapter 12). An investigation of the reaction of molecular hydrogen on an oxidized silver
5

surface was performed to complement the study performed for a palladium-silver oxide surface
(Chapter 13).
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Section 1. Development of methods

Overview
The following section of the thesis investigates the utilization of advanced methods and
development of new methodologies to provide fundamental understanding bonding of reaction
intermediates and complex surface rearrangement on model catalyst surfaces is described. The
complexity of catalyst surfaces and reaction networks on catalyst materials necessitates a detailed
understanding of the interplay of the structure and composition of catalyst materials and
dominant reaction pathways over a large range of scales including space, time, pressure and
temperature. Model surface science studies can provide insight into these processes; however,
these model studies are typically performed at pressures (< 10-9 Torr) which are orders of
magnitude lower than catalyst operating conditions (~ 102 – 103 Torr). The recent development
of near-ambient pressure X-ray photoelectron spectroscopy (XPS) has provided an opportunity
to partially bridge this difference in pressure, although several new issues arise in extracting
fundamental understanding from these investigations. The successes and limitation of
synchrotron and laboratory source near-ambient pressure XPS are discussed with
recommendations on evaluating and avoiding issues that can arise from the technique
(Chapter 1). The subsequent interpretation of XPS spectra can be complicated; therefore, a new
analysis method is developed with a strong theoretical basis that enhances understanding
(Chapter 2).
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Chapter 1.
Successes and limitations of near-ambient pressure X-ray
photoelectron spectroscopy

1.1 Abstract
Heterogeneous catalysis is used extensively in the production of fuels and chemicals, thereby,
having a major impact on worldwide energy use and greenhouse gas production and stimulating
interest in the development of more efficient catalytic processes. Recently, there has been a drive
to go beyond “trial-and-error” approaches and to design principles for catalytic function. A major
challenge in this effort lies in the complexity of catalyst surfaces and reaction networks which
necessitates a detailed understanding of the interplay of the structure and composition of catalyst
materials and dominant reaction pathways over a large range of scales including space, time,
pressure and temperature. Accordingly, well-defined single-crystal models are often used to
establish reaction mechanisms relevant to catalytic systems; however, these studies necessarily
are performed at very low pressure that allows for control of surface concentrations and species.
Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS), using synchrotron
radiation sources and laboratory instruments, has been used extensively because of the ability to
investigate single crystal models under near-ambient and ambient pressures of reactant gases to
partially bridge to difference in pressures for those used in operating catalytic conditions. The
often-unspoken roles of beam-induced reactions associated with high intensity photon sources
and from artifacts due to contaminants present under near-ambient pressures are discussed,
along with recommendations on how to minimize such effects. In addition, the work herein
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demonstrates the power of combining NAP-XPS with other advanced tools, including scanning
probe microscopy and density functional theory calculations, for investigation of dynamic
structural changes on model catalyst surfaces.

1.2 Introduction
Chemical production relies heavily on heterogeneous catalysis, accounting for nearly 25 %
of energy use worldwide; forecasts project a rise to 45 % by 2040 [1]. Traditionally, heterogeneous
catalytic processes have been devised by “trial-and-error” approaches. Recent advances in
characterization and theoretical tools have enabled the possibility of moving beyond an empirical
approach to a rationale design of processes based in scientific principles. A “catalysis-by-design”
approach necessitates a quantitative modeling of catalyst performance predicted by scientific
guiding principles rooted in an atomic-scale mechanistic understanding of catalyst behavior.
A major challenge in this effort lies in the complexity of catalyst surfaces and reaction
networks where a detailed understanding must span several orders of magnitude of space, time,
pressure and temperature. Extracting a detailed understanding of the surface composition and of
the concentrations of adsorbed species necessitates the use of surface-sensitive experimental
techniques, which often use electron scattering. As a consequence, two problems can arise under
near-ambient pressures (> mTorr) of gases of interest in catalytic processes: 1) the scattering of
probing electrons by gas phase molecules and 2) discharging through the gas due to high voltages
differences in instrument elements [2].
Historically, surface-sensitive experimental probes have been mainly used in ultra-high
vacuum (UHV) (~ 10-10 Torr), which is orders of magnitude lower than catalytic operating
conditions (102 – 104 Torr). These significantly lower gas pressures thus require substantially
lower sample temperatures to achieve similar concentrations of surface intermediates and are not
steady-state measurements. At elevated pressures, a steady-state concentration of surface species
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is determined by the rates of adsorption, reaction, and desorption, which depend on pressure and
temperature.
A static description of specific catalyst structures to determine catalyst performance can
be inadequate for predicting real performance when there is a dynamic evolution of catalyst
structure, material composition and dominant reaction pathways under reaction conditions. The
reaction conditions (temperature and gas pressure) can induce changes in surface composition
and structure [3–8], thereby modifying the active sites available to facilitate reactions leading to
changes in catalyst performance. Advances in instrument design have enabled in situ
characterization of these dynamic changes using surface science techniques under near-ambient
pressure conditions (~ Torr) [2].
Herein, the investigation of heterogeneous catalyst surfaces using near-ambient-pressure
X-ray photoelectron spectroscopy (NAP-XPS) is discussed. This is not meant to be an exhaustive
review of the application of NAP-XPS to heterogeneous catalysis as there are already several
comprehensive reviews [9–13]. The implementation of this tool using both laboratory-based and
synchrotron-storage ring photon sources is discussed, considering their advantages and
limitations. An important issue is the detection and minimization of beam damage under high
photon intensities as well as consideration of the effects of contaminants under near-ambient
pressure conditions. Finally, the need to complement NAP-XPS with other methods, e.g. scanning
probe measurements and density functional theory calculations, in order to understand dynamic
structural changes in model systems and on catalysts is described.

1.3 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a powerful technique which provides detailed
information about the elemental composition and chemical environment of adsorbates and
species in the near-surface regions of a sample [14, 15]. The method involves the use of photons,
of a known energy ℎ𝜈, that impinge on a sample to excite and eject electrons, with a binding energy
11

𝐸𝑏 , where the kinetic energy of the photoelectron, 𝐸𝑘𝑖𝑛 , is measured by an electron energy analyzer
with a work function, 𝛷𝐴 , (Equation 1.1). The binding energy of an electron provide information
about the specific element and orbital of the excited electron and the chemical environment of
atom. The probability of detecting electrons (𝐼 ⁄𝐼𝑜 ) originating from a depth (𝑑), and hence the
surface-sensitivity, is dependent on 1) the inelastic mean free path of an ejected electron (𝜆) which
scales strongly with electron kinetic energy and weakly with material composition [16] and 2) the
angle (𝜃) between the sample normal and the electron energy analyzer (Equation 1.2). The
quantification of the intensity of XPS peaks will not be discussed here, thus we direct the reader
to the following reports [14, 15].
𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏 − Φ𝐴

(Equation 1.1)

𝐼
𝐼𝑜

(Equation 1.2)

= exp [−

𝑑
]
𝜆⋅𝑐𝑜𝑠(𝜃)

The binding energy of an electron used to understand the chemical environment of the
sample is very sensitive to a proper energy calibration. The work function of the electron energy
analyzer can be set to zero by calibrating the energy scale where the Fermi level of a sample is set
to zero (Equation 1.2). This can be readily performed for conductive samples; however, for
insulating samples or when charging occurs there can be a non-uniform energy scale. Poor energy
calibration is rife in the field leading to significant discrepancies in the determined binding
energies, where a recent effort has been made to encourage proper energy calibrations for greater
reproducibility [17–19].

1.4 Lab-based photon sources for XPS
Fixed-energy laboratory X-ray sources are commonly used for analytical XPS instruments and
can similarly be used for ambient pressure. The most common fixed-energy photon sources emit
Mg Kα (ℎ𝜈 = 1253.6 eV) and Al Kα (ℎ𝜈 = 1486.6 eV) radiation. The relatively low photon energy
of these sources results in a high degree of surface sensitivity because of the short inelastic mean
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free path of the photoelectrons (which have a low kinetic energy). For example, the detection of
photoelectrons from the Ag 3d region is ~ 4 nm and ~ 5 nm for Mg Kα and Al Kα radiation,
respectively.
A significant disadvantage of fixed-energy X-ray sources is that it is difficult to vary the
sample depth probed in the experiment. The surface sensitivity of fixed-energy photon sources
can be varied by adjusting the angle between the sample normal and electron analyzer, yielding a
“depth profile” where changes in sample composition can be determined as a function of probing
depth [20]. Although adjusting the sample angle may appear trivial, in practice is it difficult to
maintain consistent sample alignment for quantitative analysis while changing the angle.
The addition of a monochromator on a laboratory photon source can simplify analysis and
provide more detailed information from the sample. Laboratory sources using a monochromator
can lead to better performance by eliminating discrete satellite peaks caused by photons not
originating from the main transition and reducing continuous intensity from bremsstrahlung
radiation. Low intensity satellite peaks can complicate analysis because species of interest from
the main photon transition may overlap with these satellites. Importantly, monochromatic
laboratory photon sources have a significantly lower full width at half maximum (FWHM) which
enable deconvolution of species with small core-level shifts (CLS) due to differences in chemical
environment (e.g. Al Kα ~ 0.85 eV vs monochromatic Al Kα ~ 0.30 eV).

1.5 Synchrotron-based photon sources for XPS
Synchrotron storage-ring photon sources have variable photon energies (e.g. 250 – 2000 eV for
the IOS beamline at NSLS-II and 160 – 2000 eV for beamline 11.0.2 at ALS) which can provide
depth dependent information and enhanced detection of species. The surface sensitivity of a
variable energy synchrotron photon sources can be varied by either 1) adjusting the angle between
the sample normal and electron analyzer with similar alignment issues to lab sources or 2)
adjusting the photon energy, thereby changing the kinetic energy of photoelectron which controls
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the probing depth by the photoelectron inelastic mean free path. The ease of changing the photon
energy gives better precision over controlling the probing depth than changing the sample angle.
No further sample alignment is necessary when changing the photon energy which assists in the
acquisition of meaningful depth profiles. Modification of the photon energy can enhance the
detection of species by probing only the depth region of interest and also by optimizing the
photoionization cross-section which controls the XPS intensity [21, 22].
The significantly higher photon intensity of synchrotron storage-ring photon sources
(~ 1013 photons s-1) enables a broader range of investigations than laboratory source photon
sources (~ 1010 photons s-1). The high photon intensity of synchrotron sources enables the
detection of dilute catalyst components [4, 23], and sub-micrometer spatial [24] and millisecond
temporal characterization [25–27]. The implementation of laser-pump/X-ray probe experiments
using synchrotron storage-rings can provide a temporal resolution of microseconds and future
developments promise picosecond resolution [28]. Further a high photon intensity facilitates
lower electron analyzer pass energies (lower electron detection efficiency and analyzer FWHM);
therefore, the deconvolution of chemical species with a small core level shift (CLS) can be
achieved, including vibrationally resolved features [29]. In particular, the high photon intensity
of synchrotron sources under near-ambient pressure conditions enables detection of meaningful
sample intensity under higher gas pressures [30], where electrons are scattered by the gas phase.
A rarely used consequence of high photon intensity is the direct detection of gas phase reactants
and products which can be used to compliment mass spectrometry measurements [22, 31].

1.6 Photon beam-induced reactions
The high photon intensity of synchrotron sources yields higher detection sensitivity; however, it
can lead to undesirable beam-induced reactions which can significantly affect measurements.
Beam-induced reactions primarily occur from secondary electrons, electrons originating as
photoelectrons or Auger electrons that have lost energy through multiple collisions, from the
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substrate that can lead to bond-cleavage and subsequent decomposition of adsorbates and the
sample [9, 32]. The intensity of secondary electrons decreases sharply with kinetic energy
(increases with binding energy) [14, 15]. High intensity X-ray photons can also directly contribute
to beam-induced reactions; however, this often has a minimal effect compared to secondary
electrons. Beam-induced damage is well established but is not often investigated because it
requires using extremely limited facility time to investigate these effects. On the other hand, not
delineating beam-induced effects can lead to erroneous conclusions about reactivity and/or
modification of the surface that is not relevant to understanding the catalyst system. For example,
deposition of oxygen on gold was observed in the presence of ambient O2 gas and demonstrated
to be due to beam-induced effects [33]. If beam effects had not been studied in detail, an
erroneous conclusion would have been drawn: that O2 could dissociate on clean gold.
A recent exemplary investigation of a beam-induced reaction affecting the sample
chemical environment in our recent work is the case of palladium on silver(111) under oxidizing
conditions (Figure 1.1). The presence of a synchrotron beam in a near-ambient pressure gas
environment (3 Torr O2, 400 K) leads to complete oxidation of palladium after 4 mins where in
the absence of a synchrotron beam under the same gas conditions only partial oxidation of
palladium occurs after 25 mins. Previous work has clearly established the oxidation chemistry
facilitated by palladium oxide can lead to orders of magnitude differences in reactivity dependent
on the chemical environment of palladium [34, 35]. Therefore, it can be concluded that
beam-induced reactions can facilitate modification of catalyst materials and significantly affect
the catalytic performance.
The presence of beam-induced reactions can be established by careful investigation. The
effect of beam-induced reactions is highly dependent on the reaction conditions and therefore,
investigations must be performed for each set of reaction conditions [36]. The extent of beam
damage is a function of photon intensity and beam exposure [37], therefore beam damage can be
tracked by monitoring the time-evolution of a species and by defocusing the beam to lower the
15

Figure 1.1. Synchrotron photon beam-induced oxidation of palladium islands on Ag(111) is
demonstrated by the complete oxidation of palladium with a 4 min oxidation treatment in the
presence of the photon beam compared to partial oxidation of palladium with a 25 min oxidation
treatment in the absence of the photon beam using NAP-XPS. Peak assignments: 336.2 eV –
oxidized palladium, 334.9 eV – metallic palladium [41]. Oxidation conditions: 3 Torr O2, 400 K,
beam on 4 mins (beam off 25 mins). The measurement of both spectra was performed in UHV
directly after the oxidation treatment at beamline 11.0.2 at the Advanced Light Source at Lawrence
Berkeley National Laboratory. The energy scale was calibrated such that the Fermi level was zero.
The spectra were normalized by the background intensity at the low binding energy side of the
peak.
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photon intensity. Further, XPS measurements can be acquire on different regions of the sample
since beam damage is localized on the illumination spot.
When beam-induced reactions are observed the effect of beam damage can be minimized
by several established methods. 1) The synchrotron photon beam can be defocused to decrease
the photon intensity below the threshold where beam damage will accumulate on the time scale
of the measurements [39]. Similarly, the use of a laboratory-based photon source instead can be
used to reduce beam damage as the photon intensity is orders of magnitude lower than modern
synchrotron sources. Laboratory source NAP-XPS has a significant advantage over synchrotron
sources in terms of the potential for beam damage. 2) The spot of data acquisition on the sample
can be moved between measurements or raster scanned during the measurements, however this
requires a highly homogeneous, large sample [37]. 3) Performing ex situ measurements, such as
“dose, pump, probe” titration experiments, can be used to eliminate effects of beam damage as a
result of a gas phase environment [38]. Overall, the careful design of experiments can minimize
beam damage to levels which ensure an unperturbed catalyst system over the time scale of
NAP-XPS measurements.

1.7 Chamber-induced contamination for near-ambient pressures
One of the most overlooked phenomena in the application of NAP-XPS is that contaminants are
often present under near-ambient pressures (~ 10-4 – ~ 10 Torr) that can affect surface structure
and reaction networks (Figure 1.2). Contaminants largely arise from the walls of the vacuum or
gas handling systems in the experiment and are generally more significant in a multi-user facility.
Gases used for experiments may also have small amounts of contaminants that may contribute
significantly to the observations, although this will not be discussed in detail here.
This issue of chamber-induced contamination at near-ambient pressures is often not
investigated at synchrotron-based instruments because it requires using extremely limited facility
time, comparable to beam damage investigations. A simple calculation for the complete
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displacement of a monolayer of adsorbates on the walls of a spherical chamber by introduction of
a gas phase yields a contaminant partial pressure of approximately 0.001 – 0.02 Torr for a typical
chamber used for NAP-XPS (Figure 1.2). Importantly, the role of contamination is determined
by the kinetics of displacement between the introduced gas phase species and the adsorbed
species on the chamber walls and the dilution of the contaminant by the introduced gas phase
species. Under low vacuum conditions ( < 10-5 Torr), the role of contamination is minimal because
the number of collisions for displacement are low and therefore does not lead to significant
adsorbate displacement. Under ambient pressure conditions (> 100 Torr), the role of
contamination is minimal because even though the number of collisions for displacement are
high, the high pressure of introduced gas dilutes the maximum amount of contamination to < 100
parts-per-million. Near-ambient pressure conditions (~ 10-4 – ~10 Torr) provide an “optimal
region for contamination” where the number of collisions for displacement are sufficiently high
to displace a substantial amount of adsorbates yet the pressure of introduced gas is not sufficient
to dilute the contaminant. When the gas environment has a significant molar ratio of
contaminant, the contaminant can compete for reaction sites on the catalyst surface and directly
affect catalyst performance.
Evaluating the effect of chamber-induced contaminants on the investigation of catalyst
surfaces can be challenging, especially with instruments at multi-user facilities. A detailed
knowledge of the history of introduced gases, and therefore the possible contaminant adsorbates,
is critical for properly assessing the presence of contaminants under near-ambient pressure
experiments. Frequent large range survey scans and high-resolution scans of regions of interest
from recent chamber history can help to identify the presence of contaminants accumulating on
the sample surface. The authors have experienced the background adsorption of carbon monoxide
on palladium-containing surfaces under near-ambient pressures which cause a CLS in the Pd 3d
region. Further, the authors have measured an accumulation rate of adsorbed species up to 0.25
ML min-1 during an exposure of Au(511) to 2 Torr of O2 gas (Figure 1.3).
18

Figure 1.2. The dependence of the partial pressure of contaminant from displacement of a
monolayer of adsorbates form the chamber walls on the chamber diameter for a spherical
chamber. The gray regions show the relevant regime for typical chambers used for NAP-XPS.

However, it can be more difficult to detect the presence of contaminants that do not
accumulate on the surface but rather can change the surface environment by reaction. For
example, the authors have experienced significant issues with the removal of adsorbed atomic
oxygen on substrates where atomic oxygen weakly adsorbs, such as gold and silver surfaces, due
to reaction with contaminant gases under gas pressures in the range of 10-5 – 10 Torr. The
detection of contaminant species that do not accumulate on the sample can be probed by using
quantitative mass spectrometry to look for contaminant in the gas phase or unexpected products
under reaction conditions. Establishing a direct relationship between the contaminant and
unexpected products can be problematic and often would require an investigation into the
contaminant which is not the focus of the catalyst study.
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Figure 1.3. The accumulation of a carbon containing species is estimated to be ~0.25 ML C / min
during a 2 Torr exposure of O2 for 5 mins to a Au(511) surface as evidenced by the A) C 1s and B)
Au 4f region using NAP-XPS. The measurement of both spectra were performed in UHV after
(black) cleaning by sputtering and annealing and (red) exposure to O2 at the IOS (23-ID-2)
beamline at the National Synchrotron Light Source II at Brookhaven National Laboratory. The
energy scale was calibrated such that the Fermi level was zero. The spectra were normalized by
the background intensity at the low binding energy side of the peak. The quantification of the
amount of C was independently verified by the attenuation of the Au 4f signal and the ratio of C
1s to Au 4f using an overlayer model of carbon growth with a monolayer thickness of 0.2 nm.

A new procedure was developed in our group for directly detecting the presence of
contaminants that both react or accumulate on the catalyst surface using synchrotron NAP-XPS
in the absence of the catalyst surface (Figure 1.4). Here, the spectrum of the gas phase
environment under 1 Torr of H2 gas is measured using a sufficiently low photon energy
(ℎ𝜈 = 400 eV) to detect and quantify the H1s region accurately [21, 22]. The presence of ~ 0.004
Torr of CO from displacement from the chamber walls is observed by identification of CO by the
C 1s binding energy [31]. This molar ratio of CO in the gas phase will compete with H2 for binding
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sites on the catalyst surface, where CO typically binds significantly stronger than H 2, and CO can
have a significant population on the surface affecting the catalyst performance.
The photon energy can be increased up to 600 eV to detect common elements in volatile
organic reactants, including carbon, nitrogen, oxygen, phosphorus and sulfur. However, there is
steep drop in the detection probability of H2 with increasing photon energy due to the dependence
of the photoionization cross section on photon energy [21]. Alternatively, the introduction of He
instead of H2 could yield better detection due to a higher photoionization cross section than H 2
(Figure 1.5). Further, He could be a less intrusive probe of the system because He interacts
weakly with chamber components.

Figure 1.4. Gas displacement from the chamber walls under a 1 Torr H2 gas environment yields
a ~0.004 Torr gas phase contamination of CO using NAP-XPS. The measurement of the spectra
was performed at the IOS (23-ID-2) beamline at the National Synchrotron Light Source II at
Brookhaven National Laboratory. The energy scale was calibrated such that the Fermi level was
zero for a clean Ag(111) single crystal. The quantification of gas phase CO to H2 was calculated by
correcting the C1s and H1s intensities by their respective photoionization cross section of 0.464
Mbarn and 2.355 × 10-4 Mbarn, respectively [25].
21

The effect of contamination can be reduced by careful preparation of the chamber for
NAP-XPS prior to experiments. Intrusive but generally long-lasting chamber modifications, such
as gold plating, can be very effective to passivate the chamber walls and therefore reduce
adsorption which serve as contaminants in future experiments. Thorough removal of adsorbates
from chamber walls can require several days of cleaning and can often be a problem at
user-facilities where the gases exposed to the chamber change frequently and there is limited time
for chamber cleaning between users. We have found that the most effective method for
minimizing chamber contamination is to clean the chamber before any experiments using the
following procedure: 1) perform a conventional bakeout with all components > 100 °C for at least
24 hrs, 2) maintain the chamber temperature and introduce an O 2 pressure of ~ 1 × 10-6 Torr for
at least 24 hrs (switch off all sensitive filaments) and 3) remove the O2 gas environment and cool
the chamber to room temperature. When there is insufficient time to perform this lengthy
procedure we have found that continuously flowing a ~ 20 % O3 in O2 mixture at ~10 mTorr
overnight (~ 12 hrs) can be similarly effective to help reduce contamination under near-ambient
pressure environments, though there is a higher risk of damage to oxygen sensitive components
in the chamber. Additionally, we have that prior to experiments repeatedly introducing and
evacuating ~ 5 Torr of the gas in the absence of the sample helps to replace contaminant
adsorbates on the chamber walls. Some gas environments will leave adsorbates on the chamber
walls that are hard to remove, therefore careful consideration of the experimental plan can help
to avoid cross-contamination. Overall, careful preparation of the chamber and design of
experiments can minimize contamination under near-ambient pressure conditions to operable
conditions for NAP-XPS measurements.
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Figure 1.5. The ratio of the photoionization cross section of He 1s to H 1s suggests that using He
instead of H2 will give higher sensitivity for detecting contaminants and will allow for use of higher
photon energies to detect a larger range of elements for volatile organic contaminants. The data
is adapted from reference [25].

1.8 Multimodal approaches for investigating dynamic catalyst
structure
Although NAP-XPS is a powerful tool for the investigation of catalyst materials, a
multimodal approach is necessary for a complete understanding of catalysts systems. XPS is an
ensemble average technique that provides information about the average chemical environment
of the catalyst material and adsorbates. However, an atomistic understanding of catalyst systems
necessary for “catalysis by design” requires more detailed information about the local structure,
nature of adsorbates and reaction rates than can be acquired by XPS alone. Scanning probe
measurements including scanning tunneling microscopy (STM), transmission electron
23

microscopy (TEM) and scanning transmission X-ray microscopy (STXM) can provide a clear
picture of the surface structure of catalyst materials [2]. Surface X-ray diffraction (SXRD) can
directly measure the ordered phases present on catalysts which is especially important in
oxidation catalysis where formation of many oxide phases and metallic phases frequency occur
[2]. Infrared spectroscopy (IR) provides more complete identification of chemical intermediates
[40]. Reaction rate measurements using mass spectrometry (MS) are necessary to connect
catalyst structure under reaction conditions to actual chemical behavior. Further, the
development and utilization of theoretical methods that can access multiple time scales is
important to provide a complete model that complements experimental measurements. The
coupling of NAP-XPS with these experimental and theoretical tools can help to reconcile the
shortcomings of XPS.
A challenge in coupling experimental measurements is to reproduce the experimental
conditions in different systems where careful consideration of beam-induced reactions and
chamber-induced contamination among other instrument specific effects can ease in
reproducibility. One approach is to directly couple these measurements for either simultaneous
acquisition or more simply by alternating acquisition. A complication is that the pairing of specific
techniques varies with the scientific questions of the investigation, as outline above. Further,
combining many surface-sensitive techniques into one instrument can be cost-prohibitive for a
single laboratory, not to mention that more practically these techniques can have frequent down
time for maintenance and therefore the period of time for operation of all techniques may be
limited. This can be more feasibly accomplished at user-facilities, however adequate time for
preparation of the instruments and characterization of instrument specific effects (e.g. beam
damage, chamber contamination) must be provided for meaningful conclusions to be elucidated.
These multimodal approaches provide unparalleled understanding of catalyst materials
and reaction pathways and are critical to the development of “catalysis by design. Several
comprehensive reviews include the use of such investigations described above to explore catalyst
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behavior [9–13], while in this thesis specifically NAP-XPS, STM and density functional theory
(DFT) calculations are used to explore the dynamic phenomenon of palladium-silver surfaces.
First, NAP-XPS, STM and DFT calculations are used to investigate surface segregation
phenomenon using model palladium-silver surfaces providing insight into the role of catalyst
pretreatments in controlling surface composition that may be maintained or modified under
reaction conditions (see Chapter 5) [3]. The growth of two-dimensional single layer palladium
islands following the deposition of palladium on Ag(111) at room temperature by STM
measurements. Upon mild annealing, STM measurements demonstrated the etching of the silver
surface and formation of double layer islands while NAP-XPS measurements established that
silver encapsulation of the palladium islands had occurred, in agreement with lowest energy
structure from DFT calculations. An exposure of near-ambient pressure CO at room temperature
segregates palladium to the surface as determined by a CLS in the Pd 3d as evidenced by NAPXPS while DFT calculations provide a phase diagram for CO adsorption induced segregation of
palladium as a function of CO pressure and temperature. Similarly, an exposure of near-ambient
pressure O2 at mild temperature segregates palladium to the surface where palladium oxide forms
as determined by a CLS in the Pd 3d using NAP-XPS while DFT calculations provide a phase
diagram of palladium oxide induced segregation of palladium as a function of O2 pressure and
temperature. The work demonstrates the generality of thermally induced encapsulation or
dissolution and adsorbate driven segregation on reaction environment (gas pressures and
temperature) with implying the direct control catalyst surface composition by reaction conditions.
Next, STM and NAP-XPS is used to investigate internal oxide interfaces of bimetallic
surfaces under reaction conditions using model palladium-silver oxide surfaces providing insight
into dynamic migration of both catalyst material and intermediates under steady-state reaction
conditions with a dramatic effect on catalyst reactivity (see Chapter 8) [38]. The growth of
two-dimensional single layer palladium islands following the deposition of palladium on Ag(111)
at room temperature by STM measurements. An exposure to O2 at mild temperature induced the
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formation of palladium oxide-terminated palladium particles by palladium dewetting; where
NAP-XPS measurements showed the formation of palladium and silver oxide on the surface and
dealloying of palladium and silver as identified by CLS in the Pd3d and Ag 3d regions, while STM
measurements demonstrated the formation of three-dimensional particles. NAP-XPS
measurements demonstrated the enhanced reactivity of the silver oxide surface with H 2 in the
presence of these palladium particles attributed to intermediate migration by monitoring the
concentrations of palladium and silver oxide as identified by CLS in the Pd3d and Ag 3d regions.
The reaction of the palladium-silver oxide surface with H2 induced palladium-silver intermixing
as evidenced by the alloying of palladium and silver monitored by NAP-XPS and wetting of the
surface by the three-dimensional particles. The work demonstrates that the migration of
intermediates and catalyst materials can readily occur during reaction with a significant impact
on catalyst reactivity.

1.9 Summary
Ambient pressure X-ray photoelectron spectroscopy is a powerful tool for interrogation of
surfaces under reaction conditions. Both synchrotron and laboratory-based X-ray sources can be
used, but the synchrotron-based methods have significant advantages due to higher beam
intensity, tunabilty of the photon energy and small spot size of the beam. The synchrotron-based
methods, though, require use of shared experimental systems that create challenges with
controlling contaminants that may affect interpretation of data. Furthermore, the high intensities
of the X-ray beam can also create artifacts in the data. Overall, it is important to carefully test for
these effects when applying these ambient pressure experiments to understanding catalytic
systems. To this end, the use of multiple experimental tools to probe surface reactions and surface
composition relevant to catalysis is advantageous.
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Chapter 2.
Predicting X-ray photoelectron peak shapes: the effect of electronic
structure

2.1 Abstract
X-ray photoelectron spectroscopy (XPS) is the most widely used surface-sensitive quantitative
spectroscopy. XPS provides critical information about a material, including elemental
composition and the chemical state(s) of each element. Quantitative analysis with XPS requires
fitting different chemical states with appropriate spectral line profiles to accurately obtain fitting
parameters for interpretation. Traditionally, analysis of peak profiles is performed using peak
shapes determined empirically or by approximate theories; however, these methods cannot be
universally applied to all peak profiles, or may overfit. We introduce a physically rigorous
technique that allows both symmetric and asymmetric peak profiles to be predicted, by calculating
the Wertheim-Walker profile based on densities of states calculated by density functional theory
(DFT+WW). Comparison of the fits obtained by Voigt, Doniach-Sunjic and Mahan profiles shows
that the best fits when accounting for the number of fitting parameters are achieved by DFT+WW.
We demonstrate that the assumptions made for a Voigt, Doniach-Sunjic and Mahan profile may
lead to compensation effects in the fitting parameters. A DFT+WW profile has the advantage of
minimizing compensation effects, which imbues physical meaning to the fitting parameters for a
wider range of conditions than Doniach-Sunjic, Mahan and Voigt profiles. A DFT+WW profile is
suitable for applications where a model structure of a material can be hypothesized, enabling
calculation of the density of states.
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2.2 Introduction
X-ray photoelectron spectroscopy (XPS) is the most widely used surface analysis technique, and
has become critical in characterizing materials for a broad range of applications including
heterogeneous catalysis [1, 2], fuel cells [2, 3], semiconductors [4] and chemically modified
sensors [5]. Analysis of peak intensities and binding energies can be used to quantitatively
determine the concentration of species and the presence of different chemical environments
[6, 7]. However, there are a few challenges associated with this analysis. For example, proper
energy calibration can be problematic [7 – 9]. Further, the asymmetry in the baseline of a
spectrum that originates from inelastically scattered photoelectrons must be accounted for, often
by an empirical method such as a Shirley [10] or Tougaard [11, 12] background correction. Finally,
the accuracy of quantitative analysis depends crucially on fitting species with appropriate spectral
line profiles to determine peak intensities and binding energies. In this work, we develop and
apply an improved method for determining the line profile.
After accounting for the spectrum baseline, the measured XPS line profile is influenced by
multiple factors. The intrinsic photoelectron peak profile is convolved with a Lorentzian profile to
account for the finite core-hole lifetime, and with a Gaussian profile to account for spectrometer
transmission and the X-ray source line profile [13, 14] For an intrinsic photoelectron peak profile
that describes a single, well-defined state with no secondary excitations, the measured XPS line
profile is therefore described by a simple symmetric Voigt profile, which is a Lorentzian profile
convolved with a Gaussian profile. Asymmetry in XPS line profiles is commonly observed, which
can arise from the overlap of multiple features and electronic excitations. The overlap of multiple
features can occur in the presence of several different chemical environments [15 – 18] and from
the same chemical environment having significant contributions from vibrational excitations
[19 – 23]. In materials with low bandgaps, the intrinsic photoelectron peak profile is affected by
low-energy, secondary electronic excitations, which are induced by the primary excitation during
the ejection process. These secondary electronic excitations manifest as a higher binding energy
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(lower kinetic energy) asymmetry that arises from the ejected photoelectron losing kinetic energy
(gaining apparent binding energy) by exciting other electron(s) during the ejection process.
Due to the complexity of the low-energy electronic excitations, a measured XPS line profile
does not have an analytical solution; therefore, a wide range of approximate line profiles have
been developed for peak fitting procedures. Several empirical Pseudo-Voigt [24 – 28] line profiles
have been used to fit measured XPS line profiles, which can have several benefits over
theoretically based profiles as discussed by Schmid et al [25]. While the intrinsic photoelectron
peak profile can be understood theoretically by accounting for multi-electron excitations and the
formation of low-energy electron-hole pairs, this rigorous Wertheim-Walker profile is rarely used
for fitting procedures [29, 30]. A rigorous Wertheim-Walker profile uses the joint density of states
to account for possible low-energy electronic excitations, where line profile asymmetry arises
directly from the electronic structure. The density of states (DOS) is the number of electron states
that can be occupied in a system at a given energy level. The joint density of states (JDOS) is the
number of possible excitations from occupied states to unoccupied states at a given excitation
energy level.
The widely used Doniach-Sunjic [31] profile and less common Mahan [32] profile are
approximate line profiles with a theoretical basis which account for asymmetries in the intrinsic
photoelectron peak profile resulting from low-energy electronic excitations by assuming
approximate functions for the JDOS. A Doniach-Sunjic profile approximates the DOS accessible
for low-energy electronic excitations as a constant, α, and therefore the JDOS, ρ, is a linear
function of energy (Equation 2.1). [30, 31] Hence, a Doniach-Sunjic profile with an infinitely
long core-hole lifetime has an asymmetry towards high binding energy (low kinetic energy) that
arises from the fitted value of α (Figure 2.4).
Doniach-Sunjic: 𝜌(𝜖) = 𝛼 ⋅ 𝜖

(Equation 2.1)

A Mahan profile approximates the JDOS by the product of a linear function and a decaying
exponential (Equation 2.2) [29, 32]. Therefore, a Mahan profile with an infinitely long core-hole
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lifetime has an asymmetry toward high binding energy (low kinetic energy) that arises from the
fitted values of α and ζ (Figure 2.5).
𝜖

Mahan: 𝜌(𝜖) = 𝛼 ⋅ 𝜖 ⋅ exp [− 𝜁]

(Equation 2.2)

A rigorous Wertheim-Walker profile does not approximate the JDOS [29, 30]. Therefore,
a rigorous Wertheim-Walker profile with an infinitely long core-hole lifetime has an asymmetry
toward high binding energy (low kinetic energy) that arises directly from the electronic structure
(Equation 2.3).
Wertheim-Walker: 𝜌(𝜖) = 𝑓(𝜖)

(Equation 2.3)

Herein, we present a new, rigorously determined XPS line profile by a Wertheim-Walker
profile derived from densities of states calculated by density functional theory (DFT+WW). A
DFT+WW profile yields accurate fits for both symmetric and asymmetric XPS spectra, without
overfitting. The fits acquired for a DFT+WW profile are generally more accurate than the
commonly used Doniach-Sunjic profile. In contrast to other profiles, a DFT+WW profile provides
direct insight into the effect of electronic structure on XPS line profiles and more generally allows
for physical information to be derived from the fitting parameters.

2.3 Methods
2.3.1 X-ray photoelectron measurements
The X-ray photoelectron measurements were performed in an ultra-high vacuum system at the
Center for Functional Nanomaterials at Brookhaven National Laboratory with a separate chamber
for XPS and sample preparation. The XPS data was acquired at room temperature using a labbased ambient pressure photoelectron spectroscopy system (Phoibos 150 NAP spectrometer with
1D delay line detector, SPECS GmbH) and a monochromatic Al Kα X-ray source (1486.6 eV, ~0.25
eV linewidth) focused on the sample to a spot size < 300 mm. The samples were prepared by
repeated cycles of Ar+ sputtering and annealing until the samples were determined to be clean by
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XPS. The data was fitted after a Shirley10 background subtraction of the region containing both
spin orbit splitting peaks and normalization to the peak height. The binding energy scale was
shifted so that the peak maximum was set to zero.
2.3.2 Density of states calculations
Densities of states were calculated using plane-wave density functional theory (DFT), as
implemented in the VASP code [33, 34]. The PW91 exchange-correlation functional was used [35],
along with the projector-augmented wave method [36, 37]. A 7 × 7 × 1 k-point grid was used for
relaxation of the 3 × 3 surface cell. Four layers were used of the close-packed fcc(111) or hcp(0001)
surfaces, with the bottom two layers fixed at their bulk positions. For the DOS calculations, nonself-consistent calculations were performed with the charge density fixed and the k-point grid
increased to 19 × 19 × 1, with more than 12 bands per atom to ensure a sufficient number of
unoccupied states were calculated.

2.4 Results and discussion
Asymmetry on the high energy side of the XPS peak can occur from the interaction of the ejected
photoelectron with other electrons to create low-energy electronic excitations. This asymmetry
can be readily observed for transition metal samples (Figure 2.1) [38]. Simulated spectra with
the Doniach-Sunjic and Mahan profiles demonstrate that small changes in the number of
accessible low-energy electronic excitations at a given energy—that is, the joint density of states
(JDOS)—lead to significant changes in asymmetry on the high binding energy side of the XPS line
profile (Figures 2.4 – 2.5). These simulated spectra can have significantly increased full width
at half maximum (FWHM), by up to + 0.40 eV, which causes a shift of the peak maximum by up
to + 0.06 eV. Notably, the shape of the low binding energy side of the XPS line profile does not
significantly change for the metal samples measured (Figure 2.1) or for simulated spectra with
the Doniach-Sunjic or Mahan profiles (Figures 2.4 – 2.5). The shift for the low-energy half
maximum is less than or equal to the shift for the high-energy half maximum; therefore, it is more
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Figure 2.1. The symmetry of a photoelectron line profile depends strongly on sample
composition. X-ray photoelectron spectra of the 3d5/2 peak from Ru(0001), Rh(111), Pd(111) and
Ag(111), and the 4f7/2 peak from Ir(110), Pt(111) and Au(111). The binding energy scale of the
spectra is calibrated so that the energy of the half maximum on the low energy side is the same
for all spectra as justified in Figures 2.4 – 2.5.

accurate to use the low energy half-maximum to align measured XPS peaks. Due to the
dependence of the peak shape on low-energy electronic excitations, the overall symmetry of the
XPS profile depends on the JDOS and not the density of states (DOS). Therefore, equivalent
changes in the density of occupied states or unoccupied states have the same effect of the
symmetry of the XPS profile (Figure 2.6).
To rigorously fit XPS peaks and gain insight into the effect of electronic structure on XPS
line profiles, we develop and apply a rigorous Wertheim-Walker profile [29, 30] derived from
DFT-calculated DOSs (DFT+WW). The method for determining a DFT+WW profile is detailed in
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the Supplementary Information. Briefly, a model system that describes the sample is constructed
and DFT calculations are performed to determine the DOS. Convolving the occupied and
unoccupied states gives the JDOS. An absorption function is calculated from the JDOS, which is
transformed to a Wertheim-Walker profile via an inverse Fourier transform. Finally, we convolve
this profile with a Lorentzian profile and a Gaussian profile to account for the core-hole lifetime
and broadening from the spectrometer and light source, respectively.
Changes in electronic structure have a significant impact on the asymmetry of the high
energy side of an XPS profile (Figure 2.2). To elucidate the effect of electronic structure on the
XPS profile in a well-controlled manner, we modified the electronic structure of the Pt(111) model
system by adjusting the Fermi level (Figure 2.2A). This approximates changes in band filling
due to changes in elements or chemical environments. In each case, the JDOS was calculated
(Figure 2.2B) and XPS spectra were simulated using the DFT+WW profile (Figure 2.2C). The
simulated XPS spectra range from symmetric Voigt-like profiles (EF – 8) to highly asymmetric
profiles (EF – 2, EF – 4) that arise from differences in the number of possible low-energy electronic
excitations (i.e., the JDOS). A higher JDOS at a given excitation energy generally leads to a larger
asymmetry at the same binding energy, relative to the peak. Small fluctuations in the JDOS over
small energy ranges (< 0.5 eV) do not strongly affect the simulated XPS peak profile. However,
the JDOS at a given energy alone does not control the simulated XPS peak profile, as evidenced
by the JDOS curves and XPS profiles for EF and EF – 6. For energies less than 0.63 eV, the JDOS
is greater for EF than for EF – 6; however, the XPS profile has a higher asymmetry up to 0.77 eV
for EF than for EF – 6. Because of how the absorption function depends on the JDOS, the XPS
profile asymmetry at a given energy is also affected by the JDOS for lower energy excitations
(detailed in the Supporting Information).
The approximate JDOS assumed for a Doniach-Sunjic and Mahan profile can roughly
approximate those calculated by DFT in some cases, but not in others. Therefore, fits with these
approximate profiles can lead to an unrealistic assumed electronic structure (Figure 2.2). The
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Figure 2.2. Significant differences in the shape of photoelectron line profiles can occur due to
changes in the density of occupied and unoccupied states near the Fermi level. A) Calculated
density of states (DOSs) for Pt(111) where the filling of states is modified by shifting the Fermi
level. B) Joint density of states (JDOS) calculated for Pt(111) for the DOS in (A). C) Predicted XPS
spectra using a DFT+WW profile calculated for Pt(111) for the DOSs in (A). Several guidelines at
E = 1, 2 and 3 eV are provided in B) and C) to illustrate that the height of the JDOS can predict
the XPS peak asymmetry. The line profile fitting parameters are reported in Table 2.3.

linear form assumed in the Doniach-Sunjic profile can generally approximate the DFT-calculated
JDOS over the lowest ~ 1 eV. Significant deviations in the JDOS occur above 1 eV, which can lead
to poor fits for the high energy tail side of an XPS peak > 1 eV. A Doniach-Sunjic profile is a
reasonable approximation over the energy range used for peak fitting for metals in the middle of
the transition metal block (EF – 2 and EF – 4) , while significant errors over the relevant energy
range can occur for early and late transition metals (EF – 6, EF and EF + 2). However, the
functional form of a Mahan profile can approximate the JDOS over a larger energy range than the
Doniach-Sunjic profile. The DFT-calculated JDOS could generally be roughly approximated over
an energy region of ~ 2 – 3 eV by the functional form used in a Mahan profile. A Mahan profile is
not able to capture finer structure in the JDOS over ~ 2 – 3 eV, but this could provide generally
reasonable fits independent of position in the transition metal block. More significant errors can
be expected when using a Doniach-Sunjic or Mahan profile for peak fitting over an energy range
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> 3 eV, such as fitting both spin-orbit splitting peaks for p, d and f orbitals. Neither profile can
appropriately account for the JDOS > 3 eV, which leads to lower accuracy of the overall fits caused
by errors in the high energy tail of the low spin-orbit splitting peak. Neither a Mahan nor a
Doniach-Sunjic profile can account for multiple low frequency fluctuations in the JDOS for a given
energy fitting region. A more detailed investigation on the effect of electronic structure on
simulated XPS spectra demonstrates cases where the JDOS is not well represented by either the
Doniach-Sunjic or Mahan profile (Figure 2.7).
A comparison of fits for single crystal transition metal samples using DFT+WW, DoniachSunjic, Mahan and Voigt profiles demonstrates that using the DFT-calculated DOS to determine
a Wertheim-Walker profile yields good fits for both symmetric and asymmetric profiles (Figure
2.3). The DOS near the Fermi level for Ag(111) yields a mostly symmetric line profile which gives
reasonable fits with all profiles (Figure 2.3A). In contrast, the DOS near the Fermi level of Pt(111)
yields a highly asymmetric line profile where the Voigt profile gives a poor fit and DFT+WW,
Doniach-Sunjic and Mahan profiles give reasonable fits (Figure 2.3B). A comparison of the DOS,
JDOS and fits for Ru(0001), Rh(111), Pd(111), Ag(111), Ir(110), Pt(111) and Au(111) is detailed in
Figures 2.8 – 2.10. It is notable that the JDOS differs significantly for both a Doniach-Sunjic
and Mahan profile from those calculated using DFT for energies greater than 3 eV. This again
suggests that worse results for Doniach-Sunjic and Mahan profiles are expected when using an
energy range greater than 3 eV for fitting both spin-orbit splitting peaks for p, d and f orbitals.
The overall best fits were achieved for a Mahan profile as determined by calculating χ2, where the
lowest value indicates the best fit (Table 2.1). However, a DFT+WW profile generally performs
better than the more commonly used Doniach-Sunjic profile.
Although the Mahan profile gives the best fits, this is likely due to the higher number of
fitting parameters compared to the other profiles (Table 2.2). If the matrix coupling elements
between electronic states and all normalization constants were known (see Supporting
Information), then a Wertheim-Walker profile would require regression of 4 fitting parameters.
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Figure 2.3. Photoelectron line profiles derived from the DOS can accurately account for
experimentally observed differences in the high energy tail. (A - B) Comparison of X-ray
photoelectron spectra for A) Ag 3d5/2 on Ag(111) and B) Pt 3d5/2 on Pt(111) fitted with DFT+WW
profile (DFT+WW, black), Doniach-Sunjic profile (D-S, red), Mahan profile (Mahan, yellow) and
Voigt profile (Voigt, green). The DOS and JDOS are provided in Figures 2.8 – 2.9. The line
profile fitting parameters are reported in Tables 2.3 – 2.6. The analysis for additional elemental
samples is provided in Figures 2.8 – 2.10.

We lump these additional unspecified quantitates into a single additional parameter α, which is
used to scale the JDOS and which functions similarly to the asymmetry parameter for DoniachSunjic and Mahan profiles. We found that this parameter loosely scales with the number of s and
d electrons (Figure 2.11). Therefore, a DFT+WW profile involves the regression of 5 parameters,
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compared to 4 for Voigt, 5 for Doniach-Sunjic and 6 for Mahan profiles, where typically more
fitting parameters will lead to a better fit and lower χ2 value (Table 2.2) [16, 39]. When
comparing methods with the same number of fitting parameters, it is clear that a DFT+WW
profile gives better fits than a Doniach-Sunjic profile.
The DFT+WW profile provides improved interpretability for the fitting parameters, which
is an important advantage over other profiles. Because this method allows a model system to be
compared to measured XPS spectra for self-consistency, it provides feedback on the physical
assumptions made, and if a reasonable fit can be achieved then physical meaning can be derived
from the fitting parameters. While Doniach-Sunjic and Mahan profiles may be able to provide
reasonable fits to the simulated XPS spectra, if the underlying JDOS are not well approximated
by the profiles then a theoretical understanding of the fitting parameters is lost (Figure 2.9). For
all cases examined, the best fits for Doniach-Sunjic and Mahan profiles yield JDOS curves that
only roughly approximate DFT-calculated JDOS. Therefore, for the Doniach-Sunjic and

Table 2.1. Reduced chi squareda (χ2) values for fitted peaks using DFT+WW, Doniach-Sunjic,
Mahan and Voigt profiles
Sample

Peak χ2: DFT+WWb

χ2: Doniach-Sunjicb

χ2: Mahanb

χ2: Voigtb

Ru(0001)

3d5/2 2.55

1.10

0.18

24.45

Rh(111)

3d5/2 0.46

1.90

0.25

63.06

Pd(111)

3d5/2 0.43

4.03

0.87

60.42

Ag(111)

3d5/2 7.16

13.66

1.07

5.15

Ir(110)

4f7/2

0.22

0.36

0.10

31.85

Pt(111)

4f7/2

0.06

0.48

0.26

61.37

Au(111)

4f7/2

2.83

1.04

0.13

7.17

a

The reduced chi squared values are calculated according to Singh et. al. [40].

b

All reported reduced chi squared values have been multiplied by 103.
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Mahan profiles, the fitting procedure compensates the error in the JDOS by adjusting other fitting
parameters. Hence, a DFT+WW profile has a clear advantage for extracting accurate physical
meaning from the fitting parameters compared to Doniach-Sunjic and Mahan profiles.
A DFT+WW profile can be generally used to more accurately extract the spectrometer and
light source broadening (Gaussian width), and the core-hole lifetime broadening (Lorentzian
width) while for Doniach-Sunjic, Voigt and Mahan profiles the errors from approximating the
JDOS may be compensated in the Gaussian and Lorentzian width [41, 42]. All spectra were
measured with the same spectrometer and light source; therefore, the Gaussian width should be
approximately constant for all fits. The Gaussian width is approximately constant with a
DFT+WW profile (0.66 ± 0.04 eV) while larger deviations occur for Doniach-Sunjic (0.70 ± 0.06
eV), Mahan (0.67± 0.07 eV) and Voigt profiles (0.72 ± 0.07 eV). This suggests that DoniachSunjic, Mahan and Voigt profiles may have a larger variation in the Gaussian width between
different materials to compensate for error caused by an inaccurate JDOS approximation. The
overall Gaussian widths are similar for the DFT+WW, Doniach-Sunjic and Mahan profiles while

Table 2.2. Fitting parameters for Wertheim-Walker, Doniach-Sunjic, Mahan and Voigt profiles
Fitting

DFT+WW

Doniach-Sunjic

Mahan

Voigt

1

Binding energy

Binding energy

Binding energy

Binding energy

2

Intensity

Intensity

Intensity

Intensity

3

Lorentzian width

Lorentzian width

Lorentzian width

Lorentzian width

4

Gaussian width

Gaussian width

Gaussian width

Gaussian width

parameters

5
6

JDOS

scale Asymmetry

Asymmetry

parameter (α)

parameter (α)

parameter (α)

-

-

Energy cut off (ζ)
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-

a Voigt profile gives significant deviations. The Lorentzian width is expected to be different for
each sample because the core-hole lifetime broadening should be specific to the chemical
environment [41, 43 – 45]; therefore, a quantitative assessment of the accuracy of the Lorentzian
widths cannot be made. It is notable that the DFT+WW and Mahan profiles yield very similar
values for the Lorentzian widths while the Doniach-Sunjic and Voigt profiles give different values.
A DFT+WW profile requires that the DOS be calculated for a model, hypothesized
structure, which has its advantages and drawbacks. Fitting experimental XPS peaks with a
DFT+WW profile can serve as a self-consistency check for the applicability of a hypothesized
structure, providing additional confidence that the hypothesized structure represents the
experimentally observed structure. The necessity of a DFT calculation of a model system is also a
limitation of the method. For example, some samples cannot always be modelled well by DFT
calculations. However, this could be avoided by using a Wertheim-Walker profile with
experimentally measured occupied and unoccupied states by techniques such as scanning
tunneling spectroscopy [46] and angular resolved photoelectron spectroscopy [47].

2.5 Conclusions
By applying the Wertheim-Walker profile to DFT-calculate densities of states, we have developed
a new method for fitting XPS spectra. As noted previously, when fitting XPS peaks it is important
to minimize the number of free parameters and to use as much chemical and physical information
as possible [16, 39]. This DFT+WW method demonstrates that detailed examination of XPS line
profiles gives insight into the electronic structure of a sample. We show that both symmetric and
asymmetric peak profiles can be predicted from DFT+WW. A DFT+WW profile gives good fits for
all peak shapes examined while reducing the likelihood of overfitting, which minimizes
compensation in fitting parameters for errors in approximating the JDOS. Therefore, in addition
to providing good fits, a DFT+WW profile has the advantage of allowing physical meaning to be
extracted from the fitting parameters for a wider range of conditions than the Doniach-Sunjic,
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Mahan and Voigt profiles. A DFT+WW profile requires a representative model of the sample be
determined, which can provide self-consistency between the model-predicted line profile and
experimental observations.

2.6 Supporting information

Figure 2.4. Effect of asymmetry on the binding energy of a peak maximum and the full width at
half maximum for a spectrum simulated with the Doniach-Sunjic line profile. A) Joint density of
states (JDOS) for a Doniach-Sunjic line profile for an asymmetry parameter, α, from 0.00 to 0.30.
B) Calculated photoemission line profile using the Doniach-Sunjic line profile for an asymmetry
parameter, α, from 0.00 to 0.30. C) Dependence of the full width at half maximum on the
asymmetry parameter for a line profile simulated with the Doniach-Sunjic line profile. The energy
of the peak maximum intensity shifts up to + 0.06 eV while the energy of the half maximum on
the low energy side only changes by up to + 0.03 eV. A Lorentzian and Gaussian width of 0.20 eV
was used for the calculated photoemission line profiles.
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Figure 2.5. Effect of asymmetry on the binding energy of a peak maximum and the full width at
half maximum for a line profile simulated with the Mahan line profile. A) Joint density of states
(JDOS) for a Mahan profile for an asymmetry parameter, α, from 0.00 to 0.40 and a constant
energy cutoff parameter, ζ, of 1.00. B) Calculated photoemission line profile using the Mahan line
profile for an asymmetry parameter, α, from 0.00 to 0.40 and a constant energy cutoff parameter,
ζ, of 1.00. C) Dependence of the full width at half maximum on the asymmetry parameter for a
line profile simulated with the Mahan line profile. The energy of the peak maximum intensity and
the energy of the half maximum on the low energy side shifts up to + 0.05 eV. D) JDOS for a
Mahan profile for an energy cut off parameter, ζ, from 0.20 to 5.00 and a constant symmetry
parameter, α, of 0.15. E) Calculated photoemission line profile using the Mahan line profile for
an energy cut off parameter, ζ, from 0.20 to 5.00 and a constant symmetry parameter, α, of 0.15.
F) Dependence of the full width at half maximum on the asymmetry parameter for a line profile
simulated with the Mahan line profile. The energy of the peak maximum intensity and the energy
of the half maximum on the low energy side shifts up to + 0.02 eV. A Lorentzian and Gaussian
width of 0.20 eV was used for the calculated photoemission line profiles.
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Figure 2.6. The photoemission line profile symmetry is independent of whether the change in
density of states (DOS) occurs in the occupied states or the unoccupied states. (A, D) Model DOS
that are reflected across a symmetry axis at 𝐸 − 𝐸𝐹 = 0. (B, E) Joint density of states (JDOS) for
the model DOS in (A) and (D), respectively. (C, F) Calculated photoemission spectra with the
DFT+WW profile using the model DOS in (A) and (D), respectively. The JDOS of B) and E) are
indistinguishable therefore the line profile of C) and F) are indistinguishable as well. A Lorentzian
width of 0.5 eV was used for the calculated photoemission line profiles.
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Theoretical basis for predicting XPS line shapes from the density of states
The formalism underlying our technique has been derived in previous work [29, 30]. As the
detected electron is ejected from the material, it can create secondary, low-energy electronic
excitations. By conservation of energy, these excitations affect the energy of the ejected electron.
The formalism described here gives the probability of creating a secondary excitation at a given
energy.
Given a density of states, the joint density of states 𝜌𝑙 (𝐸) can be calculated as a convolution of the
density of occupied and unoccupied states (𝐷𝑜𝑐𝑐 and 𝐷𝑢𝑛𝑜𝑐𝑐 ) [48]:
𝜌𝑙 (𝐸) = 𝛼 ⋅ 𝐷𝑜𝑐𝑐 ∗ 𝐷𝑢𝑛𝑜𝑐𝑐

(Equation 2.4)

where 𝛼 is a normalization factor. This can be used to calculated the absorption function:
𝐴(𝐸) = ∑𝑙 𝑉𝑙2 (𝐸)𝜌𝑙 (𝐸) /[2(2l + 1)E]

(Equation 2.5)

where 𝑉𝑙2 (𝐸) is the matrix coupling element, which we assume to be constant. In practice, we
assume it to be 1, and fit 𝛼 to compensate. This allows the calculation of the spectrum as
∞

𝐸𝑐

𝑓(𝐸) = ∫ 𝑒 𝑖𝐸𝑡 [exp(∫ 𝐴(𝐸)/(𝐸(𝑒 −𝑖𝐸𝑡 − 1)] 𝑑𝑡
−∞

0

where Ec is a cutoff energy, which we take as the highest energy available.
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(Equation 2.6)

Figure 2.7. The differences in the symmetry of photoelectron line profiles can occur due to
changes in the density of states (DOS) near the Fermi level. A-C) Calculated DOS for Pt(111) where
the filling of states is modified by shifting the Fermi level in 0.5 eV increments from A) -8.0 to 5.0 eV, B) -4.5 to -1.5 eV and C) -1.0 to +2.0 eV. D-F) Joint density of states (JDOS) for Pt(111)
where the filling of states is modified by shifting the Fermi level in 0.5 eV increments from D)
-8.0 to -5.0 eV, E) -4.5 to -1.5 eV and F) -1.0 to +2.0 eV. G-I) X-ray photoelectron spectra using a
DFT+WW profile calculated for Pt(111) where the DOS have been modified by shifting the Fermi
level in 0.5 eV increments from G) -8.0 to -5.0 eV, H) -4.5 to -1.5 eV and I) -1.0 to +2.0 eV. The
line profile fitting parameters are reported in Table 2.3.
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Figure 2.8. Calculated density of states (DOS) for A) Ru(0001), B) Rh(111), C) Pd(111), D) Ag(111), E) Ir(110), F) Pt(111) and G)
Au(111).
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Figure 2.9. Joint density of states (JDOS) for A) Ru(0001), B) Rh(111), C) Pd(111), D) Ag(111), E) Ir(110), F) Pt(111) and G) Au(111)
used for DFT+WW (DFT+WW, black), Doniach-Sunjic (D-S, red), and Mahan (Mahan, yellow) profiles.
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Figure 2.10. Comparison of X-ray photoelectron spectra for 3d5/2 peaks A) Ru(0001), B) Rh(111), C) Pd(111) and D) Ag(111), and 4f7/2
peaks on E) Ir(110), F) Pt(111) and G) Au(111) fitted with a DFT+WW profile (DOS, black), Doniach-Sunjic profile (D-S, red), Mahan
profile (Mahan, yellow) and Voigt profile (Voigt, green).
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Table 2.3. Fitting parameters for XPS peak fitting with a DFT+WW profile
Lorentzian width Gaussian width

a

Sample

Peak

Ru(0001)

α factora

(eV)

(eV)

Ru 3d5/2

0.31

0.64

1.42

Rh(111)

Rh 3d5/2

0.35

0.64

1.28

Pd(111)

Pd 3d5/2

0.30

0.75

2.25

Ag(111)

Ag 3d5/2

0.44

0.64

5.29

Ir(110)

Ir 4f7/2

0.44

0.66

3.57

Pt(111)

Pt 4f7/2

0.48

0.62

3.50

Au(111)

Au 4f7/2

0.48

0.68

4.62

All reported α factor values have been multiplied by 104.

Table 2.4. Fitting parameters for XPS peak fitting with a Doniach-Sunjic profile
Sample

Peak

Ru(0001)

Lorentzian width Gaussian width

α factor

(eV)

(eV)

Ru 3d5/2

0.24

0.73

0.113

Rh(111)

Rh 3d5/2

0.38

0.71

0.195

Pd(111)

Pd 3d5/2

0.64

0.61

0.150

Ag(111)

Ag 3d5/2

0.42

0.66

0.042

Ir(110)

Ir 4f7/2

0.48

0.66

0.211

Pt(111)

Pt 4f7/2

0.46

0.78

0.238

Au(111)

Au 4f7/2

0.42

0.73

0.062
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Table 2.5. Fitting parameters for XPS peak fitting with a Voigt profile
Lorentzian width Gaussian width
Sample

Peak

Ru(0001)

(eV)

(eV)

Ru 3d5/2

0.28

0.73

Rh(111)

Rh 3d5/2

0.38

0.71

Pd(111)

Pd 3d5/2

1.02

0.59

Ag(111)

Ag 3d5/2

0.42

0.66

Ir(110)

Ir 4f7/2

0.48

0.78

Pt(111)

Pt 4f7/2

0.48

0.78

Au(111)

Au 4f7/2

0.42

0.78

Table 2.6. Fitting parameters for XPS peak fitting with a Mahan profile
Sample

Peak

Ru(0001)

Lorentzian width Gaussian width

α factor

ζ factor

(eV)

(eV)

Ru 3d5/2

0.28

0.65

0.22

1.48

Rh(111)

Rh 3d5/2

0.31

0.71

0.31

2.74

Pd(111)

Pd 3d5/2

0.32

0.79

0.42

1.82

Ag(111)

Ag 3d5/2

0.40

0.59

0.41

0.46

Ir(110)

Ir 4f7/2

0.47

0.65

0.26

3.20

Pt(111)

Pt 4f7/2

0.52

0.62

0.54

1.42

Au(111)

Au 4f7/2

0.45

0.66

0.26

0.68
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Figure 2.11. Correlation of the DOS scale factor with the number of valence s and d electrons.
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Section 2. Surface chemistry of gold surfaces

Overview
The following section of the thesis describes fundamental studies of adsorbates important in
selective oxidation reactions on gold surfaces. A general mechanistic framework for oxidation of
organic acids on gold surfaces was previously established, where adsorbed atomic oxygen initiates
reaction [1] (Figure 2). The reaction products depend on the concentration of each adsorbed
species, and therefore a competition between intermediates (e.g. alkoxides and carboxylates) for
adsorption sites can affect reaction selectivity. The strong bonding of carboxylates can block
reactive sites, thereby, inhibiting formation of alkoxides, the key intermediate in selective
oxidative coupling. This affect was investigated through experiments measuring competitive
binding of carboxylates on gold (Chapter 3) [2]. Meanwhile, the chemical state of oxygen (e.g.
chemisorbed oxygen, surface oxide or bulk oxide) can also lead to differences in reactivity where
chemisorbed oxygen shows the highest reactivity [3]. The presence of water can promote
oxidation reactivity for gold surfaces [4]; therefore, the interaction of oxygen covered gold with
water, a product of oxidative coupling, was investigated to determine changes in the structure of
adsorbed oxygen facilitated by water (Chapter 4) [5]. Further, the oxidation activity is sensitive
to the surface structure, based on previous investigations of high curvature gold nanoparticles [6],
necessitating an investigation into the reconstruction and adsorption of atomic oxygen on highly
stepped gold surfaces (Chapter 5) [7]. Therefore, the overall impact of this work is an
understanding of fundamental principles which guide the relative stability of intermediates (e.g.
carboxylates), the structure of adsorbed oxygen on gold surfaces and the interaction of adsorbed
oxygen with molecules (e.g. water and reactants) that are present in reaction gas environments.
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Figure 2. The catalytic cycle for oxidative coupling of methanol on Au(111) and competing
pathways for formaldehyde production and complete combustion. Adapted by permission from
Springer Nature: Nature Catalysis [8].

First, the competition of carboxylate intermediates for adsorption sites on Au(110) is
explored by determining the relative stability of formate, acetate, trifluoroacetate and propanoate
(Chapter 3) [2]. The binding efficacy of carboxylates is determined to be only weakly dependent
on alkyl chain length and group electron density. The rigid bidentate binding geometry restricts
additional stabilization from adsorbate-surface van der Waals interactions (an important factor
for alkoxide stability), while condensation to densely packed and ordered islands involving
restructuring of the gold surface provides additional stabilization with increasing alkyl chain
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length due to adsorbate-adsorbate van der Waals interactions. Therefore, the relative stability of
intermediates is determined by an interplay between surface anchoring group strength and the
ability to provide additional stabilization from both adsorbate-surface and adsorbate-adsorbate
interactions.
Second, the interaction of chemisorbed oxygen atoms in oxygen groups on Au(110) with
water, which is a product of oxidative coupling reactions, is described (Chapter 4) [5]. The
presence of water facilitates the redistribution of oxygen atoms across the surface to different
oxygen groups through a transient surface bound intermediate. The formation of a hydroxyl
intermediate is proposed via proton transfer from water to atomic oxygen. These mobile oxygen
atoms and hydroxyls could create reactive transient species, suggesting water as a possible cocatalyst.
Last, the binding of oxygen atoms on a highly stepped Au(511) surface is explored
(Chapter 5) [7]. A highly stepped surface can serve as a model for high curvature nanoparticles.
The stepped gold surface significantly reconstructs with thermal treatment. At low concentrations
of atomic oxygen, oxygen is chemisorbed in three-fold and four-fold sites; however at high
concentrations of atomic oxygen, oxygen adsorption induces cluster formation (resembling gold
oxide) and deactivates the oxygen atoms towards reaction with isopropanol. The results
demonstrate that highly stepped sites and high curvature sites can undergo dynamic
reconstruction with temperature and oxygen coverage which can affect the catalyst reactivity.
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Chapter 3.
Identifying key descriptors in surface binding: interplay of surface
anchoring and intermolecular interactions for carboxylates on
Au(110)

3.1 Abstract
The relative stability of carboxylates on Au(110) was investigated as part of a comprehensive study
of adsorbate binding on Group IB metals that can be used to predict and understand how to
control reactivity in heterogeneous catalysis. The binding efficacy of carboxylates is only weakly
dependent on alkyl chain length for relatively short-chain molecules, as demonstrated using
quantitative temperature-programmed reaction spectroscopy. Corresponding density functional
theory (DFT) calculations demonstrated that the bidentate anchoring geometry is rigid and
restricts the amount of additional stabilization through adsorbate-surface van der Waals (vdW)
interactions which control stability for alkoxides. A combination of scanning tunneling
microscopy (STM) and low-energy electron diffraction (LEED) shows that carboxylates form
dense local islands on Au(110). Complementary DFT calculations demonstrate that adsorbateadsorbate interactions provide additional stabilization that increases as a function of alkyl chain
length for C2 and C3 carboxylates. Hence, overall stability is generally a function of the anchoring
group to the surface and the inter-adsorbate interaction. This study demonstrates the importance
of these two important factors in describing binding of key catalytic intermediates.
This paper was published in Chemical Science, 2018, 9, 3759-3766. (Editor’s Choice –
Toshiharu Teranishi)
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3.2 Introduction
Heterogeneous catalysis is key to ensuring sustainability in chemical transformations [1].
Accordingly, there is a drive to develop principles for designing efficient catalytic processes. One
approach to establishing such principles is the creation of a database of key properties
(“descriptors”) that can be related to catalytic performance [2 – 6]; for example, binding energies
of key intermediates to specific materials. While the so-called Materials Genome Initiative [7 – 9]
seeks a limited set of key descriptors for complex materials design processes, it is important to
understand the underlying factors that contribute to descriptors, such as binding energy.
Carboxylate species are an important class of molecules that are both reactive
intermediates and also potential poisons in oxidative processes. For example, carboxylates are
intermediates in the oxidation of alcohols and olefins, yielding both carboxylic acids and CO2, and
electrochemical reduction of CO2 [10 – 27]. Carboxylate intermediates also strongly bind to
surfaces so as to block sites [17, 22 – 24]. For example, carboxylates formed in over-oxidation of
alcohols block subsequent formation of the key alkoxide intermediates; thus, suppressing activity
[17]. Because of the broad importance of carboxylates in oxidation catalysis, we have
systematically investigated them to develop a hierarchy of binding strength and also to provide a
more detailed understanding of the factors that dictate their stability. This investigation is part of
the development of a database for key intermediates on Group IB metals (Cu, Ag and Au),
following on our prior studies of alkoxides [28 – 33]. Herein, binding of carboxylates to Au(110)
is investigated because of the broad interest in it as a selective oxidation catalyst [34 –40].
Creation of carboxylates on Au(110) is facile because organic acids generally react with
adsorbed oxygen atoms [15, 41, 42] by an acid-base mechanism as illustrated for carboxylic acids:
(Equation 3.1)

2 RCOOH(g) + O(a) → 2 RCOO(a) + H2 O(g)

The carboxylic acids do not react with clean metallic Au; thus, the surface concentration of the
carboxylates formed is entirely controlled by the initial coverage of adsorbed oxygen and all
oxygen can be removed as water to solely produce the carboxylate species at a specific surface
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coverage [41, 42]. Furthermore, carboxylates adsorbed on Au are also proton acceptors, so that
they can react with other gas phase acids exposed to the surface, providing a means of evaluating
the relative binding strength of various carboxylates. Indeed, the relative gas phase acidities of
reactants qualitatively predict the stability of reaction intermediates [28].
R′ COOH(g) + RCOO(a) → R′ COO(a) + RCOOH(g)

Equation 3.2

This competition can be described by a series of steps, the first of which is known from
measured gas-phase acidities:
−
′
RCOO′ H(g) + RCOO−
(g) → R COO(g) + RCOOH(g)

Δ(ΔHacid)

Equation 3.3

′
R′ COO−
(g) → R COO(a)

ΔHads (R′ COO−
(g) )

Equation 3.4

RCOO(a) → RCOO−
(g)

− ΔHads (RCOO−
(g) )

Equation 3.5

It follows that gas phase acidity is an accurate predictor of the competitive binding only if
the energetic difference in bonding of the adsorbed conjugate bases to the surface is negligible
and that adsorbate bonding is effectively ionic due to the anionic nature of adsorbates [28].
Prior studies demonstrated that acetate forms condensed islands on Au(110) due to net
attractive interactions between adsorbed species [43]. Hence, these intermolecular interactions
must be considered along with surface-adsorbate binding in evaluating overall stability of the
carboxylates. Carboxylates, including acetate and formate, are more strongly bound than their
alkoxide counterparts, ethoxy and methoxy, on Au, raising questions regarding the factors that
contribute to this stronger binding. The primary anchoring bond, surface structure,
intermolecular interactions and noncovalent interactions between the surface and the pendant
alkyl group can all contribute to overall binding.
In this study the experimental hierarchy of binding stability for saturated carboxylates on
Au(110) was determined through a series of adsorbate displacement experiments. Saturated
carboxylates have a similar stability with only a small stabilization associated with longer chains.
DFT calculations demonstrate that the bidentate geometry causes rigid binding which restricts
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further stabilization through adsorbate-surface van der Waals (vdW) interactions. Scanning
tunneling microscopy (STM) and low-energy electron diffraction studies show that carboxylates
form dense local islands; further, DFT calculations demonstrate that adsorbate-adsorbate vdW
interactions play a pivotal role in determining carboxylate stability by increasing stabilization for
longer chain carboxylates. Hence, this study refines the understanding of vdW interactions in
determining the stability of intermediates.

3.3 Methods
3.3.1 Experimental
Temperature-programmed reaction spectroscopy and low-energy electron diffraction (LEED)
experiments were performed under ultrahigh vacuum conditions in a chamber with a base
pressure < 3.0 × 10-10 Torr. Temperature programmed experiments were performed using a triple
filter Hiden quadrupole mass spectrometer (QMS, HAL-Hiden / 3F). During all temperature
programmed experiments, a −100 V bias was applied to the sample to prevent possible electronstimulated reactions. A heating rate of 5 K / s was used for all experiments. LEED experiments
were performed using Perkin-Elmer Phi Model 15-120 LEED Optics. In a separate chamber,
scanning tunneling microscopy was performed with an Omicron VT-STM under ultra-high
vacuum of base pressure P < 1.0 × 10-10 mbar, using commercial mechanically cut PtIr tips
purchased from Veeco.
Separate Au(110) crystals were prepared for the reactivity [14] and STM [35]
measurements according to procedures described previously. Controlled amounts of atomic
oxygen were deposited using ozone in established procedures [17, 41]. For STM experiments, the
coverage of adsorbed oxygen was calculated by counting the oxygen atoms in zigzag chains and
the top layer gold atoms in a given area; for temperature programmed experiments, the coverage
of adsorbed oxygen was calibrated by the integrated O2 signal due to atomic oxygen recombination
above 500 K for the saturation coverage of 1 monolayer (ML) [44].
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Experiments were performed on Au(110) covered with 0.05 ML adsorbed atomic oxygen,
hereafter referred to as O/Au(110). The liquid organics were purified according to procedures
described previously and the gas phase vapor was leaked in the chamber while monitoring the rise
in pressure of the chamber [31, 32]. Temperature programmed experiments were performed with
each reactant to identify its signature products and displacement reactions were preformed to
determine the relative binding stability of selected pairs of carboxylates as described in the
supplemental information (SI). The quantitative analysis of the temperature programmed
reaction data was performed as described in the SI.
3.3.2 Computational details
DFT calculations were performed using the Vienna ab initio simulation package (VASP) [45]. The
projector augmented wave (PAW) method [46] was used with a plane-wave basis set (kinetic
energy cutoff 400 eV) and the PBE exchange-correlation functional [47]. Dispersion interactions
were approximated with the Tkatchenko-Scheffler method [48].
The Au(110) supercell was built out of 5 atomic layers with the two bottom layers
constrained to their bulk positions and more than 10 Å of vacuum layer above the adsorbates. The
bulk positions were adapted depending on whether dispersion interactions were included or not
(lattice constant of 4.11 Å with and 4.16 Å without dispersion correction, which is close to the
reported experimental value 4.08 Å) [49]. Laterally, a 4 × 4 (4 × 2) periodicity with respect to the
Au(110)-(1 × 1) surface was used, with a 3 × 7 × 1 (7 × 7 × 1) Gamma-centered k-point mesh when
isolated molecules (initial adsorption geometry exploration, namely top, bidentate top, bidentate
bridge and chelating, and dense layers) were considered. Unconstrained atoms were relaxed to a
force threshold of 0.01 eV / Å.
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3.4 Results and discussion
3.4.1 Displacement reactions to determine the relative stability of the carboxylates
Reaction products and their peak temperatures were first determined for each of the carboxylates
studied—propanoate, trifluoroacetate, acetate and formate. All the carboxylates produce CO2;
however, there are other signature products at different temperatures (Table 4.1), enabling the
determination of the amounts of specific carboxylates present based on the temperature and
magnitude of signature product evolution. In all cases, the signature products and the peak
temperatures were determined using temperature programmed reaction after exposure of 0.05
ML of atomic oxygen on Au(110) to an excess of the carboxylic acid at 300 K, yielding 0.10 ML of
the carboxylate. All adsorbed atomic oxygen is removed as water under these conditions. The
coverage was held fixed to avoid coverage-dependent variation in the temperature for product
evolution. The methodology is exemplified here by acetic acid/ trifluoroacetic acid pair; data for
other acid pairs are provided in the SI (Figures 3.5 – 3.7 and Table 3.1).
A pure layer of acetate (0.1 ML) decomposed to CO2 (m/z = 44) and CH3 (m/z = 15) at
580 K (Figure 3.1A, blue). In separate experiments, trifluoroacetate (0.1 ML) decomposed to
CO2 (m/z = 44) and CF3 (m/z = 69) at 590 K (Figure 3.1A, red). The differences in the
temperatures for decomposition and the differences in the signature products provides the basis

Table 3.1. Characteristic reactions for adsorbed carboxylates on Au(110)
Organic acid

Characteristic

Product peak

(adsorbed carboxylate)

reaction products

temperature (K)

CH3CH2COOH (CH3CH2COO(a))

CH2CH2, CO2

550

CF3COOH (CF3COO(a))

CF3, CO2

590

CH3COOH (CH3COO(a))

CH3, CO2

580

HCOOH (HCOO(a))

HCOOH, CO2

350
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Figure 3.1. Temperature programmed experiments show nearly complete displacement of
acetate by trifluoroacetic acid on Au(110) at 300 K. (A) The characteristic products for reaction of
0.10 ML of isolated trifluoroacetate (red) decomposed to CF3 and CO2 at 590 K, while 0.10 ML of
isolated acetate (blue) decomposed to CO2 and CH3 at 580 K. (B) The introduction of (i.) excess
trifluoroacetic acid to acetate and (ii.) excess acetic acid to trifluoroacetate yields products
characteristic of a majority species trifluoroacetate and a minority species acetate. The
deconvolution of the CO2 peak for acetate (blue) and trifluoroacetate (red) is determined by using
a selectivity fraction on the CH3 and CF3 peaks. Both orders of adsorption show displacement that
favors trifluoroacetate.

for the quantitative determination of the amounts of trifluoroacetate and acetate in the
displacement experiments. Since acetate and trifluoroacetate yield CO2 (m/z = 44) at overlapping
temperatures, the unique evolution of CF3 (m/z = 69) from adsorbed trifluoroacetate at 590 K
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and CH3 (m/z = 15) from acetate at 580 K were used to quantify the relative amounts of adsorbed
trifluoroacetate or acetate, respectively (Equations 3.6 – 3.8).
CF3 COOH + CH3 COO(a) ⇌ CF3 COO(a) + CH3 COOH

Equation 3.6

CH3 COO(a) → CH3 (g) + CO2 (g)

Equation 3.7

CF3 COO(a) → CF3 (g) + CO2 (g)

Equation 3.8

Nearly complete displacement of acetate by trifluoroacetate is demonstrated by
performing competition experiments (Figure 3.1B), demonstrating that trifluoroacetate has a
distinctly larger binding energy to the surface than acetate. By performing the experiments in both
orders of adsorption, kinetic factors are ruled out. The exposure of excess trifluoroacetic acid to
0.10 ML of adsorbed acetate leads to nearly complete displacement, based on the predominance
of CF3 evolution at 590 K and the absence of CH3 at 580 K (Figure 3.1B, i). The exposure of
excess acetic acid to 0.10 ML of adsorbed trifluoroacetate leads to partial displacement as
evidenced by the evolution of both CF3 at 590 K and CH3 at 580 K (Figure 3.1B, ii). The nearly
complete displacement of acetate by trifluoroacetate when exposed to trifluoroacetic acid and
limited displacement of trifluoroacetate by acetate when exposed to acetic acid clearly
demonstrates that trifluoroacetate is more stable than acetate. The effect was observed for both
orders of displacement, showing that this is a thermodynamic, not a kinetic, effect.
The selectivity of the decomposition of trifluoroacetate and acetate was determined to be
constant up to 0.10 ML of carboxylate, within experimental error, so CF3 and CH3 can be used to
quantify the presence of trifluoroacetate and acetate, respectively. The deconvolution of the
measured CO2 peak is performed for acetate and trifluoroacetate by using the measured CH3 and
CF3 signals according to the procedure described in the SI.
A hierarchy of binding efficacy was established using this displacement method (Table 2).
Generally, longer alkyl chain lengths lead to somewhat stronger binding, which is qualitatively
similar to alkoxide binding [30 – 32]. Likewise, the stabilities of the carboxylates generally
increase with the gas phase acidity of their conjugate acid (Table 3.2), with trifluoroacetic acid
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Table 3.2. The Ordered Stabilities of Surface Carboxylate Intermediates, the Gas Phase Acidity
of Their Parent Acid, the Reactions Used to Test Their Relative Stabilities, and the Equilibrium
Constants Relative to Acetate.
Gas phase
Conjugate base

aciditya

Probe Reaction

Kb

(KJ / mol)

a

Propanoate

1454. ± 12.

Trifluoroacetate

1351. ± 17.

Exp.

CH3COO(a) + CH3CH2COOH  CH3COOH + CH3CH2COO(a)

4.

CF3COO(a) + CH3CH2COOH  CF3COOH + CH3CH2COO(a)

2.

CH3COO(a) + CF3COOH  CH3COOH + CF3COO(a)

2.

Acetate

1459. ± 9.

CH3COO(a) + CH3COOH  CH3COOH + CH3COO(a)

1.

Formate

1444. ± 12.

CH3COO(a) + HCOOH  CH3COOH + HCOO(a)

0.9

Gas phase acidity (taken from the NIST database) is defined as ΔH for BH(g) → B(g)- + H(g)+ [50].

b Equilibrium

constant is determined at 260 K for formate/acetate and 300 K for other pairs.

being the exception. Specifically, the gas phase acidities of trifluoroacetic acid (ΔHacid = 1351 KJ /
mol) and propanoic acid (ΔHacid = 1454 KJ / mol) indicate that trifluoroacetate should bind much
more strongly than propanoate, which is not in agreement with the experiments. A similar effect
of fluorination was observed in the relative stabilities of trifluoroethoxy vs. ethoxy and propoxy
on Au(111) and was attributed to repulsive interactions between the fluorine atoms and the
surface, that decreased the heat of adsorption of the trifluoroethoxy relative to what is expected
based on gas phase acidity [30]. Nonetheless, there appears to be a general trend between the
chemical structure of carboxylates and the relative binding stability of the carboxylates, consistent
with previous studies on silver [28], gold [30, 31], copper [32] and anatase TiO2 [51].
If the difference of enthalpies of adsorption between the two carboxylate anions could be
determined, the equilibrium constant for the competition of two species could be determined
quantitatively from the gas phase acidity difference (assuming their entropies of adsorption are
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nearly equal). In fact, if the entropies and energies of adsorption of the ions are nearly the same,
the gas phase acidity can be used as a qualitative evaluation of relative binding stability; however,
this is not always the case, and, though the gas phase acidity may give the trends in stability, it
cannot be expected to yield accurate values for the equilibrium constants determined here. The
difference of entropic contributions of adsorption can be empirically approximated [52] but the
energy of adsorption of the gas phase anions cannot be determined accurately, so the gas phase
acidity can serve only as a guide for the relative binding stability. Exceptions may occur.
3.4.2 Determination of equilibrium constants
To quantitatively evaluate the relative binding of various carboxylates, it is necessary to determine
the equilibrium constants (Equation 4.2) for competitive binding. To this end, a new method
for determining equilibrium constants that uses sequential dosing of different carboxylic acids
was developed that probes the kinetics of the displacement reactions to determine the equilibrium
constant (Table 3.2). This method was required because introducing a gaseous mixture of two
carboxylic acids resulted in undesirable side reactions.
Briefly, if R´COOH is exposed to the surface above its desorption temperature but below
the temperature at which RCOO(a) decomposes, the rate of displacement of RCOO(a) is:
Rate = −

dθR
dt

−E

Equation 3.9

= Af JR′ H θR ex p [ R⋅Tf]

where JR′ H is the flux of R′ COOH(g) (ML/s), Af is the pre-exponential factor for the forward reaction
(ML-1), θR is the coverage of RCOO(a) (ML), Ef is the activation energy of the forward displacement
reaction (J/mol), R is the gas constant (J/mol K), and T is the temperature of the sample (K). For
a controlled molecular flux, exposure time (t f ) and initial coverage of carboxylate probed by both
the forward and reverse displacement reaction, the equilibrium constant can be expressed as:
K = [l n (1 +

(ΔθR )

ΔθR′

θiR

θiR′

) ⁄ΔθR′ H ] [ΔθRH ⁄l n (1 +

)]

Equation 3.10

where ΔθR is the change in RCOO(a) coverage (ML), θiR is the initial coverage of RCOO(a) (ML),
Δθ′R H is the dosage of R′COOH onto the surface (ML), Δθ′R is change in R’COO(a) coverage (ML), θ′iR
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is the initial coverage of R′ COO(a) (ML), ΔθRH is the coverage of RCOOH exposed to the surface
(ML). The derivation of this equation is detailed in the SI.
The equilibrium constants for various pairs of carboxylic acids were determined using this
method (Table 3.2), as described in detail in the SI. The validity of the kinetic model used was
established by accurately predicting the relative surface concentration of acetate and propanoate
resulting from a well-defined increase in the acetic acid exposure to adsorbed propanoate
(Figure 3.8). These results establish a quantitative basis for evaluating the relative binding
efficacies of different carboxylates.
As the length of the alkyl chain increases, the surface stability of the carboxylate slightly
increases, as demonstrated by the series of formate, acetate and propanoate (Table 3.2). Note
that the reliability of the equilibrium constants is confirmed by the consistency among the
measurements made for the competitions involving trifluoroacetic, acetic and propanoic acid. A
similar, but stronger, dependence has been reported for adsorbed alkoxide species on gold
surfaces [30, 31] that was explained by increasing adsorbate-surface vdW interactions as a
function of alkyl chain length. The stronger dependence of binding strength on alkyl chain length
for alkoxides is illustrated by comparison of the equilibrium constant for the methanol/ethanol
competition, which is 5, in favor of ethoxy binding on Au(110) [31], compared to the equilibrium
constant of ~1 for the formic acid/acetic acid pair measured here. A similarly weaker dependence
for the carboxylates of increasing chain length relative to analogous alkoxide pairs is measured in
all cases. A key question is why there is a weaker dependence on alkyl chain length for the
carboxylates.
3.4.3 Carboxylate adsorbate-surface interactions
DFT calculations that include vdW corrections were performed to elucidate the origin of the
relative stability of isolated carboxylates on Au(110) including formate, acetate, trifluoroacetate
and propanoate (Figure 3.2). Prior studies of alkoxides on Au and Cu demonstrated the
importance of including vdW corrections. The anchoring of acetate on Au(110) was previously
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investigated in detail [43] and the bidentate top configuration was significantly more stable than
either the monodentate or bridge configurations. The same anchoring configuration was obtained
for other carboxylates in the homologous series (Figures 3.9 – 3.10). Adsorption within the
troughs was also tested for propanoate and found to be less stable than the bridging configuration
(Figure 3.11). The stability of isolated carboxylates was quantified according to the reaction:
1
1
RCOOH + O⁄Au +
2
2

1
⁄Au → RCOO⁄Au + H2 O
2

Equation 3.11

where /Au represents the bare Au supercell and e.g. O/Au represents the O adsorbed supercell.
The calculated binding hierarchy for isolated carboxylates varies only slightly across the series
(Table 3.3) and only partially agrees with experiments even if vdW corrections are included,
suggesting additional effects. Whether vdW corrections are included or not (PBE vs. PBE + vdW),
the binding of formate, acetate and propanoate are all essentially the same and trifluoroacetate is
only slightly more strongly bound. In contrast, the binding energies of alkoxides increases by 0.1
eV for every CH2 group added [31]. Furthermore, the energy gained from inclusion of vdW
interactions is small for the isolated carboxylates in comparison to the corresponding alkoxides
on the same surface. For example, the increase in energy for propanoate is ~0.2 eV when vdW

Figure 3.2. Adsorption geometry of the carboxylates formate, acetate, trifluoroacetate (TFA),
propanoate, and of the alkoxy 1-propoxy as a reference. All carboxylates adopt a bidentate top
geometry. Only the Au atoms of the top row of the missing row Au(110)-(1×2) reconstructed
surface are depicted.
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Table 3.3. Reaction energy (E(rxn)) per adsorbate calculated for each structure using the PBE
functional (PBE), and the vdW-corrected PBE carboxylate adsorbed onto a 4 × 4 × 1 slab of
Au(110)-(1 × 2) surface (PBE + vdW) according to Equation 3.11a
E(rxn) (eV)
(PBE)
(PBE + vdW)
− 0.85
− 1.04
Propanoate
− 0.97
− 1.14
Trifluoroacetate
− 0.82
− 0.99
Acetate
− 0.89
− 1.01
Formate
− 0.22
− 0.64
1-propoxy
a The reaction energy of 1-propoxy was included as a reference to demonstrate the stronger effect
of vdW interactions for alkoxides.

corrections are included, compared to an increase of ~0.4 eV for 1-propoxy [31] (Table 3.3).
These differences are the consequence of differences in the binding to the surface of the
carboxylates vs. the alkoxides (Table 3.4). The computed geometries of the carboxylates reveal
that (1) methyl-surface distances are much larger than for alkoxides (they do not vary much
among the carboxylates), and (2) at most small geometry changes are induced by vdW
contributions. The possible molecular rotations bringing the carbon groups closer to the surface
have been evaluated in detail (Figure 3.12 and Table 3.7). The robustness of the bidentate top
adsorption geometry is so strong that any stabilization from increased adsorbate-surface vdW is
counterbalanced by energy loss from non-optimal anchoring geometry.
3.4.4 Carboxylate adsorbate-adsorbate interactions
Previous work demonstrated that acetate forms dense, self-assembled 2-D islands on Au(110) due
to intermolecular interactions [43], suggesting that adsorbate-adsorbate interactions are likely to
contribute to the stability of carboxylates in general. The adsorbate-induced “deconstruction” of
the surface occurs even for extremely low acetate coverages, indicating a strong intermolecular
attraction. In fact, STM experiments determined that the formation of dense c(2 × 2) islands
occurs for trifluoroacetate and is accompanied by reconstruction of the gold surface from 1 × 2 to
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Table 3.4. Geometricala characteristics of the carboxylates investigated, with and without vdW
contributions

Propanoate

Triflouroacetate

Acetate

Formate

1-propoxyb

hC0

hC1

hC2

C0 C1 C2 angle

(Å)

(Å)

(Å)

(°)

(PBE)

2.74

4.26

4.94

115.4

(PBE + vdW)

2.74

4.26

4.94

115.5

(PBE)

2.74

4.31

(PBE + vdW)

2.74

4.30

(PBE)

2.74

4.25

(PBE + vdW)

2.74

4.25

(PBE)

2.73

(PBE + vdW)

2.72

(PBE)

2.77

3.38

4.91

112.3

(PBE + vdW)

2.79

3.26

4.78

11.9

a

hC0 is the methyl group-surface distance for the nth group, starting from the carboxyl group C0 .

b

1-propoxy heights are given with respect to the (111) microfacet.

1 × 1, similar to acetate (Figure 3.3). In particular, the same type of elongated feature is observed
at low coverage (Figure 3.3A) and a bimodal distribution of high and low domains at saturation
coverage (Figure 3.3B). Nucleation mechanisms associated with those features have been
discussed previously in the case of acetate [43] and are beyond the scope of this study. Likewise,
the same molecular ordering is observed for formate and propanoate at saturation coverage (0.25
ML) based on LEED experiments (Figure 3.13), providing a guideline for further simulations
including inter-adsorbate interactions. The bright protrusions observed for 0.19 ML
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trifluoroacetate on Au(110) are 39 ± 4 pm taller than the darker protrusions and are attributed to
minor structural disorder that can be removed by mild annealing (Figure 3.14).
The effect of adsorbate-adsorbate interactions on the stability of carboxylates on Au(110)
is determined by comparing the calculated interface energy (E(interface)) of isolated carboxylates
versus densely-packed species in a c(2 × 2) molecular arrangement (Figures 3.4 and 3.15 and
Table 3.5). The method for calculating the interface energy is similar to the one used to describe
acetate [43] and is detailed in the SI.
In the absence of vdW interactions (PBE), the close packing associated with condensed
islands is destabilizing for all carboxylates studied, as signified by the positive interface energy
change, ΔE(interface) (Table 3.5 and Figure 3.15). Furthermore, the interface energy change
per adsorbate is essentially independent of the alkyl chain length, although the effect of the
electron-rich CF3 group in trifluoroacetate is marginally more destabilizing. Although the energy

Figure 3.3. STM images of (A) 0.06 ML and (B) 0.19 ML trifluoroacetate on Au(110)
demonstrate that carboxylates form dense local island at low global coverages; Scale bar, 10 nm,
sample bias: 0.5-1.5V, tunneling current: 0.1 nA. Inset in B reveals the c(2 × 2) (~ 400 K annealed
surface in B).
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Figure 3.4. Geometries used in calculations modeling densely-packed carboxylates: (A) formate,
(B) acetate, (C) trifluoroacetate, (D) propanoate. A c(2 × 2) unit cell was used for all cases, based
on experimental measurements (STM and LEED).

difference per adsorbate is small, there are 4 adsorbates per supercell which makes the energy
differences significant for condensed islands of carboxylates (Figure 3.4).
Inclusion of vdW interactions for the condensed (2 × 2) layers leads to stabilization and
improves the agreement between theory and experiment (Table 3.5). The overall stabilities
(E(reaction) + ΔE(interface)) of formate and acetate are essentially the same and the propanoate
is most strongly bound, in agreement with experiment (Table 3.2). The outlier is trifluoroacetate,
which is predicted to have a similar overall stability as propanoate (Table 3.5 and Figure 3.15),
whereas in experiment propanoate binding is favored over trifluoroacetate (Table 3.2). Although
the overall stability is similar for propanoate and trifluoroacetate, the underlying factors
contributing to the stability are different. The primary binding of the carboxylate functionality to
the surface is stronger for trifluoroacetate, 1.14 eV; whereas the primary binding of the propanoate
is lower, 1.05 eV. On the other hand, the propanoate gains more stability from the inter-adsorbate
interaction, ΔE(interface) = 0.10 eV. Hence, the overall binding is a combination of different
effects. It is possible, even likely, that errors in the calculated energies for these two effects
combine to yield a similar overall stability even though these two carboxylates have different
binding efficacies.
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Table 3.5. Interface energy change per adsorbate due to inter-adsorbate interaction
(ΔE(interface)) and reaction energy as a condensed phase (ΔE(interface) + E(rxn)) calculated for
each adsorbate, according to the method detailed in the SI
ΔE(interface) (eV)

a

ΔE(interface) + E(rxn) (eV)

(PBE)

(PBE + vdW)

(PBE)

(PBE + vdW)

Propanoate

0.11

− 0.10

− 0.74

− 1.14

Trifluoroacetate

0.17

− 0.01

− 0.80

− 1.15

Acetate

0.11

− 0.02

− 0.71

− 1.01

Formate

0.12

0.02

− 0.77

− 0.99

ΔE(rxn) values are from Table 3.3.

Although the DFT calculations are fairly accurate for comparing the stability of carboxylate
because of their similar adsorption geometry, errors in the relative binding energies could still
potentially be as large as several tens of meV. Based on the equilibrium constant measurements,
the difference in free energy between the most stable carboxylate, propanoate, and the least stable
carboxylate, formate, is 0.04 eV. Hence, the calculations and the results, are in general agreement
with the experimental measurements. Nevertheless, the accuracy of the DFT calculations is not
sufficient to quantitatively predict the energetic differences. Further, the DFT calculations do not
take into account the role of entropy in the displacement experiments which could have a minor
but possibly significant contribution in determining the displacement trends. We therefore focus
on the qualitative effects of the vdW interaction and inter-adsorbate interaction on the stability
of each adsorbate.
The overall hierarchy of stability for carboxylates depends on their condensation into
islands, rendering longer-chain carboxylates more stable as shown for assembly of alkanethiols
on Au(111) for carbon chains up to ten carbons [53]. Accordingly, adsorbate-adsorbate
stabilization calculated for trifluoroacetate is the same as for acetate, consistent with a driving
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force for trifluoroacetate to form dense c(2 × 2) molecular domains at low coverage and in
agreement with the STM results that are similar to those for acetate. The attraction occurs despite
the higher electron density that could lead to larger repulsive Coulombic interactions.
The effect of carboxylate islanding is not unique to gold [43, 54] but rather has been shown
to occur generally on metal surfaces, including: Cu [55 − 59], Ag [60], Al [60], Ni [61, 62] and Pd
[63, 64]. Therefore, we anticipate that the effect of intermolecular interactions on carboxylate
stability demonstrated herein would be a necessary consideration to carboxylate-metal systems.

3.5 Conclusions
Experimental work determined that carboxylate species, while strongly bound to the surface, have
a much weaker dependence of stability on alkyl chain length compared to alkoxides. DFT
calculations suggest that the rigid bidentate structure limits the influence of adsorbate-surface
vdW interactions on carboxylate stability, accounting for this weak dependence. A second
important factor in determining the stability of carboxylates are adsorbate-adsorbate interactions
that drive condensation of the carboxylates into condensed islands on Au(110). Even for chains as
short as acetate and trifluoroacetate, these interactions are sufficiently strong to drive the
“deconstruction” of the Au(110) surface so the condensed (2 × 2) structure forms. The effect of
adsorbate-adsorbate interactions on carboxylate stability demonstrated here is likely universal
for bidentate carboxylate binding on metallic substrates due to the ubiquitous observation of
carboxylate islanding on metal surfaces. The anchoring geometry controls the relative influence
of adsorbate-surface and adsorbate-adsorbate vdW interactions which independently can control
intermediate stability. These studies further demonstrate that complexity, such as formation of
condensed phases, must be taken into account in building up an understanding of the binding of
key intermediates and poisons on surfaces. Hence, a combination of experimental measurement
and theoretical calculations are required to develop a complete picture.
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3.6 Supporting information
3.6.1 Detailed experimental methods for temperature programmed reactions
Temperature programmed experiments were performed with each reactant to identify its
signature products. Each experiment surveyed all masses in the range of m/z = 2 to m/z = 2m,
where m is the molecular mass of the heaviest compound, to ensure that all reactants and products
were detected. First, a monolayer of RCOOH was adsorbed to the O/Au(110) surface at 130 K, and
the temperature at which RCOOH could be dosed to form isolated RCOO(a) was determined by the
noting the temperature at which resultant water and excess RCOOH were desorbed. A monolayer
of RCOOH was then dosed at this predetermined temperature to completely react adsorbed O and
desorb the product H2O. The isolated RCOO(a) was cooled to 130 K, TPRS was performed, and the
characteristic decomposition products were detected.
Displacement reactions were performed to determine the relative binding stability of
selected pairs of carboxylates. First isolated RCOO(a) was formed as previously described; then the
isolated RCOO(a) was exposed to a monolayer of R′COOH at the predetermined temperature that
would isolate either RCOO(a) or R′COO(a) . Quantitative TPRS was then employed to determine the
relative adsorbed amounts of RCOO(a) and R′COO(a) on the basis of the amounts of their
characteristic decomposition products, appropriately corrected for their relative detection
efficiencies and the selectivity of the decomposition reaction product as determined previously.
3.6.2 Procedure

for

determining

the

equilibrium

constant

of

reversible

displacement reactions in the limit of low coverage from temperature programmed
reaction data
In the quantitative analysis, the consideration of the molecular fragmentation pattern, ionization
cross-section, and the mass spectrometer transmission and detection coefficients is necessary. It
has been shown elsewhere [65] that the number density of molecule i in the ionizer, ni , is given
as follows:
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ni =

σ−1
i ⋅sik
Tik ⋅δik

⋅ (1 + ∑j

sij
sik

⋅

Tik ⋅δik
)
Tij ⋅δij

Equation 3.12

where
σi is the total ionization cross-section of molecule i,
sik is the measured signal current for the kth fragment of molecule i,
sij /sik is the ratio of signals of the jth and kth fragments of molecule i determined from separate
calibrations of the neat parent molecule i,
Tik is the transmission coefficient of a fragment with m/z, k, of molecule i,
Tij is the transmission coefficient of a fragment with m/z, j, of molecule i,
δik is the detection coefficient of a fragment with m/z, k, of molecule i,
δij is the detection coefficient of a fragment with m/z, j, of molecule i.
In the equation above, the constants σi , Tik , Tij , δik and δij are taken from published values
(Table 3.6). sij /sik is determined for molecule i by condensing a neat sample of molecule i on
clean Au(110) and the fragmentation pattern was recorded by TPRS.

Table 3.6. Mass Spectrometry quantitative analysis constants
Transmission
Detection
coefficient a
coefficient b
0-20
1
1.5
21-30
1
1
31-40
1
0.9
41-50
1
0.8
51-60
1
0.7
61-70
1
0.65
71-80
0.98
0.6
a Adapted from Hiden manual
m/z

Molecule
CO2
CH3
CF3
CH2CH2
HCOOH

Ionization
cross-section
3.521c
3.098c
4.540c
5.115c
5.09d

b

Adapted from UTI manual

c

Values calculated at an incident electron voltage of 70 eV from the NIST database

d

Adapted from reference [66]
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The equilibrium constant of the displacement reaction (Equation 3.13) can be
determined from the forward and reverse direction displacement experiments:
RCOO(a) + R′ COOH(g) ↔ RCOOH(g) + R′ COO(a)

Equation 3.13

Experimentally, the surface concentration of the two carboxylates on the surface could be
quantitatively determined by the generalized formula (Equation 3.14). The selectivity fraction,
i.e. the fraction of carboxylate that forms product molecule i, for each adsorbate was determined
by independent oxidation experiments.
Equation 3.14

θR = fi ⋅ ni
where
θR is the coverage of RCOO(a) prior to decomposition

ni is the amount of product molecule i produced from the decomposition of RCOO(a),
fi is the selectivity fraction of RCOO(a) that decomposes to product molecule i,
Under the reaction conditions, the desorption temperature of the carboxylic acids
(RCOOH, R´COOH) is much lower than the reaction temperature and the rapid pumping of the gas
phase species away from the surface gives the rate of displacement as:
Rate = −

dθR
dt

−E

Equation 3.15

= Af ⋅ JR′ H ⋅ θR ⋅ exp [ R⋅Tf]

where
Af is the pre-exponential for the forward reaction (ML-1),
JR′ H is the molecular flux of R′ COOH(g) (ML/s),
θR is the coverage of RCOO(a) (ML),
Ef is the activation energy of the forward displacement reaction (J/mol),
R is the gas constant (J/mol K),
T is the temperature of the sample.
We know that at t = 0s that θR = θiR where θiR is the initial coverage of RCOO(a) and at
t = t f that θR = θfR where θfR is the final coverage of RCOO(a). The initial coverage of RCOO(a) can
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be determined from total amount of all products desorbed and is confirmed by a calibration dose
of oxygen recombination. The final coverage of RCOO(a) can be determined from the amount of
product from RCOO(a) detected. Solving the differential equation gives Equation 3.22.
θf dθR
R θR

− ∫θiR

t

−E

Equation 3.16

= ∫0 f Af ⋅ JR′ H ⋅ exp [ R⋅Tf] ⋅ dt
−E

− ln(θfR ) + ln(θiR ) = Af ⋅ JR′ H ⋅ exp [ R⋅Tf] ⋅ t f − 0
θf

Equation 3.17

−E

Equation 3.18

−ln ( Ri ) = Af ⋅ JR′ H ⋅ exp [ R⋅Tf] ⋅ t f
θR

ln (1 +

ΔθR
θiR

−E

) = −Af ⋅ JR′ H ⋅ t f ⋅ exp [ R⋅Tf]

Equation 3.19

Δθ

ln(1+ iR )
θ
R

−Af ⋅JR′H ⋅tf

Equation 3.20

−E

= exp [ R⋅Tf]

Δθ

ln(1+ iR )
θ

ln ( −A ⋅J

R

f R′ H ⋅tf

)=

−Ef
R⋅T

Ef = −R ⋅ T ⋅ ln (ln (1 +

Equation 3.21

ΔθR
θiR

Equation 3.22

) ⁄(−Af ⋅ JR′ H ⋅ t f ))

where
ΔθR is change in RCOOa coverage by the displacement process (ML),
θiR′ is the initial coverage of RCOO(a) (ML),
t f is the exposure time of molecule R′COOH(g) to the interface (s).
Likewise the displacement reaction was probed from the reverse direction so same
derivation can show the following:
Er = −R ⋅ T ⋅ ln (ln (1 +

ΔθR′
θiR′

) ⁄(−Ar ⋅ JRH ⋅ t ′f ))

Equation 3.23

where
Er is the activation energy of the reverse displacement reaction (J/mol),
ΔθR′ is change in R’COO(a) coverage by the displacement process (ML),
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θiR′ is the initial coverage of R′COO(a) (ML),
Ar is the pre-exponential for the reverse reaction (ML-1),
JRH is the molecular flux of RCOOH(g) (ML/s),
t′f is the exposure time of molecule RCOOH(g) to the interface (s).
The equilibrium constant can be derived from Ef and Er (Equation 3.27) and thus
evaluated from the forward and reverse direction displacement experiments. For clarity, square
brackets are used in Equation 3.27 to separate the information measured by each experiment.
Equation 3.24

ΔE = Ef − Er
Δθ

ln(1+ iR )
θ

ΔE = −R ⋅ T ⋅ ln (

R

Af ⋅JR′H ⋅tf

⋅

Ar ⋅JRH ⋅t′f
Δθ ′

Equation 3.25

)

ln(1+ iR )
θ
R′

ΔE

Equation 3.26

K = exp (− RT)
K = [ln (1 +

ΔθR
θiR

) ⁄(Af ⋅ JR′ H ⋅ t f )] ⋅ [(Ar ⋅ JRH ⋅ t ′f )⁄ln (1 +

ΔθR′
θiR′

)]

Equation 3.27

Assuming that the pre-exponential factor for the forward and reverse reaction is the same,

Ar
Af

≅ 1,

this simplifies to:
K = [ln (1 +

ΔθR
θiR

) ⁄(JR′ H ⋅ t f )] ⋅ [(JRH ⋅ t ′f )⁄ln (1 +

ΔθR′
θiR′

)]

Equation 3.28

For temperatures above the decomposition temperature of an adsorbate the molecular
flux cannot be measured directly and needs to be appropriately calibrated by a condensation
experiment. At temperatures much lower than the desorption temperature, the adsorption rate of
a physisorbed molecule is given as follows:
dθR′H
dt

Equation 3.29

= S ⋅ JR′ H

where S is the sticking probability.
The molecular flux can be determined by measuring the amount of molecules desorbed from a
fixed molecular exposure with a time length t f (Equation 3.31)
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θf

t

Equation 3.30

f
∫0 R′H dθR′ H = ∫0 S ⋅ JR′ H ⋅ dt

Equation 3.31

ΔθR′ H = S ⋅ JR′ H ⋅ t f

This can be simplified by assuming the sticking probability for the condensation is unity, S ≅ 1
(Equation 3.32).
Equation 3.32

ΔθR′ H = JR′ H ⋅ t f

The equilibrium constant can now be determined using the measurable quantities from the
displacement (Forward: ΔθR , θiR , Reverse: ΔθR′ , θiR′ ) and calibration (ΔθR′ H , ΔθRH ) experiments
(Equation 3.33).
K = [ln (1 +

ΔθR
θiR

) ⁄ΔθR′ H ] ⋅ [ΔθRH ⁄ln (1 +

ΔθR′
θiR′

)]

Equation 3.33

3.6.3 Experimental peak deconvolution for Figure 1
The deconvoluted CO2 signal for acetate is calculated by
I(CO )

Sacetate (CO2 ) = S(CH3 ) ⋅ I(CH2 )

Equation 3.34

3

I(CO )

where Sacetate (CO2 ) is the deconvoluted acetate signal, S(CH3 ) is the measure CH3 signal, and I(CH2 )
3

is the selectivity ratio of CO2 to CH3 measured for isolated acetate.
The deconvoluted CO2 signal for propanoate is calculated by
I(CO )

Spropanoate (CO2 ) = S(CF3 ) ⋅ I(CF 2)

Equation 3.35

3

where Spropanoate (CO2 )is the deconvoluted propanoate signal, S(CF3 )is the measure CF3 signal,
I(CO )

and I(CF 2) is the selectivity ratio of CO2 to CF3 measured for isolated trifluoroacetate.
3

The sum of the deconvoluted CO2 signal calculated for acetate and trifluoroacetate is in excellent
agreement with the measured CO2 signal which confirms that the product selectivity is coverage
independent below 0.10 ML of acetate and trifluoroacetate.
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3.6.4 Experimental results for the stability hierarchy in Table 2.
Formic acid + Acetic acid (Figure 3.5)
In the competitive displacement experiments between formic acid and acetic acid, the product
distribution is indicative of a majority amount of acetate on the surface, as evidenced by CO2 and
CH3 at 580 K. The product distribution indicates that there is a minority amount of formate on
the surface, as evidenced by CO2 and HCOOH at 350 K. The displacement of formate by acetic
acid and acetate by formic acid yield a similar product distribution which indicates that the two
carboxylate species exist in a reversible equilibrium that favors acetate.

Figure 3.5. In separate experiments, ~1 ML of formic acid (black) and acetic acid (red) were
dosed on 0.05 ML O/Au(110) at 260 K to establish their reactivity. Then acetic acid was
introduced on isolated formate/Au(110) at 260 K (blue), and formic acid was introduced on
isolated acetate/Au(110) at 260 K (purple).
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Acetic acid + Propanoic acid (Figure 3.6)
In the competitive displacement experiments between acetic acid and propanoic acid, the product
distribution is indicative of a majority amount of propanoate on the surface, as evidenced by CO2
and CH2CH2 at 550 K. The product distribution indicates that there is a minority amount of
acetate on the surface, as evidenced by CO2 and CH3 at 580 K. The displacement of acetate by
propanoic acid and propanoate by acetic acid yield a similar product distribution which indicates
that the two carboxylate species exist in a reversible equilibrium that favors propanoate.

Figure 3.6. In separate experiments, ~1 ML of acetic acid (black) and propanoic acid (red) were
dosed on 0.05 ML O/Au(110) at 300 K to establish their reactivity. Then propanoic acid was
introduced on isolated acetate/Au(110) at 300 K (blue), and acetic acid was introduced on isolated
propanoate/Au(110) at 300 K (purple).

85

Trifluoroacetic acid + Propanoic acid (Figure 3.7)
In the competitive displacement experiments between trifluoroacetic acid and propanoic acid, the
product distribution is indicative of a majority amount of propanoate on the surface, as evidenced
by CO2 and CH2CH2 at 550 K. The product distribution indicates that there is a minority amount
of trifluoroacetate on the surface, as evidenced by CO2 and CF3 at 590 K. The displacement of
trifluoroacetate by propanoic acid and propanoate by acetic acid yield a similar product
distribution which indicates that the two carboxylate species exist in a reversible equilibrium that
favors propanoate.

Figure 3.7. In separate experiments, ~1 ML of trifluoroacetic acid (black) and propanoic acid
(red) were dosed on 0.05 ML O/Au(110) at 300 K to establish their reactivity. Then propanoic
acid was introduced on isolated trifluoroacetate/Au(110) at 300 K (blue), and trifluoroacetic acid
was introduced on isolated propanoate/Au(110) at 300 K (purple).
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3.6.5 Equilibrium constant determination for acetic acid and propanoic acid
K = [ln (1 +

ΔθCH3COO
θiCH COO
3

) ⁄ΔθCH3 CH2 COOH ] ⋅ [ΔθCH3 COOH ⁄ln (1 +

ΔθCH3CH2COO
θiCH CH COO
3
2

)]

Equation 3.36

The reaction pair of acetic acid and propanoic acid demonstrates the calculation of the
equilibrium constant for a displacement experiment. The exposures of propanoic acid
(ΔθCH3 CH2 COOH ) and acetic acid (ΔθCH3 COOH ) used in the displacement experiments were calibrated
by condensation of the respective organic acid to the clean gold surface at 130 K. The initial
coverage of acetate (θiCH3 COO) was determined by quantitative analysis of pure acetate formed
from a calibrated precoverage of O. The change in coverage of acetate (ΔθCH3 COO) by the calibrated
exposure of propanoic acid (ΔθCH3 CH2 COOH ) was determined by quantitative analysis of the
signature products of acetate compared to the pure acetate formed from a calibrated precoverage
of adsorbed O. The initial coverage of propanoate (θiCH3 CH2 COO) was determined by quantitative
analysis of pure propanoate formed from a calibrated precoverage of O. The change in coverage
of propanoate (ΔθCH3 CH2 COO) due to the calibrated exposure of acetic acid (ΔθCH3 COOH) was
determined by quantitative analysis of the signature products of propanoate compared to a known
coverage of pure propanoate. These calculated values assume that the selectivity of the product
signatures for the decomposition of acetate and propanoate when mixed do not differ from the
pure species. The equilibrium constant between propanoate and acetate is 4; propanoate is more
stable than acetate (Figures 3.6 − 3.8). The same methodology was employed to calculate the
equilibrium constants for displacement experiments of other acid pairs.
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3.6.6 Kinetic model for displacement reaction predictions

Figure 3.8. The extent of displacement of propanoate by acetate monotonically increases with
the amount of acetic acid dosed. (A) Temperature programmed experiments are used to measure
the extent of displacement of propanoate by acetate which can be controlled by the exposure of
acetic acid (0.35 ML, 1.44 ML, 3.83 ML, 6.21 ML) to a 0.11 ML propanoate covered gold surface.
(B) The surface concentration of propanoate (red data point) and acetate (black data point) for a
specified dose of acetic acid as predicted using Equations 3.37 (red curve) and 3.38 (black
curve) respectively. (C) A curve fit of the data according to Equation 3.39 (R2 = 0.956)
demonstrates that the pre-factor and activation energy can be treated as constant for the
displacement over the entire range of propionate coverage.
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The validity of this approach used to determine K was demonstrated by the prediction of the
relative surface concentration of acetate and propanoate resulting from a well-defined increase in
the acetic acid exposure to adsorbed propanoate (Figure 3.8). The concentration of acetate or
propanoate was determined from their signature products acetic acid, m/z = 60 and 73,
respectively (Figure 3.8). The surface concentration of acetate or propionate are given by
Equations 3.37 and 3.38, respectively
E

θCH3 CH2 COO = θiCH3 CH2 COO ⋅ exp [−A ⋅ ΔθCH3 COOH ⋅ e−R⋅T ]

Equation 3.37

E

θCH3 COO = θiCH3 CH2 COO ⋅ exp [−A ⋅ ΔθCH3 COOH ⋅ e−R⋅T ] − θiCH3 CH2 COO

Equation 3.38

where A is the pre-exponential factor (ML-1) and E is the activation energy of the displacement
reaction. There is good agreement between the experimentally determined surface concentration
of acetate and propanoate and the model curve fit (R2 = 0.986 and 0.950, respectively) (Figure
3.8B).
The kinetic parameters of the displacement of propanoate by acetate are essentially
coverage independent. By rearranging Equation 3.37, the dependence of on the change in
surface concentration on the activation energy and pre-exponential factor for displacement gives
(Equation 3.39)
ln(ΔθCH3 COOH ) = ln (− ln [1 +

ΔθCH3CH2COO
θiCH CH COO
3
2

E

]) − ln(A) + R⋅T

Equation 3.39

The data fits this relationship well (R2 = 0.956) (Figure 3.8C); this indicates that the preexponential factor and activation energy are essentially coverage independent over the coverage
range studied.
3.6.7 Numerical simulations
Initial adsorption geometry explorations were performed to discriminate between monodentate
top, bidentate bridge, bidentate top and chelating geometries for formate and propanoate
(Figures 3.9 and 3.10, respectively). Clearly, the preferred adsorption geometry is bidentate top
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for all carboxylates, similarly to what has been reported for acetate [43]. Other geometries are
either unstable and therefore relax into bidentate top (arrows) or lead to considerably higher total
energy, as indicated in the figures.
Through a combination of strong corrugation of the surface and molecule-surface vdW
interactions, a quasi-degeneracy in adsorption site emerges for isolated propanoate. The effect is
significantly smaller for acetate. PBESP calculations in the configuration given in Figure 3.15
yield similar energy loss compared to the top-layer adsorption, amounting to 0.41 eV. However,
the total energy i.e. including vdW contributions, is 0.12 eV higher compared to vertical for

Figure 3.9. Exploration of the adsorption geometry of formate. The most stable geometry is
bidentate top, chelating is +0.65 eV less stable and other configurations relax into bidentate top.
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Figure 3.10. Exploration of the adsorption geometry of propanoate. The most stable geometry
is bidentate top, chelating is +0.63 eV less stable, monodentate top relaxes into monodentate
bridge which is +0.73 eV less stable and bidentate bridge relaxes into bidentate top.

acetate. For propanoate the difference is 3 times smaller (0.04 eV). A vdW contribution of 0.37eV
is extracted for propanoate, which is close to enough to compensate for the loss of energy due to
sub-optimal binding to Au. Acetate exhibits a lower stabilization of 0.29 eV, because it has one
fewer methyl group interacting with the surface. In both cases, the molecule-Au surface distances
are consistent with a stronger vdW surface-molecule interaction than in its top-layer
configuration (Table 3.7).
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Figure 3.11. Relaxed propanoate (A) and acetate (B) geometries bonded on the second Au layer
from the top, in bidentate top configuration. Acetate (propanoate) is 0.12 eV (0.04 eV) less stable
than the top-row configuration.

Table 3.7. Distance between the C atom and the (111) microfacet in the configuration in Figure
3.11.
propanoate

acetate

hC0 (Å)

3.3

3.4

hC1 (Å)

3.8

3.9

hC2 (Å)

4.0
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3.6.8 Molecular tilting and rotation for isolated propanoate

Figure 3.12. Relaxed configurations (ionic and electronic) for propanoate on (1×2) (A − F) and
on (1×1) (G − J) from initial geometry tilted with respect to the OO axis by 0-90˚ (A − D and
G − J) and rotated with respect to CC axis by 45-90˚ (E-F). The respective weight of vdW and PBE
contributions is represented in (K) by comparing van der Waals corrected (vdW) and PBE
electronic relaxation (PBESP) as a function of the angle between the surface normal and the
carboxyl group in the relaxed structure.

The impact of tilting the molecular plane towards the surface—with respect to the surface
normal—and internal rotation - with respect to the C0C1 bond- were investigated for isolated
carboxylate molecules (Figure 3.12). The tilted configurations are never more stable than the
upright configuration. In fact, energy differences are small, below ~25 meV or kBT at 300K, in all
relaxed configurations, and this observation is valid for both (1 × 2) and (1 × 1). The small energy
difference over a wide range of angles indicates that the alkyl chain of an isolated molecule is
highly mobile around its anchoring point at room temperature which contributes to the
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configurational entropy of adsorption. In contrast, internal rotation does not play an important
role in the stability of the molecule on the surface.
Ionic relaxation of structures where the molecular plane has been tilted with respect to the
normal surface always tends to bring the carboxyl group back into alignment with the Au center;
this demonstrates the directional nature of the Au-O bond, likely because of an electronic
resonance phenomenon. By comparing vdW ionic and electronic relaxed structures to PBE-only
electronic relaxation (PBESP), as the angle of tilting increases the PBE contribution is reduced
(ΔPBESP > 0) but is compensated by an increase in vdW interactions with the surface which
indicates that the directional molecular orientation restricts strong interactions of the alkyl
groups with the surface (Figure 3.12K). For the same initial rotation angle, the relaxed molecule
is systematically closer to the surface on the unreconstructed 1 × 1 surface which necessitates large
angles for the molecule to feel the presence of the 1 × 2 surface.
The stability of the molecular rotations and tilting show that the stronger binding of
carboxylates compared to alkoxides minimizes the role of adsorbate-surface vdW interactions for
isolated carboxylates. In contrast with alkoxides, the carboxyl group does not allow the carbon
chain to freely tilt toward the surface; alkoxide leaning is responsible for stronger vdW
interactions with the substrate and eventually a strong chain-length dependent surface stability.

3.6.9 Low-energy electron diffraction (LEED) results for adsorbate ordering
LEED performed on clean Au(110) confirms the (1 × 2) “missing row” reconstruction of the surface
(Figures 3.13C, 3.13E and 3.13G) [67]. It has been previously shown using scanning tunneling
microscopy (STM) and theoretical calculations that acetate induces a reconstruction of the Au(1×2) to Au-(1 × 1) and forms a c(2 × 2) adsorbate ordering [43]. LEED experiments demonstrate
that the characteristic LEED pattern observed for acetate (Figure 3.13D), which has a c(2 × 2)
adsorbate ordering based on STM experiments, occurs as well as for formate (Figure 3.13F) and
propanoate (Figure 3.13H). The c(2 × 2) reconstruction is only visible for several seconds before
94

beam damage affects the molecular ordering and leaves the Au-(1 × 1) visible. A theoretical
p(1 × 2) and c(2 × 2) LEED pattern schematic is shown for reference (Figures 3.13A and 3.13B).
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Figure 3.13 (Continued). A) LEED pattern for an fcc(110) 1 × 2 reconstruction. B) LEED
pattern for an fcc(110) c(2 × 2) reconstruction. The LEED patterns were created using LEEDpat4
[68]. C) LEED pattern for clean Au(110) shows the 1 × 2 reconstruction (Ebeam = 48.0 eV, T = 100
K). D) LEED pattern for ~0.25 ML of acetate on Au(110) shows a c(2 × 2) adsorbate ordering on
a 1 × 1 reconstructed surface (Ebeam = 48.0 eV, T = 100 K). E) LEED pattern for clean Au(110)
shows the 1 × 2 reconstruction (Ebeam = 48.0 eV, T = 100 K). F) LEED pattern for ~0.25 ML of
formate on Au(110) shows a c(2 × 2) adsorbate ordering on a 1 × 1 reconstructed surface (Ebeam =
48.0 eV, T = 100 K). G) LEED pattern for clean Au(110) shows the 1 × 2 reconstruction (Ebeam =
48.0 eV, T = 100 K). H) LEED pattern for ~0.25 ML of propanoate on Au(110) shows a c(2 × 2)
adsorbate ordering on a 1 × 1 reconstructed surface (Ebeam = 48.0 eV, T = 100 K).
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3.6.10 Mild annealing of a saturation coverage of trifluoroacetate on Au(110)

Figure 3.14. 28 × 28 nm2 STM images of the same surface with saturation TFA coverage before
(A) and after (B) mild annealing at a temperature below TFA decomposition. Imaging
parameters: (A) (+ 0.5 V ; 0.1 nA); (B) (+ 1.0 V ; 0.1 nA); scale bar: 2 nm. (C) A 10 × 3.65 nm2
zoom-in image of (A) reveals disordered adsorbate protrusions while (D) a zoom-in image of (B)
reveals a homogeneous surface. The homogeneity of the adsorbate protrusions is recovered after
annealing and the surface is smoother, without loss in adsorbate coverage. (E) A histogram over
a boxed area of 32 nm2 on (A) and (B) correspond to red and black lines in (C) and (D). Before
annealing, bright protrusions 39 ± 4 pm taller than the background darker protrusions are
observed (arrows on red line). After annealing, no bright protrusions are observed, despite a
larger corrugation amplitude indicative of a better imaging resolution (black line). Images are
processed with the same low-pass FFT filter to subtract high frequency noise. Profiles are
averaged over 3 lines.
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3.6.11 Interface energy calculations
The role of adsorbate-adsorbate interactions on the stability of acetate islands on Au(110) was
previously determined using the same methodology detailed here. The calculated change in
interface energy from condensation is calculated by comparing the interface energy per
carboxylate of 4 super cells containing 1 carboxylate on Au(1 × 2) as determined according to,
1

4⋅[Etot ( ML/Au−1×2 )− nAu−1×2 ⋅μAu ]−4⋅Efree
16

Equation 3.40

4

to the interface energy per carboxylate of 1 super cell with c(2 × 2) carboxylate layer on Au(1 × 1)
and 3 supercells of the clean Au(1 × 2) as determined according to,
1

[Etot ( ML/Au−1×1 )−nAu−1×1 ⋅μAu ]+3⋅[Etot (clean/Au−1×2 )−nAu−1×2 ⋅μAu ]−4⋅Efree
4
4

Equation 3.41

where Etot (clean/Au−1×2 ) is the calculated energy of the supercell of clean Au-1 × 2
1
ML/Au−1×2 )
16

(Figure 3.15A), Etot (

is the calculated energy of the supercell of 1/16 ML of
1
4

carboxylate on Au-1 × 2 (Figure 3.15B), Etot ( ML/Au−1×1 ) is the calculated energy of the
supercell of 1/4 ML of carboxylate on Au-1 × 1 (Figure 3.15C), nAu−1×1 is the number of gold
atoms in the 1 × 1 super cell, nAu−1×2 is the number of gold atoms in the 1 × 2 super cell, μAu is the
chemical potential of a gold atom and Efree is the energy of a free (gas phase) carboxylate molecule.
The change in interface energy per carboxylate (which quantifies the effect of condensation on
carboxylate stability) can be added to the reaction energy per carboxylate (which quantifies the
binding strength of isolated carboxylate) calculated previously, for comparing carboxylate
stability at the condensed phase.
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Figure 3.15. Calculated supercells for (A) clean Au(110)-(1 × 2), (B) 1/16 ML of trifluoroacetate
on Au(110)-(1 × 2) and (C) 1/4 ML of trifluoroacetate on Au(110)-(1 × 1). The same geometries
were used for all carboxylates.
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Chapter 4.
Water facilitates oxygen migration on gold surfaces

4.1 Abstract
The water-oxygen-gold interface is important in many surface processes and has potential
influence on heterogeneous catalysis. Herein, it is shown that water facilitates the migration of
atomic oxygen on Au(110), demonstrating the dynamic nature of surface adsorption. We
demonstrate this effect for the first time, using in situ scanning tunneling microscopy (STM),
temperature-programmed reaction spectroscopy (TPRS) and first-principles theoretical
calculations. The dynamic interaction of water with adsorbed O maintains a high dispersion of O
on the surface, potentially creating reactive transient species. At low temperature and pressure
isotopic experiments show that adsorbed oxygen on the Au(110) surface exchanges with oxygen
in H218O. The presence of water modulates local electronic properties and facilitates oxygen
exchange. Combining experimental results and theory, we propose that hydroxyl is transiently
formed via proton transfer from the water to adsorbed oxygen. Hydroxyl groups easily recombine
to regenerate water and adsorbed oxygen atoms, the net result of which is migration of the
adsorbed oxygen without significant change in its overall distribution on the surface. The presence
of water creates a dynamic surface where mobile surface oxygen atoms and hydroxyls are present,
which can lead to a better performance of gold catalysis in oxidation reactions.
This paper was published in Physical Chemistry Chemical Physics, 2018, 20, 2196-2204.
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4.2 Introduction
Water interaction with metallic interfaces is ubiquitous in chemical and physical systems and is
particularly important in corrosion, wetting, catalysis, and electrochemistry. For example,
hydrophobic films are used to protect aluminum from corrosion [1]; water-metal bonding is
essential in describing the wetting of metal surfaces [2]; water dissociation on platinum
nanoparticles is a crucial step in the water-gas shift reaction [3]; water interaction with metal
electrodes completes reactions in fuel cells [4]; and, water-soluble gold nano-clusters hold
promise as biological labels [5]. Putting these, and potentially additional, applications to full use
require a better understanding of H2O-surface interactions at the molecular level.
Many of these applications are conducted in the presence of oxygen, which may result in
the adsorption of atomic oxygen on the surface. Thus, a key component of a molecular-level
description of water-surface interactions is the structure of adsorbed oxygen on metal surfaces,
which influences chemical activity. On many transition metals — Cu, Ag, Au, Pd and Pt —
condensed oxygen phases generally form even at low coverage [6 – 10]. Adsorbed oxygen is
usually reactive with reducing gases such as CO [11], alcohols [12] and ammonia [13 – 15], but the
reactivity depends on the configuration of surface oxygen. For example, on Au(111) isolated O
atoms are substantially more reactive than a condensed phase with respect to CO or alcohol
oxidation [16], and on Au(110) islanding of the adsorbed O causes the rate of CO oxidation to be
dependent on both the instantaneous oxygen coverage and initial oxygen coverage [17].
The interplay between water and adsorbed oxygen atoms has profound effects on
interfaces. Oxygen at the water-metal interface often changes binding and chemical behavior;
metals that are hydrophobic, for example Cu, are rendered hydrophilic upon oxidation [18]. The
enhanced wetting is due to formation of a layer in which water is stabilized by surface-bound
hydroxyls (OH) [2, 19]. Furthermore, remarkable effects have been reported for water in the
context of catalysis by gold; the presence of small amounts of water in the vapor phase promotes
reactivity. For example, the activity for CO oxidation on Au nanoparticles supported on Al 2O3 is
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increased by two orders of magnitude when water is present [20]. Water also suppresses the
deactivation of Au catalysts supported on titania for propene oxidation [21].
There are various explanations for the effect of water on the reactivity of adsorbed oxygen.
One explanation is that intermediates such as OH [22] or hydrogen peroxide [23] form and
promote reactions. When adsorbed oxygen reacts with water, surface hydroxyls form on
Cu(110) [18], Cu(111) [24], Ag(110) [25], Au(111) [26, 27], Fe(110) [28], Pt(111) [29], and
Pd(100) [30], potentially altering the surface chemical properties. Indeed, adsorbed OH can serve
as a reactive intermediate [31 – 32]; hydroxyls play a critical role in inducing selective oxidation
reactions, especially on Ag [33] and Au [34], both of which are generally unreactive by
themselves [35, 36]. The presence of isolated OH is clearly established for Ag surfaces [37, 38],
and it has been shown to serve as a Brønsted base that facilitates oxidative processes [39]. In the
solution phase, OH has been proposed as essential for selective oxidation of alcohols over metallic
gold in solution under basic conditions [40]; however, OH cannot be isolated on clean Au in
vacuum or in the vapor phase [26]. Only transient OH directly participates in oxidation reactions
on Au(111); it can also be a source of adsorbed O (O ad), since OH is unstable with respect to
disproportionation [26]:
2 OHad → Oad + H2O

(Equation 4.1)

The interaction of adsorbed oxygen with water on the Au(110)-(1 × 2) surface is used here
as a prototype. Bonding of O to this surface is similar to Au(111) in that it binds to a site with local
three-fold coordination. The advantage of the Au(110)-(1 × 2) surface is that atomic-scale images
can be obtained that reveal the adsorbed O when it is deposited [8]. At low coverage, the oxygen
atoms form zigzag chains along the close-packed rows of Au atoms (the <11 ̅0> direction) up to a
total coverage of 0.25 monolayers [8]. A monolayer (ML) is defined as one oxygen per surface
gold atom [41], that is, four oxygen atoms in one 2.88 Å × 8.14 Å unit cell of the Au(110)-(1 × 2)
surface. A monolayer of adsorbed oxygen also corresponds to the saturation oxygen
recombination peak at 570 K in temperature programmed reaction spectroscopy [42]. Short
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zigzag oxygen chains on Au(110) are observed by scanning tunneling microscopy (STM) and
modeled using density functional theory (DFT) calculations (Figure 4.). The adsorption of
oxygen causes surface strain and charge redistribution of the underlying gold atoms, as confirmed
by theoretical modelling. Specially, oxygen atoms induce displacement of the neighboring gold
atoms away from the <11 ̅0> direction [8] (Figure 4.B). Gold transfers charge towards oxygen,
which creates Lewis acid sites in its vicinity [8]. This perturbation is more pronounced at the end
of the chain than in the middle of the chain.
O/Au(110) is an ideal surface to test structure sensitivity towards water-oxygen interaction
on gold surfaces. At an oxygen coverage less than 0.25 ML, surface oxygen atoms occupy 3fold/pseudo 3-fold sites on Au(111) [43] and Au(110) [8]. However, the Au(111) surface roughens
upon oxidation; the Au(110) surface maintains well-defined structure as oxygen atoms forms zig
zag chains.

Figure 4.1. Zigzag oxygen chains on Au(110)-(1 × 2). (A) STM image (scanning conditions: 0.9
nA; 1.0 V); (B) Top-view of the atomic structure based on theoretical results (yellow and red
spheres are the gold oxygen atoms, respectively).
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In the present work it is demonstrated for the first time that the migration of adsorbed
oxygen atoms on Au(110) is facilitated by water using in situ STM. The dynamic interaction of
water with adsorbed O maintains a high dispersion of O on the surface, potentially creating
reactive transient species. Isotopic exchange experiments and supporting theoretical studies
indicate that oxygen exchange occurs during the migration by forming transient surface-bound
OH. A mechanism is proposed that water facilitates the detachment and migration of O from a
condensed two-dimensional phase via the formation of less strongly bound surface hydroxyl
groups.

4.3 Methods
All experiments were performed in two separate ultrahigh vacuum chambers on two different
Au(110) crystals. The Au(110) single crystals (Princeton Scientific Corp.) were cleaned by 10 min
Ar+ bombardment sputtering (Airgas east, ultra high purity grade) and repetitive cycles of O 3
treatment at room temperature (~2 × 10-7 mbar inside the UHV chamber, 61 g/Nm3 in the outside
flow circuit) followed by 6 min ~900 K annealing in an ultra-high vacuum (UHV) chamber. Ozone
was produced by a commercial ozone generator (ozone engineering, LG-7) with a concentration
monitor (Teledyne Instruments, Model 454H), and was then directly dosed on Au(110) through a
leak valve to prepare absorbed surface oxygen. For the STM experiments, the coverage is
calculated by counting the oxygen atoms in zigzag chains and the top layer gold atoms in a given
area; in the temperature programmed reaction spectroscopy experiments, the coverage is
calculated based on the integrated peak area of oxygen recombination relative to the saturation
peak area at 1 ML of oxygen. In both chambers, the direct dosing tube was within 5 mm of the
surface. The enhancement factor for direct dosing was ~100. The chamber pressure was measured
by an ion gauge. A typical direct dosing enhancement was ~100, which is based on measurements
in the temperature-programmed reaction spectroscopy chamber. Deionized water was purified by
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several freeze-pump-thaw cycles prior to experiments. Liquid nitrogen cooling was used for low
temperature experiments.
4.3.1 Scanning tunneling microscopy (STM)
Scanning tunneling microscopy experiments were carried out in an UHV chamber with a
background pressure of 1.5 × 10-10 Torr. A commercial Omicron VT Beam Deflection AFM/STM
was used for the measurements. A Au(110) sample was mounted in a double deck sample holder
with a built-in PBN heating plate. A commercially cut Pt/Ir tip (Veeco PT10) was used for
scanning. During low temperature experiments, the sample was cooled through a cooling block
with a silicon diode where the temperature was measured. Thus, the temperature reading, which
was ~160 K during experiments, is lower than the real sample surface temperature. Since only
oxygen exchange but no condensed water was observed on the surface during low temperature
experiments, the sample temperature must be near the desorption temperature of water at ~170
K (Fig. S2, S3). The surface temperature was very stable under the water vapor because of the low
water pressures in the range of 10-10 Torr. Oxygen coverage calculation and tracking of oxygen
migration in a series of STM images was performed using commercialized software, Scanning
Probe Image Processor (SPIPTM) version 6.0.2 (Image Metrology), to carefully analyze the
evolution of the surface. Detailed methods are included in the supporting information (SI).
4.3.2 Temperature-programmed reaction spectroscopy (TPRS)
Temperature-programmed reaction spectroscopy was carried out in a separate UHV chamber
with a background pressure ˂ 5.0 × 10-10 Torr. The method was described in detail previously [44].
A triple filter Hiden quadruple mass spectrometer (QMS, HAL-Hiden/3F) was used for signal
detection. Electron-stimulated reactions induced by the QMS filament were prevented by biasing
the sample at -100 V. The heating rate was maintained at 5 K/s. In order to guarantee full
detection of all desorbed gases, the mass fragments scanned were m/z = 2 to m/z = 2m, where m
is the molecular mass of the heaviest compound. Accurate sample temperature was achieved by
inserting a K-type thermocouple into a pinhole near the edge of an Au(110) single crystal.
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Quantitative measurements of different species were obtained by integrating the desorption peak
area. For the water isotope exchange experiments H218O was introduced to 16O/Au(110) at variable
pressure and time exposures at specific sample temperatures. The purity of H 218O (Cambridge
Isotope Laboratories) was confirmed by temperature-programmed desorption spectroscopy from
condensation on clean Au(110) prior to any experiments.
4.3.3 Density functional theory (DFT)
DFT calculations were performed using the Vienna ab initio simulation package (VASP)
version 5.4.1 [45, 46]. The projector augmented wave (PAW) method [47, 48] was used to describe
the core and valence electrons and the Perdew-Burke-Ernzerhof [49] form of the GeneralizedGradient Approximation to describe electron exchange and correlation. Dispersion interactions
were included using the Tkatchenko-Scheffler method [50]. With this level of theory, the lattice
constant of bulk gold were found to be 4.11 Å, close to the experimental value (4.08 Å) and
previous calculation results. The Au(110) surface was modelled using a 4 × 4 surface cell with 5
layers with periodic boundary conditions, keeping the bottom 2 layers fixed in the bulk positions.
A vacuum region of more than 20 Å was included to avoid interactions between the periodic
images. A plane-wave kinetic energy cut-off of 400 eV and a 7 × 7 × 1, Γ-centered k-point mesh
was used to sample the Brillouin zone. Full structural relaxation was included using a conjugate
gradient algorithm until forces on all atoms are smaller in magnitude than 0.01 eV/Å. To locate
the transition state and minimum energy pathway for the reaction 2 OH ↔ H2O + O, the climbingimage nudged elastic band (CINEB) method [51] was used with 4 intermediate images between
the initial and final state, with the same kinetic energy cut-off, k-point sampling and force
convergence criterion as for structural relaxation.
The adsorption energy of each molecule on Au(110) was defined from the expression:
X
Ead
= Etot − EAu(110) − EX

(Equation 4.2)

where Etot , EAu(110) and, EX are the total energy of the adsorbed molecule on the surface, the total
energy of clean Au(110) and the total energy of each isolated molecule O, OH and H 2O in the gas
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phase, respectively. Bader charge analysis [52] was performed to quantify the electron transfer
and partition the charge exchange between the adsorbate molecules and Au(110).

4.4 Results and discussion
4.4.1 Isotopic experiments of water-oxygen exchange
There is clear evidence for oxygen exchange between 16O and H218O on Au(110) at 170 K and below
(Figure 4.2). All three isotopes of molecular oxygen (16O16O, 16O18O, and 18O18O) were formed in
temperature programmed desorption experiments after exposure of

16O/Au(110)

to H218O

(θO = 0.04 ML, PH2O = 4.0 × 10-10 Torr) for 20 s at 170 K (Figure 4.2A). The conditions were
chosen to prevent condensation of water on the surface and to establish a stable steady-state, since
water desorbs at 170 K from clean and oxygen covered Au(110) (Figures 4.9 – 4.10). The
integrated area of each oxygen recombination peak at 570 K indicates that 50 % of the initial 16O
was exchanged with 18O after the H218O exposure (Figure 4.2A). The exchanged product H216O
is observed when the temperature is low enough to allow substantial water residence time on the
surface (Figure 4.10).
A level of 75 % oxygen exchange was achieved within 30 seconds of exposure of
16O/Au(110)

to 4.0 × 10-10 Torr of H218O at 170 K (Figure 4.2B), and is associated with oxygen

atoms that are on the edge of 2D islands. This result is qualitatively similar to previous studies of
the interaction of water with oxygen on a different gold surface, Au(111) [26]. STM analysis of
0.04 ML O/Au(110) determined that ~ 75 % of the adsorbed atomic oxygen was in the exterior of
the 2-D oxygen islands while the remaining oxygen was in the interior. The correspondence in the
fraction of O at the exterior of islands and the fraction that is readily exchanged, suggests that the
origin of the quick saturation for isotopic exchange emerges from an exchange mechanism
primarily involving exterior oxygen. In other words, exterior oxygen atoms are more active than
interior oxygen atoms. This is further supported by in situ STM measurements which will be
discussed later.
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Figure 4.2. Temperature programmed experiments provide evidence that there is transient
formation of an intermediate species which facilitates isotopic exchange during the reaction of
adsorbed 16O with H218O on Au(110) at low temperatures and O coverage (θO = 0.04 ML). (A) The
16O/Au(110)

surface was exposed under H218O for 15 s at 170 K immediately followed by

temperature programmed measurements (PH2O = 4.0 × 10-10 Torr). All three isotopic combinations
(16O16O, 16O18O, and 18O18O) were detected at 570 K, indicating the exchange of 16O/Au(110) with
H218O. (B – C) Extent of 16O replacement determined from isotopic recombination peaks as a
function of (B) H218O exposure time (PH2O = 4.0 × 10-10 Torr, Ts = 170 K) and (C) surface
temperature (PH2O = 1 × 10-11 Torr, t = 1 min). The red data points in (B) and (C) show that the
oxygen exchange has a dependence on water pressure (Ts = 170 K, t = 1 min). The calculation
method for extent of 16O replacement is detailed in the Supporting Information.

The oxygen exchange slowly increased to 80 % after prolonged oxygen exposure for 3 min
(Figure 4.2B). This suggests that the 18O atoms exchanged into the structure probably remain at
an exterior site, protecting interior oxygen from being substituted. Another possibility is that the
rate of exchange of interior oxygen atoms is much slower than at the periphery.
The extent of oxygen exchange is dependent on the steady-state concentration of water as
evidenced by a proportional dependence on water pressure and an inversely proportional
dependence on surface temperature (Figure 4.2C). The extent of oxygen exchange was increased
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by adjusting experimental conditions decreasing the surface temperature from 190 K to 130 K
(Figure 4.2C) or increasing the pressure of H218O from 1 × 10-11 Torr to 4.0 × 10-10 Torr (red data
points in Figures 4.2B and 4.2C, the difference is significant and beyond experimental error).
The effect of surface temperature and water pressure suggests that the oxygen exchange depends
on the steady-state surface concentration of water, where the adsorption rate [53] and desorption
rate [54] are equal (Equations 4.13 – 4.15). In order to achieve oxygen exchange of at least 45
% for a 60 s dose used (Figure 4.2C), the steady-state coverage of water on the surface needs to
be greater than ~ 0.1 ML.
4.4.2 Dynamic surface structure of water-oxygen exchange
The overall distribution of oxygen chains is not significantly altered by the presence of water at
~ 170 K, even though specific features do change. At low oxygen coverage (θO = 0.04 ML), most
oxygen chains are composed of 3 – 7 oxygen atoms of length 0.8 – 2.0 nm along <11 ̅0> direction.
After 26 minutes of water dosage, the population of 4-atom oxygen chains slightly decreases and
is accompanied by a similar increase of 6-atom chains (Figure 4.11). By extrapolating zerothorder reaction kinetics on the saturation points (60 s, 120 s, 180 s) in Figure 4.2B, 94 ± 5 % of
the original surface oxygen is exchanged after 26 min of water dosage at 170 K.
The presence of water has a substantial effect on the surface oxygen mobility at ~170 K as
demonstrated by experiments using STM (Figure 4.3B). The rate of O migration, as judged by
its structural rearrangement, increases by more than a factor of 20 even for water pressure
≤ 3 × 10-10 Torr (Figure 4.3B). On average, 1.2 × 10-2 % / s of the total surface O atoms either
appear or disappear under background UHV. This number increases by an order of magnitude to
2.4 × 10-1 % / s when exposed to water vapor at 3 × 10-10 Torr, 300 K (subtracted background
pressure). Oxygen atoms in single chains (isolated O chains, made up of a single oxygen atom and
above) are more mobile than in group chains (neighboring O chains) under UHV conditions. On
average, 4.2 × 10-3 % of O atoms in single chains and 7.5 × 10-3 % of O atoms in group chains move
per second under background UHV. In the presence of water, the mobility of oxygen atoms in
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Figure 4.3. Analysis of the time evolution of STM images of 0.04 ML of O/Au(110)-(1 × 2)
demonstrates that water increases the mobility of adsorbed oxygen at ~ 170 K. (A) An STM image
of the surface containing Oad, as prepared (43 × 43 nm2 image; tunneling conditions: 0.1 nA; 1.4
V). Dark strings are the zigzag rows of O chains as shown in Figure 4.. The redistribution of
oxygen atoms in group and single O chains with time, normalized as the percentage of oxygen on
the surface, is plotted in (B) under background UHV (white background color) and 3 × 10-10 Torr
water vapor at ~ 170 K (aqua background color). The measurements are based on a relatively
small area (43 nm2), where surface oxygen may move outside the frame, therefore, the total
number of Oad that appear and disappear may not be equal in all data. The image analysis method
is described in detail in the Supporting Information.
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single chains and in group chains in terms of O moving rates are 5.4 × 10-2 and 1.8 × 10-1 % / s,
respectively. The bigger effect on group chains indicates that water influences inter-chain
interactions more than intra-chain interactions. The enhanced mobility of surface oxygen in the
presence of water vapor is ascribed to interactions of H2O with adsorbed O, which leads to oxygen
exchange.
Monitoring mobile O atoms at the terminal sections of O chains suggests the formation of
a transient intermediate in the presence of water at ~170 K. In 3 min sequential STM images
(Figure 4.4), the 4-oxygen atom chain in blue boxes grew by accepting an oxygen atom in the
upper end while during the same time period, the 4-oxygen atom chain in white boxes shrunk by
losing an oxygen atom also in the upper end. Corresponding atomic models are drawn to guide
the reading in Figures 4.4C – 4.4D. Only the short terminal sections of O chains are mobile,
which is up to 3 oxygen atoms or 0.87 nm, including isolated chains made up of a single oxygen
atom. This agrees well with our previous proposal that exterior oxygen atoms are more active than
interior oxygen atoms in 2D oxygen islands. Additionally, only the appearance and disappearance
of oxygen atoms was observed by in situ STM images (Figure 4.4, more details in Figures
4.12 – 4.13). This indicates that either the lifetime of the intermediate is extremely short or that
it diffuses on the surface at a much faster rate than the scanning rate.
In previous studies of O on Au(111), transient hydroxyl was formed as intermediate [26].
Isolated OH could not be detected by infrared reflection adsorption spectroscopy due to the short
surface lifetime and/or line broadening due to hydrogen bonding with neighboring water. In order
to have oxygen exchange, both O-H bonds in water must be sequentially cleaved, and O-H bonds
must be formed with surface oxygen. Isothermal temperature programmed reaction experiments
detected H216O (m/z = 18), but did not detect HOOH (m/z = 34), or H2 (m/z = 2) which suggests
that neither adsorbed hydrogen nor hydrogen peroxide forms as transient intermediates.
Therefore, we propose that, similar to O/Au(111), transient hydroxyls are formed as an
intermediate of oxygen exchange on O/Au(110).
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Figure 4.4. Representative in situ STM images of O migration events (θO = 0.04 ML; Tsurf = ~170
K; PH2O = 3 × 10-10 Torr). The same area in (A) and (B) was imaged before and after exposure to
water for 3 min. Corresponding atomic models are drawn in (C) and (D) to guide interpretation
of the STM images (yellow and red balls represent gold and oxygen atoms). O chain growth and
shrinkage are highlighted in blue and white boxes respectively. Image size: 6 × 6 nm2; scanning
parameters: 0.1 nA; 1.4 V.

4.4.3 Theory of water-oxygen interactions
Both single oxygen atoms and multi-oxygen chains contribute to the water-surface oxygen
interaction (Figure 4.11). The terminal oxygen atoms in 3-atom oxygen chains are expected to
be qualitatively similar to single oxygen atoms in terms of their interaction with water, based on
their similar bond lengths and charge exchange with the Au surface atoms. (Figure 4.14 and
Tables 4.2 – 4.3). The theoretical model presented here illustrates a possible mechanism for
oxygen exchange with water that has an extremely low barrier. While other pathways are possible,
some involving O-atom chains, this model demonstrates the facility of O exchange and migration
via formation of transient OH.
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Notably, the stability and structure of the different types of O in 3-atom chains is different,
with the terminal O atoms being less stable than those in the interior. The bonding of a single O
atom is weakest, 0.36 eV. The tendency of the O to form chains is reflected by the stronger bonding
on a per atom basis for dimers and trimers—0.46 eV and 0.49 eV, respectively. (The total binding
energy of the 2- and 3 atoms chains is 0.92 and 1.47 eV, respectively, with respect to gas phase O2
and clean Au(110). Thus, there is an additional 0.1 eV stabilization due to O-O interactions in the
zig-zag chains, in agreement with prior work [8, 55]. The weaker bonding of isolated O atoms is
consistent with their higher reactivity.
The O always binds in a 3-fold coordination site; however, the bonds are not all equivalent
(Figure 4.5 and Table 4.3). Close examination of the structure of the 3-atom chains reveals that
the bonding of the chain ends is different than the middle O atom. The terminal oxygen atoms in
the 3-atom chain have one short bond (2.01 Å) and two longer bonds (2.11 Å and 2.17 Å) whereas
the middle O atom forms two short bonds (2.01 Å) and one long (2.17 Å) (Figure 4.5 and Table
4.3). These structural differences are indicative of weaker binding of the terminal atoms, relative
to the middle atom, in 3-atom chains; thus, indicating higher reactivity.
Theoretical modelling demonstrates that O atoms increase the stability of water on
Au(110) and that adsorbed O is mobilized by water due to a low activation barrier for the
formation and disproportionation of adsorbed hydroxyl (Figure 4.6). These conclusions are
based on the calculated energies of various configurations of adsorbed O, OH, water and
combinations of these units and on the activation energies for transformations between different
states. Several configurations for the adsorption and co-adsorption of surface species on Au(110)
were considered but only the most stable structures of co-adsorbed H2O + O and OH + OH surface
complexes are presented here. The results show that the abstraction of a proton from water to
form two hydroxyl groups on the surface is extremely facile, having a barrier of 0.09 eV, in
agreement with the isotopic exchange experiments. This is also in good agreement with a similar
study on Au(111) [56]. Furthermore, the reverse reaction (disproportionation of the adsorbed OH
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Figure 4.5. Top view and side view of 3-oxygen-atom chain on Au(110) surface calculated by
DFT. Golden and red spheres are gold and oxygen atoms respectively. Au-O bond lengths are
labelled in the unit of Å.

species) also has a low barrier, 0.19 eV (Figure 4.6). The small energy difference of 0.1 eV
between the initial and final state suggests that hydroxyl formation will be very rapid and
reversible between neighboring H2O and O atoms adsorbed on the Au(110) surface.
In addition, the low activation energy required for the formation of two OH species with
reverse orientation (Figure 4.6C) provides a representative pathway for the migration of
adsorbed O observed experimentally. In this pathway, the two adsorbed OH species formed from
the reaction of O with H2O can easily reverse their orientation on the Au(110) surface
(Figure 4.6C). The resulting configuration (OH + OH (b)) is slightly higher in energy than
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Figure 4.6. Illustrative mechanism for the reaction of O exchange with water and formation of
transient OH species on Au(110). Energies are referenced to gaseous water and O adsorbed on
Au(110). Red lines indicate transition between stable states calculated using the NEB method; on
top and side views of the corresponding optimized configurations are presented.

(OH + OH (a)) by 0.13 eV. The activation energy required for the formation of (OH + OH (b))
from (OH + OH (a)) is 0.37 eV, indicating that this transition is possible under the experimental
conditions. From this state, the OH species can react with another nearby adsorbed OH, following
the reverse reaction to form adsorbed H2O and O on the opposite side of the Au(110) ridge from
the side where the H2O was originally adsorbed, leading to a configuration equivalent to migration
of the initial O atom. The facile formation of the OH pair with reverse orientation, which
subsequently can react with another OH to form adsorbed H2O and O, is indicative of the
migration of adsorbed O shown in experiments. Repeated exchange events would lead to further
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migration. This is one of many possible pathways for O migration via formation of transient OH;
thus, establishing the principle.
A single H2O molecule binds very weakly to the clean Au(110) surface, resulting in a mobile
species that can be stabilized by adsorbed oxygen (details on the adsorption of single O, OH, H2O
and O-chains on Au(110) are presented in Figure 4.14 and Table 4.2). Although not explicitly
studied, the diffusion of hydroxyl on the surface is expected to be very facile since the energetic
difference of adsorption at different binding sites is within 0.2 eV (Figure 4.14). For illustrative
purposes, a distinct local minimum is studied—H2O + O, in which the H2O molecule is located at
a hollow site at the bottom of the Au (110) reconstruction ridge (Figure 4.6A). The O atom is
located at a two-fold bridge site on the top row of the Au(110) ridge. Details of the adsorptioninduced surface strain, the bond lengths of the adsorbed species and the charge exchange with the
Au(110) surface are provided in Figure 4.15 and Tables 4.4 – 4.5. The strength of adsorption
of the H2O molecule on Au(110) increases in the presence of a nearby O atom compared to an
isolated H2O molecule by approximately 0.14 eV. The stronger binding of H2O and the attractive
nature of its interaction with O are indicative of the tendency of surface oxygen to stabilize water
molecules on Au(110), corroborating the experimental evidence presented earlier.
Here the two co-adsorbed OH + OH complexes that participate in the reaction pathway of
oxygen exchange and migration on the Au(110) surface are also described. The co-adsorbed
complex (OH + OH (a)) (Figure 4.6B) is the resulting structure from the reaction of H2O + O on
the surface. In this co-adsorbed configuration the OH species experience an attractive interaction
equal to 0.16 eV. The attraction is due, at least in part, to hydrogen bonding, which is indicated by
the increase in the O-H bond length and the proximity of the proton which belongs to the troughbound OH and the O atom of the OH in the three-fold site. The bond lengths of all configurations
are provided in Tables 4.4 – 4.5. Configuration (OH + OH (b)) has the reverse orientation of
(OH + OH (a)). In this case the two OH species experience an attractive interaction equal to 0.03
eV.
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The representative reaction pathway in Figure 4.6 indicates the low activation barriers
and the small energy differences between the initial and final states of the reactants and products
in the water oxygen exchange reaction. Other similar pathways are likely active, further enhancing
the ability of OH to migrate; for instance, the presence of the chain structure, not modelled here
by theory due to the large size of the unit cells required to capture its features, could affect the
energetics for OH formation and migration. This is supportive of fast and reversible O exchange
with water on Au(110) through the formation of transient hydroxyl species, in agreement with
previous studies [57].
4.4.4 Proposed oxygen exchange mechanism and broad implications
Putting together the information gleaned from experiment and the analysis of the relative stability
and the barriers for structural changes discussed so far, water is proposed to hydrogen bond to O
atoms on the surface along the pathway to hydroxyl formation. The terminal oxygen atoms are
expected to be more reactive with H2O whereas those in the middle of the zigzag chain less so due
to the stronger electronic interaction with the surface (Table 4.2). Hence, water molecules are
stabilized near a terminal oxygen atom. The hydrogen bonding between water and the O atom on
the end of the chain weakens the binding of oxygen and the in-chain interaction. The terminal
oxygen can detach from the original chain by forming a pair of hydroxyls with water, after
overcoming a low energy barrier. The hydroxyls can diffuse quickly on the surface due to their
relatively weak binding (binding energy equal to -2.80 eV), thereafter disproportionating to
regenerate adsorbed O and water at a different region of the surface. Hence, the oxygen is
redistributed on the surface via interaction with molecular water (Figure 4.7).
The dynamic nature of the O-Au interface with a significant steady-state concentration of
water has strong implications in the context of catalysis. As discussed previously, water promotes
various heterogeneous catalytic reactions on gold-based catalysts at low temperatures such as CO
oxidation20 and propene oxidation [21].
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Figure 4.7. Schematic of oxygen exchange on 16O/Au(110) under H218O. The surface features are
not drawn to scale, for easier visualization.

The redistribution of surface oxygen atoms and the corresponding presence of transient
surface hydroxyls described herein are consequences of the presence of water on oxygen-covered
Au(110). Both of these factors can potentially contribute to the promotional effect of water. The
transient OH bound to the surface can itself be an active intermediate for oxidation reactions, as
demonstrated in studies of the oxidation of CO in the presence of isotopically-labelled water that
leads to labelled CO2 on Au(111) and Au/TiO2 [27, 56, 58, 59]. One possible explanation for this
phenomenon is that H2O can react with oxygen covered gold to form transient hydroxyls which
can subsequently react with CO [60]. Similarly, propene epoxidation can be promoted by water
by reaction of hydroxyls with oxygen to form reactive hydroperoxyl which oxidizes propene [61].
The redistribution of the adsorbed O may prevent the formation of ordered structures, especially
at higher O coverages. The ordered structures are less reactive than isolated O as demonstrated
by previous studies of CO oxidation and propene oxidation on Au(111) [16, 62].
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This dynamic phenomenon would exist on gold surfaces at low temperature and pressure
such as investigated here, but also at higher pressure and temperature conditions, where water
has a significant surface lifetime. Additionally, we anticipate the dynamic redistribution of oxygen
via hydroxyl intermediates to be important in understanding support/interface effects for goldmetal oxide interfaces. We suggest that hydroxyls produced from water dissociation on the metal
oxide63 could migrate onto the gold. Subsequently, rapid hydroxyl disproportion would create
catalytic active Oad which facilitates highly selective reactions.

4.5 Conclusions
Water-oxygen-gold systems are ubiquitous in chemical processes. A model system based on
Au(110) was studied by combining reactivity (temperature programmed reaction spectroscopy)
and imaging (STM) with first-principles (DFT) calculations to investigate the interactions at the
atomic level. At low oxygen coverage (θO = 0.04 ML), the adsorbed oxygen atoms form zig-zag
chains along the <11 ̅0> direction. Water adsorbs weakly on Au(110), but is stabilized by forming
a hydrogen bond with an adsorbed oxygen atom. Proton transfer from water to the surface oxygen
results in the formation of transient surface-bound hydroxyl species which are sufficiently mobile
to enhance oxygen migration. The transient surface hydroxyls easily overcome a small energy
barrier (~0.15 eV) leading to oxygen exchange with water on the surface.
The water-oxygen interaction is enhanced even at temperatures close to the desorption
temperature of water with no obvious change of the surface structure. According to isotopic
experiments, the oxygen exchange preferentially occurs with exterior oxygen in the 2-D oxygen
chains at 170 K (θo = 0.04 ML, PH2O = 4 × 10-10 Torr). This condition provides a small but
significant steady-state water concentration on the surface. Under any conditions where the
adsorbed water concentration is sufficiently high, enhanced O mobility and the potential catalytic
promotion would be anticipated, including catalytic conditions near atmospheric pressure.
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4.6 Supporting information
4.6.1 Quantitative analysis for temperature-programmed reaction spectroscopy
In the quantitative analysis, the consideration of the molecular fragmentation pattern and
ionization cross-section, and the mass spectrometer transmission and detection coefficients is
necessary. It has been shown elsewhere [64] that the number density of molecule i in the ionizer,
ni , is given as follows:
ni =

σ−1
i ⋅sik
Tik ⋅δik

⋅ (1 + ∑j

sij
sik

⋅

Tik ⋅δik
)
Tij ⋅δij

(Equation 4.3)

where
σi is the total ionization cross-section of molecule i,
sik is the measured signal current for the kth fragment of molecule i,
sij /sik is the ratio of signals of the jth and kth fragments of molecule i determined from separate
calibrations of the neat parent molecule i,
Tik is the transmission coefficient of a fragment with m/z, k, of molecule i,
Tij is the transmission coefficient of a fragment with m/z, j, of molecule i,
δik is the detection coefficient of a fragment with m/z, k, of molecule i,
δij is the detection coefficient of a fragment with m/z, j, of molecule i.
In the equation above, the constants σi , Tik , Tij , δik and δij are taken from published values
(Table 4.). sij /sik is determined for molecule i by condensing a neat sample of molecule i on clean
Au(110) and the fragmentation pattern was recorded by TPRS.
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Table 4.1. Mass spectrometry quantitative analysis constants
Detection
coefficient b

Molecule

Ionization
crosssectionc

1

1.5

H2O

2.275

21-30

1

1

O2

2.441

31-40

1

0.9

m/z

Transmission
coefficient a

0-20

a

Adapted from Hiden manual.

b

Adapted from UTI manual.

c

Values calculated at an incident electron voltage of 70 eV from the NIST database.

The extent of oxygen exchange can be calculated from the stoichiometric relations of the
following reactions for H218O and 16O.
H2 18O(a) + 16O(a) → H2 16O(a) + 18O(a)

(Equation 4.4)

H2 16O(a) → H2 16O(g)

(Equation 4.5)

H2 18O(a) → H2 18O(g)

(Equation 4.6)

2 16O(a) →

16

O2(a) →

16

O(a) + 18O(a) →

2 18O(a) →

18

16

(Equation 4.7)

O2(g)

16 18

O O(a) →

O2(a) →

16 18

(Equation 4.8)

O O(g)

18

(Equation 4.9)

O2(g)

The amount of replaced 16O can be determined by two methods based on desorption peak areas:
by the amount of H216O formed (Equation 4.6), and by the amount of 18O from all of oxygen
molecules (Equation 4.7).
H2 16O(g)

16

Oextent of replacement = H

16

2

(Equation 4.10)

16

O(g) +H2 18O(g)
16 18

Oextent of replacement = 2∙ 16O

O(g) +2∙ 18O2(g)
16 18
18
2(g) + O O(g) +2∙ O2(g)
O

(Equation 4.11)

Experiments performed below the desorption temperature of water confirmed that the extent of
16O

replacement agrees well for both methods.
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4.6.2 Quantitative analysis for scanning tunneling microscopy
Commercialized software Scanning Probe Image Processor (SPIPTM) version 6.0.2 (Image
Metrology) was used to analyze the time evolution of STM images of O/Au(110) under H 2O
(θO = 0.04 ML, PH2O = 3 × 10-10 Torr). The difference of the same area in the recording sequence
was obtained by subtracting the previous image from the next one. Each terrace was analyzed
separately to avoid height interference between different terraces (Figure 4.8A). Since oxygen
is imaged as dark in STM, the disappeared oxygen is bright feature, and appeared oxygen is dark
feature. The disappeared and appeared oxygen chains can be explicitly shown along <11 ̅0>
direction (Figure 4.8B), thereafter, their length can be checked manually and then calculated
using the software. Under the assumption that only zig-zag single row oxygen chains are formed
at 0.04 ML of oxygen coverage [8], the number of migrated oxygen atoms is calculated by divide
the total length along <11 ̅0> direction over 0.288 nm, the short edge of Au(110) unit cell.
4.6.3 Water desorption temperature on Au(110) and O/Au(110)
1.0 × 10-11 Torr of H218O was exposed to clean Au(110) at 120 K for 90 s. The molecularly adsorbed
H218O on clean Au(110) desorbs as a single peak at 170 K, Figure 4.9. No other feature except
H218O desorption has been observed. Thus, water adsorb weakly on Au(110), and the H 218O is
100% pure.
After 1.0 × 10-11 Torr of H218O was exposed to 0.04 ML of 16O/Au(110) at 130 K for 60 s,
both isotopic combinations (H216O and H218O) were detected at 170 K and 190 K, Figure 4.10,
indicating the exchange of

16O/Au(110)

with H218O. Adsorbed oxygen modifies physical and

electronic structures of Au(110), creating a new site for water adsorption, which desorbs at 190 K.
Using Redhead analysis [65], the activation energy is given by,
νTd
)−
β

Ed = RTd [ln (

E

ln (RTd )]

(Equation 4.12)

d

where Ed is the activation energy of desorption, Td is the desorption temperature, R is the
ideal gas constant. Using two peaks at 170 K and 190 K, the experimentally controlled heating
rate, β = 5 K/s, and the pre-exponential factor (ν) for desorption is calculated based on
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Figure 4.8. Quantitative analysis of surface evolution based on a sequence of STM images. (A)
The difference between neighboring images of one terrace, the disappeared and appeared oxygen
corresponds to bright and dark features respectively. (B) The feature are highlighted along <11 ̅0>
direction.

Campbell’s methods [66]. The pre-exponential factor is estimated to be 4.43 × 1014 s-1, which leads
to an activation energy of 48 kJ/mol (170 K peak) and 53 kJ/mol (190 K peak). Thus, the steady
state concentration of water (cw), can be calculated based on the following equations:
Zw =

sp

Dw = vo cw e
cw =

(Equation 4.13)

√2πmkb T
E
− des

(Equation 4.14)

RTs

sp

(Equation 4.15)

E
− des
v0 e RTs √2πmkb T

where Zw is the adsorption rate [53], Dw is desorption rate [54], s is the sticking coefficient, p is
the H2O vapor pressure; m is the mass of H2O, kb is Boltzmann’s constant; T is the temperature
of gas, (300 K in the experiments), Edes is the activation energy for desorption of water, R is the
ideal gas constant, and Ts is the temperature of the substrate.
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Figure 4.9. TPRS of H218O desorption from clean Au(110) surface.

4.6.4 Surface structures influenced by oxygen migration
Surface oxygen chain length distribution over water exposure time is shown in Figure 4.11. The
measurements are based on continuous STM images on an Au(110) area of 43 × 43 nm2, under
assumption that all of the surface oxygen chains are in zig-zag structure as calculated by DFT [8].
When 3 × 10-10 Torr water was directly dosed to 0.04 ML O/Au(110) at ~ 170 K, oxygen chain
length distribution doesn’t significantly change over time. The major oxygen chains are composed
with 3 – 7 oxygen atoms.
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Figure 4.10. TPRS experiments show both isotopic combinations (H216O and H218O) desorb from
adsorbed 16O on Au(110) (θ = 0.04 ML).

Eight situations of oxygen migration were observed in STM in the presence of water at
~ 170 K (Figures 4.12 – 4.13). At the conditions, STM cannot capture the moving trajectories
of oxygen movement. The oxygen migration is reflected as the addition or loss of oxygen atoms.
When oxygen chain is short, made up by less than 3 oxygen atom, the whole chain can be mobile
regardless that if there is neighboring chains or not (Figures 4.12A, 4.12B, 4.12E and 4.12F).
Additionally, an existing oxygen chain can grow by accepting an oxygen atom in one end or shrunk
by losing an oxygen atom in one end (Figures 4.12C, 4.12D, 4.12G, 4.12F). Again, the
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neighboring chain doesn’t affect the mobility. Thus, oxygen-water interaction doesn’t seem to be
influenced by the inter-chain interaction. The corresponding original STM images are shown in
Figure 4.13.

Figure 4.11. Histogram sequence of oxygen chain length distribution change over 26 min on
0.04 ML O/Au(110) at ~ 170 K under 3 × 10-10 Torr water vapor. The corresponding water
exposure time is indicated in the legend. The chain length is rounded to the nearest integer.
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Figure 4.12. In situ STM images of a few O migration events (θO = 0.04 ML; Tsurf = ~170 K; PH2O
= 3 × 10-10 Torr). In each panel, the same area was imaged before and after exposure to water for
3 min. The left four panels show the addition of oxygen atoms (blue boxes); the right four panels
shows the corresponding loss of oxygen atoms (white boxes). Image size: 8 × 8 nm2; scanning
parameters: 0.1 nA; 1.4 V. Superimposed profiles are drawn to guide reading. Gold balls are Au
atoms; red balls on-top are oxygen atoms. The dark bands in E, F, G and H link group oxygen
chains.
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Figure 4.13. Corresponding STM images from Figure 4.12 but without superimposed atomic
model.

4.6.5 O, H2O and OH adsorption on Au(110)
Isolated O atoms on Au(110) are most stable in the pseudo 3-fold hollow site (Figure 4.14A) and
have a binding energy of -3.71 eV relative to a gas phase O atom, in agreement with previous
studies [8]. The binding strength of O on the Au(110) surface increases when O-atom chains are
formed (binding energy -3.81 eV/per O for two-atom chain, -3.84 eV/per O for three-atom chain),
in which O atoms are located at opposite sides of the Au atom ridge, forming a zig-zag
configuration [8, 55] (Figure 4.14B). Atomic oxygen is an electrophilic adsorbate that withdraws
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electron density from the surface and behaves as a Brønsted base [67], inducing surface strain
locally upon adsorption. Details about the bond lengths and charge exchange between the
adsorbates and the surface are given in Table 4.2. Charge density difference plots (Figures
4.14A – 4.14B) illustrate the O-induced charge redistribution at the interface upon adsorption:
a single O atom withdraws electron density from the 3 neighboring Au atoms (Tables 4.2 – 4.3),
rendering them positively charged [8, 68]. The three Au atoms move away from each other to
accommodate O atom adsorption, as discussed previously [8]; the charge exchange between the
surface and O increases at higher oxygen coverage (Tables 4.2 – 4.3), which is expected since
the adsorption energy per O is stronger by approximately 0.15 eV. Adsorption induced surface
strain is observed with the Au-Au bond lengths decreasing at the ends of the zig-zag chain and
extending locally in the middle of the chain to accommodate O adsorption (Table 4.3).
A single H2O molecule on Au(110) binds weakly to the surface through the O atom at ontop position, at a distance 2.59 Å above it (Figure 4.14C) and with binding energy equal to -0.27
eV relative to a H2O molecule in vacuum. There is no discernible change in surface structure due
to the weak binding of H2O on Au(110) is in agreement with experiment [69].
Hydroxyl adsorption at sites a, b, c, d on Au(110) were investigated (Figure 4.14D), with
binding energies of -2.80 eV, -2.79 eV, -2.71 eV and -2.60 eV respectively. An isolated OH
molecule bonds most stably at a 3-fold hollow site, although the bonding is not symmetric with
bond distances 2.27, 2.22 and 2.42 Å with atoms Au1, Au2 and Au3, (Table 4.2). Similar to an O
atom, OH adsorption induces surface strain to the surface and charge depletion from the nearby
Au atoms (Table 4.3, Figure 4.14D). Compared to O adsorption, the charge exchange of OH
with Au is smaller, consistent with the longer bond distances between OH and the Au atoms at
the adsorption site.
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Figure 4.14. On top representation of the adsorption configurations and charge density
difference isosurfaces for A) O atom, B) 3O atom chain, C) H2O and D) OH on the Au(110) surface.
Gold, red and white spheres represent gold, oxygen and hydrogen atoms respectively. Yellow
(blue) contour depicts charge accumulation (depletion). Isosurface levels are at ± 0.004 e/Bohr 3.

Table 4.2. Bond distances of oxygen, water and hydroxyl species on Au(110) and corresponding
Bader charge transfer (Δq).
Distance from Au (Å)

Charge transfer Δq (e)

Structure
dAu1

dAu2

dAu3

O

2.12

2.12

2.18

H2O

--

2.59

--

OH

2.27

2.22

2.42

dO-H (Å)

Δq(Au)

Δq(O, H2O, OH)

--

-0.80

+0.80

+0.05

-0.05

-0.49

+0.49

0.98

0.98

0.98
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Table 4.3. Bond distances of oxygen atoms in a 2-oxygen-atom and 3-oxyen-atom chain on
Au(110) surface and corresponding Bader charge transfer (Δq).
Charge transfer Δq (e)
Structure

Distance from neighboring Au (Å)
Δq(Au)

Δq(O)

dterminalO1-Au

2.01

2.12

2.19

-0.82

+0.82

dterminalO2-Au

2.01

2.12

2.19

-0.82

+0.82

dterminalO1-Au

2.01

2.11

2.17

-0.83

+0.83

dmiddleO-Au

2.01

2.01

2.17

-0.85

+0.85

dterminalO2-Au

2.01

2.11

2.17

-0.83

+0.83

2O chain

3O chain

4.6.6 Coadsorption of H2O + O and OH + OH complexes on Au(110)
In this section we provide detailed information about the bond lengths of the coadsorbed
configurations H2O + O, (OH + OH (a)) and, (OH + OH (b)) that were discussed in the main article
along with their corresponding charge density exchange with the Au(110) surface, calculated from
Bader analysis.
The strong attractive interaction between H2O and O in the coadsorbed complex H2O + O
increases the binding strength of H2O on Au(110) and also induces surface strain locally upon
adsorption. As a result, the O-H bonds in the H2O molecule are strained, compared to an isolated
H2O molecule (Table 4.4). The calculated Bader charges quantify the charge density exchange
between the adsorbates H2O, O and the Au (110) surface and charge density difference plots show
schematically the charge distribution between the surface and the adsorbed species (Table 4.4,
Figure 4.15A). More specifically, in configuration H2O + O one of the protons in the water is in
close proximity (within 1.58 Å) to the adsorbed O, demonstrating that the strong attractive
interaction and the stabilization of H2O on the surface in the presence of a nearby O atom can be
attributed at least in part to significant H bonding between H 2O and O. The O-H bonds are
significantly modified, compared to an isolated H2O molecule (1.03 and 0.97 Å). The O atom is
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located at a bridge site between Au atoms 1 and 2, and its bonds with the surface are now shorter
compared to a single O atom (Table 4.4). The structural changes induced on the surface upon
adsorption and the attractive interaction between H2O and O also reflect in the charge density
distribution between the adsorbates and the surface (Figure 4.15A, Table 4.4). The total charge
depleted from the Au surface is now partitioned between the two coadsorbed species with the O
atom accumulating 0.62 electrons and the H2O molecule 0.18 electrons, respectively.
In configuration (OH+OH (a)), the two OH molecules are in close proximity to each other
(the proton of OH1 is only 1.88 Å away from OH2) and the attractive interaction between the two
molecules arises from strong hydrogen bonding between them (Figure 4.15B). The amount of
charge depleted from the Au surface is equally partitioned between the two OH molecules
(Table 4.5). In configuration (OH+OH (b)), which is the resulting mirror image of A, the two OH
molecules are 2.31 Å apart and experience an attractive interaction of 0.03 eV.

Figure 4.15. On top representation of the adsorption configurations and charge density
difference isosurfaces for A) H2O + O , B) (OH + OH (a)) and C) (OH + OH (b)) on the Au(110)
surface. Gold, red and white represent gold, oxygen and hydrogen atoms respectively. Yellow
(blue) contour depicts charge accumulation (depletion). Isosurface levels are at ± 0.004 e/Bohr 3.
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Table 4.4. Bond distances of coadsorbed H2O+O species on Au(110) and corresponding Bader
charge transfer (Δq).
Distance from Au

Charge transfer Δq

(Å)

(e)

Structures
dAu1

dAu2

2.07

2.07

dAu3

dO-H (Å)

Δq(Au)

Δq(O,H2O)

O + H2O (b)
O

+0.62
-0.80

H2O

--

--

2.41

1.03, 0.97

+0.18

Table 4.5. Bond distances of coadsorbed OH+OH species on Au(110) and corresponding Bader
charge transfer (Δq).
Charge transfer
Structures

Distance from Au (Å)

Δq (e)

OH+OH (a)

dAu1

dAu2

dAu3

dAu4

dO-H (Å)

OH1

2.19

2.16

--

--

0.99

OH2

--

--

2.25

2.18

2.26

2.34

dOH-OH (Å)

Δq(Au)

1.88

-0.91

Δq(OH)
0.50

0.98

0.41

OH+OH (b)
OH1

0.98

0.41
2.31

OH2

2.22

2.26

137

0.98

-0.89
0.18
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Chapter 5.
Oxygen adsorption on spontaneously reconstructed Au(511)

5.1 Abstract
The four-fold site on {100} facets, which are potential catalytic sites on high-curvature gold
nanoparticles, is difficult to prepare on a gold single crystal due to surface reconstruction. Here,
the Au(511) surface with a high density of step edges and a well-maintained {100} local structure
was studied by scanning tunneling microscopy (STM), temperature programmed reaction
spectroscopy (TPRS), and density functional theory (DFT) calculations. Annealing at 550 K and
870 K induces reconstruction on the Au(511) surface to a mixture of (311) and (711) micro-terraces.
At room temperature and low oxygen coverage, oxygen adsorbs at both three- and four- fold sites
on the surface, leading to a well-ordered zig-zag structure. Oxygen atoms cause significant orbital
hybridization and a slight displacement of the gold atoms to which they bind. High oxygen
coverages induce the formation of clusters, which are not active towards oxidation of isopropanol
at room temperature and a pressure of 10−10 mbar. Oxygen adsorption saturates at 1 monolayer
(ML), and two separate oxygen recombinative desorption peaks were observed at coverages above
0.11 ML. Our characterization of this surface and the O adsorption structure allows future studies
of {100} micro-terraces for oxidation reactions, which contributes to studies on gold-based
catalysts with an irregular shape.
This paper was published in Surface Science, 2019, 679, 296-303.
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5.2 Introduction
An important overarching question in heterogeneous catalysis is whether the surface structure
has a significant effect on reactivity. Gold-based catalysts catalyze oxidation processes, including
CO oxidation and selective oxidation of alcohols, when adsorbed atomic oxygen is present [1, 2].
Some reactions have been reported to be structure sensitive. For example, gold nanorod catalysts
with a higher percentage of Au(111) facets exhibit a higher selectivity towards the Sonogashira
cross-coupling reaction between phenylacetylene and 4-iodoanisole than those with more (100)
facets [3]. Further, dynamic surface structure-activity relationships are suggested by a study that
combined environmental transmission electron microscopy and ab initio electronic calculations,
indicating that CO readily adsorbs at on-top sites on half of the top layer of Au atoms on
reconstructed {100} facets, whereas {111} facets are considered “oblivious” to CO [4]. Further,
adsorption energies of O2 and O, as well as interactions between adsorbed O atoms, have been
shown to depend sensitively on the geometry of Au surfaces [5]. In principle, structure sensitivity
of bonding and reaction at the atomic level can be understood by using single-crystal models.
A significant challenge in studying extended gold surfaces with well-defined structures is
the reconstruction that is typical during preparation in ultrahigh vacuum (UHV) conditions. The
reconstructions tend to form denser packing of Au in the top layer, often yielding qualitatively
similar local structures to the (111) surface. For instance, Au(111) reconstructs into the so-called
herringbone structure with a compressed but still three-fold symmetric surface with a (3 × 22)
supercell [6]. Au(110) forms a (1 × 2) missing row structure to form (111) micro-facets locally [7].
Au(100) forms a commensurate c(28 × 48) structure so that two layers of quasi-hexagonal-packed
layers overlap to form moiré patterns [8, 9]. In all of these cases, microfacets with three-fold
coordination sites are predominant after reconstruction, rendering it challenging to study
coordination sites with four-fold symmetry.
Unreconstructed surfaces may be present in sufficiently small nanoparticles [4, 10, 11, 12]
because the reconstructions all occur over a long length scale. Specific to Au(100), the large-scale
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c(28 × 48) reconstruction eliminates the four-fold symmetric sites. Hence, to study these types of
sites, our strategy is to investigate a single-crystal surface that retains (100) micro-terraces with
the four-fold sites, i.e., Au(n11) surfaces (n = 3, 5, 7, 9, 11, …). Prior work using low energy electron
diffraction (LEED) reported that Au(511) and Au(311) are stable upon annealing to 1073 K, while
Au(711) and Au(911) reconstruct to a mixture of Au(100) and Au(511) structures [13]. Motivated
by the prior study, Au(511) surface is studied herein because of the possibility of probing four-fold
sites.
An un-reconstructed Au(511) surface would be composed of (100) micro-terraces
spanning over three atomic rows (Fig. 1). Neighboring (100) micro-terraces are mismatched by a
half-atom distance along the [011] direction to form three-fold sites on the secondary step edges
(Figure 5.1; a primary step edge is defined as the step edge of large-scale terraces along the [011]
direction). The spacing between neighboring secondary step edges is 0.748 nm [14]. However,
Ibach pointed out that LEED is not able to distinguish between a regular (511) surface and a
mixture of (311) and (711) structures [15]. Thus, the structure of Au (511) surface remains
uncertain.
In this work, the temperature-dependent Au(511) reconstruction was identified by
scanning tunneling microscopy (STM), showing that mixtures of (311) and (711) micro-terraces
actually form on Au(511), in contrast to prior claims based on LEED [13]. The structure of oxygen
pre-covered Au(511) surfaces was studied by STM, temperature programmed reaction
spectroscopy (TPRS), and density functional theory (DFT). At low coverages, adsorbed oxygen
forms a well-ordered zig-zag structure on the reconstructed Au(511) surface, occupying both
three-fold and four-fold sites. The adsorption induces some displacement of gold atoms bound to
O and eventually causes the formation of clusters at high oxygen coverages. These clusters are less
active than the lower coverage structures for selective oxidation of isopropanol on Au(110) [36].
The results contribute to the understanding of the local structure and the role of oxygen at
gold-based catalysts with narrow terraces.
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Figure 5.1. Idealized surface structure of Au(511) without reconstruction: (A) Top view and (B)
side view of Au(511). A primitive unit cell is drawn in (A).
This paper is dedicated to the memory of our colleague and friend, Dr. Jan Hrbek − a
tremendously creative and deep-thinking scientist, who was also a man of great courage. Jan
escaped with his family from Czechoslovakia during a time of repression around 1980. He gave
up a stable position to move to the US without any guarantee of employment. Through a series of
fortunate events, he was offered a research position with Fritz Hoffman at EXXON Research,
where he did extraordinary infrared studies on Ru [16]. Jan later moved to the Chemistry
Department at Brookhaven National Laboratory (BNL) where he remained to the end of his
research career. We were fortunate enough to have regular interactions with Jan at BNL because
of our overlapping interest in the surface chemistry of Au and in the preparation of “inverse
catalysts” [17, 18]. During his research career at BNL, Jan not only did superb work but also
fostered the careers of his collaborators, many of whom are leading our field today. Jan also gave
back to the broader community as a detailee serving as a program manager in the Catalysis
Science program in the Chemical, Biological and Geological Sciences Division of Basic Energy
Sciences in Department of Energy. With this issue, we all honor Dr. Jan Hrbek for his many

145

contributions to surface chemistry and to the wider scientific community. He was exacting in his
work and was extremely interested in understanding how surface structure affects chemical
behavior; thus, we dedicate this article to Jan.

5.3 Methods
A Au(511) sample was cleaned by cycles of Ar+ sputtering (15 min), followed by annealing (20 min)
(Ar, Airgas east, ultra-high purity grade). Surface oxygen atoms were prepared by thermal
decomposition of ozone at room temperature using a direct dosing tube that was within 3 mm of
the Au(511) surface. Ozone was produced using a commercialized ozone generator (ozone
engineering, LG-7). The concentration of ozone was measured by a concentration monitor,
Teledyne Instruments, Model 454H.
All STM experiments were conducted in a commercialized Omicron VT Beam Deflection
AFM/STM chamber, which included an analysis chamber equipped with LEED and STM and a
preparation chamber for sample treatment. The background pressure was 2 × 10-10 mbar. During
experiments, LEED patterns were constantly checked to ensure no bulk reconstruction occurred.
All STM measurements were conducted at room temperature with a Pt/Ir tip.
The sample used in STM measurements was later used for temperature programmed
reaction spectroscopy (TPRS) experiments. Temperature programmed studies were conducted in
a separate chamber with a background pressure < 5 × 10-10 Torr using a triple filter Hiden
quadrupole mass spectrometer (QMS, HAL-Hiden/3F) and a heating rate of 1 K/s. The Au(511)
crystal was further cleaned by several oxidation cycles using ozone and flash annealed to 700 K
until no CO2 desorbed from the surface. For TPRS experiments, the coverage of adsorbed oxygen
was calibrated by the integrated area of O2 desorption peak due to atomic oxygen recombination
above 450 K. The saturation of the O2 peak is defined as 1 ML of atomic O on the surface.
Density functional theory (DFT) calculations were performed using the VASP code [19,20]
with

the

PBE

functional

[21]

and

Tkatchenko−Scheffler
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corrections

[22].

The

projector-augmented wave method was used for the core electrons [23, 24]. The calculated lattice
constant for Au was 4.11 Å. For the Au(511) surface, a 4 × 1 surface cell was used with 12 layers (48
total Au atoms per unit cell). For the Au (311) surface, a 4 × 2 surface cell was used with 10 layers
(80 Au atoms per unit cell). The k-point sampling grid was 7 × 7 × 1 for Au(511) and 5 × 5 × 1 for
Au(311). STM image simulation was performed using the Tersoff–Hamann method [25].
Adsorption energies in this work were calculated as Ead = (EO⁄Au − NO × EO,g − EAu )⁄NO . EO⁄Au
is the calculated energy of oxygen adsorbed on the Au surface, EO,g is the energy of an O atom in
the gas phase, EAu is the energy of the bare Au surface, and NO is the number of O atoms adsorbed
on the surface.

5.4 Results and Discussion
5.4.1 Structure of the Au(5111) surface
It is difficult to use LEED to determine the surface structure of Au(511) because of the complexity
of the patterns, yet only LEED has been used to experimentally probe the Au(511) surface in UHV
conditions [13]. The LEED pattern of many stepped metal surfaces containing (100) microterraces, such as Au(310) [26, 27], Cu(511) [28, 29], Cu(117) [30], Ag(115) [15], and Ni(771) [31],
shows exactly the un-reconstructed ideal surface. Unlike those surfaces, the LEED pattern of the
Au(511) surface contains extra spots along the [011] direction, specifically reflecting 2.5 times the
width of unreconstructed (100) micro-terraces (Figure 5.10A). Additionally, the relative spot
intensity changes with the beam energy (Figure 5.10). Sotto and Boulliard ascribed the
complexity of the pattern to contributions from both (511) and (100) facets, and long-range order
over several micro-terraces [13]. However, as discussed before, other fcc {511} metal surfaces,
which also contain (511) and (100) facets, do not show the extra spots. The as-prepared Au(511)
must undergo reconstruction to some extent, which will be resolved by STM later in this work.
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Figure 5.2. The Au(511) surface reconstructs to a mixture of (311) and (711) facets after cleaning
and heating to 550 K, based on STM images. (A) and (B) show STM images of the terrace structure
at two different magnifications. Added rows are highlighted in blue dashed boxes. Grey and black
dashed lines with double arrows indicate a double row unit and a triple row unit, respectively. (C)
shows a line-scan from the image in (B). (D) depicts a proposed model without relaxation of the
double row unit on the reconstructed Au(511) surface. The same gold rows 1 and 2 in (C) are also
marked in (D). (E) Schematic of added rows. Scanning conditions for the images shown were 1.2
V; 0.20–0.35 nA.
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The Au(511) surface reconstructs to a mixture of bright double row and triple row units,
observed in STM images (lines with double arrows in Figures 5.2A and 5.2B). In each repeating
unit, two or three bright rows separated by a wide dark row were imaged, with the former
repeating unit being most prevalent. The total width of a double row unit is ∼ 1.6 nm along the
[011] direction and is comprised of bright double rows separated by ∼ 0.5 nm and a dark row of
∼ 1.1 nm, as measured in the line scan (Figure 5.2C). The measured widths are similar to those
predicted for terraces of regular (311) and (711) micro-terraces. Specifically, the width of a double
row is similar to that of an idealized (311) terrace of 0.47 nm and the width of a triple row is similar
to that of an idealized (711) terrace of 1.028 nm without top layer relaxation [14].
Based on the measured widths of the micro-terraces, a model was proposed for the double
row unit (Figure 5.2D). Peaks 1 and 2 in the line scan (Figure 5.2C) correspond to the repeating
secondary step edges of (711) and (311), respectively (Figure 5.2D). The proposed double row
structure, i.e. (311)–(711) repeating unit, fits well on a (511) substrate, as only one extra row of
gold atoms (marked 1) is added to or removed from every other regular (511) secondary step edge.
We also note that the proposed model does not include surface relaxation, which is very likely to
occur and can lead to small variations in the width.
An added row was often observed on the as-prepared Au(511) surface (Figure 5.2A),
which can be explained well by our proposed model. During the annealing process, extra gold
atoms diffuse and form two rows on ascending secondary step edges of (711) micro-terrace (blue
dashed boxes in Figures 5.2D and 5.2E). As a result, neighboring (311) and (711) micro terraces
switch position, that is, an added row causes a swap between a double row unit and a neighboring
triple row unit, which agrees with the STM results.
A higher annealing temperature of 870 K induces the formation of more close-packed
atoms in the top layer, evidenced by a higher density of triple row units and the increased
roughness of the surface (Figure 5.3). The LEED pattern remains similar, despite an intensity
change of a few spots (Figure 5.11), which explains why a previous LEED study concluded that
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Au(511) was stable upon annealing at 1073 K [13]. The sample was cleaned for 60
sputter–annealing cycles such that no clusters were observed on the as-prepared surface using
STM; thus, we believe the impurity level is negligible, i.e., the observed structural change in large
scale was not induced by impurities.
Well-resolved STM images of the as-prepared Au(511) surface after annealing at 870 K
indicate that terraces are covered with double- and triple-row units; the latter is dominant
(Figure 5.3A). The atoms in the row of the ascending secondary step edge can only be resolved
with a sharp tip (Figure 5.3B). The repeating Au rows are marked as 1, 2, 3, and 4. According to
the line scan of the atomically resolved image (Figure 5.3C), the corrugations of the atoms
marked 2, 3, and 4 are all ∼ 0.02 nm; the spacing between neighboring atoms from 1 to 4 is
∼ 0.5 nm; and the spacing between 4 and 1 is ∼ 0.6 nm, which makes a total width of a triple row
unit ∼ 2.1 nm.
Based on STM measurements, we propose two possible models of the triple row unit
(Figures 5.3D and 5.3E). The first model (Figure 5.3D) consists of (311)–(311)–(711)
micro-terraces, where the second row next to the (711) secondary step edge (highlighted as bright
yellow in Figure 5.3D) moves slightly towards the bulk. Without the distortion of the highlighted gold, another atom is expected to be imaged between gold 4 and 1, which was not observed
in Figure 5.3C. This indicates that gold atoms in the top layers buckle due to some lattice
mismatch and strain. The second model (Figure 5.3E) consists of (311)–(311)–missing row (711).
In this model, the highlighted row of gold atoms is completely removed. Although the parameters
agree well with the measured values, the single row without neighbors (marked 1) is generally
unstable by itself. Thus, we consider the first model as more likely.
A triple row unit contains one more (311) micro-terrace (more three-fold sites from the
quasi-close-packed structure) than a double row unit. The extra (311) micro-terrace indicates the
tendency to form a more close-packed structure at a higher annealing temperature, but results in
an incommensurate top layer with the underlying (511) substrate. Extending the triple row unit
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Figure 5.3. Reconstructed Au(511) surface after annealing at 870 K. (A) and (B) show the terrace
structure. (B) shows the atomic structure of the triple rows. (C) The line-scan from (B). (D and
E) Two proposed models of the triple row unit on as-prepared Au(511) without relaxation. A
displaced row of gold atoms is highlighted as bright yellow in (D). Imaged gold rows on the surface
are marked as 1, 2, 3, 4. Scanning conditions: 1.2 V; 0.20 to 0.35 nA.
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results in a slight long-range incline of the surface (Figure 5.3C). The fact that only relatively
narrow primary terraces are observed (< 80 nm) indicates that the as-prepared Au(511) surface
from 870 K is self-limited and is not able to form large-scale stable terraces.
After being annealed to 870 K, the Au(511) surface contains large areas of primary step
bunches that form a different facet (Figure 5.4). In some cases, the facet containing step bunches
is even wider than the primary terrace. The Au(511) surface annealed at 550 K has fewer step
bunches. The facet of step bunches is made of segments of rows and kinks, and is at an angle of
12.9° with respect to the (311)–(311)–(711) primary terrace. One possible facet that has kinks and
this angle is the (46 6 −1) facet. The formation of kinks and increased roughness at elevated
temperature were proposed by Dr. Schlößer and coworkers on Ag(115) with energy
parameters calculated [32]. Neighboring segments along the row direction are half row
mismatched every time across a kink. The smallest spacing between parallel rows indicates
the existence of the (311) micro terrace. Additionally, a unit cell is formed that has vectors
of 4.35 ± 0.1 nm (along rows) and 4.0 ± 0.02 nm (across rows), angled ∼ 70° between
each other. The structure has more quasi-close-packed microstructures that are more
thermodynamically stable than (100) microfacets in (511) and (711) terraces.
5.4.2 Oxygen adsorption
At low oxygen coverages, adsorbed oxygen forms a well-ordered structure along secondary step
edges, while at high coverages adsorbed oxygen forms amorphous clusters with the Au(511)
substrate (Figure 5.5). The oxygen adsorption structure is similar to the initial state of the Au
(511) surface prepared at 550 K and 870 K (Figures 5.5A and 5.5B). Oxygen atoms bound to the
surface are imaged as dark features that alternate on each side of the Au ridges, i.e. alternating on
three-fold and four-fold sites (insert in Figure 5.5A). At high oxygen coverages of ∼0.5 ML,
oxygen adsorption induces the formation of amorphous clusters (Figure 5.5C). On the rough
surface, the original gold rows are barely visible. The oxygen-induced roughness on as-prepared
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Figure 5.4. Step bunches on the reconstructed Au(511) surface. (A) The terrace structure and
wide step bunches. (B) Zoomed in the structure of the step bunches with a unit cell drawn in a
gray box. Scanning conditions: 1.4 to 1.5 V, 0.15 to 0.56 nA.

Figure 5.5. STM images of oxygen-covered, reconstructed Au(511) at room temperature. (A)
Oxygen pre-covered surface that was previously annealed to 870 K (oxygen coverage of 0.1 – 0.25
ML). A zoomed in insert shows the adsorption structure. (B) Oxygen pre-covered surface that was
previously annealed to 550 K (oxygen coverage at 0.1 – 0.35 ML). (C) surface with an oxygen
coverage of ∼ 0.5 ML. Scanning conditions: 1.36 to 1.5 V, 0.10 to 0.12 nA. Oxygen coverage was
estimated by comparing the area of the oxygen recombination peak of the post-annealed surface
in STM to the standard peaks in Figure 5.6.
153

Au(511) is consistent with other gold surfaces [33, 34] and faceting was reported on stepped metal
surfaces, such as Cu(115) [29] and Cu(119) [35]. The clusters cannot be completely removed by
flash annealing to 870 K, and do not react with 9 × 10−10 mbar isopropanol at room temperature
within 62 min. The remaining oxygen atoms were detected during post-annealing, confirming
that O does not react (Figure 5.12). As a comparison, isopropanol consumes well-ordered oxygen
atoms rapidly on the Au(110) surface at room temperature [36]. The inertness of the clusters
agrees with previous work that high oxygen coverage has a negative effect towards catalytic
reactions on gold surfaces [37, 38].
Two distinct O2 desorption features are observed for the re- combination of O adsorbed
on Au(511) (Figure 5.6). The Au(511) surface was flash annealed at 700 K and 650 K separately,
and no dependence on the initial state of the surface was observed, which agrees with our STM
results. At an oxygen coverage of 0.11 ML, only one desorption peak at 520 K (β 2) was observed.
As the oxygen coverage increased to 0.35 ML, a second desorption peak emerged at 490 K (β1).
With increasing oxygen coverage, the low temperature peak (β1) grew faster than the high
temperature peak (β2) until both peaks saturated at 1 ML. During the process, the β2 peak shifted
to a shoulder at 530 K, and the β1 peak shifted to 520 K indicating an attractive interaction among
corresponding surface oxygen atoms. For oxygen coverages < 0.50 ML, the β2 desorption
mechanism was responsible for the majority of O2 desorption, while for oxygen coverages
> 0.50 ML the β1 desorption mechanism was dominant. The absence of new peaks as the initial
oxygen coverage increased suggests the microstructure of oxygen adsorption in clusters (Figure
5.5C) and chains (Figures 5.5A and 5.5B) are the same.
Based on a comparison between our results and the literature, the β1 and β2 peaks are very
likely due to oxygen desorption from micro-terraces and secondary step edges, which correspond
to four-fold and three-fold sites respectively, as shown with STM and DFT. Oxygen adsorption at
high coverages shares a similar local structure with low coverages, as both peaks hold for all
oxygen coverages investigated. The two oxygen recombinative desorption peaks were reported
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Figure 5.6. Two desorption features at β1 and β2, are observed for atomic oxygen recombination
to O2 on reconstructed Au(511), which correspond to desorption peaks at 490 K and 52 0K for
initial oxygen coverages < 0.5 ML. The coverage of the pre-covered oxygen varies between 0.11
and 1.00 ML, based on the integrated area of the recombinative O2 peak (the saturation peak
corresponds to 1 ML).

from other ozone-treated gold surfaces. On the Au(111) surface, one or two oxygen recombinative
peaks appear at 520 – 600 K, depending on the oxygen coverage and heating rate [39, 40]. The
two peaks are assigned as oxygen desorption from the “herringbone” reconstructed surface and
the reconstruction-lifted surface due to high oxygen coverage (> 0.1 ML or > 40 Langmuir
exposure). On the stepped gold surface Au (211) that contains (111) micro-terraces, two peaks at
540 K and 515 K are assigned to oxygen desorption from micro-terraces and secondary steps [41].
The peak at 530 K (micro-terraces) also shifts to a higher temperature as oxygen coverage
155

increases, similarly to β1 peak in this work. The stepped surface prohibits the formation of the
“herringbone” reconstruction; thus, no additional peak was observed. On the Au(110)-(1 × 2)
surface, the secondary desorption peak at a lower temperature (490 K), assigned as gold oxide,
appears at coverages higher than 1.13 ML [42]. The other peak corresponds to monolayer
adsorption. Interestingly, on the Au(100) surface, which spontaneously reconstructs under UHV
conditions, no oxygen uptake was observed after being exposed to 600 L ozone [40]. However, on
Au(311) only one O2 desorption peak around 550 K appears [40]. The peak was assigned as
desorption from unreconstructed (111) sites.
Line-shape analysis of recombinative oxygen desorption from O/Au(511) indicates
complex desorption behavior. The high temperature peak (β2) has no observable shift up to
~0.5 ML, which suggests first order desorption kinetics. The kinetics for the β 2 peak at oxygen
coverages > 0.5 ML cannot be determined because the peak position is indistinguishable as a
small shoulder on the low temperature peak (β1). The desorption of low temperature peak (β1)
shows an autocatalytic feature: (1) the steepness of the leading edge increases with coverage which
suggests an accelerated desorption process; (2) the peak position incrementally shifts toward
higher temperature for all oxygen coverages. A similar autocatalytic desorption mechanism has
been shown on O/Au(110); autocatalytic desorption of oxygen on Au(110) is attributed to the
desorption of oxygen occurring from the perimeter of clusters or islands of oxygen atoms with an
increase in reaction rate for smaller sizes [42, 43]. The complex desorption mechanism of
recombinative oxygen desorption from Au(511) warrants further investigation.
5.4.3 DFT calculations
The binding of atomic oxygen on unreconstructed Au(311) and Au(511) surfaces was studied using
DFT to model the structures present on the reconstructed surface described above (Figure 5.7,
Table 5.1). The step edges of these surfaces have quite similar O adsorption properties. Because
the local environment of steps on wider terraces, such as (711), is structurally identical to the steps
on Au(511), we expect O adsorption on the steps of these wider terraces to behave quite similarly
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Figure 5.7. O adsorption geometries for O in the three-fold hollow (A, E), O in the bridge site
(B, F), an O pair (C, G), and an O chain (D, H).

to the steps of Au(511). Therefore, we expect our Au(511) results to hold for the (711) microterraces experimentally observed in the reconstruction.
At low coverage, O prefers the two-fold bridge site on both Au(311) and Au(511), with an
identical adsorption energy of −3.53 eV (Figures 5.7B and 5.7F). The three-fold hollow at the
step is somewhat less favorable on Au(311) than Au(511) (Figures 5.7A and 5.7E). (All step edges
discussed in this section are secondary step edges.) The four-fold hollow at the upper step is even
less favorable than the three-fold hollow, with an adsorption energy of − 3.44 eV on Au(511)
(isolated O in this site is not shown). O adsorption at this site is unstable on Au(311) and relaxes
to the bridge site. On the (311) surface, two of the Au atoms in the four-fold site are at the bottom
of a step, and therefore have higher coordination numbers than the corresponding atoms on
Au(511). This higher coordination likely destabilizes the O atom in this site.
O becomes more stable upon formation of linear O–Au–O units, and these structures can
form at Au step atoms [7]. A pair of O atoms forming this structure (Figures 5.7C and 5.7G),
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Table 5.1. Average O adsorption energies in eV for various O structures on stepped Au surfaces.
Single O
Surface

Three-fold hollow

Bridge

O pair

O chain

Au(311)

− 3.43

− 3.53

− 3.57

− 3.69

Au(511)

− 3.45

− 3.53

− 3.66

− 3.76

Au(211)

-

− 3.55

-

-

Au(110)

− 3.68

-

-

-

are 0.04 and 0.13 eV more stable compared to isolated O in the bridge site, for Au(311) and Au(511)
respectively. These values are comparable to 0.07 eV, previously calculated for Au(110) [7]. An O
atom in a full zig-zag chain is even more stable, by 0.16 and 0.23 eV compared to an isolated O for
Au(311) and Au(511), respectively (Figures 5.7D and 5.7H). The difference between the
energetics for (311) and (511) is likely due to the destabilization of the four-fold site, as half of the
Au atoms that comprise this site have a different coordination number on the two micro-terraces.
The O pair and O chain cause Au atoms to move vertically away from the bulk, similar to
previous findings for Au(110) [7]. The Au step atoms in between an O pair move upward by
approximately 0.06 to 0.07 nm, while the Au step atoms that are part of O–Au–O chains move
vertically by roughly 0.06 nm. Additionally, the Au atoms shift to create a quasi-three-fold
environment for the O atoms in the four-fold hollow (Figures 5.7C, 5.7D, 5.7G, and 5.7H). For
the O–Au–O chain, this involves a horizontal translation of all the step Au atoms by roughly 0.08
nm.
As part of previous work [44], we have calculated the adsorption energy of isolated O on
the (1 × 2) missing-row reconstructed Au(110) surface and the Au(211) surface using comparable
computational parameters. O adsorbs somewhat more strongly on Au(110) than on Au(511) and
Au(311), by 0.13 eV. This is likely because the terrace atom of the three-fold site on Au(311) and
Au(511) is more highly coordinated than on Au(110). On the Au(211) surface, isolated O adsorbs
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in the bridge site, which is very similar to the bridge site on Au(311) and Au(511). This is reflected
in the similar adsorption energy on Au (211) of −3.55 eV [44].
Overall, the O adsorption trends across the (311), (511), (110), and (211) surfaces can be
qualitatively understood by noting that (1) O atoms are more stable in sites with low-coordinated
Au atoms, (2) O atoms prefer three-fold hollow sites, and (3) O atoms are stabilized by the
formation of linear O–Au–O structural motifs. These three principles compete to determine site
preference and binding strength at various sites, structures, and O coverages.
To gain further insight into the nature of the O–Au bond, we calculated the projected
density of states (PDOS) for the bare Au(511) surface and for an O pair on Au(511) (Figure 5.8).
The results are similar to Au(110) [7]: Au atoms bound to an O atom hybridize significantly with
O p states, which is particularly noticeable for the peaks at −6.7 eV and −0.7 eV. The Au atom with
two O neighbors has significantly greater hybridization, while the Au with one neighbor is more
similar to the bare Au case. In the energy range shown in Figure 5.8, O p states and Au d states
are the dominant contributions to the PDOS.
The O chain is the most stable O state on the surface, and thus we expect this state to be
observed experimentally, except perhaps at very low O coverage. We therefore created simulated
STM images for comparison with the experimental STM images (Figure 5.9). As expected, we
observe a zig-zag shape along the Au ridge in the simulated STM images; a similar shape is
observed in the experimental STM (Figure 5.5). A similar O-chain structure has been observed
in STM on Pd(119) [45], which is comparable to the (511) and (711) micro terraces.
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Figure 5.8. PDOS for two cases: bare Au(511) and an O pair on Au(511). In (A), the PDOS on
step Au atoms is shown for both cases. In (B), the PDOS is shown on both O atoms in the O pair
(Figure 5.7G). Au step atoms are those that are less coordinated than Au(100) surface atoms.
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Figure 5.9. O chain structure on Au(511) (A), simulated STM of this structure (B), and a real
STM image of the same scale (C).

5.5 Conclusion
The as-prepared Au(511) surface was studied by LEED and STM with two annealing temperatures
of 550 K and 870 K. It was found that the surface is reconstructed to a mixture of (311) and (711)
micro terraces along with step bunches. Furthermore, the surface reconstruction is temperature
dependent: a higher annealing temperature leads to a higher density of (311) micro terraces that
contain more close-packed local structures. Based on atomically resolved STM images, possible
models were proposed for the dominant surface structure: a (311)–(711) double row unit was
proposed for the low-temperature annealed surface, and a (311)–(311)–buckled (711) triple row
unit was proposed for the high-temperature annealed surface. No evidence of a hexagonal-like
reconstruction, as is seen on Au(100), was found.
The structure of oxygen adsorption on the as-prepared Au(511) surface was identified
using STM and TPRS combined with DFT calculations. At low coverages, oxygen atoms form a
well-ordered structure on the surface by exposure to ozone at room temperature. For isolated
atoms, adsorption on the bridge site at the secondary step edge leads to the lowest adsorption
energy on (100) micro terraces. For O pairs, adsorption on a gold atom at secondary step edges
leads to a linear O–Au–O unit. Additionally, O pair adsorption on Au(311) was calculated to be
161

0.09 eV less stable than on Au(511) secondary step edges, which is ascribed to a different
coordination number of the binding gold atoms. Zig-zag O chains form in an alternating structure
on Au secondary step edges, occupying both four-fold and three-fold sites, which agrees with the
observation of two oxygen recombinative peaks at oxygen coverage above 0.11 ML from TPRS. In
other cases where O chain formation is found, the ends of the O chains are generally more reactive
towards oxidation of other species (e.g., CO or CO2) [7, 46], and we expect this to be true for
Au(511) as well. Trends in the O binding strength can be qualitatively understood based on the
coordination number of the O, the coordination number of the Au atoms that the O is bound to,
and the stabilization from O−O interactions across steps. At high coverages, the surface is severely
roughened by the formation of clusters, which are less active than oxygen chains towards O−H
bond cleavage of isopropanol.
The results contribute to fundamental understanding of highly stepped sites and high
curvature sites of nanoparticle-based catalysts for oxidation reactions at various temperatures,
since the local environment on the catalysts can be similar to those discussed in this work. Highly
stepped surfaces with micro terraces are also an ideal model system when long-range ordered
surface terminations are not stable or easily reconstruct.
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5.6 Supporting Information

Figure 5.10. (A) A schematic of unreconstructed Au(511) surface with a primitive unit cell
highlighted in a gray box. (B) and (C) LEED pattern of as-prepared Au(511) surface by sputtering
at room temperature followed by annealing at 550 K. Beam energy is indicated in each panel. The
primitive unit cell and 1/2.5 of the unit cell are marked in (B).

Figure 5.11. LEED pattern of as-prepared Au(511) surface by sputtering at room temperature
followed by annealing at 870 K. Beam energy is indicated in each panel. The primitive unit cell,
as drawn in Fig. 2, and 1/2.5 of the unit cell are marked in (A).
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After exposure to isopropanol for 62 min, no obvious reduction of surface clusters was
observed. A signature oxygen recombination peak was detected by mass spectrometry when
annealing the post reaction surface in Figure 5.12C, which supports the argument that oxygen
was not consumed completely.

Figure 5.12. In situ STM images of oxygen covered Au(511) surface after being exposed to
9 × 10-10 mbar isopropanol at room temperature. Exposure time is indicated in each panel. Image
size: 27 × 39 nm2; scanning conditions: 1.45 V, 0.15 nA.
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Section 3. Surface chemistry of palladium-silver surfaces

Overview
The following section of the thesis investigates fundamental interactions between palladiumsilver surfaces and adsorbates to provide understanding for a range of reactions facilitated by
palladium-silver surfaces. Palladium-silver surfaces are highly selective hydrogenation catalysts
that are currently used industrially [1]. Pretreatments of the catalyst with a reactive gas
environment are commonly used to form a more desirable surface for increased reactivity,
necessitating an investigation into the material rearrangement of a palladium-silver surface under
thermal treatments and under reactive gas environments (Chapter 6) [2]. Further, the
interaction of internal metallic and oxide palladium-silver interfaces under such conditions may
change the catalyst structure; therefore an investigation into the structure and chemical
environment of metallic palladium deposited on a silver oxide surface was performed
(Chapter 7) [3]. Palladium-silver catalysts exhibit better selectivity for a given conversion than
pure palladium or silver catalysts, however the fundamental role of silver in promoting efficient
catalysis over pure palladium has not been conclusively determined [1]. It has been proposed that
synergistic effects between two metal components could originate from reactant activation and
intermediate formation (e.g. H2 to H atoms) on one component (palladium), followed by
intermediate migration and reaction on another component (silver) [4]. An investigation of the
migration of intermediates across a palladium-silver interface was performed by probing the
interaction of H2 with metallic palladium islands on a silver surface (Chapter 8). This general
concept can also be applied to oxidative processes, including possibly alkane activation, where
palladium oxide can readily form alkyl intermediates from alkanes and silver oxide can facilitate
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selective partial oxidation of these alkyl intermediates; therefore, an investigation was performed
on a dynamic palladium-silver interface for the model reaction of H2 with a palladium-silver oxide
surface (Chapter 9) [5]. Further, palladium-silver catalysts also have shown enhanced
performance for formic acid decomposition to molecular hydrogen and carbon dioxide, enabling
formic acid to possibly be used for storage of molecular hydrogen [6]. The enhanced performance
has hypothesized to be a result of modification of the electronic structure of the metals due to the
intimate contact between palladium and silver; therefore an investigation of ultrathin films of
silver on palladium for modified electronic structure and enhanced reactivity with formic acid was
performed (Chapter 10) [7]. These investigation provide insight into fundamental principles
that guide the formation and restructuring of these palladium-silver interfaces, the migration of
intermediates across palladium-silver interfaces and the effect of intimate contact between
palladium and silver on the electronic structure for palladium-silver catalysts.
First, the dynamic nature of the palladium-silver interface is explored by investigating the
dependence of the surface composition on reaction environment (temperature and gas partial
pressure) (Chapter 6) [2]. A palladium rich surface composition is stabilized at room
temperature under vacuum conditions; however, this is a metastable state and mild temperatures
leads to silver overgrowth of palladium leading to a silver rich surface composition. The driving
force for this rearrangement is the more favorable surface free energy of silver in the absence of
adsorbates. However, a carbon monoxide or oxygen gas environment can respectively induce the
adsorption of carbon monoxide at room temperature and dissociative adsorption of molecular
oxygen at mild temperatures which drives the segregation of palladium to the surface. The driving
force for segregation is that the strong adsorption of carbon monoxide and oxygen provides an
energetic stabilization for palladium to be present on the surface. Therefore, the surface
composition of the palladium-silver interface is dynamic under reaction conditions (temperature
and gas partial pressure), which suggests a tunability of surface composition for catalytic
conditions by tailoring the reaction conditions.
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Second, the interactions between silver oxide and palladium is explored by investigating
the chemical environment and structure of both palladium and silver when palladium is grown
on silver oxide (Chapter 7) [3]. The growth of palladium on silver oxide leads to a facile, shortrange transfer of oxygen atoms to palladium and subsequent formation of palladium oxide. This
phenomenon is attributed to the greater oxiphilicity of palladium energetically driving oxygen
atom transfer. The growth of palladium on silver oxide, initially forms well dispersed, single
atomic layer clusters of palladium templated by the structure of the underlying silver oxide;
however, increasing palladium content leads to a transition to bi-layer (two atomic layer) clusters
of palladium that aggregate until forming a nearly conformal bi-layer film. The structure of the
palladium-silver oxide interface suggests an interplay between strong interfacial bonding of
palladium (oxide) to silver oxide and bonding of palladium to palladium (oxide). These results
demonstrate that the structure and chemical environment of a palladium-silver oxide interface
can exhibit complex migration of intermediates (oxygen atoms) and interface restructuring.
Third, the migration of intermediates across a metallic palladium-silver interface is
explored by investigating the interaction of molecular hydrogen with metallic palladium on
metallic silver (Chapter 8). Hydrogen atom migration is demonstrated via molecular hydrogen
dissociation on palladium followed by hydrogen diffusion across a palladium-silver interface to
silver, where direct hydrogen atom adsorption from the gas phase is endothermic. Hydrogen atom
migration to silver is facilitated by populating metastable, weakly bound sites on palladium at
high hydrogen atom coverages which provide a kinetically feasible pathway for hydrogen atom
migration to silver. The kinetics of hydrogen atom migration are dependent on the palladiumsilver interface length, where small domains of palladium can more efficiently supply hydrogen
atoms to silver. This study clearly demonstrates that the nature of the palladium-silver interface
(e.g. presence of weakly bound adsorption sites and interface length) directly controls the
migration of intermediates across a metallic palladium-silver interface.
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Next, the migration of intermediates across a dynamic palladium-silver oxide interface
and the effect on reactivity is explored by investigating the interaction of molecular hydrogen with
palladium oxide on silver oxide and comparing the reactivity of the two oxides with their pure
metal counterparts (Chapter 9) [5]. The reactivity of silver oxide with molecular hydrogen in the
presence of palladium oxide is enhanced by greater than four orders of magnitude compared to
in the absence of palladium. The enhanced reactivity of silver oxide is attributed to intermediate
migration, primarily by molecular hydrogen dissociation on palladium oxide and subsequent
hydrogen atom migration to silver oxide for reaction; however, limited oxygen migration from
silver oxide to palladium for reaction may also contribute. The palladium-silver interface is
dynamic throughout the oxidation and reduction of the palladium-silver surface, where oxidation
forms segregated three-dimensional palladium oxide particles supported on silver oxide and
reduction forms intermixed palladium-silver domains. These results clearly demonstrate that the
migration of reaction intermediates and catalyst materials across interfacial boundaries can have
a significant impact on catalyst reactivity.
Last, the modification of the electronic structure of silver in contact with palladium is
explored by investigating formic acid decomposition on ultrathin films of silver grown on
palladium (Chapter 10) [7]. A single atomic layer film of silver grown on palladium can promote
formic acid decomposition below room temperature where no reactivity occurs for bilayer (two
atomic layers) films of silver or bulk silver. The enhanced reactivity of a single atomic layer film
on silver is determined to be due to a modified electronic structure that has an increased density
of occupied states near the Fermi level, which are available for interaction with adsorbates.
However, this alternated electronic structure occurs only for single atomic layer films of silver on
palladium. This works demonstrates that fine changes in the palladium-silver interface can lead
to significantly different reactivity due to altered electronic structure. Further, this highlights the
necessity of precise control of materials to exploit the modification of electronic structure for
enhancing catalytic performance.
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Chapter 6.
Dynamics of surface alloys: rearrangement of Pd/Ag(111) induced
by CO and O2

6.1 Abstract
Alloys of Ag and small amounts of Pd are promising as bifunctional catalysts, potentially
combining the inherent selectivity of the noble Ag with that of the more reactive Pd. Stable PdAg
surface alloys are prepared via evaporation of Pd onto Ag(111) at room temperature followed by
annealing at 400 K to create a model system. Using this procedure, the most stable form of the
surface alloy under vacuum was determined to be a Ag-capped PdAg surface alloy, on the basis of
a combination of X-ray photoelectron spectroscopy (XPS), scanning tunneling microscopy (STM),
and density functional theory (DFT). Extensive roughening of the surface was apparent in STM
images, characterized by islands of the Ag/PdAg/Ag(111) alloy of several layers thickness. The
roughening is attributed to transport of Ag from the Ag(111) surface into the alloy islands. Within
these islands, there is a driving force for Pd to be dispersed, surrounded by Ag, on the basis of
DFT modeling. Exposure of these Ag/PdAg/Ag(111) islands to CO (0.5 Torr) at 300 K induces
migration of Pd to the surface, driven by the energetic stabilization of the Pd−CO bond based on
ambient-pressure XPS. Once the Pd is drawn to the surface by higher pressures of CO at room
temperature, it remains stable even under very low CO partial pressures at temperatures of 300
K and below, on the basis of DFT-modeled phase behavior. Exposure to 1 Torr of O2 at 400 K also
causes Pd to resurface, and the resulting structure persists even at low pressures and
temperatures below 300 K. These results establish that the state of the PdAg catalyst surface
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depends strongly on pretreatment and operational conditions. Hence, exposure of an alloy
catalyst to CO or O2 at moderate temperatures and pressures can lead to catalyst activation by
bringing Pd to the surface. Furthermore, these results demonstrate that exposure to CO at room
temperature, which is often used as a proxy for evaluating the Pd coordination sites available in a
catalyst, changes the surface structure. Therefore, the CO vibrational frequencies measured with
diffuse-reflectance infrared Fourier-transform spectroscopy (DRIFTS) on PdAg catalyst materials
do not necessarily provide information about their working state, and fundamental
understanding of the CO-PdAg alloy is crucial.
This paper was published in The Journal of Physical Chemistry C, 2019, 123, 8312-8323.

6.2 Introduction
Metal alloys are widely studied in heterogeneous catalysis because of their potential for emergent
properties (properties distinct from the individual components). Speciﬁcally, alloys have the
potential to increase reaction selectivity beyond each single component, thereby increasing the
eﬃciency of catalytic processes and decreasing energy usage for chemical synthesis. Distinct
properties can arise in alloys because of changes in electronic structure. Such changes, which
depend on the structure and composition of the material, will dictate the chemical properties of
alloys. In heterogeneous catalysis, the bonding environment at the surface is particularly
important, because the surface directly interacts with reactants and products.
The optimal design of alloy catalysts is governed by the composition, conﬁguration, and
structure of the material to achieve high reactivity and selectivity. However, tailoring the surface
concentration and distribution of the different metals in an alloy is a significant challenge because
both kinetic and thermodynamic factors can play a vital role. Thermodynamically, the interaction
of the gas phase with the surface can strongly affect the surface free energy. For example, the
presence of H2 induces the enrichment of Pt at the surface of Pt50Co50 nanoparticles [1 , 2].
Conversely, Co segregation and formation of CoO occurred under oxidizing conditions [2].
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Similarly, compositional changes have been observed for RhPd [3], PtPd [3], and PtSn [4]
nanoparticles and single-crystal alloys, such as NiPt/Pt(111) and CoPt/Pt(111) [5]. In addition,
metastable, kinetically trapped structures may also be formed and maintained during catalysis as
is for the surface of a nanoporous Ag0.03Au0.97 alloy enriched in Ag by activation in an oxidizing
environment; the surface remains enriched in Ag under net reducing reaction conditions in
alcohol coupling because of the relatively low temperature used in the process [6].
Herein, we focused on the behavior of a surface alloy of Pd on Ag(111). Alloys that contain
Ag are of particular interest because they are capable of catalyzing highly selective reactions as a
consequence of the relatively weak binding of reaction intermediates to these surfaces and the
associated low activity for bond scission in key intermediates. Palladium was investigated
primarily because PdAg alloys are used as a means of increasing reaction selectivity for partial
hydrogenation of alkynes [7 − 11] and acrolein [12].
The low inherent reactivity of Ag is illustrated by the absence of reaction of most molecules
on its atomically clean surfaces. For example, alkenes [13 − 17], alkynes [18, 19], aldehydes
[20, 21], and alcohols [22 – 24] all reversibly desorb from well-prepared low Miller index surfaces
of Ag. Furthermore, H2 does not dissociate on Ag, and atomic H is only very weakly bound,
desorbing below room temperature [25 – 27]
The potential for highly selective reactions on the relatively inert Ag is illustrated by
coadsorption of H and reactant molecules with C ═ C and C ═ O bonds on Ag(111). Consistent with
the single-crystal studies, hydrogenation of the C ═ O bond of acrolein is also observed on a
supported Ag catalyst, albeit with low activity [28]. The presence of adsorbed H on Ag(111),
created by exposure of H atoms to the surface, leads to hydrogenation of the C O bonds in acrolein
[29] and crotonaldehyde [30]. The ability to hydrogenate the C ═ O bond on Ag(111) is attributed
to tilting of the C ═ C bond away from the surface induced by the adsorbed H [29]. More recently,
the selectivity for hydrogenation of C ═ O vs C ═ C bonds in α,β-unsaturated carbonyl compounds,
acrolein and isophorone, on Cu, Ag, and Au was related to the degree of interaction of higher
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energy molecular orbitals. Strong interaction of the C ═ C bond of acrolein even with Ag(111) leads
to substantial inner-orbital broadening and C ═ C activation, similar to Pd. In contrast, the C ═ C
bond of isophorone is not signiﬁcantly broadened, leading to preferential C ═ O bond
hydrogenation [31].
An array of selective oxidation reactions can also be induced on Ag when O(ads) is present
[32]. The challenge is to create key reactive intermediates, such as H(ads) and O(ads), that can
initiate the catalytic cycle on the Ag in order to have high activity with high selectivity.
Creation of Ag alloys has the potential of achieving the goal of initiating surface reactions
on the Ag while retaining high selectivity. The concept is to create Ag-based alloys containing a
more reactive metal, such as Pd. However, for the Pd to aﬀect reactivity, it must be on or near the
surface. Furthermore, the distribution of Pd on the surface will aﬀect selectivity. Large islands of
Pd are expected to lead to lower reaction selectivity as they approach behavior similar to the bulk.
Even though PdAg nanoparticle alloys have been tested for selective hydrogenation, their
structure and composition under reaction conditions is generally not well understood [33].
The requirement of Pd to be on the surface to aﬀect reactivity is complicated by the fact
that Ag has a substantially lower surface free energy than Pd [34]. Accordingly, the surface of
PdAg alloys is expected to be highly enriched in Ag for a clean surface [35 – 37]. On the other
hand, reactant gases can be used to induce segregation of Pd on the surface if they are more
strongly bonded to Pd than Ag and if the thermal energy is suﬃcient for mobility of the Pd in Ag.
A combination of experimental and theoretical approaches was used to understand the behavior
of PdAg surface alloys, including in the presence of reactive gases. DFT-based Monte Carlo
simulations have recently shown a strong segregation of Pd to the surface when the PdAg alloy is
subjected to a pressure of acetylene [38, 39]
In this work, a PdAg surface alloy was created by deposition of small amounts of Pd on the
Ag(111) surface and used as a model for the behavior of PdAg alloy catalysts. As anticipated, Pd at
the surface was not favored in vacuum, but instead of migrating to the subsurface region, the Pd
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became covered by a capping layer of Ag, generating a surface that is essentially pure Ag after
deposition and heating to 400 K. The strong eﬀect of reactant gases on the alloy structure and
composition is illustrated by the resurfacing of the Pd upon exposure of the Ag-terminated surface
to CO or O2 at ambient pressure, even at room temperature. These results demonstrate the high
mobility of Pd in a PdAg surface alloy even at moderate temperatures and have implications for
understanding catalyst activation and analysis. Speciﬁcally, the vibrational frequency of CO is
often used to draw conclusions about the types of Pd sites available during reaction; however, our
work shows that the CO will fundamentally change the structure of the alloy. Second, the fact that
oxygen draws Pd to the surface indicates that the typical catalyst pretreatment by calcination
(heating in O2) will also change the composition of the material.
In the spirit of honoring Professors Freund and Sauer, we demonstrate here the power of
combining experimental and theoretical approaches to understand the importance of bonding
and reactivity in heterogeneous catalysis. Through their leadership and their established
collaboration, Freund and Sauer have made intellectual breakthroughs and have advanced
methodology to advance the ﬁeld. We are grateful for their many contributions.

6.3 Materials and methods
6.3.1 Sample preparation
The surface alloys were formed using Ag single crystals (Table 6.2) as substrate with a surface
polished to the (111) plane. The Ag(111) crystals were cleaned by Ar+ sputtering (1 keV) followed
by annealing to 770 − 800 K in ultrahigh vacuum (UHV). The polished crystals were treated with
20 − 30 of these cycles before conducting any experiment. After transfer through air, around 10
cleaning cycles were completed before starting measurements. Between experiments, the samples
were cleaned with 2 − 3 cycles with the last cycle using Ar+ accelerated at 0.5 kV and a milder
anneal, typically 25 K lower in temperature. After cleaning the surface, the structure was inspected
with scanning tunneling microscopy (STM), showing regions with predominantly extended
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terraces separated by regions with higher step density. The presence of extended (111) terraces
was conﬁrmed by the sharp low-energy electron diﬀraction (LEED) pattern (Figure 6.8). Carbon
was persistently measured with X-ray photoelectron spectroscopy (XPS) on the crystal from the
surface preparation laboratory (SPL) and was, therefore, extensively cleaned with 2 keV Ar +,
followed by a ﬂash anneal to 800 K in UHV (94 cycles). The absence of impurities was determined
Figure 6.9) with ion scattering spectroscopy (ISS), using 1.5 − 2.0 keV 4He+, Auger electron
spectroscopy (AES) (Figure 6.10), and XPS measurements.
Palladium was evaporated onto clean Ag(111) from a rod with a purity of 99.99% using
electron-beam evaporators and deposited at room temperature at a rate of (2 − 3) × 10−3 ML / s.
The evaporators were water cooled to minimize outgassing and thoroughly degassed prior each
use. The amount of deposited Pd was estimated directly after deposition, i.e., prior to any
annealing. The coverage was estimated based on the Pd/Ag ratio measured by AES (before the
STM measurements) or by XPS. The measured areas (XPS) or peak intensities (AES) were
corrected for element speciﬁc and experimental factors as described in the Supporting
Information (Tables 6.3 and 6.4). The Pd coverage estimate assumed that all Pd remained on
the surface at the deposition temperature of 300 K. This calculation underestimates the amount
of deposited Pd if Pd does not remain on the surface. The estimated coverage was used to calculate
the deposition rate. After deposition, the Pd was annealed for several minutes to 400 − 452 K in
UHV.
Gas lines were baked under vacuum and ﬂushed several times before dosing gases. Gas
doses are reported in Langmuir, deﬁned as 1 × 10−6 Torr ∙ s. For sputtering, high-purity Ar was
used [Matheson, 99.9999% (UHV XPS) Praxair Ultra High Purity, 99.999% (AP XPS), and Airgas,
99.999% (STM)]. To oxidize Pd/Ag(111), high-purity O2 (Praxair 5.0 research) was used. For CO,
a mixture (Airgas) of 20% CO (purity of 99.9%) in Ar (UHV XPS) and pure CO (Praxair; purity of
99.99%) was used.
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6.3.2 X-ray photoelectron spectroscopy (UHV)
The UHV XPS system consisted of an analysis chamber (base pressure ∼ 1 × 10−10 Torr) and a
preparation chamber [base pressure (2 − 3) × 10−10 Torr], housing an electron-beam evaporator
(Focus EFM3) and a sputter gun (Perkin Elmer 04-161). The UHV XPS measurements employed
an X-ray source (Perkin Elmer 04-548/32-095 with RBD 20-042) using (nonmonochromatized)
Mg Kα radiation. The sample was irradiated under an angle of 43°, and the photoelectrons were
measured with normal emission using a hemispherical analyzer (SPECS Phoibos 100 equipped
with a 5-channel electron multiplier), at a pass energy of 10 eV and the lenses set to large-area
mode. The binding energy was calibrated by setting the Ag 3d5/2 peak to 368.2 eV [40].
Referencing the binding energy to the Fermi level was not possible due to the overlap with the Ag
4d band excited by Mg Kα3 [41]. The analysis chamber further housed LEED optics (PHI 15-120)
and quadrupole mass spectrometry (QMS; Hiden RGA) equipment. The sample was in thermal
contact with N2(l), cooling the sample to ∼ 85 K, and could be heated by thermal radiation from a
thoriated tungsten ﬁlament located behind the sample. The temperature was measured with a
K-type thermocouple placed in a hole in the center of the sample.
6.3.3 X-ray photoelectron spectroscopy (AP)
The ambient- pressure (AP) XPS experiments were performed at the bending-magnet beamline
9.3.2 of the Advanced Light Source at the Lawrence Berkeley National Laboratory. Additional
experimental details are included in the Supporting Information.
For the 3d regions of Ag and Pd, both spin−orbit-splitting components were measured,
but only the 3d5/2 regions are shown. The spectra were plotted after subtraction of a linear
background ﬁtted to the low binding-energy side of the spectra to account for a globally varying
background. Subsequently, a Shirley background describing the local inelastic background was
subtracted. Selected spectra were ﬁtted to study the contribution of individual components.
Several line shapes (Doniach-Šunjic [42], Mahan [43], and Voigt) were tested, and it was found
that the symmetric Voigt functions (in combination with a Shirley-type [44] background) yielded
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the most convincing ﬁts. The error in the binding energies is estimated from the precision with
which the Fermi level could be determined (Supporting Information). For pure Ag, the accuracy
of the Fermi level was ±0.01 eV. The error bars increased with increasing Pd loading due to the
proximity of the Pd 4d band to the Fermi level, leading to an increase of the estimated error to
±0.03 eV.
6.3.4 Scanning tunneling microscopy (STM)
The local structure of the PdAg alloy was investigated using a beetle-type scanner (RHK UHV VT
STM) mounted inside a UHV chamber (base pressure < 1 × 10−10 Torr). The preparation chamber
was equipped with AES (retarding-ﬁeld analyzer), LEED (OCI LPS075/300), and QMS (Balzers
Prisma 80 QMS200) capabilities, an electron-beam evaporator (Focus EFM3T), and a sputter gun
(Perkin Elmer 04-161). During Pd evaporation, the sample was water cooled. The sample
temperature was measured with a K-type thermocouple clamped between the sample holder and
the back of the sample.
The sample was imaged with cut PtIr tips, which were in situ conditioned by applying
voltage pulses (0.5 − 3 V, both polarities, for 10 − 100 ms) while keeping the tip−sample
separation ﬁxed. Stronger conditioning was performed by moving the tip outside the region of
interest and, ﬁrst, increasing the voltage to 8 − 10 V and, second, increasing the current to 50 nA.
After 1 − 3 h, the tunneling current was stepwise decreased. The images were recorded in a
constant-current mode using a digital controller (RHK R9). The piezo scan tube was calibrated
using monatomic steps on the Ag(111) surface and atomically resolved images of the Ag(111)
surface, after drift correction. The images were corrected by subtracting a planar background.
6.3.5 Density functional theory calculations
The alloy surface was modeled by using 6-layer slabs and either a (2 × 2) or (3 × 3) unit cell. The
bottom 3 layers were ﬁxed while the top 3 layers were fully optimized with a convergence
threshold of 0.02 eV / Å. The oxidized surface was modeled by a supercell of 4 layers, with each
of the bottom 3 layers consisting of 48 Ag atoms, while the top layer consists of 35 Pd atoms and
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28 O atoms. The PBE functional [45] and a 450-eV-cutoﬀ energy were used for all the calculations.
9 × 9 × 1, 7 × 7 × 1, and 3 × 1 × 1 K-points were used for the (2 × 2) unit cell, (3 × 3) unit cell, and
oxidized surface model, respectively. In the core-level-shift (CLS) calculations, the ﬁnal-state
approximation and half- electron excitation were used for all the species, except for the surface
Pd bound by CO, for which one-electron excitation was used. Previous studies have shown that
calculations with ﬁnal-state approximation and one-electron excitation reproduce accurately Pd
3d CLS in CO(ads)/Pd(111) compared to experiment [46]. Core-level shifts calculated with DFT
have been shown to compare well to measured values, for example, the Pd 3d, C 1s, and O 1s CLS
in CO(ads)/Pd(111) [46]; the Rh 3d surface CLS of the bare Rh(111); and Rh 3d, C 1s, and O 1s
shifts in CO(ads)/Rh(111) [47]. Herein, the method was calibrated by calculating the surface
core-level shift (SCLS) for Pd(111). The calculated SCLS is − 0.18 eV, which is similar to the
experimental value of − 0.24 eV [48]. The diﬀerence was used as an estimate for the error bar on
the calculated core-level shifts for PdAg alloys. All the calculations are performed with VASP
[49, 50] A detailed description of the calculation methods is provided in the Supporting
Information.

6.4 Results and discussion
6.4.1 Structure of the Pd/Ag(111) surface alloy
Deposition of Pd (0.2 ML) at 290 K and annealing (405 K for 2 min) resulted in the formation of
compact islands of tens of nanometers in size, 3 layers high with respect to the surrounding
Ag(111) terrace (Figure 6.1A). This arrangement results in plateaus of 4 distinct heights (Figure
6.1B), including a layer lower than the original surface. The relative contributions were such that
within this image 53 % of the surface atoms were in the lowest level (− 1), 9 % of the surface atoms
were one level higher (0), 10 % were in the level above the original surface level (1), and ﬁnally,
28 % of the surface atoms were in the layer two lattice parameters above the original surface (2).
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Figure 6.1. Multilayer islands form after deposition of Pd (0.2 ML) on Ag(111) at 290 K, followed
by annealing to 405 K for 2 min. (A) STM image showing compact islands on a single Ag(111)
terrace (Figures 6.11 and 6.12). (B) The area distribution of plateaus of the four different heights
on the surface with respect to the plane of the Ag(111) surface before deposition (level 0). Level −
1 is due to substrate etching. Level 1 is a monolayer island height, and level 2 originates from a 3layer island. The respective areas are 53 % (− 1), 9 % (0), 10 % (1), and 28 % (2). STM details:
Usample = 30 mV, Iset point = 1.0 nA. The relative areas are obtained directly from the STM scans and
are thusly broadened by a tip size effect at the island boundaries. The frame shown is 199 nm ×
129 nm. (C) Height profile along the blue line scan in part a depicting an island showing all layer
heights. The gray and black boxes under the line scan illustrate the various heights in the island
(colors match those of the height distribution).
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The structure obtained after depositing Pd at room temperature is substantially diﬀerent
from that after annealing at 405 K (Figure 6.11). Islands are also present at 300 K, but only
10 – 20 % of them are multiple-layers high with adjacent vacancy islands and compact, like the
annealed structure. Instead, most islands are only single-layer high and have a fractal shape after
deposition at 290 K. These results suggest that a metastable structure is formed at room
temperature.
Since the amount of deposited Pd (measured by AES, prior to annealing) was insuﬃcient
to form three-layer thick islands of pure Pd, the islands must contain a large amount of Ag. These
three-layer-high islands can be formed by the incorporation of Ag atoms from the substrate into
the islands, with Ag atoms forming a capping layer. This resulted in islands that were two-layers
high with respect to the original surface plane (level 0), and three-layers high with respect to the
etched surface layer (level − 1). The driving force of this migration and the burying of Pd is the
large diﬀerence in surface free energy between Pd and Ag, the former being 1.6 times higher.34
The details regarding the energetics will be discussed below. The extent of substrate etching is
rather large, as about half of the substrate atoms were removed, exposing the lower lying terrace
(level − 1). Since more Ag atoms (0.5 ML) were removed than required to cap all the islands at a
Pd coverage of 0.2 ML, a signiﬁcant amount of Ag must have been incorporated in the Pd-rich
layer (level 1) below the Ag capping layer (level 2).
Only a small percentage of the surface atoms remained in the original terrace (level 0).
Interestingly, these atoms are mostly located between the compact islands, interconnecting them.
The atoms interconnecting the islands are in close vicinity of these islands and would be expected,
kinetically, to be the ﬁrst to migrate to the top of the islands to cover the Pd. However, this is
clearly not the case, which hints that the Ag atoms in these positions are bonded more strongly.
A large fraction of the islands was covered by the capping layer, on the basis of the ratio of
the number of surface atoms in level 2 to that in level 1 measured to be 2.8. However, it should be
noted that a signiﬁcant fraction of the island (level 1) was not capped (Figure 6.1C). To complete
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the capping, Ag atoms from either the interconnecting regions between the islands (level 0) or
from level − 1 would be required. Stabilization of the interconnecting Ag atoms (level 0)
quantitatively accounts for the deﬁcit, and apparently the annealing temperature was too low to
allow the migration of Ag atoms from layer − 1. Notably, as the islands did not adsorb CO at
temperatures suﬃciently low to prevent rearrangement of this layered structure (117−130 K; see
below), it is unlikely that any Pd is exposed in these layered structures. Thus, these observations
suggest that Ag was both incorporated into level 1 and migrated on top of the island to form the
capping layer (level 2). This structure is supported by both XPS and DFT calculations (see below).
Similar structures formed on steps separating the ﬂat Ag(111) terraces (Figure 6.13).
6.4.2 Theoretical models of thermodynamic stability of Pd/Ag(111)
A Ag-capped PdAg alloy is thermodynamically the most favorable structure of the models
considered using DFT for all concentrations of Pd (Figure 6.2 and Table 6.1), in agreement
with the experimental data. Three diﬀerent types of structures were explicitly considered for the
alloys: (1) a Pd overlayer on top of Ag; (2) a surface alloy in which both Pd and Ag are in the top
layer; and, (3) a Ag-capped Ag/Pd alloy layer on top of bulk Ag (Figure 6.2). Each of these
structures was modeled as a function of Pd surface mole fraction in the range 0.25 − 1.00. Of these
models, the capped alloy was always the most stable, followed by the surface alloy, with the Pd
overlayer being the least stable (Figure 6.2). The stabilization of the subsurface alloy compared
to the surface alloy was calculated to be ∼ 0.25 eV per Pd atom for all alloy compositions (Figure
6.2). This is in agreement with previously published calculations of the segregation energies for
Pd atom in the top and second layers of Ag(111) [51, 52].
The Pd chemical potential in the capped and surface alloys increases slightly
(0.04 eV / Pd atom) with increasing Pd mole fraction, indicating some repulsion between Pd
atoms, suggesting that Pd prefers to be surrounded by Ag in the alloy (Figure 6.2). In contrast,
the chemical potential of the Pd in the overlayer decreases as the coverage increases. This change
is attributed to the low coordination number of Pd at low mole fraction. As the Pd coverage
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Figure 6.2. Computation of the change of Pd chemical potential indicates that the subsurface
PdAg alloy is the most stable of the three different models considered for all Pd mole fractions. Pd
is represented by green circles and Ag by the gray circles. Blue circles, subsurface Pd−Ag/Ag(111);
red triangles, Pd surface alloy/Ag(111); purple diamonds, a Pd overlayer on Ag(111). The overlayer
and surface structures converge for 1 ML of Pd. The overall stability decreases with increasing Pd
coverage for both the surface and subsurface alloy, indicating that dispersion of Pd is slightly
favored. Energies were calculated for 6-layer slabs in all cases using DFT (Section 6.3).
Diagrams show the side view of the surface.

increases, the average coordination of Pd also increases, reaching the limit of a full Pd layer at a
mole fraction of 1.0 (Figure 6.2). Taken together, the Ag-capped alloy with Pd surrounded by Ag
is the most stable model.
The eﬀect of surface strain was estimated for a Pd mole fraction of 1, at which point the
overlayer and the surface alloy are equivalent, yielding a surface terminated in Pd.
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Table 6.1. Change in Pd chemical potential, ΔμPd , and core-level shift of the Pd atoms in the
Pd/Ag(111) alloy
ΔμPd /eV
Pd coverage /ML

Overlayer

Surface

CLS /eV
Subsurface

Overlayer

Surface

Subsurface

0.11

− 2.55

− 0.65

0.25

− 2.58

− 3.78

− 4.03

− 0.66

− 0.21

− 0.06

0.50

− 2.88

− 3.68

− 3.93

− 0.61

− 0.26

− 0.12

0.75

− 3.24

− 3.65

− 3.90

− 0.45

− 0.23

− 0.08

1.00

− 3.60

− 3.87

− 0.32

− 0.14

1.00 (with strain)

− 3.78

−0.15

Experimentally, it is possible that the top layer of Pd is not in registry with the Ag below but is
somewhat compressed since the Pd and Ag lattice constants are slightly diﬀerent in the bulk
materials. Because the diﬀerence in lattice constants is small (∼ 5 %), such a compression would
occur over a very long length scale that is not currently tractable for DFT studies. Instead, it is
simulated by using the (2 × 2) unit cell model for 1 ML Pd/Ag(111) with the lattice constant of the
total system compressed to the value of the Pd(111) surface. The surface alloy is found to be
stabilized (green triangle, Figure 6.2), but remains less stable than the Ag-capped alloy.
6.4.3 Photoelectron spectroscopy of Ag/Pd/Ag(111)
The chemical environment of Pd deposited on Ag(111) and annealed to ∼ 400 K appears to be
invariant with the Pd content over the range of coverages studied (0.06 − 0.27 ML), on the basis
of the lack of variation of the Pd 3d5/2 binding energies and their peak widths measured using XPS
(Figure 6.3). Speciﬁcally, the full width at half-maximum (fwhm) of the Pd 3d5/2 peak varied
between 0.58 and 0.64 eV, and the peak position was between 334.87 ± 0.03 and 334.94 ± 0.02
eV. The Pd environment, therefore, appears to be similar for all Pd concentrations given the
relatively small fwhm of the peaks and the fact that there was no correlation between both the
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width and the position and the Pd loading. Notably, there is a small shoulder in all Pd 3d5/2 spectra
at higher binding energy (335.5 − 336 eV), which may be attributed to a small amount of Pd in
the surface due to the presence of residual CO in the gas phase. The eﬀect of CO is discussed in
more detail below.
The Pd 3d5/2 binding energy measured for the Pd/Ag(111) alloy of 334.9 eV indicates that
the Pd resides below the surface after heating to 400 K. The binding energy of Pd 3d5/2 for bulk
Pd(111) was previously measured to be 334.93 eV [48], which is similar to that of the annealed
Pd/Ag(111) alloy (Figure 6.3A). Furthermore, the core-level shift of Pd in the surface of bulk Pd
is substantially more negative than that estimated for the Pd in the alloy on the basis of the XPS
measurements. Speciﬁcally, the surface core-level shift (SCLS) for Pd(111) was measured to be
− 0.24 eV [48], compared to a shift in the range − 0.09 to 0.03 eV derived from the experimental
measurements here (Figure 6.3A).
The calculated Pd 3d CLSs are also consistent with Pd residing in the subsurface layer
(Figure 6.3C). The calculated Pd 3d CLS for subsurface Pd is − 0.14 to − 0.06 eV, in good
agreement with the measured values of − 0.09 to 0.03 eV. Furthermore, the calculated CLS for
Pd in the subsurface alloy is essentially independent of the Pd concentration, also in agreement
with the experimental results. The Pd 3d CLS varies between − 0.06 eV for 0.25 ML of Pd to
− 0.14 eV for 1.0 ML of Pd. In contrast, the Pd 3d core-level shifts for Pd, either on top of the
Ag(111) surface or in a surface alloy, are between − 0.3 and − 0.65 eV and between − 0.2 and
− 0.3 eV, respectively, which are substantially larger and more negative than the experimental
values. These diﬀerences are well outside the error of the calculations, estimated to be 0.06 eV
(Section 6.3). The numerical data is shown in Table 6.1.
Introduction of strain into the model for the surface alloy results in a CLS similar to the
subsurface alloy for a Pd coverage of 1.0 ML (Figure 6.3C). (Note that, at 1.0 ML, the surface
alloy and Pd overlayer are identical.) The CLS was simulated by calculating the core-level shift for
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Figure 6.3. XPS and DFT provide evidence that Pd resides in the subsurface region after heating
to 400 K. (A) Pd 3d5/2 spectra for various amounts of Pd deposited followed by heating to ∼ 400
K show that the peak position is essentially independent of the Pd content and shifted negatively
relative to the bulk Pd(111) peak at 334.93 eV (dotted line) [48]. (B) Difference between the
spectra for the highest Pd content (0.27 ML) and the lowest (0.06 ML), which demonstrates that
there are no new features that arise due to increasing Pd exposure. The shoulder at higher binding
energy in both parts A and B may be attributed to adsorption of background CO (Figure 6.5A).
(C) Calculated Pd 3d5/2 core-level shifts (CLS) for the three different models considered: Pd in
the subsurface (blue circles), in the surface (red triangles), and on top of the surface (purple
diamonds). The calculated core-level shift for a strained Pd overlayer (1 ML Pd on top of Ag(111)
with the lattice constant of Pd) is indicated by the green triangle. The CLS decreases from − 0.36
to − 0.15 eV after the lattice of the model was compressed to match the Pd lattice constant (green
triangle). All spectra were recorded with a photon energy of 435 eV, resulting in emission of
photoelectrons with a kinetic energy of ∼ 100 eV and an IMFP [53] of 0.4 − 0.5 nm.
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a 1 ML Pd/ Ag(111) structure with the lattice constant compressed to the value of the Pd(111)
surface.
This model forces the compression to occur over an extremely short length scale and,
therefore, will overestimate the eﬀect. Within this model, the core-level shift for the Pd 3d peaks
changes from − 0.36 to − 0.15 eV. While it is not possible to quantify the eﬀect of strain in a
realistic system, it is clear that strain will tend to decrease the core-level shifts.
The presence of a variety of chemical environments for the Ag in the alloy is indicated in
surface-sensitive Ag 3d5/2 spectra of Pd/Ag(111) (Figures 6.4A and 6.4B), consistent with the
conclusion that Ag caps the islands observed in STM (Figure 6.1) so as to create a distinct
chemical environment (Figure 6.2). The Ag 3d5/2 peak is substantially broader for the alloy
compared to that for pristine Ag(111) (Figure 6.4A). The fwhm of the Ag 3d5/2 peak increased
from 0.51 eV for clean Ag(111) to 0.76 eV for the highest Pd loading (0.27 ML). The broadening
was asymmetric and resulted in a concurrent shift from 368.14 ± 0.02 to 368.02 ± 0.03 eV. The
diﬀerence between the spectra for pristine Ag(111) and that for the highest Pd coverage shows a
strong intensity increase at 367.77 eV. These changes suggest that there are distinct core-level
shifts for the Ag atoms below the islands (level 0), in the islands (level 1), and capping the islands
(level 2). The diﬀerence spectrum shows that the average Ag core-level shift was around − 0.4 eV,
compared to Ag atoms in the surface or bulk of the pristine Ag(111) surface.
The shift to lower binding energy of the Ag 3d5/2 peak indicates that the average Pd−Ag
coordination increases with higher Pd coverages, indicating that Ag disperses into the Pd
(Figure 6.2). This conclusion is based on the linear correlation of the calculated Ag 3d5/2 CLS
with the number of Pd neighbors (Figure 6.4C) and the corresponding shift to lower binding
energy of the experimentally measured Ag 3d5/2 peak (Figures 6.4A and 6.4B). The shift stems
from a higher fraction of Ag atoms coordinated to, possibly, more Pd with increasingly higher Pd
coverages. The linear relationship is used to estimate the average number of Pd neighbors for Ag.
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Figure 6.4. Shift to lower binding energy and broadening of the Ag 3d peaks as Pd content is
increased indicate that Ag alloys with Pd, on the basis of (A) X-ray photoelectron data for the Ag
3d5/2 (A, B) and (B) calculation of the Ag 3d core-level shift (CLS) as a function of the number
of Pd atom neighbors. The change in the Ag 3d5/2 peak is further illustrated in the difference
spectrum (B) between pristine Ag(111) and Ag(111) with the highest Pd loading (0.22 ML). The
experimental data were obtained after deposition of various amounts of Pd on Ag(111) at 300 K
followed by annealing to 400 K. Surface-sensitive Ag 3d5/2 photoelectron spectra (A) were
obtained using a photon energy of 468 eV, resulting in emission of photoelectrons with a kinetic
energy of ∼ 100 eV and an IMFP [53] of 0.4−0.5 nm. The Ag 3d5/2 spectra were individually
normalized to the maximum intensity to show the shape change of the Ag 3d peak irrespective of
the intensity attenuation by Pd. Calculated Ag 3d core-level shifts (C) of various PdAg structures
and pure Ag(111) without Pd neighbors, show that the CLS of surface Ag has a linear correlation
with the number of Pd neighbors.
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For example, the average number of Pd neighbors for Ag is estimated to be 3 for 0.27 ML Pd on
the basis of the Ag 3d5/2 shift of − 0.2 eV for (Figure 6.4).
The near-perfect linear correlation between the Ag 3d CLS and the number of Pd
neighbors in structures having Ag atoms with various PdAg conﬁgurations shows that the exact
PdAg conﬁguration is not critical for the Ag 3d CLS. The linear scaling relationship between the
Ag 3d surface CLS and the number of Pd neighbors was derived from calculation of the Ag 3d CLS
for the Ag surface atoms (coordination number is 9) in a large array of surface and subsurface
alloys (Figure 6.14 and Table 6.5). The calculated CLS for surface Ag in pristine Ag(111) is − 0.1
eV. The value is rather small, and it is not resolved in the experimental data.
The progressive broadening of the Ag 3d peaks with higher Pd coverage indicates that the
variation in Ag−Pd coordination became higher with larger Pd coverage. This suggests that the
in-plane mixing of Pd and Ag is slower for larger islands; therefore, these islands would exhibit a
large concentration gradient form the perimeter to the center.
6.4.4 Exposure to CO
Exposure of the Ag/PdAg/Ag(111) surface alloy to CO (p CO = 0.5 Torr) induces segregation of Pd
to the surface even at room temperature, demonstrating the ability of the alloy to restructure even
under moderate conditions. The resurfacing of Pd is important because at least a small amount of
Pd needs to be at the surface for catalytic function.
The eﬀect of CO exposure on the distribution of the Pd in the surface alloy was
demonstrated using density functional theory and ambient-pressure XPS (Figure 6.5). At high
temperature and low pressure of CO, the subsurface Pd alloy is thermodynamically the most
stable, as discussed above (Figure 6.5B). For example, pure Ag/ PdAg/Ag(111) is favored at 400
K and CO pressures below 10−4 Torr.
At higher CO pressure (0.5 Torr), resurfacing of Pd is shown by experimental
measurements of a new peak in the Pd 3d5/2 spectrum associated with the presence of CO
(Figure 6.5A). Density functional theory likewise predicts that the most stable phase is for Pd to
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Figure 6.5. CO adsorption at room temperature leads to resurfacing of the Pd (0.27 ML). In the
surface-sensitive Pd 3d5/2 photoelectron spectra (A), a new peak appears at 335.85 eV upon
exposure to 0.5 Torr CO at room temperature (black curve). The main Pd 3d5/2 peak is also shifted
to slightly higher binding energy relative to the peak for the as-prepared surface alloy under UHV
conditions (blue curve). Spectra (A) were obtained using a photon energy of 435 eV, resulting in
emission of photoelectrons with a kinetic energy of ∼ 100 eV and an IMFP [53] of 0.4 − 0.5 nm.
DFT was used to generate a surface stability diagram of Pd/Ag(111) as a function of CO pressure
and temperature (B). Pd, Ag, C, and O are colored green, gray, black, and red, respectively. At
very low pressures and temperatures above 325 K, the most stable surface is pure Ag/Pd/Ag(111).
At lower temperature and higher CO pressures, Pd segregation to the surface is favored. In the
regime relevant to the experimental conditions (white star, middle region), 75 % of the Pd is on
the surface, bound to CO, with a CO to surface Pd ratio of 2:3. In the upper left region, all the Pd
atoms in the subsurface are brought to the surface and are bound to CO, with a CO to surface Pd
ratio of 3:4.
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reside on the surface, bound to CO, as the pressure increases and the temperature decreases
(Figure 6.5B). Speciﬁcally, at 300 K and a pressure of 0.5 Torr (the experimental conditions),
75% of the Pd atoms are on the surface and bound to CO. The CO preferentially adsorbs on the
Pd3 hollow sites, and the ratio of CO to the surface Pd is 2:3. At extremely high pressure and low
temperature, the most stable structure is for all Pd to be on the surface, bound to CO (Figure
6.5B), with the ratio of CO to the surface Pd being 3:4. In this conﬁguration, 2/3 of the CO are on
the hollow sites and 1/3 of the CO are on the top sites. This adsorption pattern is the same as the
adsorption of 0.75 ML CO on the Pd(111) surface [54]. The extreme conditions for which this
structure becomes the most stable were experimentally not feasible.
Kinetic factors will also play a role in determining the actual surface coverage of Pd under
various experimental conditions. Speciﬁcally, Pd must be suﬃciently mobile to achieve the
thermodynamic structure. Although CO is predicted to induce segregation of Pd to the surface
below 275 K at CO pressures as low as 10−8 Torr (Figure 6.5B), no signiﬁcant CO adsorption
onto the annealed Pd/Ag(111) alloy is detected at 117 − 130 K (Figure 6.15). This result is
consistent with the conclusion that the islands formed (Figure 6.1) are capped by Ag. Even
though
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Pd

in

the

presence

of

CO

is

thermodynamically

favored

(Figure 6.5B), diﬀusion of Pd in Ag at these relatively low temperatures is expected to be
signiﬁcantly slower if the barrier were the same as for bulk diﬀusion (72 − 183 kJ/mol) [55]. The
estimated barrier based on the AP XPS measurements is ∼ 10 kJ/mol (0.1 eV) (see below).
For the structure on Figure 6.5B calculated to be the most stable under the experimental
conditions (white star in Figure 6.5B) of the investigated structures (Figure 6.16 and Table
6.6), the surface Pd atoms bound to CO show a core-level shift of + 1.11 eV, contrasting with the
negative CLS calculated for Pd on the bare structure (Figure 6.3C). The Pd atom remaining in
the subsurface keeps a CLS characteristic of such a subsurface position (− 0.08 eV). The CLS for
Pd bounded by CO is close to the experimental peak value (+ 0.91 eV). However, the peak is much
broader than the peak of subsurface Pd (Figure 6.5A), and this is because the CLS is dependent
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on the Pd coverage in the model (considered as 1 ML in Figure 6.5B). Lower coverage values for
Pd give higher CO/Pd ratios (up to 1) in the most favorable structure, providing Pd CLS values up
to + 1.62 eV, (Figures 6.17 and 6.18). It is expected that various local amounts of Pd on the
surface result in various CO-covered structures with a diﬀerent CLS, which explains the broad Pd
3d peak. Altogether, these results convincingly demonstrate that the CO-induced resurfacing of
Pd is thermodynamically feasible, and the amount of resurfaced Pd is dependent on the
experimental conditions.
At 300 K, exposure of the Ag-covered islands to CO at a pressure of 0.5 Torr changed the
Pd 3d5/2 spectrum drastically (Figure 6.5A), probed with AP XPS. The most notable change was
the appearance of a new, rather broad peak at higher binding energy. Additionally, the main peak
shifted slightly to higher binding energy. The spectrum was ﬁtted to estimate the 3d 5/2 binding
energy of the two contributions, which were found at 335.85 ± 0.04 and 334.94 ± 0.02 eV,
respectively. The latter was shifted with 0.07 eV with respect to the main Pd 3d5/2 peak, before CO
exposure. The ratio of the two integrated peaks is 0.77 (I334.94eV/I335.85eV). Assuming that the peak
at 334.94 eV originated from subsurface Pd and that it experienced an additional attenuation by
d
λ

the surface layer of exp(− ), the attenuation-corrected intensity ratio becomes 1.28 (d was
assumed to be equal to the monatomic step on Pd(111), 0.225 nm, and λ = 0.44 nm at KE = 100
eV [53]). This ratio hints that 4 out of 9 Pd atoms were present in the surface and binding CO
directly.
The resurfacing of Pd at room temperature was relatively fast, indicative of a modest
barrier, estimated to be at most 10 kJ/mol (0.1 eV). The spectral changes due to Pd resurfacing
were observed in the ﬁrst spectrum recorded approximately 1 − 2 min after increasing the CO
pressure. The estimated barrier would lead to a residence time, 1/exp(−

Ea
),
RT

of Pd in subsurface

layer of 55 s. Interestingly, this barrier is much lower than reported barriers for bulk diﬀusion in
PdAg alloys of 72 − 183 kJ/mol (0.7 − 1.9 eV) [55].
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The resurfacing of Pd associated with the adsorption CO is supported by the measured
increase in Pd/Ag ratio upon CO exposure at room temperature. Before exposure of the sample,
this ratio was 0.10, while it was 0.15 under the CO atmosphere. This increase originates both in
the decreased shielding of the Pd by the CO adsorption layer compared to the Ag capping layer
and the increased shielding of the Ag by the resurfaced Pd and the CO(ads).
6.4.5 Oxidation of Ag/Pd/Ag(111)
Clear evidence of Pd oxidation and migration of Pd to the surface was obtained using XPS
following exposure of the Ag/PdAg/Ag(111) surface alloy to O2 (1.0 Torr) at 400 K (Figure 6.6A).
The appearance of a broad shoulder in the Pd 3d5/2 spectrum at higher binding energy
(335.5 − 337 eV) is a clear sign of oxidation. Several diﬀerent oxide structures (surface oxide, PdO
clusters on the surface oxide, and bulk PdO) have been attributed to Pd 3d 5/2 binding energies
between 335.5 and 336.6 eV [56]. The fact that the O-induced peak was very broad and without a
clear maximum suggests the presence of multiple oxide species and an incomplete oxidation of
the Pd.
Metallic Pd is still present in the alloy after oxidation at 400 K in 1 Torr O2, on the basis
of the persistence of the Pd 3d5/2 peak at 335.0 eV (Figure 6.6A). Although repeated oxidation
at 400 K decreased the intensity of the metallic Pd peak and concurrently increased the intensity
of the shoulder at higher binding energy, complete oxidation of the Pd was not achieved. In fact,
the incremental changes in the spectrum lessened with each exposure, indicating that the rate of
oxidation decreased after the initial oxidation step.
The inability to fully oxidize all Pd could be explained by either kinetic eﬀects that prevent
Pd migration to the external surface where it can be oxidized or, thermodynamically, stabilization
of an interfacial layer of metallic Pd between the oxidized Pd and the Ag. Oxidation at higher
temperature to test the possibility of kinetic limitations was not experimentally feasible because
annealing results in the dissolution of Pd into the bulk of Ag.
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Figure 6.6. Exposure of the Ag/PdAg/Ag(111) alloy (0.17 ML) to O2 at 400 K induces migration
of Pd to the surface and formation of a Pd oxide layer. (A) Surface-sensitive Pd 3d5/2 photoelectron
spectra show the development of a broad shoulder at higher binding energy assigned to oxidized
Pd. (The spectrum of the as-prepared alloy is in blue and the alloy exposed to O2 in gray and
black.) Dotted line indicates position of bulk Pd [48]. Spectra were recorded after (1) cooling to
room temperature and (2) evacuation of the O2 atmosphere. Surface-sensitive Pd 3d5/2
photoelectron spectra (A) were obtained using a photon energy of 435 eV, resulting in emission
of photoelectrons with a kinetic energy of ∼ 100 eV and an IMFP [53] of 0.4 − 0.5 nm. (B)
Oxidation of the Pd is predicted on the basis of the surface stability diagram of Pd/Ag(111) in O2.
The dashed line represents the experimental pressure and temperature range. (C) The
Pd5O4/Ag(111) surface oxide is predicted to be stable at high O2 pressures and/or lower
temperature, using DFT. On the basis of the stability diagram (B), the surface oxide will persist at
lower temperature even under vacuum conditions once formed at higher T and p.
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A model of the Pd oxide was created using DFT, on the basis of the known structures of 2dimensional surface oxides on Pd. Oxidation of Pd(111) yields a 2-D Pd5O4 compound, having a
(√6 ×√6) unit cell and a thickness of one layer [57 − 60], and theoretical studies show that Pd 5O4
is the most thermodynamically stable surface oxide on Pd(111) [61]. Since the Ag lattice is only 5
% larger than Pd, the model adopted for the alloy is a 2-D Pd oxide on top of Ag(111)
(Figure 6.6B). Using this model (Figure 6.6B), the stability of the Pd5O4 overlayer vs the Pd
alloy was investigated as a function of O2 pressure and temperature (Figure 6.6C). The change
in chemical potential (ΔμPd ) was calculated by using the same unit cell to reduce the errors in the
model. At an O2 pressure of 1 Torr, the surface oxide is predicted to be the thermodynamically
stable phase up to a temperature of 435 K (Figure 6.6C), which agrees with the measurements.
The proposed model should only be considered as a simpliﬁed model for the oxidation process as
Ag could also be oxidized to form mixed metal oxides. This model surface oxide Pd 5O4 already
shows a higher stability than Pd subsurface alloy under experimental conditions, which
demonstrates the possibility of inverse segregation of Pd under even modest oxygen pressure.

6.5 Summarizing discussion
Our studies led us to propose a model of Pd/Ag(111) demonstrating several key features that are
important to understand catalysis driven by PdAg alloys (Figure 6.7). First, a clean and reduced
surface of a PdAg alloy will generally be terminated by Ag, on the basis of a combination of STM,
XPS, and DFT. Hence, there will be little if any Pd available for reaction on the surface in a dilute
alloy, if it were devoid of other adsorbates. Furthermore, Pd is more stable when dispersed in Ag
in a clean alloy, so that Pd tends to be surrounded by Ag, i.e., mainly in the form of single atoms.
Palladium can be drawn to the surface by exposure to reactant gases, CO and O 2, which
has important implications for catalyst activation and sustained function. Hence, these reactive
gases can be used in catalyst pretreatments to enrich the surface of a catalyst in Pd to increase
reactivity.
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The driving force for Pd enrichment in the surface is the creation of a stronger Pd−CO
bond relative to the Ag−CO bond. By drawing Pd to the surface, the Pd is potentially available for
reaction with, for example, alkynes. The Pd-rich surface is predicted to persist even at low
pressures of CO (10−6 Torr) and temperatures below 300 K (Figure 6.5). CO could also inhibit
other reactions because of its strong bonding to the Pd sites. A similar phenomenon has been
reported previously for Rh0.5Pd0.5 nanoparticles in that exposure to CO [p = 0.1 Torr; T = 300 °C
(573 K)] induced segregation of Pd to the surface [3]. In this prior work, the temperature was
suﬃciently high to ease diﬀusion of metals in the bimetallic nanoparticle.
Kinetics are also important in determining surface composition. Segregation of Pd to the
surface in the Ag/ PdAg/Ag(111) alloy induced by CO (p = 0.5 Torr) is experimentally observed at
room temperature but not at low temperatures (below 130 K). On the basis of these experiments,
the mobility of Pd in PdAg alloys should be suﬃcient under catalytic conditions for compositional
changes to be driven toward the thermodynamically favorable state in which Pd is enriched on
the surface.
The enrichment driven by CO at room temperature also has important implications for the
use of the CO stretch frequency, measured by diﬀuse-reﬂectance infrared Fourier-transform
spectroscopy (DRIFTS). Typically, DRIFTS is performed by ﬂowing CO over catalyst material at
room temperature for an extended period. Indeed, PdxAg1−x (x = 0.20 − 1.0) nanoparticles used
CO DRIFTS to conclude that Pd and Ag are mixed and that Pd is on the surface [62]. These
PdxAg1−x nanoparticles were active for CO oxidation, consistent with the expectation that both CO
and oxygen draw Pd to the surface. On the other hand, diﬀerent pretreatments and other reactions
may not result in the same surface composition, questioning the use of CO DRIFTS for evaluating
the distribution and composition of alloy surfaces under reaction conditions.
Our work also suggests that pretreatment of PdAg catalysts by treatment with O2, as used
for the PdxAg1−x nanoparticles [62] described above, will induce segregation of Pd to the surface
in the form of a surface oxide. Once the Pd is on the surface, it can participate in reactions, such
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Figure 6.7. Schematic representation summarizing this work. A clean and reduced surface of
Ag-terminated PdAg alloy forms at 400 K under vacuum. Palladium can be drawn to the surface
by exposure to reactant gases, CO and O2.

as CO oxidation. Calcining (treatment with oxygen while heating) is a common pretreatment in
heterogeneous catalysis. The work described herein suggests that treatment with oxygen induces
fundamental changes in catalyst composition that could signiﬁcantly aﬀect catalytic function.

6.6 Conclusions
A strong dependence of the surface composition of AgPd alloys on the presence of ambient gases
and temperature was demonstrated using a combination of STM, AP-XPS, and DFT. A model
system was created by depositing Pd onto Ag(111), in which the most stable form of the reduced,
clean alloy is a PdAg alloy capped by Ag on top of Ag(111). The presence of CO or reaction with O 2
favors enrichment of the surface in Pd. The strong bonding of CO to Pd relative to Ag induces
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surface segregation of Pd even for CO pressures as low as 10−6 Torr, on the basis of DFT models.
Experimentally, Pd segregation is observed at room temperature but not at low temperature
(< 130 K). This diﬀerence is attributed to the slow diﬀusion of Pd at lower temperatures. Exposure
to O2 (300 − 400 K) leads to the formation of a Pd oxide surface layer. These results contribute
signiﬁcantly to the design of pretreatment processes for PdAg alloy catalysts and also for using
CO DRIFTS to evaluate the state of the catalyst surface during reaction conditions.

6.7 Supporting information
6.7.1 Additional experimental details
Ambient-pressure XPS. The ambient-pressure (AP) XPS experiments were performed at the
bending-magnet beamline 9.3.2 of the Advanced Light Source at the Lawrence Berkeley National
Laboratory. The monochromatized X-ray irradiated the sample under an angle of 70° with the
sample normal, which was parallel to the photoemission angle. The UHV chamber (base pressure
of 7 × 10−10 Torr) holding the hemispherical analyzer (Scienta) was backfilled with gas to a
pressure of up to 1 Torr, measured with a capacitive manometer. The high-pressure environment
was separated from the beamline by a thin SiNx membrane, while the analyzer was kept under
UHV using several differential pumping stages. The first stage consisted of a cone with a pinhole
having a diameter of 1 mm. The sample was positioned within a few millimeters of the opening.
The sample was heated with a Pt button heater and the temperature was measured with a K-type
thermocouple, clamped between the sample surface and a glass spacer. In addition to the chamber
for XPS, the system consisted of a preparation chamber (base pressure in the low 10−9 range),
housing an electron-beam evaporator (Mantis QUAD-EV-C) and a sputter gun (Perkin Elmer
04-161).
The initial base was relatively low (7 × 10−10 Torr); however, the base pressure
progressively increased with repeated ambient-pressure exposure. The effective base pressure for
most experiments was in the low to mid 10−9 Torr, with CO being the predominant background
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gas. To mitigate cross contamination, the chamber was purged by exposing the analysis chamber
to an O2 pressure of 1 Torr for 10 – 20 minutes with the X-ray beam penetrating the gas phase,
further increasing the oxidizing conditions.
The synchrotron-based spectra were recorded with a 50 eV pass energy and the photon
energy was tuned to yield photoelectrons with a kinetic energy of ~ 100 eV, corresponding to an
inelastic mean free path [53] through the PdAg bulk of about 0.4 – 0.5 nm. The binding energies
were referenced to the Fermi level, measured after every monochromatic change. The position
was obtained by fitting the Fermi edge with a Fermi-Dirac distribution multiplied with a linear
function to describe an increasing density of states below the Fermi level. The result was
convoluted with a Gaussian function to account for thermal and instrumental broadening. The
error bars on the binding energies were based on the dependence of the fitted Fermi level position
with respect to the fitting window. Uncertainty in the Fermi-level position in individual fits was
much smaller. A lower limit for the uncertainty was set to 0.02 eV to account for other possible
sources of uncertainty. Typically, error bars increased with increasing Pd loading due to the
proximity of the Pd 4d band to the Fermi level.
The dissociation of O2 can be strongly enhanced by the X-ray beam or the emitted
photoelectrons. Therefore, the inherent interaction of O2 with the Ag-capped Pd layers was probed
by ensuring that the X-ray beam was blocked during O2 exposure, requiring recording the spectra
under UHV. To diminish the effect of the pressure drop by the gas escaping via the differential
pumping stage, the sample was retracted 4 mm (4 times the pinhole diameter). Since the O2
dissociation was anticipated to be very slow on the Ag-capped structures, the sample was heated
from room temperature to 400 K in 1 Torr O2. After allowing the sample to cool back to room
temperature, the O2 atmosphere was evacuated.
In the AP-XPS system, CO was dosed after passing it through a filter filled with heated
(553 ± 10 K) Cu to trap Ni carbonyl that may had form. Deposition of Ni onto the sample by Ni
carbonyl contamination in the CO stream is only a concern in the AP-XPS measurements, because
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of the much higher exposures in these measurements. Although this approach should eliminate
Ni deposition, a slow increase in Ni was detected by both the emergence of Ni 2p peaks and a
distinct change in the shape of the Fermi level. The Ni deposition rate was estimated at roughly
1 ML / h. The maximum Ni coverage for the reported CO-exposure AP-XPS experiments was
estimated at 0.1 ML. CO data did not show any correlation with the amount of Ni on the surface.

Table 6.2. Details regarding single-crystal samples used in the experiments.
Material Surface

Purity / %

Supplier

Roughness after

Orientation

polishing / nm

precision / °

< 30

~ 0.1

< 30

< 0.1

Used in

Surface
Ag

(111)

99.9999

preparation

UHV XPS

laboratory
Princeton
Ag

(111)

research
(polishing
only)
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STM & AP
XPS

6.7.2 Characterization of clean Ag(111)

Figure 6.8. Low-energy electron diffraction (LEED) pattern of the clean Ag(111) surface showing
sharp spots, indicating a well-ordered surface. Image recorded at an electron energy of 88.4 eV
using OCI BDL-800-IR. Colors were inverted and contrast enhanced for clarity. The sharp pattern
was observed for beam energies as low as 44 eV.
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Figure 6.9. Ion (1.5 keV 4He+) scattering measurements of the clean Ag(111) surface showing the
absence of any significant peaks besides the one originating from scattering off the Ag surface
atoms at 1315 eV. Recorded with the sample at 85 – 90 K, with a fixed analyzer transmission
(SPECS Phoibos 100 equipped with a 5-channel electron multiplier), and a pass energy of 200 eV.
Ion beam (SPECS IQE 12/38) was purified using a Wien mass filter (SPECS WF-IQE).
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Figure 6.10. Auger electron spectrum (A) showing the absence of detectable contaminates on
the cleaned Ag(111) surface. (B) After deposition of Pd (0.2 ML) at 290 K, the Pd M45VV peak
appeared (dotted lines) at 321 and 329 eV. Recorded at 290 K, using retarding-field analyzer using
the LEED optics (OCI BDL-800-IR). Sensitivity factors at 3 kV: 0.85 (Pd) and 0.95 Ag.
Approximate inelastic mean free paths: 0.62 nm (320 – 330 eV) and 0.79 nm (340 – 360 eV).
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6.7.3 Quantification of the Pd coverage
UHV XPS using Mg Kα (hν = 1253.6 eV)

Table 6.3. Element and kinetic-energy dependent parameters used for estimating the Pd
coverage and the Pd deposition rate, based on the measured Pd/Ag ratio determined from UHV
XPS. Photon flux was constant.
Pd (KE = 918.6 eV) Ag (KE = 885.4 eV)
σ, ionization cross section [65] / Mbarn

0.362

0.405

β, asymmetry parameter [65]

1.21

1.20

λPd, inelastic mean free path in Pd [53] /nm

1.26

1.31

λAg, inelastic mean free path in Ag [53] /nm

1.35

ρ, density [66] / (g / cm3)

12.0

10.5

T, transmission factor *

0.67

0.69

a, lattice parameter [67] /nm

0.389

332d , layer (111) thickness (d√3/3) /nm

0.225

*SPECS Phoibos 100, large-area mode

The ionization cross sections were corrected for the angular dependence, by multiplying with
β

(Equation 6.1)

1 − 2 P2 (cosθ)

In this formula [68, 69], θ is the angle between the incident unpolarized photon beam and the
emitted photoelectrons, which was close to 43° and P2 (x) = 0.5(3x 2 − 1). The measured Pd and
Ag 3d5/2 peak areas were corrected with
IPd,corrected = σ

IPd,measured

Pd,corrected ⋅ λPd,KE=919eV ⋅ ρPd ⋅ TKE=919eV

IAg,corrected =

(Equation 6.2)
(Equation 6.3)

IAg,measured
σAg,corrected ⋅ λAg,KE=885eV ⋅ ρAg ⋅ TKE=885eV
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The corrected Pd/Ag ratio was used to calculate θPd , the Pd coverage (assuming a monatomichigh overlayer) with (normal photoelectron emission)
IPd,corrected
IAg,corrected

=

θPd (1 − exp (λ

dPd

))
dPd
⁄ θ (exp (
) − 1)
1 + Pd
λPd ,KE=885eV

Pd ,KE=919ev

(Equation 6.4)

AP XPS using bending-magnet light source (beamline 9.3.2, ALS)
The ionization cross sections were corrected for the angular dependence, by multiplying with
(Equation 6.5)

1 + βP2 (cosϕ)

In this formula [68, 69], ϕ is the angle between the polarization direction of the incident linearly
polarized photon beam and the emitted photoelectrons, which was 15° and P2 (x) = 0.5(3x 2 − 1).
The measured Pd and Ag 3d5/2 peak areas were corrected with
IPd,measured

IPd,corrected = σ

Pd,corrected

⋅ λPd,KE=100eV ⋅ ρPd ⋅Φhv=435eV

IAg,corrected = σ

Ag,corrected

⋅ λAg,KE=100eV ⋅ ρAg ⋅ Φhv=468eV

(Equation 6.6)
(Equation 6.7)

IAg,measured

The corrected Pd/Ag ratio was used to calculate θPd , the Pd coverage (assuming a monatomichigh overlayer) with (normal photoelectron emission)
IPd,corrected
IAg,corrected

=

dPd
))
,KE=100ev
⁄
Pd

θPd (1 − exp (λ

d

Pd
1 + θPd (exp (λPd ,KE=100eV) − 1)
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(Equation 6.8)

Table 6.4. Element and kinetic-energy dependent parameters used for estimating the Pd
coverage and the Pd deposition rate, based on the measured Pd/Ag ratio determined from UHV
XPS. Photon flux was constant.
Pd (KE = 918.6 eV) Ag (KE = 885.4 eV)
Φhv, photon flux

1.31 × 10-3

1.23 × 10-3

σ, ionization cross section [65] / Mbarn

4.03

3.94

β, asymmetry parameter [65]

0.36

0.37

λPd, inelastic mean free path in Pd [53] /nm

0.44

λAg, inelastic mean free path in Ag [53] /nm

0.53

ρ, density [66] / (g / cm3)

12.0

a, lattice parameter [67] /nm

0.389

332d , layer (111) thickness (d√3/3) /nm

0.225

10.5

6.7.4 Additional details regarding the DFT calculations
The lattice constants of bulk Pd and bulk Ag are 394 and 414 pm calculated with PBE, respectively,
differing by only ~ 5%. Since the substrate is Ag, 414 pm was used as the lattice constant. The
chemical equation used to describe the alloy formation is:
xPdatom + yAg atom + Ag(111) = Pdx Ag y /Ag(111)

(Equation 6.9)

There are 6 layers of atoms in the model with the bottom 4 layers being Ag(111) substrate
and the top 2 layers being the PdxAgy alloy. The thermodynamic stability of Pd in Ag(111) is
represented by the change in chemical potential, ΔμPd , which is the difference between the
chemical potential of Pd in the PdxAgy alloy and the chemical potential of atomic Pd.
(Equation 6.10)

GPdx Agy = GPdx Agy /Ag(111) − GAg(111)

(Equation 6.11)

1

atom
ΔμPd = x (GPdx Agy − yμbulk
Ag − xμPd )
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The Ag in PdxAgy alloy is assumed to be in chemical equilibrium with the bulk Ag, so the chemical
potential of Ag in PdxAgy alloy equals μbulk
Ag .
To explore the surface stabilities of Ag/Pd/Ag(111) with CO at different pressure and
temperature, a (2 × 2) unit cell model was built with 1 ML subsurface Pd. When CO is adsorbed
on the surface, the following process is considered:
xCO + Ag 4 /Pd4 /Ag(111) = COx Ag 4−y /Ag y Pd4−y /Ag(111)

(Equation 6.12)

The initial structure Ag 4 /Pd4 /Ag(111)means there is a pure Ag top layer and a pure Pd
sublayer on the Ag(111) substrate. CO molecules bring y Pd atoms to the surface and form the
structure: COx Ag 4−y /Ag y Pd4−y /Ag(111). The vibrational frequency of CO(g) is 2143 cm−1, while
that of CO(ads) is typically 1800 – 1900 cm−1, so the zero-point energies (ZPE) for CO vibrations
roughly cancel each other. The adsorption energy is calculated by using the following equation:
ΔG = E[COx Ag 4−y /Ag y Pd4−y /Ag(111)] − xE[CO] − E[Ag 4 /Pd4 /Ag(111)] +

(Equation 6.13)

xTS[CO]
The entropy of CO at temperature T and pressure p1 is calculated as:
p
p1

SCO (T, p1 ) = SCO (T, po ) + kln ( o )

(Equation 6.14)

SCO (T, po ) is the standard entropy for CO at temperature T and 1 bar, which is acquired from the
NIST database [64].
The oxidation of the alloy was assumed to form Pd oxide on top of the Ag(111) substrate.
z

xPdatom + yAg atom + 2 O2 + Ag(111) = Pdx Ag y Oz /Ag(111)

(Equation 6.15)

The change in chemical potential for Pd (ΔμPd) is calculated as the following equation:
1

z

z

atom
ΔμPd = x (GPdx Agy Oz − yμbulk
− 2 E(O2 ) + 2 TS(O2 ))
Ag − xμPd

(Equation 6.16)

The ZPE for O2 is ignored again, and the calculation for the entropy of O2 at temperature T and
pressure p1 is similar to that for CO:
p
p1

SO2 (T, p1 ) = SO2 (T, po ) + kln ( o )

(Equation 6.17)
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6.7.5 STM image of the Pd/Ag(111) as deposited at room temperature

Figure 6.11. As deposited (before annealing), Pd forms islands that are mostly fractal-like
shaped and single layer in height. Even at room temperature, some vacancy islands were formed
and adjacent Pd islands were covered by a Ag capping layer. STM details: U sample = 1.0 V,
Iset point = 0.2 nA, and dimensions of 122 nm × 57 nm. Imaged at room temperature.

6.7.6 Additional STM images of annealed Ag/PdAg/Ag(111)
Islands formed at steps show similar variation in heights as the island formed on the terraces. The
islands run along the step edges and recruit Ag atoms from both adjoining terraces to form the
layered structures. The maximum height level with respect to the upper terrace (level − 1) was 3
layers (level 2) and 4 layers with respect to the lower lying terrace (level − 2).
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Figure 6.12. Full-size STM image (199 nm × 199 nm) of which two details are shown (Figures
6.1A and 6.13). Image depicted after subtraction of a planar background fitted to three points in
the main terrace. STM details: Usample = 30 mV, Iset point = 1.0 nA. Imaged at room temperature.
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Figure 6.13. Elongated islands form on the Ag steps in the surface with layered structures similar
to those observed on the terraces. (A) STM image of a surface region, which had a monatomic
step separating two terraces: level 0 and − 1 before the substrate was etched to cover the Pd,
becoming levels − 1 and − 2 after etching. (See Figure 6.12 for full-size image.) Tunneling
conditions: Usample = 30 mV, Iset point = 1.0 nA. The frame shown is 96 nm × 51 nm. (B) Height
profile along the blue line (B) depicting the step and the Ag/PdAg structure that formed, having
a maximum height of 4 layers (between the capping layer, level 2, and the lower lying terrace at
− 2).
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6.7.7 Alloy structures modeled with DFT

Figure 6.14. Structures for Pd/Ag alloys modeled by a (2 × 2) unit cell with 6 layers. Pd is mixed
with Ag in the top 2 layers with various coverages.
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Table 6.5. Core-level shifts (eV) calculated for surface and subsurface Pd and Ag in Figure 6.14.
The content in the parentheses represents the coordination of the calculated atom. For example,
there are two types of surface Ag atoms in structure 4, one with coordination of 7-Ag and 2-Pd has
a CLS of −0.175 eV and the other coordination of 6-Ag and 3-Pd has a CLS of −0.210 eV.
Subsurface
Pd
coverage
(ML)
0.00
0.25
0.00

Surface
Pd 3d CLS

Subsurface
Pd 3d CLS

Surface
Ag 3d CLS

Subsurface
Ag 3d CLS

1
2
3

Surface
Pd
coverage
(ML)
0.25
0.00
0.50

-0.21 (9Ag)
-0.26 (7Ag2Pd)

-0.06 (12Ag)

4

0.25

0.25

-0.23 (8Ag1Pd)

-0.08 (11Ag1Pd)

5

0.00

0.50

-

-0.12 (10Ag2Pd)

-0.18 (7Ag2Pd)
-0.09 (9Ag)
-0.25 (5Ag4Pd)
-0.18 (7Ag2Pd)
-0.21 (6Ag3Pd)
-0.13 (7Ag2Pd)

6

0.75

0.00

-0.23 (5Ag4Pd)

-

-0.26 (3Ag6Pd)

7

0.50

0.25

-0.26 (7Ag2Pd)
-0.25 (6Ag2Pd)

-0.07 (11Ag1Pd)

-0.25 (4Ag5Pd)

-0.05 (11Ag1Pd)
-0.06 (10Ag2Pd)
-0.03 (10Ag2Pd)
-0.05 (10Ag2Pd)
-0.09 (9Ag3Pd)
-0.12 (8Ag4Pd)
-0.07 (9Ag3Pd)
-0.04 (10Ag2Pd)
-0.09 (9Ag3Pd)
-0.12 (8Ag4Pd)

8

0.25

0.50

-0.24 (8Ag1Pd)

-0.11 (10Ag2Pd)
-0.10 (9Ag3Pd)

9

0.00

0.75

-

-0.08 (8Ag4Pd)

10

1.00

0.00

-

11

0.75

0.25

-0.16 (10Ag2Pd)

-0.38 (2Ag7Pd)

12

0.50

0.50

-0.32 (3Ag6Pd)
-0.32 (4Ag5Pd)
-0.36 (5Ag4Pd)
-0.37 (6Ag3Pd)

-0.19 (6Ag3Pd)
-0.21 (5Ag4Pd)
-0.14 (6Ag3Pd)
-0.12 (7Ag2Pd)
-

13

0.25

0.75

-0.31 (7Ag2Pd)

14

0.00

1.00

-0.35 (3Ag6Pd)
-0.28 (4Ag5Pd)
-0.26 (5Ag4Pd)
-0.22 (6Ag3Pd)

15

1.00

0.25

-0.16 (9Ag3Pd)

-

-0.27 (7Ag5Pd)

16

0.75

0.50

-0.44 (2Ag7Pd)

-0.28 (6Ag6Pd)

17

0.50

0.75

-0.40 (3Ag6Pd)

-0.29 (5Ag7Pd)

18

0.25

1.00

-0.34 (4Ag5Pd)

-

19

1.00

0.50

-

-0.03 (5Ag7Pd)

20

0.75

0.75

-0.48 (1Ag8Pd)

-0.34 (4Ag8Pd)

21

0.50

1.00

-0.43 (2Ag7Pd)

-

22

1.00

0.75

-0.38 (3Ag6Pd)
-0.33 (3Ag6Pd)
-0.39 (4Ag5Pd)
-0.33 (3Ag6Pd)
-0.34 (4Ag5Pd)
-0.39 (5Ag4Pd)
-0.35 (6Ag3Pd)
-0.38 (2Ag7Pd)
-0.31 (1Ag8Pd)
-0.32 (2Ag7Pd)
-0.37 (3Ag6Pd)
-0.38 (4Ag5Pd)
-0.30 (9Pd)
-0.36 (1Ag8Pd)

-0.20 (9Ag3Pd)
-0.17 (8Ag4Pd)
-0.14 (7Ag5Pd)
-0.14 (6Ag6Pd)

-

-0.37 (3Ag9Pd)

23

0.75

1.00

-0.36 (2Ag7Pd)

-0.51 (9Pd)

-

24

1.00

1.00

-0.36 (9Pd)

-

-

No.

-0.14 (7Ag5Pd)
-0.19 (8Ag4Pd)
-0.22 (7Ag5Pd)
-0.16 (6Ag6Pd)
-0.16 (5Ag7Pd)
-0.13 (5Ag7Pd)
-0.20 (6Ag6Pd)
-0.20 (4Ag8Pd)
-0.18 (5Ag7Pd)
-0.11 (3Ag9Pd)
-0.18 (4Ag8Pd)
-0.18 (3Ag9Pd)
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-0.14 (7Ag5Pd)
-0.12 (6Ag6Pd)
-0.17 (9Ag3Pd)
-0.22 (7Ag5Pd)
-0.20 (8Ag4Pd)
-0.24 (6Ag6Pd)
-0.21 (5Ag7Pd)
-

6.7.8 XPS studies (117 – 130 K) following exposure of annealed Ag/PdAg/Ag(111) to
CO
The conclusion that CO does not adsorb on the alloy at low temperature is based on the absence
of a core-level shift in the Pd 3d5/2 spectrum after exposing the trilayer structures (0.41 ML Pd,
annealed to 450 ± 2 K for 2 – 3 minutes) to a CO dose of 100 L (5 × 10−6 Torr 20% CO in Ar for
100 s) at 117 – 130 K (Figure 6.15). This observation is consistent with the capping of the alloy
by Ag after heating to > 400 K and indicates that the mobility of Pd at the low (117 – 130 K)
temperatures is minimal.
There may be a small amount of Pd accessible on the surface or near island edges based
on the slight broadening of the Pd 3d5/2 peak at higher binding energy (335.5 – 337 eV). No distinct
peak was observed, in contrast to the observation of a clear shift after exposure of the alloy to CO
at 300 K (Figure 6.5).
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Figure 6.15. Pd 3d5/2 XPS showing that CO does not adsorb at 117 – 130 K on the annealed
Ag/PdAg/Ag(111) alloy. After annealing 0.41 ML Pd/Ag(111) to 450 ± 2 K for 2 – 3 minutes (A,
black circles), the surface was exposed to 100 L CO at 117 – 130 K (A, gray crosses). The dashed
line indicates the position of the core-level shift stemming from CO(ads)/Pd/Ag(111), obtained
from reference measurements. A small increase in intensity at higher binding energy (335 – 337
eV) was observed and emphasized in the difference spectrum (B). After exposing to 100 L CO, the
surface was flashed to 202 K to desorb any H2O(ads). The difference spectrum (C) was completely
featureless, indicating that the intensity increase in B could not be attributed to H2O(ads). All
scans recorded under UHV at 450 K (black circles) and 115 K (gray crosses). Data presented after
subtracting a Shirley background [44].
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6.7.9 DFT Models of CO binding to PdAg surface alloy

Figure 6.16. Structures for CO adsorption on Pd/Ag(111) alloy. The total coverage of Pd is 1 ML.
The structures are modeled by a (2 × 2) unit cell with 6 layers.
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Table 6.6. CO adsorption energies (eV) calculated for the structures (Figure 6.16), and free
energies (eV) at 0.5 Torr CO and various temperatures.
ΔG at 0.5 Torr
Surface Pd coverage CO coverage

ΔE

ΔE/CO

100 K

200 K 300 K 400 K 500 K

/ML

/ML

0.25

0.25

-1.25

-1.25

-1.03

-0.75

-0.45

-0.14

0.18

0.50

0.25

-1.29

-1.29

-1.06

-0.79

-0.49

-0.18

0.14

0.50

0.50

-2.50

-1.25

-2.04

-1.48

-0.89

-0.27

0.37

0.75

0.25

-1.36

-1.36

-1.13

-0.85

-0.55

-0.24

0.08

0.75

0.50

-2.79

-1.40

-2.34

-1.78

-1.18

-0.57

0.07

0.75

0.75

-2.60

-0.87

-1.91

-1.08

-0.19

0.74

1.70

0.75

1.00

-2.37

-0.59

-1.46

-0.34

0.84

2.08

3.36

1.00

0.25

-0.81

-0.81

-0.58

-0.30

0.00

0.31

0.63

1.00

0.50

-2.19

-1.10

-1.74

-1.18

-0.59

0.03

0.67

1.00

0.75

-3.09

-1.03

-2.40

-1.57

-0.68

0.25

1.21

1.00

1.00

-3.18

-0.79

-2.27

-1.15

0.04

1.27

2.55
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Figure 6.17. Surface stability diagram for CO(ads)/Pd/Ag(111). The total coverage of Pd is 0.25
ML. The white star represents the experimental conditions.

Figure 6.18. Surface stability diagram for CO(ads)/Pd/Ag(111). The total coverage of Pd is 0.50
ML. The white star represents the experimental conditions.
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Knop-Gericke, R. Schlögl, H. Gabasch, W. Unterberger, K. Hayek and B. Klotzer, Surface
Science, 2006, 600, 983-994.
222

[60]

Z. Duan and G. Henkelman, ACS Catalysis, 2014, 4, 3435-3443.

[61]

J. Klikovits, E. Napetschnig, M. Schmid, N. Seriani, O. Dubay, G. Kresse and P. Varga,
Physical Review B, 2007, 76, 045405.

[62]

L. Ström, H. Ström, P. A. Carlsson, M. Skoglundh, and H. Harelind, Langmuir, 2018, 34,
9754-9761.

[63]

J. Towns, T. Cockerill, M. Dahan, I. Foster, K. Gaither, A. Grimshaw, V. Hazlewood, S.
Lathrop, D. Lifka, G. D. Peterson, R. Roskies, J. R. Scott and N. Wilkins-Diehr, Computing
in Science & Engineering, 2014, 16, 62-74.

[64]

NIST Chemistry WebBook, NIST Standard Reference Database Number 69; P. J. Linstrom
and W. G. Mallard; National Institute of Standards and Technology: Gaithersburg, MD
20899.

[65]

J. J. Yeh and I. Lindau, Atomic Data and Nuclear Data Tables, 1985, 32, 1-155.

[66]

“Summary of Properties of the Elements” in CRC Handbook of Chemistry and Physics,
99th edition; J. R. Rumble; CRC Press/Taylor & Francis: Boca Raton, FL, 2018.

[67]

C. N. Rao and K. K. Rao, Canadian Journal of Physics, 1964, 42, 1336-1342.

[68]

D. J. Kennedy and S. T. Manson, Physical Review A, 1971, 5, 227.

[69]

J. W. Cooper and S. T. Manson, Physical Review, 1969, 177.

223

Chapter 7.
Growth and auto-oxidation of Pd on single-layer AgOx/Ag(111)

7.1 Abstract
We investigated the growth and auto-oxidation of Pd deposited onto a AgOx single-layer on
Ag(111) using scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS).
Palladium initially grows as well-dispersed, single-layer clusters that adopt the same triangular
shape and orientation of Agn units in the underlying AgOx layer. Bi-layer clusters preferentially
form upon increasing the Pd coverage to ~ 0.30 ML (monolayer) and continue to develop until
aggregating and forming a nearly conformal Pd bi-layer at a coverage near 2 ML. Analysis of the
STM images provides quantitative evidence of a transition from single to bi-layer Pd growth on
the AgOx layer, and a continuation of bi-layer growth with increasing Pd coverage from ~ 0.3 to 2
ML. XPS further demonstrates that the AgOx layer efficiently transfers oxygen to Pd at 300 K, and
that the fraction of Pd that oxidizes is approximately equal to the local oxygen coverage in the
AgOx layer for Pd coverages up to at least ~ 0.7 ML. Our results show that oxygen in the initial
AgOx layer mediates the growth and structural properties of Pd on the AgO x/Ag(111) surface,
enabling the preparation of model PdAg surfaces with uniformly distributed single or bi-layer Pd
clusters. Facile auto-oxidation of Pd by AgOx further suggests that oxygen transfer from Ag to Pd
could play a role in promoting oxidation chemistry of adsorbed molecules on PdAg surfaces.
This paper was published in Physical Chemistry Chemical Physics, 2020, 22, 6202-6209.
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7.2 Introduction
Applications of oxidation catalysis using alloys introduces the possibility that one or both of the
metallic components transform to a metal-oxide(s) that acts as an active phase in promoting
catalytic chemistry. An example is the complete oxidation of methane over PdPt alloys for which
PdO serves as the active phase for methane oxidation [1, 2]. Alloys of Pd with Ag or other coinage
metals are also promising as catalysts for oxidation chemistry. Palladium forms an oxide that is
highly active in promoting the dehydrogenation and complete oxidation of hydrocarbons and
other compounds [3], while oxygen-covered Ag is active in promoting both partial and complete
oxidative transformations of organic compounds, depending on the nature and concentration of
oxygen on the Ag surface [4 − 8]. The combination of Pd and Ag in a single material could affect
selective oxidative transformations by a mechanism wherein PdO activates reactant molecules
and the resulting intermediates migrate onto Ag sites and partially oxidize to generate valueadded products.
Advancing the basic understanding of the behavior of PdAg surfaces under oxidizing
conditions is important for guiding catalyst design. Prior studies show that PdAg surfaces can be
highly dynamic at modest temperatures. For example, Pd atoms aggregate to form large islands
on Ag(111) at room temperature, and heating to only 400 K in UHV is sufficient to promote the
formation of a Ag capping layer on top of the Pd islands thereby lowering the surface free energy
[9]. Exposure to elevated pressures (~1 Torr) of O2 draws Pd back to the surface of PdAg islands
and produces Pd oxide structures even at 400 K due to the thermodynamic preference for Pd over
Ag oxidation [9]. Similarly, oxidation of a Pd75Ag25(100) alloy generates a PdO(101) single-layer
that is separated by the stoichiometric bulk alloy by an Ag-rich interfacial layer [10]. The
formation of such an Ag-rich interface could influence the chemical properties of the PdO(101)
surface, and illustrates the potential for generating unique structures by oxidizing alloy surfaces.
These prior studies show that the atomic distribution of PdAg surfaces can change dynamically in
response to the reactive environment even at mild temperatures, and motivate investigations to
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further clarify how oxidizing conditions influence the structural and chemical properties of PdAg
surfaces.
In the present study, we investigated the growth of Pd deposited onto a well-ordered AgOx
single-layer on Ag(111). A key aim of the work is to characterize the evolution of surface structure
and oxidation states in a PdAg system that features an initial gradient in the oxygen chemical
potential because the deposited metal (Pd) forms a more stable oxide than the metal-oxide
support (AgOx). We find that oxidizing Ag(111) enhances the adhesion of Pd to the surface and
strongly influences the morphology and chemical nature of the deposited Pd. Our results show
that oxygen migration from Ag to Pd is facile and may play a role in mediating chemical processes
on PdAg surfaces.

7.3 Experimental details
Scanning tunneling microscopy (STM) measurements were performed in an ultrahigh vacuum
(UHV) system described previously [11]. The UHV chamber is equipped with a scanning tunneling
microscope (RHK), a four-grid retarding field analyzer (SPECS) for low-energy electron
diffraction (LEED) and Auger electron spectroscopy (AES), a quadrupole mass spectrometer
(QMS) (Hiden), a Fourier transform infrared spectrometer (FTIR) system, an ion sputter gun,
and an electron-beam metal evaporator (McAllister Technical Services) for vapor deposition of
Pd. The equipment used for scanning tunneling microscopy (STM) was produced by RHK and
includes a UHV 300 “beetle-type” scan head operated with an SPM 100 controller. A single-stage
differentially pumped chamber [12] is also attached to the main UHV chamber which houses an
inductively coupled RF plasma source that is used to generate atomic oxygen beams.
The Ag(111) crystal used in this study is a circular top-hat-shaped disk (10 mm × 1.65 mm)
cut to isolate the (111) surface plane within a tolerance of ± 0.1°. The sample holder consists of a
TiN-coated top ramp for STM tip approach with the sample sandwiched between sapphire
washers and secured by tungsten leaf springs. The sample holder is cooled via thermally
226

conductive contact between a copper braid and a liquid nitrogen reservoir. This design allows for
radiative and e-beam heating of the sample to 800 K, cooling to 90 K, and full electrical isolation
from electrical heating contacts to maintain a stable voltage bias for STM. The sample
temperature was monitored with a type-K thermocouple attached to the bottom of the sample.
Sample cleaning consisted of cycles of sputtering with 2000 eV Ar+ ions at a surface temperature
of 300 K, followed by annealing at 800 K for 5 min in UHV. We considered the Ag(111) sample to
be clean when Auger electron spectra exhibited no discernable signals for the C(KLL), S(KLL) and
O(KLL) peaks and we observed a sharp LEED pattern characteristic of Ag(111).
A single-layer AgOx film was grown by exposing the Ag(111) surface to an O-atom beam at
a surface temperature of 500 K followed by heating to 520 K in UHV, as discussed below. Pd films
of varying thickness were grown on the AgOx/Ag(111) surface at 300 K by vapor depositing Pd
(Alfa Aesar, 99.9%) using an electron-beam evaporator. The Pd coverage was calibrated by
collecting AES spectra as a function of the Pd exposure to clean Ag(111) at 300 K, and relating the
attenuation of the Ag MNN peak at 351 eV to the thickness of the Pd layer, assuming an inelastic
mean free path (IMFP) of the Auger electrons through Pd of 7.05 Å as estimated by the Gries
equation [13]. Coverages of Pd are computed in units of ML by dividing the thickness estimated
from the AES measurements with the monatomic step height on Pd(111) of 2.2 Å. An average Pd
deposition rate of 0.075 ML / min is estimated for our measurements. STM measurements were
performed at a sample temperature of ~ 300 K and the tunneling interaction was set to the
constant current feedback mode. Images were collected at typical scan settings in the range of
+ 0.2 to + 0.5 V sample bias and a tunneling current of 0.5 – 1.2 nA.
XPS experiments were performed in an UHV chamber that has been described previously
[9]. The preparation chamber (base pressure ~ 5 × 10-10 Torr) contains an electron-beam
evaporator (Focus EFM3) and a sputter gun (Perkin Elmer 04-161). The Ag(111) crystal was
extensively cleaned by Ar+ sputtering (2 keV) followed by annealing to 790 − 800 K in UHV.
Ozone (LG-7 Laboratory Ozone Generator) was directly dosed onto the Ag(111) crystal at 500 K,
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followed by a flash anneal to 520 K. LEED and O2 TPD results (Figure S1, Supporting Information)
provide evidence that the same AgOx single-layer structure is generated by oxidizing with atomic
oxygen or ozone at the temperatures employed. Pd was deposited at 300 K onto single-layer
AgOx/Ag(111) from a rod using the electron-beam evaporator. The Pd coverage was calibrated
based on prior Pd/Ag ratios measured by XPS on a non-oxidized sample and assuming that all Pd
remained on the surface at the deposition temperature of 300 K. For XPS measurements in the
analysis chamber (base pressure ~ 2 × 10-10 Torr) an X-ray source using (non-monochromatized)
Mg Kα radiation was employed. The sample was irradiated under an angle of 45°, and the
photoelectrons were measured at normal emission using a hemispherical analyzer, at a pass
energy of 10 eV and in the large-area lens mode. The spectra acquired on Ag(111) and Pd/Ag(111)
were fitted using a Doniach-Šunjić function [14] convoluted with a Gaussian function and
background lines obtained from Shirley’s method [15].

7.4 Results
7.4.1 Single-layer AgOx on Ag(111)
A single-layer AgOx structure was prepared by oxidizing Ag(111) with an O-atom beam at 500 K,
followed by flashing the surface to 520 K in UHV. This procedure generates large, atomically- flat
domains of an AgOx single layer (Figure 7.1A) that is comprised of a mixture of crystalline
structures with O-coverages between 0.375 and 0.4 ML, consistent with prior studies [16 − 18].
STM reveals that the AgOx single layer is comprised of large domains of the rectangular p(4 × 5√3)
structure separated by 1-2 rows of the rectangular c(3 × 5√3) structure as well as larger regions
containing the hexagonal p(4 × 4) structure (Figure 7.1B). While the p(4 × 5√3) structure is more
prevalent, the p(4 × 4) structure and the c(3 × 5√3) structure, to a lesser extent, are also present
in significant quantities. It is worth noting that the LEED pattern obtained from the AgO x layer
generated at 500 K agrees well with the pattern simulated for the c(3 × 5√3) structure, whereas
the LEED pattern obtained after flashing to 520 K no longer exhibits distinguishing spots of the
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c(3 × 5√3) structure and is instead characteristic of the p(4 × 5√3) as well as the p(4 × 4) structure
(Figure 7.7). This finding is consistent with the domain sizes that we observe with STM as well
as a recent study by Derouin et al. [16] showing that the p(4 × 5√3) structure is dominant after
oxidizing Ag(111) with atomic oxygen at 525 K.

Figure 7.1. STM images obtained after oxidizing Ag(111) with an O-atom beam at 500 K, followed
by flashing to 520 K in UHV to generate a AgOx single- layer phase with about 0.38 ML of oxygen.
(A) 100 × 100 nm (500 mV, 0.99 nA) and (B) 30 × 30 nm (354 mV, 0.91 nA). Unit cells of three
distinct AgOx structures are shown in image (B). Model representations of the single-layer AgOx
structures identified previously [17] are shown, including the (C) p(4 × 4), (D), c(3 × 5√3) and (E)
p(4 × 5√3) structures. White lines illustrate the unit cells of the AgOx structures and yellow
triangles mark the close-packed Ag6 and Ag10 building blocks in (C)–(E).
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Prior work provides detailed information about the single-layer AgOx structures that form
on Ag(111), and show that generating pure phases of a given AgOx structure is generally
challenging [16 − 21]. Schnadt et al. [17] report that each of the single-layer AgOx structures has a
stoichiometry close to Ag2O, and that the Ag and O coverages are specifically as follows; p(4 × 4):
0.75 ML and 0.375 ML, p(4 × 5√3): 0.80 ML and 0.375 ML and c(3 × 5√3): 0.80 ML and 0.40
ML. DFT calculations predict that the single-layer AgOx phases have similar thermal stability [17],
consistent with results of O2 TPD experiments [16, 22]. While the structures exhibit distinct longrange periodicity, each is comprised of a common structural motif consisting of triangular-shaped
Ag6 units that are formed from hexagonally close-packed Ag atoms and separated from one
another by rows of O-atoms (Figures 7.1C – 7.1E) [16 − 19]. The p(4 × 5√3) structure contains
triangular Ag10 in addition to Ag6 units [17]. The edges of the Agn units align along close-packed
<110> directions and the Ag atoms bond on top of either fcc or hcp hollow sites of the Ag(111)
surface. Knowledge of these structural characteristics is important for understanding the initial
growth of Pd on the AgOx single-layer.
7.4.2 Surface morphology of Pd deposited onto AgOx/Ag(111)
Figure 7.2 shows wide-scale STM images (100 × 100 nm) obtained after depositing Pd onto
single-layer AgOx/Ag(111) at 300 K to generate Pd coverages between 0.15 and 1.8 ML. The images
show that Pd deposition initially produces small domains (1 to 3 nm) that disperse uniformly
across the surface. These characteristics contrast sharply with reports that Pd agglomerates into
large islands on clean Ag(111) and tends to accumulate at step edges [9]. An implication is that Pd
interacts favorably with the AgOx phase, and that the strong Pd-AgOx interaction suppresses Pd
surface mobility and agglomeration and instead promotes the nucleation of Pd domains uniformly
across the surface. The Pd continues to wet the AgOx layer as the Pd coverage increases, and forms
larger domains that transform into a nearly conformal layer at a Pd coverage of 1.8 ML. High
resolution images further show that the characteristic heights and shapes of the Pd domains
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change abruptly as the Pd coverage increases above ~ 0.15 ML, and suggest a change from single
to bi-layer Pd growth.

Figure 7.2. STM images (100 × 100 nm) obtained after depositing Pd on the AgOx/Ag(111)
surface at 300 K to generate Pd coverages of (A) 0.15 ML (265 mV, 0.65 nA), (B) 0.30 ML (374
mV, 0.77 nA), (C) 0.90 ML (366 mV, 1.2 nA) and (D) 1.8 ML (241 mV, 0.98 nA). The inset of (A)
shows a (50 × 50 nm) image that highlights selected triangular Pd structures (yellow arrows) that
form after depositing 0.15 ML of Pd on AgOx/Ag(111).
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7.4.3 High resolution images of Pd-AgOx/Ag(111)
STM images show that low coverages of Pd (≤ 0.15 ML) predominantly grow as single-layer,
triangular structures that align with the triangular Agn patches of the AgOx layer. Figure 7.3A
shows an atomically-resolved STM image (30 × 30 nm) obtained from a Pd-AgOx/Ag(111) surface
with 0.15 ML of Pd. The triangular Pd structures are oriented in specific directions and have an
average apparent height and diameter of 0.08 nm and 1.4 nm, respectively. Triangular Pd
structures of the same apparent height are also dominant at Pd coverages below 0.15 ML
(Figure 7.8). The orientations of the Pd domains can be determined by reference to the
surrounding AgOx structure. The yellow rectangle drawn in Figure 7.3A approximately
represents the unit cell of the p(4 × 5√3) AgOx structure, and is positioned near atomic features
that exhibit local periodicity consistent with this structure. The short side of this unit cell (i.e., the
<110> direction) is parallel to an edge of the triangular Pd structures observed in Figure 7.3A
and is also parallel to an edge of the triangular Agn units that comprise the various AgOx structures
(Figures 7.1C – 7.1E). From this comparison, we conclude that the triangular Agn units serves
as nucleation sites for Pd and impart their shape on the initial Pd structures that form.
The surface morphology as well as the sizes and shapes of the Pd clusters change
significantly upon increasing the Pd coverage to 0.30 ML. Comparison of Figures 7.3A and
7.3B reveals that the Pd clusters generated at 0.30 ML exhibit brighter contrast than the
triangular structures observed at lower Pd coverage. In fact, the average apparent height of these
clusters is nearly twice that of the triangular structures (0.14 vs. 0.08 nm), consistent with a
change from single to bi-layer growth. Although the measured apparent height difference is less
than that of a monatomic step on Pd(111) (~ 0.6 vs. 2.0 Å), the underlying AgOx layer may suppress
the electronic corrugation that is measured perpendicular to the surface and cause the measured
heights to be lower than the actual geometric heights. As discussed below, quantitative analysis
of the morphological properties of the deposited Pd further supports the conclusion that the
growth changes from single to bi-layer with increasing Pd coverage above ~ 0.15 ML.
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Figure 7.3. STM images (30 × 30 nm) obtained after depositing Pd on the AgOx/Ag(111) surface
at 300 K to generate Pd coverages of (A) 0.15 ML (265 mV, 0.65 nA) and (B) 0.30 ML (294 mV,
0.7 nA). In (A), the yellow rectangle approximately represents the unit cell of the p(4 × 5√3) AgOx
structure and the arrow shows the <110> crystallographic direction determined from the
orientation of the unit cell.

The Pd clusters produced at 0.3 ML are also larger in diameter and form more irregular
shapes compared with the triangular structures (Figure 7.3B vs. Figure 7.3A), and the Pd
cluster density is lower at 0.30 vs. 0.15 ML. The average diameter of the irregularly-shaped
clusters is 2.7 nm, which is nearly twice that of the triangular structures, and the cluster density
is more than four times higher at 0.15 vs. 0.3 ML. These differences indicate that Pd clusters on
the AgOx layer begin to ripen as the Pd coverage increases above ~ 0.15 ML and show that this
ripening coincides with a transition from single to bi-layer Pd growth. The images also show that
the surrounding AgOx layer is more disordered after the deposition of 0.3 vs. 0.15 ML of Pd. This
restructuring is consistent with partial reduction of the AgOx layer induced by the Pd, as discussed
below.
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It is important to note that our STM images are insufficient for determining if the Pd
domains are pure Pd or contain both Pd and Ag atoms since they lack atomic resolution of these
domains. Prior studies report that Pd and Ag intermixing initiates above ~ 450 – 500 K for Ag
layers on Pd(111) [23 – 26] as well as Pd deposits on Ag(111) [9], and that the deposited metals
remain nearly pure at lower temperature. These studies suggest that intermixing between Pd and
Ag should occur negligibly at the temperature (300 K) at which we deposited Pd onto the AgOx
single-layer. However, our results reveal a strong interaction between Pd and the AgOx phase that
causes a significant amount of Pd to become partially oxidized by the AgOx phase at 300 K. The
Pd-induced reduction of the AgOx layer could conceivably stimulate some intermixing of Pd and
Ag at 300 K. Future investigations of the surface chemical properties may aid in determining if
Ag atoms incorporate into the Pd domains of these Pd-AgOx/Ag(111) surfaces.
7.4.4 STM image analysis
Table 7.1 summarizes morphological properties of Pd domains determined from analyzing STM
images obtained at Pd coverages between 0.04 and 1.8 ML. The analysis identifies Pd clusters
with three distinct heights (0.08, 0.14 and 0.25 nm), strongly suggestive of single, double and
triple layers of Pd. Table 7.1 reports the total fractional area (f) covered by Pd domains at each
Pd coverage, where f is defined as the sum of the fractional areas covered by each type of domain
at a given Pd coverage. Additional details and results of the analysis are given in SI. It is important
to note that single-layer Pd domains are not evident in images obtained at Pd coverages ≥ 0.30
ML but are also challenging to identify due to disordering in the AgOx layer (Figure 7.3B).
Single-layer Pd clusters are neglected in the analysis of images obtained at [Pd] ≥ 0.30 ML. The
consequences of this omission are discussed below.
The analysis shows that the average cluster height is 0.08 nm for [Pd] ≤ 0.15 ML and
remains nearly constant at 0.14 nm for Pd coverages from 0.30 to 1.8 ML. The average cluster
heights computed for [Pd] ≥ 0.30 ML might be overestimated since the analysis omits possible
contributions from single-layer clusters at these coverages. The height analysis does show that the
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formation of Pd bi-layers is strongly preferred over the formation of thicker Pd clusters at
coverages between 0.30 and 1.8 ML. The analysis also reveals that the average diameter of singlelayer Pd clusters increases from 1.0 to 1.4 nm with increasing Pd coverage to 0.15 ML, while the
average diameter of bi-layer clusters is initially near 2.7 nm and increases as the Pd domains
aggregate into a more contiguous film as the Pd coverage approaches 1.8 ML.

Table 7.1. Structural properties of Pd domains as a function of the total Pd coverage (ML)
determined from statistical analysis of STM images. Structural properties listed in the table
include the average height and diameter of Pd domains and the total fractional area of the surface
covered by Pd domains (f). The average cluster diameter is computed by multiplying the average
diameter of each type of cluster with the population of the cluster observed at a given Pd coverage.
Average heights shown in Table 7.1 are also computed as a weighted average. The far right
column lists the quantity of Pd (‘‘layers’’) computed as a weighted average, assuming that clusters
with apparent heights of 0.08, 0.14 and 0.25 nm correspond to single, double and triple layers.
Additional details are provided in the text and SI.
Quantity of
Pd coverage

Average height

Average diameter

Fractional Pd area

(ML)

(nm)

(nm)

(f)

0.04

0.08

1.0

0.07

0.07

0.08

0.08

1.4

0.11

0.11

0.15

0.08

1.4

0.19

0.21

0.30

0.14

2.7

0.18

0.35

0.45

0.14

2.8

0.21

0.41

0.90

0.14

6.4

0.49

1.00

1.80

0.15

32.8

0.95

1.99
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Pd (“layers”)
(f1 + 2f2 + 3f3)

Figure 7.4A shows that the relationship between the fractional Pd area (f) and the Pd
coverage is quantitatively consistent with a transition from single to bi-layer growth at a Pd
coverage between 0.15 and 0.30 ML, followed by bi-layer growth thereafter. The f vs. [Pd] data
exhibits two distinct linear regions. Below a Pd coverage of 0.15 ML, the f vs. [Pd] data can be
accurately fit with a linear function with a slope of 1.1 (Figure 7.4A). This proportionality is
consistent with the formation of single-layer Pd domains since Pd addition exclusively to the
surface layer would cover a fractional area that is roughly equal to the quantity of close-packed Pd
layers deposited, i.e., number of Pd ML. The fractional Pd area also increases linearly with
increasing Pd coverage from 0.30 to 1.8 ML but with a slope equal to 0.53. This relation suggests
that roughly half of the deposited Pd is exposed at the surface, and is thus consistent with Pd
bi-layer growth at coverages above 0.30 ML.

Figure 7.4. Properties of Pd on AgOx/Ag(111) determined from quantitative analysis of STM
images shown as a function of the Pd coverage (ML). (A) Total fractional area of the surface
covered by Pd and (B) the quantity of Pd computed from STM images, [Pd] (‘‘layers’’), assuming
that clusters of distinct heights correspond single, double or triple layers, as discussed in the text.
Dashed lines represent linear fits to the data.
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The quantity of Pd was computed from the STM images to further test the assumption that
clusters of distinct heights correspond to single, double and triple layers of Pd. For this
calculation,

the

amount

of

Pd

is

determined

from

an

average

expressed

as

[Pd] (“layers”) = f1 + 2f2 + 3f3 where f1 , f2 and f3 are the fractional areas of clusters with average
heights of 0.08, 0.14 and 0.25 nm and the weighting factors 1, 2 and 3 represent the assumed
number of Pd layers for each cluster height. The SI lists the values of f1 , f2 and f3 for each Pd
coverage shown in Table 7.2. Table 7.1 and Figure 7.4B shows that the amount of Pd computed
from the STM images agrees well with the Pd coverages estimated from AES, with [Pd] (“layers”)
following a single linear relation with a slope of 1.09 for the entire range of Pd coverages studied.
Overall, the quantitative image analysis further supports the conclusion that Pd growth on the
AgOx single-layer undergoes a single to bi-layer transition as the Pd coverage increases above
~0.15 ML, and demonstrates that bi-layer formation continues preferentially until a nearly
contiguous Pd film forms at 1.8 ML.
7.4.5 XPS characterization of Pd on AgOx/Ag(111)
Characterization using XPS demonstrates that a fraction of the Pd atoms become partially
oxidized immediately upon Pd deposition onto the AgOx/Ag(111) surface at 300 K. Figure 7.5
show XPS Pd 3d5/2 spectra obtained after depositing 0.15 ML of Pd on Ag(111) as a reference and
after depositing 0.15 and 0.31 ML of Pd onto single-layer AgOx. Pd 3d5/2 spectra collected at other
Pd coverages between 0.15 and 2.5 ML are shown in SI along with the C 1s, Ag 3d 5/2 and O 1s
spectral regions (Figures 7.9 and 7.10). The O 1s spectra are challenging to interpret since they
may exhibit components from multiple oxygen species and overlap with the Pd 3p3/2 peak. In
contrast, the Pd 3d5/2 spectra can be fit with two main peaks representing Pd0 and Pd−2O as well
as a smaller peak from more oxidized Pd−4O species for Pd coverages up to about 0.66 ML (SI).
The Pd−2O peak is consistent with Pd that bonds with chemisorbed O-atoms [27] and is
significantly larger than the Pd−4O peak at all Pd coverages. Because CO adsorbed from the
background becomes observable in the C 1s spectra at Pd coverages above ~ 1 ML, an additional
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Figure 7.5. XPS Pd 3d5/2 spectra obtained after depositing 0.15 ML Pd on Ag(111) (A) at 300 K
and after depositing Pd on the AgOx/Ag(111) surface at 300 K to generate Pd coverages of (B) 0.15
ML and (B) 0.31 ML. Green, blue and burgundy peaks are assigned to Pd0, Pd–2O and Pd–4O
species as described in the text and SI.
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peak is included in the fit of the Pd 3d5/2 spectra to represent Pd bonded to CO at higher Pd
coverages (> ~ 1 ML). The CO is present in relatively low coverages according to quantitative
analysis of the Pd 3d5/2 spectra (Table 7.3) and is not expected to influence Pd growth.
Analysis of the Pd 3d spectra reveals that a large fraction of the Pd becomes partially
oxidized by the single-layer AgOx phase, confirming that Pd interacts strongly with the Ag oxide.
Resolving the concomitant AgOx reduction is challenging because Ag coordinated with Pd
produces a Ag 3d peak with a similar binding energy as Ag oxides [9], shifted by only about 0.4
eV below that for metallic Ag [28 – 30], and the peak from metallic Ag dominates the spectra for
the photon energy employed (hν = 1253.6 eV). The analysis shows that 61 ± 3 % of the Pd is
metallic for the range of Pd coverages studied (0.15 to 2.5 ML), while the remaining Pd is oxidized.
The analysis further indicates that 38 ± 4 % of the Pd coordinates with O-atoms after depositing
up to 0.66 ML of Pd on the AgOx/Ag(111) surface, and about 23 % and 15 % of the Pd bonds with
O and CO, respectively, at Pd coverages of 1 and 2.5 ML. The fraction of oxidized Pd decreases
below 38 % in part because oxygen becomes the limiting reactant at Pd coverages above 1 ML.
Overlap between the Pd 3d5/2 peaks also introduces greater uncertainty in estimating the relative
quantities of the Pd−2O and Pd−CO species. Overall, the analysis demonstrates that a large
quantity of Pd becomes partially oxidized by the AgOx single-layer.
XPS shows that the fraction of Pd that oxidizes on AgOx (~ 38%) is approximately equal to
the local coverage of oxygen in the initial AgOx layer ([O] = 0.38 to 0.40 ML) for Pd coverages
below ~ 0.7 ML. This correspondence is intriguing since it suggests that the local AgO x to Pd
O-transfer process reaches complete conversion at 300 K; all of the O-atoms in the vicinity of the
deposited Pd migrates from the AgOx phase and oxidizes the Pd. The morphological evolution
identified with STM provides further insights for understanding the auto-oxidation of Pd on the
AgOx layer. Specifically, the XPS results suggest that O-transfer may be confined to the buried
Pd-AgOx interface when Pd grows as single-layer domains at [Pd] < 0.15 ML. Since nominally
100 % of the Pd atoms is in direct contact with the AgOx phase for single-layer Pd growth, the
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fraction of Pd atoms that oxidizes would equal the local O-coverage in the AgOx layer if only
oxygen at the buried Pd-AgOx interface oxidizes the Pd. STM images support this conclusion since
they reveal minimal disruption of the surrounding AgOx structure after deposition of low Pd
coverages (< 0.15 ML) when single-layer growth dominates (Figure 7.3A).
Similar considerations suggest that O-atoms from the surrounding AgOx surface are
needed to account for the amount of Pd that oxidizes during bi-layer Pd growth. Again, XPS shows
that the fraction of oxidized Pd remains equal to the local oxygen coverage in the AgO x layer as
the Pd coverage increases to at least 0.66 ML. However, STM shows that bi-layer Pd clusters
become dominant at Pd coverages above 0.15 ML (Table 7.1, Figure 7.3B), meaning that only
about half of the Pd atoms make direct contact with the AgOx layer. Thus, the oxygen involved in
oxidizing the second layer Pd must originate from areas of the AgOx phase that are not covered by
Pd, i.e., located outside of the buried Pd-AgOx interface. STM images support this interpretation
since they provide evidence that the surrounding AgOx layer undergoes restructuring after the
formation of bi-layer clusters at Pd coverages greater than or equal to 0.30 ML (Figure 7.3B).
Taken together, the STM and XPS results demonstrate that the auto-oxidation of Pd by AgOx is
highly efficient and involves O-transfer to Pd at the buried Pd-AgOx interface as well as
O-migration from uncovered AgOx regions during bi-layer cluster growth. These oxygen transfer
processes may influence the single to bi-layer transition but their exact role is unclear.

7.5 Discussion
Our results show that oxygen migrates efficiently from AgOx to Pd deposits and that strong
interactions with the AgOx layer influence the growth and morphology of deposited Pd clusters.
The higher oxophilicity of Pd over Ag [31] creates a gradient in the oxygen chemical potential after
depositing Pd on the AgOx film that stimulates the oxygen transfer. The greater stability of PdOx,
and chemisorbed O on Pd, compared with the AgOx single-layer is also evident from prior O2 TPD
studies, which report that oxygen desorbs from Pd and Pd oxides at temperatures (650 – 850 K)
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[32, 33] that are significantly higher than that at which the AgOx single-layer layer decomposes
during TPD (570 K) [16, 22, 34]. The present results demonstrate that the kinetics of AgOx to
Pd O-migration processes are highly facile as the amount of Pd that oxidizes is equal to the local
O-coverage in the AgOx layer, i.e., the amount of AgOx that could make direct contact with the Pd
transfers all of its oxygen to Pd. Our results also provide evidence that the auto-oxidation of Pd
occurs at the buried Pd-AgOx interface and also via oxygen migration from uncovered AgOx areas
to Pd clusters at Pd coverages above ~ 0.15 ML.
The morphology of the Pd clusters and the Pd growth mechanism demonstrate that Pd
achieves strong adhesion on the AgOx single-layer. The initial formation of well-dispersed,
single-layer Pd clusters on top of the AgOx layer shows that strong interfacial bonding suppresses
the formation of large Pd islands, even though such agglomeration would lower the amount of
low-coordination Pd atoms located at the edges of the clusters. The Ag n units also impart their
triangular shape and orientation on the initial single-layer Pd clusters, providing further evidence
of a strong Pd-AgOx interaction that may be mediated by the O-atom rows separating the Agn
units. The transition to bi-layer growth at relatively low Pd coverage suggests a complex interplay
between O-transfer to Pd and continued wetting of Pd on the AgOx layer. Single-layer Pd domains
would be expected to continue to develop at high Pd coverage if O-atoms in the AgOx layer simply
strengthened Pd binding to the surface. Instead, our results suggest that the formation of
partially-oxidized Pd bi-layer clusters with concomitant reduction of the surrounding AgOx,
becomes favored over single- layer Pd formation once the density or sizes of single-layer Pd
clusters increase sufficiently. Oxygen transfer from AgOx to Pd likely plays a central role in
mediating the transition from single to bi-layer Pd growth. Determining the factors responsible
for the single to bi-layer transition will require computational studies to explore the energetics of
various Pd-AgOx structures as well as pathways for their formation.
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7.6 Summary
We investigated the growth and auto-oxidation of Pd deposited onto single-layer AgOx/Ag(111)
using STM and XPS. Palladium forms well-dispersed, single-layer structures up to a Pd coverage
of ~ 0.15 ML that adopt the shapes and orientations of triangular Agn units in the underlying AgOx
layer. Bi-layer clusters preferentially form upon increasing the Pd coverage to 0.30 ML, and
develop into a nearly conformal film as the Pd coverage reaches 1.8 ML. XPS demonstrates that
the AgOx layer efficiently transfers oxygen to the deposited Pd at 300 K. Quantitative analysis of
the XPS Pd 3d spectra shows that the fraction of oxidized Pd is equal to the local O-atom coverage
in the AgOx layer for Pd coverages up to at least ~ 0.7 ML. These results demonstrate that the
higher oxophilicity of Pd over Ag produces a strong interaction between Pd and the AgO x layer
that influences the morphological evolution and promotes auto-oxidation of the deposited Pd.
The ability to generate Pd-AgOx surfaces with highly dispersed single or bi-layer Pd clusters could
provide opportunities for investigating cluster size effects in the chemistry promoted by PdAg
bimetallic surfaces. The present results also suggest the possibility that oxygen transfer from Ag
to Pd could play a role in mediating chemical reactions of adsorbed molecules on bimetallic PdAg
surfaces under oxidizing conditions.

7.7 Supporting information
7.7.1 O2 TPD and LEED after Ag(111) oxidation with ozone vs. atomic oxygen
Nominally the same single-layer AgOx structure can be prepared on Ag(111) by oxidizing with
atomic oxygen or ozone at 500 K, followed by flashing to 520 K in UHV. Similar LEED patterns
are observed after generating the single-layer AgOx/Ag(111) surface using atomic oxygen or ozone
and the corresponding O2 TPD spectra each exhibit a single peak and shape (Figure 7.6). The O2
peak temperatures are observed at 571 K vs. 578 K in experiments performed using atomic oxygen
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vs. ozone, respectively, due to differences in thermocouple calibrations as well as heating rates
employed at University of Florida and Harvard.

Figure 7.6. LEED and O2 TPD obtained after preparing a single-layer AgOx phase on Ag(111)
using A) atomic oxygen and B) ozone. The Ag(111) sample was exposed to the oxidant at 500 K to
generate an oxygen coverage of 0.38 ML, and then flashed to 520 K to improve ordering. The O2
TPD spectra obtained after oxidizing with atomic oxygen vs. ozone were obtained using heating
rates of 1 K/s vs. 3 K/s, respectively. The higher heating rate is also partly responsible for the
higher O2 peak temperature observed in the experiments with ozone.
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7.7.2 LEED from single-layer AgOx/Ag(111) at 500 K vs. flashing to 520 K
Figure 7.7 shows the LEED pattern obtained after oxidizing the Ag(111) crystal with atomic
oxygen at 500 K. The spot positions agree well with those simulated for the c(3 × 5√3)
single- layer oxide phase (Figure 7.7B). LEED also shows that heating to 520 K in UHV induces
a change in the oxide surface structure. The LEED pattern shown in Figure 7.7C exhibits spots
consistent with the p(4 × 5√3) oxide (Figure 7.7D) while characteristics of the c(3 × 5√3)
structure are less evident. The dark region in the upper right of the LEED patterns is caused by
charging of the sample holder. All of the results reported in this study were obtained using singlelayer AgOx/Ag(111) surfaces that yield the LEED pattern shown in Figure 7.7C, for which the p(4
× 5√3) structure is dominant.
7.7.3 High resolution image from 0.04 ML Pd-AgOx/Ag(111)
Figure 7.8 shows an atomically-resolved STM image obtained after depositing 0.04 ML Pd on a
single-layer AgOx/Ag(111) surface. Triangular Pd structures with an apparent height of 0.08 nm
and an average diameter of 1.0 nm are evident in the image.
7.7.4 Analysis of STM images
The scanning tunneling microscopy measurements were analyzed using Scanning Probe Image
Processor Software by Image Metrology. The STM images were levelled by adjusting the x-tilt and
y-tilt to ensure the terraces were uniformly flat for particle and pore detection analysis. The
particle statistics were calculated by using the particle and pore detection independently on each
Ag oxide terrace with the same threshold height detection for all coverages examined. For all
coverages investigated, statistics were calculated on features with an apparent height of 0.08 nm,
0.14 nm and 0.25 nm. The particle and pore detection function was not able to differentiate AgOx
and Pd particles for the 0.08 nm apparent height features for [Pd] ≤ 0.15 ML because of the
similar height corrugation of Pd and AgOx. Therefore, the 0.08 nm apparent height features
containing Pd (f1 ) were determined by calculating the difference between all features (f1total ) and
the features detected on pure AgOx (f = 22.6 %). The 0.08 nm apparent height features containing
244

Figure 7.7. A) Measured and B) simulated LEED patterns (118 eV) of c(3 × 5√3) AgOx on Ag(111).
C) Measured and D) simulated LEED patterns (118 eV) of p(4 × 5√3) AgOx on Ag(111) obtained
after generating ~ 0.38 ML of oxygen on pristine Ag(111) at 500 K using an O-atom beam A) and
after heating to 520 K in UHV C). LEED patterns were simulated for multiple rotational domains
using the unit cells reported by Schnadt et al. [18]

245

Figure 7.8. STM image (30 × 30 nm) (271 mV, 0.65 nA) obtained after depositing 0.04 ML Pd
on the single-layer AgOx/Ag(111) surface at 300 K.

Pd were not able to be reliably determined for [Pd] ≥ 0.15 ML because the disordering in the AgOx
layer caused the particle identification statistics to vary significantly with small changes in the
detection height. Therefore, we assume that the fractional coverage of 0.08 nm apparent height
features for [Pd] ≥ 0.15 ML to be zero. This assumption appears reasonable because we observe a
linear correlation between Pd coverage as determined by quantitative analysis for the Pd coverage
using AES and the Pd coverage using our layer model for fractional area (Figure 7.4B).
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Table 7.2. Structural properties of Pd domains as a function of the total Pd coverage (ML)
determined from statistical analysis of STM images. Structural properties listed in the table
include the fractional area of the surface and average diameter of Pd domains for features with
apparent heights of 0.08, 0.14 and 0.25 nm.
0.14 nm apparent

0.25 nm apparent

height

height

height

Fractional Fractional

Average

Fractional

Average

Fractional

Average

coverage

total area

Pd area

diameter

Pd area

diameter

Pd area

diameter

(ML)

(f1total )

(f1 )

(nm)

(f2 )

(nm)

(f3 )

(nm)

0

22.6

0

0.7

0

-

0

-

0.04

29.3

6.7

1.0

0.2

0.7

0

-

0.08

33.4

10.8

1.4

0.3

0.9

0

-

0.15

40.5

17.9

1.4

1.5

0.8

0

-

0.30

-

0a

-

17.6

2.7

0

-

0.45

-

0a

-

20.7

2.8

0

-

0.90

-

0a

-

48.6

6.5

0.8

1.9

1.80

-

0a

-

84.8

36.1

9.7

3.5

Pd

a

0.08 nm apparent

Value assumed to be zero because 0.08 nm apparent height Pd clusters were neglected for

[Pd] ≥ 0.30 ML

7.7.5 XPS spectra from Pd-AgOx/Ag(111) surfaces
The spectra acquired on Ag(111) and Pd/Ag(111) were fitted using a Doniach-Šunjić function [14]
convoluted with a Gaussian function and background lines obtained from Shirley’s method [15].
The Pd core-level shifts (CLS) of CO and Pd oxide were determined in previous measurements.
Pd was extensively oxidized to acquire the exact binding energy of the Pd oxide CLS. The Pd−CO
CLS was determined by exposure of CO to clean Pd(111).
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Figure 7.9. Pd 3d5/2 and C 1s XPS spectra from Pd-AgOx/Ag(111) surfaces at Pd coverages of (A)
0.15 ML, (B) 0.25 ML, (C) 0.31 ML, (D) 0.66 ML, (E) 0.99 ML, (F) 2.5 ML. Peak assignments in
Pd 3d5/2 spectral region (left): (light green) 335.0 eV metallic Pdo, (blue) 335.5 eV Pd coordinated
to two O atoms, (pink) 335.4 eV CO/Pd, (red) 336.4 eV Pd coordinated to four O atoms. Peak
assignments in the C 1s spectral region (right): (blue) 284.4 eV adventitious carbon, (red) 285.8
eV CO/Pd, (green) 287.5 eV Ag2CO3/AgHCO3, (purple) 287.9 eV CO/Pd oxide.
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Figure 7.9 (Continued). Pd 3d5/2 and C 1s XPS spectra from Pd-AgOx/Ag(111) surfaces at Pd
coverages of (A) 0.15 ML, (B) 0.25 ML, (C) 0.31 ML, (D) 0.66 ML, (E) 0.99 ML, (F) 2.5 ML. Peak
assignments in Pd 3d5/2 spectral region (left): (light green) 335.0 eV metallic Pdo, (blue) 335.5 eV
Pd coordinated to two O atoms, (pink) 335.4 eV CO/Pd, (red) 336.4 eV Pd coordinated to four O
atoms. Peak assignments in the C 1s spectral region (right): (blue) 284.4 eV adventitious carbon,
(red) 285.8 eV CO/Pd, (green) 287.5 eV Ag2CO3/AgHCO3, (purple) 287.9 eV CO/Pd oxide.
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Figure 7.10. Ag 3d5/2 and O 1s XPS spectra from Pd-AgOx/Ag(111) surfaces at Pd coverages of
(A) 0.15 ML, (B) 0.25 ML, (C) 0.31 ML, (D) 0.66 ML, (E) 0.99 ML, (F) 2.5 ML. The Ag 3d5/2 and
O 1s spectral regions are shown to the left and right, respectively. There are two prominent
contributions of metallic Pd (532 eV) and ordered AgOx (528.3 eV) in the O 1s spectra. Further,
we expect an additional six (6), less prominent contributions in the O 1s spectral region:
disordered oxygen in AgOx, oxygen coordinated to four Pd atoms, oxygen coordinated to three Pd
atoms, CO/Pd oxide, CO/Pd, Ag2CO3/AgHCO3.
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Figure 7.10 (Continued). Ag 3d5/2 and O 1s XPS spectra from Pd-AgOx/Ag(111) surfaces at Pd
coverages of (A) 0.15 ML, (B) 0.25 ML, (C) 0.31 ML, (D) 0.66 ML, (E) 0.99 ML, (F) 2.5 ML. The
Ag 3d5/2 and O 1s spectral regions are shown to the left and right, respectively. There are two
prominent contributions of metallic Pd (532 eV) and ordered AgOx (528.3 eV) in the O 1s spectra.
Further, we expect an additional six (6), less prominent contributions in the O 1s spectral region:
disordered oxygen in AgOx, oxygen coordinated to four Pd atoms, oxygen coordinated to three Pd
atoms, CO/Pd oxide, CO/Pd, Ag2CO3/AgHCO3.
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Table 7.3. Integrated relative areas of peaks in Pd 3d5/2 spectral region as a function of Pd
coverage.
Pd coverage

Pd0

Pd−2O

Pd−4O

CO/Pd

Total Pd−O

(ML)

(%)

(%)

(%)

(%)

(%)

0.15

61.7

35.6

2.7

0.0

38.3

0.25

59.5

36.4

4.1

0.0

40.5

0.31

56.1

38.5

5.4

0.0

43.9

0.66

65.9

28.8

3.3

2.1

32.1

0.99

61.8

19.0

5.1

14.1

24.1

2.50

60.5

17.2

5.2

17.2

22.3
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Chapter 8.
Facilitating hydrogen atom migration via a dense phase on
palladium islands to a surrounding silver surface

8.1 Abstract
The migration of species across interfaces can crucially affect the performance of heterogeneous
catalysts. An important concept in exploiting bifunctionality in bimetallic alloy catalysts for
hydrogenation is the utilization of an active metal to supply hydrogen atoms to the host metal for
selective hydrogenation thereon. Herein, we demonstrate that following dihydrogen dissociation
on palladium islands hydrogen atoms migrate from palladium to silver to which they are generally
less strongly bound. This migration is driven by the population of weakly-bound states on the
palladium at high hydrogen atom coverages which are nearly isoenergetic with binding sites on
the silver. The rate of hydrogen atom migration depends on the palladium−silver interface length,
with smaller palladium islands more efficiently supplying hydrogen atoms to the silver. This study
demonstrates that hydrogen atoms can migrate from a more strongly binding metal to a more
weakly binding surface under special conditions, such as high dihydrogen pressure.
This paper was submitted to the Proceedings of the National Academy of Sciences of the
United States of America.

8.2 Introduction
The development of efficient and selective catalytic systems is of paramount importance in
producing a broad spectrum of chemicals and fuels that are critical to the world economy. One of
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the major challenges in increasing the efficiency of catalysts is to achieve high selectivity while
maintaining high activity. To this end, materials based on coinage metals (copper, silver and gold)
have been intensely studied because of their potential as highly selective hydrogenation catalysts
[1 – 6]. While coinage metals have potential for selective hydrogenation, they do not efficiently
dissociate dihydrogen [7 – 9]. Meanwhile, platinum-group metals (nickel, palladium, platinum)
facilely induce dihydrogen dissociation [7, 10]; however, the selectivity for desired hydrogenation
reactions is often lower on these materials [11 – 13]. A potential solution is to combine the
functionality of these two types of metals by using a bimetallic surface where hydrogen atoms can
be created by the reactive metal and then supplied to the less reactive but selective metal [11, 12,
21 – 24, 13 – 20]. Specifically, palladium−silver catalysts show increased selectivity over
palladium catalysts, stimulating significant discussion regarding the effect of silver on increasing
selectivity [21 – 23, 25 – 30].
In order to exploit the bifunctionality of bimetallic catalyst materials, migration of
chemical intermediates from the reactive component to the more selective material is necessary.
Specifically, migration of hydrogen atoms formed on palladium to silver offers a way to enhance
selectivity by promoting hydrogenation reactions on silver [31, 32]. Hydrogen atom migration
(often called “spillover”) has been demonstrated across a number of metal/metal oxide and
metal/metal interfaces [16, 17, 39 – 42, 18, 19, 33 – 38]. However, the migration of hydrogen
atoms from palladium to silver is enthalpically unfavorable, making it a difficult process. In fact,
hydrogen atom migration has not been observed on bimetallic interfaces which contain a metal
component, such as gold or silver, where hydrogen atom adsorption by dihydrogen dissociation
is endothermic (∆H > 0). Previous work suggested that hydrogen atom migration will not occur
for alloy catalysts with single palladium atoms in gold, or silver by comparison, in the absence of
adsorbates [17]. At the same time, single atom alloys of palladium in silver are selective catalysts
for acrolein, nitroarene and alkyne hydrogenation, suggesting that migration should be possible
[43, 44].
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Herein, we demonstrate hydrogen atom migration to a metastable site on silver following
dihydrogen dissociation on a palladium island. The migration of the hydrogen atoms to silver is
only observed for high hydrogen atom coverages. First, dihydrogen dissociates on palladium
forming up to ~ 0.5 ML of hydrogen atoms on the palladium islands. Increasing the dihydrogen
exposure, leads to creation of a dense phase of hydrogen atoms on the palladium and the
formation of metastable hydrogen atoms on silver with coverages of up to 1.05 ± 0.10 ML
(palladium) and 0.56 ± 0.06 ML (silver). The palladium−silver interface length controls the rate
of hydrogen atom migration to silver, where small islands of palladium are most efficient. An
energetically feasible migration pathway was discovered in which weak hydrogen atom adsorption
on palladium-containing sites can facilitate migration to silver. This study clearly demonstrates
that hydrogen atom migration can occur even to a metal, e.g. Ag, to which hydrogen atoms weakly
bind.

8.3 Results
8.3.1 Imaging the island structure
Single layer hexagonal islands of palladium predominantly form after palladium deposition onto
Ag(111) at 300 K for total coverages below a monolayer (ML), as determined by scanning
tunneling microscopy (STM) experiments (Figure 8.1) [45]. A clean Ag(111) surface with a
monoatomic step edge shows that the silver terraces are largely defect free (Figure 8.7). The
apparent height of the palladium islands measure approximately 145 pm which is lower than a
palladium step height on Pd(111), 226 pm [46]. The difference between the apparent height
measured by STM and the physical height of the palladium island due to the fact that STM images
are a convolution of the physical topography of the surface and the density of electronic states of
its components as well as the tip itself [47]. Simply put, the palladium island is less electrically
conductive than the surrounding silver host, therefore the measured island height is lower than
the actual height of a monoatomic step edge on Pd(111). Notably, there is very little etching of the
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Figure 8.1. Scanning tunneling microscopy (STM) images at 5 K reveal that palladium islands
are predominantly single layer in height when low coverages of palladium are deposited on
Ag(111) at 300 K. (A) The STM image for 0.04 monolayers (ML) of palladium deposited on Ag(111)
at 300 K shows hexagonal islands with an average width of 9.8 ± 1.5 nm. The width of the
palladium islands is measured perpendicular to two opposite sides of the hexagon as shown by
the black line scan. Inset shows atomic-resolution of the Ag(111) terrace. (B) The apparent height
of a palladium island is 144.7 ± 8.2 pm based on the line scan in panel A and is consistent for all
palladium coverages measured. The statistics for the STM analysis are reported in Table 8.2 and
Figure 8.8. Imaging conditions: 0.70 V, 0.60 nA, 5 K.

silver surface after alloying with palladium at room temperature. As reported previously, heating
to 400 K and above induces etching of silver which migrates to cap the palladium islands [45].

8.3.2 Characterizing uptake of atomic hydrogen by the island-covered surface
There is clear evidence that dihydrogen dissociates on the palladium-covered Ag(111) surface from
temperature programmed desorption experiments (Figure 8.2A). Distinct dihydrogen
desorption features were observed at 185 K and 240 K following exposure of 0.45 monolayers
(ML) of palladium deposited on Ag(111) to dihydrogen at 150 K (Figure 8.2A). There was no
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detectable adsorption of dihydrogen on clean Ag(111) under the same conditions, in agreement
with previous work [48 – 50], demonstrating that palladium is essential for dissociation. Further,
hydrogen atoms recombine and desorb in the range of 310 – 370 K from otherwise clean
palladium surfaces [51], and hydrogen atoms recombine on silver in the range of 180 – 190 K [49,
50, 52]. Therefore, the desorption peak at 240 K (Figure 8.2A) is attributed to recombination of
hydrogen atoms associated with the palladium islands. These form rapidly at low dihydrogen
exposures, their coverage increasing more slowly with increasing dihydrogen exposure
(Figure 8.2). The desorption feature at 185 K is attributed to hydrogen atoms associated with
the silver. For convenience we define these two states of binding as θH/Pd and θH/Ag, respectively.
The hydrogen atoms associated with silver begin to appear near a local hydrogen atom
coverage of 0.6 ML on the palladium islands (Figure 8.2B). For example, a 5.9 Langmuir (1
Langmuir = 1 L = 10-6 Torr s-1) exposure of dihydrogen to the Ag(111) surface with 0.45 ML of
palladium solely populates the sites associated with palladium (240 K). The feature at 185 K is
first observed for a 59 L exposure of dihydrogen and grows in intensity with increasing exposure
of dihydrogen (Figure 8.2A). The rate of the 240 K state appears to decrease significantly as the
local coverage of hydrogen atoms associated with palladium, θH/Pd, exceeds ~ 0.6 ML, as indicated
by the logarithmic dependence of the coverage on the dihydrogen exposure. A similar
phenomenon, reported for Pd(111), is explained by dissociation of dihydrogen by threefold
adsorption site vacancy-aggregates which become vanishingly small near 0.67 ML of adsorbed
hydrogen atoms [53]. We attribute the higher binding energy state to adsorption of hydrogen
atoms on the palladium islands. The population of hydrogen atoms associated with silver, θH/Ag,
only begins after the local coverage of hydrogen atoms on the palladium islands reaches ~ 0.6 ML.
The amount of hydrogen atoms adsorbed on silver vs. that on palladium (θH/Ag vs. θH/Pd)
follows a constant stoichiometry of 1.0 :1.0 starting at θH/Pd near 0.6 ML (Figure 8.2B). In our
experimental conditions θH/Pd approaches a limiting value of 1.1 ML, and θH/Ag approaches 0.6 ML
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Figure 8.2. Dihydrogen dissociation on palladium islands and subsequent population of a
weakly bound state attributed to hydrogen atom associated with silver depends on dihydrogen
exposure. (A) Temperature programmed desorption following dihydrogen exposures of 5.9, 59,
600, 3000, and 176,000 Langmuir at 150 K (1 Langmuir = 1 L = 10-6 Torr s-1). (B) The amounts
of dihydrogen desorbing in the 240 K peak (red) and in the 185 K peak (black) increase with
dihydrogen exposure up to maximum hydrogen atom coverages of 1.08 ML (240 K peak) and 0.55
ML (185 K peak). (C) The ratio of hydrogen atoms on 185 K peak (silver) to 240 K peak
(palladium) remains constant at 1.0:1.0 starting at H/Pd equal to 0.55 ML. Local hydrogen atom
coverages (i. e., atoms of hydrogen per atoms of palladium in the islands, and atoms of hydrogen
per atoms of open silver) are reported as θH/Pd and θH/Ag , respectively. In all experiments, 0.45 ML
of palladium was deposited on Ag(111) at 300 K.

at the highest dihydrogen exposures (Figure 8.2B). These values are in excellent agreement with
published values of saturation coverages of atomic hydrogen on Pd(111) (1.0 ML) [53] and Ag(111)
(0.6 ML) [49], implying that θH/Pd and θH/Ag are near saturation at these high exposures to
dihydrogen.
The coverages of hydrogen atoms in the two binding states depend on the coverage of
palladium (Figure 8.3A). At all palladium coverages studied the palladium mainly aggregates
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into monolayer islands, leading to a proportional decrease in exposed silver as the palladium
islands grow. Above 0.10 ML palladium bilayer high islands emerge; however, the second layer
accumulation is a minority feature which does not contribute significantly to the overall growth
process. The absolute coverage of the peak at 240 K increases roughly linearly with palladium
coverage, providing further evidence that this peak is associated with hydrogen atom
recombination on the palladium islands (Figure 8.3B). The absolute coverage of hydrogen
atoms in the peak at 185 K, attributed to hydrogen atoms associated with silver, increases with
increasing palladium coverage, albeit more gradually than dihydrogen desorption at 240 K from
palladium (Figure 8.3B). The changing ratio of θH/Pd and θH/Ag over the range of palladium
coverage suggests that small islands of palladium more efficiently facilitate hydrogen atom
migration to silver (Figure 8.3C).
The amount of hydrogen transferred from the palladium islands to the silver can be
rationalized from a simple model that relates the palladium−silver interface length to the
palladium coverage (Table 8.2, Figure 8.8). Briefly, the steady-state concentration of hydrogen
atoms on palladium and abundant open adsorption sites for hydrogen atoms on silver are
assumed. The palladium−silver interface length was estimated for a given palladium coverage by
establishing a relationship between palladium coverage and hexagonal palladium island size
(Table 8.2, Figure 8.8). The change in palladium−silver interface length with palladium
coverage agrees well with the amount of hydrogen atoms on the silver surface, implying a direct
relationship of the perimeter in controlling the migration of hydrogen atoms to silver
(Figure 8.3C). Furthermore, there an insufficient number of interface sites to account for the
amount of dihydrogen that desorbs at 185 K for large exposures of dihydrogen. Therefore, the 185
K peak is not due solely to desorption of hydrogen atoms bound to palladium edge sites, providing
support for the assertion that this peak also contains hydrogen atoms bound to silver.
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Figure 8.3. The palladium coverage affects the yields of hydrogen atoms which desorbs in the
two different peaks at a fixed dihydrogen exposure, providing additional evidence that the 240 K
peak is due to recombination from palladium islands and the 185 K peak is associated with
exposed silver. (A) Temperature programmed desorption of dihydrogen as a function of
palladium coverage on Ag(111) (θPd = 0.05 − 0.55 ML) for a fixed dihydrogen exposure of 50 L.
For reference, at a palladium coverage of 0.45 ML and a dihydrogen exposure of 50 L, θ H/Pd is
approximately 50 % the highest coverage achieved (Figure 2B). (B) The absolute yields of
dihydrogen in the 240 K peak (red) and 185 K peak (black) increase nearly linearly, albeit with
different slopes. The absolute yield of hydrogen atoms on silver is scaled by a factor of 10. (C) The
ratio of coverages of the hydrogen atoms from the 185 K peak to the 240 K indicates that the 185
K peak is more readily populated for low palladium coverages. The solid curve illustrates the
relationship between the palladium coverage and the palladium−silver interface length, assuming
hexagonal palladium islands of uniform size (see Supporting Information).

8.3.3 Clarifying the bonding of atomic hydrogen to the surface by vibrational
spectroscopy
Further evidence for hydrogen atoms bound to palladium was obtained with high resolution
electron energy loss vibrational spectroscopy (HREELS). Prior studies show vibrational modes at
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both 700 and 1080 cm-1 for hydrogen atoms on Pd(111) and PdAu(111) surfaces [54, 55]. These
modes have been assigned to the vertical and horizontal displacement of hydrogen atoms bound
in three fold hollow sites on Pd(111), respectively. Similar modes were observed here for hydrogen
atoms adsorbed on a multilayer (4 ML) palladium film grown on the Ag(111) surface
(Figure 8.4A), as would be expected for the thick, uniform Pd(111) layer. The assignments of
these modes are also in agreement with density functional theory (DFT) computations for a slab
model using the palladium lattice constant, described below, that yield values of 1050 cm -1 and
700 cm-1.
The characteristic vibrational peaks at 1080 and 700 cm-1 for hydrogen atoms bound to
palladium are also observed for the silver surface covered by palladium islands (θPd = 0.50 ML)
(Figure 4B). As the exposure of dihydrogen was increased from 5 to 50 L, the peak at 1080 cm-1
assigned to hydrogen atoms adsorbed at three-fold palladium sites increases significantly in
intensity. The areas of the corresponding desorption peaks do not change proportionally over this
range of dihydrogen exposures (Figure 8.2), suggesting that the intensities of the vibrational
peaks do not scale linearly with coverage. A similar phenomenon was observed for hydrogen
atoms on Pd(311) [56].
A distinct new mode appears at the higher (50 L) dihydrogen exposure (Figure 8.4B). It
is notable that this feature appears at the dihydrogen exposure that corresponds to the emergence
of the dihydrogen desorption feature at 185 K assigned to the population of the Ag(111) surface by
hydrogen atoms. The vibrational mode at 830 cm-1 is therefore assigned to the perpendicular
vibration of hydrogen atoms adsorbed on silver in agreement with previous studies of hydrogen
atoms on Ag(111) and Ag(110) and suggested by our DFT calculations on Ag(111) (801 cm -1)
[49, 57]. These data clearly demonstrate that a new state, attributed to hydrogen atoms bound to
silver, is populated at relatively high dihydrogen exposures.
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Figure 8.4. Vibrational (high resolution electron energy loss) spectra provide evidence of
dihydrogen dissociation on palladium islands and migration of hydrogen atoms to silver. (A)
Spectra taken after exposing dihydrogen to 4.00 ML of palladium on Ag(111) at 150 K are
characteristic of palladium, showing peaks at 1080 cm-1 and 700 cm-1 corresponding to vibrations
of hydrogen atoms perpendicular and parallel to the surface, respectively. (B) Analogous data for
palladium islands (θPd = 0.5 ML) on Ag(111) show spectra at dihydrogen exposure of 10 L and 50
L; at the higher exposure a new peak at 830 cm-1 is observed and is assigned to hydrogen atoms
bound to silver, based on comparison to literature data for hydrogen atoms on Ag(111) at 850
cm-1, and theoretical calculations. A quantitative interpretation of the intensities is not possible
because such changes may be due to a change in sample reflectivity upon hydrogen atom
adsorption and or to the possible presence of subsurface hydrogen atoms [56]. All vibrational
spectra were collected at 100 K with a typical full width at half maximum of 48 cm-1 for the elastic
peak.
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8.3.4 Visualization of hydrogen atoms on silver by scanning tunneling microscopy
Direct visualization of hydrogen atoms on the Ag(111) regions amidst the Pd(111) islands was
achieved by scanning tunneling microscopy at 5 K, providing further evidence for hydrogen atom
migration from palladium to the Ag(111) (Figure 8.5). A clean Ag(111) surface with a monoatomic
step edge shows largely defect free silver terraces (Figure 8.7). After deposition of 0.05 ML of
palladium on Ag(111), palladium appears as one atomic layer high hexagonal islands (Figure
8.1). Following exposure to 20 L of dihydrogen, mobile depressions were observed on Ag(111),
consistent with previous reports of hydrogen atom migration on CoCu(111) [40] and Cu(111) [58]
(Figure 8.5). Hydrogen atoms appear in STM images as depressions (~ 30 pm) because of the
lower electron tunneling probability through the hydrogen atom-metal complexes compared to
the bare metals (Figure 8.5) [40, 58]. The number of hydrogen atoms imaged on silver is small
because of the low dihydrogen exposure (20 L) and the low palladium coverage (θPd = 0.05 ML).

8.3.5 Density functional analysis of the bonding of atomic hydrogen and its
migration on the surface
Density functional theory (DFT) calculations provide important insight into the bonding of
hydrogen atoms on palladium islands as a function of coverage. The palladium overlayer was
modeled by a periodic monolayer on Ag(111) in 1 × 1 epitaxy, the palladium having either the silver
or the palladium lattice constant, depending on the hydrogen atom coverage. In the absence of
hydrogen atom adsorbates, the palladium island has an average Pd−Pd distance close to that in
bulk palladium, in line with the lower palladium chemical potential in the overlayer with
palladium lattice constant. We assume that this periodicity is maintained at low hydrogen atom
coverages. Hydrogen atoms bind most strongly to threefold (fcc) sites on the palladium overlayer,
with an adsorption energy of − 0.84 eV (− 81 KJ mol-1 ) on the overlayer with the palladium lattice
vs. − 1.14 eV (− 110 KJ mol-1) with Pd with the silver lattice constant at a hydrogen atom coverage
of 1 ML. All adsorption energies, except otherwise noted, are for two adsorbed hydrogen atoms
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Figure 8.5. Evidence for hydrogen atom migration from small palladium islands on Ag(111) is
obtained from scanning tunneling microscopy experiments. (A) Images obtained after exposure
of palladium islands (θPd = 0.05 ML) on silver to 20 L of dihydrogen on Ag(111) at 150 K in which
the palladium islands ~ 10 nm across (white region) and hydrogen atoms present on the Ag(111)
surface appear as depressions (purple) on the Ag(111) surface. (B) Apparent height profile along
the black line scan in (A) illustrates that the features attributed to hydrogen atoms appear as
depressions of ~ 30 pm. 0.05 ML of palladium was deposited on Ag(111) at 300 K. The number of
hydrogen atoms imaged on silver is small because of the low exposure of dihydrogen (20 L) and
low palladium coverage (θPd = 0.05 ML). Imaging conditions: 0.030 V, 0.020 nA, 5 K.

with respect to H2 in the gas phase, having a negative value when exo-energetic. Hydrogen atom
adsorption on Ag(111) is also preferred on the fcc hollow site, with an adsorption energy of + 0.36
eV (+ 35 KJ mol-1) and hence is unfavorable versus H2 gas [59]. The adsorption energy of hydrogen
atoms is only weakly dependent on the hydrogen atom coverage on both metals. The vibrational
frequencies are calculated to be 1050 and 700 cm-1 for the perpendicular and parallel motions of
the hydrogen atoms on a single layer of palladium on Ag(111) (with the palladium lattice constant),
in excellent agreement with experiment (Figure 8.4). The vibrational frequency for the mode
perpendicular to the surface shifts to 800 cm-1 if the lattice constant is expanded to the silver
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lattice. Hence, the predominance of the 1080 cm-1 peak at low hydrogen atom coverage signifies
that the palladium lattice constant is favored at such coverage.
Dihydrogen adsorption is strongly favored on palladium over silver as long as two
neighboring vacant hollow sites are available. At intermediate hydrogen atom coverages, isolated
unoccupied hollow sites become dominant on the palladium. When only these isolated sites are
available, dihydrogen dissociation is still thermodynamically and kinetically possible if one
hydrogen atom occupies a hollow site on palladium and the other hydrogen atom occupies a
hollow site on silver, based on DFT calculations (Figure 8.6). From a thermodynamic
perspective, the stabilizing adsorption energy of one hydrogen atom on this palladium site
(− 1.14 eV / 2 = − 0.52 eV (− 50.2 kJ mol-1)) compensates the endo-energetic adsorption for the
second one on silver (+ 0.36 eV / 2) = + 0.18 eV (+ 17.4 kJ mol-1)), to provide a pathway that is
net energetically favorable for dissociation of the molecule (− 0.34 eV (− 33 kJ mol-1)). A pathway
is calculated for such a process for the palladium overlayer with a high coverage of hydrogen atoms
that leaves isolated, vacant fcc hollow sites (IS, Figure 8.6). Furthermore, computations for a
12-atom palladium island on the Ag(111) (Figure 8.11) indicate that at high (1 ML) hydrogen
atoms coverages, the Pd−Pd distance in the island is elongated by 3.5 %. Thus, because of the high
coverage of hydrogen atoms at which the transfer of hydrogen atoms becomes possible to the
silver, the silver lattice constant was used for the palladium overlayer to model the transfer
pathway.
Additional dihydrogen molecules can dissociate on this surface (IS) by populating an
available fcc site and a neighboring surface hcp site (Figure 8.6, IM1), with a net favorable
adsorption energy of − 0.37 eV per H2 (− 35.7 kJ mol-1), reaching a coverage of 1.25 ML. This
“extra” hcp hydrogen atom (Figure 8.6, IM1) is unstable with respect to ½ H2 in the gas phase
by + 0.20 eV (19.3 kJ mol-1). The atom added to the hcp site is nearly equivalent in energy to a
hydrogen atom bound to silver, thus establishing that migration is energetically allowed.
Migration of this “extra” hcp hydrogen atom can occur by an exchange process, with an overall
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barrier of + 0.31 eV (+ 29.9 kJ mol-1), in which a neighboring fcc hydrogen atom is displaced to a
hcp site ((TS1, IM2)), followed by refilling of that site by the extra hcp hydrogen atom takes the
place of that displaced atom (TS1’, IM1’). A subsurface pathway is also energetically possible, but
it is slightly less favorable (Figure 8.12). When at the edge of an island, the “extra” hydrogen
atom can migrate to silver nearly iso-energetically (FS, − 0.34 eV (− 32.8 KJ mol-1)) (per H2), as
shown by calculations on Pd12 islands (Figure 8.11). The specific modelling of the diffusion
across the edge of the island model yields a relatively small activation energy (+ 0.33 eV (+ 31.8
KJ
mol-1)) (Figure 8.11), that is comparable to the barrier for migration.
The DFT calculations hence demonstrate that hydrogen atom migration from the
palladium island to the silver surface is energetically possible as long as there is a high enough
hydrogen atom coverage on the palladium island; otherwise the adsorbed hydrogen atom is too
stable and unable to migrate to silver. This result is well in line with the experimental observation
of a threshold hydrogen atom coverage on palladium (0.55 ML), below which migration to silver
is not seen. Theory shows that isolated vacant fcc sites are required. Since hydrogen atoms on
silver are not stable versus ½ H2 in the gas phase, formation of hydrogen atoms on silver is only
possible from dihydrogen dissociation if palladium sites are simultaneously populated, to render
dihydrogen chemisorption an overall stabilizing effect. The model shows that an energetically
favorable process occurs when one hydrogen atom populates an fcc site on the palladium island
every time that a hydrogen atom migrates to silver (Figure 8.6). This is good agreement with the
experimental slope of ~ 1 for the ratio of desorption from the peaks attributed to palladium (240
K) and silver (185 K) (Figure 8.2C).
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Figure 8.6. An illustrative pathway for dihydrogen dissociation and hydrogen atom migration
on a palladium overlayer on Ag(111) at high hydrogen atom coverage. The models corresponding
to the different states depicted are below the energy diagram (silver atoms, silver; palladium
atoms, green; initially adsorbed hydrogen atoms on the surface, blue; additional hydrogens from
dihydrogen; red). The surface was initially covered by 0.75 ML of hydrogen atoms (blue; IS), after
further dihydrogen adsorption, additional hydrogen atoms (red) occupy a fcc site and an hcp site
(IM1). The hydrogen atom on a hcp site moves on the surface via a bridge site (TS1), and eventually
migrates to the Ag(111) surface in the final state (FS). The silver lattice is included in all
calculations; however, it is adsorbate-free except in FS. Since the hydrogen atom coverage is high,
the silver lattice periodicity was used for the palladium overlayer (see text). The structure
considered has a coverage of 0.75 ML on a 2 × 2 unit cell, but isolated fcc sites occur starting at
2/3 ML. All energies are given per two hydrogen atoms adsorbed, referred to H 2 in the gas phase.
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8.4 Discussion
Understanding the migration of hydrogen atoms on bimetallic surfaces is crucial in promoting
synergistic effects between the metal components for hydrogenation reactions. Here, models for
palladium−silver catalysts established that palladium can serve as a hydrogen atom source for
silver but only under specific conditions—where the hydrogen atom coverage is high on palladium
and where palladium islands (not just single atoms) are present. The accessibility of weakly bound
hydrogen atoms on silver could have significant implications for the design of palladium−silver
catalysts for controlling the selectivity and activity of hydrogenation reactions, where silver has a
high selectivity and low activity while palladium has a low selectivity but high activity. Palladium
catalysts can be very selective at low conversions [60], however palladium−silver catalysts exhibit
higher selectivity than palladium catalysts at the same conversions [30]. At the temperature of
the catalytic reaction (e.g., room temperature), hydrogen atoms on silver will quickly recombine
and desorb as dihydrogen but a low hydrogen atom coverage on silver could exist as a metastable
reactive hydrogen atoms.
Although formation of two hydrogen atoms on silver is endothermic relative to gas phase
dihydrogen, previous experiments have established that hydrogen atoms remain kinetically
trapped on silver when they are directly impinged on the surface at low temperature [49, 50, 52].
Hence, if palladium serves as a source of hydrogen atoms, they can remain on silver, which is
consistent with population of the desorption peak at 185 K (Figure 8.2). The supply of hydrogen
atoms to silver, though, requires high hydrogen atom coverages on the palladium islands.
The dissociation of dihydrogen and ensuing migration of hydrogen atoms to silver on the
model palladium−silver system is a very complex phenomenon. At first the fcc sites of palladium
are populated by hydrogen atoms. The dissociation of dihydrogen on palladium and filling of
hydrogen atoms on palladium is clearly established by the 240 K peak in temperature
programmed desorption and the 1080 cm-1 peak in vibrational spectroscopy. The energetics for
hydrogen atom adsorption on palladium calculated by density functional theory give the following
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stability trend: fcc > hcp and subsurface (Table 8.1). The initial population of hydrogen atoms
on fcc palladium sites with a vibrational frequency of 1080 cm-1 agree with the energetics for
populating fcc sites on palladium. These fcc sites will be filled until a hydrogen atom coverage of
~ 0.67 ML is reached, where there are limited sites for dihydrogen dissociation to create of two
hydrogen atoms on different fcc sites.
At high hydrogen atom coverages on palladium, population of less energetically favorable
sites is possible, which enables the migration of hydrogen atoms to the nearby silver. Large
dihydrogen exposures can facilitate the population of silver with hydrogen atoms as demonstrated
by direct visualization by scanning tunneling microscopy, by the 185 K peak in temperature
programmed desorption and the 830 cm-1 peaks in vibrational spectroscopy. The comparatively
lower exposures of dihydrogen for the STM and vibrational spectroscopy involve a limited
population of hydrogen atoms on silver while the high exposures of dihydrogen used for the
desorption experiments can achieve the saturation of hydrogen atoms on silver (~ 0.6 ML).
Theoretical calculations demonstrate if a high coverage of hydrogen atoms on palladium
is achieved, then the filling of weakly bound sites on palladium (hcp site, subsurface site,
palladium−silver step site) are accessible, providing a pathway for hydrogen atom migration to
silver. At high coverages (θH = 0.67 ML), dihydrogen dissociation occurs such that one hydrogen
atom occupies an fcc site and the other a hcp site. The hcp, subsurface and palladium−silver step
sites are all essentially isoenergetic with the small barrier for diffusion allowing hydrogen atoms
to readily explore the different surface sites. Entropic effects will further facilitate migration of
hydrogen atoms from the dense phase on palladium to the dilute and mobile phase on silver. The
accessibility of these more weakly-bound sites agrees with the desorption of dihydrogen at 240 K
from palladium which has energetics similar to hydrogen atom adsorption on palladium−silver
step sites.
While the synergy between palladium and silver for reactions requiring hydrogen atoms
has been demonstrated here for the model system consisting of palladium islands on Ag(111),
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Table 8.1. Density functional theory calculated energetics for hydrogen atom adsorption
Site
Pd fcc
Pd hcp
Pd
subsurface
Ag fcc

Surfacea
Pd overlayer on Ag(111)
Pd overlayer on Ag(111)
Pd overlayer on Ag(111)

Initial H coverage
0.75 ML H on Pd fcc
1.00 ML H on Pd fcc
1.00 ML H on Pd fcc

Adsorption energyb
− 1.14 eV (− 110 KJ mol-1)
+ 0.40 eV (+ 39 KJ mol-1)
+ 0.44 eV (+ 42 KJ mol-1)

Ag(111)

0.00 ML H on Ag

+ 0.46 eV (+ 44 KJ mol-1)

a

The calculations were performed with the silver lattice constant using a 2 × 2 unit cell.

b

Adsorption energies are for 2 adsorbed hydrogen atoms referenced to gas phase H 2.

there are practical challenges to implementation into a catalytic framework. First, palladium
islands are required to achieve this effect. Secondly, the hydrogen atom coverage on palladium
must be large. These two requirements necessitate reaction conditions at high pressure and
relatively low temperature.
Ensuring that even small palladium islands remain on the surface requires that both
synthesis and catalyst function must occur at moderate temperatures. Heating palladium islands
on Ag(111) to temperatures of 400 K, for example, may lead to capping of the palladium by silver
because of the lower surface free energy of silver [45]. The efficiency of supplying hydrogen atom
spillover to silver is highest for the small palladium islands, suggesting that ultra-small islands
analogous to those investigated in the DFT model would be most effective (Figure 8.11). In the
extreme, single atoms of palladium cannot have a vacant site for dissociation while also having a
high hydrogen atom coverage necessary for spillover, indicating that there may be a minimum
ensemble of palladium required.
The other important factor in exploiting the ability to supply hydrogen atoms to silver from
palladium is maintaining a high coverage of hydrogen atoms on the palladium. The migration of
hydrogen atoms from palladium to silver is facilitated by dihydrogen dissociation and population
of weakly bound hydrogen atoms on the palladium islands. Because these states are weakly
bound, high pressures of dihydrogen are required to populate them even at room temperature.
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Overall, the observation of kinetically limited hydrogen atom migration facilitated by
small domains of a dopant, palladium, to a material where dihydrogen dissociation is
endothermic, silver, has strong implications in the design of bimetallic catalysts for reactions
requiring hydrogen atoms in which selectivity is important reactions. The accessibility of
hydrogen atoms on the host metal could enable the bimetallic material to have reaction
performance like that of hydrogen atoms on the pure host metal. Such bimetallic materials for
selective hydrogenation could also function to limit the overall supply of hydrogen atoms on the
surface to avoid complete hydrogenation. The direct implications for controlling selectivity and
activity in surface reactions are unclear—and necessitate future investigations.

8.5 Conclusions
In conclusion, the ability of palladium islands to facilitate of hydrogen atom migration to silver
when palladium islands are present was demonstrated using a comprehensive set of experimental
and theoretical tools. The migration occurs because of the ability to populate weakly bound
hydrogen atom adsorption states on palladium after initial dissociation of dihydrogen on
palladium. The weakly bound states on palladium are nearly isoenergetic with hydrogen atoms
bound to silver, rendering migration feasible. The migration occurs across the palladium−silver
boundary and, accordingly, the interface length directly affects the supply of hydrogen atoms to
silver, suggesting that ultra-small palladium islands would be most effective in supplying
hydrogen atoms to silver. This study clearly demonstrates that hydrogen atom migration across a
bimetallic interface can provide a substantial hydrogen atom concentration on both metal
components with broad implications in heterogeneous catalysis.
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8.6 Materials and Methods
8.6.1 Experimental
Vibrational spectroscopy and temperature programmed desorption (TPD) experiments were
performed in an ultra-high vacuum (UHV) chamber with a base pressure below 4 × 10 -10 Torr.
The Ag(111) single crystal (SPL) was cleaned by repeated cycles of Ar+ sputtering (2.0 keV, 4 µA)
and annealing (800 K). Surface cleanliness was verified using low-energy electron spectroscopy
(LEED, Perkin-Elmer Phi Model 15-120 LEED Optics) and Auger electron spectroscopy (AES,
Perkin-Elmer Phi 15-155 Cylindrical Auger Electron Optics). Palladium was evaporated from a
palladium rod on the Ag(111) sample at 300 K using an Omicron Focus EFM 3 UHV Evaporator
with a constant flux of 0.15 monolayers min-1. The coverage of palladium on Ag(111) was
determined using AES. The purity of dihydrogen was confirmed by a triple filter Hiden
quadrupole mass spectrometer (QMS, Hiden HAL/3F) and by high resolution electron energy loss
experiments (HREELS, Figure 8.13).
For dihydrogen exposures to palladium on Ag(111) a background dose at 150 K was used
for HREELS experiments and a directed dose at 150 K was used for TPD experiments. Correction
for direct dosing enhancement were determined by appropriate calibrations (see Supporting
Information). All TPD experiments were performed using a constant heating rate of 3 K s -1. The
deconvolution of the TPD peaks at 185 K and 240 K was performed using Voigt functions (see
Supporting Information). Hydrogen atom coverages determined in TPD experiments were
quantified with mass spectrometry [61] by reference to by the desorption yield of dioxygen from
a saturated p(4 × 4)O-Ag(111) surface oxide (see Supporting Information) [62]. An error margin
for the reported hydrogen atom coverages of approximately 10 % is expected due to the
deconvolution and quantification procedure.
HREELS experiments were performed using an LK-2000 spectrometer using a primary
energy of 4.5 eV at 60⁰ specular geometry with a specular full width at half maximum of ~ 6.0
meV (~ 48 cm-1). The spectra were normalized with respect to the background counts which has
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been shown to be proportional to the flux of the electron beam [63]. The data was further
processed by fitting and subtracting the specular peak for each spectrum to remove contributions
of the specular peak from the adsorbate features. All HREELS spectra were recorded at 100 K.
Scanning tunneling microscopy (STM) was were performed using a low-temperature
scanning tunneling microscope (Omicron Nanotechnology) under UHV with a base pressure
below 1 × 10-11 torr. A Ag(111) single crystal (Princeton Scientific) was cleaned via repeated Ar +
sputtering (1.5 keV, 2µA) and annealing (1000 K) cycles. Palladium was evaporated at room
temperature using an Omicron Focus EFM 3 UHV Evaporator with a constant flux of 0.1
monolayers min-1. The Ag(111) surface prepared prior to palladium deposition consisted of Ag(111)
terraces that were largely defect free separated by monatomic step edges (Figure 8.7).
Dihydrogen background exposures were performed at 150 K. Scanning tunneling microscopy
images at 5 K were acquired by cryogenically cooling the scanning tunneling microscope stage
with liquid helium (Middlesex Gases). Notably, there is little or no alloy formation in our
experiments, because heating to temperatures greater than 400 K are necessary to induce alloying
of the palladium and silver [45].
8.6.2 Theory
The hydrogen atom vibrational frequency calculations and hydrogen migration reaction on a
palladium overlayer on silver were modeled by using a 2 × 2 unit cell with 6 layers. The bottom 3
layers were fixed and the top 3 layers were fully optimized with a convergence threshold of 0.01
eV/Å. The palladium island model was generated by placing a 12-atom palladium island on a
5 × 5 Ag(111) surface slab with 3 layers. The bottom 2 layers were fixed while the other atoms were
fully relaxed. The PBE functional [64] and 400 eV cut-off energy were used, the k-points is 7 × 7
× 1 for the 2 × 2 unit cell model and 3 × 3 × 1 for the palladium island model. All the calculations
were performed with VASP [65 – 67].
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8.7 Supporting information
8.7.1 Temperature programmed experiments dosing enhancement correction
The direct dosing enhancement has been accounted for in the temperature programmed
desorption experiments in Figure 8.2 and Figure 8.3 separately because different dosing lines
were used for each set of experiments. The direct dosing enhancement factor used in Figure 8.2
was determined by performing a background exposure of 3.0 × 103 L to a 0.45 ML palladium on
Ag(111) surface at 150 K which gave the same yield ( ± 5 %) of dihydrogen as the curve reported
in Figure 8.2. The direct dosing enhancement factor used in Figure 8.3 was determined by 1)
estimating an approximate hydrogen atom coverage for 0.45 ML of palladium on Ag(111) by
extrapolating the hydrogen atom coverage for a palladium coverage from Figure 8.3 and 2)
estimating an approximate calibrated exposure for the coverage estimated above by extrapolating
the dihydrogen exposure for a given hydrogen atom coverage from Figure 8.2. Since the direct
dosing enhancement factor was not measured experimentally for Figure 8.3, the reported
exposure of 50 L will have some error as a result of the two extrapolations necessary to calibrate
the dose.
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8.7.2 Clean Ag(111) sample during STM experiments

Figure 8.7. Morphology of Ag(111) as determined by STM. A largely defect free Ag(111) surface
with a monoatomic step edge. Inset depicts an atomic-resolution image of Ag(111) terrace.

8.7.3 STM statistics for Pd islands on Ag(111)
Table 8.2. STM statistical analysis for 0.04, 0.12 and 0.22 ML of palladium on Ag(111)
Palladium
Palladium
Multilayer island
Single layer island
coverage
diameter
height (pm)
height (pm)
(ML)
(nm)
0.04
9.8 ± 1.5
144.7 ± 8.2
0.12
16.2 ± 2.5
141.3 ± 7.7
276.7 ± 20.3
0.22
23.9 ± 4.3
141.4 ± 7.9
416.0 ± 21.0
a Coverage determined with respect to the total surface area
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Multilayer island
coveragea (%)
1.05
2.20

Figure 8.8. Palladium island side to side diameter dependence on palladium coverage fit with a
square root function which is expected for island growth where palladium adds to existing islands.
This assumption was shown to be accurate by STM experiments.

8.7.4 Temperature programmed desorption deconvolution and quantification
The temperature programmed desorption spectra were deconvoluted by fitting two Voigt
functions which gives a reasonable approximation of the line shape of the dihydrogen desorption
peaks (Figure 8.9). The expected error in the area that results from using the Voigt function as
an approximate line shape for a first order desorption process is estimated to be ~ 5 %.
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m/z = 2 QMS Intensity (a.u.)

100

200
300
Temperature (K)

Figure 8.9. Deconvolution of the TPD spectra for a 180000 L exposure of dihydrogen to 0.45
ML of palladium on Ag(111) at 150 K in Figure 8.2A.

In the quantitative analysis, the consideration of the molecular fragmentation pattern, ionization
cross-section, and the mass spectrometer transmission and detection coefficients is necessary. It
has been shown elsewhere (61) that the number density of molecule 𝑖 in the ionizer, 𝑛𝑖 , is given
as follows:
𝑛𝑖 =

𝜎𝑖−1 ⋅𝑠𝑖𝑘
𝑇𝑖𝑘 ⋅𝛿𝑖𝑘

𝑠

⋅ (1 + ∑𝑗 𝑠 𝑖𝑗 ⋅
𝑖𝑘

𝑇𝑖𝑘 ⋅𝛿𝑖𝑘
)
𝑇𝑖𝑗 ⋅𝛿𝑖𝑗

(Equation 8.1)

where
𝜎𝑖 is the total ionization cross-section of molecule 𝑖,
𝑠𝑖𝑘 is the measured signal current for the 𝑘th fragment of molecule 𝑖,
𝑠𝑖𝑗 /𝑠𝑖𝑘 is the ratio of signals of the 𝑗th and 𝑘th fragments of molecule 𝑖 determined from separate
calibrations of the neat parent molecule 𝑖,
𝑇𝑖𝑘 is the transmission coefficient of a fragment with m/z, 𝑘, of molecule 𝑖,
𝑇𝑖𝑗 is the transmission coefficient of a fragment with m/z, 𝑗, of molecule 𝑖,
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𝛿𝑖𝑘 is the detection coefficient of a fragment with m/z, 𝑘, of molecule 𝑖,
𝛿𝑖𝑗 is the detection coefficient of a fragment with m/z, 𝑗, of molecule 𝑖.
In the equation above, the constants 𝜎𝑖 , 𝑇𝑖𝑘 , 𝑇𝑖𝑗 , 𝛿𝑖𝑘 and 𝛿𝑖𝑗 are taken from published values (Table
8.3). 𝑠𝑖𝑗 /𝑠𝑖𝑘 is determined for molecule i by introduction of a neat sample of molecule 𝑖 on to the
vacuum chamber and the fragmentation pattern was recorded by QMS.

Table 8.3. Mass spectrometry quantitative analysis constants
Transmission
m/z

Detection

Ionization
Molecule

Coefficient a

Coefficient b

Cross-section

0-20

1

1.5

H2

1.021c

21-30

1

1

O2

2.441c

31-40

1

0.9

a

Adapted from Hiden manual

b

Adapted from UTI manual

c

Values calculated at an incident electron voltage of 70 eV from the NIST database

The absolute coverage of dihydrogen desorption is determined by quantitative mass spectrometry
by calibration to the area of dioxygen desorption from a saturated p(4 × 4)O-Ag(111) surface which
gives an oxygen coverage of 0.375 ML (62).
The local coverage of hydrogen atoms on silver is calculated by:
θ185𝐾

(Equation 8.2)

H
θH/Ag = 1−θ

Pd

The local coverage of hydrogen atoms on palladium is calculated by:
θH/Pd =

θ240𝐾
H
θPd

(Equation 8.3)
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Table 8.4. Absolute and local coverages of hydrogen atoms on palladium and silver determined
in Figure 8.2.
H2 desorption at 185 K

H2 desorption at 240 K

H2 Exposure (L)

θ185𝐾
(ML)
H

θH/Ag (ML)

θ240𝐾
(ML)
H

θH/Pd (ML)

5.9

0.00 ± 0.01

0.00 ± 0.01

0.234 ± 0.02

0.519 ± 0.05

5.9 × 101

0.030 ± 0.01

0.06 ± 0.02

0.257 ± 0.03

0.570 ± 0.06

6.0 × 102

0.104 ± 0.02

0.19 ± 0.03

0.303 ± 0.03

0.674 ± 0.07

3.0 × 103

0.228 ± 0.03

0.41 ± 0.04

0.383 ± 0.04

0.850 ± 0.08

1.8 × 106

0.308 ± 0.03

0.56 ± 0.06

0.473 ± 0.05

1.051 ± 0.10

Table 8.5. Absolute and local coverages of hydrogen atoms on palladium and silver determined
in Figure 8.3.
H2 desorption at 185 K

H2 desorption at 240 K

Pd coverage (ML)

θ185𝐾
(ML)
H

θH/Ag (ML)

θ240𝐾
(ML)
H

0.05

0.011 ± 0.01

0.013 ± 0.01

0.023 ± 0.01 0.462 ± 0.05

0.15

0.013 ± 0.01

0.016 ± 0.01

0.072 ± 0.01 0.483 ± 0.05

0.25

0.017 ± 0.01

0.023 ± 0.01

0.128 ± 0.01

0.35

0.020 ± 0.01

0.031 ± 0.02

0.174 ± 0.02 0.496 ± 0.05

0.55

0.027 ± 0.01

0.059 ± 0.02

0.319 ± 0.03 0.579 ± 0.06

θH/Pd (ML)

0.512 ± 0.05

8.7.5 Kinetic model for hydrogen atom migration
We assume a simple kinetic model to quantitatively reproduce the effect of palladium coverage
on the extent of hydrogen atom migration from palladium to silver. By assuming that a steady
state concentration of hydrogen atoms on palladium is established during extended dihydrogen
exposures and that availability of adsorption sites of hydrogen atoms on silver are not limiting,
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the rate of formation of hydrogen atoms on silver becomes dependent only on the concentration
of hydrogen atoms on interfacial palladium. The following can be proven using the PolanyiWigner expression:
𝐻
𝑑𝜃𝐴𝑔

𝑑𝑡

𝐻
= 𝑣 ⋅ 𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
⋅𝑒

−

𝐸
𝑘𝐵 𝑇

(Equation 8.4)

𝐻
Where 𝜃𝐴𝑔
is the coverage of hydrogen atoms on silver

𝑣 is the pre-exponential factor
𝐻
𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
is the coverage of hydrogen atoms on palladium at the palladium-silver interface

𝐸 is the activation energy for diffusion
𝑘𝐵 is Boltzmann’s constant
𝑇 is the sample temperature
By integrating over the length of a dihydrogen exposure, 𝑡, the following can be proven:
𝐻
𝐻
𝜃𝐴𝑔
= 𝑡 ⋅ 𝑣 ⋅ 𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
⋅𝑒

𝐸
𝑘𝐵 𝑇

−

(Equation 8.5)

By assuming that the coverage of hydrogen atoms at the palladium-silver interface is proportional
to the coverage of interfacial palladium, 𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 , by a factor, 𝑏, the following can be shown:
𝐻
𝜃𝐴𝑔
= 𝑡 ⋅ 𝑣 ⋅ 𝑏 ⋅ 𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ⋅ 𝑒

𝐸
𝑘𝐵 𝑇

−

(Equation 8.6)

By assuming that the coverage of hydrogen atoms on palladium is proportional to the coverage of
palladium, 𝜃𝑃𝑑 , by a factor, 𝑐, the ratio of hydrogen atoms on silver to palladiums is plotted in
Figure 8.3C can be determined by :
𝐻
𝜃𝐴𝑔
𝐻
𝜃𝑃𝑑

𝐸

=

−
𝑡⋅𝑣⋅𝑏⋅𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ⋅𝑒 𝑘𝐵 𝑇

(Equation 8.7)

𝜃𝑃𝑑 ⋅𝑐

A general constant, 𝐴, can be defined where:
𝐻
𝜃𝐴𝑔
𝐻
𝜃𝑃𝑑

𝐸

= 𝐴⋅

𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝜃𝑃𝑑

; 𝐴=

−
𝑡⋅𝑣⋅𝑏⋅𝑒 𝑘𝐵 𝑇
𝑐

(Equation 8.8)

282

Figure 8.10. Hexagon model for palladium islands.
The coverage of hydrogen atoms at the palladium-silver interface can be estimated by assuming
hexagonal island growth with increasing palladium coverage. The approximate number of
palladium atoms in a hexagonal palladium island with a side to side diameter, 𝑑, and Pd-Pd
distance, 𝑟𝑃𝑑−𝑃𝑑 , is given by:
𝑛𝑃𝑑 =

𝐴𝑟𝑒𝑎
𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎

=

√3 𝑑2
2

2
𝑟𝑃𝑑−𝑃𝑑
sin(60𝑜 )

=

√3 𝑑2
2
(0.225 𝑛𝑚)2 sin(60𝑜 )

(Equation 8.9)

The approximate number of interfacial palladium atoms in a hexagonal palladium island with a
side to side radius, 𝑟, and Pd-Pd distance, 𝑟𝑃𝑑−𝑃𝑑 , is given by:
𝑛𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑟𝑃𝑑−𝑃𝑑

=

6𝑑
√3

=

𝑟𝑃𝑑−𝑃𝑑

6𝑑
√3

0.225 𝑛𝑚

(Equation 8.10)

The palladium interface concentration can then be calculated by:
𝜃𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

𝑛𝑃𝑑−𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝑛𝑃𝑑

=

6𝑑
√3

0.225 𝑛𝑚

⋅

(0.225 𝑛𝑚)2 sin(60𝑜 )
√3 𝑑2
2

(Equation 8.11)

By substituting, Equation 7.11 into Equation 7.8 the following can be shown:
𝐻
𝜃𝐴𝑔
𝐻
𝜃𝑃𝑑

=𝐴⋅

6𝑑
√3

0.225 𝑛𝑚

⋅

(0.225 𝑛𝑚)2 sin(60𝑜 )
√3 𝑑2
2

1

(Equation 8.12)

⋅𝜃

𝑃𝑑

By substituting, the relationship established between palladium island side to side diameter and
palladium coverage established in Figure 8.8, the following can be shown:
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𝐻
𝜃𝐴𝑔
𝐻
𝜃𝑃𝑑

=𝐴⋅

6⋅(9.66⋅√𝜃𝑃𝑑 )
√3

0.225 𝑛𝑚

⋅

(0.225 𝑛𝑚)2 sin(60𝑜)
2
√3⋅(9.66⋅√⋅𝜃𝑃𝑑 )
2

⋅

1
𝜃𝑃𝑑

(Equation 8.13)

The best fit for the experimental data in Figure 8.3C yielded 𝐴 = 4.7 and is plotted in
Figure 8.3C.
8.7.6 DFT calculations for island model

Figure 8.11. Reaction pathway for hydrogen migration on a Pd12 island at high hydrogen atom
coverage (silver: silver atom; green: palladium atom; blue: initially adsorbed hydrogen atom; red:
additional surface hydrogen atom from dihydrogen; yellow: hydrogen atom in the subsurface).
The Pd12 island was fully covered by atomic hydrogen except one fcc vacancy (IS). After
dihydrogen adsorption, one hydrogen atom goes to a fcc site and one hydrogen atom goes to a
nearby hcp site (IM1). The hydrogen atom on the hcp site can migrate to Ag(111) through a surface
pathway (red) or a subsurface pathway (blue).
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8.7.7 DFT calculations for subsurface migration vs surface migration pathway

Figure 8.12. A reaction pathway for dihydrogen dissociation and hydrogen atom migration on a
palladium overlayer on Ag(111) at high hydrogen atom coverage for both surface (top) and
subsurface (bottom) migration (silver: silver atom; green: palladium atom; blue: initially
adsorbed hydrogen atom; red: additional surface hydrogen atom from dihydrogen; yellow:
hydrogen atom in the subsurface). The surface was initially covered by 0.75 ML of hydrogen atoms
(blue)(IS), after further dihydrogen adsorption, additional hydrogen atoms (red) occupy a fcc site
and an hcp site (IM1). The hydrogen atom on a hcp site can move on the surface (red arrow) via a
bridge site (TS2) or to a position under the surface (blue pathway)(IM2), and eventually migrate
to the Ag(111) surface (FS). Since the hydrogen atom coverage is high, the silver lattice periodicity
was used for the palladium overlayer (see text). All energies are given per H 2 unit, referred to H2
in the gas phase.
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8.7.8 Clean dihydrogen dosing during HREELS experiments

Figure 8.13. Vibrational spectroscopy demonstrates the dissociation of dihydrogen on a thin
film of palladium on Ag(111). A background adsorption of dihydrogen (150 K, 1 L) on 0.46 ML of
palladium on Ag(111) leads to the sole adsorption of hydrogen atoms on palladium and no
adsorption of common background gases such as carbon monoxide and water.
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Chapter 9.
Hydrogen migration at restructuring palladium−silver oxide
boundaries dramatically enhances reduction rate of silver oxide

9.1 Abstract
Heterogeneous catalysts are complex materials with multiple interfaces. A critical proposition in
exploiting bifunctionality in alloy catalysts is to achieve surface migration across interfaces
separating functionally dissimilar regions. Herein, we demonstrate the enhancement of more
than 104 in the rate of molecular hydrogen reduction of a silver surface oxide in the presence of
palladium oxide compared to pure silver oxide resulting from the transfer of atomic hydrogen
from palladium oxide islands onto the surrounding surface formed from oxidation of a
palladium–silver alloy. The palladium–silver interface also dynamically restructures during
reduction, resulting in silver–palladium intermixing. This study clearly demonstrates the
migration of reaction intermediates and catalyst material across surface interfacial boundaries in
alloys with a significant effect on surface reactivity, having broad implications for the catalytic
function of bimetallic materials.
This paper was published in Nature Communications, 2020, 11, 1844.

9.2 Introduction
Heterogeneous catalysts are complex materials that generally contain multiple interfaces which
can modify the kinetics and selectivity for key reactions, especially for the production and use of
molecular hydrogen for energy generation and chemical synthesis [1 – 6]. The increasing interest
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in alloy catalysts creates new challenges in understanding the effect of interfaces. Although
interfaces between metal nanoparticles and the metal oxide support have been extensively
investigated, less is known about interfaces that form on alloys themselves, independent of the
support. Phase segregation on metallic alloy nanoparticles can form metal/metal interfaces
primarily arising from differences in surface free energy of the metal components and unfavorable
mixing enthalpies [7 – 9]. Under oxidizing conditions, complex metal/oxide and oxide/oxide
interfaces can form by phase separation and surface segregation arising from differences in
metal–oxygen bonding [10, 11]. Therefore, a dynamic understanding of material restructuring and
chemical behavior is required to most effectively use the bifunctional character of alloy catalysts.
Prior studies have demonstrated that the interface between metal nanoparticles and the
metal oxide support can affect chemical behavior by the creation of speciﬁc active sites [12 – 18]
and direct migration or “spillover” [19] of reactive species created on one phase to a neighboring
phase of differing reactivity [19 – 25]. The metal/oxide support interface can signiﬁcantly
restructure in reactive gas environments on a short timescale of minutes and long length scales of
microns [26]. Catalyst activity can be signiﬁcantly modiﬁed by interface restructuring including
changes in coordination environment [27], catalyst encapsulation [28], and metal component
transport and alloying [29 – 33].
Similarly, metal/metal interfaces of alloy nanoparticles can restructure under reactive gas
conditions and promote intermediate migration. The interface can signiﬁcantly reorganize by
segregation and dissolution of metal components [34 – 36], structural rearrangement [37], and
formation of oxide/oxide interfaces in reactive gas environments [10, 11]. The migration of
intermediates via hydrogen atom spillover across a bimetallic interface has been demonstrated
for several metal/metal interfaces [38 – 41]. The behavior of bimetallic oxide interfaces in
promoting the migration of intermediates, though, may even be more complex than for
metal/oxide support or metal/metal interfaces, as we examine in this paper.
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Herein, we demonstrate that synergistic effects arising from interfacial energetics
dramatically alter reactivity associated with hydrogen atom migration across the palladium
oxide/silver oxide interface produced from oxidation of the alloy, resulting in intermixing of metal
atoms at the two-dimensional bimetallic oxide interface during the reactive process at room
temperature. Speciﬁcally, intermixing of palladium and silver plays a critical role in accelerating
the rate of reduction of oxidized Ag(111) by molecular hydrogen because of the presence of
palladium oxide islands on the silver oxide surface. The increase in reactivity is attributed to the
higher activity of palladium oxide for dis- sociating molecular hydrogen to produce hydrogen
atoms, which can either (1) spillover directly onto the silver oxide or (2) react at the palladium
oxide boundary with oxygen provided by silver oxide that is supplied to the palladium as
palladium oxide is reduced. In parallel, the rate of reduction of palladium oxide is retarded as
silver is incorporated into its structure at the interface. The high mobility of silver and silver oxide
complexes, even at room temperature, is an important factor in this mechanism [42 – 44]. The
intermixing of palladium and silver that accompanies the acceleration of silver oxide reduction
demonstrates the complexity of synergistic effects in catalysis, especially when reducible oxides
are involved.

9.3 Results
9.3.1 Generation of palladium and silver oxide surfaces
The reactivity of molecular hydrogen with a thin ﬁlm of palladium oxide (PdO) on Pd(111), silver
oxide (Ag(111)-p(4 × 4)O) on Ag(111) and palladium oxide (PdOx) on Ag(111) surfaces was
compared using ambient-pressure X-ray photoelectron spectroscopy (AP-XPS). A palladium
oxide (PdO) ﬁlm was generated by oxidation of a single crystal of Pd(111) with molecular oxygen
at 773 K and 2 Torr (Figure 9.4) [45]. Similarly, the surface oxide of silver
(Ag(111)-p(4 × 4)O) was generated by oxidation of Ag(111) by molecular oxygen at 773 K and 2
Torr (Figure 9.5) [46]. Palladium oxide (PdOx) islands surrounded by the surface oxide of
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Ag(111) were generated by deposition of 0.10 monolayers (ML) of palladium on Ag(111) followed
by exposure to molecular oxygen at 377 K and 3 Torr for 25 min (Figures 9.1, 9.6 and 9.7).
9.3.2 Palladium dewetting during palladium−silver oxidation
Palladium dewets the surface when the single layer palladium islands on Ag(111) are oxidized to
form domains of silver surface oxide and multilayer PdOx (Figures 9.2A, 9.2B, 9.3). Initially,
the palladium forms predominantly single layer islands with an apparent height of 0.2 nm, as
revealed by scanning tunneling microscopy (STM) (Figure 9.2A). During oxidation, PdOx
islands form condensed particles with apparent heights of 0.9 nm (Figure 9.2B). Accordingly,
there is a 30 % decrease in the X-ray photoelectron Pd 3d5/2 total signal relative to palladium on
Ag(111) before oxidation, which is attributed to the attenuation of subsurface palladium in the
multilayer structures (Table 9.3). The palladium dewetting is associated with a 33 % decrease in
the Ag 3d5/2 PdAg alloy signal relative to unoxidized palladium on Ag(111) because of a decreased
palladium–silver interface area (Figure 9.3B and Table 9.3). Similarly, the segregation of
palladium oxide and silver oxide occurs for the oxidation of a Pd75Ag25(100) bulk alloy [47].
9.3.3 Palladium oxide catalyzes the reduction of silver oxide
The key experimental observations that demonstrate hydrogen spillover from islands of PdOx
onto the surrounding silver oxide surface and the synergistic effects that drive this phenomenon
are as follows:
(1)

Molecular hydrogen is readily activated by palladium oxide. Films of palladium oxide
(PdO) on metallic palladium (Pd (111)) were readily reduced by molecular hydrogen,
commencing at cumulative molecular hydrogen exposures of approximately 103
monolayers (equivalent) (Figure 9.1A, black curve). The reduction of PdO by molecular
hydrogen is rapid and autocatalytic, accelerating with time at constant molecular
hydrogen pressure [48]. The reaction proceeds through an initial slow rate of molecular
hydrogen dissociation on PdO to form hydroxyls and atomic hydrogen, which initiates the
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reduction of palladium oxide to create a defective surface, which reduces more rapidly
based on prior literature [48].
(2)

Ag(111)-p(4 × 4)-O is not reduced by molecular hydrogen. Cumulative exposures of up to
107 monolayers of molecular hydrogen cause no observable reduction of surface oxygen
(Figure 9.1B, black curve), consistent with the low rate of molecular hydrogen
dissociation on silver [49, 50].

(3)

PdOx on the Ag(111) surface catalyzes the reduction of the supporting silver oxide by
molecular hydrogen. The presence of PdOx on Ag(111) increases the rate of reduction of
silver oxide with molecular hydrogen by more than 104 at 300 K (Figure 9.1B, red curve).
Therefore, PdOx must activate molecular hydrogen, catalyzing the reduction of the
surrounding silver oxide surface at 300 K (Figure 9.1A). The onset of reduction of the
PdOx on Ag(111) occurs at the same molecular hydrogen exposure as does palladium oxide
reduction on the PdO surface, which indicates a similar rate for initial molecular hydrogen
dissociation on both. PdOx is reduced at a much slower rate than occurs on PdO, which
will be discussed later in context of structural changes during the reaction (Figure 9.1A,
red curve). There is clear preference for molecular hydrogen reduction of the surrounding
silver oxide rather than reduction of the PdOx.

9.3.4 Intermediate migration across palladium−silver interface
The high reactivity of the silver oxide surrounding the PdOx islands is attributed to molecular
hydrogen dissociation on PdOx followed by migration of atomic hydrogen across the
palladium–silver interface and reduction of silver oxide. The preferential reduction of the silver
oxide surrounding the PdOx islands (Figure 9.1B, red) occurs at a rate similar to that of the PdO
ﬁlm (Figure 9.1A, black), which suggests that the transport and reaction of atomic hydrogen
onto the silver oxide must be nearly equal to its rate of generation on the PdO x. A detailed
investigation of the intrinsic kinetics of silver oxide reduction by hydrogen atoms is warranted.
Molecular hydrogen reduction of PdO on Pd(111) and palladium oxide [48, 51] occurs
294

Figure 9.1. Pd oxide accelerates the reduction of Ag oxide by hydrogen. The degree of reduction
of (A) palladium oxide in a PdO ﬁlm on Pd(111) (black) and PdOx islands surrounded by Ag(111)O (red) and (B) silver oxide in the Ag(111)-p(4 × 4)O surface oxide (black) and in the silver oxide
in the presence of PdOx islands with their cumulative exposure to molecular hydrogen at 300 K.
The oxidation states of palladium and silver were monitored by the integrated intensities of their
respective 3d5/2 XPS peaks. The pressure of molecular hydrogen for each reduction step is detailed
in the Supplementary Information. All data are normalized to the integrated area of the oxide
peaks after the oxidation treatment (Figures 9.4, 9.5, 9.6 and 9.7).
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Figure 9.2. Palladium–silver restructuring during oxidation and reduction. (A – C) A series of
characteristic STM images of (A) as-deposited palladium on Ag(111), (B) after oxidation of (A) in
3 Torr of molecular oxygen at 425 K, and (C) subsequent reduction by molecular hydrogen at 300
K. (A, B) The apparent height of the islands increases from single layer (0.2 nm) to multilayer
structures (0.9 nm) upon oxidation. (B, C) After reduction, the apparent height of the islands
decreases to 0.6 nm and etch pits form on the silver attributed to silver oxide decomposition and
silver etching and subsequent intermixing into the palladium islands. (C) Inset shows a
high-resolution image of the intermixed palladium–silver island. Line scans of the islands and
pits are detailed in Figure 9.9. STM details: (A) Vsample = 2.00 V, Isetpoint = 0.300 nA, (B) Vsample =
1.50 V, Isetpoint = 0.300 nA, (C) Vsample = 1.90 V, Isetpoint = 0.250 nA. Scale bars: 40 nm.

via the activation of molecular hydrogen to form atomic hydrogen (and hydroxyls). Hydroxyl
migration from PdOx to silver oxide and reaction with silver oxide would lead to no net reduction
of silver oxide and therefore is implausible. The rate of migration of intermediates across the
PdOx—silver oxide interface is expected to be atomic hydrogen ≈ hydroxyls > atomic oxygen based
on their respective binding energies on palladium, silver, and palladium–silver alloy sites [52 –
61]. However, it is quite possible that atomic oxygen transfers from the Ag(111)-O (perhaps via
silver oxide complexes) to the PdOx as it is reduced, signiﬁcantly contributing to the rate of
reduction of the silver oxide because it is known that short Ag–O chains are quite mobile on
Ag(110), and the reduction of Ag(111)-p(4 × 4)O by carbon monoxide generates mobile silver
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Figure 9.3. Palladium–silver intermixing during reduction by hydrogen. (A) Palladium–silver
intermixing occurs after reduction of PdOx on Ag(111) as evidenced by the increased Ag1−xPdx alloy
peak in the Ag3d5/2 region (green) using AP-XPS. Spectra are for (i) as-deposited 0.10 ML
palladium on Ag(111), (ii) after reduction of PdOx on Ag(111), and (iii) the difference trace (ii − i)
to better illustrate the increase in the PdAg alloy signal. (B) The formation of PdOx on Ag(111)
decreases the palladium–silver interface area because of palladium dewetting while the reduction
of PdOx on Ag(111) induces palladium–silver intermixing as illustrated by the increase in the
Ag1−xPdx alloy peak.

atoms [42 – 44]. Direct hydroxyl migration from silver oxide to PdOx to mitigate the rate of
reduction of the PdOx is unlikely, since it necessitates the formation of hydroxyls on silver oxide
by the direct reaction of silver oxide with molecular hydrogen. Therefore, we propose that silver
oxide reduction is initiated by atomic hydrogen migration from PdOx to silver oxide and that the
reduction proceeds by hydrogen atom migration from PdOx to silver oxide. The net rate of
reduction of the PdOx may be mitigated by migration of atomic oxygen from silver oxide to
partially reduced PdOx. The effect of the palladium surface coverage, distribution, and oxidation
state on the reduction of silver oxide is currently under investigation.

297

9.3.5 Palladium−silver intermixing during reduction by hydrogen
Intermixing of palladium and silver occurs as a consequence of the reduction of the PdO x on
Ag(111)-O by molecular hydrogen, based on both X-ray photoelectron spectroscopy and scanning
tunneling microscopy (Figures 9.2A, 9.2B, 9.3). The amount of PdAg alloy relative to
palladium deposited on Ag(111) increases after the silver oxide reduction is completed
(Figure 9.3). Associated with reduction is also the creation of etch pits on the surface. These pits
are one-layer deep and cover 38 % of the surface (Figures 9.2A and 9.8 and Table 9.4). The
combined area of these etch pits greatly exceeds that expected from reduction of the Ag(111)-p(4
× 4)-O itself, which is known to be only 17 % of the surface (Table 9.4) [43]. Thus, the larger
fraction of etch pits observed following reduction of palladium oxide/silver oxide is attributed to
silver migration to and intermixing into palladium islands during reduction. No measurable
changes in morphology of unoxidized, metallic palladium on Ag(111) are observed after exposure
to molecular hydrogen at 300 K (Figure 9.10). Indeed, this intermixing appears to be
energetically stable, as it has been observed that heating of palladium islands on Ag(111) is
necessary for extensive intermixing [62]. Hence, the intermixing at room temperature must be
facilitated by reduction of the palladium and silver oxides (Table 9.4). In support of this
intermixing, STM reveals that the islands are signiﬁcantly higher after reduction of the oxides
than they were prior to oxidation (Figure 9.2C).

9.4 Discussion
In this work, synergistic effects that dramatically alter reactivity at an oxide/oxide interface of an
alloy surface are demonstrated: intermixing of metal atoms at the interface during a reactive
process associated with the spillover of a reactive intermediate from one phase to another. The
intermixing of palladium and silver occurs during the reduction of oxidized Ag(111) by molecular
hydrogen due to the presence of PdOx islands.
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Previously, migration of hydrogen atoms has been demonstrated away from single metal
atoms and metal islands to either a metal or metal oxide host [19 – 23, 38 – 41, 63]; however,
intermixing and reconstruction during reaction was not evident. For example, single palladium
atoms in copper promote molecular hydrogen dissociation on palladium and subsequent
migration to the copper [38]. Migration of hydrogen atoms also occurs across interfaces between
metal particles, e.g. cobalt, and metal surfaces, e.g. copper [39]. Furthermore, migration between
metal and metal oxides phases has also been reported for hydrogen atoms [19]. For example,
molecular hydrogen dissociation at a site spanning single palladium atoms on iron oxide
(Fe3O4(001)) forms hydroxyls on the oxide via a heterolytic bond breaking process [23]. Migration
of intermediates across interfaces between oxide islands of titania and ceria (TiO2 and CeO2)
formed on gold and copper has also been demonstrated [64, 65]. Similarly, copper oxidation was
promoted by ceria (CeO2) islands, indicating that oxygen transport across interfaces is also
possible [66]. The intermixing of metal atoms at the interface was not observed in any of these
cases.
The acceleration of silver oxide reduction, which is accompanied by intermixing of
palladium and silver described here demonstrates the complexity of synergistic effects in alloy
nanoparticle catalysis, especially when reducible oxides are involved. Such intermixing can alter
reaction rates and, therefore, must be considered in modeling such behavior.
The dramatic enhancement of the rate of silver surface oxide reduction due to the presence
of PdOx islands is accompanied by intermixing of palladium and silver. The facile intermixing of
metals involved during a reaction process on a model alloy surface demonstrates the complexity
of synergistic effects in alloy nanoparticle catalysis. Such intermixing, which can alter reaction
rates, has not previously been established in the context of reactant migration across the interface
between two different reducible oxides formed from oxidation of an alloy. This study clearly
demonstrates that such intermixing must be considered in modeling the behavior of complex
catalyst materials.
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9.5 Methods
9.5.1 Sample preparation
The Pd(111) single crystal was cleaned by several cycles of argon ion (Ar+) sputtering (10 – 20 min,
1 keV) and annealing (5 min, 1000 K). The Ag(111) single crystal was cleaned by several cycles of
argon ion (Ar+) sputtering (10 – 20 min, 2 keV), molecular oxygen treatment (1 × 10−5 Torr, 5 min,
500 K) and annealing (5 min, 800 K). Palladium was evaporated and deposited on the Ag(111)
crystal when the sample was 300 K. Pd(111) and Ag(111) were oxidized in 2 Torr of molecular
oxygen at 773 K for 5 min while palladium on Ag(111) was oxidized in 3 Torr of molecular oxygen
at 373 K for 25 min.
9.5.2 AP-XPS details
AP-XPS experiments were performed at beamline 11.0.2 of the Advanced Light Source at the
Lawrence Berkeley National Laboratory. Prior to experiments the chamber was cleaned using a
conventional bake-out and between experiments the chamber was repeatedly purged with 2 Torr
of molecular oxygen to reduce contamination from the displacement of gases adsorbed to the
chamber walls during high-pressure doses. All spectra were recorded in ultra-high vacuum (UHV)
in order to eliminate beam-induced reactivity that can occur when a signiﬁcant gas pressure is
present.
A photon energy of 800 eV was used to take a survey scan to check for contamination
before acquiring high-resolution spectra. Photon energies of 535 eV for Pd3d and 568 eV for Ag3d
were used to produce photoelectrons with kinetic energies around 200 eV for high-resolution
spectra. The binding energies reported are referenced to the Fermi level as measured after each
spectrum. The data was ﬁtted after a Shirley [67] background subtraction and normalization to
the background at the low binding energy side of the peaks. The Ag(111) and Pd/Ag(111) spectra
were ﬁtted with a Doniach-Šunjić function [68] convoluted with a Gaussian function and the
Pd(111) spectra were ﬁtted with a Mahan function [69] convoluted with a Gaussian function.
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9.5.3 STM details
STM experiments were perform using an Omicron VT-STM-XA 650 system (UHV Multiprobe).
All samples were prepared in the preparation chamber of a lab-based ambient-pressure
photoelectron spectroscopy system. The samples were then transferred in a vacuum suitcase (base
pressure < 1.0 × 10−9 Torr) for imaging in the UHV multiprobe surface analysis system.

9.6 Supporting information
9.6.1 Oxidation and reduction of Pd(111)
The facile activation of hydrogen on oxidized Pd(111) leads to the complete reduction of palladium
oxide (Figure 9.4). Reduced Pd(111) is characterized by Pd3d5/2 peaks at 334.9 ± 0.1 eV and 334.7
± 0.1 eV, which are ascribed to bulk (Pd⁰-bulk) and surface palladium (Pd⁰-surface), and by a
Pd3p5/2 peak at 531.8 eV ± 0.1 eV, which is attributed to metallic palladium (Figure 9.4) [70].
The oxidation of Pd(111) forms a oxygen-terminated palladium oxide surface characterized by a
Pd3d5/2 peak at 336.2 ± 0.1 eV, attributed to palladium coordinated with four oxygens (Pd-4O),
O1s peaks at 531.2 – 530.9 eV, 529.6 ± 0.1 eV and 528.5 ± 0.1 eV 3-fold oxygen, attributed to
hydroxyls, 4-fold oxygen and 3-fold oxygen and by a Pd3p5/2 peak at 533.2 eV ± 0.1 eV, which is
attributed to palladium oxide (Figure 9.4) [45, 71]. Reduction of this surface was examined by
sequential exposures of hydrogen at pressures of 1.1 × 10−7 Torr (6 × 100 L), 1.0 × 10−6 Torr (6 ×
101 L), 1.0 × 10−5 Torr (6 × 102 L) and 1.0 × 10−4 Torr (6 × 103 L) for 1 min at 300 K (Figure 9.4).
No reduction occurred until the 6 × 102 L hydrogen exposure, as evidenced by a slight decrease in
the Pd-4O and O3-fold peaks and the emergence of a Pd3d5/2 peak at 335.4 ± 0.1 eV, which can be
attributed to palladium coordinated with two oxygens (Pd-2O, Figure 9.4) [45, 71]. An exposure
to 6 × 103 L of hydrogen induced the complete reduction to metallic palladium, as evidenced by
the sole presence of the Pd⁰-bulk, Pd⁰-surface and metallic Pd3p5/2 peaks (Figure 9.4).
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Figure 9.4. Subsequent (A) Pd3d5/2 and (B) Pd3p/O1s spectra acquired with a Ekin = 200 eV in
UHV of (a) Pd(111), (b) after oxidation in 2 Torr of oxygen at 773 K for 5 mins, (c-f) after sequential
reduction with the described hydrogen exposures at 300 K. Peak assignments: (A) (red) 336.2 ±
0.1 eV palladium coordinated with four oxygens, (blue) 335.4 ± 0.1 eV palladium coordinated with
two oxygens, (light blue) 334.9 ± 0.1 eV bulk metallic palladium, and (green) 334.7 ± 0.1 eV
surface metallic palladium. (B) (green) 533.2 ± 0.1 eV palladium oxide, (green) 531.8 ± 0.1 eV
metallic palladium, (light blue) 531.2 – 530.9 eV hydroxyls, (red) 529.6 ± 0.1 eV 4-fold oxygen
and (blue) 528.5 ± 0.1 eV 3-fold oxygen. The peak assignments are tabulated in Table 9.1.

9.6.2 Oxidation and reduction of Ag(111)
The surface oxide of Ag(111) is not readily reduced by hydrogen (Figure 9.5). As prepared Ag(111)
is characterized by one Ag3d5/2 peak at 368.1 ± 0.1 eV, which is assigned to metallic silver
(Ag⁰, Figure 9.5) [70, 72, 73]. The oxidation of Ag(111) forms a silver surface oxide with an
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underlying metallic silver substrate as evidenced by the emergence of a Ag3d 5/2 peak at 367.6 ±
0.1 eV and enduring presence of metallic silver, respectively, along with O1s peaks at 530.15 ± 0.1
eV (disorder atomic oxygen), 528.95 ± 0.1 eV (Ag oxide at steps) and 528.15 ± 0.1 eV (p(4x4) Ag
oxide) (Figure 9.5) [73, 74]. Sequential exposures to hydrogen at pressures of 1.5 × 10−8 Torr (6
× 10-1 L), 1.1 × 10−7 Torr (6 × 100 L), 1.1 × 10−6 Torr (6 × 101 L), 1.0 × 10−5 Torr (6 × 102 L), 1.0 ×
10−4 Torr (6 × 103 L), 3.0 × 10−3 Torr (6 × 104 L), 1.3 × 10−2 Torr (6 × 105 L) and 1.0 × 10−1 Torr (6
× 106 L) for 1 min each at 300 K show only slight reduction (Figure 9.5). The silver surface oxide
is essentially unreactive with hydrogen up to 0.1 Torr.
The inability of hydrogen to reduce the silver oxide can be attributed to a high activation
barrier for dissociative adsorption on both reduced and oxidized silver [49]. Indeed, theoretical
calculations predict activation barriers for dissociative adsorption on O/Ag(111) and Ag(111) of
107 kJ mol−1 (1.11 eV) and 71 kJ mol−1 (0.74 eV), respectively; the activation barrier is too high to
have substantial dissociation of hydrogen under the conditions examined which would readily
reduce silver oxide due to the low activation barrier for the reaction of atomic hydrogen with silver
oxide.
9.6.3 Oxidation and reduction of Pd/Ag(111)
The as-deposited 0.10 ML palladium on Ag(111) exhibits one Pd3d5/2 peak at 334.8 ± 0.1 eV, which
is assigned to metallic palladium (Pd⁰), and two Ag3d5/2 peaks at 368.1 ± 0.1 eV and 367.8 ± 0.1
eV, which are assigned to metallic silver (Ag⁰), and silver coordinated with palladium (Ag 1−xPdx),
respectively (Figures 9.6 and 9.7) [62, 70]. The oxidation of palladium on Ag(111) is
characterized by the appearance of Pd3d5/2 peaks at 336.2 ± 0.1 eV and 335.4 ± 0.1 eV, Ag3d 5/2
peak at 367.6 ± 0.1 eV and O1s peaks, which are assigned to palladium coordinated with four
oxygens (Pd-4O), palladium coordinated with two oxygens (Pd-2O) and Ag(111)-p(4×4)O,
respectively (Figures 9.6 and 9.7) [75]. The features in the O1s region on the oxidized palladiumsilver surface cannot be clearly assigned to physical features as there are several
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Figure 9.5. Subsequent (A) Ag3d5/2 and (B) O1s spectra acquired with a Ekin = 200 eV in UHV
of (a) Ag(111), (b) after oxidation in 2 Torr of oxygen at 773 K for 5 mins, (c-j) after sequential
reduction with the described hydrogen exposures at 300 K. Peak assignments: (A) (grey) 368.1 ±
0.1 eV metallic silver, and (blue) 367.6 ± 0.1 eV Ag(111)-p(4 × 4)O. (B) (red) 530.15 ± 0.1 eV
disorder atomic oxygen, (purple) 528.95 ± 0.1 eV Ag oxide at steps, (blue) 528.15 ± 0.1 eV
p(4 × 4) Ag oxide. The peak assignments are tabulated in Table 9.1.

overlapping features from references on pure silver oxide [73] and palladium oxide [45] in
agreement with previous assessments on oxidized Pd75Ag25(100) [47, 76]. Oxidation of palladium
(0.10monolayers) on Ag(111) yielded both palladium and silver oxide and alloyed palladium-silver
(Figure 9.6). Metallic silver in the bulk was also detected (Figure 9.6A). A depth profile of the
Pd 3d5/2 photoelectron peak established that palladium oxide resides on the surface while metallic
palladium is in the subsurface layers (Figures 9.6B and 9.6C).
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Table 9.1. Binding Energies of Each Species in the Pd3d5/2, Pd3p, Ag3d5/2 and O1s Regions for
Pd(111) and Ag(111).
Surface
Pd(111)

Region
Pd3d5/2

Pd(111)

Pd3p3/2

Pd(111)

O1s

Ag(111)

Ag3d5/2

Ag(111)

O1s

Species
Pd⁰-surface
Pd⁰-bulk
Pd-2O
Pd-4O
Pd-metallic
Pd-oxide
O3-fold
O4-fold
OH
Ag-p(4 × 4)O
Ag⁰
Oa
AgO
p(4 × 4)O

Binding Energy (eV)
334.7 ± 0.1
334.9 ± 0.1
335.4 ± 0.1
336.2 ± 0.1
531.8 ± 0.1
533.2 ± 0.1
528.5 ± 0.1
529.6 ± 0.1
530.9 – 531.2
367.6 ± 0.1
368.1 ± 0.1
530.15 ± 0.1
528.95 ± 0.1
528.15 ± 0.1

Subsequent hydrogen treatments to oxidized palladium on Ag(111) demonstrate that silver
oxide and palladium oxide are reduced sequentially by hydrogen (Figure 9.7). The oxidized
surface was reduced with sequential exposures of hydrogen with a pressure of 1.2 × 10 −6 Torr (6
× 101 L), 1.0 × 10−5 Torr (6 × 102 L), 1.0 × 10−4 Torr (6 × 103 L), 2.0 × 10−3 Torr (6 × 104 L), 1.5 ×
10−2 Torr (6 × 105 L) and 0.11 Torr (6 × 106 L), for 1 min each at 300 K (Figure 9.7). The oxidized
surface did not significantly change up to a 6 × 103 L hydrogen exposure. Upon exposure to 6 ×
103 L of hydrogen, the palladium oxide was only slightly reduced, as indicated by the
diminishment of the Pd-4O peak along with the growth of the Pd-2O and Pd⁰ peak. The slight
reduction of palladium oxide is concurrent with the complete reduction of silver as evidenced by
the disappearance of the Ag-p(4×4)O peak, as well as the growth of the Ag⁰ and Ag1−xPdx peaks.
Upon exposure to 6 × 104 L of hydrogen, the palladium oxide is further reduced. It is apparent
that both the silver oxide and palladium oxide are reduced by hydrogen.
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Figure 9.6. Oxidation of 0.10 ML of palladium on Ag(111) forms a PdOx surface oxide with
underlying metallic palladium surrounded by a silver oxide surface. The oxidized palladium-silver
surface consists of (A) silver oxide, alloyed palladium-silver and metallic silver as observed in
Ag3d5/2 region and (B) palladium oxide and metallic palladium as observed in the Pd3d5/2 region
using APXPS. (C) A depth profile indicates that PdOx originates from the surface while metallic
palladium is under the surface as evidenced by the decreasing PdOx:Pd ratio with increasing
electron escape depth. The dashed line is solely to guide the eye. Depth profile (kinetic energy /
λIMFP(Pd)): 200 eV / 0.49 nm, 500 eV / 0.82 nm and 800 eV / 1.14 nm [77].

Table 9.2. Binding Energies of Each Species in the Pd3d5/2 and Ag3d5/2 Regions for Pd/Ag(111).
Region
Pd3d5/2

Ag3d5/2

Species
Pd⁰
Pd-2O
Pd-4O
Ag-p(4×4)O
Ag1−xPdx
Ag⁰

Binding Energy (eV)
334.8 ± 0.1
335.4 ± 0.1
336.2 ± 0.1
367.6 ± 0.1
367.8 ± 0.1
368.1 ± 0.1
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Figure 9.7. Subsequent (A) Pd3d5/2, (B) Ag3d5/2 and (C) O1s spectra acquired with a Ekin = 200
eV in UHV of (a) 0.10 ML palladium on Ag(111) as-deposited, (b) after oxidation in 3 Torr of
oxygen at 373 K for 25 mins, (c-h) after sequential reduction with the described hydrogen
exposures at 300 K. Peak assignments: (A) (red) 336.2 ± 0.1 eV palladium coordinated with four
oxygens, (blue) 335.4 ± 0.1 eV palladium coordinated with two oxygens, and (green) 334.8 ± 0.1
eV metallic palladium. (B) (grey) 368.1 ± 0.1 eV metallic silver, (green) 367.8 ± 0.1 eV silver
coordinated with palladium and (blue) 367.6 ± 0.1 eV Ag(111)-p(4 × 4)O. The peak assignments
are tabulated in Table 9.2.

Table 9.3. Percent Change in the Area of XPS Signals as referenced to Ag(111) for
Ag3d5/2 and Pd/Ag(111) for Pd3d5/2
Post-oxidation of Ag(111)
Post-oxidation of Pd(111)
Post-Pd deposition on Ag(111)
Post-oxidation of Pd/Ag(111)
Post-reduction of oxidized
Pd/Ag(111)

Total Ag3d5/2
-9%

PdAg Alloy Ag3d5/2

Total Pd3d5/2
- 25 %

- 18 %
- 18 %

- 33 %

- 30 %

- 14%

+ 46 %

- 24%
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9.6.4 STM analysis
The pit density on oxidized palladium-silver reduced by hydrogen (0.38) is greater than the pit
density expected from silver oxide decomposition (0.17) which suggests that the pits observed are
not only due to silver oxide decomposition. This suggests that the uncounted pit density (0.21) is
a result of silver intermixing into palladium islands. Directly annealing surface A. leads silver
intermixing to form a thermodynamically stable structure. The amount of silver intermixing for
B. is significantly less than the expected from a thermal treatment. The surfaces analyzed are
described in Table 9.4.

Calculation to account for silver oxide decomposition on oxidized palladium-silver reduced by
hydrogen:
(Terrace density + Pit density on A.) × (Pit density on C.) = (Expected pit density on B.)
(0.69 + 0.01) × (0.25) = 0.17 pit density expected on B.

Calculation to determine pit density on Oxidized and Reduced PdAg attributed to factors other
than silver oxide decomposition:
(Pit density on B.) – (Expected pit density on B.) = (Unaccounted pit density on B.)
(0.38) – (0.17) = 0.21 unaccounted pit density on B.

Calculation to approximate thermal pit density assuming linear dependence with palladium
coverage:
(Pit density on D.) × (Pd coverage B.) / (Pd coverage D.) = (Expected thermal pit density on B.)
(0.53) × (0.13) / (0.20) = 0.35 expected pit density on B.
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Figure 9.8. The area distribution of the height of the surface with respect to the Ag(111) surface
plane before deposition show that (PdAg, black) Pd/Ag(111) is characterized by a surface terrace
with single layer islands while (Reduced PdAgO, red) the reduced surface is characterized by a
pitted surface terrace with both single layer and double layer islands. STM details: (PdAg) Vsample
= 2.0 V, Isetpoint = 0.3 nA, (Reduced PdAgO) Vsample = 1.5 V, Isetpoint = 0.3 nA. The area distribution
was determined from a 0.413 μm2 region.

Table 9.4. Comparative STM statistics of Pd/Ag(111) and Ag oxide surfaces
A. 0.13 ML Pd/Ag

B. Oxidation and
Reduction of A.

C. p(4x4)-AgO
decomposition*

Island
0.31
0.31
Density
Pit
0.01
0.38
0.25
Density
Terrace
0.68
0.31
0.75
Density
*Data from Klust et al. [43], ** Data from van Spronsen et al. [62]
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D. 0.2 ML Pd/Ag
Annealed**
0.38
0.53
0.09

Figure 9.9. A series of characteristic STM images and line scans of the structure of silver etch
pits and palladium islands of (A) palladium on Ag(111), (B) after oxidation of A in 3 Torr of oxygen
at 425 K and (C) subsequent reduction at 300 K. (A) The palladium islands have a uniform
apparent height distribution with features of single layer palladium (0.2 nm) and second layer
features (0.4 nm). (B) The multilayer palladium oxide islands have a uniform apparent height
distribution of 0.9 nm. (C) The intermixed palladium-silver islands have significant height
corrugation with an average apparent height of 0.6 nm. (A – C) Silver etch pits dominate the
reduced palladium-silver surface and have an apparent height of 0.3 nm for all surfaces. Scale
bars: 40 nm.
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Figure 9.10. (A) Supplementary Figure 6A is reproduced here for comparison. (B) A
characteristic STM image of 0.14 ML of palladium on Ag(111) after exposure to 1 Torr of hydrogen
at 300 K. There is only limited formation of etch pits with a height of 0.2 – 0.3 nm that is
indistinguishable from that present on an as prepared palladium on Ag(111) surface. STM details:
(B) Vsample = 1.90 V, Isetpoint = 0.250 nA. Scale bars: 40 nm.
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Chapter 10.
Tuning reactivity layer-by-layer: formic acid activation on
Ag/Pd(111)

10.1 Abstract
The potential for tuning the electronic structure of materials to control reactivity and selectivity
in heterogeneous catalysis has driven interest in ultrathin metal films which may differ from their
bulk form. Herein, a 1-atomic layer Ag film on Pd(111) (Ag/Pd(111)) is demonstrated to have
dramatically different reactivity towards formic acid compared to bulk Ag. Formic acid
decomposition is of interest as a source of H2 for fuel cell applications and modification of Pd by
Ag reduces poisoning by CO and increases the selectivity for H 2 formation. Formic acid reacts
below room temperature on the 1-atomic layer Ag film, whereas no reaction occurs on pristine
bulk Ag. Notably, 2 monolayer films of Ag again become unreactive towards formic acid,
indicating a reversion to bulk behavior. A combination of infrared reflection absorption
spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS) and density functional theory
(DFT) was used to establish that the Ag monolayer is continuous and electronically modified
compared to bulk Ag. The work establishes a demonstration of the altered electronic structure of
Ag monolayers on Pd(111) and an associated change in reactivity. The effect on reactivity only
persists for the first layer, demonstrating the need for precise control of materials to exploit the
modification in electronic properties.
This paper was published in Chemical Science, 2020, DOI: 10.1039/D0SC01461C.
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10.2 Introduction
Bimetallic catalysts often have different chemical properties then their individual parent metals,
exhibiting enhanced reactivity, selectivity and stability for many reactions [1 – 4] Two main
factors considered in describing the properties of bimetallic systems are so-called “ligand” and
“strain” effects both of which alter the electronic structure of the catalyst material. A ligand effect
refers to the modification of the local electronic structure due to bonding to the second metal.
Strain effects arise because of differences in the bond lengths of the two atoms in bulk form,
potentially leading to strain between dissimilar atoms. Both of these electronic effects can
contribute to significant changes in bonding to reactants that can also alter chemical properties.
These factors can play a role in determining chemical behavior of bimetallic materials, including
ultrathin films of one metal on another.
Stimulated by the interest in tuning electronic properties, there has been tremendous
effort to understand the nature of the electronic and chemical properties of ultrathin metal films
[5 – 9]. The electronic alteration of some of these metal films was demonstrated both
experimentally [10, 11], and theoretically [12, 13] and in some cases a strong correlation between
the surface electronic structure and the binding energy of adsorbates was demonstrated [1]. For
example, the Pd 3d core level binding energies are shifted to higher binding energy by 0.3 – 0.9
eV for one layer of Pd on Ta, W, Re, and Ru relative to bulk Pd, indicating a change in electronic
structure [1]. The binding strength of CO on these structures decreases in concert with the
increasing core level shift, likewise suggesting differences in the surface electronic structure of
monolayer vs. bulk Pd [1]. Changes in CO binding to transition metals has often been related to
changes in the d-band center due to both ligand and strain effects [14].
Silver is an important material in catalytic reactions, especially for partial oxidation.
Therefore, the surface chemistry of Ag has been extensively studied [15 – 17]. Silver has a low
inherent reactivity towards organic molecules, because of the low density of states near the Fermi
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level and the low d band center [12]. At the same time, once reaction is initiated on Ag by, for
example, adsorbed oxygen or by a second metal, selectivity is generally high.
The reactions of formic acid are a topic of current interest because it is a promising
hydrogen storage material and a source of H2 for fuel cell applications and Ag shows promise for
improvement of catalytic performance [18, 19]. Core-shell nanoparticles with a Ag core and Pd
shell have specifically been shown to be excellent catalysts for H2 production from formic acid,
selectively yielding H2 and CO2 in a 1:1 ratio with no CO formation [19]. Carbon monoxide is
formed via a dehydration pathway that decreases selectivity. It also strongly binding to and,
therefore, poisons the catalyst.
Previous theoretical studies of Pd layers on Ag(111) investigated changes in reaction
selectivity once formate is formed for various structures. The selectivity for formation of CO2 and
H2 relative to CO and H2O is strongly influenced by the number of Pd layers on the Ag due to
changes in the electronic structure near the Fermi level as a consequence of both strain and ligand
effects.
The previous DFT models did not allow for reconstruction of the Pd/Ag(111), which has
been shown to facilely rearrange so that Ag caps the Pd [20]. This raises questions about the
potential for contributions of Ag-capped Pd structures to the formic acid decomposition in the
catalytic system. Formic acid does not react on pristine Ag; adsorbed O is required to initiate
reaction. On the other hand, formic acid readily decomposes on clean Pd, yielding CO2, CO, H2O,
and H2. The reactions of formic acid have been widely studied on transition metals [21 – 25], and
formate is generally formed in the first step, including on Pd(111) [24], and O covered Ag [26].
Herein, reaction of formic acid on a 1-layer thick continuous Ag film deposited on Pd(111)
is demonstrated, indicating that the silver electronic structure is strongly influenced by the
underlying Pd. A continuous, two-dimensional Ag layer forms on Pd(111) after deposition at room
temperature, as previously reported [27], rendering this an ideal system for understanding the
nanoparticle performance. The modification of the electronic structure of the Ag monolayer is
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further indicated by a core level shift in the Ag(3d5/2) peak and by density functional theory (DFT)
calculations. Interestingly, thicker Ag overlayers (2 monolayers or higher) exhibit no electronic
alteration and are inert to reaction with formic acid. These results reveal a clear correlation
between the surface electronic structure and reactivity of Ag for initiation of formic acid
decomposition while also demonstrating that it is highly localized to one atomic layer.

10.3 Methods
10.3.1 Experimental methods
Temperature-programmed reaction spectroscopy (TPRS) experiments were performed in an
ultrahigh vacuum (UHV) chamber with a background pressure < 2.0 × 10-10 Torr, equipped with
a quadrupole mass spectrometer (QMS; Hiden RGA) and an Auger electron spectrometer (AES)
(PHI, Model 15 155). The single crystal is radiatively heated using a thoriated tungsten filament
located behind the sample. The heating rate was controlled using a proportional-integralderivative (PID) controller (Eurotherm Controls Inc., Model 2404) so as to maintain a constant
heating rate of 1 K/s in all temperature programmed experiments. The sample temperature was
measured using a K-type thermocouple inserted into a pinhole near the edge of the Pd(111) single
crystal.
The Pd(111) single crystal (Surface Preparation Laboratory, 10 mm diameter × 1.7 mm
thick disk, 6N purity) was cleaned by several cycles of Ar+ sputtering (Ar(g), 99.9999% purity,
Matheson; PHI, Model 161-5-251, 1.0 kV × 20 mA) followed by annealing to 950 K for 5 min. An
electron beam evaporator (Omicron, EFM3) was used to deposit Ag (~0.25 ML/min) on the clean
Pd(111) surface at 300 K using a silver rod (Surepure Chemetals Inc., 99.99% purity, 2.0 mm
diameter). The amount of Ag deposited on the Pd(111) was estimated based on the Ag/Pd ratio
measured by AES, as described in detail in the supplementary information.
Formic acid (Sigma-Aldrich, purity ≥ 98%) was dried in a glass bulb with anhydrous CaSO4
and purified by several freeze pump-thaw cycles prior to dosing via a leak valve. In all of the TPRS
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experiments, 0.03 L of formic acid exposure was used which was the lowest exposure to achieve
a saturation coverage of formic acid on Pd(111). Formic acid purity was checked by the
fragmentation signals in gas phase along with water signal (m/z = 18) via a quadrupole mass
spectrometer.
X-ray photoelectron spectroscopy (XPS) and infrared reflection absorption spectroscopy
(IRRAS) measurements were performed at the Center for Functional Nanomaterials (CFN) at
Brookhaven National Laboratory using a UHV system with three interconnected chambers for
AP-XPS, IRRAS, and sample preparation (metal deposition, ion sputtering and annealing),
respectively. All X-ray photoelectron data were obtained at room temperature using a SPECS
PHOIBOS NAP 150 hemispherical analyser and a monochromatic Al Kα X-ray source (1486.6 eV,
~ 0.25 eV linewidth) focused on the sample surface to a spot size < 300 mm (0.05 eV step, 5 scan,
0.1 s dwell time, 50 pass energy; FWHM for Ag 3d5/2 and Pd 3d5/2 is 0.95 and 1.26, respectively).
The binding energies were all calibrated relative to the Fermi level.
The Ag(111) single crystal used in XPS measurements (Surface Preparation Laboratory, 10
mm diameter × 1.7 mm thick disk, 6N purity) was cleaned by several cycles of Ar+ sputtering
(Ar(g), 99.999% purity, Matheson; Specs IQE 11/35, 1.0 kV x 10 mA) followed by annealing to
750 K for 5 min. For Ag deposition in this system, an electron beam evaporator (SPECS EBE-4)
with a silver rod (Surepure Chemetals Inc., 99.99% purity, 2.0 mm diameter) was used. Details
for the Ag coverage quantification method based on XPS were provided in the supplementary
information.
Infrared data were obtained using a Bruker Vertex 80V spectrometer with a motorized
polarizer and an MCT detector (500 scans, 4 cm-1 resolution, ~ 2min acquisition time). The
sample is located in a UHV chamber with KBr windows and the angle between the IR beam and
the sample surface is set at ~ 8°. The beam path between the light source and the chamber, and
between the chamber and detector is evacuated to ~ 1 Torr.
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10.3.2 Computational methods
Calculations are performed within density functional theory applied to periodic systems, using
the PBE exchange correlation functional and the projector augmented wave method [28, 29]. The
one-electron functions are developed on a basis set of plane waves using a 400 eV cut-off energy.
K-space integration uses a 15 × 15 × 1 k-point mesh. The Ag/Pd(111) was modelled by using a
6-layer slab and 1 × 1 unit cell. The bottom 3 layers were fixed to the bulk geometry while the top
3 layers were fully optimized with a convergence threshold of 0.02 eV/Å. Two separate
calculations were performed using the Ag (4.14 Å) and Pd (3.94 Å) lattice constants for the slab,
respectively, to model the Ag/Pd(111) system (Figures 10.5 and 10.6). In the first model, the
Pd(111) surface is submitted to a tensile stain. The chemical potential calculated for Ag in the
surface layer on Pd(111) is 3.05 eV when the Ag lattice constant is used compared to 2.97 eV for a
model with the Pd lattice, indicating that the Ag layer is more stable for the Ag lattice constant.
Therefore, the Ag lattice constant is used for the Ag/Pd(111) slab model in the paper unless
indicated otherwise. The explicit modelling of a Ag layer at the Ag lattice constant on a Pd(111)
slab at the Pd lattice constant requires a very large supercell, and cannot be accessed with DFT
calculations.
Core-level shifts (CLS) were calculated using the final state approximation and a half
electron excitation. DFT-calculated CLS have been shown to agree well with XPS-measured values
using this approximation with, for example, the O 1s and Ag 3d CLS in Ag(111)-p(4 × 4)-O
[30, 31]. In this work, all Ag 3d CLS values are calculated with respect to bulk Ag, and the method
was calibrated by calculating the surface core-level shift (SCLS) for Ag(111). The calculated SCLS
is − 0.08 eV, which is close to the experimental value of − 0.1 eV, again justifying the selected
method [32]. The number of k-points was increased to 21 × 21 × 1 and the number of bands in
calculation were increased by 25 % for the density of states (DOS) calculations. All the calculations
were performed with VASP [33, 34].

321

10.4 Results and discussion
10.4.1 Surface morphology and electronic structure of Ag/Pd(111)
Infrared spectroscopy using CO as a probe molecule was used to establish that a continuous layer
of Ag forms after deposition onto Pd(111) at room temperature, in agreement with prior work [27].
The limited vibrational signature for CO on the surface after exposure of CO to a layer of Ag onto
Pd(111) (Ag(θ = 1.2 ML)/Pd(111)) provides evidence that the Ag forms a continuous film and that
a limited fraction of Pd is exposed (Figure 10.1B). This result is consistent with prior scanning
tunneling microscopy (STM) [27, 35], and two-photon photoemission [36] studies that indicate
that Ag grows as a uniform two-dimensional layer on Pd(111) at 300 K, starting at the palladium
step-edges and expending across the terraces until reaching a monolayer coverage. Prior STM
images show only a small fraction of the Pd atoms remain uncovered, residing mainly at the step
edges for a monolayer Ag deposited on Pd(111), consistent with the vibrational results
(Figure 10.1B) [35]. This structure is thermally stable up to ~ 500 K [36].
Carbon monoxide (CO) was also used to probe the amount of exposed surface palladium
following deposition of lower coverages of Ag onto Pd(111) at 300 K. Since CO does not
appreciably adsorb on silver at 300 K [37], all CO signal can be attributed to adsorption on
exposed Pd. For reference, a broad vibrational signal at 1924 cm-1 was obtained in the IR
spectrum subsequent to 1.5 Langmuir (1 L = 10-6 Torr s-1) of CO exposure on a clean Pd(111) single
crystal at 300 K (Figure 10.1A). This signal is attributed to the CO adsorption on bridge sites as
previously reported for moderate CO coverages [38]. The CO coverage from 1.5 L of CO exposure
is estimated as 0.45 ML (~ 70 % of a saturation), based on the CO stretch frequency in comparison
to the literature [38]. The binding site of CO on Pd depends on coverage, signified by a shift in the
CO stretch frequency. A transition from threefold-hollow to bridge sites occurs with increasing
CO coverage from < 0.1 to 0.6 ML indicated by a shift from 1815 to 1944 cm-1 [38, 39]. Thus, the
positive signal at 1828 cm-1 observed in the spectrum for CO on clean Pd(111) is attributed to
adsorption of background CO bound in threefold-hollow sites present in the spectrum used for
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background subtraction. Since the binding site changes to bridge sites upon exposure to 1.5 L CO,
the background is not flat (Figure 10.7).
Notably, CO is detected after exposure of CO to a PdAg surface alloy formed by heating the
Ag/Pd(111) surface to 750 K, where it is known that a surface alloy containing isolated Pd atoms
forms (Figure 10.1C) [27]. This result establishes that CO can be readily detected even when
only a few Pd atoms are present. A sharp peak at 2055 cm-1 characteristic of on-top CO adsorption
on palladium is observed after exposure of CO to the annealed surface at room temperature
(Figure 10.1C). For comparison, the frequency for high coverages of atop CO on Pd is 2097
cm-1 [38]. The frequency of this vibration is in the range anticipated for CO bound atop a single
Pd, indicating that some Pd atoms emerge on the surface as a result of annealing and that Pd
monomers are predominant, in agreement with STM [27]. As discussed above, the small positive
background at 1884 cm-1 and 1808 cm–1 are attributed to adventitious CO adsorption in the
spectrum used for background subtraction.
The Ag 3d5/2 binding energies are different for Ag deposited at 300 K on Pd(111) compared
to pristine Ag(111) measured in X-ray photoelectron spectra, providing evidence for alteration of
the electronic properties of Ag in the Ag/Pd(111) (Figure 10.2 and Table 10.1). The Ag 3d5/2
binding energy of the Ag deposited Pd(111) is 368.0 eV for Ag coverages of both 0.5 ML and
1.1 ML (Figures 10.2A and 10.2B), compared to a binding energy of 368.3 eV for the surface
layer of clean Ag(111) measured in the same instrument (Figure 10.2D). The core-level shift
(CLS) of - 0.3 eV for the Ag mono- and half-layer compared to pristine Ag(111) indicates that 2D
Ag islands are electronically altered by the underlying Pd atoms. In a recent study, a similar
experimental CLS in the Ag 3d5/2 binding was reported for AgPd alloys formed from Pd deposition
on Ag(111) [20]. The Ag 3d5/2 CLS values linearly correlated with the number of Pd neighbors (i.e.
changing from - 0.1 to - 0.5 eV for 1 - 8 Pd neighbors, respectively) in the prior studies of the alloy
[20]; hence, the constancy of the Ag 3d5/2 binding energies observed here for sub-ML Ag coverages
(θAg = 0.5 ML vs 1.1 ML) as well as the fact that the full width at half maximum (FWHM) for both
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Figure 10.1. The absence of detectable CO adsorption on Ag/Pd(111) at room temperature
indicates that there is no exposed Pd after deposition of a monolayer of Ag at 300 K. Infrared
Reflection Absorption Spectra (IRRAS) obtained after exposure to CO (1.5 L) at 300 K for: A)
clean Pd(111); B) Ag/Pd(111) (θAg = 1.2 ML); and, C) a Ag-Pd surface alloy prepared by annealing
the sample in spectrum (B) to 750 K. All data were collected at 300 K as described in detail in the
methods section above.

coverages is 0.95 ± 0.01 eV, is evidence that the number of Pd neighbors does not change with the
Ag coverage in the sub-ML regime. Together, these results provide further evidence for a uniform
Ag growth on Pd(111) until the saturation of the first layer.
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The Ag 3d5/2 peak broadens and shifts slightly for thicker layers of Ag (θ = 2.9 ML)
deposited on the Pd(111) at room temperature (Figure 10.2C). Specifically, the peak maximum
shifts to 368.2 eV and the FWHM increases to 1.0 eV for the Ag multilayer compared to a Ag 3d 5/2
binding energy of 368.3 eV and FWHM of 0.95 eV, suggesting that the broad peak for the 2.9 ML
Ag film is a convolution of multiple peaks (Table 10.1). The broad peak can be accurately fit with
two features corresponding to the Ag monolayer (368.0 (green)) and for bulk Ag (368.3 eV (grey))
with FWHM of 0.95 eV (Figures 10.2C and 10.8). The integrated area of the signal attributed
to the Ag monolayer in contact with Pd at 368.0 eV is 37 % of the total Ag signal, in agreement
with the layer-by-layer model used to quantify the total Ag coverage by XPS (Figure 10.9). The
signal fraction of the first Ag layer for Ag (θ = 2.9 ML)/Pd(111) is calculated ~ 30 % in an ideal
layer-by-layer model (Figure 10.9). The deviation is attributed to the deteriorated layer-by-layer
growth for Ag multilayers that is shown in a previous study [35].
Density functional calculations likewise indicate that the Ag in contact with Pd on the
single layer film is significantly perturbed electronically, and that this effect is only present for the
monolayer, not for Ag multilayers. The core level shift (CLS) for Ag on the surface of 1-layer of Ag
on Pd(111) (Ag/Pd(111)) is calculated to be - 0.23 eV relative to Ag atoms in the bulk of a Ag(111)
slab when the Ag lattice constant is used for the Ag/Pd(111) slab model. This CLS is comparable
to the experimental value of - 0.30 eV for Ag monolayers on Pd(111) and significantly larger than
that for surface Ag in Ag(111) (Table 10.1). If the Pd lattice constant is used for the slab, the CLS
is increased slightly, by 0.08 eV, so that the trend is preserved (Figure 10.4).
A more detailed analysis of the density of states (DOS) demonstrates that the 1-layer
Ag/Pd(111) has a different valence band structure than bulk Ag(111) (Figure 10.3). The edge of
the d band for surface Ag in Ag(111) is located significantly below the Fermi level, as expected. For
a 1-layer film of Ag on Pd(111), the Ag d band is narrowed, due to a smaller Ag-Ag coordination
number. Furthermore, the d-band center of the Ag monolayer is shifted up by 0.2 eV relative to
the top layer in Ag(111) (Figure 10.5). There is a significant contribution of Ag d states to the
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Figure 10.2. Shifts in the binding energy of the Ag 3d5/2 measured using X-ray photoelectron
spectroscopy indicate that the first monolayer of Ag deposited on Pd(111) has different electronic
properties than bulk Ag(111). X-ray photoelectron spectra (XPS) obtained after deposition of
varying amounts of Ag onto Pd(111): (A) 0.5 ML of Ag; (B) 1.1 ML of Ag; and, (C) 2.9 ML. (D)
Reference data for clean Ag(111). The spectrum in (C) is fit with two peaks at 368.0 (green) and
368.3 eV (grey) attributed to the first layer and multilayers of Ag, respectively. Spectra were
obtained at 300 K and Ag was deposited at the same temperature. Details of the curve fitting
procedure are provided in the supplementary information (Figure 10.8).
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Table 10.1. Comparison of DFT and XPS results showing the change in Ag chemical potential,
μAg, core-level shifts (CLS) and Ag 3d5/2 binding energies for Ag(111) vs. 1 and 2 layers of
Ag/Pd(111) (using the Ag lattice constant).
System

Theory (DFT)
μAg (eV)

Experiment (XPS-Ag 3d5/2)

Surface Ag3d
CLS (eV)

B.E. (eV)

CLS (eV)

Ag(111) bulk

-

- 0.08

368.3

-

1-layer Ag/Pd(111)

- 3.05

- 0.23

368.0

- 0.03

2-layer Ag/Pd(111)

- 2.91

- 0.05

368.3 (in multilayer)

0.0 (in multilayer)

368.0 (in monolayer)

- 0.3 (in monolayer)

DOS in the energy interval between the Fermi level and - 3 eV which is attributed to mixing of Ag
and Pd d states. While the contribution to the valence band by the Ag monolayer cannot be
quantitatively deconvoluted, experimental data obtained in the valence band region using XPS
also indicates that there are Ag states between - 3eV and the Fermi energy due to mixing with Pd
states (Figure 10.10)
Notably, the changes in the d band of Ag disappear for a 2 monolayer thick slab
(Figure 10.3A), demonstrating the extremely short-range nature of the perturbation of the
electronic structure. First, the surface Ag3d CLS is calculated at - 0.05 eV for a 2-layer slab of Ag
on Pd(111) (Figure 10.4), which is close to Ag(111) surface value (- 0.08 eV), and in general
agreement with the experimental value measured for 2.9 ML of Ag (Figure 10.2). Furthermore,
the states in the range of - 3 eV - EF that are present in the DOS for the Ag monolayer are no longer
present, nor are there significant changes in the projected orbital densities of states.
In order to show which orbitals contribute the most to the change of d band of surface Ag
for the 1-layer film, orbital resolved density of states (ORDOS) are also shown in Figure 10.3.
Three main effects are seen. First, the d-band narrows from loss of Ag-Ag contact in the monolayer
327

Figure 10.3. Comparison of the partial density of states (PDOS) for the top Ag layers in bulk
Ag(111) (shaded grey), 1 ML of Ag on Pd(111) (black line) and 2 ML Ag on Pd(111) (orange line)
illustrate the substantial differences in valence band electronic structure for the Ag monolayer on
Pd(111) compared to bulk Ag(111) and 2 ML of Ag on Pd(111) (energy is referenced to the Fermi
energy for each system). (A) Partial DOS for the entire d-band; and the projections of the PDOS
of the (B) dz2; (C) dxz + dyz; and, (D) dxy+ dx2+y2 states. The Ag lattice constant was used for the
slab in all cases.

compared to Ag(111). This effect is clearly more important for orbitals that point towards the
missing neighbors (dxz + dyz and dz2) and it is not present for dxy + dx2-y2, since these orbitals only
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overlap with Ag atoms in the surface layer. Second, all ORDOS centers are shifted up in energy by
approximately the same amount. This shift creates significant Ag d states above the Ag(111) band
edge for the dxy + dx2-y2 components (states at - 2.5 eV). Third, mixing between Ag and Pd d orbitals
at the interface, also creates Ag contribution above the Ag(111) band edge and this effect is more
important for dxz + dyz and dz2 orbitals that point towards Pd atoms in the substrate. The (dxz +
dyz) orbitals are expected to contribute to bonding to species in hollow sites, as discussed below.
In contrast to the above described changes in ORDOS for the 1 ML Ag film, all d orbital states
change very little for the 2 ML Ag film (Figure 10.3).
10.4.2 Formic acid reactivity on Ag/Pd(111)
The alteration in electronic structure of the Ag monolayer on Pd(111) manifests itself in the
reactivity of formic acid. Formic acid reacts on 1 monolayer of Ag on Pd(111), yielding CO2 at 280
K in temperature programmed reaction experiments (Figure 10.4). This result demonstrates
that the 1-layer Ag film has different chemical properties than bulk Ag(111), since pristine silver
requires adsorbed O to initiate reaction [40, 41]. The reactivity for the Ag monolayer is not due to
exposed Pd based on the fact that the CO2 peak temperature of 280 K is substantially different
than for Pd(111) and the lack of CO adsorption on the film (Figure 10.1). Carbon dioxide forms
from formic acid decomposition on Pd(111) at 190 K (Figure 10.4), in agreement with the
literature [24, 42]. Water is also evolved at 190 K along with some formic acid after adsorption of
HCOOH on Pd(111) (Figure 10.11).
Temperature programmed reaction experiments for different Ag coverages also confirm
that the CO2 produced at 280 K from formic acid reaction on the monolayer of Ag is not due to
exposed Pd. Both the 190 K CO2 peak, attributed to reaction on exposed Pd, and the 280 K peak,
attributed to the Ag monolayer, are observed at Ag coverages below one monolayer, e.g. 0.5 ML
of Ag (Figure 10.4). Furthermore, the 280 K CO2 feature increases as the 190 K peak diminishes
with increasing Ag coverage, providing additional evidence that the 280 K peak is associated with
the Ag layer.
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Figure 10.4. Temperature programmed reaction of formic acid shows that a multilayer of Ag on
Pd(111) is unreactive whereas a monolayer yields CO2 at 280 K. Spectra for CO2 production during
temperature programmed reaction of HCOOH from: (A) pristine Pd(111), and after deposition of
various amounts of Ag onto Pd(111): (B) 0.5 ML (C) 1.0 ML; and (D) 1.7 ML. Formic acid (0.03
L) was exposed at 120 K in all cases. All data are corrected by subtracting the 44 amu fragment of
molecular formic acid (m/z = 44:46 was ~ 1:1.2). The dashed-line indicates the temperature for
CO2 production from formate decomposition on Ag(111) taken from the literature [41]. The
heating rate was constant and 1 K/s in all cases.
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Formic acid does not react on a multilayer Ag (1.7 ML) film on Pd(111) based on the lack
of CO2 production during temperature programmed experiments (Figure 10.4), which indicates
that the 2 ML film reverts to chemical behavior similar to bulk Ag. Instead, formic acid desorbs
reversibly at 180 K. This behavior is analogous to pristine silver which requires adsorbed O to
activate formic acid. The lack of reactivity is also generally consistent with the DFT calculations
that show a similar d-band structure for the top layer of Ag in Ag(111) and for Ag bilayers on
Pd(111) (Figure 10.3). The small CO2 signal obtained at 190 K for monolayer and multilayer Ag
on Pd(111) structures is attributed to formic acid reaction on a small number of exposed Pd atoms
at the step edges.
The other major product detected from reaction of formic acid on the Ag monolayer on
Pd(111) is hydrogen, formed nearly coincident with the CO2 (Figure 10.12). Hydrogen is likewise
evolved from formic acid reaction on Pd(111) at a similar temperature, 310 K (Figure 10.12). The
hydrogen produced from formic acid was differentiated from background H2 in temperature
programmed reaction experiments with DCOOD, which yielded HD (Figure 10.12). The
temperature for hydrogen evolution is generally consistent with the decomposition of adsorbed
formate on Ag/Pd(111). As noted above, pristine silver does not activate formic acid [40]; however,
reaction of formic acid with adsorbed oxygen on the pre-oxidized silver occurs to produce
adsorbed formate, based on vibrational spectroscopy, which decomposes at 350 K on Ag(111) [41]
and at 400 K on Ag(110) [26]. The oxygen used to activate formic acid is removed as water through
a stoichiometric reaction.
Carbon monoxide is also produced from reaction of formic acid on both the Ag monolayer
on Pd(111) and on clean Pd(111) (Figure 10.13). The amount of CO produced for the Ag
monolayer on Pd(111) is significantly lower than for pristine Pd(111) based on the amount of 13CO
produced during temperature programmed reaction of H13COOH (Figure 10.13). The 13CO is
produced at similar temperatures for both systems, ~ 475 K (Figure 10.13). Since H13COOH
produces 13CO and 13CO2, these experiments differentiate background CO from that produced via
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reaction. While there is clearly a lower

13CO

signal for the Ag monolayer on Pd(111) (Figure

10.13), quantitative analysis is challenging because the H13COOH reacts on the chamber walls,
leading to an increase in background 13CO over time.
Overall, there is clear evidence that the Ag monolayer on Pd(111) has a different electronic
structure than pristine Ag, resulting in activation of formic acid on the Ag. While the intermediate
formed from formic acid on the Ag monolayer has not been explicitly identified, formate has been
widely identified as the intermediate formed on many surfaces, including Pd(111) [24] and
O-covered Ag [40, 41]. Hence, we infer that formate is formed from initial reaction on the Ag
monolayer/Pd(111), suggesting that the alteration in the Ag electronic structure leads to O-H bond
activation.
The activation energy for C−H bond rupture is also significantly different on the Ag
monolayer/Pd(111) compared to clean Ag. The activation energy for CO2 production on the Ag
monolayer/Pd(111) is estimated to be ~ 90 kJ/mol compared to a value of 125 kJ/mol for formate
decomposition on clean Ag(110) [40], with the assumption of first-order kinetics [43] and a
constant pre-exponential factor of 8 × 1015 s-1 [40]. This comparison also provides evidence that
the modified electronic structure of the Ag monolayer on Pd(111) enhances the activity of Ag for
C−H bond breaking.
Previous theoretical studies of formic acid reactivity on one layer of Pd on Ag(111) also
show that the electronic structure of one monolayer of metal is different than multilayers or than
bulk Pd [44]. Two or three layers of Pd on Ag(111) were similar to pure Pd(111). Therefore, the
changes in the electronic structure of Pd/Ag(111) is restricted to one layer, similar to the results
herein for the Ag/Pd(111) system.
While a detailed theoretical study of the bond activation processes in formic acid is beyond
the scope of this work, the overall increase in the states near the Fermi level in the Ag monolayer
due to bonding to the underlying Pd(111) is most likely the reason for the increase in reactivity of
formic acid. Interestingly, the (dxz + dyz) states are most strongly affected by bonding of the Ag
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monolayer to Pd, suggesting that bonding to hollow sites is important in determining reactivity.
More detailed studies are required to investigate this in more detail.

10.5 Conclusions
The electronic properties of a uniform, monolayer thick Ag film on Pd(111) are different than
pristine Ag(111), leading to enhanced reactivity of the Ag towards formic acid. Alteration in the
electronic structure of the Ag monolayer on Pd(111) is manifested by changes in the Pd 3d 5/2
binding energy measured in X-ray photoelectron spectra and also in theoretical models studied
using DFT. The changes in electronic properties and the corresponding changes in reactivity are
not observed for thicker layers of Ag. Even a 2 monolayer thick film of Ag reverts to the electronic
structure of bulk Ag(111). Furthermore, the 2 monolayers of Ag on Pd(111) are unreactive towards
formic acid. These results are consistent with prior theoretical studies of Pd/Ag(111) that also
show changes in electronic structure for the first monolayer but not for thicker layers.
These results demonstrate that changes in electronic structure can be achieved for
monolayer films of one metal on another, but that they do not persist for even two atomic layers.
Hence, synthesis of nanomaterials for the purposes of changing reactivity requires atomic-scale
control of layer thickness. These findings indicate that single layer Ag covered Pd core-shell
nanoparticles have a potential for selective hydrogen production from formic acid which can also
possibly be extrapolated to other selective catalytic processes.

10.6 Supporting information
10.6.1 Quantification of the Ag coverage on Pd(111) based on XPS and AES
An 𝑛-layer overlayer model was used to calculate 𝜃, the Ag coverage with normal photoelectron
emission. The value of 𝑛 in the 𝑛-layer model is chosen where, 𝑛 < 𝜃 < 𝑛 + 1.
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𝐼𝐴𝑔,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝐼𝑃𝑑,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

1−(𝜃−(𝑛)) exp[

=
(𝜃−(𝑛)) exp[𝜆

−(𝑛+1)𝑑
−(𝑛)𝑑
]−((𝑛+1)−𝜃) exp[𝜆
]
𝜆𝐴𝑔,𝐾𝐸=𝐴𝑔
𝐴𝑔,𝐾𝐸=𝐴𝑔
−(𝑛+1)𝑑

𝐴𝑔,𝐾𝐸=𝑃𝑑

]+((𝑛+1)−𝜃) exp[𝜆

−(𝑛+1)𝑑
𝐴𝑔,𝐾𝐸=𝑃𝑑

Equation 10.1

]

XPS using monochromatic Al Kα (hv = 1468.7 eV)
The measured Pd3d5/2 and Ag3d5/2 peak areas were corrected with
𝐼𝑃𝑑,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑃𝑑,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝜎

Equation 10.2

𝑃𝑑 ⋅𝜆𝑃𝑑,𝐾𝐸=1151.7𝑒𝑉 ⋅𝜌𝑃𝑑 ⋅𝑇𝐾𝐸=1151.7𝑒𝑉

𝐼𝐴𝑔,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝐴𝑔,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝜎

Equation 10.3

𝐴𝑔 ⋅𝜆𝐴𝑔,𝐾𝐸=1118.5𝑒𝑉 ⋅𝜌𝐴𝑔 ⋅𝑇𝐾𝐸=1118.5𝑒𝑉

The ionization cross sections were corrected for the angular dependence, by multiplying with
𝛽
2

Equation 10.4

1 − 𝑃2 (𝑐𝑜𝑠α)

In this formula, α is the angle between the incident unpolarized photon beam and the emitted
photoelectrons, which was close to 43° and 𝑃2 (𝑥) = 0.5(3𝑥 2 − 1) [45, 46]

Table 10.2. Element and kinetic-energy dependent parameters used for estimating Pd coverage
based on the measured Ag/Pd ratio determined from UHV XPS. Photon flux was constant.
σ, ionization cross section / Mbarn [47]
β, asymmetry parameter [47]
λPd, inelastic mean free path in Pd / nm [48]
λAg, inelastic mean free path in Ag / nm [48]
ρ, atomic density / atoms nm-3
T, transmission factor
a, lattice parameter /nm
332d, layer (111) thickness (d√3/3) / nm

Pd (KE = 1151.7 eV)
0.220
1.21
1.50
1.59
67.9
1.00
0.389
0.225

Ag (KE = 1118.5 eV)
0.248
1.21
1.46
1.55
58.6
1.00
0.409
0.236

AES using 2 kV electron beam
The measured amplitudes of differentiated signal of the Pd MNN Auger and Ag MNN Auger were
corrected with
𝐼𝑃𝑑,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐼𝐴𝑔,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝐼𝑃𝑑,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

Equation 10.5

𝑆𝑃𝑑
𝐼𝐴𝑔,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

Equation 10.6

𝑆𝐴𝑔
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Table 10.3. Element and kinetic-energy dependent parameters used for estimating the Pd
coverage based on the measured Ag/Pd ratio determined from UHV XPS. Photon flux was
constant.
S, AES sensitivity factor [49]
λAg, inelastic mean free path in Ag / nm [48]
a, lattice parameter /nm
332d, layer (111) thickness (d√3/3) / nm

Pd (KE = 324.0 eV)
0.220
0.68
0.389
0.225

Ag (KE = 349.0 eV)
0.248
0.71
0.409
0.236

10.6.2 Slab models used in DFT calculations
The structure of Ag(111) and Ag/Pd(111) slab models used in the DFT calculations are given in
Figure 10.5. Tables 10.4 and 10.5 show the calculated Ag3d core level shifts (CLS), Ag
chemical potentials (μAg) and d-band center in various slab models by using the Ag and Pd lattice
constants for the Ag overlayer. The chemical potential of surface Ag in Ag/Pd(111) is calculated as
μAg =[E(Ag/Pd(111))–E(5-layer Pd(111))]/nAg, where nAg is the number of surface Ag atoms.
10.6.3 Calculated density of states (DOS) of Ag/Pd(111)
The calculated density of states (DOS) of the d-orbitals of the Ag and Pd layers in the 1-layer
Ag/Pd(111) slab model is determined by using both the Ag (Figure 10.6A) and Pd
(Figure 10.6B) lattice constants.

Figure 10.5. The structure of Ag(111) and Ag/Pd(111) slab models used in the DFT calculations
(Grey: Ag, Green: Pd).
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Table 10.4. The surface Ag3d core level shifts (CLS) and Ag chemical potentials calculated with
DFT for various slab models.
Slab model
Ag(111)
1-layer Ag/Pd(111) in Ag lattice
2-layer Ag/Pd(111) in Ag lattice
1-layer Ag/Pd(111) in Pd lattice
2-layer Ag/Pd(111) in Pd lattice

Surface Ag3d CLS
(eV)
-0.08
-0.23
-0.05
-0.15
-0.01

Ag chemical potential
(eV)
-3.05
-2.91
-2.97
-2.84

Table 10.5. The d-band centers (eV) of Ag and Pd layers in various slab models.
Slab
model
Surface Ag
Surface Pd
1st Ag layer
2nd Ag layer
1st Pd layer
2nd Pd layer

Ag(111)
Ag
lattice
-3.85

Pd
lattice
-3.94

Pd(111)
Pd
lattice

1-layer
Ag/Pd(111)
Ag
Pd
lattice
lattice

2-layer
Ag/Pd(111)
Ag
Pd
lattice
lattice

-4.19
-3.65

-3.83

-1.40
-1.66

-1.55
-1.69

-4.02
-1.68
-1.81

-4.08
-1.76
-1.90

Figure 10.6. The density of states (DOS) of the d-orbitals of Ag and Pd layers in the 1-layer
Ag/Pd(111) slab model. (A) Ag and (B) Pd lattice constants were used in the calculations.
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10.6.4 Infrared Reflection Absorption Spectra
The effect of adsorption of background CO on Pd(111) at 300 K contributes to the imperfect
background subtraction in the data. Two consecutive infrared spectra of Pd(111) were taken at
300 K and subtracted from each other (Figure 10.7A). The adsorption of background CO in a
three-fold hollow geometry during the time period of data acquisition for the second spectrum
was obtained at 1846 cm-1 (Figure 10.7A). Subsequently, after a 1.5 L exposure of CO there is a
more intense CO signal at 1924 cm-1 indicating more CO adsorption in a bridging geometry on
Pd(111) (Figure 10.7B). A transition from threefold-hollow to bridge sites with increasing CO
coverage has been previously reported [38]. Thus, the positive signal at ~1846 cm-1 in spectrumB is attributed to background CO adsorption (three-fold hollow) that was subtracted from the
data.

Figure 10.7. Infrared Reflection Absorption Spectra (IRRAS) shows the effect of background CO
adsorption on the imperfect background subtraction. IRRAS spectra obtained on clean Pd(111) at
300 K (A) after background CO adsorption between two consecutive spectrum acquisition and
(B) following a 1.5 L of CO exposure.
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10.6.5 Curve fitting procedure for the spectrum given in Figure 10.2C
The background was corrected with a Shirley-type [50] background prior to the curve fitting
procedure of the X-ray photoelectron spectrum of Ag(2.9 ML)/Pd(111) provided in Figure 10.2C
and Figure 10.8. The line shape and width of the spectrum in Figure 10.2D was determined
by using clean Ag(111) as a reference for the fitting parameters. Two peaks centered at 368.0
(shaded green) and 368.3 eV (shaded grey) shows the first layer of Ag at the Pd-Ag interface and
multilayers of Ag without Pd neighbors, respectively. The integrated area of the first Ag layer
signal (shaded green) was found 37 % of the total Ag signal.

Figure 10.8. Ag 3d5/2 X-ray photoelectron spectrum obtained after deposition of 2.9 ML of Ag
on Pd(111) at 300 K (black points). The spectrum was deconvoluted to two peaks centered at 368.0
and 368.3 eV which are attributed to first Ag layer at the Pd-Ag interface (shaded green) and Ag
in multilayers (shaded grey), respectively. Sum of the two fits is given by a black solid line.
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10.6.6 Photoelectron spectroscopy Ag layer analysis
An 𝑛-layer overlayer model was used to calculate the ratio of interfacial Ag (1 st layer Ag) to total
Ag to determine the self-consistency of the structural model used and the Ag3d peak fit intensities
for 2.9 ML Ag/Pd(111).

Figure 10.9. Model for layer-by-layer growth of 2.9 ML Ag deposited on Ag(111).

The predicted intensity of the Ag3d signal for a surface layer of Ag is given by:
𝑛=0
𝐼𝐴𝑔3𝑑
𝑑
= 1 − exp [
] = 0.141
𝐼𝑜
𝜆𝐴𝑔,𝐾𝐸=𝐴𝑔

The predicted intensity of the Ag3d signal for a layer of Ag attenuated by one layer of Ag is given
by:
𝑛=1
𝑛=0
𝐼𝐴𝑔3𝑑
𝐼𝐴𝑔3𝑑
2𝑑
= 1 − exp [
]−
= 0.122
𝐼𝑜
𝜆𝐴𝑔,𝐾𝐸=𝐴𝑔
𝐼𝑜

The predicted intensity of the Ag3d signal for a layer of Ag attenuated by two layers of Ag is given
by:
𝑛=2
𝑛=0
𝑛=1
𝐼𝐴𝑔3𝑑
𝐼𝐴𝑔3𝑑
𝐼𝐴𝑔3𝑑
3𝑑
= 1 − exp [
]−
−
= 0.104
𝐼𝑜
𝜆𝐴𝑔,𝐾𝐸=𝐴𝑔
𝐼𝑜
𝐼𝑜
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Table S5. Element and kinetic-energy dependent parameters used for estimating the Ag layer
ratio to total Ag based on the measured Ag3d determined from XPS. Photon flux was constant.
Ag (KE = 1118.5 eV)
λAg, inelastic mean free path in Ag / nm [48]

1.55

a, lattice parameter /nm

0.409

332d, layer (111) thickness (d√3/3) / nm

0.236

Using the model depicted in Figure 10.9, the intensity of each layer of Ag is calculated.
The predicted intensity of 1st layer Ag is given by:
𝑛=2
𝑛=1
𝐼𝐴𝑔3𝑑
𝐼𝐴𝑔3𝑑
𝐼1𝑠𝑡 𝐴𝑔
= 𝜃1 ⋅
+ 𝜃2 ⋅
= 0.106
𝐼𝑜
𝐼𝑜
𝐼𝑜

The predicted intensity of 2nd layer Ag is given by:
𝑛=1
𝑛=0
𝐼𝐴𝑔3𝑑
𝐼𝐴𝑔3𝑑
𝐼2𝑛𝑑 𝐴𝑔
= 𝜃1 ⋅
+ 𝜃2 ⋅
= 0.124
𝐼𝑜
𝐼𝑜
𝐼𝑜

The predicted intensity of 3rd layer Ag is given by:
𝑛=0
𝐼𝐴𝑔3𝑑
𝐼3𝑟𝑑 𝐴𝑔
= 𝜃1 ⋅
= 0.127
𝐼𝑜
𝐼𝑜

The model predicts that for 2.9 ML of Ag deposited on Pd(111), the Ag3d area ratio of interfacial
Ag (1st layer Ag) to total Ag is 0.30 which is in reasonable agreement with the experimental value
(0.37).
10.6.7 Valence band structure by X-ray photoelectron spectroscopy
A change in the valence band structure of Ag/Pd(111) relative to bulk Ag(111) was determined by
X-ray photoelectron spectroscopy (Figure 10.10). Figure 10.10A (θAg = 1.1 ML) and Figure
10.10C (θAg= 2.9 ML) show the valence band spectra of Ag/Pd(111) (black dots), along with that
of pristine Pd(111) (shaded green), Ag(111) (shaded gray) and a linear combination of the clean
surfaces (red). To visualize the change in valence band structure for a Ag overlayer, the Pd(111)
contribution was subtracted from the data obtained for Ag/Pd(111) (Figures 10.1B and 10.1D).
340

The result shows an increase in the density of states in the range of -0.3 eV-EF for a monolayer Ag
on Pd compared to Ag(111), and a lack of change in the same region for multilayer Ag on Pd(111)
which is in agreement with the calculations presented in the main text (Figure 10.3A).

Figure 10.10. The change in the valence band structure of Ag monolayers was shown by X-ray
photoelectron spectroscopy (XPS). Photoelectron spectra were obtained for Ag(111) (shaded
grey), Pd(111) (shaded green), Ag(1.1 ML)/Pd(111) (black dot in panel A) and Ag(2.9 ML)/Pd(111)
(black dot in panel C). A linear combination of Ag(111) and Pd(111) was given in panel A and C
(red). A pristine Pd(111) contribution to Ag/Pd(111) spectra was subtracted and given in panel B
and D (black) along with clean Ag(111) (shaded grey).
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10.6.8 Temperature Programmed Reaction Data
The decomposition of formic acid (HCOOH) on clean Pd(111) yields CO2 and H2O at 190 K, H2 at
310 K, and CO at 460 K (Figure 10.11) as evidenced by temperature programmed reaction. A
small m/z = 46 signal (a fragment of formic acid in quadrupole mass spectrometer) obtained at
190 K was attributed to either unreacted formic acid or a recombinative desorption of the
products. Multilayers of formic acid sublime at ~ 160 K (m/z = 46 and 44).

Figure 10.11. Temperature programmed reaction data for HCOOH on clean Pd(111). Data were
obtained after exposure of formic acid (0.03 L) to Pd(111) at 120 K followed by linear heating. The
heating rate was 1 K/s. The data are not corrected for fragmentation in the mass spectrometer.
The formic acid fragmentation of m/z = 44:46 was determined as ~ 1:1.2.
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In order to eliminate the interference of background H2 adsorption on the m/z = 2 signal,
d2-formic acid (DCOOD) adsorption was carried out on clean and Ag containing Pd(111) at 120 K,
and m/z = 3 and m/z = 4 signals were monitored by temperature programmed reaction
experiments (Figure 10.12). Mainly m/z = 3 signals were obtained along with a negligible
m/z = 4 signal due to dissociative H2 adsorption from the background. In addition to the HD
desorption at 315 K on clean Pd(111), an additional shoulder at ~ 250 K was obtained for
Ag(0.8 ML)/Pd(111) indicating HD desorption from Ag containing domains.
In order to differentiate background CO adsorption from CO produced by formic acid
decomposition, 13C-formic acid (H13COOH) adsorption was carried out on clean and Ag containing
Pd(111) at 120 K, and m/z = 29 signal was monitored in temperature programmed reaction
experiments (Figure 10.13). Temperature programmed reaction spectra in Figure 10.13 shows
that the 13CO signal observed at 485 K for Pd(111) was diminished and slightly shifted to lower
temperature for Ag(1.0 ML)/Pd(111). These results indicate that the total carbon monoxide
production by formic acid decomposition is decreased for a Ag monolayer on Pd(111).
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Figure 10.12. Production of HD (m/z = 3) during temperature programmed reaction of DCOOD
on Ag(0.8 ML)/Pd(111) (red) and clean Pd(111) (black) peaks. The HD peaks at ~ 280 K for
reaction on Ag(0.8 ML)/Pd(111) (red), is nearly coincident with CO2 formation. HD is evolved
from DCOOD reaction on a clean Pd(111) (black) in a peak at ~ 330 K, which is desorption-limited.
The formation of HD instead of D2 or H2, shows that there is a source of adsorbed H in both cases.
Possible sources of adsorbed H is from background H2 dissociation or from exchange of the
deuterium in DCOOD with the chamber walls during dosing. Ag was deposited on Pd(111) at 300
K prior to DCOOD exposure (0.03 L) to the surfaces at 120 K. The heating rate is 1 K/s. The data
was not corrected for fragmentation in the mass spectrometer.
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Figure 10.13. Temperature programmed reaction profiles of

13CO

produced from the

decomposition of H13COOH on clean Pd(111) (black) and on Ag(1.0 ML)/Pd(111) (red). The Ag
layer was deposited at 300 K. The H13COOH (0.03 L) was exposed to both surfaces at 120 K. The
heating rate was 1 K/s. The data was not corrected for fragmentation in the mass spectrometer.
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Section 4. Appendices

Overview
The following section of the thesis is organized into chapters that extend, complement and
support the studies presented previously. The decomposition of carboxylates and an extended
investigation of the competition of carboxylates for active sites to provide insight into
carboxylates, which act as site-blocking species, on gold is presented (Chapter 11). It is
demonstrated that carboxylates generally the decompose at milder temperatures in the presence
of adsorbed atomic oxygen than in the absence of adsorbed atomic oxygen. Further, the
competition for active sites determines that unsaturated carboxylates (acrylate and methacrylate)
exhibit a much greater relative stability than saturated carboxylates. An investigation of the
reaction of methane on an oxidized palladium surface was performed to provide insight into the
activation of alkanes which may be feasible on palladium-silver catalysts (Chapter 12). Room
temperature activation of methane by palladium oxide is presented suggesting that this reactivity
may occur palladium-based alloy catalysts. An investigation of the reaction of molecular hydrogen
on an oxidized silver surface was performed to complement the study performed for a palladiumsilver oxide surface (Chapter 13). The activation of molecular hydrogen by silver oxide occurs at
mild temperature, where traditionally it is believed that silver oxide is unreactive at all conditions
towards molecular hydrogen.
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Chapter 11.
Decomposition and stability of carboxylates on Au(110)

11.1 Description of dataset
The formation of carboxylate species can occur from over-oxidation during the selective oxidation
of alcohols on Au catalysts. These carboxylate intermediates bind strongly to Au surfaces so as to
block sites; therefore, understanding the stability and decomposition of carboxylates on Au
surfaces is important for optimizing catalyst performance [1 – 4]. Briefly, the decomposition of
acetate on Au(111) has two mechanistic pathways: 1) higher temperature decomposition in the
absence of adsorbed oxygen and 2) lower temperature decomposition in the presence of adsorbed
oxygen [5].Herein, we report the occurrence of these two different regimes of carboxylate
decomposition dependent on the presence of adsorbed oxygen for acetate and propanoate on
Au(110). An understanding of the hierarchy of intermediate binding is important to understand
the surface coverage of species under reaction conditions [6 – 9]. Herein, we report that acrylate
and methacrylate are more strongly bound on Au(110) than acetate and propanoate.

11.2 Results
11.2.1 Acetate decomposition
The decomposition of acetate on Au(110) can occur 1) at ~ 590 K in the absence of adsorbed
oxygen or 2) at 470 K in the presence of adsorbed oxygen (Figure 11.1) . The surface containing
acetate in the absence of oxygen was prepared by depositing 0.05 ML of O on Au(110) through an
O3 exposure at 300 K followed by exposure to 1 ML of acetic acid at 300 K to ensure that all
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Figure 11.1. The decomposition of acetate on Au(110) can occur A) at ~ 590 K in the absence of
adsorbed oxygen or B) at 470 K in the presence of adsorbed oxygen.

adsorbed oxygen reacted with the acetic acid to form acetate on Au(110) . The surface is
determined to be free of adsorbed oxygen because of the absence of a oxygen recombination peak
at ~ 545 K. The surface containing acetate in the presence of oxygen was prepared by depositing
0.15 ML of O on Au(110) through an O3 exposure at 300 K followed by exposure to 0.1 ML of acetic
acid at 300 K. The surface is determined to have adsorbed oxygen because of the presence of an
oxygen recombination peak at ~545 K.
11.2.2 Propanoate decomposition
The decomposition of propanoate on Au(110) can occur A) at ~ 555 K in the absence of adsorbed
oxygen or B) at 410 and 465 K in the presence of adsorbed oxygen (Figure 11.2). The surface
containing propanoate in the absence of oxygen was prepared by depositing 0.05 ML of O on
Au(110) through an O3 exposure at 300 K followed by exposure to 1 ML of propanoic acid at 300
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Figure 11.2. The decomposition of propanoate on Au(110) can occur A) at ~ 555 K in the absence
of adsorbed oxygen or B) at 410 and 465 K in the presence of adsorbed oxygen.

K to ensure that all adsorbed oxygen reacted with the propanoic acid to form propanoate on
Au(110). The surface is determined to be free of adsorbed oxygen because of the absence of a
oxygen recombination peak at ~ 545 K. The surface containing propanoate in the presence of
oxygen was prepared by depositing 0.15 ML of O on Au(110) through an O 3 exposure at 300 K
followed by exposure to 0.1 ML of propanoic acid at 300 K. The surface is determined to have
adsorbed oxygen because of the presence of an oxygen recombination peak at ~545 K.
11.2.3 Displacement of acetate by acrylate
In the competitive displacement experiments between acetic acid and acrylate, the product
distribution is indicative of a majority amount of acrylate on the surface, as evidenced by CO2 at
~ 360 K and OCCCO at ~ 440 K which indicate the presence of acrylate and the absence of CO2
and CH3 at ~590 K which indicates the presence of acetate (Figure 11.3).
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Figure 11.3. In separate experiments, ~1 ML of acetic acid (black) and acrolein (red) were dosed
on 0.05 ML O/Au(110) at 300 K to establish their reactivity. Then ~ 1 ML of acetic acid was
introduced on isolated acrylate/Au(110) at 130 K (blue).

11.2.4 Displacement of propanoate by acrylate
In the competitive displacement experiments between propanoic acid and acrylate, the product
distribution is indicative of a majority amount of acrylate on the surface, as evidenced by CO2 at
~ 360 K and OCCCO at ~ 440 K which indicate the presence of acrylate and the absence of CO2
and CH2CH2 at ~555 K which indicates the presence of propanoate (Figure 11.4).
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Figure 11.4. In separate experiments, ~1 ML of propanoic acid (black) and acrolein (red) were
dosed on 0.05 ML O/Au(110) at 300 K to establish their reactivity. Then ~ 1 ML of propanoic acid
was introduced on isolated acrylate/Au(110) at 300 K (blue).

11.2.5 Displacement of propanoate by methacrylate
In the competitive displacement experiments between propanoic acid and methacrylate, the
product distribution is indicative of a majority amount of methacrylate on the surface, as
evidenced by CH2C(CH3)COOH at ~ 370 K and ~ 410 K which indicate the presence of
methacrylate and the absence of CO2 and CH2CH2 at ~555 K which indicates the presence of
propanoate (Figure 11.5).
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Figure 11.5. In separate experiments, ~1 ML of propanoic acid (black) and methacrylate (red)
were dosed on 0.05 ML O/Au(110) at 300 K to establish their reactivity. Then ~ 1 ML of propanoic
acid was introduced on isolated methacrylate/Au(110) at 300 K (blue).

11.3 Methods
Temperature-programmed reaction spectroscopy experiments were performed under ultrahigh
vacuum conditions in a chamber with a base pressure < 3.0 × 10-10 Torr. Temperature
programmed experiments were performed using a triple filter Hiden quadrupole mass
spectrometer (QMS, HAL-Hiden / 3F). During all temperature programmed experiments, a − 100
V bias was applied to the sample to prevent possible electron-stimulated reactions. A heating rate
of 5 K / s was used for all experiments.
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Chapter 12.
Activation of methane by palladium oxide at room temperature

12.1 Abstract
The facile activation of light alkanes, such as methane, is of due to the recent increase in the
production of shale gas. Current light alkane activation processes require high temperature
conditions which is often associated with low selectivity. Herein, we demonstrate the activation
of methane by thin films of PdO supported on Pd(111) at room temperature, using ambient
pressure X-ray photoelectron spectroscopy. This study clearly demonstrates facile activation of
methane on PdO and implies that Pd-based catalysts may be promising materials for selective
light alkane transformations.

12.2 Introduction
The increased production of shale gas has created renewed interest in the utilization of light
alkanes, including methane, as an emerging feedstock for the production of commodity
chemicals [1]. The inherent difficulty of such chemical transformations lies in the relative
inertness of light alkanes, which currently require energy intensive processes for the initial C-H
bond activation [2]. A major problem with energy intensive processes for light alkane activation
is that the high temperature conditions are often associated with low selectivity because reaction
pathways for several different products become energetically accessible. The identification of
material components that can promote facile activation of C-H bonds could enable the
development of energy efficient and selective chemical transformations of light alkanes [3 – 6].
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One approach towards selective chemical transformation of light alkanes is to create a bimetallic
catalyst where one component activates the initial C-H bond and the other component facilitates
selective reaction [7].
In particular, Pd-based catalysts have been shown to be highly active for C-H bond
activation of methane [8]. Pd catalysts can activate methane from a gas mixture of variable
amounts of O2 and CH4; however, activity is only reported in temperatures in (often large) excess
of 500 K [9 – 12]. Extensive investigations of Pd-based catalysts have shown that the activity is
strongly correlated with the presence of bulk PdO films, in particular the (101) orientation, and
therefore the active phase for methane activation is attributed to multilayer PdO [8, 10 – 13]. This
implies is that the activity of Pd-based catalysts is limited by the formation of bulk PdO films,
while the intrinsic activity of PdO could be much greater than reported. Herein, we investigate the
intrinsic reactivity of bulk PdO films and demonstrate the activation of methane at room
temperature by a film of bulk PdO supported on Pd(111), using ambient pressure X-ray
photoelectron spectroscopy (AP-XPS).

12.3 Results and discussion
A film of PdO is grown on Pd(111) by oxidation in an O 2 atmosphere (Figure 12.1). The initial
oxidation of Pd(111) yields a Pd5O4 surface oxide, which with sufficient oxidation potential further
oxidized to form bulk PdO with preferred (100) and (101) growth directions [14]. A film of PdO
supported on Pd(111) was grown by oxidation in 2 Torr of O2 at 800 K as evidenced by Pd3p3/2/O1s
and Pd3d5/2 XPS spectra characteristic of bulk PdO films grown on Pd single crystals
(Figures 12.1A and 12.1B) [11, 12, 15]. The oxidation treatment yielded a PdO film with a
thickness of at least 5 layers (calculation provided in Supporting Information).
Facile activation of CH4 can be promoted by films of bulk PdO at room temperature
(Figure 12.1). The PdO film supported on Pd(111) is titrated by ex-situ exposures of CH4 (1 min,
300 K) with variable pressures of CH4. There is no notable reactivity of PdO with CH4 for
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ultra-high vacuum exposures of CH4 in agreement with previous reports in the literature [16].
Complete reduction of the PdO film is observed upon exposure to CH4 at a pressure of 8.0 × 10-3
Torr, (10-2 Torr, Figure 12.1). CO contamination from gas displacement on the walls of the
chamber was considered and cannot account for the observed reactivity (Figure 12.3).

Figure 12.1 Complete reduction of PdO by a mTorr exposure of CH4 at room temperature. X-ray
photoelectron spectra of the (A) Pd3p3/2/O1s, (B) Pd3d5/2 and C1s regions acquired with a
Ekin = 200 eV in UHV of PdO supported on Pd(111) and after sequential exposures of CH4 (1 min,
300 K) at a pressure of 1.0 × 10-6 Torr, 1.0 × 10-4 Torr, 8.0 × 10-3 Torr and 1.0 Torr. Spectral
assignments are as follows: (A) Pd3p3/2/O1s: 533.2 eV – oxidized Pd (green, Pd3p3/2), 531.8 eV –
reduced Pd (green, Pd3p3/2), 530.9 eV – OH groups (orange, OH), 529.6 eV – 4-fold O (blue, O4f), 528.5 eV – 3-fold O (red, O-3f); (B) Pd3d5/2: 336.2 eV – bulk Pd oxide (PdO), 334.9 eV –
metallic Pd (Pd0); (C) C1s: 285.6 eV – adsorbed CO (CO).
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A simplified kinetic model is used to quantitatively determine a rate constant for initial C-H bond
cleavage of methane by PdO. The model is based on previous studies of light alkane activation on
the pristine PdO(101) surface (described in the Supplementary Material) [13, 17]. Briefly, by
assuming that the rate determining step is the initial C-H bond cleavage and that a precursormediated activation of methane occurs on PdO, it can shown:
θO,f
θO,i

(Equation 12.1)

= exp[−4 × θCH4 × t × k]

Where θO,i is the initial oxygen concentration on Pd, θO,f is the final oxygen concentration on Pd,
θCH4 is the steady-state concentration of adsorbed CH4, t is the reaction time and k is the rate
constant for the initial C-H cleavage. For a controlled molecular flux of CH4, the steady-state
concentration of CH4 is constant and the rate constant for the initial C-H cleavage can be
calculated by fitting a line of the form y = exp[−Ax] to a reduction profile of PdO by CH4. It is
determined that the rate constant is equal to or greater than 3.8 s-1 which is in reasonable
agreement with 1.0 s-1 which is theoretically predicted (Supplementary Material) [13]. More detail
in-situ reduction experiments will be acquired so kinetic parameters can be determined
accurately.
In conclusion, this work demonstrates that bulk PdO can facilitate the initial C-H bond
cleavage of CH4 at room temperature and near ambient pressures. The high activity of bulk PdO
for initial C-H bond activation was first predicted by first-principles based microkinetic modeling
which underscores the importance of theoretical studies in the design of materials with improved
catalytic activity [13]. This study confirms that the formation of bulk PdO is the limiting factor for
low temperature methane activation by Pd-based catalysts. This suggests that Pd-based catalysts
materials could accomplish low temperature methane activation by promoting the formation of
bulk PdO at milder conditions, such as through facile oxygen transfer to Pd from a host metal.
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Figure 12.2 Determination of Reaction Probability for CH4 with Pd oxide. The
complete reduction of Pd oxide on Pd(111) as a function of the exposure to 0.01 Torr of CH 4 at
300 K for 60 s. The lower limit on reaction speed, y = exp[−0.07x], gives an initial C-H cleavage
rate constant equal to or greater than 3.8 s-1. The extent of oxidation was monitored by the
integrated intensities of the O1s XPS peaks normalized to the integrated area of the peaks directly
after the oxidation treatment.

12.4 Methods
The Pd(111) single crystal was cleaned by several cycles of Ar + sputtering (10 - 20 min, 1
keV) and annealing (5 min, 1000 K). Pd(111) was oxidized in 2 Torr of O2 at 773 K for 5 mins to
form a film of PdO(101) supported on Pd(111).
AP-XPS experiments were performed at beamline 11.0.2 of the Advanced Light Source at
the Lawrence Berkeley National Laboratory. Prior to experiments the chamber was cleaned using
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a conventional bake-out and between experiments the chamber was repeatedly purged with 2 Torr
of O2 to reduce contamination from the displacement of gases adsorbed to the chamber walls
during high-pressure doses. All spectra were recorded in ultra-high vacuum (UHV) in order to
eliminate beam induced reactivity that can occur when a significant gas phase pressure is present.
A photon energy of 800 eV was used to take a survey scan to check for contamination
before acquiring high-resolution spectra. Photon energies of 735 eV for C1s, 535 eV for Pd 3d and
484 eV for C1s were used to produce photoelectrons with kinetic energies around 200 eV for highresolution spectra. The binding energies reported are referenced to the Fermi level as measured
after each spectrum. The data was fitted after a Shirley [19] background subtraction and
normalization to the background at the low binding energy side of the peaks. The O1s spectra were
fitted with a Doniach-Šunjić function [20] convoluted with a Gaussian function.

12.5 Supporting information
12.5.1 PdO film thickness calculation
The XPS electron intensity emitted (Io ) at a depth below the surface (d) is attenuated according
to the electron inelastic mean free path (λ) to give a detected XPS electron intensity (Is ), as follows:
d

(Equation 12.2)

Is = Io × exp [− λ]

The sampling depth can be calculated to be equal to 3λ, when the sampling depth is defined as the
depth from which 95 % of emitted photoelectrons (Is /Io = 0.95) are scattered before reaching the
surface. The sampling depth is determined to be 1.47 nm using the calculated inelastic mean free
path through Pd with a kinetic energy of 200 eV, λPd
200 eV = 0.49 nm [21]. After oxidation of Pd(111),
the thickness of the PdO layer must be at least as large as the sampling depth because only
oxidized Pd is observed by XPS (Figure 12.1). Assuming a PdO(101) interlayer spacing of 0.215
nm, the PdO film is determined to have a thickness of at least 7 layers thick. Assuming a PdO(100)
interlayer spacing of 0.304 nm, the PdO film is determined to have a thickness of at least 5 layers.
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12.5.2 Minimal CO contamination during Torr pressure exposure of CH4

Figure 12.3 Submonolayer CO contamination during 1 Torr exposure of CH 4 for 1 min. X-ray
photoelectron spectra of the C1s region acquired with a E kin = 200 eV in UHV of Pd(111) after
sequential exposures of CH4 at a pressure of 1.0 Torr for 1 minute, 2 minutes and 3 minutes and
after an exposure of CO at a pressure of 1.0 Torr for 1 minute.
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12.5.3 Kinetic model for CH4 reaction with PdO
A theoretical study of the mechanism of CH4 oxidation over PdO(101) determined the following
reaction steps to be relevant for low temperature reaction conditions, defined as temperatures
less than 570 K [13]. Table 12.1 reports the calculated the rate constant, k, for each mechanistic
step at 300 K, using following formalism with the values for pre-exponential factors, A, and
activation barriers, Ea , reported by Van den Bossche and Grönbeck [13].
E

Rate = A × exp [− k aT] × f(θ)

(Equation 12.3)

b

E

k = A × exp [− k aT]

(Equation 12.4)

Rate = k × f(θ)

(Equation 12.5)

b

It is evident that the initial C-H bond cleavage is much slower than all other steps as evidenced by
the value of the rate constants, k. Therefore, we assume a reaction mechanism where CH4
adsorption occurs through a precursor-mediated mechanism [17] and the initial C-H cleavage is
the rate determining step and subsequent reaction steps to produce CO2 and H2O are fast and
irreversible.
CH4 (g) → CH4∗

CH4 precursor adsorption

(Equation 12.6)

CH4∗ → CH4 (g)

CH4 precursor desorption

(Equation 12.7)

CH4∗ + O → CH3∗ + OH ∗ Initial C-H cleavage (rate-determining step)

(Equation 12.8)

Table 12.1. Calculated Reaction Frequencies, Fr , from HSE Calculated Kinetic Parameters [13]
No.
1
14
33
35
43
54

Reaction equation
CH4(g) + S1−S2 ⇄ CH3−H
CH3 + O ⇄ CH2OH + S1
CH2OH + S2 ⇄ CH2O−H
CH2O+ OH ⇄ CHO + H2O
CHO + OH ⇄ CO + H2O
CO + O ⇄ CO2(g) + 2 S1

Afw (s-1)
7.60E+04
1.10E+13
5.40E+13
1.50E+13
2.10E+14
2.30E+13

Abw (s-1)
1.80E+14
1.00E+15
1.50E+12
1.00E+14
3.20E+13
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Ea,fw
(eV)
0.29
0.47
0.21
0.52
0.58
0.19

Ea,bw
(eV)
1.32
3.31
0.52
2.01
2.88

kfw (s-1)
1.04E+00
1.45E+05
1.63E+10
2.86E+04
3.95E+04
1.50E+10

kbw (s-1)
1.32E-08
3.14E-41
2.86E+03
1.98E-20
1.63E-35
0.00E+00

We assume that the dissociative adsorption of CH4 involves a precursor-mediated mechanism
[17], where a steady-state concentration of adsorbed CH4 is established on the surface:
CH4 Adsorption Rate =

dθCH4

CH4 Desorption Rate = −

θCH4 =

PCH4

c

√2πmkb Tg

dt

=

dθCH4

PCH4
√2πmkb Tg

(Equation 12.9)

×c

Ea
]
b ⋅Ts

(Equation

= A × θCH4 × exp [− k

dt

12.10)
(Equation

Ea
]
b ⋅Ts

× A × exp [− k

12.11)

Where θCH4 is the steady state concentration of adsorbed CH4
PCH4 is the pressure of CH4
m is the mass of CH4
k b is the Boltzmann constant
Tg is the temperature of the CH4 gas
c is the density of surface sites on PdO
A is the pre-exponential factor for CH4 desorption
Ea is the activation barrier for CH4 desorption
Ts is the temperature of the PdO sample

Table 12.2. Calculated Steady-State Coverage of Adsorbed CH4 during CH4 Exposures*

*

***
**
PCH4 (Torr) θmin
θmax
CH4 (ML)
CH4 (ML)
1.0 ×10-6
5.7×10-7
4.3×10-9
-4
-5
1.0 ×10
5.7×10
4.3×10-7
-3
-3
7.0 ×10
4.6×10
3.4 ×10-5
-1
1.0
5.7×10
4.3×10-3
Pd(101) surface density used from literature [17]: c = 5.43 × 1019 atoms/m2

** Calculated using values from literature [22]: Amin
= 1012.1, Edmin = 33.8 KJ ⋅ mol−1
d
*** Calculated using values from literature [22]: Amax
= 1015.6, Edmax = 41.7 KJ ⋅ mol−1
d
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A experimental rate constant can be calculated from the reaction rate for the removal of O:
1 dθO
dt

Rate of O removal = − 4

(Equation 12.12)

= θCH4 × θO × k

By integrating over the entire reduction of the surface the following can be proven:
θO,f
θO,i

(Equation 12.13)

= exp[−4 × θCH4 × t × k]

By fitting the data in Figure 2 and assuming a calculated steady state coverage, a reaction
frequency can be determined for the initial C-H bond cleavage.
4 × θmin
CH4 × k ≥ 0.07

(Equation 12.14)

k > 3.8

(Equation 12.15)

The steady-state coverage, θmin
CH4 , is used for this calculation as it better accounts for loosely bound
transition state of alkanes [23]. We calculated the rate constant for the initial C-H bond cleavage
to be greater than 3.8 s-1 which is in reasonable agreement with the theoretical value, 1.0 s-1 [13].
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Chapter 13.
Activation of molecular hydrogen by silver oxide

13.1 Description of dataset
An investigation into the activation of molecular hydrogen by silver oxide is reported where a
negligible reduction rate occurs at 300 K but readily occurs at elevated temperatures.

13.2 Methods
The Ag(111) single crystal was cleaned by several cycles of Ar+ sputtering (10 - 20 min, 2 keV),
oxygen treatment (1 × 10-5 Torr, 5 min, 500 K) and annealing (5 min, 800 K). The oxidation of
Ag(111) by O2 was performed by introducing 2 Torr of O2 at 300 K, heating the sample to 773 K
for 5 mins, cooling to 300 K and evacuating the O2 environment. The oxidation of Ag(111) by NO2
was performed by a directed dose of NO2 (PNO2 = 5 × 10-9 Torr, 510 K, 7 mins).
Temperature programmed desorption (TPD) and low-energy electron diffraction (LEED)
experiments were performed under UHV conditions in a chamber with a base pressure
< 3.0 × 10-10 Torr. Temperature programmed experiments were performed using a triple filter
Hidden quadrupole mass spectrometer (QMS, HAL-Hiden/3F). A heating rate of 3 K/s was used.
LEED experiments were performed using Perkin-Elmer Phi Model 15-120 LEED Optics.
Ambient pressure X-ray photoelectron (AP-XPS) experiments were performed at
beamline 11.0.2 of the Advanced Light Source at the Lawrence Berkeley National Laboratory.
Prior to experiments the chamber was cleaned using a conventional bake-out and between
experiments the chamber was repeatedly purged with 2 Torr of O2 to reduce contamination from
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the displacement of gases adsorbed to the chamber walls during high-pressure doses. All spectra
were recorded in ultra-high vacuum (UHV) in order to eliminate beam induced reactivity that can
occur when a significant gas phase pressure is present. A photon energy of 800 eV was used to
take a survey scan to check for contamination before acquiring high-resolution spectra. Photon
energies of 568 eV for Ag3d was used to produce photoelectrons with kinetic energies around 200
eV for high-resolution spectra. The binding energies reported are referenced to the Fermi level as
measured after each spectrum. The data was fitted after a Shirley [1] background subtraction and
normalization to the background at the low binding energy side of the peaks. The spectra were
fitted with a Doniach-Šunjić function [2] convoluted with a Gaussian function.

13.3 Results
13.3.1 Reaction of silver oxide formed by O2 with molecular hydrogen
The oxidation of Ag(111) was performed by introducing 2 Torr of O2, heating the sample to 773 K,
cooling to 300 K and evacuating the O2 environment. The oxidation treatment is expected to
create a silver oxide surface that consists mostly of p(4 × 4)-oxide but also contains (4 × 5√3)rect
phase [3, 4]. The resultant surface consists of oxygen in an ordered p(4 × 4)-oxide as evidenced
by the O1s peak at 528.15 eV and disordered atomic oxygen as evidenced by the O1s peak at 530.15
eV using X-ray photoelectron spectroscopy [3, 5]. The extent of surface ordering was not
measured by scanning tunneling microscopy or low-electron energy diffraction. The formation of
both disorder atomic oxygen and order oxide under high pressure oxygen treatments is consistent
with previous results [3, 5].
The reduction of the silver oxide surface by H2 was probed by X-ray photoelectron
experiments (Figure 13.1). The reduction of silver oxide by H2 was determined by the decrease
in the Pd3d Ag oxide peak and the O1s peaks and increase in the Pd3d metallic Ag peak.
Incremental H2 exposures at 300 K for 1 minute (unless noted otherwise) were performed in order
of magnitude pressure increments from 1 × 10-8 to 2 Torr, where X-ray photoelectron spectra were
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Figure 13.1. The reaction of Ag oxide with H2 occurs only for elevated H2 pressure and
temperature as evidenced by the A) Ag3d5/2 and B) O1s regions by XPS. Ag3d5/2 assignments:
(silver) metallic Ag, (blue) Ag oxide. O1s assignments: (red) disordered atomic oxygen, (purple)
Ag oxide at the steps, (blue) p(4 × 4) Ag oxide, (green) hydroxyls. The pressure of the ex situ
exposure in given in order of magnitude steps (Torr) for 1 min at 300 K unless otherwise stated.
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acquired after each exposure in ultra-high vacuum. Subsequent exposures of H2 were performed
at elevated temperature until the silver oxide surface was entirely reduced. The X-ray
photoelectron measurements where performed in ultra-high vacuum in order to rule out
reactivity of silver oxide with H2 induced by the high intensity photon beam at the synchrotron.
The reduction of the silver oxide surface by H2 occurs slowly at 300 K for H2 exposures up
to 2 Torr H2 but occurs readily at elevated temperatures (Figure 13.2). There is a negligible
amount of reactivity with H2 exposures at 300 K up to 2 Torr. At slightly elevated temperature, a
2 Torr exposure of H2 does in fact reduce Ag oxide. The reduction of silver oxide by thermal
decomposition and O2 desorption was determined to not contribute the reduction observed by H2
at the temperatures probed (Figure 13.3).
13.3.2 Reaction of p(4 × 4)-O silver oxide formed by NO2 with molecular hydrogen
The oxidation of Ag(111) was performed by previously described procedures which creates a
p(4 × 4)-oxide [6]. The formation of a p(4 × 4)-oxide was confirmed by low-energy electron
diffraction experiments (Figure 13.4). The p(4 × 4)-oxide decomposes at elevated temperatures
where O atoms undergo recombinative desorption at ~ 590 K as evidenced by temperature
programmed desorption experiments (Figure 13.5).
The reduction of p(4 × 4)-oxide was probed as a function of H2 pressure and temperature
using temperature programmed experiments (Figure 13.5). The extent of the reduction of a
saturated p(4 × 4)-oxide by H2 was determined by measuring the decrease in O2 desorption
following a H2 exposure (Figure 13.6). The reduction of p(4 × 4)-oxide as a function of H2
pressure can be fit with a Langmuir function which suggests the reduction of Ag oxide by H 2 is
primarily dependent on the dissociative desorption of H2. The reduction of p(4 × 4)-oxide as a
function of temperature shows that the reduction rate increases up to 420 K. Above 420 K the
reduction rate stabilizes or slightly decreases. A more detailed investigation of Ag oxide reduction
by H2 is warranted where reaction kinetics could be extracted.
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Figure 13.2. The integrated area of the fitted peaks on selected spectra from Figure 13.1 of the
the A) Ag3d5/2 and B) O1s regions.
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Figure 13.3. Thermal decomposition of Ag oxide in ultra-high vacuum only occurs above 493 K
as evidenced by the Ag3d5/2 region using XPS. Ag3d5/2 assignment: (silver) metallic Ag and(blue)
Ag oxide.
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Figure 13.4. A) The LEED pattern for clean Ag(111) shows a p(1 × 1) ordering while after
oxidation using NO2 at 510 K the LEED pattern shows a p(4 × 4)-O/Ag(111) ordering (T = 300 K,
Ebeam = 48.2 eV). Simulated LEED patterns using LEEDpat4 [7] for B) p(1 × 1) ordering and C)
p(4 × 4) ordering on a FCC(111) surface confirm the identification above.
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Figure 13.5. Temperature programmed desorption experiments demonstrate the consumption
of oxygen on a saturated p(4 × 4)-O/Ag(111) surface after exposure to H2 at elevated temperature.
A heating rate of 5 K/s was used for all data acquired.

Figure 13.6. The reaction of H2 with p(4 × 4)-O/Ag(111) shows a strong dependence on H2 A)
pressure and B) surface temperature. The data in A) is well fit with a Langmuir function which
suggests that the dissociative adsorption of H2 is the rate limiting step for reaction of H2 with the
p(4 × 4)-O/Ag(111).
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