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Abstract

Catalytic reactions proceeding on Pt-group metal (PGM) surfaces have been used for various
applications in the modern society. However, the reaction mechanisms of not a few PGM catalysts
have not been fully understood yet at the atomistic level. One of the most critical issues to be overcome
for achieving the understanding is that most of the surface science techniques used so far need
ultrahigh vacuum (UHV) environments, though the real catalysts usually operate under atmospheric
or higher pressure conditions (so-called pressure gap). In this thesis, by means of new surface science
techniques applicable to near realistic conditions, adsorption and catalytic oxidation reactions of
simple molecules, i.e., carbon monoxide (CO) and nitric oxide (NO), on PGM and its alloy surfaces
were studied over a pressure range from UHV to sub-Torr. As a result, high-pressure-induced
adsorption states and catalytically active phases under near ambient pressure conditions were
elucidated. This thesis consists of the following five chapters.

Chapter 1: General Introduction

The scientific background and the aim of this study are described. After an overview of previous
studies on heterogeneous catalysis is given, molecule-substrate interactions are explained from several
viewpoints such as physical and chemical properties of metal surfaces and molecules. Then advantages
of surface science approaches and recently developed in-situ techniques are shortly reviewed. Finally
the aim of this study is given.

Chapter 2: Research Methods

The experimental and theoretical techniques and apparatus employed in the present study (X-ray
photoelectron spectroscopy, infrared reflection absorption spectroscopy, low-energy electron
diffraction and density functional theory calculations) are explained.

Chapter 3: Adsorption of Simple Molecules on Platinum-Group Metal Surfaces

Pressure dependence of adsorption state of CO or NO on PGM surfaces, i.e. Pt(111), Rh(111),
Pd(111), Pd(100) and Pd(110), was investigated at room temperature. It was revealed that in most of
the adsorption systems the adsorption structure is reversibly controlled by background pressure and at
elevated pressures high-density phases are formed. CO adsorption on Pd-Au alloy surfaces was also
studied and it was found that pressure-induced site-switching takes place, which can be explained in
terms of pressure-induced surface free energy.

Chapter 4: CO Oxidation Reaction on Low-Index Pd Surfaces: Experimental Evidence of an
Alternative View for Active Phases

Catalytic oxidation of CO on low-index Pd surfaces under near ambient pressure conditions is
described. In-situ observations of CO. formation rate and surface states of Pd under various
temperatures and pressures reveal that under the most active conditions the Pd surfaces are covered
by high-density oxygen phases which can be formed in both metallic and oxide surfaces. The high
catalytic activity of the high-density oxygen is an alternative view of active species for CO oxidation
under realistic conditions.

Chapter 5: Concluding Remarks
Conclusions of this thesis and future perspective of mechanistic studies on catalytic reactions are
described.
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Chapter 1: General Introduction

Chapter 1

General Introduction

1.1 Heterogeneous Catalysis

The chemical reactions proceeding on surfaces of heterogeneous catalysts play a crucial role in various
aspects of human activities; for example, synthesis of useful industrial materials, energy conversion
and pollution control, which are prerequisite for conservation and sustainable development of the
modern society. Catalysis was first reported as a drastic enhancement of water formation on Pt surfaces
by Dobreiner in 1823.1 The understanding of physical origin of heterogeneous catalysis is one of key
issues in surface science and indispensable to improve catalyst performance (i.e. high selectivity, high

conversion rate and long life) and thus to promote such important human activities. Figure 1.1 shows
a model reaction path of a catalytic surface reaction, where the surface provides a smaller activation-

energy path to convert the reactant compound(s) (Ea < Ea’). The elementary steps (adsorption,
activation, reaction and desorption) proceed in parallel on the surface.

O"‘O
—— o ]
/ Activation E;
f‘.’ / !! ! .
@] [‘, /\\ / \ \
\ \ |
B / \ \ E,
' f . \
R el | ~.
| \
- \ | |AE
Adsorption % 5 ‘|‘
Reaction v
. . Desorption
Reaction Coordinate

Figurer 1.1. The schematic reaction paths with and without catalyst. The Ea and Es” mean the

activation energy (Ea < E.’), whereas, AE means heat of formation. The catalytic reaction is described
by a combination of several elementally steps.

The three way catalyst (TWC), which is usually made of Pt-group metals (PGMs), is one of the



important heterogeneous catalysts. It is widely used to convert harmful chemical compounds in the
exhaust gas to harmless ones at a time, e.g. oxidation of carbon monoxide (CO) to carbon dioxide
(CO2) and reduction of nitrogen oxides (NOy) to N.. Oxidation of CO on PGM surfaces has been
extensively studied in the field of surface science for the fundamental understanding of the
heterogeneous catalysis as well as the technological development.

So far much effort has been dedicated to the understanding of the heterogeneous catalysis at the
atomistic level since a pioneering work by Langmuir.? He proposed that both of reactants adsorb on
the surface, then react and desorb. This process is now called as the Langmuir-Hinshelwood (LH)
mechanism. On the other hand, the Eley-Rideal (ER) mechanism is also considered; only one reactant
species adsorbs on the surface, then the other reactant in gas phase directly attacks the surface species.
A highlight of in-situ observation of heterogeneous catalysis was reported by Ertl and co-workers.
They observed the real-time evolution of catalytic reaction and demonstrated that the adsorbed CO
and O on Pt(111) surface react on domain boundary by the LH mechanism.*

In most of the cases, the reaction mechanism has been studied under the ultrahigh vacuum
(UHV) conditions, due to the technical limitation and in order to realize clean well-defined
environments. However, realistic industrial catalysts work under atmospheric pressures, besides
contaminant species, for instance, CHx and water, also coexist. The discrepancy of the pressure
condition may be crucial to understand the real catalyst, because a high pressure environment provides
a special reactant species on the surface, and/or transforms the catalyst surface itself, which is called
as pressure gap problem. The chemical and structural identifications of surfaces before and after
catalytic reaction partly elucidates the behavior of the catalysts during the reaction, where the technical
constraint is not so significant. However the catalytic surface may not keep unchanged after the
reaction (Figure 1.2). To understand the reaction mechanism, it is essentially important to observe the

whole reaction processes with an in-situ manner.

Before | During After [ In-situ
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Figure 1.2. Possibility of material evolution before, during and after catalytic reactions. If the active
surface is only formed under the reaction conditions, the in-situ observation is requested.

Recently, in-situ monitoring studies on CO oxidation under higher pressure conditions have



Chapter 1: General Introduction

proposed an alternative reaction path namely Mars-van Kreveln (MvK) mechanism,®> where the
adsorbed oxygen forms the oxide state, then the other reactant (reducing compound) reacts with the
lattice oxygen atom as discussed later. The possible reaction mechanisms are summarized in Figure
1.3. One open question is whether the oxidized surface, which is formed under oxidative conditions,
is catalytically active or not. Under the UHV conditions, it has been concluded that (surface) oxides
are inactive due to the weak interaction with molecules. It is strongly required that the in-situ
observations of the catalytic surface reactions are conducted under (near) ambient pressure conditions

to overcome the pressure gap issue.

RN s\b e
[ Metal I/.1 \ﬂ Jome
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Figure 1.3. Reaction mechanisms proposed for CO oxidation reaction. (a) Langmuir-Hinshelwood
(LH), (b) Eley-Rideal (ER) and (c) Mars-van Krevelen (MvK).

1.2 Molecule-Surface Interactions

1.2.1 Surface

The surface provides the adsorption site(s) to the molecule(s), and further exhibits the heterogeneous
catalysis. Such a character stems from its unique electronic and structural properties compared to the
bulk crystal. A crystal consists of atoms arranged with three-dimensional periodicity. The smallest cell
that expresses the whole periodicity of the crystal with translational displacements is called as the unit
cell. In the case of PGMs, the three-dimensional unit cell is categorized to the face centered cubic (fcc)
cell (Figure 1.4), with one exception of Ru, which is categorized to the hexagonal close-packed (hcp)
cell. In this thesis, single crystal surfaces were studied to focus on the fundamental understanding on
the ideal model systems.

Surface is the edge of the crystal, where the three-dimensional translational symmetry is
unsatisfied. The two-dimensional periodicity of the surface is different depending on how the surface
is terminated even for the same crystal. Therefore it is necessary to distinguish the two-dimensional
periodicities on the surface. Miller indices is a major method to express the planer periodicity of a
surface. The planes are labelled by (hkl) numbers. The plane, that intersects the three particular vectors

along the crystal axes, is intrinsically identified to one, here magnitudes of vectors are defined by



reciprocal values, i.e. 1/h, 1/k and 1/I. Examples of the low-index surface structures of the (111), (100)
and (110) surfaces are shown in Figure 1.4. The coordination numbers of the surface atoms in these
surface planes are different. From a thermodynamic point of view, there will be a tendency to minimize
this energy by bonding with other molecules. Polycrystalline and particle surfaces are complex of
these surfaces.

Even on the single crystal surfaces, there is incompleteness like steps and defects. Figure 1.5
shows local structures found on the surface. These special sites are assumed as active to the chemical
reaction due to the low coordination number. In this thesis, the physicochemical property of the flat
surfaces are considered, thus the surfaces were initially prepared to minimize the fraction of these

incompleteness using adequate physical and chemical methods.

FCC-crystal (111) (100) (110)

Figure 1.4. The unit cell and the low-index (111), (100) and (110) surfaces for fcc crystal.

Step Adatom Kink

Terrace Defect

Figure 1.5. Local structures formed on the single crystal surfaces.

1.2.2 Molecule

The molecules involved in the catalytic reaction come from gas-phase to the surface, then form the
chemical bond with surface metal atoms. Therefore, it is important to consider the electronic and
geometric structures of the isolated and adsorbed molecules for understanding the behavior on the

surface.
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The molecule AB is formed, when the wavefucntions of two atom species A and B overlap. The
molecular orbitals are often described by the liner combination of atomic orbitals (LCAQ). The
overlap of two atomic orbitals results in the two molecular orbitals (bonding and antibonding). For
instance, Figure 1.6 shows the molecular orbitals of homo- (hetero-) nuclear diatomic molecules. The
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are
also crucial to understand the molecule—metal interaction, which are indicated in the figure. The
LUMO of Oz molecule consists of antibonding orbital 2z*. The molecular orbitals of CO molecule
are more complicated, where the s and p atomic orbitals couple with each other, resulting in some
additional mixing (sp hybridization). The molecular orbitals are shown in the figure. As a remarkable
point, the electron densities of HOMO and LUMO levels of CO molecule are one-sided on the carbon

atom. This suggests that the CO molecule adsorbs on the surface with the carbon-end-on geometry.

(a) (b) W@

——-— 2n* LUMO

—f——T—oz::ZMo * _++< b “ ’
w4 e

0 0, 0 ¢ CcO 0

Figure 1.6. Molecular orbitals for diatomic molecules; O (a) and CO (b).

The chemical interaction between molecule and metal surface is described in Figure 1.7. When
the molecule approaches to the simple metal surface, where the valence structure consists of sp band,
there are four types of interactions; HOMO-occupied valence, HOMO-—unoccupied valence,
LUMO-occupied valence and LUMO-unoccupied valence. Total electron energies are stabilized in
every cases, thus the adsorption on the surface is allowed, although the interaction is weak due to its
poor spatial overlap. The late transition metals have two types of valence band electrons; sp and d
bands. The d band is localized on each metal atom. The interaction with the d band is well represented

by orbital—orbital interaction. It results in the partial electron occupation of the antibonding 2z* orbital,



while the donation from the bonding 5c orbital, leading to a strong interaction between carbon and
metal atoms. As a more extreme example, when the O interacts with metal surface, the antibonding
2n* orbital is occupied by the electrons from metal, resulting in the dissociation to the two monoatomic
oxygen. It is noted that the center of the gravity of d band is called as d band center, which is a key

factor to explain the strengths of the interactions between different molecule—metal systems.’

“d band center”
Metal surface

Molecule VY

Figure 1.7. Schematic description of molecule-surface interaction.

The surface consists of a combination of various local structures as discussed above. Molecules
adsorbed on the surface prefer to locate at high symmetry sites, because of the energetic point of view.
Typical adsorption sites are shown in Figure 1.8. Here the fcc(111) surface is modeled. To maximize
the total of adsorption energy, the adsorbates form various ordered periodic structures on the surfaces
depending on the surface coverage. The surface periodicity is expressed by the Wood’s notation.

Sometimes the solid surface is reconstructed by adsorbates to gain a higher adsorption energy.

Figure 1.8. Possible adsorption sites on a fcc-(111) surface: top (T), bridge (B), hcp-hollow (H) and
fcc-hollow (F).
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1.2.3 Oxidation

O, molecules adsorbed on metal surfaces dissociate to the monoatomic O, then form the chemisorbed
state. The chemisorbed state has several ordered periodicities depending on surface coverage. The O
induced overlayer formation has been extensively investigated on PGM surfaces.®® If enough heat is
given from outside, the oxygen-metal interface forms a stronger chemical bond with a large mass
transfer, i.e. oxidation. As well known, the oxide has a unique three dimensional crystal lattice due to
the strong ionic bond formation (hereafter this is called as bulk oxide).

On single-crystal surfaces, another oxide group has been identified in past two decades.
Lundgren et al. found that a well-ordered ultrathin oxide film was formed on Pd(111), when the surface
was exposed under a relatively mild oxidation condition. This is so-called surface oxide.%* Similar
results were reported on other PGM surfaces.'>2! The structural and chemical identifications have
been conducted using various surface science techniques. Interestingly each surface oxide has a unique
two-dimensional periodicity, which is different from the corresponding bulk oxide. It sometimes
provides special adsorption sites for adsorbed molecules. The evolution of oxygen—metal interaction
is described in Figure 1.9. It has been reported that the CO molecule stably adsorbs on the surface
oxide layer formed on Pd(111), although the adsorption energy is smaller than that on the metallic
surface.?

The chemical reactivity of these surface oxide species are not clear so far. In UHV conditions,
the oxide layer is regarded as an inactive species for the catalytic CO oxidation, where the reaction
proceeds via the LH mechanism. A remarkable exception is the RuO; surface, which shows the higher
activity than metallic surfaces.?3 As the results of detailed experimental and theoretical investigations,
the origin of the discrepancy comes from the availability of a special adsorption site for O and CO
formed on the oxidized surface. On the other hand, under the O-rich feed, for example, under the

atmosphere, the oxide species may be formed on the PGM surfaces during the reaction.

0 ML 0.50 ML 0.80 ML 1 ML
Chemisorbed oxygen Surface oxide Bulk oxide

Figure 1.9. Evolution of oxygen covered surface depending on the oxygen coverage. Here the metal
substrate is modeled by a Pd(100). The small dark and large bright balls indicate O and Pd atoms,
respectively. The O surface coverages are estimated in monolayer (ML) scale, with respect to the
number of surface Pd atoms.



1.2.4 Alloying

Alloying is a major technique to tune the catalyst performance via the modulation of electronic and
geometric structure by the presence of second metal element. Alloy materials sometimes exhibit higher
catalytic activity than that of monometallic one, therefore are extensively investigated in various
research field, for instance, oxygen reduction reaction, chemical synthesis, steam reforming and so
on.?423 The structure of alloyed surface is now paid much attention to link the catalytic activity and
alloying effect.

Alloying is realized when each of the atoms is rather stabilized by the coexistence than the
present alone. The stoichiometry can be altered within a certain range. If it is stabilized only at a
constant ratio, it is called as intermetallic compound. Furthermore, the stoichiometry of surface layer
is often independent from the bulk stoichiometry. In most of the cases, the topmost layer is consisting
of more or less chemically inactive species.

The Au—Ni alloy surface is acknowledged as an active catalyst for steam reforming, which has
an Au-rich surface layer.?” As a unique property, the exposure to excess CO leads the surface to the
phase separation of Au and Ni due to the formation of Ni carbonyl on the surface.?® Pd—Au bimetallic
catalysts are applied to various catalytic reactions. 2> The mixture of Au and Pd can significantly
enhance the overall catalytic activity of the reaction. However, the role of alloyed Au had not been
elucidated. Goodman and coworkers revealed the origin of ensemble effect of a Pd—Au surface on
vinyl-acetate synthesis.3! They found that the reactivity strongly depended on the Pd concentration of
the surface layer; the discrete Pd clusters embedded in Au rich surfaces are the active center of the
reaction.

1.3 In-Situ Surface Science Techniques

1.3.1 Morphologic Approach

Surface science techniques can investigate the atomic scale structure formed on the surface under
static/dynamic conditions. Here, in-situ techniques used for studies on the surface morphology are
introduced. Low-energy electron diffraction (LEED) is one of the powerful surface science tools to
investigate the surface two-dimensional structures. But this is an electron in/electron out technique,
thus the incident electron beam and back scattered electron are strongly decayed under higher
pressures. On the other hand, X-ray diffraction (XRD) is a photon in/photon out technique and thus is
applicable to studies on the surfaces under atmospheric environments. But it is generally regarded as
a bulk sensitive method, because it reflects ordered lattice structure of the material. Surface XRD
(SXRD) enhances scattering from the surface two-dimensional structure with grazing angle X-ray
incidence. The surface periodic structure is identified via the diffraction pattern. Details of

experimental setup is described in ref 34. To gain clear diffraction pattern, the surface condition should
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be uniformed, thus the technique shows averaged information from the surface. The diffraction along
the surface plane gives information equivalent to LEED. It can also scan the depth profile of the
catalyst surface. This technique is available to various types of samples such as highly stepped and/or
particle surfaces, if it has a certain level of surface periodicity. The evolution of surface chemical phase,
e.g. metal or oxide, can be traced under catalytic conditions.>%° Catalytic CO oxidation is a typical
model reaction for understanding catalytic reaction, therefore some research groups have investigated
the system using the SXRD technique. Gustafson et al. demonstrated that the oxide evolution on
Pd(100) surface during the catalytic CO oxidation reaction under a realistic pressure conditions using
a two-dimensional detector and high energy X-rays.®® Here, three types of chemical phases are
identified during the reaction, e.g. metallic, surface oxide and bulk oxide, with three-dimensional
diffraction pattern analyses. Their main conclusion is that the oxide state accelerates the catalytic
performance at near realistic environments. Further detailed experiments revealed gradual growth of
the oxide layer and its stability under the catalytic conditions.

Scanning tunneling microscope (STM) is a conventional tool for the atomic-scale observation,
which provides direct information of surface morphology originating from adsorbates and substrates.
This technique utilizes the tunneling effect; when a sharpened metal tip is approached to a conducting
sample closely with the nanometer order, an electric current is detected between tip and sample without
the direct contact. The amount of the current strongly depends on the distance between tip and sample.
The spatial resolution is in the angstrom order, therefore this technique enables to image individual
atoms (molecules), which need not be arranged with a periodicity. Nowadays, STM images can be
measured over the pressure range from UHV to atmospheric environments.*>-*® Pressure induced
surface restructurings have been successively reported. Tao et al. found that high pressure CO exposure
to a stepped Pt surface reversibly causes surface restructuring even at room temperature, where
triangle-shaped terraces adsorb a dense CO overlayer with a coverage of 1 monolayer.*° Hendriksen
et al. have reported that the surface is oxidized under high O pressures for CO oxidation on Pt and Pd
surfaces.*”*8 These studies suggest that the substrate surface are easily rearranged depending on the
gas pressure. STM technique bridges between UHV and atmospheric conditions, but the application
is limited to conductive well-ordered surfaces. Atomic force microscopy (AFM) technique is an
alternative scanning probe under similar pressure conditions, which can image much more realistic
(industrial) samples, i.e. particles and/or insulated materials,*>*° though the spatial resolution becomes
less.

1.3.2 Spectroscopic Approach
Vibrational spectroscopies (VSs) are adequate for measurements under atmospheric conditions and

some of them are sensitive to adsorbates. Especially, sum frequency generation (SFG)-VS®% and



polarization modulation infrared reflection absorption spectroscopy (PM-IRAS)%%¢ are widely
applied for surface science, because of its high surface selectivity. These techniques give information
on chemical bonds of adsorbates and adsorption site on the surface. SFG is a kind of non-linear optical
effects and can be used as an intrinsically surface sensitive technique, because the surface does not
have the reversal symmetry. Here the two incident lights (visible and mid infrared) are spatially and
temporally overlapped on the surface, and the resultant SFG light is detected. IRAS is a conventional
surface science technique to observe vibrational modes of adsorbates. However, the gas-phase
contribution becomes dominant at higher pressure conditions. The switching p- and s-polarized
infrared light exposed to the surface during the measurement enables to extract signals from the surface
species only even at higher pressures (PM method). The spectrum obtained from p-polarized light
contains both of surface and gas-phase information, whereas the spectrum from s-polarized light
contains only gas-phase information. Electron energy loss spectroscopy (EELS) is also used in
traditional surface science studies to measure adsorbate on the surface. However it is an electron probe
technique, therefore the attenuation effect by background gases is crucial.

Increasing of the background pressure sometimes causes chemical and/or physical effects on
exposing molecule. Hess et al. have reported the pressure induced dimer formation on NO/Pd(111)
system at 400 mbar NO pressure at 300 K.5” Gao et al. found that the CO adsorption site on Pd—Au
alloy changes between UHV and atmospheric conditions under the catalytic oxidation condition.%®
These in-situ measurements clearly demonstrate that the adsorption state of molecules on the surface
drastically changes depending on background pressure.

X-ray photoelectron spectroscopy (XPS) is a photon in/electron out measurement. This
technique provides information on chemical state of molecule and substrate surface at once, thus is a
powerful tool for understanding of catalytic reactions on the surfaces. The incident X-rays to the
surface excite core-level electrons to the vacuum. By analyzing Kinetic energies of emitted electrons,
it is possible to investigate the chemical environment and depth profile of the interested element. The
detailed principle of measurement is described later. It can access both of the well-defined single
crystals and (quasi-) industrial materials. However it is intrinsically unfitted for in-situ monitoring
under high background pressure conditions, since the electrons are easily scattered by gas molecules.
However recent technical developments allow us measurements under pressures from UHV to 100
Torr by using the multiple-stage differential pumping and electron lens systems; near-ambient-
pressure (NAP-) XPS. Synchrotron radiation and lab-X-ray source based NAP-XPS setups have been
built up over the world due to its broad contribution to the various surface science fields including
catalysis researches.5®% Now, numbers of desirable reviews are available for the recent technical
developments and scientific achievements.54-67

To track the temporal evolution of chemical state at (near) surface region at given conditions is

a highly attended topic to understand catalysis, because the catalytic performance is directly influenced
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by the surface condition. In-situ oxidation and reduction of PGM surfaces have been extensively
investigated using NAP-XPS techniques.%®"* These researches revealed the surface oxidation
proceeds on step by step manner, moreover a (chemical) hysteresis was found during the oxidation-
reduction cycles; the surface oxide phase once dominates the surface during the oxidation, whereas it
is not stably formed during the reduction. Because XPS can clarify the chemical state and quantify the
amount of each element of species located at and near the surface, it is suitable for the observation of
alloy systems. Tao et al. found that the surface elemental composition was reversibly controlled by the
background gas environment on Pd—Rh alloy particles, which was explained by the chemical affinity
between gas molecule and alloy surface.®®

Based on the above in-situ techniques, the relationship between catalytic activity and surface
chemical condition has been investigated on oxidation of CO and oxidation”>"” and hydrogenation of
organic molecules.”®8! An early work for in-situ monitoring of CO oxidation was performed by Grass
et al.; they revealed that the size of catalyst Rh particle is crucial to the catalytic performance; the
RhOy spices is responsible for the reactivity, and it was easily formed on smaller particles.” On the
other hand, it is reported that the oxide formation is not necessary to the activity of Pt surfaces.”’” Pd
is an effectual material for partial and complete hydrogenation of alkene. Teschner et al. found the
Pd—C and Pd—H species, which are formed underneath the surface during the reaction, catalyze the
partial and complete hydrogenation, respectively.”®” This clearly demonstrated that the catalytic
selectivity strongly depends on the chemical condition of Pd catalyst and is tuned by the background
environment.

Mass spectroscopy (MS) is a conventional technique to measure the catalytic performance. It
intrinsically distinguishes gas-phase molecules by weight, for instance CO, 28; O.. 32; CO, 44. It can
directly measure the chemical conversion at given temperature and pressure, thus is often applied to
identify the outlet gas composition from the flow (batch) reactor cell in parallel with surface sensitive
tools. However, this technique basically provides averaged information from the surface. Planar laser-
induced fluorescence (PLIF) is a remarkable development for the gas-phase sensitive measurement.?
The gas-phase species near the sample is exposed to the sheet-shaped infrared laser pulse, and the
corresponding fluorescence is probed by two-dimensional camera, for instance rovibrational transition
(00°0) — (10°01) of CO.. It can provide the spatially and temporally resolved information on gas-
phase species near the surface. Using this technique, catalytic performance of multiple samples can be
simultaneously measured by position-dependence of the fluorescence emission, which is an advantage
in comparison with the ordinary MS measurement.® The real-time evolution of catalytic CO oxidation
on Pd single crystal surfaces has been carefully analyzed and the reaction kinetics has been
discussed.®4®> It had been predicted that the highly reactive surface consumes the reactant species
immediately, and the reaction rate is controlled by the supply of the reactant gas to the surface, which

is called as mass-transfer limit (MTL) regime. This technique has demonstrated the presence of the
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MTL regime during the highly active conditions. It is necessary to pay attention to the MTL regime

when in-situ experiments are performed for highly active catalysts.

1.4 Aim of This Thesis

In this thesis, in-situ observations were applied for obtaining information on chemical interactions
between molecules and metal substrates as a function of background pressure and temperature to
reveal the adsorption behavior and further catalytic reaction mechanisms. The combination of
experimental and theoretical techniques is employed comprehensively to earn the atomic-level
understanding of surfaces and adsorbates. Particularly here | focused on adsorption and reaction of
small molecules like CO and NO on PGM surfaces under near ambient pressure conditions, which are
related to the TWC working under realistic conditions.

Although numbers of studies have been reported on molecular adsorption, the gas-phase species
are usually ignored in traditional UHV-based investigations, so far. The adsorption (desorption) under
equilibrium conditions is described by the Langmuir adsorption isotherm?, as follows;

6, = Kapa ’

1+ Kapa
_k2
ky

(1.4.1)

Ka

The surface coverage 8, of a molecular species A is determined by the background pressure p,.
Here ki and k, are the rate constants of adsorption and desorption, respectively. The surface
coverage increases with raising the background pressure. Although the pressure dependence of the
surface coverage can be sometimes explained by this model, the adsorption on actual surfaces often
seems more complicated; chemical interaction effects such as adsorption site switching, molecule-
molecule steric repulsion and surface restructuring contribute to the adsorption behavior. It is desirable
to reveal details of the adsorbate-adsorbate and adsorbate-substrate interactions and describe the
resultant adsorption structures on the surface. In particular, it is not clear how the molecules adsorb on
the surface under high background pressures.

Adsorption of CO and NO on PGM surfaces is investigated by XPS and IRAS as a function of
pressure (Chapter 3). Here, evolution of adsorption site and surface coverage of CO at elevated
pressures is studied to understand the periodic and local structures of adsorbed CO molecules under
equilibrium with high pressure gaseous CO. Then adsorption of NO on PGM surfaces is investigated.
A part of NO molecules dissociate into the atomic species. It is shown that the resultant coadsorption
phase is rearranged under the high-pressure NO gas exposure. Furthermore CO adsorption on a Pd-
Au alloy surface is also studied to observe alloying effects on preferred adsorption site, where

accessible Pd sites are limited by the rich Au segregation to the surface. Pressure-dependent site
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switching of CO adsorbed on surface Pd is studied and correlated with pressure-induced chemical
potential change of gas-phase CO on the basis of theoretical calculations.

As mentioned above, a great number of studies have focused on the active phases for CO
oxidation on PGM surfaces under ambient pressure conditions. Based on in-situ observations of the
CO oxidation reaction, the reaction mechanism under high pressure conditions has been discussed.
However no consensus has emerged yet. Morphologic approaches have proposed the oxide formation
during the reaction, while the vibrational studies have suggested the CO-depleted metallic surface is
the active phase. In-situ identification of chemical state of the surface during the reaction is required
to determine the active phase of the reaction.

XPS enables us to analyze both of substrate and adsorbate under the reaction conditions at a time.
Especially it can distinguish the chemical states of catalyst surfaces, for instance, distinguish between
metallic surface and oxide surface, which is crucial to understand the reaction mechanism. The
catalytic CO oxidation reactions on Pd single-crystal surfaces are studied with in-situ observations
under ambient pressure conditions (Chapter 4). Pd is the most used material for the TWC. Here
Pd(111), (100) and (110) single-crystal surfaces are used as model catalyst systems with different
surface structures to reveal the relationship between the catalytically active phase and the surface

structure of catalyst.
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Chapter 2

Research Methods

2.1 X-ray Photoelectron Spectroscopy*
When material surfaces are exposed to a photo irradiation, photoelectrons are emitted into the vacuum
(photoionization). With X-ray photoelectron spectroscopy (XPS) photoelectron kinetic energies are
measured, and then binding energies of core-electrons are deduced. Synchrotron radiations and lab-
scale X-ray sources, e.g. Al Ka (1486.6 eV) and Mg Ka (1253.6 eV), are used for core-electron
excitation. XPS can be clearly used to characterize elemental composition of the material, because the
core-binding energy is unique for each core level of each element. Photoionization process satisfies
the energy conservation law described as follows;
hv = E, + Ex + ¢, (2.1.1)

where the terms hv, E,, Ex and ¢ are the incident photon energy, electron binding energy,
photoelectron kinetic energy and work function, respectively. The schematic description is shown in
Figure 2.1.1. The binding energy is determined by the energy difference of the initial ground state (n;)
and final core-excited state (n; — 1).

E, = [E(n; — 1) — E(n))]. (2.1.2)
If the core-potential is unchanged before and after core-excitation, the biding energy is estimated from
the initial state (Koopmans’ theorem).?

The photoelectron emission conforms Fermi’s golden rule, described as follows;
4-7'[2 , 2
Tios =T|((pf|H lo:)|"6(Ef — E; — hv), (2.1.3)

where  ¢@; and ¢, are the wave functions of the initial (interested core-level) and final
(photoelectron) states. Er and E; are the energy of those states, and hv is the incident photon
energy. H' is time dependent part of Hamiltonian. It suggests that the electron excitation (emission)
is permitted when the transition moment is not zero and the energy conservation law is satisfied at a
time. Derivation of the equation is described in Appendix A. Change in intensity of the same core-
level refers the number of included atoms in the system. It is noted that the equation is a universal
concept for excitation between two eigenstates, thus the vibrational excitation is also explained in this

scheme.
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Figure 2.1.1. Schematic description of X-ray induced photoionization process.

The photoelectron kinetic energy is decided by the incident photon energy, therefore the cross-
section is a function of incident photon energy. Figure 2.1.2 shows the energy dependence of
photoionization cross-section, which is simulated for fcc-Pd. It demonstrates the transition possibility
reaches to the maximum when the kinetic energy is around 100 eV. It is noted that the photoionization

occurs regardless of the azimuthal quantum number of interested core-orbital (Appendix B).
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Figure 2.1.2. Simulated energy dependence of photoionization cross-sections for Pd.
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Photoelectrons moving in bulk crystal are scattered with a certain probability: the plasmon
excitation, electron—hole pair excitation and phonon excitation. The inelastic mean free paths (IMFPs)
depend on the valence band structures of materials, but the resultant line profiles are roughly the same
(universal curve). Figure 2.1.3 shows the example of simulated IMFPs for some precious metals (TPP-

2M).* The intrinsic surface sensitivity of this technique stems from the short IMFP of photoelectron.

Inelastic Mean Free Path (A)

50 100 500 1000
Kinetic Energy (eV)

Figure 2.1.3. Simulated inelastic mean free paths for several precious metals.

The lift time of core-excited state is finite in the order of femtosecond (1071° s), thus the obtained
spectrum has (basically) a Lorentzian shape of a natural width. In the case of metal systems, the
emitted photoelectrons cause the secondary excitation of the valence band electrons. It results in the
continuous energy loss of the photoelectron Kinetic energy, it is experimentally observed an
asymmetric tailing of the spectrum to the higher binding energy side. The spectral line shape is
described by Doniach—Sunji¢ function®, which is the convolution of Lorentzian and a step function
with asymmetric factor. It is noted that the experimental spectra include a contribution from Gaussian
function which comes from experimental error.

The core-level shift (CLS) is determined as an internal difference of interested and referenced
binding energies, which is the sign of difference of electric structure between interested and referenced
atoms.

Ecis = Ep — EF°F. (2.1.4)

For instance, the topmost surface atoms exhibit lower-shift of binding energy relative to the
internal bulk ones on PGMs, which comes from the d-band narrowing on surface region. Chemical
interactions with molecules (atoms) also modulate the electric structure of the surface atoms, therefore

the CLS is applied to the chemical characterization of the system, e.g. metal or oxide.
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Basically, the core-binding energy is determined by the Coulomb interaction, therefore CLS is
also explained by the difference of electric charge as follows;
EfY = ka; +Z%- (2.1.5)
=
The first term is the internal effect of interested atom, the g; is the net charge on the atom i, and k is
Coulomb repulsion integral. The second term is the background effect (Madelung potential), R;; is the
distance between the atoms i and j. The positive (negative) net charge on the interested atom i causes
a positive (negative) shift.6
For chemisorbed systems, a simple explanation has been proposed.” The molecule (atom) on
surfaces adsorb on highly symmetry sites, e.g. hollow, bridge and top. The CLSs of adsorbed metal

atoms exhibit the linear relationship as follows;

EfpS ~ iECF, (2.1.6)
1
B ~ ]—.EE%S, 2.1.7)

where i and j are the number of adsorbate and adsorbed metal atom in the system, e.g. j=1, top; 2,
bridge; 3, three-hold-hollow; 4, four-hold-hollow. Here, it suggests that the initial and final state effects
constantly increase as a function of the number of adsorbate. These ideas suppose that the CLS is
defined by the energy difference before photoexcitation, which is called the initial state approximation.
The chemical interaction mainly alters the valence band structure. Therefore, it is assumed that the
CLS can be represented by the shift of valence band, especially the d-band center. However, the
relaxation process of core-hole also alters the obtained CLS; the final state effect is enhanced in the

case of strongly-correlated systems.

2.2 Infrared Reflection Absorption Spectroscopy?®

The N-atomic molecules have 3N internal degree of freedom. In the case of diatomic molecule, it is
decomposed to 3-translational motion, 2-rotational mode and 1-vibrational mode. As discussed in
Chapter 1, molecules strongly interact with surfaces, resulting in the adsorption. On the surfaces, all
3N degree of freedom is converted to vibrational mode. To investigate the vibrational structure of the
molecule leads to understanding of the behavior of molecules on the surface.

It is assumed that a diatomic molecule AB consists of atom A and B connected with a spring
constant k. The equation of motion for the vibration and the corresponding potential are written as
follows (harmonic oscillator approximation);

d?x (2.2.1)

F(x) = mﬁ = —kx,
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V(x) =— f F(x)dx = %kxz. (2.2.2)

here, m is the reduced mass of the molecule and x is the distance from equilibrium internuclear position.

To describe the quantum mechanical vibration, the Schrédinger equation is written as follows;

2

HyY = [—Zh—mvz + %kxz] Y = E. (2.2.3)

As a result, the energy of the harmonic oscillator is quantized at equal intervals Av, and the lowest

energy level (n = 0) has a value of some finite (zero point energy).

E, = (n + %) h\/% - (n + %) W (n=012..) (2.2.4)

1 |k
2w |m’
Additionally, the absorption of photon is governed by Fermi’s golden rule, see eq. (2.1.3). Besides, the
rovibrational mode, formed by the coupling of the rotation and vibrational mode, is experimentally
observed in the case of gaseous molecules. The life-time of the nuclear vibration is in order of (sub-)
pico-second (10712 5s), thus the energy resolution of the spectrum is intrinsically better than that of XPS.
It enables us to investigate the local adsorption site of the molecule on the surface as discussed later.
Infrared absorption spectroscopy (IRAS) is a surface sensitive setup for investigating molecular
adsorbed systems. The schematic view is shown in Figure 2.2.1. The surface is irradiated with infrared
light with a grazing angel 8 (total reflection). The electric field vector normal to the surface (p-
polarization) is enhanced on the surface, here Ep =~ 2E,. Whereas the electric field parallel to the
surface (s-polarization) is weakened on the surface. The vibration mode is excited, when the inner
product of electric field vector and electric dipole moment is not equal zero. Therefore the incident IR
light excites only the vibrational mode normal to the surface. The transition probability T is

proportional to these factors as follows;

2

cos @’

By

Ep

T « (2.2.5)

Figure 2.2.1. Schematic description of measurement principle of IRAS.
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2.3 Low Energy Electron Diffraction®

Low energy electron diffraction (LEED) is a conventional surface science tool to investigate surface
morphology and adsorbate lattice. The incident electron (wave) is scattered on the surface. The back-
scattered electron pattern is recorded by the fluorescent screen. Since the surface has quasi-two-
dimensional periodicity, the scattered electron is observed as a reciprocal lattice rod, which is

perpendicular to the surface normal. The diffraction intensity F is defined by the following equation;
F= Z f ngexp[i(G — AK) - r]dV, (2.3.1)
G

where, G, Ak and ng are the reciprocal lattice vector, scattering vector and Fourier coefficient. The
reciprocal lattice vector is defined by using lattice vector R and an integer m,as G-+ R = 2mzm. When
the G = AK, the diffraction intensity reaches to the maximum.

The de Broglie wave length A is a function of electron energy E described as follows;

h
1= : (2.3.2)

v 2meE

where, the terms h and m, indicate the Planck constant and electron’s mass. Typically, the electron

energy is tuned ~100 eV, where penetration depth is limited in a few Angstrém, suggesting the
technique is surface sensitive. The surface imperfections give the diffuse diffraction spot size and
background noise, which is secondary information on surface states. Besides, a high electron flux
sometimes excites the adsorbates on surfaces, resulting a destruction of ordered layers, so called
electron stimulated desorption. Figure 2.3.1 (a) and (b) show an example of LEED optics, and obtained

diffraction pattern, respectively.

Substrate
(a) (b) N
Adsorbate
® ,
g S .
Fluorescent screen

1+ S
—I—— :

Figure 2.3.1. The schematic description of LEED optics (a) and an example of experimentally
obtained LEED pattern (CO/Pd(100) surface).
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2.4 Experimental Apparatus
2.4.1 Near-Ambient-Pressure X-ray Photoelectron Spectroscopy

All XPS measurements were performed at a synchrotron radiation facility to utilize the focused
high-flux X-ray with the high-energy selectivity, which is crucial to collect the photoelectron under
high pressure conditions. The experimental apparatus was connected to an undulator soft X-ray
beamline BL13A/B at KEK-PF, Japan.'® Photographic and schematic images of the NAP-XPS system
are shown in Figure 2.4.1. The system consists of three vacuum chambers, namely the load-lock,
preparation and analysis. The base pressures of preparation and analysis chambers are on the order of
1071° Torr. The sample is cleaned in the preparation chamber by the standard process: Ar* sputtering,
surface oxidation and annealing. A LEED optics (Omicron, Specta LEED) is available in the
preparation chamber. The analysis chamber consists of four differential-pumping stages, which are
pumped with turbo molecular pumps, to detect photoelectrons from the sample under high-pressure
environments. The emitted photoelectrons are detected using an electron energy analyzer modified for
high pressure experiments (Omicron, EA125HP). The sample temperature is controlled by liquid N2
and resistive heater from the backside. The temperature is measured using an alumel-chromel (K-type)
thermocouple attached to the sample holder. The sample is irradiated by X-ray introduced through a
thin SizN4 film (100 nm thickness), which separates the beamline and analysis chamber. O,, CO and
NO gases are introduced to the chamber using variable leak valves. A quadrupole MS (HIDEN,
HAL?201) is mounted on the way of differential-pumping stage to monitor the reactant and product
gases.

Figure 2.4.2 shows a XP spectrum taken from Pd—Au alloy surface under 10 mTorr CO ambient.
Here CO adsorbed on surface and in gas-phase are separately observed. The contribution from

adsorbed species is attenuated with increasing the background pressure (Figure 2.4.3).
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Figure 2.4.1. Photographic (a) and schematic (b) images of NAP-XPS system connected to the BL-
13A/B at KEK-PF, Japan.
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Figure 2.4.2. An example of XP spectrum taken from CO adsorbed surface. The data was taken under
10 mTorr CO ambient.
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Figure 2.4.3. The pressure dependence of peak and background intensity.

2.4.2 Polarization Modulation Infrared Reflection Absorption Spectroscopy

The IRAS measurements were performed by a homemade vacuum chamber connecting with a mid-
infrared generator (Nicolet iS50). The experimental apparatus was built up at Yagami campus, Keio
University, Japan. Photographic and schematic images are shown in Figure 2.4.4. The system consists
of three vacuum chambers, namely the load-lock, preparation and analysis. The base pressures of
preparation and analysis chambers are on the order of 107° Torr. The sample is cleaned in the
preparation chamber by the standard process: ion sputtering, surface oxidation and annealing. Notably,
this apparatus is modified for the PM- IRAS measurement. With this technique we can selectively
observe the surface species under various pressure conditions. The sample is irradiated by infrared
light with the grazing angle of 80°, where the sp-polarization is switched by 50 kHz using a photo-
elastic modulator (PEM) unit. The reflected light is analyzed by a HgCdTe (MCT) detector. The optical
path is purged by dried N gas.

Figure 2.4.5 shows examples of IRA spectra with and without PM. The p-polarized data
contains both of gaseous and adsorbed species, whereas the s-polarized data contains only gaseous
species as discussed section 2.2. Thus the gaseous species is dominant on s+p data (conventional
IRAS), the gaseous species gives a complicated spectrum due to the rovibrational excitation. While

the surface species is enhanced on p—s data (PM-IRAS).

27



Analysis Preparation  Load-Lock

((co P~
o) .|| Detector
2

Figure 2.4.4. Photographic (a) and schematic (b) images of PM-IRAS system at Yagami campus, Keio
University, Japan.
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Figure 2.4.5. An example of (PM-)IRA spectrum taken from a CO adsorbed system. The data was
taken under 100 mTorr CO ambient.
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2.5 Density Functional Theory

2.5.1 Basic Theory

The basis of density functional theory (DFT) is established by Hohenberg and Kohn.** In this theory,
the total electron energy of the system is a functional of electron density. When the total electron
energy reaches the minimum value by changing wave function, the electron density becomes the one
of the exact ground state. The total electron energy is described by the sum of kinetic energy T,

Coulomb energy U and exchange—correlation energy Exc.

E=T+U+E,. (2.5.1)
Kohn and Sham suppose the electron density is expressed by the (quasi) electron orbitals.
N
p(r) = Z np; (0 (r), (2.5.2)
i=1

where, p is the electron density, ¥; and n; are a single particle wave function and partial

occupation in an electron state i, respectively. Then, the kinetic energy T is given by

2
T = Zni J P () [— h vz] W, (r)dr. (2.5.3)

2m,

Here, the electron—electron interaction is ignored: electrons moves in the averaged electrostatic

potential. The complicated quantum contributions are considered in the E,. term.

The Coulomb energy U is the classical electrostatic energy, which comes from nuclei—electron (ne)

and electron—electron (ee) interactions.

Z,e? r’ e? r)p(r'
I p()d’+ fp()p()

U =Upe + Uge = —
ne - ree — 4meg IR; — 1’| 8me, Ir—r'|

drdr’.  (2.5.4)

The exchange—correlation energy E,. includes the complicated quantum contributions to the total
energy, which is generally approximated by using, for example, pre-calculated values estimated from
the free electron gas model.

To gain the minimum total electron energy E, the set of wave functions ; is determined by

solving Kohn—Sham equation®?,

2
[_ Zh V% + Ve + Vee + ch] wi(r) = €i¢i(l‘). (2.5.6)

e
where, ¢ is a Kohn—Sham eigenvalue, while V.., V. and V. are the Coulomb and

exchange—correlation potentials described as follows;

Vv - Zie? 1 e? p(r") g’
ne T tee — 4mey IR, —r| 8mgy) [r—r'| T (2.6.7)
_ SExclp(0)]
xe 5p(r)

The unit cell approach is suitable to represent crystal (and surface) systems, because they have
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the translational symmetry. The plane wave basis set is employed to reproduce Kohn—Sham wave
functions.

Y;(r) = u;(r)exp(ik - r). (2.5.8)
The term Kk is a wave vector, the periodic part u;(r) is expanded by the reciprocal lattice vector G

depending on crystal structure (Bloch’s theorem). Then it is rewritten as follows;

Y;(r) = 2 Cigexp(iG - r)exp(ik - r) = z Cigexpli(k+ G) - r]. (2.5.9)
G G

2.5.2 Adsorption Energy

The bond formation between molecule and metal surface induces the modulation of valence

band structure and results in the stabilization of total electron energy in the system. The adsorption

energy (E,q) extracts the energy difference due to the molecule adsorption to the surface. The averaged
adsorption energy is estimated via the following equation,

. E]pﬁtal _ Eitotal - N E]jcotal

ad = ’
N;

(2.5.10)

where Ef°®2l Ef°l and E[%! are the total electron energies of molecule-free surface, isolated
molecule in vacuum and molecule-adsorbed surface, respectively. N; is the number of molecule
included in the system.

This is a simple way to understand the molecule—surface interaction. However, the temperature
is assumed to be 0 K in this method. Therefore, the adsorption energy simulation does not guarantee

the most stable structure is formed under the interested temperature and pressure environments.

2.5.3 Surface Free Energy
The surface free energy (y) is defined as the energy requested to form the interested surface at given
temperature (T) and pressure (p).1>* A surface structure with the lowest surface free energy is

preferentially formed under a certain condition. The surface free energy is formulated as follows;

1
V(T o b N3 (VD) = £ |6 o N AND) = D N = Y Ny |, @5.4)
L J

where, G is the Gibbs free energy of the interested surface, and p; and p; are the chemical
potentials of metal atom i and gaseous molecule j, respectively. N is the number of the species
included in the system. A is a normalization factor, which is usually surface area of unit cell.

The Gibbs free energy consists of total electron energy, vibrational free energy and

configurational entropy, which are functional of pressure and temperature of the system. However it
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is usually approximated to the total electron energy. The validity is carefully discussed in Ref. 13.
G = E*orl 4 Fvib- . 7geont 4 py ~ protal, (2.5.12)
Then eq(2.5.11) is rewritten as follows;

1
v(T.{p;} N {N;}) = 7 | Ejf™ — B! - Z Niuj ), (2.5.13)
]

where, E]-t/"ital and Ef°%! isatotal electron energies of surface and bulk crystal, where E°%! = G; =
N;u;, respectively. The chemical potential of molecule on the surface is in equilibrium with the
background gaseous molecule via the partial pressure of p;, thus it can be expressed by the chemical

potential of gas-phase as follows;
Hj(T, Pj) = Ejtotal + Aﬂj(T; Pj) = Ejtotal + Au;(T,p°) + kT In (%) (2.5.14)

where kg is the Boltzmann constant, and Ef°®™' is the total electron energy of isolated
molecule. Au; (T, p®) is the standard chemical potential at the standard pressure p® (= 1 atm), which
is obtained from tabulated enthalpy and entropy values. This equation means that the surface free
energy of the system changes as a function of molecular chemical potential. In the case of bimetallic

alloy system, further consideration is required (see Appendix C).

2.5.4 Core-Level Shift

Theoretical simulation of core-level shift (CLS) deduced from XPS is performed by Slater—Janak
transition state approximation.'® The CLS is defined by the difference of binding energy between the
interested and referenced atoms, as described above. The binding energy of particular core level i is
defined by the difference of total energies of the ground (E(n;)) and photo-excited (E(n; — 1))
systems, where n; is the number of electrons occupying the core level i. In the DFT, the eigenvalue
is obtained by the derivative of total electron energy (Janak’s theorem)!®. The simulated binding energy

is approximated by the Kohn—Sham eigenvalue (g;) with a half occupation.

Eo =D = E0) = [ Fdn < —ei(n—3) 2515
Ecis = [E(n; — 1) = E(my)] = [Erer(n; — 1) — Erer (mp)]. (2.5.16)

Further details of this method is discussed in Appendix D.
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Chapter 3: Adsorption of Simple Molecules on Platinum-Group Metal Surfaces

Chapter 3
Adsorption of Simple Molecules on Platinum-

Group Metal Surfaces

3.1 The Reversible Dense CO Overlayer Formation on Pt(111) Surface

Abstract

The high-density CO adsorption phase formed on a Pt(111) surface with exposing to CO gas of sub-
Torr ambient was investigated using near-ambient-pressure X-ray photoelectron spectroscopy. The
surface coverage was proportional to the background pressure, suggesting a reversible phase transition
of CO adsorbed on the surface. Combined results of the experimental data and theoretical calculations
reveal the local adsorption configuration of CO molecules in the dense CO overlayer formed under

realistic conditions.

3.1.1 Introduction
Platinum (Pt) is regarded as one of the important catalytic material, which has been widely applied to
the modern society such as TWC, hydrogenation/oxidation catalysts, fuel-cell catalysts and so on.t
Adsorption of molecules to surface is the first step relevant for the heterogeneous catalysis. Therefore
many researches have performed experiments using surface science techniques to reveal the
interactions of Pt surfaces with molecules. In particular the CO/Pt(111) system has been extensively
studied since it can be regarded as the simple model system for the fundamental understanding of
molecule—metal surface interactions. Even though the practical Pt catalysts work under ambient
pressure conditions, most of such studies have been so far conducted under UHV conditions.>™
Thanks to technical developments of high-pressure-compatible surface science, recently a
new insight for CO/Pt(111) system has been proposed. A high-pressure scanning tunneling microscopy
(HP-STM) study found a dense CO overlayer, denoted by (4 x 4)-9CO, under a CO oxidation reaction
condition at near ambient pressures.® However, later this phase was re-interpreted by alternative model
as (V19 x V19)R23.4°-13CO (hereafter “\19-13C0O™).5 A remarkable difference of these models are
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existence of hollow site occupation or not. The V19-13CO structure has been also reported in CO-
bubbled water solutions. It is reported that a significant enhancement of the CO stretching on top site
as function of CO pressure from UHV to NAP conditions, with sum frequency generation vibrational
spectroscopy (SFG-VS).”10 Periodicity and arrangement of the molecular overlayer are documented
by STM observations, whereas the adsorption site of the molecule is usually discussed by using VSs.
Although the CO adsorption on Pt(111) surface is one of the most fundamental adsorption systems,
however, the local adsorption geometry of CO on surface lattice of Pt(111) is still unclear and the
detailed structure has not been completely described yet,.

Here, in-situ measurements with a synchrotron based x-ray photoelectron spectroscopy
(XPS) was performed for the CO/Pt(111) system in the range from UHV to near ambient pressure.
Obtained data was analyzed in detail with the aid of theoretical core-level shift (CLS) simulations. It
is revealed that CO molecules locate on high-symmetry adsorption sites on Pt(111) surface. The lateral
CO—CO repulsion in the dense overlayer induced by the adsorption on high-symmetry-sites can be

accommodated via specific tilting of the molecular axis of CO.

3.1.2 Experiment and Computational Methodology

Spectroscopic measurements were performed at an undulator soft X-ray BL-13A/B at the
Photon Factory of the High Energy Accelerator Research Organization (KEK-PF) in Tsukuba, Japan.t
A Pt(111) surface was cleaned by the standard procedure; repeated cycles of Ar* sputtering and
sufficient surface annealing (1200 K). The surface orientation was checked by LEED. A hexagonal (1
x 1) pattern was obtained from the cleaned surface. XP spectra were recorded with photon energies of
150, 370 and 630 eV, for Pt 4f, C 1s and O 1s levels, respectively. Pure CO gas was dosed to the
surface at 298 K. XP spectra were deconvoluted into several components via a numerical analysis,
where the convoluted function of Doniach—Sunji¢ and Gaussian and Shirley-type background
subtraction were used. Periodic surface structures and corresponding CLSs were simulated by Vienna
ab initio simulation package (VASP). The calculated equilibrium lattice constant of fcc-Pt was ag =
3.97 A, which is slightly longer than the experimental result. Pt metal slab was constructed by a
four-layer thickness, where upper two Pt layers are fully relaxed. CO molecules are located on high
symmetry adsorption sites. The residual forces on atoms were reduced below 0.05 eV A%, The CLSs

simulation was performed via the Janak’s theorem. Further details are described in section 2.5.4.

3.1.3 Results and Discussion
CO adsorption on Pt(111) surface changes the spectral shape of Pt 4f;, level as shown in Figure 3.1.1.

The XP spectra taken form clean and CO-saturated surfaces show three types of surface Pt atoms. On
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the clean surface, the Pt 4f7;, level consists of two components, which are assigned as the topmost
surface layer (Pto) and the bulk Pt atoms, respectively. The surface was exposed to the 20 Langmuir
(L,1L=1x10°Torrsec) of CO under UHV at 298 K, after that the surface is saturated by CO (grey).
Two distinct peaks are observed and assigned to bridge site occupation (Pty2) and top site occupation
(Pty). The gradual evolution of XP spectra is shown in (b), the top site occupation (t) is initially
preferred, and then the bridge site occupation (br) increases. The evolution of CO coverage is shown

in inset.
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Figure 3.1.1. (a) Pt 4f;» XP spectra taken from CO-free and CO-saturated Pt(111) surfaces. (b)
Evolution of Pt 4f7, level as a function of CO exposure. CO coverage deduced from integrated peak
areas (inset).

Figure 3.1.2 shows the curve-fitted XP spectra taken from Pt 4f (a, c and e) and C 1s (b and d)
levels for CO adsorption on Pt(111). After 20 L exposure, CO adsorption gives rise to the two CO-
induced components in Pt 4f spectra denoted by Pti; and Pt;. C 1s XP spectra also exhibit two distinct
peaks, which are assigned to CO molecules adsorbed on bridge (286.1 eV) and top (286.8 eV) sites.
O 1s level shows two distinct peaks at 531.2 and 532.9 eV attributed to CO on bridge and top sites,
which is consistent with the C 1s results. At this moment, Pt 4f level drastically changes; the intensity
of component Pty decreases, while two extra components appear at higher binding energy side (c). The
CO coverage is estimated from the fractions; CO-bonding surface Pt/all surface Pt, which results in
0.43 monolayer (ML) with respect to the number of surface Pt atoms. The ¢(4 x 2)-2CO structure was
formed on the CO-saturated Pt(111) obtained by 20 L CO exposure.*”® A part of surface Pt atom is
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free from CO adsorption even at the saturation coverage.
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Figure 3.1.2. XP spectra Pt 4f and C 1s levels for Pt(111) surface taken under different
conditions (clean, 20 L and 50 mTorr) at room temperature. All XP spectra are shown with
curve fitting results by Pto, Pty2 and Pt; and the bulk component for Pt 4f level and br and t for
C 1s level. Assignment of these components is discussed in the main text. Adapted from Ref.
P-5 with permission of the PCCP Owner Societies.

The CO exposure up to 50 mTorr hardly change in the C 1s level (d), however it exhibits two
intensities of two components (br and t) increase, and the full width half maximum (FWHM) of top
(t) component is broadened, which can be explained by tilting of a part of the top CO as mentioned
later. Spectral shape of Pt 4f level significantly changes as shown in (e); CO-free surface Pt (Pto)
disappears, which indicates that all the surface Pt atoms are bound to CO molecules under the higher
pressure condition. Consequently, the intensity of CO-binding surface Pt (Pti2 and Pt;) are enhanced.
It is noted that intensity of Pti, component is slightly larger than that of Pt1, which is consistent with
the C 1s level.

Figure 3.1.3 shows the evolution of surface CO coverages estimated from peak areas of Pt 4f7
level as a function of CO pressure from 1078 to 10°* Torr. It is clear that the surface CO coverage
continuously increases depending on the CO pressure. the intensity of CO-free surface Pt (Pto) goes
down below the detection limit, when the pressure is raised above 50 mTorr. At the moment the CO
coverage reaches the experimental saturation (0.72 ML). The enhancement of top site occupation
(~35%) with respect to at 107 Torr is well consistent with a previous study measured by SFG-VS.8
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When the CO supply to the surface was turned off, component Pty almost comes back to the original
intensity (Figure 3.1.4). The results clearly indicate that the reversibility of the surface coverage and

overlayer depending on the CO pressure.
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Figure 3.1.3. Pressure dependence of the surface CO coverages deduced from Pt 4f7;, level.
The fractional coverages of CO on bridge (br) and top (t) are shown by triangle and square

plots, respectively, and the total coverage (circle) is a sum of them. Adapted from Ref. P-5
with permission of the PCCP Owner Societies.
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Figure 3.1.4. Reversibility for the background pressure of CO overlayer. (a) XP spectra for Pt 4f level
taken from a Pt(111) surface under an ultrahigh vacuum (UHV) condition after 20 L CO exposure (A),
under 50 mTorr CO (B) and after CO evacuation (C). (b) difference spectra of B and C from A.
Adapted from Ref. P-5 with permission of the PCCP Owner Societies.

The present experimental data is well explained by the dense V19-13CO formation proposed in
the previous STM/DFT study.® The unit cell of the structure consists of 6 bridge-COs and 7 top-COs
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adsorbed on 19 Pt atoms, thus the coverage is 0.68 ML. Here all the surface Pt atoms are connected to
CO molecules. The slight discrepancy from the ideal coverage, i.e. the relative enhancement of top-
CO, may be explained by the presence of dense top CO molecules at domain boundaries of the V19-
13CO structure. It is emphasized from the core-level spectroscopic point of view that the CO
molecules in the V19-13CO phase are located at only the two high-symmetry sites (top and bridge
sites).

Next DFT calculations reveal the lateral interaction results in the displacement from the regular
high-symmetry site and tilting of the molecular axis. The adsorption structures of the c(4 x 2)-2CO
and the V19-13CO phases are optimized considering the above results with the DFT calculations as
illustrated in Figure 3.1.5. CO molecules locate on top and bridge sites with the upright configuration
in the c(4 x 2)-2CO structure (a). While, there are two types of CO molecules on top sites in V19-
13CO structure (b); one perpendicular CO and six tilting top-COs (~11°) in the cell. The tilting angle
of bridge-CO is smaller than that of top-CO (< 3°). Here the six slightly tilted CO molecules on top
sites rotate anti-clockwise around the centered top-CO, though both the clockwise and anti-clockwise

rotations are possible.

Figure 3.1.5. The top views of simulated overlayers of c(4 x 2)-2CO (a) and V19-13CO (b).
The black enclosures indicate the unit cells of the structures. Here the surface and molecule
are modelled by large and small balls, respectively. Adapted from Ref. P-5 with permission of
the PCCP Owner Societies.

The phase transition from c(4 x 2)-2CO to V19-13CO is also concluded in the energetic point
of view (Figure 3.1.6). Under the low-pressure conditions, the c¢(4 x 2)-2CO is preferred due to the
relative high adsorption energy per molecule. When the chemical potential increases beyond —1.0 eV,
the surface switches to taking of the steeper line, resulting in the dense CO overlayer (N19-13CO)
formation. Table 3.1.1 shows the calculated CLSs of Pt 4f and C 1s levels for the two CO structures,
with respect to the binding energies of bulk Pt and CO adsorbed on the bridge site. The simulated
CLSs are consistent with the experimental results, which further supports the formation of the V19-

13CO phase on the surface.
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Figure 3.1.6. Surface free energies for different CO-induced surface structures formed on Pt(111) as
a function of CO chemical potential.

Table 3.1.1. Experimental and theoretical CLSs for CO/Pt(111) system. Two model structures of c(4
x 2)-2CO and V19-13CO are simulated here. The CLS values are calibrated with respect to the binding
energies of bulk Pt and CO on the bridge site, for Pt 4f and C 1s levels, respectively. Adapted from
Ref. P-5 with permission of the PCCP Owner Societies.

system level caled CLS exp. CLS
(eV) (eV)
d4x2)-2CO | Pt4f —0.32 -0.35
+0.35 +0.34
+1.17 +0.98
C1s +0.56 +0.7
V19-13CO Pt 4f +0.42 +0.34
+1.15 +0.98
C1s +0.52 (tilted) +0.7
+0.45 (uplight)

The experimental broadening of FWHM of the peak corresponding to the CO on top site in C 1s level
is explained by the small lateral displacement of the CO on top site, and resultant change of chemical
condition in the V19-13CO phase. The previous STM study reported by Jensen et al. suggested the
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formation of (4 x 4)-9CO incommensurate structure (0.56 ML), which includes two hollow COs per
unit cell.> However, the CLS simulation does not support the hollow site occupation, which exhibits

almost zero shift in Pt 4f level.

3.1.4 Conclusion

In summary, using the NAP-XPS techniques paralleled with DFT calculations, the behaviour of
CO/Pt(111) system is studied under CO pressures up to 100 mTorr at room temperature. The chemical
analysis revealed that the CO molecules in dense CO overlayer are located at the top and bridge sites
on the Pt(111) surface. The formation of the incommensurate CO adsorption was ruled out in the
present in-situ XPS observation. The DFT simulations reveal the slight shift of CO molecules from
the regular top site(< 27% of Pt atomic radius) and tilted by approximately 11° from the surface normal

along clockwise or anti-clockwise rotated directions in the ¥19-13CO overlayer.
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3.2 The Irreversible Phase Transition of Adsorbed NO on Rh(111) Surface

Abstract

The adsorption of nitric oxide (NO) on Rh(111) surface has been investigated under the pressure
ranging from UHV up to 100 mTorr. The surface chemical and structural properties were revealed by
the combination of NAP-XPS, LEED and DFT simulation. The experimental and computational
results indicate that several ordered NO overlayers are formed on Rh(111) at low-temperature and
under UHV conditions, which are consistent with the previous reports. While at room temperature and
under 100 mTorr NO pressure, a part of NO molecules dissociate to atomic species, i.e. N and O.
Furthermore, the N atoms are continuously removed from the surface by the chemical reaction with
NO. Consequently, the surface is covered by NO + O phase(s). Interestingly, the phase(s) has well-
ordered (2 x 2) periodicity, with including NO and O in a unit cell.

3.2.1 Introduction

The adsorption of nitric oxide (NO) on Rh surfaces has been studied extensively because Rh is a good
catalyst for the reduction of nitroxides."2> Recently, various high-density overlayers of simple
molecules have been found under high pressure exposure, and its catalytic activity have been debated
using high pressure surface science techniques.'®-2¢ Rider et al. found that a dense adsorption structure
of (3 x 3) periodicity formed under high background using high-pressure scanning tunneling
microscopy (HP-STM).!® The formation of dense overlayer, which consists of 7 NO molecules
(hollow : top = 6 : 1) per unit cell, is supplemented by a DFT study.'® On the other hand, Wallace et
al. reported only one vibration signal assigned to top-NO was observed due to the site blocking by
dissociated species under 1 Torr NO presence.?! Since the dissociation of NO molecules on the surface
has not been well characterized, the whole picture of the system is less understood. Thus the chemical
identification of the adsorbates including dissociated species is requested to improve the understanding
of high-pressure-NO-induced phases.

NAP-XPS provides chemical information on both substrate and adsorbate over the wide
pressure and temperature ranges. A combination with DFT based calculations makes it possible to
characterize the electronic and geometric structures for the observed adsorption system with a good
accuracy.

Here it is reported that NO adsorption behavior on a Rh(111) surface as a function of pressure
from UHV to 100 mTorr NO ambient. Experimental results (NAP-XPS and LEED) are paralleled by

computational simulations. It was found an irreversible formation of a mixed overlayer of NO and
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atomic O by a high-pressure NO exposure. This mixed overlayer is formed via dissociation of NO and
selective removal of atomic N. This finding provides an understanding of the puzzled NO-induced
structure reported previously and may contribute to further development of the industrially important

Rh catalyst for NO reduction.

3.2.2 Experimental and Computational Methodology

A clean Rh(111) surface (SPL, 8 mmg¢ x 1 mm, 99.995% quality) was prepared by a standard
procedure; repeated cycles of the Ar* sputtering at 1 kV at room temperature for 20 min, a brief
annealing with an electron beam heating to ~1300 K, following an O, treatment at 1000 K for 5 min.
XPS measurements were performed at beamline 13A/B at KEK-PF.34 The base pressures of the
analysis chamber and the separated sample preparation chamber were in the order of 10° Torr. Pure
NO gas (Takachiho chemical industrial, 99.9%) was introduced to the analysis chamber up to 1 Torr
via a variable metal leak valve. Contaminations, which sometimes affect the surface chemical
condition, in the NO gas was checked by using a MS monitoring at a NO pressure of 10 mTorr. The
MS signals of O, (m/e = 32), N2O (44), NO; (46) were under the detection limit.

The incident photon energies were tuned to detect information from similar physical origin
beneath the surface (i.e. O 1s, 650 eV; N 1s, 500 eV; Rh 3dss, 400 eV). The binding energy scale was
calibrated with respect to the Fermi-edge. Since the photoemission intensity is attenuated by ambient-
pressure gas, the O 1s and N 1s intensities were normalized by the integrated intensity of Rh 3ds,
photoelectrons from the Rh substrate. X-ray irradiation effects on adsorbed layers were checked and
the absence of such effects was confirmed. The XP spectra were deconvoluted using a convolution
function of Doniach-Sunji¢ and Gaussian line shapes, and Shirley-type background subtraction.

For DFT based calculations, VASP was employed. A projector augmented wave (PAW) method
was used with a plane wave cutoff energy of 400 eV for electron-ion interactions. The generalized
gradient approximation (GGA)-Perdew-Burke-Ernzerhof (PBE) was used for the exchange-
correlation functional. The Rh metal slab was modeled by seven layer thickness. Brillouin zone
integration of (9 x 9 x 1) Monkhorst-Pack k-point mesh was applied for the (2 x 2) super-cell. We
used coequal k-point meshes for the other super-cells to be the same density. For the bare Rh metal,
the calculated equilibrium lattice constant was ao = 3.82 A, that was slightly larger than an
experimental value of 3.80 A. Adsobates were placed on both sides of surfaces to reduce a long-range
dipole-dipole interaction. Then the first to third Rh layers of both side surfaces and adsorbed molecules
are fully relaxed, whereas the middle Rh layer is fixed to the bulk lattice constant. Although there is a
small margin for each adsorption structure, the adsorbed NO molecules basically have the
perpendicular configuration to the surface even after relaxation process. Binding energies of core

electrons and the resultant CLSs were estimated using the Slater-Janak transition approach.?*
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3.2.3 Results and Discussions

NO adsorption under UHV condition

First, LEED patterns were obtained from clean and NO-covered Rh(111) surfaces with different
coverage at 155 K as shown in Figure 3.2.1. Just after surface cleaning, a sharp (1 x 1) pattern was
observed as shown in (a). The model structure is illustrated in the right panel (b). While NO dose under
UHYV condition induces two types of ordered structures depending on exposure. Since NO dissociation
to atomic nitrogen (N) and oxygen (O) is ruled out at 155 K, the ordered structures consist of only NO
molecules. Figure 3.2.1(c) shows a LEED pattern taken after 3 Langmuir (L, 1 L =1 x 107 Torr sec)

exposure at 155 K.2 The formation of the c(4 x 2) orientation is identified (c).

Figure 3.2.1 Observed LEED patterns from clean and NO-exposed Rh(111) surfaces and
corresponding model structures; clean surface (a and b), NO exposure of 3 L (c and d) and 60 L (e and
f). The substrate was cooled down to 155 K. Here the electron energy E of 73 eV was applied. Dashed
tetragons show unit cells of the NO-induced superstructure. High-symmetry sites for adsorption are
indicated in (b) as fcc-hollow (F), hcp-hollow (H), bridge (B) and top (T). Adapted with permission
from Ref. P-6. Copyright (2015) American Chemical Society.

In right panel (d), the corresponding model is shown; two NO molecules are adsorbed at the hcp- and

fcc-hollow sites in a unit cell, resulting in a coverage of 0.50 monolayers (ML).34787 Further NO
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exposure up to 60 L leads to a phase transformation to p(2 x 2) (e) and the pattern no longer change
even under continuous dosing at 107 Torr. The atomistic model of the surface is shown in (f), although
the present result cannot exclude coexistence of a p(2 x 2)-2NO and a p(2 x 2)-3NO structures. Further
details of this phase is discussed by XPS as described later. The adsorption energies for NO, N and O
on each site were estimated using DFT calculation (Table 3.2.1). At 0.25 ML, NO molecule prefers
the hcp-hollow (H) site. The order of adsorption energy for each site is as follows; H > fcc-hollow (F)
> bridge (B) > top (T). The average adsorption energies of the possible NO overlayers at 0.5 and 0.75
ML are also shown in the table.

Table 3.2.1. Calculated adsorption energies of NO, N and O on Rh(111). The adsorption energies are
estimated with respect to gas-phase free molecule. Several adsorption phases of NO, N and O with
different structures are considered. Adapted with permission from Ref. P-6. Copyright (2015)
American Chemical Society.

Coverage System NO N O
(ML) (eV) (eV) (eV)
0.25 p(2 x 2) (H) —2.41 | —0.202 | -1.94

p(2 x 2) (F) —-2.31 | —0.0379 | -2.00
p(2 x 2) (B) -2.27 — —
p(2 x 2) (T) ~1.932 — —0.575
0.50 c(4 x 2) (HF) —-2.41
p(2x2)(HF) | -2.33
0.75 p(2 x 2) (HFT) | —2.07°

2 NO molecule at on-top site has the upright configuration.

The average adsorption energy per molecule results in —2.41, —2.33 and —2.07 eV for the c¢(4 x 2)-
2NO, p(2 x 2)-2NO and p(2 x 2)-3NO, respectively. These adsorption energies are consistent with
previous DFT calculation results. #1719
Figure 3.2.2 shows XP spectra for O 1s, N 1s and Rh 3ds,, levels taken after exposures of 0, 5
and 60 L. The bottom three spectra shown in Fig. 2 (a, b and ¢) correspond to a clean Rh(111) surface.
The O 1s and N 1s spectra in Figure 3.2.2 (a and b) show no peak, while in the Rh 3ds/, spectrum of
Fig. 3.2.2(c) a fitting analysis reveals two distinct components at 306.8 eV and 307.3 eV. The signal
at lower binding energy side is attributed to the first-layer Rh atoms (denoted by Rhg), whereas the
higher one is assigned as the bulk Rh atoms including a contribution from the second layer.3!~33
The middle three spectra of Figure 3.2.2(d, e and f) were measured after 5 L exposure at 155 K.

At this moment, a single peak is visible in the O 1s level (d) which is assigned to NO molecules at the
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hcp- and fcc-hollow sites.** The N 1s level (e) also indicates that the adsorption of NO molecule at
binding energy of 400.3 eV.142024 The Rh 3ds, level (f) exhibits a spectral change; the surface
component shifts to the higher binding energy side, and it splits into two components at 307.1 and
307.5 eV indicating that two Rh atoms with different chemical states are induced by the NO adsorption
on the surface. We attribute the lower and higher binding energy components to the Rh atoms bonded
by one and two NO molecule(s), respectively, at the hollow site(s). Since one NO molecule is shared
by three Rh atoms, the effective coordination number of the Rh atom is 1/3 (Rhyss) or 2/3 (Rhys). If
the complete c(4 x 2)-2NO phase covers the surface, the peak ratio of Rhys/Rhyz should be 1, however
the actual value is estimated to 1.4, which suggests that the a more dense adsorption of NO on the

surface and/or a photoelectron diffraction modulates the intensities.
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Figure 3.2.2. XP spectra from O 1s, N 1s and Rh 3dsy, levels from a Rh(111) surface taken under
different surface conditions (i.e. before and after NO gas exposures). The photon energies are indicated
in each figure. The bottom spectra were taken from a clean Rh(111) surface (a, b and c¢). NO adsortion
phases with a c(4 x 2) structure (d, e and f) and a p(2 x 2) structure (g, h and i) were prepared by NO
exposures of 5 and 60 L, respectively. The substrate temperature was kept at 155 K. O 1s and Rh 3ds,
spectra were deconvoluted into distinct components (solid black lines). The dark gray plots show the
experimental result, and the bold black line is a sum of the fitting curves, while, the black dashed line
indicates a background. Adapted with permission from Ref. P-6. Copyright (2015) American
Chemical Society.

The upper three spectra of Figure 3.2.2(g, h and i) were recorded after 60 L NO exposure at 155
K, which guarantees the surface coverage reaches the saturation. The O 1s XP level (g) shows the
appearance of a new peak at 532.8 eV which is assigned to NO molecules located at top sites.** The

surface coverage of NO on hollow sites keeps unchanged in intensity (0.50 ML). Based on this value,
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the surface coverage of NO on top site is estimated to be 0.20 ML. Therefore the total surface coverage
is 0.70 ML. If the p(2 x 2)-3NO phase completely covers the surface, the surface coverage reaches
0.75 ML (see Figure 3.2.1(f)). The discrepancy may be explained by coexistence of the p(2 x 2)-2NO
(0.50 ML) and p(2 x 2)-3NO structures.”® Another explanation for this is the presence of domain
boundaries of the p(2 x 2)-3NO structure,* The spectral shape of N 1s level (h) is less sensitive to the
difference of adsorption site, but a slightly shifts to lower binding energy side (~ —0.2 eV) is seen. As
discussed above, the NO/Pd(100) system shows a negative shift in N 1s level. The Rh 3ds. level (i)
shifts to the higher binding energy side. The Rhyz component completely disappears, whereas the Rhys;
one increases in intensity, and a new component appears at 307.8 eV, which is attributed to Rh atoms
bonding with NO on top site (Rhz). The experimental intensity ratio of Rhi/Rhys is 0.27, which is a
little smaller than the ideal value of 0.33 and associated with incomplete transformation to the p(2 x
2)-3NO phase due to the domain boundaries.

In order to confirm peak assignments, CLSs of Rh 3ds/, level were simulated for the c(4 x 2)-
2NO and p(2 x 2)-3NO structures. Table 3.2.2 shows comparison of calculated and experimental CLSs
based on the Rh bulk.. The simulated CLS values are in good agreement with experimental ones. Thus
the present XPS results for the c(4 x 2)-2NO and p(2 x 2)-3NO phases support the previously proposed
structure models formed under UHV conditions.>~10

Table 3.2.2. Calculated and experimental CLSs of Rh 3ds2 level for clean and NO-adsorbed Rh(111)
surfaces. For the NO/Rh(111) surfaces, the c(4 x 2)-2NO (0.50 ML) and p(2 x 2)-3NO (0.75 ML)
structures were assumed for the calculations. All the CLSs are indicated with respect to the bulk Rh
atom. Adapted with permission from Ref. P-6. Copyright (2015) American Chemical Society.

Coverage label caled CLS | exp. CLS
(ML) (eV) (eV)
0 Rhpuix 0.0 0.0
Rho —0.46 -0.5
0.50 Rhus -0.27 -0.2
Rhys +0.10 +0.2
0.75 Rhas +0.07 +0.2
Rh: +0.57 +0.5

NO adsorption in gas equilibrium under a NAP condition
Next, in-situ XPS measurements were performed under a NAP condition at room temperature. It is
noted that the temperature of UHV and NAP experiments were different (room temperature and 155

K). Thus the sticking coefficient and adsorption process may be changed. Figure 3.2.3 shows XP
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spectra taken under in-situ (100 mTorr NO ambient) and ex-situ (after gas evacuation) conditions. An
additional component appears at 529.5 eV in O 1s level, which is originating form NO dissociation to
the atomic O (a).1>% This assignment is supported by the XP spectra taken from the O-covered Rh(111)
surface (see Figure 3.2.4). At room temperature, a part of NO dissociates to the atomic species even
under 10~ Torr NO ambient, so the dissociation is not high-pressure induced effect. Therefore the

atomic O could be generated by NO dissociation at the initial stage of high pressure NO dose at room

temperature.
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Figure 3.2.3. XP spectra from O 1s, N 1s and Rh 3ds» core levels from a Rh(111) surface taken under
100 mTorr of NO at RT (a, b and ¢) and after NO gas evacuation and cooled down to 155 K (d, e and
f). The photon energies are indicated in each figure. O 1s and Rh 3ds/, spectra were deconvoluted into
several components. Adapted with permission from Ref. P-6. Copyright (2015) American Chemical
Society.
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Figure 3.2.4. XP spectra from O 1s (a) and Rh 3ds (b) levels from an O-adsorbed Rh(111) surface at
RT. Irradiated photon energies are indicated in each figure. Adapted with permission from Ref. P-6.
Copyright (2015) American Chemical Society.

Besides, it can be recognized that NO molecules adsorb on both of the hollow and top sites. As a result,
the atomic O and molecular NO coexist on the surface under 100 mTorr NO ambient. Here the

experimental surface coverage is estimated to be 0.71 ML. While, the atomic N is under the detection
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limit in N 1s level (Figure 3.2.3(b)), suggesting that the atomic N is removed from the surface after
dissociation. Since the N2 recombination reaction occurs above 500 K on Rh(111),%2 the channel
should not be dominant in this regime. It is noted that the atomic N was detected under (after) the 107
Torr exposure. It indicates that the presence of high-pressure NO is a key factor to the removal of
atomic N. Another channel for the atomic N removal is the formation of N.O by the reaction with
gaseous NO.° Such atomic N removal has been also reported in previous experiments performed on
Pd(100)> and Pt(111)?°. The Rh 3ds, level is curve fitted into three components (denoted by bulk,
Rhzs and Rhy). The line shape and fitting result of Rh 3dsy, level is very similar to that for the p(2 x
2)-3NO phase shown in Figure 3.2.2(i).Another important point is that the XP spectra hardly changed
between in-situ and ex-situ (Ppackground ~ 1078 Torr) conditions. It suggests that the chemical conditions
between 100 mTorr ambient and UHV remain unchanged.

Figure 3.2.5(a) shows a difference XP spectrum estimated from O 1s level between the 100
mTorr ambient and the 60 L exposure of NO. From the spectrum it is clear that the NO on hollow site

is replaced by the atomic O, since the amounts of decrease of NO and increase of O are compatible.
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Figure 3.2.5. (a) The difference spectrum (open circle) of O 1s level is obtained by subtraction of the
spectrum taken after 60 L exposure (black filled circle; Fig. 2(g)) from the spectrum taken under 100
mTorr dosing condition (gray filled circle; Fig. 3(a)). An ex-situ LEED pattern from a Rh(111) surface
at 155 K taken after NO gas evacuation (b). The electron energy E of 80 eV was applied. (c), (d):
Structure models for adsorption phases on Rh(111) formed by the high-pressure NO treatment (see
text). Adapted with permission from Ref. P-6. Copyright (2015) American Chemical Society.
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Whereas the NO on top site shows no difference, indicating that it keeps the same adsorption states
independent of background chemical condition. If the NO domains are separated from the O domains,
the intensity of NO on top site is also changed in the same manner as that for the NO on hollows site.
Furthermore, if the chemisorbed O forms two-dimensional islands, the Rh 3dsy, level should give a
lower binding energy component than the bulk one (see Figure 3.2.4).3 however the obtained
spectrum does not show such a lower binding energy component. Figure 3.2.5(b) shows an ex-situ
LEED pattern obtained from the NO/O mixed phase after NO evacuation. The surface exhibits a clear
p(2 x 2) pattern, which indicates that the NO/O mixed phase has a well-ordered structure. Since all
the ex-situ XP spectra (O 1s, N 1s and Rh 3ds. levels) taken after NO evacuation essentially unchanged
compared with corresponding in-situ spectra (Figure 3.2.3), it is most likely that the NO/O mixed
phase has the same ordered structure under the presence of 100 mTorr ambient. A previous high-
pressure STM measurements also observed a p(2 x 2) structure formed under a similar NO ambient
conditions.'® The fractional surface coverages of NO and O on hollow sites are estimated to be 0.38
and 0.12 ML, respectively. Therefore the fractional ratio of p(2 x 2)-3NO and the NO/O phases is
almost one to one, if they coexist on the surface. The molecular dissociation to the atomic species
needs unoccupied hollow sites, whereas the pre-adsorbed NO suppresses the dissociation due to a lack
of vacant sites for the dissociated species. Thus the molecular adsorption and dissociation of NO are
competitive processes on the Rh(111) surface. In fact, the coverage of dissociated species (atomic O
on hollow site) does not reach the saturation (0.25 ML) and the hollow sites are occupied by both NO
and atomic O. The fractional coverages of NO and O on hollow sites may be kinetically influenced by
the NO pressure and the substrate temperature. There is a possibility of the formation of p(3 x 3)-7NO
(0.78 ML) phase, which was identified under high-pressure NO conditions by HP-STM. In this phase,
the hollow/top intensity ratio should be 6 in O 1s level. However, the enhancement of NO on hollow
site was not recognized in the present experimental setup.

A previous PM-IRAS study observed the replacement of NO on hollow site with dissociated
species,?* which is well consistent with present results that the replacement by O atom takes place
under the high pressure conditions. However, the PM-IRAS study reported disappearance of the signal
of NO on hollow site. The lack of the NO on hollows site may be explained in terms of dipole
weakening of the NO on hollow site due to electronic effects arising from coadsorption with NO on
top site as was seen for NO/Pt(111).1

From all the experimental results and simulated adsorption energies, adsorption models for the
NO/O mixed phase with the p(2 x 2) periodicity are proposed as shown in Figure 3.2.5(c and d). In
Model 1, two NO molecules occupy the hcp-hollow and top sites whereas an O atom occupies the fcc-
hollow site per unit cell. In model 2, an NO molecule locates on the top site and two O atoms are both
on the hcp- and fcc- hollow sites. Table 3.2.3 shows the simulated CLSs for the two NO/O mixed
phases. The surface Rh atoms bonding to both the hollow-NO and hollow-O and bonding to two
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hollow-Os are denoted by Rhzz-no/o and Rhysz-20, respectively. The CLS values of model 1 is in better
agreement with the experimental ones. It is noted that in this phase a part of the fcc-hollow sites is
specifically replaced by atomic O with respect to the p(2 x 2)-3NO phase. This replacement is attained
by NO dissociation and subsequent removal of atomic N, latter of which proceeds via reaction with
NO. In this sense this replacement is not a physical replacement induced by collision and displacement

but a chemically-driven replacement.

Table 3.2.3. The calculated and experimental CLSs of Rh 3dsy, level of NO/O/Rh(111) systems. All
the CLSs are indicated with respect to the bulk Rh atom. Adapted with permission from Ref. P-6.
Copyright (2015) American Chemical Society.

Model label caled CLS | exp. CLS
(eV) eV)
1: p(2 x 2)-2NO/O Rhg/s-noro +0.17 +0.2
Rh; +0.60 +0.5
2: p(2 x 2)-NO/20 Rhays-20 +0.35 +0.2
Rh; +0.62 +0.5

3.2.4 Conclusions

The pressure dependence of NO overlayer formed on the Rh(111) surface at different background
pressures and temperatures was investigated with both in-situ and ex-situ XPS observations It is
revealed that a part of NO dissociates to atomic species and a high-pressure NO dose lead to a
formation of a stable NO/O mixed phase, whereas the N atom is chemically removed from the surface.
From LEED observation and computational simulation, the NO/O mixed phase has a p(2 x 2) structure
where two NO molecules sit on the hcp-hollow site and the top site and one O atom on the fcc-hollow

site.
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3.3 CO and NO Adsorption on Low-Index Pd Surfaces

Abstract

CO and NO adsorption on low-index Pd single crystal surfaces under sub-Torr pressure conditions at
room temperature was investigated by a combination of NAP-XPS and DFT based calculations. It is
revealed that the surface coverage and adsorption structure was (reversibly) controlled by background
pressure. Furthermore a pressure-induced additional site occupation of CO (NO) was found under
higher pressure conditions. On Pd(100) surface, NO molecules partially dissociate into atomic species
(N and O), but the N is chemically removed from the surface under the NAP conditions.

3.3.1 Introduction

A carbon monoxide (CO) and nitric oxide (NO) can strongly interact with surface metal atoms with C
and N end-down configurations. To understand the elemental step(s) of heterogeneous catalytic
reaction, e.g. CO and NO conversion on TWC, the adsorption of CO or NO on single-crystal surfaces
has been extensively investigated.'** The adsorption structure may play significant roles to the
catalytic reactivity. This information will help the development of commercial catalyst systems, for
example exhaust gas convertors.

Pd is a one of the PGMs, and shows several excellent catalytic activities, for examples,
conversion of organic molecules, and CO oxidation. Therefore adsorption structures on low-index Pd
surfaces under ultra-high vacuum (UHV) conditions have been extensively investigated using surface
sensitive structural35 and spectroscopic’4©713-15 techniques.

On (100) and (110) orientated Pd surfaces, it is acknowledged that CO molecules stably  adsorb
on 2-fold bridge sites, while, the 3-fold hollow, 2-fold bridge and 1-fold top sites are occupied on (111)
surface depending on surface temperature.

The NO/PGMs interaction also has been studied at various temperatures.3-28 For example, NO
molecules adsorb on the 4-fold hollow and the 2-fold bridge sites, at the coverage 6 of 0.25 and 0.50,
respectively on Pd(100),23% A part of NO molecule dissociates to atomic N and O even on the low
index ordered PGM surfaces.!%1924.25

However, because of technical constraints, the interactions between molecules and substrates,
and morphology of surface adsorption structures under (near) atmospheric conditions are still less
understood, even though actual heterogeneous catalysts usually work under atmospheric conditions.

In the present study, CO and NO adsorption on low-index Pd surfaces were investigated under

the pressure range of up to 0.5 Torr, using a synchrotron-based NAP-XPS technique at room
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temperature. DFT calculations were also employed to obtain information on adsorption states of CO
and NO from the XP spectra. Background gas phase molecules stabilize the adsorbates under high
pressure conditions. In some cases this effect results in formation of a new ordered surface structure,
not observed at low temperature experiments under UHV. Numbers of high-pressure-induced surface
species. which can accelerate the catalytic reaction, have been reported using various experimental
techniques.*6-52

3.3.2 Experimental and Computational Methodology

Single crystal surfaces were cleaned by a standard procedure: repeated cycles of the Ar* sputtering at
room temperature, surface oxidation, followed by a brief annealing with an electron beam heating.
Surface orientation and cleanness were checked by LEED and XPS. XPS measurements were
performed at beamline 13A/B at KEK-PF. The base pressures of the analysis chamber and the
separated preparation chamber were in the order of 10720 Torr. CO and NO gases (research grade) were
introduced to the analysis chamber up to 0.5 Torr via variable metal leak valves. The purity of inlet
gases were checked, because there is a possibility that the unwanted contaminants might affect the
surface chemistry. For the CO gas, the Ni- (Fe-) carbonyl species are reported as the major
contaminants in high pressure gas exposure. The Ni 2p (Fe 2p) XP spectrum taken under 500 mTorr
ambient showed no carbonyl-associated feature. For the NO gas, the mass signals of O, (m/e = 32),
N20 (44), and NO; (46) were under the detection limit. These results guaranteed the surface was free
from contaminations. The sample temperature was controlled using the liquid N2 cooling and resistive
heating in the analysis chamber. The incident photon energies were tuned for each core-level to
measure with almost the same surface sensitivity, for instance, the inelastic mean free path (IMFP) of
Pd surface is estimated to be ~ 4.8 A by the TPP-2M method. The binding energy calibration was done
based on the Fermi level. Because the photoemission intensity is attenuated by ambient-pressure gas,
the C 1s, N 1s and O 1s intensities were normalized by the integrated intensity of metal substrate (i.e.
Pd 3ds;2). The XP spectra were curve fitted using a convoluted function of Doniach—Sunji¢ and
Gaussian, and Shirley-type background subtraction.

DFT calculations were performed using the VASP. The PAW method was used with a plane
wave cutoff energy of 400 eV for electron—ion interactions. GGA-PBE was used for the exchange-
correlation functional. The isolated molecules were calculated in the orthorhombic box. For bulk
calculations, the estimated equilibrium lattice constant were ao = 3.90 A for Pd (fcc), which were
slightly larger than the experimental value. The metal surfaces were constructed using the slab model
with vacuum layer. Two-dimensional Brillouin zone integrations were performed by the
Monkhorst—Pack method for each supercell to be uniformed k-point density. Adsorbed molecules were

configured via C or N end-down structure. Adsorbates and metal layers are fully relaxed within the
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residual force on atoms below 0.05 eV A-L. BEs of core electrons and the resultant CLSs were

estimated using the Slater—Janak transition approach.

3.4.3 Results and Discussions

CO and NO/Pd(100) system

First, results for the CO/Pd(100) system are discussed. Ball models of CO overlayer formed on
Pd(100) are shown in Figure 3.3.1. Gray and dark gray balls show Pd atoms in the topmost surface
and the subsurface layer, respectively. While the small ball shows the adsorbed CO molecule. The
(2V2x\2)R45° (6 = 0.50) structure is stably observed at room temperature, further dense structures are
formed at lower temperatures. A DFT simulation predicts formation of the dense (1 x 1) adsorption

structure under high pressure conditions, although it has not been experimentally reported yet.!t

(2V2xV2)R45° (3V2x\2)R45" (4V2x2)R45° (1x1)

Figure 3.3.1. Top views of CO overlayer formed on Pd(100) surface are illustrated (a) (2V2 x V2)R45°
(6 =0.50), (b) (3V2 x V2)R45° (6 = 0.67), (c) (42 x V2)R45° (4 = 0.75), and (d) (1 x 1)-CO (6 = 1).
Large and small balls show the Pd atoms and CO molecules, respectively. The black squares show the
unit cells of overlayers.

Figure 3.3.2 shows the pressure dependence of XP spectra of Pd 3ds;; (a), C 1s (b), here the
surface temperature was at room temperature. The introduced CO gas pressure is labelled in the right
side of each Pd 3ds» spectrum (a). Labels in left side in the figures (a, B, y and 8) show the series
obtained at same gas pressure. At lower pressure condition; 1077 Torr (a), Pd 3dsz level is
deconvoluted into two peak components at 334.9 eV denoted by bulk “B” and at 335.5 ¢V CO-bonding
surface Pd “Pd1,”. The CO gas exposure leads to appearance of the higher binding-energy component.
The proportion of Pdy. line is less asymmetric than that of B, suggesting that it is a CO-bonding
surface component. A single peak is measured at C 1s level, because the CO molecules strongly adsorb
on the bridge site. Further CO exposure up to 1072 Torr (B) caused a new component at 335.9 eV “Pd;”.
Whereas the Pdy, intensity was decreased. Here the proportion and binding energy of the CO-bonding
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surface components were fixed for all pressure conditions. While C 1s level taken at 102 Torr hardly
changed, the difference spectrum eliminates a small energy shift of = +0.1 eV, suggesting the small

change in chemical environment of CO on bridge site..

Pd3d,,| |(P) Cts
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Figure 3.3.2. XP spectra of Pd(100) taken under different CO pressures up to 0.5 Torr for Pd3ds, (a)
and C1s (b) levels at room temperature. Labels a, B, y and & indicate the series of CO pressure. (a)
Pd3ds, levels are deconvoluted into three components “B” at 334.9 eV, “Pdy2” at 335.5 eV and “Pd;”
at 335.9 eV. (b) C1s exhibited a single peak at 285.9 eV, and difference spectra are overlapped at higher
pressure conditions. Adapted from Ref. P-3. Copyright (2013), with permission from Elsevier.

Andersen et al. have reported that the exposure of CO to Pd(100) surface resulted in forming
two distinct peaks, named type 1 (335.39-335.57 eV) and type 2 (335.89-336.01 eV) in addition to
the bulk component in Pd 3ds;, XPS by using high resolution XPS under UHV.® These components
are assigned to surface Pd bond(s) with one and two CO molecule(s), respectively. the peak intensity
ratio of these peaks (Pd1/Pd1) are dependent on adsorption structures, the (212 x V2)R45° (6 = 0.50),
(3V2 x \2)R45° (0 = 0.67) and (4\2 x V2)R45° (6 = 0.75). Surface structures at 107 Torr and 103
Torr are assumed as the (212 x V2)R45° and (3V2 x V2)R45°, respectively, based on the number of
surface Pd atoms attributed to Pdy, and Pd: per unit cell. Here it is assumed that the spectra which
obtained at 107 Torr as the coverage of 0.5 monolayer (ML), where it is defined as a number of CO
molecule per surface Pd atom. The coverage at 102 Torr is estimated to be 0.61 + 0.01 ML from C 1s
and 0.66 £ 0.06 ML from the ratio in Pd3ds;> (Pd1/Pd12 = 0.47) . These are close to the ideal coverage
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of 0.67 ML for the (312 x V2)R45°structure.

With using IRAS technique, Bradshaw and Hoffmann  proposed occupation of top sites on the
Pd(100) surface under 1x107 Torr CO at 300 K*. Their experimental condition was close to that for
Figure 3.3.2 in the present experiment. It was reported that the CO on top site gives an obviously
higher binding-energy (+0.7 eV) with respect to the CO on bridge site on Pd(111) under 0.1 mbar
CO.* Since such a higher binding-energy component was not observed in a, it is assumed that the
amount of top CO was below the detection limit at 10~7 Torr if it is coexist on the surface. Goodman
et al. reported that the CO molecules adsorb on only bridge site on Pd(100) surface at 1 Torr CO
presence by using the PM-IRAS techniques.®’ It is assumed that the CO on Pd(100) surface adsorbs
on bridge site regardless the background CO pressure. A DFT study predicted that the bridge site is
favored in the energetic point of view.°

DFT calculations were employed to support peak assignments in XPS. To consider the binding-
energy shift of the surface Pd layer, the 2nd and 3rd layer Pd are fixed in crystal lattice. CO molecules
are located on bridge site with the perpendicular configuration to the surface via the C atom. Here we
modelled the (2V2 x V2)R45° and the (4\2 x \2)R45° adsorption structures. The CO molecules in the
(2V2 x \2)R45° structure has kept the upright configuration from surface normal, whereas a part of
CO molecules in the (4V2 x V2)R45° structure was slightly tilted (< 10°), because of the local uplift of
surface Pd atoms.

The Pd; intensity was grown further during CO gas introduction. At 0.1 Torr (y), the intensity
ratio Pds/ Pdy2 was almost unity (0.9), suggesting that the (4V2 x \2)R45° overlayerrwas formed. This
overlayer has alreadly been identified at low temperatures under UHV. The surface coverages at 0.1
Torr estimated from C 1s and Pd 3ds, are 0.63 £ 0.01 and 0.74 £ 0.07 ML, respectively. Although the
surface forms a higher-density phase, the C 1s peak exhibited the CO bonding on bridge site with a
slight growth compared with that for 10-2 Torr (B). The less responsibility to the pressure might be
explained by a photoelectron diffraction effect due to the change of local adsorption configuration of
CO molecules in the (4\2 x V2)R45° structure.

The ratio Pdi/ Pdi; increased over the unity (>1) at 0.5 Torr (3). The presence of such a
high-density phase is not previously supported in experiments. At this moment, a distinct growth of
CO intensity appeared, whereas contaminants, e.g. atomic C and carbonyl species, which comes from
chamber wall and/or residual gas was not observed in C 1s level. No change of the binding energy
was observed in the difference spectrum with respect to other difference spectra. The surface coverage
at 0.5 Torr estimated from C 1s and Pd 3d levels are 0.83 £ 0.06 and 0.78 = 0.07 ML, respectively.
The experimental error of Pdi/ Pdy, is estimated to £ 10%. As discussed above, the C 1s spectra was
normalized by the corresponding peak area of from the Pd substrate. As a result, it is confirmed that
the CO intensity increased obviously in C 1s level. Therefore it is concluded that the increase of Pdi/

Pdi at 0.5 Torr stems from an additional adsorption of CO on the surface.
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Figure 3.3.3 shows reversibility of Pdy/ Pdy, intensity as a function of dosing CO pressure. The
intensity ratio depends on CO pressure and changes almost reversibly: the ratio estimates to be 0 at
107 Torr, indicating the (22 x V2)R45° structure (1). The ratio becomes 0.9 at 10X Torr (2), and the
continuous dosing up to 0.5 Torr causes an increase of the ratio to 1.3 (3). The ratio went back to 0.9,
when the CO pressure is set to 10 Torr (4). Further cycles exhibited the same trend: second (4-6) and
third (6-8) cycles. These results well indicate that the (4V2 x V2)R45°-like phase and the further dense
(1 x 1)-like phase reversibly formed under the equilibrium with background pressure. Figure 3.3.3 (b
and c) show Pd 3ds2 and C 1s spectra taken at 10~7 Torr (bottom) and after pumping out of 0.5 Torr
CO (top).
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Figure 3.3.3. (a) Pdi/Pdy, ratio at each CO gas pressure. The Pd 3ds, (b) and C 1s (c) spectra taken
under 107 Torr CO ambient (bottom) is intrinsically unchanged from the spectrum taken after gas
evacuation (top). Adapted from Ref. P-3. Copyright (2013), with permission from Elsevier.

Both XP spectra shows two peak components (b), denoted by B and Pdis, the spectral shape is
intrinsically unchanged, suggesting the reversible formation of (22 x \2)R45°. The complete
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disappearance of Pd; after gas exposure suggests that the CO molecules on the surface are stabilized
by the background CO. The CO dissociation is ruled out by the XP spectrum of C 1s level (c), because
of the absence attributed to the atomic C at 284 eV. Recently Somorjai and co-workers revealed that
the CO dissociates even on ordered Pt surfaces under high-pressure CO treatment.*>4! However, it is
confirmed that the CO dissociation does not occur on Pd(100) surface in the present case.

Rogal et al. have predicted that the dense (1 x 1)-CO overlayer (8 = 1) (Figure 3.3.1 right panel),
is stabilized under presence of CO by using DFT calculations.'! If the adsorbed CO molecules
dominate 50% of accessible bridge sites, the (1 x 1)-CO overlayer should be formed, here the surface
reconstruction is excluded. If the (1 x 1)-CO overlayer is perfectly formed on the surface the Pdi.
component should disappear. Therefore the overlayer at 0.5 Torr is under the transition from (4V2 x
V2)R45° to the (1 x 1)-CO.

Next, NO adsorption on Pd(100) surface is discussed. Jaworowski et al. found that the NO
molecules exposed to the Pd(100) surface adsorbs on 2-fold bridge to 4-hold hollow sites depending
on substrate temperature and surface coverage with using low temperature LEED and XPS
experiments.’5 Below 250 K, NO molecules dominate the bridge sites with forming a (242 x V2)R45°
overlayer (¢ = 0.50). A site change from bridge to hollow site is observed at above 420 K, where the
p(2 x 2) and c(4 x 2) overlayers (6 = 0.25) coexist on the surface. Schematic adsorption structure
models for the p(2 x 2), c(4 x 2) and (2V2 x V2)R45° structures are shown in Figure 3.3.4.

p(2x2) c4x2)  (2V2x\2)R45’

Figure 3.3.4. Top views of NO overlayer formed on Pd(100) surface, (a and b) p(2 x 2) and c(4 x 2)
(6 = 0.25), and (c) (2V2 x V2)R45° (0 = 0.50). Large and small balls show the Pd atoms and CO
molecules, respectively. The black squares show the unit cells of the overlayers. Adapted from Ref. P-
3. Copyright (2013), with permission from Elsevier.

Figure 3.3.5 shows the pressure dependence of NAP-XP spectra of Pd 3ds (a), N 1s and its
difference spectra (b) recorded at room temperature. Labels (a, B, y and &) are marked in the left side

in the figures. Under 107 Torr NO pressure (), two distinct components are seen in Pd 3ds, level (a).
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The lower one is attributed to bulk “B” (334.9 eV), and the other one labeled by “Pdi” (335.7 eV) is
an NO-bonding surface component. In N 1s level (b), a broad and asymmetric peak centered at 400.6
eV is detected; that is sign of NO adsorption on the surface. The tailing to the higher binding-energy
side is a general trend of other NO/metal systems.*> 2! The experimental CLS of the surface Pd atoms
binding to the hollow-NO was estimated to +0.3 eV from the bulk ones.®> Any component was not
observed at +0.3 eV, in the present case at 107 Torr, which indicated that the p(2 x 2) and c(4 x 2)
overlayers are not formed in the present experimental conditions. In the present measurement under
1077 Torr, the CLS of Pdy, is +0.8 eV with respect to B, that is in good agreement with that of the
bridge-occupied Pd and much higher than that of the hollow-occupied Pd.

Thus the Pdy» component is ascribed to the bridge-site Pd. The bridge-site Pd is dominantly
detected in «, the NO induced overlayer is assigned as the (22 x V2)R45°. The present spectral shape
is somewhat different from the previous results,® that may be explained by differences in incident

photon energy selected in the present study.
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Figure 3.3.5. XP spectra of Pd(100) taken under different NO pressures up to 0.5 Torr for Pd3ds. (2)
and C1s (b) levels at room temperature. Labels a, B, y and 6 indicate the series of NO pressure. (a)
Pd3ds, levels are deconvoluted into three components “B” at 334.9 eV, “Pdy»” at 335.7 eV and “Pd;”
at 336.0 eV. (b) N1s exhibited a broad peak centered at 400.6 eV, and difference spectra are overlapped
at higher pressure conditions. Adapted from Ref. P-3. Copyright (2013), with permission from Elsevier.

62



Chapter 3: Adsorption of Simple Molecules on Platinum-Group Metal Surfaces

Increasing the pressure up to 102 Torr (B) leads to appearance of a new component denoted by
“Pd;” (336.0 eV). The N 1s level does not significantly change, however the difference spectrum
highlights the presence of additional component at 400.0 eV. A previous DFT simulation suggested
that NO adsorption on top site results in the shift toward to the lower binding energy side on
NO/Pt(111) system.?’ This result implies that the adsorption on top site is stabilized on Pd(100) surface.
Further NO exposure lead the increase of intensity of Pd; component. At 0.5 Torr NO pressure (), the
intensity is almost the same with Pdy in Pd 3dsy,. If it is assumed that the coverage of the NO structure
formed at 107 Torr as 0.5 ML ((2V2 x V2)R45°), the coverage at 0.5 Torr estimated from N 1s level is
to be 0.70 £ 0.03 ML. The Pd; component is substantially weakened after NO gas evacuation. It
indicates that the NO on top site is a metastable species and is stabilized by the background NO.

To confirm peak assignments, the CLSs were simulated for the NO adsorption on Pd(100)
surface with considering possible NO overlayers. Because the configuration of NO on top site on
Pd(100) was not clear, so the stable adsorption geometry of NO on top site is determined. There is a
possibility that the NO molecule located on top site has a tilting configuration from the surface normal.
It is reported that the NO on top site on Pd(111)'"%8 and Pt(111)?"-?® has a tilting configuration. While
perpendicular configuration is stable on 1r(111)?® and Rh(111)3* surfaces. Adsorption geometry of NO
on Pd(100) was considered by optimizing both of the upright and the tilting configurations and it was
found that the tilting configuration was more reasonable from the energetic point of view.

The atomic species, e.g., N and O, are created via the NO dissociation without thermal excitation
(room temperature) even on low-index single crystal surfaces.'61%242% Thus the possibility of the NO
dissociation under high pressure conditions should be taken into account. Under the equilibrium
conditions, the spectral evidence for dissociation was not clearly observed.'>%? Nevertheless after the
gas evacuation, the atomic species was detected at 397.5 eV which was assigned to the adsorbed N.
The corresponding Pd 3ds, level exhibits a new component at 335.4 eV, assigned to N-binding surface
Pd atom. In a previous report®S, the dissociation of adsorbed NO on Pd(100) surface occurred at above
550 K, although the active center was surface defect. It is not concluded whether the dissociation
proceeds on regular or irregular sites like a defect. The atomic species was not observed under the gas
equilibrium conditions, but detected after pumping out NO gas. It may be explained by the chemical
removal of atomic species, (i.e. associative desorption 20,1 — 021 and 2Nag — N21 and/or NO + O
and NO + N reactions) continuously proceeds on the surface.

Next, it is considered the formation of NOy compound on the surface resulted from the oxidation
of NO. It is reported that the nitrite (NO2) and/or nitrate (NO3) formation on NO/Pd particles. They
exhibit a higher binding-energy components in Pd 3ds;; (338.2-338.9 eV) and N 1s (nitrite; 403.8-
404.7 eV and nitrate; 406.8-407.7 eV) levels. Such higher binding-energy shifts in both of Pd 3ds
and N 1s levels are not observed during/after gas introduction. Therefore the formation of these

oxidized species is excluded on the Pd(100) surface.
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Finally, Table 3.3.1 shows the comparison of theoretical and experimental CLSs and corresponding
assignments, where the values are estimated with respect to the bulk in Pd 3ds, level. The theoretical
CLSs of Pd bonding with one bridge-CO (+0.67 eV) and Pd with two bridge-COs (+1.23 eV) are
consistent with experimental observations; Pdi, (+0.6 eV) and Pd; (+1.0 eV). It was also estimated
that the C 1s CLSs of bridge-CO exhibited the no large shift (< 0.02 eV) for different adsorption
overlayers. This is also in good agreement with the experimental observations. As a summary, it is
confirmed that CO molecules are adsorbed on the bridge sites of the Pd(100) surface irrespective of
the long-range structure. In the case of NO/Pd(100) system, the top site occupation under high-
pressure NO is also supported by the present simulations.

Table 3.3.1. Comparison between calculated and experimental CLSs. For CO (NO) adsorbed Pd(100)
surfaces, molecules are assumed to locate at bridge and top sites. The CO- (NO-) binding Pd atoms
are labelled as Pdy, where x is the coordination number of CO (NO) to the Pd atom. Adapted from Ref.
P-3. Copyright (2013), with permission from Elsevier.

system level | label | caled CLS | exp. CLS
(eV) (eV)
CO/Pd(111) | Pd 3d | Pdie +0.67 +0.6
Pd: +1.23 +1.0
NO/Pd(111) | Pd 3d | Pdyx +0.90 +0.8
Pd; +1.30 +1.1

CO/Pd(111) system
The CO adsorption on Pd(111) surfaces is one of typical adsorption model systems to understand
adsorbate-substrate interactions. Therefore it has been extensively investigated over a wide ranges of
pressure and temperature using various surface science techniques. Figure 3.4.6 shows the CO
adsorption behavior under different pressure conditions at 298 K. The clean (CO-free) surface exhibits
two components in Pd 3ds, level (a), which reflect surface (S) and bulk (B) Pd atoms. CO exposure
causes a shift of the surface component to the higher-energy side (c). Curve fitting analyses lead us to
conclude that CO molecules are adsorbed at bridge (Pd12) and hollow (Pdy3) sites, which is consistent
with C 1s level (d). Here the CO coverage is estimated to be 0.50 ML.53

Under 10 mTorr CO, another component appears at the higher-energy side, which is associated
with on top CO (e and f) and labeled as Pd; and t. This is in good agreement with a previous result
performed under a similar pressure condition.> These peak assignments are supported by core-level-
shift calculations (Table 3.3.2).
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Figure 3.4.6. XP spectra for Pd 3ds;> and C 1s levels taken from Pd(111) surface under different
pressure condition at 298 K. All XP spectra are shown with curve fitting results, where each
component is labelled by B, S and Pdyx in Pd 3ds2 and h, brand t in C 1s. Adapted with permission
from Ref. P-7. Copyright (2015) American Chemical Society.

Table 3.3.2. Comparison between calculated and experimental CLSs for Pd(111) and CO/Pd(111). For
the clean surfaces, the CLSs of the 1st layer (S) atom is calculated. For CO adsorbed surfaces, CO
molecules are assumed to locate at hollow (h), bridge (br) and top (t) sites. The CO-binding Pd atoms
are labelled as Pdy, where x is the coordination number of CO to the Pd atom. The reference species
of Pd 3d and C 1s XPS are the bulk Pd and CO adsorbed at the hollow site, respectively. Adapted with
permission from Ref. P-7. Copyright (2015) American Chemical Society.

system level | label | caled CLS | exp. CLS
(eV) (eV)
Pd(111) Pd 3d S —0.26 -0.28
CO/Pd(111) | Pd 3d | Pdus +0.47 +0.40
Pdy +0.75 +0.66
Pd; +1.35 +0.98
Cls br +0.22 +0.20
t +0.79 +0.50
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A hump structure at around 284 eV is due to a carbon contamination. The intensity of Pdy; observed
at 10 mTorr decreases from that at 107 Torr, whereas the intensity of Pdi, shows reverse trend. And
the Pdy is observed at 10 mTorr only. The fraction of occupation of the adsorption sites depends on the
pressure. It suggests that the Pd(111) surface forms the densely-packed phase by occupation of lower-

coordination sites with increasing CO pressure.

CO/Pd(110) system
Finally, the result of CO/Pd(110) system is presented under the pressure range from UHV to near-
ambient-pressure. Figure 3.3.7 shows the Pd 3ds/, and C 1s XP spectra taken for different CO pressures
up to 0.1 Torr. First, at lower pressure 107 Torr, the spectrum was deconvoluted into three components
in Pd 3ds2, denoted as B, 335.0 eV; Pdy, 335.6 eV and Pdy, 336.0 eV. The CO on surface exhibits
a single peak at 286.0 eV in C 1s level, besides a peak appears at 531.8 eV in O 1s level. The
experimental value of obtained CLS for Pdy, (+ 0.6 eV) based on the binding energy of B is near to
the previously reported value for the (4 x 2)-6CO overlayer (¢ = 0.75) as illustrated in (c), where CO
molecules locate on bridge sites of the reconstructed (1 x 2) missing-row surface.*® Whereas, the value
for Pd; (+ 1.0 eV) implies the formation of the dense (2 x 1)p2mg-2CO overlayer (6 = 1) as illustrated
in (d). The CO molecules locate on the bridge site on atomic rows of the non-reconstructed (1 x 1)
surface in the (2 x 1)p2mg-2CO overlayer.5

The Pd 3ds2 and C 1s spectra do not exhibit the drastic change over the pressure range from
107 to 0.1 Torr (a and b). The slight increase of Pd: component is observed at higher pressures. A
small hump at 284 eV, which is attributed to atomic C, appears above 102 Torr in C 1s level. It
originates from the hydrocarbons from gas-phase residual and/or chamber wall. It also give a
contribution in the Pd 3ds, level via Pd—C bonds. Since the value of CLS for the C-binding Pd atom
is about +0.5~+0.6 eV in Pd 3ds; level, thus the Pdi, component includes a contribution from the C-
bonding Pd at above 1072 Torr.!8 The intensity ratio is estimated as follows; CO : C = 1:0.17. These
results indicate that the CO molecules dominate the Pd(110) surface. Since the (2 x 1)p2mg-2CO
overlayer has the highest density (9 = 1) and is formed even at 107 Torr, further dense overlayer is not

formed at higher pressures.
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Figure 3.3.7 XP spectra of Pd 3ds;; () and C 1s (b) levels taken from a Pd(110) surface at different
CO pressures at room temperature. At 107 Torr, the Pd 3ds;> XP spectra are curve fitted into three
components; B (335.0 eV) and two CO-bonding surface Pds; Pdi; (335.6 eV) and Pd; (336.0 eV).
Adsorbed CO gives a peak around 286 eV in C 1s. A small hump at at around 284 eV is atomic C
species. Schematic model structures are illustrated; the (4 x 2)-6CO (d) and the (2 x 1)p2 mg-2CO (e).
Adapted with permission from Ref. P-4. Copyright (2013) American Chemical Society.

3.3.4 Conclusions

CO and NO adsorption on low-index Pd surfaces under sub-Torr gas pressure conditions were
investigated using experimental and theoretical approaches. It is concluded that the dense molecular
overlayer is reversibly formed on the surface without a surface reconstruction nor site switching from
the 2-fold bridge at up to 0.5 Torr CO for the CO/Pd(100) and Pd(110) systems. Whereas the top site
occupation was observed on Pd(111) surface, which was stabilized by background CO. A site
switching from bridge to top site takes place at higher pressures for the NO/Pd(100) system. These
data were well supported by theoretical simulations. These fundamental findings will improve the

further understanding of heterogeneous catalytic reactions proceeding on Pd surfaces.
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3.4 CO Adsorption on Pd7Auso(111) Allloy Surface: A Remarkable Enhancement of
Top Site Occupation

Abstract

The adsorption of carbon monoxide (CO) on a Pd7oAuso(111) alloy surface as a function of background
CO pressure (ultrahigh vacuum-10 mTorr) was investigated using a combination of NAP-XPS and
DFT simulation. The CO molecule preferentially adsorbs on top (bridge and hollow) site on isolated
(contiguous) Pd site in accordance with density of the segregated Pd site, up to 10°® Torr CO
background. With increasing the CO pressure (10 mTorr), the adsorption on top site becomes dominant
on the surface. Such behavior is not observed on a pure-Pd(111) surface, suggesting that it is caused
by inter-mixing with Au. Thermodynamic simulations, including the pressure-induced entropic term,
indicate that the adsorption on top site is efficiently stabilized under the CO gas equilibrium conditions.

3.4.1 Introduction

Oxidation of CO on PGM surfaces is a prototypical model system for understanding the
heterogeneous catalysis. The atomic-scale reaction mechanism has been paid much attention in the
field of surface science. Under the UHV environment, the reaction generally proceeds via the LH
mechanism, where the reactants adsorb, diffuse, and react on the metallic surfaces. The experimental
evidence of the mechanism is reported by Ertl and co-workers.

Recent technical developments enables us the in-situ observations under the (near) realistic
environments with overcoming pressure and material gaps.'> Here, the catalytically active surface is
clearly different from that used in UHV-based experiments. In the case of Pd(111), the CO oxidation
reaction proceeds on the oxidized surface under the sub-Torr environments (see Chapter 4)

Alloying sometimes alters the catalytic performance of a monometallic material, which is
explained by several factors such as lattice distortion, charge transfer and so called ensemble effect.>
8 The Pd-Au bimetallic alloy has the capability of chemical conversion of organic molecules and low-
temperature CO oxidation. It is known that the Au rich layer is formed at the surface due to its low
surface free energy.>1® On the other hand, high-pressure CO exposures to (100) and (110) open-
surfaces lead to the surface segregation of internal Pd atoms, suggesting that the surface elemental
composition strongly depends on the background environment.”*3 However, as for close-packed (111)
surface the number of studies is quite limited so far, even though nanometer-sized industrial catalysts
are mainly composed of (111) surfaces, due to its thermodynamic stability. The strong bond formation

between CO and metal surface at lower temperatures inhibit dissociative adsorption of O, and hence
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catalytic reaction (CO-poisoning). The understanding of CO adsorption behavior improves the
performance of the low-temperature CO oxidation catalysts.

Here, the in-situ observation of pressure dependence of Pd7pAuso(111) alloy surface was
performed using NAP-XPS. DFT simulation gives information on atomic-scale insight of the local
structure and energetics with considering pressure induced effect.!#> With a combination of
experimental and computational methods, the evolution of surface coverage and occupation of the

adsorption sites are traced as a function of background pressure.

3.4.2 Experiment and Computational Methodology

In-situ XPS observations were performed at beamline 13A/B at KEK-PF. The base pressures of
the analysis and sample preparation chambers were of the order of 10~ Torr. The monometallic and
alloyed single-crystal surfaces were cleaned by repeated cycles of Ar* sputtering, surface oxidation
and brief annealing (Pd, 1100 K; Au, 900 K; Pd70Auso, 1000 K). Incident photon energies were tuned
such that the photoelectron kinetic energies are approximately 95 eV (Pd 3d, 430 eV; C 1s, 380 eV
and Au 4f, 180 eV). CO gas (purity 99.95%) was dosed to the surfaces at 298 K. Obtained XP spectra
were deconvoluted into several components via the curve fitting analysis using convoluted functions
of Doniach—Sunji¢ and Gaussian functions and Shirley-type subtraction.

Computational simulations were carried out using VASP. The Kohn-Sham equations were
resolved by the PAW method (Ecuwoff = 400 V) with the PBE XC functional. The calculated bulk lattice
constants were ap = 3.95, 4.17 and 4.01 A for Pd (A1), Au (A1) and PdssAugs (L1, crystal), respectively,
with 168 k-point sampling. Surfaces were constructed by the slab model (single surface/4-layer), where
the 62 k-point sampling was carried out for the (2 x 2) supercell. The isolated CO molecule was put in
orthorhombic box with single k-point. Adsorbed CO molecules and 1st and 2nd surface layers were
fully relaxed until the residual forces on atoms are reduced to less than 0.05 eV AL, CLS simulations
were carried out based on the Slater-Janak transition state approximation. Atomistic thermodynamic
simulations were employed to reveal the pressure effect on the surface. Details of theoretical methods

are described in Chapter 3.

3.4.3 Results and Discussion

The surface structure of PdzoAuso(111) is characterized by LEED and XPS. There is a possibility
that the topmost surface reconstructs due to the surface strain, for instance the Au(111) surface shows
so-called herringbone structure. While a (1x1) surface structure was observed for the Pd-Au(111)
surface. Figure 3.4.1 shows the XP spectra for Pd 3d and Au 4f levels taken from Pd(111) (a and b),
Au(111) (c and d) and Pd7Auzo(111) (e and f) surfaces under UHV conditions. The peak overlapping
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is a serious problem when multi-elemental system is measured by XPS. In the case of Pd-Au alloy,
the Pd 3ds, (typically 335 eV) and Au 4ds, (335 eV), and the Au 4f72 (84 eV) and Pd 4s (87 eV)
overlap each other, though the Pd 3ds/, and Au 4f7> give the sharpest/strongest peaks in each element.
But the photoexcitation cross-section is different from each other, suggesting that the relative intensity
is controllable by tuning the irradiation photon energy. Here the photon energies were tuned as 430 eV
for Pd 3d and 180 eV for Au 4f levels. XP spectra from monometallic surfaces (a and d) were fitted
into surface (S) and bulk (B) components.t617 While the alloy surface has three components in Pd 3d,
which is clearly different from monometallic surfaces. The peaks are assigned to Pd in the 1st layer
(S), in the 2nd layer (S’) and in bulk (B), based on a previous study on Pd-Ag alloy. The atomic fraction
of Pd atoms in the 1st layer is estimated to be approximately 30% from angle-dependent measurements.
It suggests that the surface is covered by Au-rich layer. On the other hand, the Au 4f level is fitted into

a single component, which may be explained by a small CLS between surface and bulk.

Pd;oAuse(111)

XPS Intensity (a.u.)

(b)

343 341 339 337 335 333 89 87 85 83 81
Binding Energy (eV)

Figure 3.4.1. XP spectra for Pd 3d and Au 4f levels taken from CO-free Pd(111), Au(111) and
Pd7oAuzo(111) surfaces at 298 K. All XP spectra are shown with curve fitting results, where each
component indicates the bulk (B) and (near) surface (S and S’) metal atoms. Adapted with permission
from Ref. P-7. Copyright (2015) American Chemical Society.
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The formation of Au-rich layer is also concluded by the theoretical simulation. Figure 3.4.2 shows the
surface free energy diagram depending on the bulk stoichiometry. It reveals that the Au-rich surface is
energetically favored (marked by black arrow). The segregation of Au atom is explained by the low

surface free energy of pure-Au with respect to the pure-Pd.
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Figure 3.4.2. The simulated surface free energies (y) of PdzsAuzs(111) on the Au-rich (a) and Pd-rich
(b) limit as a function of surface composition. The black dots are the simulated geometries, and the
black arrow indicates the most stable surface composition. Adapted with permission from Ref. P-7.
Copyright (2015) American Chemical Society.

Then, the CO adsorption on Pd-Au alloy surface was observed up to 10 mTorr at 298 K. Figure
3.4.3 shows Pd 3ds/; and C 1s XP spectra taken at different CO pressures. The Pd 3ds, level (a), taken
from a CO saturated surface under UHV (pco < 1078 Torr), shows appearance of two CO-induced
components at the higher binding energy side. Based on the XPS results on CO/Pd(111) system (see
Chapter 3.3), these are assigned as surface Pd atoms occupied by hollow site bonding CO (Pdi/3) and
bridge site bonding CO (Pda/2), where the index numbers indicate the number of bonding CO per Pd
atom. The corresponding C 1s level (b) shows an asymmetric peak which consists of two components,
CO molecules on hollow (h) and bridge (br) sites. CLS simulations well support the peak assignment
discussed here (Table 3.4.1). It is noted that the CO-free surface Pd component (S) remains observable
even though the surface is saturated with CO. The hollow and bridge site occupation suggests the
existence of contiguous Pd sites i.e. dimer, trimer and more complex Pd domains. While, the isolated

monomer-Pd site is also formed on the surface, which supplies the top site to the CO.
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Figure 3.4.3. XP spectra for Pd 3ds2 and C 1s levels taken from Pd7oAuso(111) surface at different CO
pressures at 298 K. All the XP spectra are shown with curve fitting results, where each component
indicates bulk (B), (near) surface (S and S”) and CO-bonding Pd (Pdx) in Pd 3ds/, level and CO on
hollow (h), bridge (br) and top (t) sites in C 1s level. Adapted with permission from Ref. P-7. Copyright
(2015) American Chemical Society.

Table 3.4.1. Comparison between calculated and experimental CLSs for clean and CO-
adsorbed Pd7sAuzs(111) surfaces. For the clean surface, the CLSs of the 1st layer (S) and the
2nd layer (S’) atoms are calculated. For CO adsorbed surfaces, CO molecules are assumed to
locate at hollow (h), bridge (br) and top (t) sites. The CO-binding Pd atoms are labelled as Pdy,
where x is the coordination number of CO to the Pd atom. The reference species of Pd 3d and
C 1s XPS are the bulk Pd and CO adsorbed at the hollow site, respectively. Adapted with
permission from Ref. P-7. Copyright (2015) American Chemical Society.

system level label | calcd CLS | exp.CLS
(eV) (eV)
Pd7sAuzs(111) Pd 3d S -0.13? —-0.26
S’ +0.21° +0.54
CO/Pd7sAu2s(111) | Pd3d | Pdys +0.70 +0.45
Pdy +0.95 +0.76
Pd; +1.46 +1.14
C1s br +0.27 +0.30
t +0.75 +0.79

@ the Pd atom in thelst layer is modelled by an isolated (monomer) Pd bonding with two internal Pd atoms.

b the Pd atom in the 2nd layer is modelled by an isolated Pd atom underneath the Au surface layer.
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The experimental data shows the CO molecules adsorb at the hollow and bridge sites, while the top
sites are free from CO adsorption. Therefore, the CO-free surface Pd component (S) is associated with
the monomer-Pd, and the CO adsorption on top site is not favored. The multiple-coordination sites
consisting of both Pd and Au atoms are energetically less favored compared to those consisting of
pure-Pd. The results are consistent with CO/Pd(111) system under UHV conditions as discussed in
Chapter 3.3. 16.18-20.

At 10°® Torr CO ambient, the adsorption state is obviously changed as shown in Figure 3.4.3(c
and d). The Pd 3ds/, level shows disappearance of S and appearance of a new component, labeled as
Pd:. An additional shoulder structure at the higher binding energy side appears in C 1s level. These
components are attributed to CO molecules adsorbed on top sites on monomer-Pd. The top CO
component in C 1s level has a large asymmetric tail coming from the vibrational structure.?® All Pd
atoms on the surface interact with adsorbed CO at this moment. By increasing the background CO
pressure, the top site on the monomer Pd is occupied by CO.

When the background CO pressure is increased up to 10 mTorr, the surface further changes as
shown in Figure 3.4.3(e and f). The top site occupation becomes dominant, whereas the bridge and
hollow occupation decrease instead. The significant increase of top CO occupation is not due to Pd
segregation to the surface, because both the surface/bulk ratio of Pd and the Pd/Au ratio hardly change
between 1076 Torr and 10 mTorr, suggesting that the surface restructuring by high-pressure CO does
not occur in the present case. Site switching of adsorbed CO from multiple-coordination (hollow) sites
to single-coordination (top) sites well explains this behavior.

The evolution of CO population depending on background pressure is shown in Figure 3.4.4.
The CO coverages are estimated from C 1s XPS taken from CO-saturated Pd(111). The total CO
coverage increases as a function of CO pressure. Under the UHV (pco < 1078 Torr) condition, the
estimated coverage of 0.077 monolayer (ML) on the alloy surface is significantly smaller than that on
Pd(111) (0.5 ML), because the fraction of Pd to the surface is limited on the alloy and about a half of
surface Pd is unavailable (monomer-Pd) in this condition. Above 107 Torr, the top site occupation on
monomer-Pd comes to contribute. And the increase of top site occupation stems from decrease of
bridge and hollow site occupation, suggesting that the contiguous two Pd atoms accommodate two
adjacent top COs at higher pressures. When the CO gas was pumped out, the surface coverage
essentially goes back to the initial value. The site switching of CO is completely reversible with respect
to CO pressure (the cycle 1 and 2 show similar trend), There is no segregation of dimer- nor monomer-
Pd. The Pd atoms in (111) surface have nine nearest neighbors, thus is energetically more stable than
those of the (100), (110) and stepped surfaces. This may explain the reason for that the Pd segregation

does not occur on (111) surface.
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Figure 3.4.4. Evolution of fractional (h, br and t) and total CO coverages on a Pd70Auso(111) surface.
The changes were deduced from C 1s XP spectra. Adapted with permission from Ref. P-7. Copyright
(2015) American Chemical Society.

Adsorption of CO on Au sites on CO/PdAu(100) was reported at room temperature under high
CO pressures using a PM-IRAS.” To check whether there is or not a contribution of CO adsorbed on
Au site, PM-IRAS measurements were performed under pressure conditions similar to those for the
XPS measurements. Figure 3.4.5 shows the IRA spectra taken from PdzAuzo(111) at different CO
pressures. Here the contribution from gaseous CO is cancelled out by the polarization modulation. A
feature at ~1900 cm™ is attributed to a C—O stretching mode of CO adsorbed on bridge and hollow
sites. With increasing the CO pressure, the C—O stretching peak from CO on top site becomes
dominant. The C—0 stretching mode of CO adsorbed on Au should be observed at frequencies higher
than that of Pd, > 2100 cm™*. However the present result shows no such high-frequency peak. This is
consistent with the XPS results. The contribution of CO adsorption on Au is negligibly small, even if
it exists.

To address the effect of background pressure for switching of CO adsorption site, the atomistic
thermodynamics framework was employed (Figure 3.4.6).1* Here, the phase transitions for CO
adsorption including only monomer Pd and dimer Pd are considered for simplicity. Under the low-
pressure conditions (phase 1), CO on bridge site of dimer-Pd is energetically stable, while, monomer
Pd is too unstable to be adsorbed by CO. When the chemical potential increases above —1.2 eV, the
CO on monomer Pd is stabilized and all the Pd sites are fully covered by CO (phase Il). Further
increase of chemical potential results in switching to the steeper line at -0.8 eV, from CO(br)/dimer-
Pd to 2CO(t)/dimer-Pd (phase I1I).
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Figure 3.4.5. IRA spectra taken from PdzeAuso(111) under different CO pressure conditions at 298 K.
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Figure 3.4.6. Simulated surface free energies y for several CO adsorption models as a function of CO
chemical potential, i.e. pressure. Here the energies are calibrated with respect to CO-free surfaces. The
adsorption on top and bridge sites are indicated in gray and black lines, respectively. Corresponding
model structures are shown in the right side. The fractions of Au in the first, the second and bulk layers
are modeled as 75, 75 and 25%, respectively. Adapted with permission from Ref. P-7. Copyright
(2015) American Chemical Society.
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The top site CO is dominant on the alloy surface under 10 mTorr background, while this is miner
species on the monometallic Pd(111) surface (see Chapter 3.3). This is partially due to the CO-CO
steric repulsion between two adjacent on top COs. DFT calculations reveal that this repulsion is
released by tilting away from each other (see model structure shown in right side). This tilting is
enabled by the fact that the surface Pd ensembles are dispersed in the Au-rich surface layer.

The pressure-dependent site-switching of CO is well described by simulated surface free
energies. C 1s XP spectra show the gradual site switching from bridge (hollow) to top site above 10
Torr (Figure 3.4.4), while the simulation shows that the switching starts from 107! Torr. This
discrepancy of threshold pressure may be explained in terms that the surface consists of several local
Pd configurations, for instance, 1-dimensional chain and 2-dimensional domain, which are not
included in the present simulation. They exhibit different threshold pressure for the site switching.

Figure 3.4.7 shows the schematics of overall pressure dependence of adsorbed CO on the
Pd70Auzo(111) surface. The alloy surface has two types of Pd ensemble; namely monomer- and
contiguous-Pd. In phase I (< 108 Torr), the CO molecules stably adsorb on multiple-coordination sites
(bridge and hollow) formed on contiguous-Pd, whereas do not adsorb on top site on the monomer-Pd.
In phase I1 (1076 Torr), adsorption on the top site of monomer Pds is also allowed in the energetic point
of view. In phase 11l (10 mTorr), the COs on contiguous Pd switch the adsorption sites from the
multiply coordinated bridge (hollow) sites to the top site. The physical origin of site switching to the
top site stems from the presence of background CO which causes changes in chemical potential. Thus
the phase transition is intrinsically reversible for the background pressure.

The switch from the bridge (hollow) to the top site reduces the adsorption energy per molecule.
It may alleviate the CO-poisoning effect, which leads to low-temperature CO oxidation reaction, i.e.
the lower shift of light-off temperature. Recently theoretical studies on CO oxidation on PdAu surfaces
proposed a unique reaction pass via a metastable state (OOCO formation), which requires the top site
occupation of contiguous Pd ensembles.?*-?6 The top site occupation is experimentally observed under
the NAP condition in the present study.
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Figure 3.4.7. Summary of CO adsorption behavior on Pd70Auso(111) surface at different CO pressures.
Phase I: CO adsorbs on bridge and hollow sites of contiguous dimer and trimer Pds dispersed on the
surface. Phase Il: CO adsorbs on top site on isolated monomer Pd. Phase Ill: The COs change
adsorption sites from bridge and hollow sites to on top sites of contiguous Pds. Adapted with
permission from Ref. P-7. Copyright (2015) American Chemical Society.

3.4.4 Conclusions

The pressure dependence of CO adsorption behavior on Pd7oAuse(111) surface was investigated over
the pressure range from UHV to 10 mTorr at room temperature using the combination of NAP-XPS
and DFT simulation. It is found that the background CO pressure reversibly controls the CO adsorption
site on the surface. The CO adsorption on top site is less favored in energetics under UHV, whereas, it
dominates under 10 mTorr ambient. The DFT calculations support that the preferential top site

occupation takes place at high chemical potential conditions caused by background high-pressure CO.
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Chapter 4
CO Oxidation Reaction on Low-Index Pd Surfaces:
Experimental Evidence of An Alternative Reaction

Mechanism

Abstract

Catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO.) proceeding on Pd(111), (100)
and (110) single-crystal surfaces have been investigated with near-ambient-pressure X-ray
photoelectron spectroscopy under several hundred mTorr pressures. In-situ observations of the
reaction revealed that two reaction pathways switch over alternatively as a function of temperature.
At lower temperatures, the surfaces were dominantly covered by CO and hence the reaction rate was
low (CO poisoning). At higher temperatures, the O-rich layers, surface oxides on (111) and (100), and
dense chemisorbed-O phase on (110), were formed on the surface and it drastically accelerated the
reaction rate. It is likely that the CO; formation rate depends on the amount of active oxygen species
that form dense overlayers on Pd surfaces.

4.1 Introduction

Catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO2) on PGM surfaces has been
extensively investigated over the past decades due to its industrial importance, for instance automotive
exhaust converter. Many studies in surface chemistry have been performed on single crystal surfaces
with using various surface sensitive tools in a wide pressure range. As well known, under UHV
conditions, the reaction generally proceeds via the LH mechanism as discussed in Chapter 1. It is
assumed that the metallic surface acts as the active sites, and no oxide species contributes to the
reaction."> Another possible reaction mechanism is suggested for elevated pressure environments; it
is so-called the M-vK mechanism, where the lattice oxygen species of the oxide reacts with
chemisorbed CO. The relationship between surface condition and catalytic performance has been
actively discussed. Recent in-situ surface observations performed under NAP conditions have

proposed that the oxide formation accelerates the CO, formation rate.>° While metallic surfaces
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covered by a chemisorbed O is suggested as a highly active phase under similar NAP conditions.'* A
CO titration measurements to a partly oxidized Pt surface indicated that the reactivities of chemisorbed
O and oxide were nearly equal.'? Theoretical simulations have been conducted to investigate details
of the reaction.'>7 The atomistic understanding of CO oxidation process under ambient pressure
conditions is still ambiguous.

The interactions of oxygen and further oxidation of the PGM surfaces have been investigated
under various pressures and temperatures.®?5 In the case of Pd(111) and (100) surfaces, it is revealed
that the metal surfaces form oxidized phase with a high catalytic activity under reaction environments.

In my work, the catalytic CO oxidation reaction on Pd single-crystal surfaces under hundred
mTorr pressures of CO and O gases was studied by the synchrotron-based in-situ NAP-XPS and the
differential-pumping MS. The phase transition from a CO-covered metal surface to the dense O

covered surface, has close relevance to a drastic enhancement of the catalytic activity.

4.2 Experiment and Computational Methodology
All experiments were performed with an NAP-XPS system at beamline 13A/B at KEK-PF. Clean
ordered surfaces of Pd(111), (100) and (110) single-crystals were obtained by the repeated cycles of
Ar* sputtering, surface treatment under oxygen and brief annealing (e.g. 800 °C). Surface orientation
and cleanness were checked by LEED and XPS. The CO and O; gases were introduced into the high-
pressure analysis chamber up to hundreds mTorr via variable leak valves. The incident photon energy
was tuned to 435 eV for Pd 3ds;; and C 1s, and 650 eV for O 1s levels (electron kinetic energies were
approximately 100 eV). The BE scale was calibrated with respect to the Fermi edge. Because the
photoemission intensity is attenuated by ambient-pressure gas, the C 1s and O 1s intensities were
normalized by the integrated intensity of the Pd substrate. The catalytic conversion was simultaneously
monitored by MS with in-situ XPS under the reaction conditions.

DFT simulations were employed for the Pd(100) surface to give assignments to the observed
XPS peaks. DFT calculations were performed using VASP. The PAW method, which was expanded to
400 eV, and GGA-PBE were employed for the description of electron-ion interactions and the
exchange-correlation functional, respectively. For the bare Pd metal, the equilibrium lattice constant
is ao = 3.90 A. The 1-ML oxide layer was modeled on slab layers with (V5 x V5)R27° periodicity,
where the (5 x 5 x 1) k-point mesh was used. The surface layers, and adsorbed molecules were allowed

to relax. CLS simulations were carried out by using the Slater-Janak transition state approximation.
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4.3 Results and Discussion

CO Oxidation on Pd(100)
Figure 4.1(a) shows the Pd 3ds;» XP spectra taken from metallic and surface oxidized Pd(100) surfaces.

On the metallic surface, two distinct components assigned to bulk (B) and topmost surface (S) Pd
atoms. Additional three oxygen-induced components are observed (denoted by I, 2f and 4f) on the
surface oxidized surface. A LEED pattern and the corresponding model structure of surface oxide is
shown in (b, c). There are two-types of Pd atoms, with an atomic ratio of 1:1, in the (5 x V5)R27°
square unit cell. The CLS calculations strongly support the assignments to the peak components

obtained from the fitting analyses (Table 4.1).

XPS Intensity (a.u.)

344 342 340 338 336 334 332
Binding Energy (eV)

(b)

Figure 4.1. (a) XP spectra taken from clean metallic and surface oxide (SO) surface. (b) LEED pattern
taken from SO/Pd(100) surface. (c) top and side views of model structure of SO formed on Pd(100)
surface, where two types of surface Pd atoms are labeled (2f and 4f). Adapted with permission from
Ref. P-2. Copyright (2012) American Chemical Society.
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Table 4.1. Calculated and experimental CLSs of Pd 3ds» and O 1s levels for clean and surface oxide
surfaces. Adapted with permission from Ref. P-2. Copyright (2012) American Chemical Society.

System Level label caled CLS | Exp. CLS
eV) (eV)
clean Pd 3d B 0.0 0.0
S -0.47 -0.3
surface Pd 3d I -0.16 -0.3
oxide 2f +0.54 +0.5
4f +1.31 +1.3
O 1s upper 0.0 0.0
bottom +0.55 +0.8

Figure 4.2 shows the results of in-situ monitoring of MS and XPS data taken under catalytic CO
oxidation reaction under NAP conditions. The dosing pressures of CO and O, gases were 20 and
200 mTorr, respectively. Figure 4.2(a) shows temperature dependence of CO, (m/e = 44) formation
rate. The CO, formation rate is drastically increased above 190 °C. However, a decay of the rate is
observed in the higher temperature regime. Labels (A, B, C and D) indicate the temperatures, where
XP spectra are recorded, and each XP spectrum denoted by the labels in the Pd 3ds2 and C 1s levels
(b and c).

At point A (room temperature), the CO, formation rate is low. The corresponding Pd 3ds/, and
C 1s XP spectra indicate that a large amount of CO molecules cover the metallic Pd surface. Here it is
assumed that the CO molecules form the p(3V2 x V2)R45° overlayer (9 = 0.67) as discussed in chapter
3. This phase can be regarded as “CO-poisoning”. Metal carbonyl species, which is a typical
contaminant, is not detected in the C 1s level. It is noted that a weak and broad feature assigned to
atomic carbon can be seen at around 283—-285 eV in the C 1s level. Even if all of the atomic carbon
locates on the surface, most of the surface is covered by CO molecules. However, the residual of
atomic carbon affects the Pd 3ds/, spectra, because the Pd atoms binding to the residual carbon give a
Pd 3ds;, component at around 335.4 eV. At point B (175 °C), the CO; intensity is still low, but the CO
coverage on the surface is reduced, which is assigned to a p(2V2 x V2)R45°-like overlayer. These
results indicate that the CO adsorption on the surface hinders the oxygen adsorption and hence the

catalytic oxidation reaction is suppressed.
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Figure 4.2 (a) evolution of CO, production under exposure to 200 mTorr of O, and 20 mTorr of CO.
Labels (A, B, C, and D) indicate temperature where XP spectra were recorded. (b, c) XP spectra for
Pd3ds; and C1s levels taken from Pd(100) surface under the reaction environments. Adapted with
permission from Ref. P-2. Copyright (2012) American Chemical Society.

At point C, just above the catalytic light-off temperature (190 °C), spectral shape of Pd 3dsy,
drastically changes, where three new components appear. The binding energies of these components
suggest the formation of the (V5 x V5)R27° surface oxide (SO).3234333 CLS simulations for this
surface oxide also support experimental results. At that time, C 1s XPS shows a flat feature, indicating
disappearance of CO on the surface. Li et al. have found a possibility of coexistence of metallic and
oxide domains under the catalytic conditions, and proposed that CO adsorbs on the metallic surface
then react with oxygen atoms included in the coexisting oxide.?*?> Chemisorbed O species gives peaks
experimentally at 335.5 eV and 529.6 eV in the Pd 3ds;» and O 1s levels, respectively. However the
present XPS results do not show evidence for coexistence of these species.

It should be noted that when only the CO gas is exposed to the metallic Pd surface above

the light-off temperature, CO molecules can readily adsorb on the surface as measured in Pd 3ds, XPS.
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This indicates that the phase transition to the reactive surface condition is not induced by thermal CO
desorption and consequent oxidation of the surface, but by equilibrium of adsorption of CO and O, on
the surface. The CO adsorption easily proceeds even at low temperatures via the non-activated
precursor-mediated mechanism. While the O adsorption is enhanced at elevated temperatures,
because it needs a thermal activation to dissociate to atomic species on the surface. Thus, at higher
temperatures, the O, adsorption rate is faster than that of CO. The switchover of adsorption rate
intrinsically changes the surface situation.

The catalytic performance is gradually decreased with increasing the temperature above the
catalytic light-off. At point D (370 °C,), the Pd 3ds. XP spectrum shows a reduction of the surface
oxide intensity. A new component appears at 335.9 eV instead, which is attributed as a “partly reduced”
surface Pd species. A part of surface oxide is reduced by reaction with CO, and results in formation of
less coordinated Pd. The decrease of the surface oxide causes the catalytic decay. At high temperatures,
since the catalytic reaction, in other words removal of oxygen, is faster than the recovery of the oxide.
If the MvK mechanism proceeds on the surface, the CO adsorbs on the oxide surface, and then reacts
with an oxygen atom included in the oxide lattice. Therefore, the reduction of oxide phase decreases
the amount of active center of the reaction and hence CO; formation rate. When the gas composition
was switched to oxidizing condition by stopping CO supply with remaining Oz exposure at 370 °C,
the PdO bulk oxide (denoted as BO) was formed on the surface (point E), where the 4-fold Pd species
at 336.5 eV isasign of PdO. This result indicates that CO is continuously supplied to the surface under
the reaction conditions. Therefore the surface is not under the CO depleted condition, in other word
mass transfer limit, during the reaction (A—D). The bulk oxide is formed above 230 °C under O only
dose (200 mTorr) condition. However the Pd surface is covered by the surface oxide under the reaction
conditions, and the bulk oxide formation at the higher temperatures above 230 °C is hindered by the
reaction.

O 1s XP spectra are measured under the highly reactive condition (point C and D) (Figure 4.3).
Two oxide induced components centered at 528.8 eV and 529.6 eV with almost equal intensities are
obtained by curve fitting at point C, and they are associated with the (V5 x V5)R27° surface
oxide.33353234 The surface oxide has an O-Pd-O tri-layer structure, where The lower- and higher energy
components are attributed to the outer- and inner- O species, respectively..33-3532-34 These assignments
are well supported by the CLS simulations as shown in Table 4.1. At point D, where the CO; formation
rate decreases compared with that at point C. At that time, the lower-energy component is weakened
in intensity, while the higher-energy component essentially unchanged, suggesting that the upper-side
O species is reactive and exclusively consumed. The lack of upper-side O is explained as selective
reduction of the surface oxide via the MvK-like mechanism.

Numbers of previous studies have reported the drastic change from an inactive to an active

surface under various O, and CO pressures.*?318 They reported that after the catalytic light-off, the
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surface are more of less covered by (some) oxide species. The surface oxide formation is the first step
for further oxidation. The sudden jump of CO, formation rate as discussed in the previous studies

might be correlated to the formation of the surface oxide, although further studies are necessary.

XPS Intensity (a.u.)

536 534 532 530 528 526
Binding Energy (eV)

Figure 4.3. O1s XP spectra under catalytic conditions taken at point C and D. The CO, formation rate
decreases from C to D, with increasing the temperature. Model structure of the (V5 x V5)R27° surface
oxide formed on Pd(100) is shown in inset. A broad feature at a higher binding energy is a contribution
from Pd 3psplevel. Adapted with permission from Ref. P-2. Copyright (2012) American Chemical
Society.

CO Oxidation on Pd(111)
Figure 4.4 shows O 1s and Pd 3ds, XP spectra taken from a surface oxide and a bulk oxide formed on

Pd(111) surfaces. These surfaces were prepared under O, ambient (2 x 10 Torr) by heating the
surface (300—-500 °C). Two distinct components assigned to 2-fold and 4-fold Pd (2f and 4f), excepting
the bulk contribution are observed in Pd 3ds, level. A model structure of the surface oxide is shown
in inset. The bulk oxide formation induces an increase of the 4-fold Pd with a slight shift of binding
energy.

Next, the Pd(111) surface was observed under catalytic reaction conditions. XP spectra taken
from a Pd(111) surface at 200 °C with monitoring reactant and product gas compositions (O, CO and
COy). Figure 4.5 shows evolution of MS signals (a), and O 1s and Pd 3ds, XP spectra (b and ¢) under
catalytic conditions at 200 °C. When the reactant O, (200 mTorr) and CO (20 mTorr) were introduced
to the chamber (Region a), the CO, formation rate was quite low. At this moment the CO molecules
are adsorbed at all of possible adsorption sites (hollow, bridge, and top) on the Pd(111) surface, judged
from XP spectra taken from O 1s (b) and Pd 3ds; (c) levels, which is consistent with the previous
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studies.®334 C 1s XP spectra also show the adsorption of CO on the Pd surface. Whereas signals from
chemisorbed O and/or oxide species are under the detection limit. In this regime, the surface are
dominantly covered by the CO (CO poisoning), resulting in suppression of dissociative O, adsorption
onto the surface. It is a general trend that the high-coverage CO adsorption suppresses the catalytic
reaction on PGM surfaces.®®

The CO; production gradually increases (Region ) with increasing the O pressure, and a new
peak appears at lower-binding energy side (529.8 eV) in O 1s level. It is assumed that this peak
originates from atomic O, but the binding energy is higher than that of the typical value of chemisorbed
O (~529.2 eV). The subsurface O reported in a previous study3® matches with the binding energy,
thus the new peak is assigned to the subsurface O. This peak attribution well explains the behavior of
this peak to the CO. When the O, exposure was stopped and switched to the CO titration condition
(Region vy), this peak remained on the surface without loss of intensity, suggesting that the species is
less reactive even under the CO rich condition. The inactivity of this O suggests that it is buried
underneath the surface.®® It is reported that the formation of subsurface O species during the CO
oxidation reaction accelerates the catalytic performance,* which is consistent with the present
observation. The amount of irregular sites, e.g. defects may act as the channel for O penetration to the

subsurface.

XPS Intensity (a.u.)

536 534 5;32 51I30 558 3;38 3:;»7 l 356 ‘ 3:135 ‘ 3:;4 333
Binding Energy (eV)
Figure 4.4. O 1s (a) and Pd 3dsy, (b) XP spectra taken from surface oxide (SO) and bulk oxide (BO)

formed on Pd(111) surface. A model structure of the surface oxide is shown in inset. Adapted with
permission from Ref. P-1. Copyright (2012) American Chemical Society.
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Figure 4.5. In-situ monitoring of catalytic CO oxidation on Pd(111) surface at 200 °C. Evolution of

03, CO, and CO; gases (a), and corresponding XP spectra for O 1s (b) and Pd 3ds, (c). Adapted with
permission from Ref. P-1. Copyright (2012) American Chemical Society.

Figure 4.6 shows evolution of MS signals (a) and corresponding XP spectra (b and c) under catalytic
reaction conditions at 300 °C. CO does not stably adsorb on the Pd surface at this temperature. The
disappearance of CO poisoning causes the drastic change of surface chemical condition with respect
to that at 200 °C. The CO- production significantly increased when the Oz and CO were introduced at
a time (region a). The drop of CO partial pressure indicates that most of the introduced CO was
converted to CO,. The corresponding O 1s XP spectrum shows an appearance of a new component at
around 530 eV, which is curve fitted into two components centered at 529.1 and 529.8 eV. It is a sign
of the V6 surface oxide (PdsO.) formation on the surface. The 529.1 and 529.8 eV components are
associated with three-fold-coordinated oxygen (3f-O) and four-fold-coordinated oxygen (4f-O),
respectively.®” The 3f-O species is located at the upper side of the surface oxide and reactive to CO as
confirmed below. The Pd 3ds2; XP spectrum also exhibits two oxide-induced peaks centered at 335.4

and 336.2 eV, in addition to the bulk one. The intensity ratio of the oxide peaks is almost 4:1, which
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is consistent with that for the ordered surface oxide.®”-3 These data show that the surface oxide is
formed under the highly active condition (region a). Here this surface is called as “active state”.

Next, the O, partial pressure was increased up to 600 mTorr (region ). This results in a decrease
of the CO, formation rate, suggesting that the surface changes to “less active state” in the O rich feed.
The O 1s XP spectrum taken under the condition (region ) shows a new component centered at 530.5
eV, attributed to an O-deficient oxide, which may locate on the active V6 surface oxide resulting in
suppression of the reactivity. Thus, the difference between “active state” and “less active state” is
determined by the availability of the reactive oxygen (3f-O) of the surface oxide. As the third step, the
dose of O, was stopped and switched to the CO titration condition (region vy).

Partial Pressure (x 10" Torr)

XPS Intensity (a.u.)

CO, gas R . p—— .
536 534 532 530 528 526338 337 336 335 334 333
Binding Energy (eV) Binding Energy (eV)

Figure 4.6. In-situ monitoring of catalytic CO oxidation on Pd(111) surface at 300 °C. Evolution of
03, CO, and CO; gases (a), and corresponding XP spectra for O 1s (b) and Pd 3ds, (c). Adapted with
permission from Ref. P-1. Copyright (2012) American Chemical Society.
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Here the O 1s XP spectrum exhibits the complete consumption of 3f-O of the surface oxide, which
confirms that the 3f-O of the surface oxide lattice react with CO. Whereas, the higher binding energy
components (4f-O and O-deficient oxide) did not change under CO titration, indicating that these

oxygen species are not reactive to CO.

CO Oxidation on Pd(110)

First, the interactions between O and Pd(110) surface were investigated. Figure 4.7 shows XP spectra
of O 1s (a) and Pd 3ds. (b) levels for a Pd(110) surface obtained at different temperature and pressure
conditions. At 1077 Torr O, ambient at room temperature, the Pd 3ds;, XP spectrum was curve fitted
into several O-induced components in addition to the bulk one. The O 1s XP spectrum exhibits a peak
centered at 529.2 eV, which is attributed to the chemisorbed O. A broad contribution at the higher
binding energy side is attributed to the Pd 3ps. peak. Judging from the spectral features of Pd 3ds,
and O 1s levels, the O-induced c(2 x 4) overlayer is formed on the surface (Figure 4.7(c)). It consists
of three types of O-bonding surface Pd atoms. The difference of these Pd species is associated with
different coordination numbers of O. Bonding with an O atom leads to electron transfer from Pd to O.
Therefore the higher coordinated Pd gives a higher binding energy in Pd 3ds, level.*® If the surface is
completely covered by the c(2 x 4) overlayer as illustrated in Figure 4.7(c), the intensity of each peak
with a different coordination number, should be same. However the actual intensity are not equal
which means that a further dense O overlayer is partly formed in addition to the c(2 x 4) phase on the
surface, and/or a photoelectron diffraction effect modulates the intensities.

Under 1075 Torr exposure, the O-free surface component disappears, whereas the O-induced
components increases (335.4 and 335.6 eV). It suggests that the formation of a dense chemisorbed O
phase. The O 1s XP spectrum was curve fitted into three components excepting the contribution of Pd
3par2 level. Based on the previous studies, these features are a sign of the formation of the high density
chemisorbed oxygen phases with (7 x V3) and (9 x V3) periodicities.*>43 The component at the lower
binding energy side is attributed to the Pd atoms underneath the surface Pd layer.. A model structure
of the (7 x V/3) structure is illustrated in Figure 4.7(d). The atomic row on the (1 x 1) surface splits
into strings consisting of seven Pd atoms and the O atoms sandwich the Pd strings from both sides.*>43
This O species does not penetrate into the subsurface, meaning of not forming an O—Pd—O tri-layer
structure. Although an appearance of four-fold coordinated Pd atom is a sign of oxide formation, the
binding energies of the O-binding Pd atoms hardly change from those of the c¢(2 x 4) overlayer and
the four-fold coordinated Pd is absent. While the two-fold coordinated Pd species are dominant even
on the dense O overlayer . Therefore the chemical state of oxygen species in the dense structure
measured at 107° Torr is not associated with a surface oxide but with a chemisorbed phase. Then the

O- pressure was increased up to 200 mTorr at room temperature. At this moment the spectral shapes
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of Pd 3ds2 and O 1s levels essentially remain unchanged with one exception of gas-phase contributions
(not shown). The dense chemisorbed phase keeps its structure even under the NAP conditions.
Next, the Pd surface was heated up to 300 °C under 200 mTorr O, ambient. The spectral shape

of Pd 3ds/, level shows slight changes of surface chemical situation, where a small peak centered at
336.3 eV appears. The coordination number of Pd atom forming the bulk oxide is four, resulting in the

highest binding energy. This is a sign of the PdO bulk oxide formation.*>44
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Figure 4.7. XP spectra of O 1s (a) and Pd 3ds, (b) levels of the Pd(110) surface taken under various
pressure and temperature conditions. The XP spectra are curve fitted into several components. Model
structures of chemisorbed oxygen (c and d) and the PdO bulk oxide (BO) (e). Adapted with permission

from Ref. P-4. Copyright (2013) American Chemical Society.

94



Chapter 4: CO Oxidation Reaction on Low-Index Pd Surfaces

The components of the chemisorbed O phase are observable, but their relative contribution are
weakened, because a part of the chemisorbed O on the surface is converted into the bulk oxide. Here
the chemisorbed O and the bulk oxide coexist on the surface (complex structure).*344 The intensity
ratio of the three oxygen components in O 1s is also changed, which is resulted from the contribution
of the bulk oxide . A structure model of the bulk oxide is also shown in Figure 4.7(e).

Figure 4.8 presents in-situ monitoring of mass signals and corresponding XP spectra (b, and ¢)
for catalytic CO oxidation proceeding on a Pd(110) surface under a constant reactant gas dose (O,
200 mTorr; CO, 20 mTorr). Figure 4.8(a) shows the evolution of catalytic performance as a function
of temperature by tracing the O, (m/e = 32), CO (28) and CO; (44) gases. At lower temperatures (<
165 °C), the CO, formation rate was very slow. With increasing the temperature, the reaction rate is
drastically increased above 165 °C (catalytic light-off). Further heating up to 320 °C results in a 20%
decrease of the reactivity with respect to the maximum (200 °C). Labels A, B, C, and D shown in
Figure 4.8(a) indicate the temperatures, where XP spectra were recorded and corresponding Pd 3ds/,
and C 1s XP spectra are shown in bottom panels (b and c). At room temperature (point A), judged
from C 1s XP spectrum, the metallic surface is covered by the CO. Here the surface is free from atomic
C and carbonyl species. By the curve fitting of Pd 3ds level, the overlayer structure of CO is identified
as the (2 x 1)p2mg-2CO structure, suggesting CO poisoning.

At point B (158 °C), MS curves show that the CO, formation rate is still low, but the CO
coverage is reduced (—8%), which is explained by the shift of adsorption/desorption equilibrium by
heating. The spectral shape of C 1s becomes broad, due to a change of adsorption structure. The CO;
formation rate is almost zero from room temperature to165 °C. It suggests that the CO overlayer
hinders dissociative adsorption of O, and the CO- formation rate is limited by the O, adsorption.

Above the catalytic light-off (> 165 °C), the CO, formation rate is increased about 6-times with
respect to the CO-poisoning condition. Under this condition, adsorbed CO rapidly reacts with O and
desorbs as COs», since the C 1s level shows no CO peak. Since CO is not stably exist on the surface,
the three new components appeared in Pd 3ds, level are associated with the O-induced surface state(s).
The binding energies of them indicate formation of the chemisorbed O phase (denoted as Pd-O). PdO
bulk oxide (denoted as BO) is also detected in the higher binding energy side. Thus the surface is
covered mainly by the chemisorbed O and a small amount of the bulk oxide also coexists. The
corresponding O 1s level supports the assignments, where distinct three peaks are detected (not shown).
Because the MS measurement indicates a high catalytic activity under this condition, the chemisorbed
O phase reacts with CO. This is a contrary result compared with the Pd(111) and Pd(100) surfaces,
where the surface oxide accelerates the reaction rate via the MvK mechanism. The CO, formation rate
is gradually decayed with increasing the temperature above the catalytic light-off temperature. At point
D, Pd 3ds, level shows the reduction of chemisorbed O on the surface. It indicates that the amount of

chemisorbed O on the surface is a key factor for the CO, formation rate. The slight decay of reactivity
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above the catalytic light-off temperature is accompanied by a growth of the bulk oxide. This suggests
that the bulk oxide does not contribute to the CO oxidation reaction.
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Figure 4.8. In-situ monitoring of catalytic CO oxidation on Pd(110) surface as a function of
temperature (a). Here the O, and CO pressures are 200 mTorr and 20 mTorr, respectively. Above the
catalytic light-off, the CO; intensity increased, however further heating results in a gradual decay of
the performance. Labels A, B, C, and D correspond to temperature where XP spectra were recorded.
Corresponding Pd 3ds and C 1s XP spectra taken under the reaction conditions (b and c¢). Adapted
with permission from Ref. P-4. Copyright (2013) American Chemical Society.
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8.4 Summary and Discussion

In summary, in-situ monitoring of catalytic CO oxidation was performed on Pd(100), (111) and (110)
single-crystal surfaces to reveal the relationship between the surface chemical state and catalytic
activity. It is found that the CO, formation rate has a great dependence on surface chemical states. A
large amount of CO molecules fully cover the metallic surfaces at lower temperatures, The CO
poisoning suppresses the efficient catalytic reaction, resulting in a low CO; formation rate. At higher
temperatures above the light-off temperature the adsorbed CO molecules are replaced by the
chemisorbed O or the surface oxide phases. Above the catalytic light-off, the O-Pd-O tri-layer surface
oxide or the dense O chemisorption layer are formed on the surfaces and the CO oxidation rate is
drastically enhanced. On the (111) and (100) surfaces, it was found that the upper-side O species of
the surface oxide play a key role to the high activity (MvK mechanism). It is noted that the upper-side
O species is much more reactive compared to the oxygen located underneath the surface Pd layer.
While the active oxygen on the (110) surface is in a chemisorbed state different from those on the
other two surfaces. Since all the O species adsorb on the reconstructed Pd(110) surface with keeping
a chemisorbed state, the CO oxidation reaction proceeds via the conventional LH mechanism on a
metallic surface. The light-off temperature depends on the surface orientation, but the active surfaces
are covered by dense O phases regardless of the chemical condition; 0.8 ML, (111); 1.0 ML, (100);
0.86 ML, (110). The dense O phases on the surface reduce the adsorption energy per O atom,
suggesting that the reaction proceeds with a small activation barrier. The experimental results evidence
that both of the MvK and the LH mechanisms can be responsible for the CO oxidation reaction under
NAP conditions.
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Chapter 5

Concluding Remarks

PGMs exhibit catalytic activities for various chemical reactions. PGM-based TWC is widely used to
convert harmful chemical compounds (CO, NOy and hydrocarbons) included in exhaust gas. To
understand the reaction mechanism of catalytic conversion of CO and NOx on PGM surfaces is an
important topic of surface science. Single crystal surfaces of PGMs are regarded as prototypical model
catalysts for CO oxidation and NOy reduction. Although studies with surface science techniques under
UHYV conditions have improved our knowledge of the reaction process at the atomic level, the pressure
gap prevents us from understanding the realistic phenomena proceeding under atmospheric conditions.
The ambient pressure may change the surface chemical state and further catalytic reaction mechanism.
In this thesis, the physicochemical interactions between surface and molecules at elevated
pressures up to sub-Torr regime were investigated using in-situ spectroscopic techniques (XPS and
IRAS). Here the adsorption of CO and NO molecules on the surfaces was paid particular attention,
because it is the first step for the catalytic reaction. Then the surface chemical condition and catalytic
activity under the reaction conditions were observed in-situ. The DFT simulations were also employed
to obtain the atomic-level understanding of structures and energetics. Spectroscopic data are spatially
and temporally averaged information from ensembles on a surface, whereas theoretical simulations
can shed light on each geometric and electronic structure of interest. Experimental and theoretical
results were compared to understand adsorption and reactions of small molecules on the PGM surfaces.
The spectroscopic study conducted under near ambient pressure conditions reduces the pressure
gap problem. The coverage of CO on Pt and Pd surfaces were reversibly controlled by the background
pressures with forming a dense overlayer. The NO molecule on the Rh surface partially dissociates to
nitrogen and oxygen atoms, and form a periodic coadsorption structure with the atomic species under
a high-pressure NO exposure via chemical reaction. The alloying of two metal elements sometimes
improves the catalytic activity, which stems from changes in the surface electronic and geometric
structures. The Pd-Au bimetallic surface provides three types of isolated Pd site (hollow, bridge and
top) for CO adsorption. Occupancy of each adsorption site depends on the CO pressure. Particularly
high-pressure exposure induces the site switching of adsorbed CO to energetically unfavorable sites,
which is associated with the high chemical potential of gas-phase CO under equilibrium with the
adsorbed CO.

The catalytic CO oxidation on low-index Pd surfaces was studied with in-situ XPS observations

101



under near ambient pressure conditions. The results evidenced that both of chemisorbed oxygen and
surface oxide can be reactive. The MvK mechanism, which is regarded as less effective under UHV
conditions, seems to operate under certain conditions. The dense oxygen phases formed under the
reaction condition provide reactive oxygen atoms to the adsorbed CO. It suggests that the density of
oxygen is a more important factor to the catalytic activity rather than the chemical phase of surface
oxygen.

As a conclusion, it was revealed that the background pressure plays decisive roles in forming
adsorption structures and surface chemical states and hence in controlling active phase for the catalytic
reaction. These findings obtained from high-pressure surface science technique measurements
contribute to the fundamental understanding of heterogeneous catalysis.

In this thesis, the molecular adsorption and chemical reaction under steady state conditions on
low-index single crystal surfaces were studied. Here the molecules are assumed to adsorb mainly on
terraces defined by the surface orientation. The differences in adsorption and reaction properties are
attributed to differences in structures of terraces. Although this is a common and conventional
approach in surface science, this kind of view sometimes does not work well in understanding the real
catalysts, because they have many irregular sites like steps and defects which act as active sites. Vicinal
single crystal surfaces, e.g. fcc(553), (332) and (211) faces, are models to study the irregular-site-
specific phenomena.l> Some unique behaviors of step sites have been found using XPS under UHV
condition, whereas the number of such studies under equilibrium with high-pressure gas is limited.2
The use of cylinder-shape single crystals, which have various surfaces continuously arrayed on the
cylinder, will enhance studies on surface-orientation dependence of a reaction. Moreover it may give
insight into cooperative behavior of steps and terraces with different orientation; for example, a step
acts as active center, whereas a terrace as reactant storage.

The adsorption behaviors of CO and NO were independently studied for simplicity in the present
study. And the catalytic surface reaction studied here was limited to the CO oxidation only. However
on the real catalyst surfaces several elementary steps proceed in parallel. If CO and NO are supplied
to the surface at once, the adsorption of reactants onto the surface should become competitive.* The
equilibrium surface coverage should change depending on adsorption probability and partial pressure
of each species. There is a possibility that a new equilibrium surface and/or a new reaction mechanism
might contribute to the reaction.

The present in-situ experimental setups gave temporally averaged data under the reaction
conditions. Temporally averaged information (hundreds millisecond per data point) refers the
thermodynamically stable species on the surface. Transient species cannot be detected due to a short
surface residence time. Time-resolved observation with the pump-and-probe technique enabled to
observe molecular dynamics of such a short-lived species involved in a surface reaction directly.

However, this sort of experiments has been mostly conducted under UHV conditions. In future, the
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combination of the high-pressure-compatible spectroscopy and the pump-and-probe technique will
advance our understanding of dynamic processes involved in catalytic surface reactions on practical

catalysts.
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Appendix A

Fermi’s golden rule
Fermi’s golden rule is the basic principle for transition from an eigenstate i to f. It is derived from

the time-dependent Schrddinger equation (eq. Al and A2).

0
ihS-[(0) = KOO, (A1)
—iE,,
@) = Y n@lgmexp (7). (2)

Here the wave function [(t)) is an orthonormal system. H'(t) is a time-dependent Hamiltonian.
¢ (t) is time-dependent expansion coefficient, E,, is corresponding eigenvalue. By multiplying the
term exp(iE,t/h){(p,| from the left side, and continuous orthogonalization, the eq. A2 is

transformed to A3.

i(E, — Em)t}

9
ih—-cn(t) = 2 cm(t)(conIH’Icom)exp{ o (A3)

If initially it is assumed that |(t = 0)) = |¢;), the expansion coefficient of a final state |gof) at

particular time t (i — f transition) is represented as follows;

d 1 i(E; — E))t
1t i(Er — E)tY
| — exp {i(Ef ; Ei)t}
=lerlHlod——F—5——

Moreover, The existence probability at that time is expressed by the |cf (t)|2.

ot z
2 sinmz (Ef - El-)

2 , 2
5" = sl ol |—2—% (A6)

Then, the eq. A6 is transformed to the eq. A7 to clarify the features.

(5 - 8]
2Ssins+ Ef — Ei Tt
o =m ) (A7)
f — i
v _ sin’ts _E—E
(S)_ntsz' T

The equation F(s) becomes to the delta function at t — oo. Therefore the transition probability per

unit time between interested eigenstates i — f results in as follow;
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' 2
{orH'|@:)|"8(Er — Ei).  (A8)
Here, it is assumed that the H'(t) is a kind of photon (the electric dipole transition).

H'(t) = 2 qjzj Eqexpiwt. (A9)
j

(or|H'®)|o:) = <§0flijzj Eol¢;)expiwt. (A10)
j
The eq. A10 is assigned to the eq. A5, then the existence and transition probabilities are estimated to
the following equations.

2 t 2
) 25inﬁ(Ef—Ei —flw)
5@ = (o] Y, a5 Bolod| |—2 51 - (A1)
J
2
1 21
Tinp = lim = ler (0] = = |(erl Z a;2; Eolp:)| 8(Ef — E; — how) (A12)

J

This means the transition is allowed, when the transition moment is not equal to zero and the energy
conservation law is satisfied.

Besides, the profile function F(s) eq. A7 describes an important aspect of the transition
between interested eigenstates. Figure Al shows the graph of function. Here the variable s is the
energy discrepancy. If the lift time of excitation is infinity (t — ), the energy conservation law is
completely satisfied. However it is finite, for example 1071° s for electron excitation, in real systems.

Therefore there is an excitation probability at S # 0. This is the origin that the experimental spectral
line shape intrinsically has a width (Lorentzian width).

A
t
F(s) sin? ts i
s) = \
mts?
2R
.' 4
Ef —E —ho | 4
s = / \
2h [ 4
4
LN i ‘\‘I LN
1 i f T T ]
s i
—— 0 +-
t

Figure Al. The graph of function F(s).
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Appendix B

Photoionization cross-section
The photoionization intensity I per unit time and unit area is defined as follows;

I =1I,Noy,, (B1)
where [, is incident X-ray intensity, N is the number of atom per unit area and a,; is
photoionization cross-section labeled by principal and azimuthal quantum number n and [. The

photoionization cross-section from an eigenstate i to f per unit volume is described as follows;

2
do,; Cm
d&; :g_h_; (<Pf|ZQij|<Pi) ) (B2)
l -
j

where, g; is degree of degeneracy of initial state i, C isa constant, m, is electron mass and A is
Planck constant. Here the electric dipole transition is considered. This means the photoemission
intensity depends on the size of transition moment.

In the case of photoemission process, the initial state i is a core-orbital, whereas the final state
f is a plane wave (free electron). The wave function of plane wave is expanded as follows;

|os) = exp(ik - ) = exp(ikrcos8) = A » (21 + 1)i%j;(kr)P;(cos 6). (B3)
=0

The k is a wave vector and r is a position vector. The third form is gained via the partial wave
expansion, where A is a constant, the j;(kr) is the sphere Bessel function and P;(cos @) is the
Legendre polynomial. It indicates the plane wave consists of all azimuthal quantum number [.
Therefore the photoemission process is allowed for all core-orbitals. It guarantees that every core-

orbital can be observed by XPS.

(exp(ik - D)| ) 4;21p0) # 0. (84)
J
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Appendix C

Surface free energy modified for alloy material

The surface free energy y is appropriate method to discuss the surface structure at given conditions.
The basics of the theory is described in section 2.5.3. If the bimetallic material is applied to the theory,
some additional procedures are requested. As discussed above, it is defined as normalized Gibbs free
energy by surface area A at a given temperature (T) and a pressure (p). The surface free energy of
bimetallic material is written as follows;

1
y(r o} N3 (V) =5 |6(T o N D) - Y N = Y | (€)
i J

= 26T (0 M Ve, () — Nasta — Notwma — . Ny |
J
Here the bimetallic material consists of two metal elements A and B. N is the total number of
substrate atom, y, and yg are the mole fractions of metal element A and B, respectively, i.e. ya +
xs = 1. pa, ug and y; are the corresponding chemical potentials.

The chemical potential of bulk reservoir of the alloy (u,,) can be expressed by the chemical
potentials of metal species included in the alloy (4, and ug) as shown below. yawuiky and xgpuik)
are the mole fraction of the bulk alloy. However, surface segregation causes a difference in the surface
and bulk stoichiometries, which alters w,, pg and pu., and hence the difference of the chemical
potentials Aua_g (= ua — ug). Destruction of the bulk alloy proceeds when the chemical potentials
of each component exceeds the potential of pure metal, s > pa pure OF U > Uppure- The range of

Aua_g Where the alloy can be stably maintained is described as follows;

Hbulk = XA(bulloMa T XBbulloMe = Xabulk) (Ua—uB) + U (C2)
= Xa(bulAUa-B T Us,
Apia-B(a-rich) = Apa-B = Ala-B(B-rich) (C3)
Ha,pure — Hbulk
App-B(a-rich) = (—) (C4)
A—-B(A-rich) 1 _XA(bulk)
Hpulk — UB,pure
App-B(B-rich) = (—) (C5)
A—B(B-rich) 1 _XB(bulk)
Taking into accounts of above equations, eq. C1 is rewritten as follows;
1
y=7 [E;/aB — NEpui — Ndpa—g(Xa — Xamuo) — Nini (T, p;)] (C6)
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Appendix D

Details of CLS simulations
The CLS (E¢1s) is determined by the energy change of core-BEs between the interested (BE) and
referenced (BE..s) atoms, which indicates the difference of chemical environment.
Ecis = BE — BE,.. (D1)
The BE is defined as the energy to remove an electron from an interested core orbital (Koopmans’
theorem). It is necessary to get accurate BE values for reliable CLS simulation. The simulated absolute
BE includes some artificial effects, which comes from the basis of DFT, while the CLS (relative BE)
cancels out these effects, leading to a good agreement with experimental results. There are three ways
to estimate the BE. The Initial State (IS) approximation assumes that the BE is the eigenvalue of
interested core orbital (—¢) without electron excitation. Whereas, the final state (FS) approximation is
more complex, here the BE is defined as the difference of total electron energies between unexcited
(n;) and excited (n; — 1) systems, where the electron is excited from interested core orbital to the
valence for the electro-neutrality. It can take into account of the electron relaxation/screening process,
but needs somewhat high computational cost.
BE!S = —¢f5, (D2)
BE® = [E(n; — 1) = E(n)]. (D3)
The transition state (TS) approximation is widely applied to simulate the BE. It is estimated from the
calculated eigenvalue, but includes the so-called FS effect. In DFT, the total electron energy is the
integral of calculated eigenvalue (Janak’s theorem).
g = 0E /dn,, (D4)
When a fractional electron x is excited, the corresponding total energy E(q; =n; —x) and an

eigenvalue F(x) are written as eq. D5 and D6, via the Taylor expansion.

E(qg=n;—x)=EMm) + 1;x + A,x% + -+ 1,,x™ (D5)
A = (CDMEM™ () /m!
F(x) = —g(x) = 4, + 22,0 + -+ mAx™ 1 + - (D6)

The TS approximation assumes the half electron is excited from the core orbital to the valence band,
and the BE is represented by the eigenvalue. The energy difference compared to the FS method is

estimated in eq. D8. The TS approximation does not treat the electron relaxation, but gives an adequate

result.
TS 1 3
BEl- = —& (E>=11+AZ +Z/13+W/1m+ (D?)
1 2ml —m
5TS=BEL-FS—BELTS= E Am—BE?S=ZA3+"‘+WAm+“‘ (D8)

m=1
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