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Abstract

This dissertation explores the atomic-scale processes that govern the stability, structure, and

catalytic properties of Pt/Pd alloy catalysts supported by oxide surfaces, particularly focusing

on the hydroxylated surfaces of α-Al2O3(0001) and α-Fe2O3(0001) surfaces. Through a combi-

nation of density functional theory (DFT) and advanced computational modeling techniques,

this work provides new insights into the thermodynamic stability of hydroxylated oxide surfaces,

the behavior of CO adsorption on alloy nanoparticles, and the effects of surface composition on

catalytic performance.

Key findings reveal that hydroxylated surfaces with low concentrations of hydroxyl groups are

thermodynamically stable across a wide range of chemical potentials, offering a robust frame-

work for understanding oxide-supported catalysts. The study also uncovers how the local atomic

environment within Pt/Pd alloy nanoparticles significantly influences CO adsorption charac-

teristics, with both surface and subsurface compositions playing critical roles. Furthermore,

the research highlights the impact of surface hydroxylation on the adsorption and migration

behaviors of Pt and Pd species, emphasizing the importance of surface conditions in catalytic

applications.

Additionally, the dissertation employs Gaussian process regression (GPR) and Monte Carlo sim-

ulations to predict the segregation behavior of Pd/Pt alloys and the influence of CO adsorption,

showing how temperature and CO partial pressure can dramatically alter surface composition

and catalytic activity.

This work advances our understanding of heterogeneous catalysis at the atomic level, offer-

ing valuable insights that can inform the design of more efficient and durable catalysts for

applications in emission control and energy conversion.
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Zusammenfassung

Diese Dissertation untersucht die atomaren Prozesse, die die Stabilität, Struktur und katalytis-

chen Eigenschaften von Pt/Pd-Legierungskatalysatoren bestimmen, die auf Oxidoberflächen

geträgert sind, wobei der Schwerpunkt auf den hydroxylierten Oberflächen von α-Al2O3(0001)

und α-Fe2O3(0001) liegt. Durch eine Kombination aus Dichtefunktionaltheorie (DFT) und

fortgeschrittenen rechnergestützten Modellierungstechniken liefert diese Arbeit neue Erkennt-

nisse zur thermodynamischen Stabilität von hydroxylierten Oxidoberflächen, zum Verhalten

der CO-Adsorption auf Legierungsnanopartikeln sowie zu den Auswirkungen der Oberflächen-

zusammensetzung auf die katalytische Leistung.

Wesentliche Ergebnisse zeigen, dass hydroxylierte Oberflächen mit niedrigen Konzentrationen

an Hydroxylgruppen über einen weiten Bereich chemischer Potentiale thermodynamisch stabil

sind und somit ein robustes Modell für das Verständnis von oxidgestützten Katalysatoren bieten.

Die Studie zeigt außerdem, wie das lokale atomare Umfeld in Pt/Pd-Legierungsnanopartikeln

die Eigenschaften der CO-Adsorption erheblich beeinflusst, wobei sowohl die Zusammenset-

zung der Oberfläche als auch die der zweiten Lage eine entscheidende Rolle spielen. Darüber

hinaus werden die Auswirkungen der Oberflächenhydroxylierung auf das Adsorptions- und Dif-

fusionsverhalten von Pt- und Pd-Spezies untersucht, sowie die Bedeutung der Oberflächenbe-

dingungen für katalytische Anwendungen.

Zusätzlich verwendet die Dissertation Gauß-Prozess-Regression und Monte-Carlo-Simulationen,

um das Segregationsverhalten von Pd/Pt-Legierungen und den Einfluss der CO-Adsorption

vorherzusagen, wobei gezeigt wird, wie Temperatur und CO-Partialdruck die Oberflächen-

zusammensetzung und die katalytische Aktivität drastisch verändern können.

Diese Arbeit erweitert das Verständnis der heterogenen Katalyse auf atomarer Ebene und liefert

wertvolle Erkenntnisse, die die Entwicklung effizienterer und langlebigerer Katalysatoren für

Anwendungen in der Emissionskontrolle und Energieumwandlung unterstützen können.

iii





Contents

Abstract i

1. Introduction 1

1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2. Hydroxylated Oxide Surfaces of α-Al2O3 and α-Fe2O3 . . . . . . . . . . . . . . . 3

1.3. CO as Probe Molecule on Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4. PdPt Ostwald Ripening on Oxide Surfaces . . . . . . . . . . . . . . . . . . . . . 8

1.5. Surface Segregation of PdPt Alloys . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.6. Scope of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2. Computational Theory and Methods 13

2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2. Quantum Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1. Born-Oppenheimer Approximation . . . . . . . . . . . . . . . . . . . . . 15

2.2.2. Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3. Transition State Search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1. Nudged Elastic Band Method . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.2. Dimer Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4. Harmonic Approximation in Vibrational Analysis . . . . . . . . . . . . . . . . . 26

2.5. Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5.1. Ideal Gas Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5.2. Harmonic Oscillator Approximation . . . . . . . . . . . . . . . . . . . . . 31

2.5.3. Surface Free Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.6. Markov Chain Monte-Carlo Method . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7. Gaussian Process Regression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3. Stability of Hydroxylated Oxide Surfaces at High Temperatures 37

3.1. Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1. Calculation of Stability of Metal Oxide Surfaces . . . . . . . . . . . . . . 39

3.2.2. Thermodynamic Stability of Hydroxylated α-Al2O3(0001) Surfaces . . . . 41

3.2.3. Thermodynamic Stability of Hydroxylated α-Fe2O3(0001) Surfaces . . . . 46

v



Contents

3.2.4. Kinetics and Mechanism of Local Surface Reconstruction in the Hydrox-

ylation of α-Al2O3(0001) Surfaces . . . . . . . . . . . . . . . . . . . . . . 56

3.2.5. Diffusion Mechanisms for the Formation of Extended Hydroxylated α-

Al2O3(0001) Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.3. Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4. CO as Probe Molecule on Surfaces 63

4.1. CO Adsorption on PdPt alloy (111) Surfaces . . . . . . . . . . . . . . . . . . . . 63

4.1.1. Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.1.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2. CO Adsorption on α−Al2O3(0001) Surfaces . . . . . . . . . . . . . . . . . . . . 69

4.2.1. Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5. PdPt Ostwald Ripening on Oxide Surfaces 77

5.1. Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2.1. PdPt Migration on α−Al2O3(0001) Surfaces . . . . . . . . . . . . . . . . 79

5.2.2. PdPt Migration on CeO2(100) Surfaces . . . . . . . . . . . . . . . . . . . 84

5.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6. Surface Segregation of PdPt Alloys 89

6.1. Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2. Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2.1. Model Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2.2. Surface Segregation in CO Environment . . . . . . . . . . . . . . . . . . 97

6.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7. Conclusion and Outlook 105

References I

Appendix XXIII

A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temper-

atures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXIII

A.1. Stability of surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXIII

A.2. Investigated reaction paths . . . . . . . . . . . . . . . . . . . . . . . . . . XXV

A.3. Total energies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXVIII

vi



Contents

B. Stability of hydroxylated α-Fe2O3(0001) surfaces . . . . . . . . . . . . . . . . . . XXXI

B.1. Stability of surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXI

B.2. Total rnergies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXI

B.3. Magnetic moments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXIII

B.4. Transition between hematite and magnetite . . . . . . . . . . . . . . . . XXXIII

B.5. Dependence of the reaction energies on the oxygen reference . . . . . . . XXXIV

B.6. Vibrational contributions to Gibbs Free Energy . . . . . . . . . . . . . . XXXV

B.7. CO and H2O adsorption on relative surfaces . . . . . . . . . . . . . . . . XXXVII

C. CO adsorption on Pd/Pt (111) surfaces . . . . . . . . . . . . . . . . . . . . . . . XXXVIII

C.1. Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XXXVIII

D. CO adsorption on α-Al2O3(0001) surfaces . . . . . . . . . . . . . . . . . . . . . XLV

E. Cross-validation for GPR model . . . . . . . . . . . . . . . . . . . . . . . . . . . XLVII

List of Abbreviations LI

Acknowledgment LIII

List of Publications LV

Eidesstattliche Versicherung LVII

vii





1. Introduction

1.1. Motivation

The internal combustion engine has been a driving force of modern society, powering vehicles

and machinery that facilitate global transportation and industrial processes. However, the

combustion of fossil fuels in these engines emits pollutants such as carbon monoxide (CO),

unburned hydrocarbons (HC), and nitrogen oxides (NOx) (compositions shown in Fig. 1.1),

which have detrimental effects on air quality and public health. To mitigate these emissions,

catalytic converters have become an essential component of automotive exhaust systems, with

the three-way catalyst (TWC) being the most prevalent technology for gasoline engines.

Figure 1.1: Engine exhaust gas compositions obtained by a single-cylinder diesel engine were op-
erated with different diesel fuels (diesel, Rapeseed Methyl Ester (RME), Gas-to-Liquid (GTL))
as well as with propane/diesel in a dual fuel combustion mode. Exhaust gas recirculation (EGR)
was also used in most of the cases, as it is a well-known engine calibration strategy currently
used to reduce NOx. Reprinted with permission from Environ. Sci. Technol. 2014, 48, 4,
2361–2367.[1] Copyright© 2014 American Chemical Society.

Three-way catalysts are so named because they simultaneously facilitate three critical reactions:

the oxidation of CO to carbon dioxide (CO2), the oxidation of unburned hydrocarbons to CO2

and water, and the reduction of NOx to nitrogen gas (N2). The active components in TWCs are

noble metals from the platinum group metals (PGMs), such as platinum (Pt), palladium (Pd),

and rhodium (Rh). [2] These metals are finely dispersed as nanoparticles on high-surface-area

oxide supports like alumina (α-Al2O3) or ceria (CeO2), which enhances their catalytic efficiency

by increasing the available active sites for reactions.

Despite their effectiveness, the reliance on PGMs presents significant challenges since platinum,

palladium and rhodium recorded significant deficits in 2023. These metals are scarce and ex-

pensive, with a substantial portion of global production dedicated to automotive—over 80%

of rhodium and palladium and 43% of platinum as of 2023. [3] The high cost and finite sup-

ply of PGMs necessitate strategies to reduce their usage without compromising the catalytic

performance. This need is further intensified by increasingly stringent emission regulations

and advancements in engine technology that lower average exhaust temperatures, demanding

catalysts that are active under these new conditions. [4]

1



1.1. Motivation

Efforts to replace PGMs with more abundant, non-noble metals have been explored. Metals

like copper[5], nickel[6], and cobalt[7] exhibit some catalytic activity for oxidation reactions.

However, they often fall short in meeting all the requirements for automotive catalysts, such

as high-temperature stability, resistance to poisoning by fuel impurities, and sufficient low-

temperature activity. As a result, the most promising approach lies in enhancing the efficiency

and stability of existing PGM catalysts to reduce the amount of noble metal required.

Achieving this goal requires a fundamental understanding of the catalysts at the atomic level.

Catalytic activity is governed by the nature of active sites on the nanoparticle surfaces, which

are influenced by factors such as particle size, shape, composition, and interactions with the

support material. However, real-world catalysts are complex, hierarchically structured materials

with significant structural heterogeneity. Nanoparticles vary in size and morphology, and their

random orientations and interactions with the support add complexity. [8–12] Moreover, only

a fraction of the metal atoms in a catalyst are on the surface and directly participate in the

catalytic reactions.

Additionally, catalysts undergo dynamic structural changes during operation, such as sintering,

where particles grow larger and reduce surface area, or changes in oxidation state due to varying

reaction conditions. [8] These transformations can alter the activity and selectivity of the cat-

alysts over time, posing challenges for maintaining optimal performance and for characterizing

the catalysts under realistic conditions.

Addressing these challenges necessitates a multiscale approach that bridges the gap between

macroscopic catalytic performance and microscopic structural understanding. By integrating

advanced synthesis techniques, in situ and operando characterization methods, and theoretical

modeling, we can investigate catalysts across different length scales, from atomic clusters to

industrial reactors. This comprehensive understanding is essential for the rational design of

next-generation catalysts with reduced noble metal content and enhanced performance.

This dissertation aims to contribute to this endeavor by focusing on several key areas that

are critical for advancing the understanding and development of heterogeneous catalysts for

emission control:

• Hydroxylated Oxide Surfaces of α-Al2O3 and α-Fe2O3: The properties of oxide supports

significantly influence the dispersion, stability, and activity of supported metal nanoparti-

cles. Hydroxyl groups on oxide surfaces can modify surface reactivity and metal-support

interactions. Investigating the atomic structures of hydroxylated surfaces under various

conditions enhances our understanding of how these surfaces interact with metal nanopar-

ticles and reactants. This knowledge can inform strategies to optimize the support mate-

rials to improve catalyst performance and durability.

• CO as a Probe Molecule on Surfaces: CO is widely used as a probe molecule to study

surface properties due to its sensitivity to the electronic and structural characteristics of

2
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metal surfaces. Analyzing CO adsorption on Pt, Pd, and their alloys provides valuable

insights into the nature of active sites, surface morphology, and electronic states. This

research helps in characterizing catalysts and understanding how modifications at the

atomic level.

• Ostwald Ripening of PdPt Nanoparticles on Oxide Surfaces: Catalyst stability during

operation is a significant concern, as nanoparticles can grow and agglomerate over time

through processes like Ostwald ripening, leading to decreased surface area and activ-

ity. Examining the mechanisms of Pd and Pt atom migration and aggregation on oxide

supports such as α-Al2O3 and CeO2 provides insights into how support materials and

reaction conditions influence nanoparticle stability. Understanding these mechanisms can

inform the design of catalysts that are more resistant to sintering, thereby enhancing their

longevity.

• Surface Segregation in PdPt Alloys: In bimetallic catalysts, the distribution of different

metal atoms on the nanoparticle surface is influenced by the reaction condition and can

significantly affect catalytic properties. Surface segregation phenomena, where one type of

metal atom preferentially occupies the surface, can alter reactivity and selectivity due to

changes in electronic structure and adsorption energies. Studying how Pd and Pt atoms

segregate under various reaction conditions enables the tuning of surface composition to

optimize catalytic performance. Machine learning methods, such as Gaussian process

regression, can model these behaviors and predict the most stable and active surface

structures.

1.2. Hydroxylated Oxide Surfaces of α-Al2O3 and α-Fe2O3

The corundum-type oxides of aluminum and iron, α-Al2O3 and α-Fe2O3, are currently of great

interest, both from a technological and a fundamental scientific point of view.

Like γ-alumina [13], α-alumina is also employed as a support material for metal particles in

catalysis [14–26] and for atoms or molecules [27–31]. The α-Al2O3(0001) surface is frequently

studied, for example, with respect to its interface with solids and liquids [32–45]. The level of

hydroxylation has been shown to influence the reactivity of oxide surfaces critically [46–52]. Due

to its importance, multiple studies have also focused on the atomic structure of the clean α-

Al2O3(0001) surface itself [53–55]. However, many aspects remain unclear, specifically how the

surface termination changes as a function of external conditions.

In ultra-high vacuum (UHV), the clean (1×1)-α-Al2O3(0001) surface is stable until, at temper-

atures higher than 1000 ◦C, surface reconstructions take place. Most notably, at above 1350 ◦C,

the oxygen-deficient (
√

31×
√

31)R9◦ surface is formed [56–60]. The hydroxylated state of the

α-Al2O3(0001) surface, which is caused by exposure to water, has also received considerable

attention [61]. Based on temperature-programmed-desorption (TPD) experiments, it has been

3
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concluded that water is completely desorbed at temperatures higher than 600 K [62]. On the

other hand, analysis of X-ray photoelectron spectroscopy (XPS) of the O 1s level suggests that

hydroxyl groups are present even when the surface is annealed up to 1000 K–1200 K [46, 47].

Different reports, however, propose that characteristic high-temperature XPS features do not

stem from OH-groups [63]. Based on ion-scattering experiments, it was concluded that OH-

groups are present up 1100 ◦C [64]. The use of low energy electron diffraction (LEED) for

structure-determination is limited because the electron beam has been reported to lead to de-

hydroxylation [56, 65]. The presence of water was also studied for the α-Al2O3(11̄02) surface
[66, 67], the α-Al2O3(112̄0) surface [67–71] and for other modifications of Al2O3, such as the γ and

θ phases [72–75].

Various theoretical investigations have shown that the Al-terminated, stoichiometric (1×1)-

surface is the most stable α-Al2O3(0001) surface in the absence of water and that the formation

of reduced surfaces is expected only for low chemical potentials of oxygen [76, 77]. Two main

types of hydroxylated surfaces have been studied theoretically. The first surface results from

water adsorption and dissociation on the clean surface [78–85]. Here, multiple investigations

have shown that water adsorption and dissociation is facile up to µH2O ≈ -1.5 eV. The barrier

for dissociation was shown to be low (< 0.5 eV [79, 82]) and further diffusion of the dissociated

proton was also studied [81, 86]. Another termination is the fully hydroxylated surface, which can

be derived from the oxygen terminated α-Al2O3(0001) surface, where every surface oxygen is

saturated with hydrogen. This results in the most stable known hydroxylated surface [76, 79, 80].

At low temperatures, an additional 2D-ice-like layer of water was predicted to form on top of

this surface and this has also been investigated in detail [78–80, 87, 88]. Despite being more stable,

it is not clear how the fully hydroxylated surface can form from the stoichiometric surface since

these surfaces differ in the concentration of Al atoms in the first layer [78, 80].

Iron oxides are abundantly available on Earth and are technologically relevant in many areas.[89]

The common oxidation states of Fe are +2 and +3 and this leads to the existence of iron ox-

ides with varying composition, where hematite (α-Fe2O3) consists only of Fe3+. In catalysis,

hematite was investigated as an electrode material for photocatalytic water-splitting, as a cat-

alyst for H2S-removal[90–92] and as a precatalyst for CO2 hydrogenation to hydrocarbons. [93–96]

Iron is also discussed as an energy carrier, which can be oxidized to iron oxide using retrofitted

coal plants and reduced using green H2.
[97] On an atomic scale, the surface of hematite is one

of the central surfaces for oxidation/reduction processes. [98]

The atomic structure of a surface controls its reactivity and properties. Making reliable pre-

dictions using first-principles calculations thus requires the determination of the state of the

surface, which is given by the thermodynamically most stable termination, if the system is

in equilibrium. Hydroxylation is difficult to determine both experimentally and theoretically,

but is known to strongly influence the properties of oxide surfaces. [99] For this reason, many

studies have been concerned with determining the most stable termination of the 0001-surface

4
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of hematite.[100–107]

Like alumina, hematite crystallizes in the corundum structure, see Fig. 1.2, and particles with

different morphologies can be synthesized or found in nature. [108, 109] The stable 0001-facet is

found in naturally occurring crystals and has been the subject of many investigations.[110–113]

The most stable stoichiometric termination of α-Fe2O3(0001) is the single-metal, or O3-M

terminated surface,[113] which is analogous to α-Al2O3
[53, 100]. This is also referred to as the

clean or dry surface and we will from here on refer to it as the dry surface.

However, in contrast to α-Al2O3, hematite can be more easily reduced at the surface, which is

also one of the essential properties in its applications. For theoretical investigations, changes

in the oxidation state of Fe pose a considerable challenge. For iron oxides, the local density

approximation (LDA) and the generalized gradient approximation (GGA) are generally con-

sidered insufficient to obtain qualitatively correct results for properties, such as the band gap,

magnetic moments, but also for the stability and reactivity of surfaces. The computationally

most efficient way to tackle these challenges is through a Hubbard-U correction [114–117] applied

to the d-electron of the transition metal atoms.

Figure 1.2: Single Fe-terminated surface model (Clean and dry surface). (a) top view (b) side
view. Using letters (A, B, C) in the lower corner to indicate atoms at different layers, and
use the number (1, 2) of upper corners to distinguish different atoms in the same layer. Large
spheres represent metal atoms while small spheres are oxygen atoms.

The α-Fe2O3(0001) surface has been studied computationally in 2004 by Rohrbach, Hafner and

Kresse using GGA+U calculations.[113] Their study included the stoichiometric single-metal (or

O3-M) terminated surface (same as the dry surface), as well as reduced (oxygen deficient) and

oxidized (oxygen enriched) surfaces. As in other investigations,[100, 102] their GGA-calculations

5



1.3. CO as Probe Molecule on Surfaces

predict oxidized surfaces, where the formal oxidation state of Fe exceeds +3, to be relatively

stable. However, ref. 113 clearly showed that oxidation of the surface is predicted to be

significantly less favorable when using GGA+U with Ueff = U − J = 4 eV. Specifically, the

chemical potential of oxygen µO below which the dry surface becomes more stable than any

oxidized surface is shifted from µO ≈ -1.25 eV to µO ≈ -0.1 eV for Fe2O3(0001) when Ueff = 4

eV is applied. According to the GGA+U calculations, oxidized α-Fe2O3(0001) surfaces (formal

oxidation state of Fe > +3) are therefore not expected to form at relevant conditions. Recently,

Wang and Hellmann have also found, using calculations with the HSE hybrid functional, that

oxidation of the hematite surface is only viable at very high chemical potentials of oxygen

(µO > -0.25 eV).[118] It is also noteworthy, that the coexistence of surface areas with different

terminations was predicted with DFT for α-Fe2O3(0001). [101, 119, 120]

The existence of ferryl terminations (Fe=O) has been discussed extensively and was proposed

based on infrared (IR) spectroscopy measurements under mildly oxidizing conditions, for ex-

ample, 973 K and 2 mbar O2, corresponding to µO = -1.2 eV.[121] However, as indicated above,

computational investigations going beyond the GGA level (either GGA+U or hybrid functional)

find oxidized structures including ferryl groups to be unfavorable.[104, 118] Surface sensitive X-

ray diffraction measurements also indicate the presence of oxygen at the surface of hematite[99],

which may, however, also be present in the form of hydroxyl groups.

In addition to oxidation and reduction, the adsorption of water and the formation of hydroxyl

groups play an important role in determining the properties of hydroxylated oxide surfaces.[122]

Hydroxylation of hematite surfaces has been observed experimentally using XPS[123] and polarization-

dependent infrared reflection absorption spectroscopy (IRRAS)[124]. Computationally, the ad-

sorption of water on the dry surface and its dissociation were studied extensively.[103, 104, 124–126]

The other main hydroxylated surface that has been studied a lot is the fully hydroxylated surface

(Fe-(OH)3 terminated).[118] The interface of hematite with liquid water was also investigated in a

number of studies.[127–129] Beyond the well-known dry surface and the fully hydroxylated surface,

a vast number of hydroxylated structures have been studied computationally. [103, 104, 118, 124–131]

These were typically obtained by cutting the surface at some layer (O3, Fe, or Fe2) and adding

variable amounts of H or OH groups. Many of the structures generated in this way contain Fe

in bonding situations differing from the usual oxidation states (+2 and +3). To our knowledge

there is no known stable hydroxylated structure in between fully hydroxylated and dry surfaces,

except defective reduced structures that are only stable at the extremely low chemical potential

of oxygen µO.

1.3. CO as Probe Molecule on Surfaces

Pd/Pt alloy NPs are most prominently used for emission control in applications involving CO

and methane oxidation, as well as catalysts in fuel cells.[132, 133] The use of an alloy increases the

stability of the NPs against aging: Pure Pt NPs sinter and decrease in their catalytic efficiency
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in the catalysis process, but the addition of Pd slows this process down, making the catalysts

last longer[134–137] and possibly increases the catalytic activity.[138] In emission control, Pd/Pt

NPs are often supported by Al2O3 due to its good thermal and mechanical stability as well as

the high surface area that is achieved when a porous Al2O3 structure is used.[136, 139]

The catalytic activity is controlled by the active surface sites of the NPs.[140]. To study the

active sites, model systems with good control over all structural parameters are needed. Here,

NPs are grown onto α-Al2O3 single-crystal substrates and are probed by CO adsorption. Similar

model catalysts were employed in the past to study the pressure and coverage dependence [141]

of CO adsorption on Pd NPs. The adsorption of CO molecules on metal surfaces weakens the

bond between carbon and oxygen, resulting in a shift in the vibrational frequency that can be

probed by Fourier transform infrared reflection absorption spectroscopy (FT-IRRAS).[142, 143]

The frequency shift reflects the chemical environments at the catalyst surface, as well as the

adsorption site.

CO can adsorb on metal surfaces in different configurations, most of them fall into one of

three categories: on-top, bridge or hollow adsorption sites. It is well established that at room

temperature Pt surfaces favor on-top adsorption of CO [144, 145], whereas Pd surfaces mostly give

rise to bridge- and hollow-site adsorption.[146, 147] At lower temperatures (and higher coverages)

on-top adsorption of CO on Pd and bridge site adsorption on Pt is possible. Furthermore, the

adsorption configuration may depend on the coverage.[141] As a trend, the wavenumber to excite

a vibrational state of the CO adsorbed on a bridge site is larger than on a hollow site, and the

wavenumber corresponding to adsorption on-top is larger than the wavenumber corresponding to

adsorption on bridge sites.[144, 148–150] In many cases, the vibrational frequency for CO increases

with increasing coverage due to dipole-dipole coupling in between adsorbed CO molecules and

due to changes in the chemical bond in the presence of several molecules.[151–154] For NPs, the

molecular vibration of CO is influenced by the coordination number of the adsorption site,

specifically considering adsorption on edges compared to adsorption on facets. [149, 151, 155] From

theoretical and experimental investigations it is known that CO adsorption on Pt steps and

edges results in lower vibration wavenumbers compared to adsorption on facets.[156, 157] On the

contrary, for the adsorption of CO on Pd, the wavenumber of the molecular vibration of CO

increases when the molecule adsorbs on a low coordinated site.[141, 147] Moreover, in the case of

NPs, CO adsorption on the support may also take place.[158]

In the case of alloy NPs, additional phenomena take place that influence the CO adsorption

behavior: DFT calculations predict that the Pd/Pt alloy surface termination depends on the

bulk alloy composition and the surrounding atmosphere.[159] Under UHV, for Pd-rich alloys the

formation of a Pd shell is energetically favorable, whereas it is favorable to form a Pt shell if the

alloy is Pt-rich.[159] If an oxygen adlayer is present, Pd segregation is energetically advantageous

due to its high affinity towards oxygen adsorption. Experimental investigations regarding the

surface segregation of Pd/Pt alloy NPs report a preference for Pd segregation in UHV, H2, and
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oxygen.[160–162]

Given the great complexity of Al2O3 nanomaterials, a thorough understanding remains a chal-

lenging task. Consequently, surface science studies based on well-controlled model systems are

required to provide reliable and accurate reference data. IR has the advantage of being applied

to metal-oxide systems in the form of both macroscopic monocrystals and powder particles.
[163] However, studies using IRRAS on oxide single-crystal surfaces face significant inherent

experimental challenges due to the dielectric properties of oxidic substrates.

The α-Al2O3 surface is known to be the most energetically stable surface of α-Al2O3. In ad-

dition, the bare, adsorbate-free α-Al2O3(0001) has been proposed to be single Al-terminated

(shown in Figure 3.1a). Here, our collaborators present the first polarization-resolved IRRAS

data on the α-Al2O3(0001) single crystal surface using CO as a probe molecule. The CO

surface-ligand IR (CO-SLIR) approach has been demonstrated to be extremely sensitive to the

surface structure of catalysts and the chemical environments of adsorption sites. [164–169] The IR-

RAS characterization was complemented by grazing-emission X-ray photoelectron spectroscopy

(XPS).

1.4. PdPt Ostwald Ripening on Oxide Surfaces

Ostwald ripening is a critical process in the stability and activity of metal catalysts supported

on oxide surfaces. Pd clusters on CeO2(111) predominantly undergo Ostwald ripening due to

the high mobility of Pd atoms compared to clusters. This process is facilitated by adsorbed

CO, which lowers the diffusion and detachment barriers for Pd atoms.[170] In oxidizing environ-

ments, volatile PtO2 species on CeO2 can be trapped at defect sites, forming stable single-atom

catalysts, which prevents particle growth and enhances sintering resistance.[171] The interaction

of Pd with the α-Al2O3(0001) surface, especially under hydroxylation, shows that hydroxy-

lated surfaces reduce the binding energy and hopping rate of Pd atoms, leading to more stable

atomistic configurations and impacting cluster formation.[172] DFT studies show that Pd atoms

on hydroxylated α-Al2O3(0001) surfaces exhibit a significant interaction, which is modulated

by the presence of hydroxyl groups, influencing the catalytic properties and stability of the

surface.[173] Hydroxylation of α-Al2O3(0001) significantly stabilizes the surface and lowers the

surface free energy, which influences the morphology and reactivity of Pd clusters.[174] The hy-

droxylation of surfaces impacts the diffusion pathways and energy barriers for metal atoms,

thereby affecting the sintering behavior and stability of catalytic sites.[66]

Computational research indicates that the Ostwald ripening of Pd and Pt on α-Al2O3(0001) and

CeO2(111) surfaces is significantly influenced by the surface hydroxylation state. Hydroxylated

surfaces stabilize metal atoms, reduce diffusion barriers, and impact the formation and stability

of catalytic clusters, enhancing the catalytic efficiency and sintering resistance of supported

catalysts.
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1.5. Surface Segregation of PdPt Alloys

The structure of a metal catalyst is pivotal in determining its activity. [175–177] Recent in situ

experiments have revealed that catalysts undergo significant structural reconstructions when

exposed to changing gaseous environments. [178–180] One example is the reshaping of metal

NPs under reaction conditions, which has attracted considerable attention because it alters

the number of active sites and can generate new ones during structural transformations. [181]

Therefore, understanding the nonequilibrium transformations of nanocatalysts under reaction

conditions is important because the process may create metastable atomic structures that offer

unique activities in reactions.[182]

For a multicomponent alloy system, we are interested in understanding the behavior of a system

over a vast configuration space. For instance, in an alloy with two types of atoms (A and B),

each site in the lattice can be occupied by either atom A or atom B. The number of possible

configurations grows exponentially with the number of sites.

Surface segregation in PdPt alloys is a critical factor influencing their catalytic properties,

structural stability, and overall performance in various applications. Computational studies

provide detailed insights into the atomic-scale mechanisms and energetics of surface segregation

phenomena.

Surface segregation studies using Monte Carlo simulations and DFT reveal that Pd atoms

tend to segregate to the surface layers in PdPt alloys. This enrichment is driven by the lower

surface energy of Pd compared to Pt.[183] Segregation profiles often show an oscillatory be-

havior, with alternating layers of Pd enrichment and depletion below the surface.[184] Higher

temperatures generally reduce the extent of Pd segregation due to increased atomic mobility

and mixing. However, segregation can still be pronounced at elevated temperatures in specific

alloy compositions.[185] The segregation behavior is significantly influenced by the overall com-

position of the alloy. Pd-rich alloys show more pronounced segregation compared to Pt-rich

alloys.[186] In PdPt NPs, Pd tends to segregate to the surface, forming Pd-enriched shells with

Pt-enriched cores. This segregation is influenced by factors such as particle size, shape, and

surface facets.[187] Monte Carlo simulations have shown that both core-shell and random alloy

PdPt NPs can be metastable and kinetically trapped, which impacts their segregation behavior

and catalytic activity.[187] The presence of gases like hydrogen and oxygen can enhance Pd seg-

regation at lower temperatures. Hydrogen treatment, in particular, has been shown to induce

significant Pd segregation, which can be reversed by annealing.[188] The adsorption of gases such

as H2, O2, and CO influences the segregation dynamics and can alter the surface composition

significantly.[189]

The Gaussian process regression (GPR) model is a nonlinear, nonparametric regression tool

useful for interpolating between data points scattered in a high-dimensional input space. [190] It

is based on Bayesian probability theory and has very close connections to other regression tech-

niques, such as kernel ridge regression (KRR) and linear regression with radial basis functions.
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GPR has been applied in computational materials science to predict various properties of mate-

rials and alloys, including the study of atomistic properties and the construction of interatomic

potentials. This method aids in the understanding of material behaviors at the atomic level,

including segregation phenomena.[190] The scalable application of GPR for predicting material

properties has demonstrated its efficiency in handling large datasets while maintaining high ac-

curacy. This includes the prediction of segregation tendencies in binary alloys, leveraging batch

processing and co-clustering techniques.[191] Multi-fidelity GPR approaches have been developed

to enhance the prediction accuracy of random fields in materials science. This method integrates

data from various fidelity levels to improve the reliability of predictions regarding alloy segrega-

tion and other properties.[192] GPR has been used to accelerate computational processes, such

as geometry optimizations in materials modeling. By interpolating potential energy surfaces,

GPR reduces the computational cost and enhances the efficiency of studying alloy segregation

at the atomic level.[193] Methods have been developed to handle the computational challenges

associated with GPR, particularly when dealing with large datasets. These methods involve

optimizing the covariance function and reducing the complexity of matrix operations, which are

crucial for studying segregation in complex alloy systems.[194]

The study of surface segregation and adsorption phenomena in bimetallic alloys is of paramount

importance in heterogeneous catalysis and surface science. Pd/Pt alloys, in particular, have

gained significant attention due to their remarkable catalytic properties in various chemical

reactions, including hydrogenation, oxidation, and CO oxidation. Understanding the atomic-

scale behavior of these alloy surfaces under different environmental conditions is crucial for

optimizing their catalytic performance and stability.

1.6. Scope of the Thesis

The aim of this thesis is to gain a deeper understanding of the structure and composition of

PtPd model catalysts, which are supported by metal oxides under operando conditions. The

contents of this thesis can be summarized by the following:

Chapter 3 presents a detailed DFT study on the thermodynamic stability of hydroxylated α-

Al2O3 and α-Fe2O3(0001) surfaces. For α-Al2O3(0001), we report a new termination with low

concentrations of hydroxyl groups, shown to be more stable than previously reported structures

at low chemical potentials of water, maintaining stability up to around 1000 K at 1 mbar partial

pressure. The formation of these surfaces from adsorbed water is thermodynamically favorable

with accessible barriers. For α-Fe2O3(0001), hydroxylated surfaces with low OH-concentrations

are stable within a water chemical potential range of −0.95 eV to −2.22 eV, predicted to be

the dominant termination under various experimental conditions. Reduced surfaces with Fe2+

are only stable at very low oxygen chemical potentials (µO < -2.44 eV), except for a single

OH-group removed surface stable at higher µO.

This chapter is based on:
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• Chen, J.; Sharapa, D.; Plessow, P. N. Stability and formation of hydroxylated α-Al2O3(0001)

surfaces at high temperatures. Phys. Rev. Res. 2022, 4 (1). DOI: 10.1103/physrevre-

search.4.013232

• Chen, J.; Sharapa, D. I.; Plessow, P. N. Stability of hydroxylated α-Fe2O3(0001) surfaces.

ACS Omega 2024, 9 (33). DOI: 10.1021/acsomega.4c02113

Chapter 4 presents a comprehensive study on CO adsorption on Pd/Pt NPs with varying

compositions, using FT-IRRAS and DFT calculations. The study reveals that CO adsorption

sites and stretching band frequencies are influenced by the Pd/Pt alloy ratio, with distinct

behaviors compared to pure Pd and Pt NPs. Additionally, the chapter includes findings on the

reactivity and partial hydroxylation of the Al-terminated α-Al2O3(0001) surface under UHV

conditions, identified through polarization-resolved IRRAS and supported by DFT calculations,

showing two distinct CO species with different binding energies.

This chapter is based on:

• Dolling, D. S.; Chen, J.; Schober, J.-C.; Creutzburg, M.; Jeromin, A.; Vonk, V.; Sharapa,

D. I.; Keller, T. F.; Plessow, P. N.; Noei, H.; Stierle, A. Probing Active Sites on Pd/Pt

Alloy Nanoparticles by CO Adsorption. ACS Nano 2024. DOI: 10.1021/acsnano.4c08291

• Gojare, S.*; Chen, S.*; Chen, J.*; Yu, Z.; Quesada, J. V.; Plessow, P. N.; Fink, K.; Wang,

Y. Adsorption of CO on α-Al2O3(0001): A combined experimental and computational

study. in Preparation (* indicates equal contribution)

Chapter 5 presents a detailed DFT investigation of Pd/Pt species adsorbed and migrated on

α-Al2O3(0001) and CeO2(100) surfaces and the effect of surface hydroxylation.

Chapter 6 presents advanced predictive modeling of Pd/Pt catalyst behaviors through GPR

and Monte Carlo simulations. In this chapter, surface segregation is simulated under different

temperatures and CO partial pressure.

This chapter is based on:

• Chen, J.; Sharapa, D.; Plessow, P. N. Advanced Predictive Modeling of Bimetallic Cat-

alyst Behaviors through Gaussian Process Regression and Monte Carlo Simulations. in

Preparation
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2. Computational Theory and Methods

2.1. Introduction

Computational modeling and simulation of materials have greatly benefited from advancements

in computer technology, leading to the development of sophisticated software that facilitates

the refinement of materials and their applications. Understanding the definitions of ‘model’

and ‘simulation’ is essential: a ‘model’ idealizes the real behavior of a system by approximately

describing it based on empirical or theoretical principles, using mathematical relations to repre-

sent physical quantities or behaviors. In contrast, a ‘simulation’ applies this model to study the

influences of external forces and constraints on the system, with the accuracy of the simulation

depending on various factors, including the chosen methods and underlying assumptions.

Computational Materials Science (CMS), which combines modeling and simulation, is invaluable

for understanding and predicting material behavior. This discipline enables more profound

insights into systems by examining phenomena that might not be accessible experimentally,

thus strengthening the relationship between theoretical predictions and real-world observations.

For systems on the length scale of 1 Å (10−10 m) to 100 microns (10−4 m), where atomic bonding

governs behavior, quantum mechanics provides the framework to study the electronic structure

of atomic bonds and electron distributions within materials.

In this chapter, we introduce the theoretical basis of the methods employed in this disser-

tation. For investigating multi-atomic systems, DFT serves as a primary tool to compute

electronic ground-state energy and optimize atomic configurations at 0 K. By applying the

Born-Oppenheimer approximation, which separates the fast motion of electrons from the rel-

atively slow motion of nuclei, DFT enables accurate calculation of electronic properties while

treating nuclei as fixed. Additionally, through the harmonic approximation for atomic vibra-

tions, DFT calculations allow us to compute thermodynamic properties such as the Gibbs free

energy, enabling predictions of stability and equilibrium constants. To explore reaction kinetics,

transition states can be identified using the nudged elastic band or dimer methods, with the

resulting energy barriers used to calculate rate constants and bridge static DFT calculations to

kinetic simulations.

Quantum mechanics thus forms the foundation for these calculations, while the Born-Oppenheimer

approximation simplifies the quantum mechanical problem by decoupling electronic and nuclear

motion. Thermodynamics, particularly through Gibbs free energy, provides a framework for un-

derstanding equilibrium and stability, while statistical methods extend these results to account

for more complex material behavior.

Markov Chain Monte Carlo (MCMC) methods are also employed to sample complex probability

distributions, offering insights into systems with many degrees of freedom. By constructing a
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Markov chain that converges to the desired equilibrium distribution, MCMC enables the ap-

proximation of properties such as means and variances, bridging static calculations to dynamic

simulations. Furthermore, GPR is utilized as a non-parametric, probabilistic model for regres-

sion, allowing us to flexibly model data without a predefined functional form. GPR’s capacity

to quantify uncertainty provides an additional layer of insight, particularly useful for modeling

non-linear relationships in materials systems.

Together, these methods—DFT, thermodynamics, statistical sampling with MCMC, and GPR—constitute

a powerful computational toolkit. This toolkit enables a comprehensive approach to investigat-

ing material properties, from electronic structure and stability to reaction kinetics and dynamic

behavior, thus allowing theoretical predictions to translate into meaningful insights about ma-

terials’ real-world performance. In the sections that follow, each method will be discussed in

greater detail, highlighting its relevance and application within this research.

2.2. Quantum Mechanics

In non-relativistic quantum mechanics, the core concept for describing the state of a system

is the wave function. The Schrödinger equation is used to describe the evolution of the wave

function and is one of the fundamental assumptions of quantum mechanics, stating that the

state of a microscopic particle is represented by its wave function. The single-particle time-

dependent Schrödinger equation is:

iℏ
∂Ψ(r, t)

∂t
=

(
− ℏ2

2m
∇2 + V (r, t)

)
Ψ(r, t) (2.1)

Here, Ψ(r, t) is the wave function of the quantum system. It is a complex-valued function that

depends on both position r (which can be a vector in three-dimensional space, i.e., r = (x, y, z))

and time t. The wave function contains all the information about the system. The probability

density of finding a particle at a position r at time t is given by |Ψ(r, t)|2. ℏ is the reduced

Planck constant, defined as ℏ = h
2π

, where h is Planck’s constant. Its value is approximately

6.582 × 10−16 eV · s. ∇2 is also called the Laplacian) which is a differential operator that acts

on the wave function Ψ(r, t). In three dimensions, it is given by:

∇2 =
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
(2.2)

The operator − ℏ2
2m

∇2 represents the kinetic energy part of the Hamiltonian (the total energy

operator) for a particle of mass m. The term ℏ2
2m

has units of energy times length squared,

making the whole term have the correct units of energy. V (r, t) is the potential energy function

of the system. It can depend on both the position r and time t. The potential energy term
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accounts for the forces acting on the particle due to external fields or other particles. The

expression inside the parentheses is the Hamiltonian operator (Ĥ) acting on the wave function

Ψ(r, t):

ĤΨ(r, t) =

(
− ℏ2

2m
∇2 + V (r, t)

)
Ψ(r, t) (2.3)

The Hamiltonian operator represents the total energy (kinetic + potential) of the system. The

term on the left side of the equation 2.1 represents the time evolution of the wave function. The

equation shows that the time evolution of the quantum state (left-hand side) is determined by

the total energy (right-hand side).

Many problems can be approximated as being time-independent so than the potential energy

term V does not explicitly depend on time t, but is only a function of the spatial coordinates r.

In this case, the total energy of particles moving in the potential field is a conserved quantity.

Therefore, the time-independent Schrödinger equation can be written as:

Ψ(r, t) = ψ(r)e−iEt/ℏ (2.4)(
− ℏ2

2m
∇2 + V (r)

)
ψ(r) = Eψ(r) (2.5)

2.2.1. Born-Oppenheimer Approximation

Most electronic structure first-principles methods, including but not limited to DFT, are based

on the time-independent Schrödinger equation. These methods aim to solve the electronic

Schrödinger equation from fundamental physical principles, without relying on empirical pa-

rameters. Aside from DFT, other widely used first-principles approaches include Hartree-Fock

(HF), which approximates the wave function as a single Slater determinant, and Quantum

Monte Carlo (QMC) methods, which use stochastic processes to solve the Schrödinger equation

more accurately but at a higher computational cost. Essentially, these computational methods

can be viewed as different approximate solutions to the Schrödinger equation, each with its own

advantages and limitations depending on the specific system. Here, we assume:

ĤΨ({ri}, {RA}) = EΨ({ri}, {RA}) (2.6)

Considering the kinetic energy of the nuclei, the kinetic energy of the electrons, and the Coulomb

interactions between nuclei, between nuclei and electrons, and between electrons, the Hamilto-

nian in the International System of Units (SI) can be expressed as:
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Ĥ = −
M∑
i=1

ℏ2

2mA

∇2
A −

N∑
i=1

ℏ2

2me

∇2
i +

M∑
A=1

M∑
B>A

ZAZBe
2

4πε0RAB

+
N∑
i=1

N∑
j>i

e2

4πε0rij
−

N∑
i=1

N∑
A=1

ZAe
2

4πε0riA

(2.7)

where:

A and B are the index of nuclei,

i and j are the index of electrons,

mA and mi are the mass of nuclei and electrons,

ZA and ZB are the positive charges carried by each nucleus,

RAB, rij and riA are the nucleus-nucleus, electron-electron and nucleus-electron distance,

e is the elementary charge, e = 1.6022 × 10−19 C,

ε0 is the vacuum permittivity, ε0 = 8.854 19 × 10−12 C2 J−1 m−1.

The first two terms of this equation represent the kinetic energy of the nuclei and electrons,

respectively. The last three terms represent the Coulomb interactions: between the nuclei,

between electrons, and between the nuclei and electrons. The greatest difficulty in solving

the many-body Schrödinger equation lies in the presence of electron-electron interaction terms,

which prevent the use of the separation of variables method to solve the equation. Therefore,

the key to solving this problem is appropriately introducing approximations that transform a

many-body problem into a single-body problem.

Since the presence of ZA

riA
prevents the straightforward separation of variables for the electron and

nuclear motion equations, one key approximation method to further simplify this Schrödinger

equation is the Born-Oppenheimer approximation. Given that the mass of a nucleus is typically

thousands of times greater than that of an electron, the slow motion of the nuclei and the

fast motion of the electrons can be effectively separated and solved independently, without

introducing significant errors. Theoretically, we can explicitly separate the nuclear motion part

from the total wave function. In the Born-Oppenheimer approximation, the total wave function

Ψ(r,R) is expressed approximated as a product of the electronic wave function ψ(r;R) and the

nuclear wave function χ(R):

Ψ({ri}, {RA}) = ψ({ri}; {RA})χ({RA}) (2.8)

Here, ψ({ri}; {RA}) represents the electronic wave function under the configuration {RA},

χ({RA}) represents the corresponding nuclear wave function.

2.2.2. Density Functional Theory

In the framework of DFT, the task is to determine the electronic ground state energy and

electron density of a multi-electron system for a fixed nuclear configuration, as dictated by
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the Born-Oppenheimer approximation. Instead of directly solving the many-body Schrödinger

equation for the full electronic wave function, DFT transforms this problem into a single-particle

one by emphasizing the electron density, ρ(r), as the central variable. This transformation

simplifies the complex interactions among electrons while still capturing the essential physics.

2.2.2.1. Thomas-Fermi-Dirac Approximation

The first attempt at density functional theory was made independently by Thomas and Fermi

in 1927, who each proposed a method to express the system’s energy as a function of electron

density. This approach is known as the Thomas-Fermi theory. The main idea is to use the

analytical results of a uniform electron gas (UEG) to express the total energy of the system,

including kinetic energy and Hartree terms, in the following form:

Ei =

∫
εi[ρ(r)]ρ(r)dr (2.9)

In the expression, ρ(r) represents the energy ”density” of each term under the UEG model,

corresponding to the electron density ρ(r) at point r. Furthermore, the equation indicates that

the system’s energy depends only on the electron density ρ(r) at that specific point.

The Thomas-Fermi theory neglected the exchange-correlation effects of the many-body system.

Dirac extended the Thomas-Fermi theory by proposing that the exchange energy density of

electrons should satisfy εx ∝ ρ1/3. Therefore, the total energy of the system can be expressed

as:

ETFD = 2.871

∫
ρ(r)5/3 dr +

1

2

∫∫
ρ(r)ρ (r′)

|r − r′| drdr′ +

∫
Vext (r)ρ(r)dr − 0.739

∫
ρ(r)4/3 dr

(2.10)

Equation 2.10 is referred to as the Thomas-Fermi-Dirac (TFD) approximation. TFD depends

solely on the system’s electron density distribution ρ(r) and can be expressed as a functional

of ρ(r).

Based on the constraint condition:

∫
ρ(r)dr = N (2.11)

The ground state energy and the corresponding electron density distribution can be obtained

using the method of Lagrange multipliers:

δ
[
ETFD[ρ] − µ

(∫
ρ(r)dr −N

)]
δρ(r)

= 0 (2.12)
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One then receives the TFD equation:

µ− 5

3
C1ρ(r)2/3 + Vext (r) +

∫
ρ (r′)

|r − r′|dr + C2ρ(r)1/3 = 0 (2.13)

The Lagrange multiplier µ is the chemical potential of the electrons, also known as the Fermi

energy. Given µ and Vext(r), this equation can be solved inversely to obtain the ground-state

electron density distribution.

According to the TFD approximation, the ground state energy of the system can, in principle,

be obtained from a single function ρ(r). Compared to the Hartree-Fock method, which requires

solving N coupled equations, the TFD approximation is much simpler and has yielded satis-

factory results in calculations involving alkali metal systems. However, since Equation 2.10 is

derived from the uniform electron gas model and does not consider electron correlation effects,

the TFD approximation is less effective for systems with strong bonding directionality, such as

ionic or covalent bond systems. The rigorous DFT and its practical algorithms were introduced

by Hohenberg, Kohn, and Sham over thirty years after the TFD approximation was proposed.

To overcome these limitations, DFT was developed based on the Hohenberg-Kohn theorems

and the Kohn-Sham equations, which extend and improve upon the TFD approximation. The

Hohenberg-Kohn theorems establish that the ground state density of a multi-electron system

uniquely determines its ground state properties, creating a one-to-one correspondence between

the electron density and the many-electron Hamiltonian. The Kohn-Sham equations further

simplify the problem by converting the interactions between electrons into a set of single-electron

equations. These equations include an effective external potential for electron-nucleus attrac-

tion, Coulomb repulsion, and exchange-correlation effects. Solving the Kohn-Sham equations

provides the Kohn-Sham orbitals, which yield the electron density and allow for calculating the

system’s ground state energy.

2.2.2.2. Hohenberg-Kohn Theorem

The Hohenberg-Kohn theorem establishes the functional relationship between the system’s en-

ergy and the electron density distribution, allowing the many-body problem to be rigorously

transformed into a single-body problem. Therefore, it is the foundation of modern density

functional theory. The theorem consists of two main parts.

Hohenberg-Kohn Theorem 2.1: The external potential Vext (r) experienced by any system of

interacting particles is uniquely determined, except for a constant factor, by the ground state

electron density distribution ρ0(r).

Corollary 2.1: Since Vext (r) determines the system’s Hamiltonian H(r), and Vext (r) is deter-

mined by ρ0(r), the many-electron ground state wave function Ψ0 is completely determined by

ρ0(r) and is a functional of ρ0(r).
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Hohenberg-Kohn Theorem 2.2: For any electron density distribution ρ̃(r), the system’s energy

can be defined as a functional of ρ̃(r), denoted as E[ρ̃(r)], which is valid for all external potential

fields. Given Vext(r), the functional E[ρ̃(r)] reaches its minimum and gives the ground state

energy of the system only when the electron density distribution ρ(r) is the system’s ground

state electron density distribution ρ0(r).

The many-body wave function is a functional of the electron density distribution ρ0(r), and

determining the wave function means that all properties of the system, such as kinetic energy

and electron-electron interactions, can be determined. Therefore, the system’s kinetic energy

and electron-electron interactions can also be expressed as functionals of ρ0(r), denoted as

T [ρ(r)] and Eee[ρ(r)], respectively. We can define the functional F [ρ(r)] as:

F [ρ(r)] = T [ρ(r)] + Eee[ρ(r)] =
〈
ψ
∣∣∣T̂ + V̂ee

∣∣∣ψ〉 (2.14)

This is the general form of the functional. This functional depends only on ρ(r) and is indepen-

dent of the external potential Vext (r). For any Vext(r), the Hohenberg-Kohn energy functional

EHK [ρ(r), Vext(r)] can be defined as:

EHK [ρ(r), Vext(r)] = T [ρ(r)] + Eee[ρ(r)] +

∫
Vext(r)ρ(r)dr + EII ({RI}) (2.15)

If a given V 0
ext (r) has a corresponding ground state electron density ρ0(r), then the ground

state energy of the system is equal to the expectation value of the Hamiltonian H0 with respect

to the ground state many-body wave function ψ0(r), which is:

EHK
[
ρ0, V 0

ext

]
=
〈
ψ0
∣∣H0

∣∣ψ0
〉

(2.16)

2.2.2.3. Kohn-Sham Equation

To make DFT practically usable, Kohn and Sham proposed an approach that replaces the

complex many-electron problem with an equivalent set of single-electron equations. In this

approach, the real, interacting system is mapped onto a hypothetical system of non-interacting

electrons that move in an effective potential, Veff(r). This effective potential includes contri-

butions from the external potential (due to the nuclei), the Coulomb interaction among the

electron densities (Hartree term), and the exchange-correlation interactions between electrons.

The Kohn-Sham formalism simplifies the DFT framework by defining a set of single-electron

equations that each electron interacts with the effective potential. This allows the complex

many-body Schrödinger equation to be rewritten in terms of a set of independent particle

equations:
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[
N∑
i=1

(
−1

2
∇2

i + Veff

)]
ψ({ri}) = Eelecψ({ri}) (2.17)

Here, Veff is the effective potential experienced by each electron, defined as:

(
−∇2

2
+ Veff(r)

)
ψj(r) = εjψj(r) (2.18)

Veff(r) = Vext(r) + VH(r) + Vxc(r) (2.19)

where: Vext(r) represents the potential from the nuclei, VH(r) is the Hartree term accounting for

the Coulomb interaction among electron densities, Vxc(r) is the exchange-correlation potential,

capturing the quantum mechanical exchange and correlation effects among electrons.

The electron density ρ(r) is computed from the Kohn-Sham orbitals {ψj(r)} as follows:

ρ(r) =
N∑
i=0

ψ∗
j (r)ψj(r) (2.20)

Where the set {ψj(r)} represents an orthogonal set of (N) wave functions. Additionally, this

equation introduces two known functionals: the kinetic energy functional of a non-interacting

electron gas T0[ρ] and the Coulomb interaction between the electron densities (also known as

the Hartree term) EH[ρ]. Using atomic units ℏ = m = e = 4π/ε0 = 1, we have:

T0[ρ] =
∑
j

〈
ψj

∣∣∣∣−∇2

2

∣∣∣∣ψj

〉
(2.21)

EH [ρ] =

∫
ρ(r)ρ (r′)

|r − r′| drdr′ =
1

2

∑
ij

〈
ψiψj

∣∣∣∣1r
∣∣∣∣ψiψj

〉
(2.22)

The difference between T0[ρ] + EH[ρ] and Equation 2.14 can be attributed to the exchange-

correlation functional Exc[ρ].

Exc[ρ] = T [ρ] − T0[ρ] + Eee [ρ] − EH[ρ] (2.23)

Thus, using Equations 2.22 and 2.23, Equation 2.14 can be rewritten as:

EHK [ρ(r), Vext(r)] =
∑
j

〈
ψj

∣∣∣∣−∇2

2
+ Vext

∣∣∣∣ψj

〉
+

1

2

∑
ij

〈
ψiψj

∣∣∣∣1r
∣∣∣∣ψiψj

〉
+ Exc[ρ] + EII ({RI})

(2.24)
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The so-called exchange-correlation potential Vxc is:

Vxc =
δExc

δρ
(2.25)

Assuming a set of eigenvalues {εj} of the Kohn-Sham equations has been obtained, the total

ground state energy of the system can be expressed as:

E0 =
∑
j

εj −
1

2

∫∫
ρ (r′) ρ(r)

|r − r′| drdr′ + Exc[ρ(r)] −
∫
Vxc(r)ρ(r)dr (2.26)

The first term on the right-hand side of Equation 2.26,
∑

j εj, is referred to as the band structure

energy, while the last three terms are called the double counting terms (d.c.).

2.2.2.4. Exchange-Correlation Functional

The core idea of DFT is to derive a result that is easy to compute but not entirely accurate

by making approximations. All the unknown and difficult-to-calculate contributions are in-

cluded in the exchange-correlation energy. Therefore, this term’s accuracy directly determines

the computational accuracy of the Kohn-Sham equations. Researchers typically seek suitable

approximation methods to handle the exchange-correlation energy in practical applications.

In real systems, the charge distribution often exhibits significant fluctuations and anisotropy. To

utilize the results of the uniform electron gas, the simplest approach is to treat the calculation

of Exc[ρ] as a weighted sum of the exchange-correlation energy density εxc[ρ(r)], determined

only by the local charge density ρ(r) at each discrete point r, with the weight being ρ(r). That

is,

Exc[ρ] =

∫
εxc[ρ(r), r]ρ(r)dr (2.27)

This approach is known as the local density approximation (LDA). In LDA, εxc[ρ] is divided

into the exchange energy density εx[ρ] and the correlation energy density εc[ρ]. εx[ρ] is generally

given by the results for a uniform electron gas (see equation (3.109)). However, εc[ρ] typically

does not have a strict analytical solution, and its expression is mainly based on the quantum

Monte Carlo (QMC) simulations of the uniform electron gas by Ceperley and Alder. [195] In

practical applications, to avoid extensive computations, a fitted functional form is often used

to approximate εc.

In actual solid systems, the distribution of electron clouds within the crystal is not uniform.

Therefore, a natural improvement to the LDA is to introduce the gradient of the electron

density and higher-order derivative terms into the exchange-correlation term. This approach is
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collectively known as the generalized gradient approximation (GGA). To include the correction

of the gradient of the electron density, Exc[ρ] can be expressed as:

Exc[ρ] =

∫
εxc[ρ(r),∇ρ(r)]ρ(r)dr (2.28)

The most commonly used GGA functionals are Becke-Lee-Yang-Parr(BLYP)[196, 197], Perdew-

Wang (PW91)[198], and Perdew-Burke-Ernzerhof (PBE)[199]. In this thesis, most calculations

use PBE and BEEF-vdW[200, 201].

Typically, due to the consideration of corrections to the electron density gradient, the compu-

tational results of GGA (Generalized Gradient Approximation) functionals are more accurate

than those of LDA (Local Density Approximation) functionals. This is mainly reflected in the

fact that values for atomic energies, crystal binding energies, bond lengths, bond angles, and

other properties in GGA are closer to experimental results.

The PW91 and PBE functionals are widely used to calculate various crystal properties. When

calculating the adsorption energy of various molecules on noble metal surfaces, both forms

of GGA functionals tend to overestimate the adsorption energy. To accurately calculate the

adsorption energy of molecules on noble metal surfaces, it is necessary to introduce self-energy

corrections or Van-der-Waals (vdW) interaction.

In DFT calculations, the self-interaction terms and exchange terms do not cancel each other

out, leading to significant errors. To address this issue, hybrid functional methods incorporate a

portion of the exact Hartree-Fock exchange into the exchange-correlation potential expression.

Examples of such functionals include B3LYP[202], HSE03[203–205], and HSE06[206].

These hybrid functionals have been widely used in quantum chemistry calculations based on lo-

calized basis sets. However, in plane-wave-based programs, the application is somewhat limited

due to the computational difficulty of non-local exchange terms. Recently developed hybrid

functionals like HSE06 mitigate this by decomposing the exchange term into long-range and

short-range components, incorporating the exact exchange potential only for the short-range

part. This reduces the computational load and facilitates the application of hybrid functionals

in plane-wave-based density functional programs.

In hybrid functionals, the exchange-correlation energy of the system is often expressed as:

EHF
xc = αEHF

x + (1 − α)EDFT
x + EDFT

c (2.29)

where α is an adjustable parameter, in HSE03 and HSE06, α is typically set to 0.25.

2.2.2.5. vdW-Dispersion Energy Correction

Many traditional exchange-correlation functionals, such as B3LYP, completely fail to describe

dispersion interactions due to the incorrect long-range behavior of the correlation potential.
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Similarly, commonly used functionals like PBE and PW91 perform very poorly in describing

dispersion interactions. Consequently, their application to problems dominated by dispersion

interactions yields highly inaccurate results, such as in the cases of physisorption, the conforma-

tions of large molecules like long-chain alkanes, and weakly polar molecular clusters. The most

effective method to address the poor performance of these functionals in describing dispersion

interactions is to introduce empirical dispersion correction terms. Various dispersion correc-

tion methods have been proposed, including TS[207], XDM[208], VV10[209], and others. Among

these, the most successful and currently the most popular method is DFT-D[210–213], proposed

by Grimme. In this thesis, Grimme’s D3 dispersion correction (zero damping) has been used.

DFT-D3 has two versions, Zero-damping (D3(0)) and Becke-Johnson Damping (D3(BJ)), dif-

fering in the form of the damping function. The damping function is used to adjust the behavior

of dispersion corrections at short and intermediate ranges to avoid double-counting issues. Tra-

ditional DFT functionals can describe short-range interactions well, so if the correction energy

remains significant at short distances, it will result in double-counting.

In this thesis, the D3(0) variant has been used. This version uses a zero-damping function,

which does not modify the dispersion energy at short distances. It ensures that the dispersion

correction does not overlap significantly with the interactions already accounted for by the DFT

functional at close range.

The DFT-D3 corrected energy added to the originally generalized calculated system energy is

the corrected energy. The DFT-D3 corrected energy based on zero damping is written as:

EDFT−D3
disp = −1

2

∑
A ̸=B

∑
n=6,8

sn
CAB

n

Rn
AB

fdamp,n (RAB) (2.30)

Where RAB represents the distance between AB atoms, and the superscript n represents the

nth power of the distance. c is the interatomic dispersion correction factor, and sn is the scale

factor. The expression for the zero damping function f is:

fdamp,n (RAB) =
1

1 + 6 [RAB/ (sr,nAAB
0 )]

−γ (2.31)

Where R0
AB is the truncation radius of the atom pair, sr,n is the scale factor, and γ is a

preset constant. It is called zero damping because the damping function smoothly reduces the

dispersion correction at short interatomic distances, preventing an overestimation of dispersion

effects in the DFT calculations. This approach ensures that the DFT-D3 correction is negligible

for short distances, where electronic interactions are already well-represented by the underlying

DFT method.

This damping function is crucial for accurately incorporating dispersion interactions without
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interfering with the inherent capabilities of the DFT functional to describe short-range corre-

lations.

2.2.2.6. Strong Correlation and DFT+U Method

For strongly correlated systems, such as transition metal oxides or rare earth element com-

pounds, the LDA and GGA methods encounter significant issues. These systems typically have

partially filled d or f orbitals, and due to the complexity and itinerancy of the electron cloud

in these orbitals, the many-body effects are difficult to describe with LDA or GGA functionals

accurately. To address this, DFT+U was proposed to improve the description of systems with

strongly correlated d or f electrons, like antiferromagnetic NiO, which are usually inaccurately

described with the standard LDA and GGA functionals. [214]

In this thesis, the simplified (rotationally invariant) approach to the DFT+U, introduced by

Dudarev et al.[115] is of the following form:

EDFT+U = ELSDA +
(U − J)

2

∑
σ

[(∑
m1

nσ
m1,m1

)
−
( ∑

m1,m2

n̂σ
m1,m2

n̂σ
m2,m1

)]
(2.32)

This can be understood as adding a penalty functional to the semilocal total energy expression

that drives the on-site occupancy matrix toward idempotency, expressed as n̂σ = n̂σn̂σ. In

Dudarev’s approach, the parameters U and J are not entered separately; only the difference

U − J is meaningful.

2.3. Transition State Search

In the process of a system transitioning from one state to another, it needs to overcome some

form of energy barrier. Suppose a system has N degrees of freedom; then the position of the

system is described by an N -dimensional vector, meaning the system exists in an N -dimensional

space. The coordinates of two adjacent stable states of the system are RN
1 and RN

2 , respectively.

There are infinitely many pathways connecting these two stable states. Therefore, the transition

pathway refers to the minimum energy path (MEP). By moving along this path, the system

only needs to cross the lowest energy barrier to complete the transition. The highest point

on the MEP is a first-order saddle point of the system. At this point, the energy reaches a

maximum along the direction of the MEP, while in any other direction, it is a minimum. This

means that the phonon spectrum at this point contains only one vibrational mode with an

imaginary frequency. In this mode, atoms vibrate along the direction of the minimum energy

path. Accordingly, the transition state (TS) refers to this first-order saddle point on the MEP.

In this thesis, the nudged elastic band (NEB) and dimer methods are used to search for the

transition states.

24



2.3. Transition State Search

2.3.1. Nudged Elastic Band Method

The Nudged Elastic Band (NEB) method, proposed by Mills, Jónsson, and others, can provide

the MEP containing multiple saddle points. [215–218]Suppose a system moves between the initial

and final states, with each position referred to as an image. Imagine these images simultaneously

appearing on the reaction pathway, connected by springs with a stiffness constant k. The initial

and final states at the two endpoints remain fixed, while the intermediate images are allowed

to relax with all degrees of freedom. Unlike the drag method, the images in the NEB method

are coupled to each other by springs, and the images participating in the relaxation do not slip

back to the endpoints due to the spring resistance. In this context, the force on image i is given

by:

Fi = F⊥
i + F

∥
i (2.33)

where:

F⊥
i is the component of the true force perpendicular to the path, which drives the images to

the MEP.

F
∥
i is the component of the spring force parallel to the path, which maintains even spacing

between images.

The total force on image i can be expressed as:

Fi = −∇V (Ri)
⊥ + k (|Ri+1 −Ri| − |Ri −Ri−1|) τ̂ (2.34)

where:

∇V (Ri)
⊥ is the gradient of the potential energy at image i, projected perpendicular to the

path.

k is the spring constant.

Ri+1 and Ri−1 are the positions of the neighboring images.

τ̂ is the unit tangent vector to the path at image i.

This force ensures the images relax to the MEP without slipping back to the endpoints, effec-

tively finding the transition states along the path.

2.3.2. Dimer Method

The dimer method is a means of finding a saddle point on a potential energy surface starting

from a known initial state. It automatically searches for all possible transition pathways using

a specific algorithm. [219]

Figure 2.1(a) illustrates a dimer. The positions, energies, and forces of the two images are R1,

E1, F 1 and R2, E2, F 2, respectively. The unit vector N̂ points from R2 to R1. The midpoint

of this dimer is R. Therefore, we have:
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Figure 2.1: The application of the Dimer method. (a) Definition of the various position and
force vectors of the dimer. The rotational force on the dimer, F⊥, is the net force acting on
image 1 perpendicular to the direction of the dimer. (b) Definition of the various quantities
involved in rotating the dimer. All vectors are in the plane of rotation. Obtained from Ref.[219]
with permission.

R1 = R + ∆RN̂, R2 = R− ∆RN̂, ∆R =
1

2
(R1 −R2) · N̂ (2.35)

The dimer is defined in a 3N -dimensional space rather than just by two points in a three-

dimensional space, as shown in Figure 2.1. The total energy of the system is E = E1 + E2.

The energy at the center of the dipole moment is E0, and the force is F R, defined as F R =

(F 1 + F 2) /2. Thus, the curvature of the potential energy surface at this point can be calculated

using finite differences and the definition:

C =
(F 2 − F 1) · N̂

2∆R
=
E − 2E0

(∆R)2
(2.36)

In the Dimer method, each step is divided into two parts: first, the dipole moment is rotated

to align with the path of the lowest energy barrier transition; then, it is translated along the

transition path to reach the saddle point.

2.4. Harmonic Approximation in Vibrational Analysis

The purpose of the vibrational analysis is to calculate the vibrational frequencies of various

vibrational modes of a system, primarily for two key applications: comparison with experi-

mental IR spectra and thermodynamic calculations. Understanding the vibrational frequencies

allows for a detailed comparison of theoretical IR spectra with experimental results, providing

insights into the accuracy of the model and the atomic interactions within the system. Addi-

tionally, vibrational frequencies are essential for thermodynamic analyses, as they contribute to

calculations of properties like entropy.

Calculating vibrational frequencies requires solving the Schrödinger equation for the nuclei on

the actual potential energy surface, which is time-consuming and complex. Typically, vibra-
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tional analysis is performed based on harmonic approximation, which simplifies the solution by

approximating the vibrations of the chemical system to those of a harmonic oscillator system.

The force constants of the oscillators are obtained from the curvature of the potential energy

surface at the minimum point where the vibrational analysis is conducted. Vibrational analysis

under the harmonic approximation is usually sufficient for general research needs. One must

consider anharmonic effects and the coupling between different vibrational modes to perform

vibrational analysis more rigorously than the harmonic approximation.

Normal mode analysis is a method that calculates the vibrational frequencies and modes of a

molecule by modeling atoms as masses connected by springs. For a molecule with N atoms, the

number of vibrational modes is 3N − 6 for non-linear molecules or 3N − 5 for linear molecules.

Near the equilibrium geometry, the potential energy surface can be approximated as a quadratic

function of atomic displacements, leading to the harmonic approximation, which simplifies the

vibrations to those of a harmonic oscillator.

In this approximation, the potential energy V around the equilibrium configuration is expanded

as:

V = V0 +
1

2

∑
i,j

(
∂2V

∂xi∂xj

)
0

∆xi∆xj (2.37)

where V0 is the potential energy at equilibrium, and ∆xi are the displacements of atoms from

equilibrium. The Hessian matrix is the matrix of second derivatives of the system’s potential

energy with respect to atomic coordinates, and it is 3N -dimensional (where N is the number

of atoms). The matrix elements are expressed as:

H i,j =
∂2E

∂ξi∂ξj
(2.38)

where ξ represents the Cartesian coordinates.

The Hessian matrix is essential because its eigenvalues correspond to the squares of the vibra-

tional frequencies, while its eigenvectors describe the vibrational modes of the system. There-

fore, the Hessian matrix allows us to determine both the frequencies and the specific patterns

of atomic motion associated with each vibrational mode.

To accurately reflect the vibrational modes in terms of the actual atomic masses, the Hessian

matrix needs to be transformed into mass-weighted Cartesian coordinates {q}, resulting in the

force constant matrix, F . This transformation from non-mass-weighted coordinates {ξ} to

mass-weighted coordinates {q} is achieved using the relation:

F = M−1/2HM−1/2 (2.39)
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where M is the mass matrix. The elements of the force constant matrix are given by:

F i,j =
H i,j√

M i,iM j,j

=
∂2E

∂qi∂qj
(2.40)

Here, qi =
√
mAξi, with mA being the mass of the atom associated with the i-th Cartesian coor-

dinate. This mass-weighting step decouples the motion of the nuclei, allowing each vibrational

mode to be treated as an independent 1D harmonic oscillator.

After diagonalizing F , we obtain 3N eigenvalues {λ} and 3N eigenvectors {d}:

Fdi = λidi (2.41)

Here, di is the (mass-weighted) normal coordinate or vibrational vector of the i-th vibrational

mode, which describes the atomic motions corresponding to the vibrational mode using mass-

weighted Cartesian coordinates. λi is the force constant of the corresponding vibrational mode.

Using the harmonic oscillator formula, the vibrational frequency ν and wavenumber ν̃ can be

determined from the force constant:

νi =

√
λi

2π
ν̃i =

νi
c

(2.42)

where c is the speed of light. When λ is negative, the calculated vibrational frequency is

imaginary, indicating that the curvature of the potential energy surface is negative in the

direction of the normal coordinate at the current position. At the minimum point of the

potential energy surface, all frequencies are real.

2.5. Thermodynamics

The thermodynamic model for catalytic reactions is constructed using the partition function,

which includes contributions from translational, rotational, and vibrational modes. These con-

tributions help compute thermodynamic properties like entropy (S), enthalpy (H), and Gibbs

free energy (G). G and H of a system are given by the fundamental thermodynamic relations:

∆G = ∆H − T∆S (2.43)

∆H = ∆U + P∆V (2.44)

where T is temperature, P is pressure, and U is internal energy. Following statistical mechanics,

U and S can be defined using the partition function Q:
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U = kBT
2(
∂ lnQ

∂T
)N,V (2.45)

S = kBT lnQ+ kBT (
∂ lnQ

∂T
)N,V (2.46)

where kB is the Boltzmann constant, N represents the number of particles in the system, and

V represents the volume of the system. The total partition function is given by:

qtotal = qtranslation × qrotation × qvibration × qelec (2.47)

Similarly, the entropy of a system also consists of these four different contributions:

Stotal = Stranslation + Srotation + Svibration + Selec (2.48)

This section describes how each of these partition functions contributes to the overall thermo-

dynamic properties of the system.

2.5.1. Ideal Gas Approximation

The translational partition function accounts for the motion of molecules in three-dimensional

space and is given by:

qtranslation =

(
2πmkBT

h2

)3/2

V (2.49)

where m represents the mass. The corresponding entropy contribution due to translational

motion is:

Strans = kB(ln(
kBT

P
(
2πmkBT

h2
)3/2) +

5

2
) (2.50)

The rotational partition function depends on the type of molecule (linear or nonlinear). For

nonlinear polyatomic molecules, it is expressed as:

qrotation =

√
π

σ
(
8π2kBT

h2
)3/2
√
IxIyIz (2.51)

where Ix,y,z are the moments of inertia. The entropy contribution from rotational motion varies

depending on the molecular geometry:

• linear molecules:

Srot = kB[1 + ln(
8π2IkBT

σh2
)] (2.52)
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• nonlinear molecules

Srot =
1

2
kB[3 + ln(

π√
σ

(
8π2kBT

h2
)3IxIyIz)] (2.53)

where σ is the symmetry number. The harmonic vibrational partition function is important for

describing the contribution of vibrational modes to the thermodynamic properties:

qvibration =
3N−6∏
i=1

1

1 − exp(−ℏωikbT )
(2.54)

where ωi is the vibrational frequency. The entropy contribution from vibrational motion is

given by:

Svib = kB

3N−6∑
i=1

[
ℏωi

kBT (exp(ℏωi/kBT ) − 1)
− ln(1 − exp(−ℏωi/kBT ))] (2.55)

For many systems, only the electronic ground state is considered, resulting in a simple electronic

partition function:

qelec = 1 (2.56)

The entropy contribution from electronic states is:

Selec = kB ln(2s+ 1) (2.57)

where s is the spin of the system.

The enthalpy of an ideal gas was calculated by extrapolating the energy from 0 K to the real

temperature:

H(T ) = Eelec + EZPE +

∫ T

0

Cp dT (2.58)

Eelec represents the electronic energy.
∫ T

0
Cp dT is the integral of the heat capacity Cp with

respect to temperature from 0 to T . It represents the energy required to heat the system from

0 K to the temperature T , where Cp is the heat capacity at constant pressure. EZPE stands for

the Zero Point Energy (ZPE), which is the lowest possible energy that a quantum mechanical

system may have, even at absolute zero temperature. It’s the energy that remains when the

system is at its ground state.
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EZPE =

Nmodes∑
i=1

1

2
hωi (2.59)

2.5.2. Harmonic Oscillator Approximation

For adsorbed molecules on catalytic surfaces, the translational and rotational modes are re-

stricted, making vibrational modes the primary contributors to thermodynamic properties.

These vibrational modes are modeled using the harmonic oscillator approximation.

The internal energy for the harmonic oscillator model is:

U(T ) = Eelectronic + EZPE +
∑
i

ℏωi

eℏωi/kBT − 1
(2.60)

The entropy contribution from vibrational modes is:

S = kB
∑
i

[
ℏωi

kBT (eℏωi/kBT − 1)
− ln(1 − e−ℏωi/kBT )] (2.61)

2.5.3. Surface Free Energy

Figure 2.2: Schematic representation of the system discussed here, a single-crystal metal surface
in contact with a surrounding gas phase characterized by defined temperature T and pressure
p. The shaded area represents the finite part of the system that is affected by the presence
of the surface. Reprinted with permission from NATO Research and Technology Organization
(RTO) 2007, RTO-EN-AVT-142.[220].

Figure 2.2 shows a schematic representation of the system discussed here, a solid phase in

contact with a surrounding gas phase. The Gibbs free energy for the entire system can be

described as:
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G = Gsolid +Ggas + ∆Gsurf (2.62)

where Gsolid, Ggas and ∆Gsurf is the Gibbs free energy contribution from the bulk of the solid

phase, homogeneous gas phase and an additional term introduced through the surface respec-

tively.

The surface energy, ∆Gsurf , accounts for the energy required to create a surface by cleaving

the bulk material. This process exposes atoms at the surface, leaving them with unsaturated

bonds. These surface atoms may then interact with gas-phase molecules to achieve a stable

configuration, such as by bond formation or adsorption. As a result, surface energy includes

both the energetic cost of creating the surface and the contribution from any reactions or

interactions with the gas phase that stabilize the surface atoms. For example, RuO2(110)

surface stability depends on oxygen pressure, with stoichiometric termination only favorable at

low oxygen chemical potentials.[221]

If the surface is homogeneous as in the case of an ideal single-crystal surface, ∆Gsurf will scale

linearly with the surface area A, and the surface free energy per unit, γ can be described as:

γ =
1

A
(G−Gsolid −Ggas) (2.63)

Here, we assume the system is a metal oxide(MzOy) surface slab in an oxygen atmosphere. The

Gibbs free energy can be written as G(T, p,NM, NO), which depends on the number of metals,

NM and O, NO atoms in the slab. The most stable surface composition and geometry is the

one that minimizes the γ(T, p):

γ(T, p) =
1

A
[G(T, p,NM, NO) −NMµM(T, p) −NOµO(T, p)] (2.64)

where µM and µO are the chemical potentials of a metal atom and an O atom, respectively.

Since:

gbulkMzOy
(T, p) = xµM(T, p) + yµO(T, p) (2.65)

where g is the Gibbs free energy per formula unit for MzOy. The Eq. 2.64 can be rewritten as:

γ(T, p) =
1

A
[Gslab(T, p,NM, NO) −NMg

bulk
MzOy

(T, p) + (yNM − xNO)µO(T, p)] (2.66)

It is important to note that, experimentally, assuming thermodynamic equilibrium, µO cannot

be varied indefinitely. If µO becomes too low, all oxygen would leave the sample, leading to the
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2.5. Thermodynamics

decomposition of the oxide into solid metal and oxygen gas. This process would start with the

formation of metal crystallites at the surface.

max[µM(T, p)] = gbulkM (T, p) (2.67)

Together with Eq. 2.65 and T = 0 K and p = 0 atm limit for the bulk energies, we can get:

min[µO(T, p)] =
1

y
[gbulkMzOy

(0, 0) − xgbulkM (0, 0)] (2.68)

On the other hand, the most oxygen-rich conditions can be defined as the point beyond which

gas phase O would start to condense on the sample. Thus, the upper limit of the oxygen

chemical potential is:

max[µO(T, p)] = 1/2EO2
total (2.69)

where EO2
total is the total energy of a single O2 molecule in vacuum at T = 0 K.

Since the Gibbs free energy of formation, ∆Gf (T, p) of the oxide can be described as:

∆Gf (T, p) = gbulkMzOy
(T, p) − xgbulkM (T, p) − y

2
ggasO2

(T, p) (2.70)

So, the range of oxygen chemical potentials between the theoretical boundaries is:

y

2
∆Gf (0, 0) < µO(T, p) − 1

2
Etotal

O2
< 0. (2.71)

Which can be also written as:

1

y
[gbulkMzOy

(0, 0) − xgbulkM (0, 0)] < µO(T, p)

<
1

y
[gbulkMzOy

(0, 0) − xgbulkM (0, 0)] +
y

2
∆Gf (0, 0)

(2.72)

The expression of µO(T, p) is:

µO(T, p) = µO(T, p◦) +
1

2
kT ln(

p

p◦
) (2.73)

Which depends on the temperature and pressure. If we only know the temperature dependence

of µO(T, p◦) at one particular pressure, p◦. We choose the zero reference state of µO(T, p) to be

the total energy of oxygen in an isolated molecule, i.e., µO(0 K, p) = 1
2
Etotal

O2
≡ 0. µO(T, p◦) is

then given by
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µO(T, p◦) = µO-rich
O (0 K, p◦) +

1

2
∆G(∆T, p◦,O2)

=
1

2
[H(T, p◦,O2) −H(0 K, p◦,O2)]

− 1

2
T [S(T, p◦,O2) − S(0 K, p◦,O2)],

(2.74)

2.6. Markov Chain Monte-Carlo Method

A Markov process is a typical stochastic process. Let x(t) be a stochastic process. When the

state of the process at time t0 is known, the state at time t (where t > t0) is independent

of the states of the process before t0. This property is known as the Markov property, or

memorylessness. A stochastic process with the Markov property is called a Markov process.

In a Markov process, both time and state can be either continuous or discrete. The Markov

chain is a sequence of random variables where the probability of each state depends only on the

previous state. Markov Chain is described by a transition matrix P where Pij is the probability

of moving from state i to state j. The stationary distribution π is defined as a distribution that

remains unchanged when the transition matrix P is applied, meaning it satisfies the condition

πP = π. The MCMC methods aim to construct a Markov chain whose stationary distribution

is the target distribution we wish to sample.

The Metropolis-Hastings algorithm is one of the most widely used MCMC methods. It provides

a way to construct a Markov chain that converges to a target distribution π. The steps of the

Metropolis-Hastings Algorithm can be described as:

1. Initialization: Start with an initial state x0.

2. Proposal Step: Generate a candidate state y from a proposal distribution q(x, y) based

on the current state x.

3. Acceptance Probability: Calculate the acceptance probability α(x, y) using:

α(x, y) = min

(
1,
π(y)q(y, x)

π(x)q(x, y)

)
(2.75)

Here, π is the target distribution, and q is the proposal distribution.

4. Acceptance/Rejection Step: Generate a random number u from the uniform distribution

U(0, 1).

If u ≤ α(x, y), accept y as the next state; otherwise, retain x as the next state.

5. Iteration: Repeat the proposal and acceptance steps for a large number of iterations to

obtain a representative sample from the target distribution.
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2.7. Gaussian Process Regression

2.7. Gaussian Process Regression

A Gaussian Process (GP) is a stochastic process defined over a continuous domain, where any

finite subset of random variables follows a multivariate Gaussian distribution. A Gaussian

process can be seen as an infinite-dimensional Gaussian distribution over the input space. It

is defined through a mean function and a covariance function. For any finite set of input

points X = {x1, x2, ..., xn}, the Gaussian process assumes that the corresponding outputs f =

[f(x1), f(x2), ..., f(xn)] follow a multivariate Gaussian distribution.

Here, we define the mean vector as:

m = [m(x1),m(x2), ...,m(xn)] (2.76)

where m(xi) is the value of the mean function at point xi.

The covariance matrix is as:

K =


k(x1, x1) k(x1, x2) · · · k(x1, xn)

k(x2, x1) k(x2, x2) · · · k(x2, xn)
...

...
. . .

...

k(xn, x1) k(xn, x2) · · · k(xn, xn)

 (2.77)

where k(xi, xj) is the value of the covariance function (also known as the kernel function) at

points xi and xj.

Thus, the output f can be represented as:

f ∼ N (m, K) (2.78)

In Gaussian process regression, we have the input points and the corresponding observed output

values. The goal is to predict the outputs for new input points given the observed data.

Assume we have training data D = {(xi, yi)}ni=1, where yi = f(xi) + ϵi and ϵi ∼ N (0, σ2
n) is the

observation noise.

The covariance matrix of observed outputs can be written as:

Ky = K + σ2
nI (2.79)

where K is the covariance matrix constructed from the training data, σ2
n is the variance of the

observation noise, and I is the identity matrix.

Then, for a new input point x∗, we want to predict the corresponding output f∗. The joint

distribution of the training data and the new data is:
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2.7. Gaussian Process Regression

[
y

f∗

]
∼ N

([
m

m∗

]
,

[
Ky k∗

k⊤∗ k∗∗

])
(2.80)

where,

m = [m(x1),m(x2), ...,m(xn)] (2.81)

k∗ = [k(x1, x∗), k(x2, x∗), ..., k(xn, x∗)] (2.82)

k∗∗ = k(x∗, x∗) (2.83)

m∗ = m(x∗) (2.84)

The predictive distribution (posterior distribution) for the new point x∗ can be derived from

the properties of the joint Gaussian distribution:

f∗|X,y, x∗ ∼ N (µ∗, σ
2
∗) (2.85)

where,

µ∗ = m∗ + k⊤∗ K
−1
y (y −m) (2.86)

σ2
∗ = k∗∗ − k⊤∗ K

−1
y k∗ (2.87)

The kernel function is a critical component in Gaussian Process Regression (GPR). It defines

the structure and properties of the Gaussian process by determining how input points are

correlated with each other. The kernel function k(x, x′) measures the similarity between two

input points x and x′. Points that are more similar (closer in the input space) will have higher

kernel values, indicating stronger correlations between their corresponding output values. The

kernel function is used to construct the covariance matrix K for the training data points X.

Each element of the covariance matrix is given by:

Kij = k(xi, xj) (2.88)

This covariance matrix encapsulates the pairwise relationships between all training points.

Also, different choices of kernel functions lead to different properties of the GP model. The

kernel function used in this thesis is the Squared Exponential (Radial Basis Function, RBF)

Kernel. This kernel produces very smooth functions and is controlled by parameters such as the

length scale ℓ (which determines how quickly correlations decay with distance) and the signal

variance σ2
f .

k(x, x′) = σ2
f exp

(
−(x− x′)2

2ℓ2

)
(2.89)
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3. Stability of Hydroxylated Oxide Surfaces

at High Temperatures

This Chapter is based on [Chen, J.; Sharapa, D.; Plessow, P. N. Stability and formation of hy-

droxylated α-Al2O3(0001) surfaces at high temperatures. Phys. Rev. Res. 2022, 4 (1). DOI:

10.1103/physrevresearch.4.013232] [Chen, J.; Sharapa, D. I.; Plessow, P. N. Stability of hydrox-

ylated α-Fe2O3(0001) surfaces. ACS Omega 2024, 9 (33). DOI: 10.1021/acsomega.4c02113].

In this chapter, we employ density functional theory (DFT) calculations to study the stability of

hydroxylated α-Al2O3(0001) [222]and α-Fe2O3(0001) [223] surfaces. First, we show that more sta-

ble structures than previously predicted exist, which can be described as Al(OH)3 and Fe(OH)3

adsorbed with low coverage on the stoichiometric surface. After that, we study the mechanism

for the formation of hydroxylated α-Al2O3(0001) surfaces starting from the well-known water

adsorption and dissociation on the dry surface. Additionally, we also studied reduced surfaces

(Fe in oxidation state +2) with and without hydroxyl groups.

3.1. Computational Details

All DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP),

primarily in version 5.4.1 [224, 225], with the calculations using the SCAN functional [226] done

in version 5.4.4. The projector-augmented wave (PAW) method was employed using standard

PAW potentials. A kinetic energy cutoff of 400 eV was used for the wave function expansion in

plane waves for the calculations involving α-Al2O3, with an increased cutoff of 600 eV applied

for the calculations involving α-Fe2O3. Real-space projectors were used (LREAL=AUTO in

VASP), and a plane wave basis set for the electronic density was employed, which included

reciprocal lattice vectors with a norm up to 3/2 times larger than those used for the wave

function, |Gcut| (PREC=Normal in VASP).

The main results of this study were obtained using the PBE functional [199] along with Grimme's
D3 dispersion correction [212]. Other density functionals such as BEEF-vdW [201], SCAN [226],

and HSE-06 [203, 206] were also tested. For the α-Fe2O3 surfaces, PBE+U calculations [114–117, 199]

were performed with U = 4 eV and J = 0 eV [227] along with Grimme’s D3 dispersion correction

(zero damping) [212]. The DFT+U method was used in the form proposed by Liechtenstein and

Dudarev et al., [114–117] and applied to the d -orbitals of Fe.

The value of the U -parameter can be motivated by empirical fitting to reproduce properties

of interest, such as lattice constants, band gaps or reaction energies. Alternatively, it can be

deduced from a linear response calculation according to the underlying theory of DFT+U as a

means to correct for the self-interaction error and to achieve the correct behavior of the slope

of energy vs. number of electrons.[228] Linear response calculations for bulk hematite gave U =
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3.1. Computational Details

3.81 eV and for most surfaces and Fe atoms a value of U in the range between 4 and 5 eV. [229] In

a study, where the U -values were systematically tested for 3, 4 and 5 eV, it was concluded that

3 eV is best for the overall thermodynamic properties of iron oxides, while 4 eV gives improved

band gaps and structures.[230] Our choice of U = 4 eV is therefore a good compromise between

an empirical choice of U based on computed properties and results from the linear response

approach aiming to fix fundamental shortcomings of the GGA in treating electron-correlation.

Furthermore, a value of U = 4 eV was used in many previous studies[101, 104, 113, 126, 231] and 4.3

eV was used by Hellman and co-workers.[118, 232] In addition to the calculations with U = 4 eV,

which are the basis for the results provided in the main text, single point calculations with U

= 3 and 5 eV were performed and are analyzed in more detail in Section 3.2.3.1.

In addition to the value of U , using a different reference for oxygen is another approach that

will change the obtained results. Alternatives to using O2 as a reference are for example using

the O-atom or (H2O - H2) and employing the known experimental formation energies[233] of the

O-atom (2.558 eV) and H2O (-2.476 eV). We decided to use the energy of O2 in its triplet ground

state, first and foremost, because this is the common choice of reference state in computational

studies on iron oxides[76, 102, 113, 126, 229, 230, 232] and it thus facilitates the comparison with the

literature. Second, we do not believe that shifting the oxygen reference provides a general

solution (see discussion in the Appendix B.5). Lastly, based on the results presented here, it is

easy to read off what the results would be with a different oxygen reference. In particular, using

the O-atom as a reference will shift µO by +0.43 eV and using H2O will shift µO by +0.20 eV.

In both cases, this will make oxygen more reactive, i.e. it will make the formation of reduced

α-Fe2O3 surfaces less favorable.

α-Al2O3 and α-Fe2O3 both crystallize in the corundum bulk structure, where the oxygen atoms

form a hexagonal closed-packed structure (AB-stacking) in which two-thirds of the octahedral

voids are filled with metal ions. In the 0001 direction, each layer contains three O2– ions and

two Al3+/Fe3+ ions. The two metal ions in one layer are not identical and occupy the three

possible octahedral positions alternately and can, therefore, be described as ABC stacking.

Therefore, the unit cell consists of six O3 − Al2/O3 − Fe2 layers. The antiferromagnetic order

for Fe in α-Fe2O3 is ”++, −−” by layers along the 0001 direction[113, 234].

For α-Al2O3, lattice constants were optimized using an increased energy cutoff of 800 eV, and

the obtained values (a = b = 4.787 Å, c = 13.045 Å). These values agree well with experimental

data (a = b = 4.763 Å, c = 13.003 Å) [16]. Similarly, the lattice constants of α-Fe2O3 were

optimized, obtaining values (a = b = 5.053 Å and c = 13.824 Å), which are in good agreement

with experimental results [235], (a = b = 5.035 Å and c = 13.747 Å), as well as previous GGA+U

computational results [113], a = b = 5.067 Å, c = 13.882 Å. An SCF-convergence criterion of

< 10−8 eV was used for the total energy, and a geometry convergence criterion of < 0.01 eV/Å

for α-Al2O3 or < 0.005 eV/Å for α-Fe2O3 was applied for the maximum norm of individual

atomic forces.
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Surfaces of α-Al2O3 were modeled as slabs with seven formula units of Al2O3 per stoichiometric

(1×1)-surface, and corresponding slab thicknesses for other terminations. The lower part of

the slabs was terminated by a single Al-layer (stoichiometric termination), with the bottom 3.5

formula units of Al2O3 per (1×1)-surface frozen at their bulk positions. Slabs were separated

by at least 16 Å of vacuum to prevent artificial interactions between periodic images. Similarly,

α-Fe2O3 surfaces were modeled with symmetric slabs containing nine formula units of Fe2O3

per dry (1×1)-surface (approximately 19 Å thick) along with slabs of equivalent thickness for

other terminations. These slabs were separated by a minimum of 24 Å of vacuum to reduce

artificial interactions among periodic structures.

The Brillouin zone for α-Al2O3 surfaces was sampled using a Γ-centered k-point grid with a

density corresponding to at least (3 × 3 × 1) per (1×1)-α-Al2O3(0001) cell. For α-Fe2O3, a

Γ-centered grid with (4×4×1) k-points for a (1×1)-α-Fe2O3(0001) cell and (2×2×1) k-points

for (2×2)-cells was used. Gaussian smearing with σ = 0.1 eV was employed for all calculations.

Reaction paths were optimized using a (3×3) cell with (1×1) k-point sampling, which is smaller

than the (2×2) k-point sampling used to compute the thermodynamic stability of (3×3)-

surfaces. This simplification is justified because formation energies per (3×3) cell computed

with the smaller k-point sampling differ by less than 0.01 eV, while total energies differ by 0.03

eV. The highest barriers of each pathway were determined explicitly, i.e. the transition states

were obtained as stationary points with a maximum atomic force component of 0.01 eV/Å

and it was furthermore verified that they are first-order saddle points through calculation of

a partial Hessian matrix, which gives a single imaginary frequency in normal mode analysis.

The connectivity of the transition state was additionally verified through small displacements

along the transition mode followed by optimization to the endpoints. Transition states were

optimized either using constraints [236] or using the dimer method [219]. Lower barriers were in

some cases only estimated through nudged elastic band (NEB) calculations [218], which typically

use 10 to 15 images. Additional images were added through linear interpolation in Cartesian

space, so that the norm of the distance between the images in Cartesian coordinates is always

< 0.1 Å. This results in a dense reaction path with typically 50 to 150 images, providing a

rigorous upper limit to the exact barrier. Energies and optimized structures are provided in the

Appendix.

3.2. Results and Discussion

3.2.1. Calculation of Stability of Metal Oxide Surfaces

The stability of all α-Al2O3 and α-Fe2O3 surfaces was assessed by computing the surface free

energy γ, which represents the Gibbs free energy of formation relative to the dry surface per

unit surface area A.
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For α-Al2O3 surfaces, the surface free energy γAl2O3 is given by:

γAl2O3 =
Eslab − Eslab

dry − x
2
Ebulk

Al2O3
− m

2
[Egas

H2O
+ µH2O]

A
(3.1)

where:

• Eslab and Eslab
dry are the energies of the slab models of the considered surface and of the

dry surface with identical surface area A

• Ebulk
Al2O3

is the energy per formula unit of bulk α-Al2O3, determined as the energy difference

between two clean (1×1) slabs differing by one Al2O3-layer, which remains consistent

across different unit cells or terminations with negligible differences on the order of 0.001

eV.

• A1×1 is the surface area per (1×1) cell, calculated as 19.845 Å2.

• The chemical potential of water µH2O is given relative to the energy of water Egas
H2O

and is

generally a function of temperature and partial pressure.

• The stoichiometry coefficients x and m are determined by the amount of additional Al

and H atoms on the surface with respect to the dry surface.

For α-Fe2O3 surfaces, the surface free energy γFe2O3 is similarly calculated, but it also accounts

for oxygen gas involvement:

γFe2O3 =
Eslab − Eslab

dry − xEbulk
Fe2O3

−m[Egas
H2O

+ µH2O] + n[Egas
O2
/2 + µO]

2A
(3.2)

where:

• The reaction for the formation of the surface from the dry surface is given by:

slabdry + xFe2O3 +mH2O −−→ slab +
n

2
O2. (3.3)

• The stoichiometry coefficients x, m and n are determined by the amount of additional Fe,

H and O atoms on the surface with respect to the dry surface are provided in Table 3.1.

• Ebulk
Fe2O3

is the energy per formula unit of bulk α-Fe2O3, determined in the same manner as

for α-Al2O3, with negligible variations, approximately around 0.001 eV, across different

unit cells or terminations.

• A is the surface area per (1×1) cell, calculated as 22.110 Å2.

• The chemical potential of oxygen µO is given relative to half of the energy of the O2

molecule in its triplet ground state Egas
O2
/2.
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Table 3.1.: For the studied surfaces, cell-size and stoichiometry coefficients x,m, n and a ac-
cording to Eq. 3.3 are given.

label x m n cell-size

θ[Fe(OH)3]=0 (dry/clean) 0 0 0 1× 1
θ[Fe(OH)3]=1/4 1 3 0 2× 2
θ[Fe(OH)3]=1 1 3 0 1× 1
θ[H2O]=1 0 2 0 1× 1
θ[Fe(OH)2]=1/4 1 2 1 2× 2
θ[Fe(OH)2]=1 1 2 1 1× 1
θ[FeOH]=1 1 1 2 1× 1
θ[FeO]=1 1 0 1 1× 1

3.2.2. Thermodynamic Stability of Hydroxylated α-Al2O3(0001) Surfaces

Understanding the thermodynamic stability of hydroxylated α-Al2O3(0001) surfaces is essential

for predicting their behavior under various conditions. The bulk structure of α-Al2O3 can be

described as a hexagonal AB stacking of close-packed O2– ions in the 0001-direction, with Al3+

occupying two-thirds of the available octahedral positions. The unit-cell consists of three O2–

per layer and two Al3+ in between (see Fig. 3.1). The Al3+ ions form ABC-layers, in which

the unoccupied octahedral position alternates between the three possible locations. This means

that the two Al3+ per layer are not equivalent and are slightly distorted in 0001-direction. The

Al-layering can be described as an (-O3-Al2-) stacking and because of the AB stacking of O2–

and the ABC-stacking of Al3+, a total of six (O3-Al2) layers make up the unit cell, see Fig. 3.1.

In agreement with previous work [53, 174, 237], we find that the most stable stoichiometric surface

is a (1 × 1)-surface that is terminated by a single Al-layer (O3-Al), which is relaxed inwards

considerably: -88% predicted by DFT, -63% determined by LEED [64] and -51% determined by

X-ray diffraction (XRD) [238, 239].

Figure 3.1 shows the most important known hydroxylated structure, the Al2-(OH)3-terminated

(gibbsite like) surface [76, 79, 80]. This surface is terminated by a full layer of oxygen that is

saturated with one hydrogen per oxygen giving an OH-concentration of 3 per (1×1)-cell or 15.1

per nm2. Based on XRD, the structure of α-Al2O3(0001) at room temperature and ambient

pressure has been assigned to this fully hydroxylated structure with an additional adsorbed

water overlayer [54], in agreement with our and previous calculations [78–80]. If one compares the

terminations of the stoichiometric surface (O3-Al) and that of the fully hydroxylated surface

(Al2-(OH)3), it is clear that these two surfaces always differ by 3
2

H2O and ±1
2

Al2O3. Therefore,

the fully hydroxylated surface can be described as Al(OH)3 adsorbed on the stoichiometric

surface with a coverage of θ[Al(OH)3] = 1.

Figure 3.1 also shows a new type of surface revolving around the structural motif of an isolated

Al(OH)3 fragment adsorbed on the stoichiometric surface. By isolated we mean that a surface

Al of the underlying stoichiometric surface (shown in gold in Fig. 3.1) binds at most to one of

the surface OH groups, which bridge to the adsorbed Al(OH)3 (shown in blue in Fig. 3.1). This
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can be contrasted to the known, fully hydroxylated surface with θ[Al(OH)3] = 1, where each

surface Al binds to three OH groups. Importantly, the adsorbed Al(OH)3 binds in the position

expected from the bulk structure of α-Al2O3 and binding in the other available octahedral

site is significantly weaker by 0.78 eV. The most stable orientation of the hydroxyl groups in

the Al(OH)3 groups (clock-wise or counter clock-wise) depends on the relative orientation of

oxygens in the lower layer. The difference in stability between the two different orientations is

relatively large with 0.52 eV. This can be compared to the orientation of the hydroxyl groups

in the fully hydroxlated surface (θ[Al(OH)3] = 1), where it is has been shown that different

configurations exist [87, 240–243], in which individual hydroxyl groups can be orientated parallel

to the surface to form hydrogen bonds, or point away from the surface. Here we found very

small differences of less than 0.01 eV per (1×1) unit cell.

Figure 3.1: Atomic structure of the most relevant surface terminations of α-Al2O3(0001). (a)
Clean/dry surface. (b) Surfaces with θ[Al(OH)3] = 1 and 1

4
, which require diffusion of additional

Al3+ ions onto the clean 0001-surface. (c) Metastable surfaces M1-M3 that can be obtained by
adsorption of water and local reconstruction. The unit cell is indicated in the top views. The
number of layers visible in the top-views is indicated with braces in the respective side-views.

Figure 3.2a shows the stability of the investigated surfaces as a function of the chemical potential

of water, µH2O. At high values of µH2O, the fully hydroxylated surface θ[Al(OH)3] = 1 is most

stable, for µH2O ≥ -0.76 with an additional 2D ice-like overlayer of water (labeled H2O* in

Fig. 3.2). Isolated Al(OH)3 groups can be formed up to a maximum coverage of θ[Al(OH)3]
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= 1
3
, as illustrated in Fig. 3.2b. Figure 3.2a shows that these surfaces become more stable

than the fully hydroxylated surface already for µH2O ≤ −1.25 eV, for example at 500 K and

1 mbar H2O pressure. Importantly, de-hydroxylation and formation of the clean stoichiometric

surface is predicted only at µH2O ≤ −2.8 eV, which is realized, for example at around 1000 K

and 1 mbar H2O pressure or at 850 K and 0.001 mbar H2O pressure, see Fig. 3.2c. Complete

de-hydroxylation is therefore expected only for temperatures that are about 400 K higher than

previously expected for the fully hydroxylated surface.

Figure 3.2: Stability of α-Al2O3(0001) surfaces. (a) Surface free energies, given relative to the
dry surface as a function of the chemical potential of water µH2O. The most stable surfaces are
shown in blue for various coverages θ[Al(OH)3]. The metastable structures M1-M3 are shown
in red and black. (b) Schematic representation of the surface Al-configurations for the various
coverages θ[Al(OH)3]. (c) Phase diagram, showing only the most stable structures according
to Eq. 3.1, where µH2O was calculated using the rigid rotor and free translator approximation.
At high chemical potentials of water, the most stable structure is a 2D-ice layer adsorbed on
θ[Al(OH)3] = 1, which is labeled H2O*.

Isolated Al(OH)3 fragments show weakly repulsive adsorbate-adsorbate interaction for θ[Al(OH)3]

≤ 1
3
, leading to a systematic decrease of θ[Al(OH)3] from its maximum value of 1

3
to zero with

increasing temperature and decreasing pressure, as shown in Fig. 3.2c. As shown in Table

3.2, the formation energy per water molecule increases only by 0.07 eV, when going from 1
3
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to 1
4

and then to 1
9

coverage, illustrating the weak interaction. The difference in formation

energy between 1
9

and 1
16

coverage is < 0.01 eV at the PBE-D3 level of theory, showing that

adsorbate-adsorbate interaction is already negligible at θ[Al(OH)3] = 1
9
. Table 3.2 also lists

results obtained with other functional as single-point energies based on the structure obtained

with PBE-D3. These results show that the overall trends are the same, however, there is a

general difference in the predicted stability of the hydroxylated surfaces with respect to the

dry surface, where formation energies increase in the order SCAN < PBE-D3 < BEEF-vdW ≲

HSE06, i.e. SCAN predicts hydroxylated surfaces to be most stable (see also Fig. A.4 in the

Appendix).

The stability of the surfaces with θ[Al(OH)3] = 1
3
, 1

4
and 1

9
shown in Fig. 3.2 were computed

for (
√

3 ×
√

3)R30◦, (2 × 2) and (3 × 3) surfaces, see Fig. 3.2b. However, due to the weak

interaction, different configurations with the same coverages were found to show only negligible

differences in stability. For example, different configurations for θ[Al(OH)3] = 1
4

differ by less

than 1 meV/Å2, or equivalently by less than 0.05 eV per Al(OH)3 fragment (see Appendix).

In the range of -1.5 eV < µH2O < -1.2 eV, there is a large variety of structures with similar

stability with 1
3
< θ[Al(OH)3] < 1. The most stable of these surfaces with θ[Al(OH)3] = 4

9
is

included in Fig. 3.2. As is shown in Fig. 3.2b, this surface is intermediate between having

isolated Al(OH)3 groups and being fully hydroxylated.
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Table 3.2.: Overview over computed terminations of the α-Al2O3(0001) surface. The composition is specified in terms of the coverage of
H2O and Al(OH)3 adsorbates relative to the dry surface. The formation energy is given per two OH groups in eV relative to the dry surface
and ∆Eform is thus equal to the chemical potential µH2O at which the surface free energy is identical to that of the stoichiometric surface,
see Eq. 1. Additionally, the concentration of hydroxyl groups per surface area, the unit cell and the employed k-point sampling are specified

coverage (θ) ∆Eform per 2OH (eV) n(OH)
Surface Al(OH)3 H2O PBE-D3 BEEF-vDWa SCANa HSE06a (1/nm2) unit cell k-points

dry/clean 0 0 0 0 0 0 0 b b

θ[Al(OH)3]=1/16 1/16 0 -2.80 -2.75 -2.98 -2.76 0.9 (4×4) 1×1
θ[Al(OH)3]=1/9 1/9 0 -2.80 -2.75 -2.96 -2.74 1.7 (3×3) 2×2c

θ[Al(OH)3]=1/4 1/4 0 -2.73 -2.70 -2.89 -2.67 3.8 (2×2) 2×2

θ[Al(OH)3]=1/3 1/3 0 -2.66 -2.66 -2.81 -2.58 5.0 (
√

3×
√

3)R30◦ 4×4c

θ[Al(OH)3]=4/9 4/9 0 -2.37 -2.30 -2.51 -2.28 6.7 (3×3) 2×2c

θ[Al(OH)3]=1 1 0 -1.72 -1.44 -1.87 -1.56 15.1 (1×1) 4×4
θ[Al(OH)3]=1; θ[H2O]=2 1 2 -1.17 -0.93 -1.21 -0.99 35.3 (1×2) 4×2
M1 0 1 -1.64 -1.57 -1.71 -1.52 10.1 (1×1) 4×4
M2 0 3/4 -1.88 -1.73 -2.00 -1.77 7.6 (2×2) 2×2
M3 0 3/4 -2.15 -2.01 -2.31 -2.04 7.6 (2×2) 2×2

a Single point calculation with the PBE-D3 structure. b The dry surface serves as the reference and was always computed with the same
unit cell and k-point sampling as the hydroxylated surfaces. c For HSE06, the k-point sampling in each dimension was reduced by a factor
of 2.
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Our results suggest that hydroxylated surfaces with θ[Al(OH)3] < 1 may exhibit no ordered

structure, because different configurations at the same coverage θ[Al(OH)3], show only very

small differences in energy and because of the slow diffusion of Al(OH)3 (vide infra). For this

reason, we discuss the state of these surfaces in terms of the coverage θ[Al(OH)3] rather than a

specific surface reconstruction such as (2 × 2). The lack of an ordered hydroxylated structure

for θ[Al(OH)3] < 1 may explain why in LEED experiments below 900 ◦C generally only a (1×1)

pattern is observed, which, however, improves with increasing temperatures, concomitantly

with the desorption of water [244].

Then we now discuss the limitations of our investigation of the thermodynamic stability of

these surfaces. Most importantly, it is of course possible that more stable terminations, for

example with different compositions, exist. Secondly, our study is limited by the choice of

unit cell, which allows only a finite number of configurations. However, for isolated Al(OH)3

groups, our investigation showed that adsorbate-adsorbate interaction is negligible already at

θ[Al(OH)3] = 1/9, since the formation energy changes by less than 0.01 eV when going from

θ[Al(OH)3] = 1/16 to 1/9. Additionally, we have found that, for a given coverage θ[Al(OH)3],

the stability does not depend strongly on the relative spatial positions of the Al(OH)3 groups.

Consequently, we do not expect that an energetically particularly stable configuration of isolated

Al(OH)3 groups was missed due to the limited number of studied unit cells. Our study did not

account for vibrational and configurational entropy on the surface and only considered the loss

of entropy upon adsorption of water. This approximation is expected to generally underestimate

the stabilty of the hydroxylated surfaces with respect to the clean surface, especially at higher

temperatures. We have studied four different density functionals, including a hybrid functional,

which all support the main conclusion that the type of termination proposed herein is stable

at low chemical potentials of water and that θ[Al(OH)3] is expected to decrease gradually with

increasing temperature. However, the functionals differ in the prediction of the total stability

of these surfaces and in the precise values of µH2O at which the transitions between these

terminations occur. The level of electronic structure theory could be improved, for example

with wave function methods that have already been applied to similar problems [81, 86].

3.2.3. Thermodynamic Stability of Hydroxylated α-Fe2O3(0001) Surfaces

The most stable dry surface we found for α-Fe2O3 is a (1 × 1) surface that is terminated by

a single Fe, i.e. (O3-Fe), similar to the α-Al2O3 we have discussed in the previous section
[53, 174, 222, 237, 245] and in agreement with previous work [89, 99, 100, 103, 246, 247]. Figure 1.2 shows

both a top-view and a side-on view of this surface. Additionally, the labeling of both Fe- and

O-layers is introduced in Fig. 1.2, which will be used to refer to individual layers. Table 3.3

shows how the computed interlayer spacings obtained after relaxation with DFT deviate from

the bulk limit. The topmost Fe atom in the first layer strongly relaxes downward, which reduces

the distance between the Fe-layer and the lower oxygen layer by -65.3% of the corresponding

interlayer spacing of the bulk, so that the interlayer spacing at the surface is 34.7 % of that of
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3.2. Results and Discussion

Table 3.3.: Percent change (d%∆) in layer spacing from the α-Fe2O3 relative to the bulk limit.

θ[Fe(OH)3]
d%∆ Dry θ = 1/4 θ = 1 θ[H2O] = 1
OB − Fe2A – 7.6 7.7 –
Fe2A − Fe1A – 73.1 -26.8 –
Fe1A − OA -65.3 -55.2 9.6 -17.3
OA − Fe2B 7.8 4.0 0.2 10.1
Fe2B − Fe1B -37.3 -30.4 2.8 -28.9
Fe1B − OB 16.2 14.2 -1.0 10.6
OB − Fe2C 4.2 4.7 -0.5 0.7
Fe2C − Fe1C -5.1 -5.3 1.1 1.4
Fe1C − OA′ 1.6 1.8 -0.2 -0.5
OA′ − Fe2A′ -0.9 -0.6 0.2 -0.5
Fe2A′ − Fe1A′ 2.7 2.1 -0.2 1.2
Fe1A′ − OB′ -0.5 -0.3 0.2 -0.2
OB′ − Fe2B′ 0.3 0.2 0.0 0.2
Fe2B′ − Fe1B′ -0.5 -0.2 0.2 0.0
Fe1B′ − OA′′ 0.4 0.3 0.1 0.3

the bulk value. This is somewhat more than reported in previous work (-57%)[113]. We note

that the corresponding relaxation of the first layer is even stronger for α-Al2O3(0001), where

computed values range from -82% to -88% [53, 76, 222].

The magnetic moments of the Fe atoms in the near-surface layers are compiled in Table 3.4. The

magnetic moments in the first (-4.00 µB) and second (+4.14 and +4.17 µB) layer differ slightly

from the bulk value (± 4.16 µB), to which the magnetic moments converge in the third layer

(labeled layer ”C” in Table 3.3). This is in good agreement with the literature (GGA+U )[113],

where the magnetic moment of Fe is ± 4.11 µB in the bulk, ± 3.94 µB in the first surface layer,

and ± 4.10 µB in the second surface layer. The experimental value is ± 4.6-4.9 µB
[248, 249] for

Fe in the bulk.

We will now discuss the hydroxylated surfaces of α-Fe2O3(0001). As for α-Al2O3
[76, 79, 80], the

hydroxylated structures have been investigated for α-Fe2O3
[118, 123–126, 130, 229, 246, 250–252] both

computationally and experimentally. One of the simplest hydroxylated structures results from

the dissociative adsorption of water on the dry surface (θ[H2O] = 1), see Fig. 3.3a. As for

α-Al2O3
[53], the barrier for this dissociation was found to be very low (< 0.1 eV) also for

α-Fe2O3.
[103]

The fully hydroxylated surface is terminated by a complete layer of oxygen that is saturated

with one hydrogen per oxygen giving an OH-concentration of 3 per (1×1)-cell or 13.6 per

nm2. We find that there are structures with one or two of the three hydrogens pointing in a

direction parallel to the surface and engaging in hydrogen bonding. As in previous work on

α-Fe2O3(0001) [131] and α-Al2O3(0001) [253], we find the difference in stability to be negligible

(≤ 0.05 eV) and only show in Fig. 3.3b the structure with one in-plane hydrogen bond. As one
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3.2. Results and Discussion

Table 3.4.: Mean magnetic moments (in µB) of the upper half layers from the slabs for the
relevant α-Fe2O3 surface terminations. The magnetic moment is averaged over all Fe-atoms
belonging to the respective layer. The computed magnetic value of the bulk is µ = ±4.16

θ[Fe(OH)3]
Dry θ = 1/4 θ = 1 θ[H2O] = 1

Fe2A – -4.24 -4.24 –
Fe1A -4.00 -4.07 -4.21 -4.01
Fe2B +4.14 +4.16 +4.16 +4.16
Fe1B +4.17 +4.17 +4.15 +4.16
Fe2C -4.16 -4.15 -4.16 -4.16
Fe1C -4.16 -4.16 -4.16 -4.16
Fe2A′ +4.16 +4.16 +4.16 +4.16
Fe1A′ +4.16 +4.16 +4.16 +4.16
Fe2B′ -4.16 -4.16 -4.16 -4.16
Fe1B′ -4.16 -4.16 -4.16 -4.16

may expect, MD-simulations on α-Al2O3(0001) show that OH-groups are not confined to these

rigid positions. [82]

Comparing the termination of the dry surface (O3 − Fe) and that of the fully hydroxylated

surface (Fe2 − (OH)3), these two surfaces always differ by 3
2
H2O and ±Fe2O3. So, one can

think of it as one Fe(OH)3 group adsorbed per (1×1)-cell of the dry surface. Importantly, these

Fe(OH)3 groups are most stable, when adsorbed in the positions corresponding to a continuation

of the bulk positions expected for Fe. Therefore, as in our previous work on α-Al2O3(0001)[222],

we use the coverage of Fe(OH)3 to describe the degree of hydroxylation of the surface. Here,

θ[Fe(OH)3] = 1 corresponds to the fully hydroxylated surface. The computed structures for

θ[Fe(OH)3] = 1 and 1/4 surfaces are shown in Fig. 3.3.

The surface characterized by θ[Fe(OH)3] = 1/4 contains an isolated Fe(OH)3 fragment adsorbed

on the dry surface. By isolated, we mean that Fe atoms in the layer below the top Fe(OH)3

groups bind at most to one hydroxyl group (Fig. 3.3c).[222]

Figure 3.4 shows the stability of the investigated surfaces as a function of the chemical potential

of water, µH2O. The surface resulting from dissociative water adsorption on the dry surface

(θ[H2O] = 1) is at no point the most stable structure. At high values of µH2O, the fully

hydroxylated surface θ[Fe(OH)3] = 1 is most stable, while at low values of µH2O, the dry surface

θ[Fe(OH)3] = 0 is most stable. Fig. 3.4a shows that the θ[Fe(OH)3] = 1
4

surface becomes

more stable than the fully hydroxylated surface for µH2O ≤ −0.95 eV, for example, at around

400 K and 1 mbar H2O pressure. Dehydroxylation and the formation of the clean surface are

only predicted to appear at µH2O ≤ −2.22 eV, for example, at 850 K and 1 mbar H2O pressure

or at 700 K and 0.001 mbar H2O pressure, see Fig. 3.4b. Figure 3.4b has been obtained by

considering only the loss of translational and rotational entropy associated with the reaction of

H2O(g), which is the leading contribution for adsorption at high temperatures.
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3.2. Results and Discussion

Figure 3.3: Atomic structure of hydroxylated surfaces. (a) Surface configuration with one H2O
molecule dissociated on top of the Fe-terminated Fe2O3(0001) (dry) surface. (b) Surface with
θ[Fe(OH)3] = 1. (c) Surface with θ[Fe(OH)3] = 1

4
. H, O, and Fe atoms are shown as small,

medium, and large spheres, respectively. H atoms are shown in black, while a different color
code is used to differentiate between the different layers for Fe (blue, gold, dark gray, light gray)
and O (red, gold, light gray).

Tables 3.3 and 3.4 list the surface relaxation and magnetic moments, respectively. The deviation

of the interlayer-spacing from the bulk is comparable for most hydroxylated surfaces, but is

clearly the smallest for the fully hydroxylated surface, θ[Fe(OH)3] = 1. This can be explained

by the fact the termination by OH-groups is most similar to a bulk-like layer of oxygens. The

magnetic moment converges in all cases quickly to the bulk limit with comparable deviations in

the first two layers (< 0.2 µB). To investigate how the reactivity of the partially hydroxylated

surface with θ[Fe(OH)3] = 1/4 differs from the dry and the fully hydroxylated surfaces, we

considered CO and H2O as probe molecules, absorbed at a low coverage of θ = 1/4. We find

that the binding energy on the partially hydroxylated surface is intermediate between dry and

fully hydroxylated surface (see Appendix B.7 for details).

We will now briefly discuss how the stability of the α-Fe2O3(0001) surface compares with the

results obtained for α-Al2O3(0001). This is of interest because the two are iso-structural and

the results obtained for α-Fe2O3(0001) are significantly different. In both cases, surfaces with

low hydroxyl group concentration are stable, but for α-Al2O3(0001) this stability extends to

much lower values of µH2O and it is not obvious why. In Fig. 3.4, we have, as in previous work,

given the surface energy relative to the dry surface (γdry = 0). This choice is motivated by the

fact that the absolute stability of the dry surface is irrelevant to determine which termination

is most stable under certain conditions. However, to compare the 0001-surface of the α-Fe2O3

and α-Al2O3, we found it useful to employ the absolute surface energies. For the comparison,
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3.2. Results and Discussion

Figure 3.4: Stability of α-Fe2O3(0001) surfaces. (a) Surface free energies are given relative to
the dry surface as a function of the chemical potential of water µH2O (b) Phase diagram as a
function of temperature and the partial pressure of water.

it is additionally useful to give the surface energy not per area, but per (1×1)-unit cell, because

this leads to the same concentration of hydroxyl groups

γ =
Eslab − x

2
Ebulk

M2O3
−m[Egas

H2O
+ µH2O] + n[Egas

O2
/2 + µO]

2A
× A1×1 (3.4)

As opposed to Eq. 3.2, in Eq. 3.4 all Fe is referenced to bulk α-Fe2O3 and x therefore simply

equals the number of metal ions in the slab. The absolute surface energies per unit cell are

given in Fig. 3.5.

Figure 3.5: Absolute surface energies per unit cell computed according to Eq. 3.4 with data for
α-Al2O3(0001) taken from previous work.[222]

It can be seen in Fig. 3.5 that the total surface energies of the fully hydroxylated surface,

θ[M(OH)3]=1, varies only slightly, with values of -0.05 and -0.19 per unit cell for Fe2O3 and
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Al2O3 respectively. Note that this corresponds to the 0 K (µ(H2O) = 0) surface energies.

Negative surface energies for hydroxylated surfaces at 0 K have been computed before, for α-

Al2O3(0001)[76], θ-Al2O3(110) [75, 254] and α-quartz(0001) [254, 255]. The small absolute value and

small variation of these surface energies can be explained by the fact that all metal atoms

retain their octahedral coordination, when the fully hydroxylated surface is formed from the

bulk. Furthermore, the number of hydroxyl groups also stays constant when the hydroxylated

surface is created through the reaction with H2O.

The stability of the dry surface, θ[M(OH)3]=0 varies strongly from α-Fe2O3 to α-Al2O3, from

1.84 to 2.39 eV per unit cell. The dry surface and fully hydroxylated surface have the same

stability for α-Al2O3(0001) when the chemical potential of water is µ(H2O) = -1.72 eV [222]. The

much more stable dry surface of α-Fe2O3(0001) leads to an earlier crossover at µ(H2O) = -1.26

eV (Fig. 3.4). Consequently, the lower stability of fully hydroxylated surface θ[M(OH)3]=1

observed in Fig. 3.4 for α-Fe2O3(0001) is mainly due to the more stable dry surface.

For the partially hydroxylated surface with θ[M(OH)3]=1/4, Fig. 3.5 shows an increase in

surface energy from 1.03 to 1.36 eV per unit cell when going from Fe2O3 to Al2O3. Compared

to the stability of α-Al2O3(0001) surfaces, both θ[Fe(OH)3] = 1
4

and θ[Fe(OH)3] = 1 surfaces

are relatively less stable than their corresponding alumina-structures. Similar to α-Al2O3(0001)

surfaces[222], it is possible that there is a large variety of structures between θ[Fe(OH)3] = 1
4

and

θ[Fe(OH)3] = 1, such as θ[Fe(OH)3] = 4
9
.

We will now discuss reduced structures, which contain Fe in the oxidation state +2. The mo-

tivation for considering surface reduction is that we believe reduction of hematite to magnetite

begins at the surface, in this case α-Fe2O3(0001). One interesting question is, if surface reduc-

tion is more or less favorable than bulk reduction. As above, we will describe the structures in

terms of the group that is adsorbed on the dry surface and its respective coverage. The most

stable obtained structures can be derived from the hydroxylated structures discussed above (Fe

in oxidation state +3) by removing an OH group. Removing an OH-group from θ[Fe(OH)3] =
1
4

and θ[Fe(OH)3] = 1, results in the structures labeled θ[Fe(OH)2] = 1
4

and θ[Fe(OH)2] = 1.

Here, the topmost Fe is in oxidation state +2 as evidenced by the magnetic moment, see Table

3.5. Further removal of an OH group gives θ[Fe(OH)] = 1, in which both top Fe ions are in

oxidation state +2. The reduced surface θ[FeO] = 1 can be obtained by removing H2O from

θ[Fe(OH)2] = 1.

The atomic structure of the reduced surfaces is shown in Fig. 3.6 and the phase diagram in

Fig. 3.7 summarizes all relevant structures. Fig. 3.7a shows the phase diagram as the function

of the chemical potentials of oxygen and water. At the top of the phase diagram, for chemical

potentials of oxygen µO < -1.5 eV, only nonreduced surfaces without Fe+2 (also displayed in

Fig. 3.4) are stable. The stability of the reduced surfaces is generally a function of the chemical

potentials of both water and oxygen. The reduced structures with low hydroxyl concentration

(θ[FeO] = 1 and θ[Fe(OH)] = 1) are only stable in a range of chemical potentials µO < -2.44 eV,
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Figure 3.6: Atomic structure of reduced surfaces of α-Fe2O3(0001) with the same color code as
in Fig. 3.3 for surfaces with (a) θ[FeO] = 1, (b) θ[Fe(OH)] = 1, (c) θ[Fe(OH)2] = 1

4
, and (d)

θ[Fe(OH)2] = 1.

where bulk hematite is less stable than bulk magnetite, according to experimental data.[256] The

only reduced surfaces in the phase diagram that extend to higher values of µO are θ[Fe(OH)3] =

1 and θ[Fe(OH)2] = 1
4
. We also note that the chemical potential of oxygen at which calculations

predict this transition is usually lower, ranging from −1.60 eV to −1.73 eV for PBE+U with 0

< U < 5 eV, as opposed to the experimental value of µO < -2.44 eV.[230] Consequently, the first

formation of reduced surfaces is predicted by our calculations at a similar potential at which

DFT+U also predicts (erroneously) the transition from bulk hematite to bulk magnetite[230].

From this, we conclude that the formation of reduced α-Fe2O3(0001) surface occurs in a similar

range of the chemical potential of µO as the reduction of bulk hematite to bulk magnetite. This

is of course only a thermodynamic analysis and one can speculate that surface reduction of

hematite is kinetically more facile than complete reduction of bulk hematite to magnetite.

In Fig. 3.7b, we show the stability of the same phases as a function of the chemical potential of

hydrogen and water. The transformation is achieved simply by using the experimental formation

energy of water and setting µO = -2.476 eV + µH2O - µH2 . Under oxidizing conditions, Fig.

3.7a is a more useful representation, while Fig. 3.7b is more convenient to analyze the stability

under reducing conditions. Both of these situations are relevant for a potential process[97], in

which iron is used as a solid fuel, that is burned (with O2) to yield hematite and is then reduced

(using H2) to again give iron.

3.2.3.1. Stability of α-Fe2O3(0001) Surfaces under Different U Settings

To validate the effect of U on the prediction of surface stability, we tested the surface stability

using different values of U. Compared to the calculations with U = 4 eV, the results with U =

3 and 5 eV are similar, with more (less) favorable hydroxylation predicted for 5 (3) eV, see Fig.

3.8. Figure 3.8 is the same as Fig. 3.4 but with the results of single point calculations for U =

3 and 5 eV added. The chemical potential of H2O, where the transitions that occur are shifted
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Figure 3.7: Phase diagram for α-Fe2O3(0001) surface terminations. (a) as a function of the
chemical potential of water µH2O and oxygen µO. The range of stability of bulk hematite
and bulk magnetite is indicated based on experimental values.[256] The horizontal dashed line
indicates the chemical potential at which the transition occurs. (b) as a function of µH2O and
chemical potential of hydrogen µH2 .

Table 3.5.: Mean magnetic moments (in µB) of the upper half layers from the slabs for the
relevant reduced α-Fe2O3(0001) surface terminations. The magnetic moment is averaged over
all Fe-atoms belonging to the respective layer. The computed magnetic value of the bulk is µ
= ±4.16

θ[Fe(OH)2]
θ[FeO]−−1 θ[FeOH]−−1 θ = 1/4 θ = 1

Fe2A -3.67 -3.62 -3.73 -3.71
Fe1A -4.06 -3.64 -4.07 -4.13
Fe2B +4.15 +4.16 +4.14 +4.15
Fe1B +4.15 +4.16 +4.17 +4.16
Fe2C -4.16 -4.16 -4.15 -4.16
Fe1C -4.16 -4.16 -4.16 -4.16
Fe2A′ +4.16 +4.16 +4.16 +4.16
Fe1A′ +4.16 +4.16 +4.16 +4.16
Fe2B′ -4.16 -4.16 -4.16 -4.16
Fe1B′ -4.16 -4.16 -4.16 -4.16
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at most by 0.1 eV. We thus concluded that the predicted stability of nonreduced hydroxylated

and clean surfaces depends only weakly on the value of U . Fig. 3.9 shows the results obtained

for U = 3 and 5 eV in addition to those depicted in Fig. 3.7. For these values, the transition

between the phases, which is at µH2O = −0.95 eV and µH2O = −2.22 eV for U = 4 eV is shifted

to µH2O = −0.85 eV and µH2O = −2.14 eV for U = 3 eV and µH2O = −1.06 eV and µH2O =

−2.29 eV for U = 5 eV. A higher U -value (5 eV) generally leads to easier reduction and vice

versa for a lower U -value (3 eV). This shifts the phase boundaries systematically by about 0.2

eV (see Fig. 3.9).

Figure 3.8: (a) Comparative stability plots for α-Fe2O3(0001) surface energies under different
Hubbard U corrections are given relative to the dry surface as a function of the chemical po-
tential of water µH2O. (b) Comparative phase stability plots for α-Fe2O3(0001) surface energies
under different Hubbard U corrections based on temperature and partial pressure variations
(p(H2O)). The background shading indicates the phase region calculated at U=4 eV, and the
overlapping boundaries in the white solid line indicate the phase transition. Deviations from
phase stability at U=5 eV and U=3 eV are highlighted with red and yellow lines, respectively.

3.2.3.2. Vibrational Contributions to Gibbs Free Energy

To quantify the contribution of surface atomic vibrations to the Gibbs free energy and thus the

change in surface stability, normal mode analysis was performed based on a finite difference

approximation of the Hessian matrix with a displacement of 0.01 Å. The systems considered

are the same symmetric slabs used to compute the energies, however, vibrations were computed

only on one surface. For H2O(g), Gibbs free energies were computed using the rigid rotator

and free translator approximation with symmetry number σ=2 in addition to the harmonic

vibrations. The contribution to the stability of the different slabs relative to the θ[Fe(OH)3]=0

surface resulting from vibrational, rotational and translational degrees of freedom was calculated

analogously to the reaction energies:
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3.2. Results and Discussion

Figure 3.9: Comparative phase stability diagrams for α-Fe2O3(0001) surface energies under
varying Hubbard U corrections. The background shading delineates phase regions calculated
with U=4 eV, while the overlaid boundaries in white dashed lines represent phase transitions.
Deviations in phase stability are distinctly highlighted with a yellow line for U=5 eV and a red
line for U=3 eV. (a) Surface stability depends on µH2O and µO. (b) Surface stability depends
on µH2O and µH2 .

GFe2O3
= G2 −G1 (3.5)

γvib(θ[Fe(OH)3] = 1) = G5 −G1 −
1

2
GFe2O3

− 3

2
GH2O

(3.6)

γvib(θ[Fe(OH)3] = 1/4) = G7 − 4 ×G1 −
1

2
GFe2O3

− 3

2
GH2O

(3.7)

The labeling used, and the zero-point vibrational energy (ZPVE) is given in Table 3.6. The

vibration data is shown in Table B.10.

Table 3.6.: Details of the systems considered for vibrational analysis and labeling used. The
ZPVE is given in eV.

Structure Label Atoms included in partial Hessian ZPVE Composition
θ[Fe(OH)3]=0 (dry/clean) 1 Fe3O6 0.607 Fe18O27

θ[Fe(OH)3]=0 (dry/clean) 2 Fe3O6 + Fe2O3 0.932 Fe18O27

θ[Fe(OH)3]=1 5 Fe3O6 + Fe(OH)3 1.760 Fe20O33H6

θ[Fe(OH)3]=1/4 7 Fe3O6 × 4 + Fe(OH)3 3.575 Fe74O114H6

H2O H2O H2O 0.574 H2O

When vibrations are included, similar results are obtained (shown in Fig. 3.10). As one may

expect, the main effect of considering the vibrational entropy of the surface is a stabilization

of the hydroxyl groups at higher temperatures. The effect is largest for the transition from

θ[Fe(OH)3] = 1
4

to the dry surface in the temperature range of 600 to 1200 K. However, it is

unclear how good the harmonic approximation is at these elevated temperatures since it cannot
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describe the full motion of hydroxyl groups. The main effect of zero-point vibrational energies

is to disfavor hydroxylation by approximately 0.13 eV per Fe(OH)3-group.

Figure 3.10: Comparative phase stability diagrams for α-Fe2O3(0001) surface energies including
the vibrational contributions to the Gibbs free energy.

3.2.4. Kinetics and Mechanism of Local Surface Reconstruction in the Hy-

droxylation of α-Al2O3(0001) Surfaces

All previously discussed hydroxylated structures of the α-Al2O3(0001) surface require global

reconstruction involving the diffusion of Al3+ ions, however, in this section, we explore the ki-

netics and mechanisms by which hydroxylation can occur through local surface reconstruction

starting from the clean surface. This has already been discussed for the fully hydroxylated

surface θ[Al(OH)3] = 1 [78, 80]. Apart from the most stable, fully hydroxylated structure, previ-

ous theoretical investigations also studied hydroxylation starting from the initial adsorption of

water on the clean surface, which dissociates with low barriers, < 0.5 eV [79, 82]. At a coverage

of θ[H2O] = 1, this leads to structure M1 in Fig. 3.1, which is metastable since it is always

less stable than a structure with adsorbed Al(OH)3. Figure 3.1 shows that the structural motif

of an isolated Al(OH)3 group can also be formed through local reconstruction. In structure

M3, an Al-vacancy is formed, saturated with three OH-groups and the removed Al3+ ion is

placed on the surface as an adsorbed Al(OH)3 group in the same manner as for the structure

with θ[Al(OH)3] = 1/4. Importantly, formation of M3 from the clean surface involves only

local reconstruction of the surface and the reaction with three H2O-molecules. Structure M3

can be described as a local coexistence of 25% of the θ[Al(OH)3] = 1 structure and 75% of

the θ[Al(OH)3] = 1/3 structure and its stability is in fact almost identical to that of the linear

combination of these surfaces. This is apparent from Fig. 3.2a, which shows that the surface

free energies of M3, θ[Al(OH)3] = 1/3 and θ[Al(OH)3] = 1 cross almost in one point, at µH2O =

-1.25 eV. At µH2O < -1.25 eV, M3 is actually more stable than the fully hydroxylated surface,

θ[Al(OH)3] = 1.

We investigated the formation of structure M3 from the clean surface via water adsorption and

dissociation to M1 followed by diffusion of Al3+ ions over the surface to form M3, see Fig.
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3.11. A complete reaction pathway was obtained, for which all minima and transition states

along the reaction pathway were computed [218, 219, 236]. Although M1 and M3 are (2×2)-surface

structures, the path was computed for a (3×3) cell on which only four water molecules were

adsorbed in the (2×2) area, where the reaction takes place. This approach was taken to avoid

artificial interaction between periodic images of the surface reactions taking place, which would

necessarily occur, when using a (2×2)-cell. We decided to start from only four adsorbed water

molecules and leave the remaining five sites clean, mainly because this results in a less complex

model and because we do not expect a large effect from additional coadsorbed water.

The most favorable pathway for the formation of structure M3 from M1 was found to proceed

via two distinct Al-migrations. In a first step, the Al(OH)3 moiety is formed through migration

of the closest surface-Al(OH) out of its initial position in the first layer (shown in gold) into

the adsorbed position (shown in blue). After a few reaction steps, this gives the intermediate

M2, also shown in Fig. 3.1. In a second Al-migration, the Al-vacancy is then moved further

away to give M3. In addition to water adsorption and dissociation, the reaction path involves 14

elementary reactions that include both H- and Al-diffusion steps. For one of the proton transfer

steps, an adsorbed H2O molecule was found to facilitate this process as a proton shuttle, which

leads to the visible dependence of the corresponding barrier on the chemical potential of water.

For all other proton transfers, where this was tested, additional water was not found to lower

the barrier at relevant values of µH2O for entropic reasons.

Figure 3.11 shows the free energy diagram for the transformation from M1 to M3 for different

chemical potentials of water. The chosen values of µH2O = -1.80, -1.67 and -1.50 eV where

selected to illustrate the effect of µH2O on the Gibbs free energy profile. At µH2O = -1.67 eV,

the initial adsorption of the four H2O molecules is thermoneutral, while it is uphill in free energy

for smaller values of µH2O. The kinetics for the initial steps of reconstruction therefore depend

on µH2O and will become slower with decreasing µH2O < -1.67 eV, even if the formation of M3

is still favorable. We note that the value of µH2O = -1.67 eV, at which the adsorption of the

four water molecules on the (3×3)-surface (θ[H2O]−−4
9
) is thermoneutral, is slightly lower than

the corresponding value of -1.64 eV given in Table 3.2 for θ[H2O]−−1, which we attribute to

adsorbate-adsorbate interaction.

Starting from dissociatively adsorbed water, formation of M2 occurs with moderate barriers of

up to 1.02 eV, which are accessible already at ambient temperatures. Importantly, M2 is already

more stable than M1 for µH2O < −0.90 eV. We note that the type of reconstruction shown for

M2 can also occur with a coverage of 1/3, which is slightly more favorable (see Appendix).

Due to the relatively high stability of M2, both the reaction backwards to M1 or forwards to

M3 is associated with barriers on the order of 2 eV. This becomes feasible approximately at

temperatures higher than 700 K, where a first-order rate constant with a barrier of 2.00 eV is

0.07/s. Figure 3.11 shows that the decomposition of M3 to M1 is associated with a large barrier

of 3.02 eV. It is important to note that the decomposition of M3 back to M1 and eventually to
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Figure 3.11: Gibbs free energy diagram at µH2O = -1.80, -1.67 and -1.50 eV for the reconstruction
of structure M1 via M2 to M3. Calculations were performed for a (3×3) unit cell. Selected
structures are shown as inset, with the same color code as in Fig. 3.1.

the clean surface also requires an additional water molecule, which facilitates the migration of

the Al-species. This results in a high kinetic stability of this surface, especially if water pressure

is low, such as in experiments where these surfaces were annealed in UHV and hydroxyl groups

were still present [46, 47].

3.2.5. Diffusion Mechanisms for the Formation of Extended Hydroxylated α-

Al2O3(0001) Surfaces

To further understand the development of hydroxylated surfaces on α-Al2O3(0001), we ex-

plore how extended hydroxylated structures can form through diffusion mechanisms involving

aluminum species. The formation of the extended surfaces listed in Figs. 3.1 and 3.2 with

θ[Al(OH)3] = 1, 4
9
, 1

3
, 1

4
, 1

9
and 1

16
requires the diffusion of additional Al onto the dry sur-

face. The simplest mechanism for this is through direct diffusion of adsorbed Al(OH)3 over

the stoichiometric surface, see Fig. 3.12. This is associated with a high barrier of 3.22 eV,

which becomes feasible at temperatures around 1100 K, where a first-order rate constant with

a barrier of 3.22 eV is 0.05/s.

An alternative to the diffusion of Al(OH)3 is a water-mediated Al-vacancy migration mechanism

shown in Fig. 3.13. In this mechanism, an OH-saturated Al-vacancy is assumed to be present

on the surface. As discussed above and shown in Fig. 3.11, these vacancies can be formed

concomitantly with the Al(OH)3 groups through local reconstruction. Migration of the Al-

vacancy occurs through the diffusion of a surface-Al out of its initial position onto the surface

and then into the vacancy position. This is facile when a mobile Al(OH) species is created

through dissociative H2O-adsorption. The mechanism for water-mediated Al-vacancy migration

is thus similar to the transformation of M2 to M3 (Fig. 3.11), where an additional Al(OH)3
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group is coadsorbed. The overall barriers are in both cases on the order of 2.2 eV. In contrast to

migration of Al(OH)3, this mechanism requires the presence of an additional molecule of water

and will become increasingly unfavorable, for µH2O < -1.67 eV. Similar to Fig. 3.11, Fig. 3.12

shows the Gibbs free energy diagram for different values of the chemical potential of water. The

values of µH2O = -2.20, -1.67 and -1.25 eV were chosen to illustrate how the Gibbs free energy

surface changes when water adsorption becomes unfavorable thermodynamically.

Based on the reconstruction and diffusion mechanisms described above, one can now envi-

sion how the formation of extended hydroxylated α-Al2O3(0001) surfaces can take place. We

have shown that, after adsorption and dissociation of water, local reconstruction can lead to a

structure as M3, which contains equal amounts of Al-vacancies and adsorbed Al(OH)3. Redistri-

bution of these species through diffusion allows the creation of extended facets of hydroxylated

surfaces. Redistribution of adsorbed Al(OH)3 adsorbed on the clean surface allows the for-

mation of surfaces with θ[Al(OH)3] ≤ 1. Agglomeration of the corresponding OH-saturated

Al-vacancies exposes the underlying Al-layer and thus leads to the formation of a lower lying,

fully hydroxylated surface with θ[Al(OH)3] = 1. This lower layer with θ[Al(OH)3] = 1 could

further rearrange to a structure with θ[Al(OH)3] < 1 only through diffusion of Al3+ away from

this facet. This would be possible via diffusion across a step edge, which was not investigated

in this work.

3.3. Conclusion and Outlook

We have investigated the hydroxylated terminations of both the α-Al2O3(0001) and α-Fe2O3(0001)

surfaces, revealing new insights into their stability and structural properties.

For the α-Al2O3(0001) surface, we identified a novel termination featuring isolated Al(OH)3

groups adsorbed on the dry surface. This structure is predicted to be stable at higher tem-

peratures compared to previously proposed models for hydroxylated surfaces. Our findings

indicate that the interaction between adsorbed Al(OH)3 groups is weakly repulsive at coverages

Figure 3.12: Energy diagram for the diffusion of an adsorbed Al(OH)3 group. Calculations were
performed for a (3×3) unit cell.
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Figure 3.13: Free energy diagram for the diffusion of an OH-saturated Al-vacancy on the sto-
ichiometric surface. The final state is in both cases equivalent to the initial state, with the
Al(OH)3 group (Al vacancy) shifted right (left). Calculations were performed for a (3×3) unit
cell. Selected structures are shown as inset, with the same color code as in Fig. 3.1.

up to θ[Al(OH)3] ≤ 1
3
, and the stability shows little dependence on the precise positions of the

adsorbates. This leads to multiple stable configurations.

Similarly, for the α-Fe2O3(0001) surface, we found that structures with a low concentration of

hydroxyl groups, described as isolated Fe(OH)3 groups, are stable at relatively low chemical

potentials of water. These structures are identical in form to the hydroxylated terminations

observed on α-Al2O3(0001). Additionally, we explored oxidized and reduced terminations,

finding that while oxidized surfaces are not stable under relevant conditions, certain reduced

surfaces become stable only at low chemical potentials of oxygen, where bulk hematite is less

stable than bulk magnetite.

The formation and decomposition processes of these hydroxylated surfaces were also studied.

For α-Al2O3(0001), we observed that local reconstruction via adsorption and dissociation of wa-

ter leads to the formation of Al(OH)3 groups and OH-saturated Al-vacancies, requiring modest

energy barriers (∼1 eV). Further reconstruction, essential for forming the thermodynamically

most stable surfaces, demands higher barriers (>2 eV). The kinetics of these processes are in-

fluenced significantly by the partial pressure of water, which also facilitates the migration of Al

atoms on the surface and the dehydroxylation process.

For α-Fe2O3(0001), the predicted stability of hydroxylated surfaces with low OH-concentration

remains robust across different computational methodologies. However, the oxidation and re-

duction behaviors show a strong dependence on the chosen value of U in the PBE+U calcula-

tions, indicating a need for higher-level theories for more accurate predictions.

Overall, both studies highlight the thermodynamic stability of hydroxylated surfaces with low

hydroxyl group concentrations over a wide range of water chemical potentials. This stability

makes them suitable starting points for future research into surface properties and reactivity
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under various conditions. Our results suggest that these hydroxylated terminations could be

relevant for other phases of Al2O3 and Fe2O3, as well as other oxides crystallizing in the corun-

dum structure, such as Cr2O3 and V2O3. Future studies, potentially employing kinetic Monte

Carlo simulations, could provide more detailed predictions on the evolution of these surfaces

under specific experimental conditions.
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4. CO as Probe Molecule on Surfaces

4.1. CO Adsorption on PdPt alloy (111) Surfaces

This chapter is based on [Dolling, D. S.; Chen, J.; Schober, J.-C.; Creutzburg, M.; Jeromin,

A.; Vonk, V.; Sharapa, D. I.; Keller, T. F.; Plessow, P. N.; Noei, H.; Stierle, A. Probing Active

Sites on Pd/Pt Alloy Nanoparticles by CO Adsorption. ACS Nano 2024. DOI: 10.1021/ac-

snano.4c08291] [Gojare, S.*; Chen, S.*; Chen, J.*; Yu, Z.; Quesada, J. V.; Plessow, P. N.; Fink,

K.; Wang, Y. Adsorption of CO on α-Al2O3(0001): A combined experimental and computa-

tional study. in Preparation (* indicates equal contribution)].

In this section, the relationship between active surface sites and CO vibrational frequencies as

a function of nanoparticle composition has been systematically studied using DFT. To sup-

port the theoretical framework and discussions, I have integrated experimental data provided

by collaborators at the Centre for X-ray and Nano Science CXNS, Deutsches Elektronen-

Synchrotron DESY, Hamburg, Germany. The experimental procedures and analyses were

conducted by the group of Prof. Dr. Andreas Stierle. I did not participate in the experiments

but have included the data here, with permission, to enhance the comparison between theory

and experiment. The experiments involved polarization-modulated Fourier transform infrared

reflection absorption spectroscopy (FT-IRRAS) to investigate the interaction of CO molecules

with different adsorption sites on model catalysts consisting of Pd/Pt alloy nanoparticles grown

on α-Al2O3 which shown as Fig. 4.5.

4.1.1. Computational Details

All DFT calculations were performed with the VASP version 5.4.1[225, 257] and the ASE [258] using

the BEEF–vdW functional[200, 201] and the PAW method.[224, 259] The lattice constants of Pd/Pt

alloys were optimized using an energy cutoff of 600 eV, while slabs calculations were performed

with a cutoff of 400 eV and Γ-centered k-point grid with a 6×6×1 mesh for (2×2) surface unit

cell. Surfaces were modeled with a four-layer slab, with two bottom layers frozen. The slabs

are separated by 28 Å of vacuum to eliminate artificial interactions due to periodic boundary

conditions. The unit cells of the alloys and their calculated lattice constant are shown in Fig.

4.1. CO-adsorption was studied in the low-coverage limit (θ=1/16). The vibrational frequencies

of adsorbed CO were calculated using finite differences within the harmonic approximation.

The expansion of the density includes reciprocal lattice vectors up to 3/2 times the norm

used for the wave function, |Gcut| (PREC=Normal in VASP). The calculations were performed

with real-space projectors (LREAL=AUTO) and the self-consistent field (SCF) procedure was

converged to a threshold of 10−8 eV for the total energy. A criterion of 0.01 eV/Å for the

maximum forces on individual atoms was used for geometry convergence. Gaussian smearing

with a 0.1 eV width was applied.
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Figure 4.1: The unit cells of Pd/Pt alloy bulk with different compositions and their lattice
parameters.

Table 4.1.: DFT value for CO-vibrational frequency in the gas phase. δ is the displacement
used in the calculation of the numerical Hessian. NFREE corresponds to the number of force
calculations performed per Cartesian component of an atom. The shift is defined as νCO

DFT−νCO
exp..

PREC NFREE δ / Å ν / cm−1 Shift / cm−1

normal 2 0.01 2124.4 -18.6
normal 4 0.02 2122.7 -20.3
accurate 4 0.02 2122.3 -20.7

Due to anharmonicity and the systematic DFT error, it should not be expected that the absolute

value of the computed frequency of CO would fit well with the experimental data. Thus, to

eliminate systematic errors and to compare with experiment, we followed the common approach

to shift the computed vibrational frequencies by a constant value (shown in Table 4.1) so

that the computed gas phase vibration matches the experimental value (2143.0 cm−1).[260] The

theoretical CO-vibrational frequency is obtained by Eq. 4.1, and the same shift is applied to

all computed vibrations of adsorbed species calculated by the same setting.

νtheory = νDFT + (νCO
DFT − νCO

exp.) (4.1)

Only CO was included in the numerical Hessian, with a displacement of 0.02 Å. The DFT value

of the CO vibrational frequency in the vacuum varies slightly with the setting, as shown in

Table 4.1. For the calculation of the shift of adsorbed CO, the vibration of adsorbed CO, as

well as CO in the gas phase have always been computed with a consistent setting. The vibration

data are shown in Table C.12, which is calculated by setting PREC = Normal and NFREE =

2, except for the top site on 100 Pd surfaces, which is PREC = Accurate and NFREE = 4.

The vibration data are shown in Table C.13, which is calculated by setting PREC = Normal

and NFREE = 4.
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4.1.2. Results and Discussion

We studied adsorption on the fcc(111) facets and systematically varied the composition of the

binding site and the next-nearest neighbors in the sublayer, as shown in Fig. 4.2a. Adsorption

was considered at on-top, bridge and hollow sites. In contrast to the experiment, here a dis-

tinction was made between fcc and hcp hollow sites. Both sites are threefold coordinated, but

the sublayers are different due to the fcc stacking. As illustrated in Fig. 4.2a, we define the

site as consisting of the binding metal atoms, i.e. one/two/three atoms for top/bridge/fcc+hcp

sites. The atoms, which were varied in the sublayer are also indicated.

Table 4.2.: The studied compositions for the different sites, atoms in the sublayer and for the
bulk composition, see also Fig. 4.2 and 4.4.

Category % Pd
Site: Top 0, 100
Site: Bridge 0, 50, 100
Site: Hollow (fcc, hcp) 0, 33.3, 66.7, 100
Sublayer 0, 33.3, 66.7, 100
Bulk 0, 25, 50, 75, 100

As a first step, we have studied the fcc(111) surfaces that result from stoichiometric terminations

of pure metals (Pd and Pt) and bulk alloys (L10 and L12) with the composition (PtPd3, Pt2Pd2,

Pt3Pd, see Fig. 4.1). These surfaces already give rise to many possible compositions of active

sites and sublayers, as shown in Fig. 4.2b. Figure 4.2b shows the computed harmonic frequency

of adsorbed CO as a function of the bulk composition of the slab. Additionally, the composition

of the binding site is illustrated with a color code. The general observation is that - for a

constant composition of the active site - the vibrational frequencies decrease with an increasing

amount of Pd in the bulk. One can furthermore see that the trend with respect to active site

composition is opposite to that of bulk composition: the frequency generally increases with

increasing amounts of Pd in the nearby atoms. The frequencies for on-top binding are in the

range of 2040 to 2060 cm−1 and are lower for increasing Pd-content in the bulk. The frequencies

for CO binding on top of Pt or Pd are similar, although we note that our DFT calculations

predict CO-binding on top of Pd not to be favorable (see Fig. 4.3), in agreement with the

experimental observations. Frequencies for binding at hcp and fcc sites are very similar (1740

cm−1 to 1800 cm−1), although our calculation also shows the well-known preference for binding

at the fcc-site(see Fig. 4.3). Bridge-sites were generally not found to be particularly stable, but

the predicted frequencies agree with the observed experimental trend, i.e. they are found at

higher frequencies than fcc, at around 1850 cm−1.

For adsorption at the fcc site, the influence of the closest atoms was further analyzed through

variation of the three binding atoms and the three sublayer atoms in the possible compositions

(Pt3, Pt2Pd, PtPd2, Pd3). These sites were created by substituting the three atoms in the fcc

site as well as the three subsurface atoms in the stoichiometric surfaces mentioned above (bulk
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Figure 4.2: (a) Illustration of the CO adsorption sites on the fcc(111) surface based on a bulk
alloy with 50% Pd in the Pd/Pt alloy system. The binding atom at the active site are highlighted
in yellow and the subsurface layer is indicated in red. Pd and Pt are shown in blue and light
gray, C and O in dark gray and red. (b) CO vibrational frequencies adsorbed on different sites
on (111) surfaces with varying compositions. All surfaces are assumed to have a stoichiometric
termination of ordered bulk alloys.

Figure 4.3: (a) The adsorption energy of the same structures shown in Fig. 4.2. (b) Only shows
the top site and bridge site
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compositions Pd, PtPd3, Pt2Pd2, Pt3Pd and Pt). Figure 4.4 shows the computed data as a

function of three parameters: bulk composition, site composition and sublayer composition.

In agreement with trends observed for the stoichiometric, ordered surfaces, CO-frequencies

generally increase with Pd-content in the fcc site. On the other hand, frequencies decrease with

increasing Pd content in the bulk. The sublayer composition causes a variation of approximately

10 cm−1 in the vibrational frequency.

In contrast to the theory, in the FT-IRRAS experiment, only the overall composition of the

particles is known, and not how it relates to the exact composition of the binding site. The

trend observable in Fig. 4.5a for CO bound on top of Pt atoms is in agreement with the trend

we find in Fig. 4.2b. For the other binding sites (Fig. 4.5b-c), there is no clear trend in the

experimentally observed frequencies with particle composition. Based on our calculations, this

can be explained by the competing influences of changes in the composition of both the surface

site and the bulk.

Figure 4.4: CO vibrational frequencies on fcc sites are shown as a function of the adsorption
energies. Each panel contains structures with one site composition. The bulk composition is
indicated with different symbols and the composition of the sublayer can be identified from the
color of the symbols.

The DFT calculations offer insights into the dependence of the vibrational bands on the specific

local alloy composition, whereas the FT-IRRAS results yield information on the sum of the

wavenumbers of all adsorption sites. The DFT calculations for hollow site adsorption of CO

show a red shift for increasing amounts of nearby Pt atoms. A similar trend can be seen in

the FT-IRRAS measurement for the adsorption of CO on bridge sites, see Fig. 4.5. For on-

top adsorption sites, however, the experimental results show the opposite behavior, see Fig.
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4.5. The very broad IR bands measured for the alloy samples can be related to the different

specific adsorption configurations, as the DFT calculations showed that IR band wavenumber

shifts several 10 cm−1 for different sublayer and nearby atom configurations. This can best

be seen for on-top adsorption of CO on Pt on side facets (2078 cm−1 for pure Pt NPs): The

band is strongly broadened for alloy nanoparticles, featuring a long shoulder towards the lower

wavenumber.

Figure 4.5: Comparison of the wavenumbers assigned to CO on a) on-top sites on Pt, b)
bridge sites on Pd and c) hollow sites on Pd. The data is taken from measurements at room
temperature at p-polarization after exposure to 5 L CO (dosed at 10−8 mbar partial pressure).
Reprinted with permission from ACS Nano 2024.[261] Copyright© 2024 American Chemical
Society.

4.1.3. Conclusion

In this work, we systematically investigated the relationship between the composition of Pd/Pt

alloy nanoparticles and the vibrational frequencies of adsorbed CO using DFT and polarization-

dependent FT-IRRAS experiments. We compared the theoretical results with the experimental

result and provided a detailed understanding of how the local atomic environment within the

nanoparticles influences CO adsorption at various active sites.

DFT calculations revealed that the vibrational frequencies of CO adsorbed on different sites,

such as on-top, bridge, and hollow sites, are highly dependent on the local composition of the

alloy. Specifically, a general trend was observed where increasing Pd content in the bulk led

to a decrease in vibrational frequency, while increasing Pd content at the active site resulted
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in an increase in frequency. These findings indicate that both the surface composition and the

underlying sublayers play crucial roles in determining the CO adsorption properties, although

the sublayer composition has a comparatively minor influence.

The experimental FT-IRRAS data supported the theoretical predictions, particularly for CO

adsorption on top of Pt atoms, where a clear trend was observed with varying nanoparticle

composition. However, the experimental data for bridge and hollow sites showed less distinct

trends, likely due to the complex interplay of surface and bulk composition effects. The broad

IR bands observed in the experiments can be attributed to the heterogeneous nature of the

alloy surface, where varying local configurations lead to a range of CO vibrational frequencies.

The integration of DFT calculations with experimental FT-IRRAS measurements enabled a

comprehensive analysis of the active sites on Pd/Pt alloy nanoparticles, offering valuable in-

sights into the composition-dependent behavior of these catalysts. This study underscores the

importance of local atomic composition in dictating the catalytic properties of alloy nanoparti-

cles and highlights the utility of CO as a probe molecule for characterizing surface sites under

reaction conditions. These findings contribute to the broader understanding of alloy catalysts

and pave the way for the development of more efficient catalysts for applications in emission

control and energy conversion.

4.2. CO Adsorption on α−Al2O3(0001) Surfaces

In this section, we thoroughly investigate the adsorption of CO on various surfaces reported

in Chapter 3, including dry surfaces, surfaces with different degrees of hydroxylation, and

metastable water-dissociated surfaces under different water coverage by integrating experimen-

tal data provided by collaborators at Institute of Functional Interfaces IFG, KIT. The experi-

mental procedures and analyses were conducted by Dr. Shuang Chen and Dr. Yuemin Wang.

Although I did not participate in the experimental work, I have included their data here, with

permission, to support the theoretical discussions. The combined experimental and theoretical

results consistently reveal that the α-Al2O3(0001) surface is stabilized by partial hydroxylation,

as evidenced by two distinct CO bands at 2163 cm−1 (CO-OH) and 2172 cm−1 (CO−Al3+) with

characteristic binding energies.

4.2.1. Computational Details

All periodic DFT calculations were performed with the VASP version 5.4.1[225, 257] and the ASE
[258] using the PBE functional[199] with Grimme's D3 dispersion correction [212] and the PAW

method [224, 259]. The lattice constants of α-Al2O3 were taken from a previous study on the

hydroxylation of α-Al2O3(0001) in Chapter 3.[222] Slabs calculations were performed with a

cutoff of 400 eV and Γ-centered k-point grid with a 4× 4× 1 mesh for (1× 1) surface slab unit.
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4.2. CO Adsorption on α−Al2O3(0001) Surfaces

Figure 4.6: The typical configurations of CO adsorption on different α-Al2O3(0001) surfaces.
Each structure is described by the coverage rate of Al(OH)3, H2O, and CO. The gold sphere
represents the Al atom, red represents O, black represents H, and blue represents C. All con-
figurations are displayed in top views.

Surfaces were modeled as slabs with seven formula units of Al2O3 per stoichiometric (1 × 1)-

surface and slabs of corresponding thickness for other terminations. The lower part of the slabs

was terminated by a single Al-layer (stoichiometric termination) and the bottom 3.5 formula

units of Al2O3 per (1 × 1)-surface were kept frozen at their bulk positions. The slabs were

separated by at least 16 Å of vacuum to prevent artificial interaction between periodic images.

In the CO adsorption calculations, a plane wave basis set for the electronic density, which

includes reciprocal lattice vectors with a norm up to 3/2 or 2 times larger than for the wave

function, |Gcut| (PREC=Normal or Accurate in VASP). CO and binding atoms (Al or OH)

were included in the numerical Hessian, with a displacement of 0.01 Å or 0.02 Å. The settings

are listed in Table D.14 in the Appendix. The calculations were performed with real-space

projectors (LREAL=AUTO) and the self-consistent field (SCF) procedure was converged to a

threshold of 10−8 eV for the total energy. A criterion of 0.005 eV/Å for the maximum forces on

individual atoms was used for geometry convergence. Gaussian smearing with a 0.1 eV width

was applied.

4.2.2. Results and Discussion

Different adsorption configurations for various CO coverages on different α-Al2O3(0001) sur-

faces, including dry (stoichiometric), water-dissociated, and partial and fully hydroxylated sur-

faces were investigated. The typical configurations are shown in Fig. 4.6. Here, each adsorption
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configuration is described by the degree of surface hydroxylation (θ[Al(OH)3]), the water cov-

erage (θ[H2O]), and the CO coverage (θ[CO]).

The result of CO vibrational frequency is shown in Fig. 4.7a. All the vibrational frequencies are

shifted by subtracting the computed vibrational frequency of CO in vacuum (2124.3 cm−1). The

most important factor affecting the vibrational frequency is the adsorption site; CO adsorbed

on Al usually has a higher frequency, while CO adsorbed on H has a lower vibrational frequency.

Multiple vibrational frequencies are observed when a surface slab adsorbs more than one CO

when simulating a higher coverage rate of CO. The vibrational band for the C-O stretch can split

into multiple peaks. Each peak corresponds to CO molecules adsorbed at different sites with

slightly different interaction strengths. Although we placed each CO in a consistent environment

to study the effect of CO coverage, multiple similar vibration frequencies are still generated

because of subtle differences caused by computational accuracy, and here we only record the

frequency with the highest vibration intensity. On the same surface, at higher coverage levels,

interactions between adjacent CO molecules can also influence the stretching frequency.

Figure 4.7: The calculated shifted vibrational frequency and adsorption energy of various CO
adsorption rates on different α-Al2O3(0001) surfaces. The different markers represent different
CO coverages and the colors represent the adsorption sites. The blue and red dashed lines are
the vibrational frequency of CO adsorbed on Al and H obtained from the experiments. (a)
CO vibrational frequency versus different surfaces. (b) CO adsorption energy versus different
surfaces.

When CO approaches a surface atom with an empty orbital (like aluminum on an α-Al2O3(0001)

surface), the carbon atom’s lone pair of electrons in its sp-hybridized orbital can donate electron

density to the surface atom. This σ-donation forms a σ-bond between the carbon and the surface
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atom, slightly increasing the electron density around the C–O bond. As a result, the C–O bond

strength increases slightly, causing a blue shift in the C–O stretching frequency.

CO can form a hydrogen bond with the hydrogen atom of the surface OH group. The carbon

end of the CO molecule, which has a partial negative charge, interacts with the partially positive

hydrogen atom of the OH group. The formation of the hydrogen bond leads to a redistribution

of electron density within the CO molecule. The hydrogen bond effectively pulls electron density

towards the hydrogen atom of the OH group, away from the C-O bond. The hydrogen bonding

interaction with the OH group results in a withdrawal of electron density from the CO molecule.

This reduces the electron density in the C-O bond, weakening it. A weaker C-O bond has a

lower bond force constant, which causes a lower vibrational frequency and longer bond distance.

Figure 4.8a clearly shows the linear relationship between bond length and vibrational frequency,

i.e., the longer the bond length, the lower the vibrational frequency.

Figure 4.8: (a) Vibrational frequency versus CO bond length. The vertical grey dashed line
represents the computational value of the bond length of free CO. (b) Adsorption energy versus
CO bond length.

The result of adsorption energy is shown in Fig. 4.7b, the CO adsorption energy for adsorption

on Al is at least about 0.2 eV greater than that for adsorption on H. For low CO coverage, such

as 1/4, the presence of H2O will enhance CO adsorption on Al sites relative to the dry surface.

However, this enhancement is gradually weakened with the increase of H2O coverage. The

presence of Al(OH)3 will undermine the CO adsorption on the Al site. The relation between

CO bond length and adsorption is shown in Fig. 4.8b. Unlike the clear linear relationship

between vibrational frequency and bond length, the adsorption energy roughly follows the

relationship in that the larger the bond length, the weaker the adsorption. The same bond
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Figure 4.9: (a) Vibrational frequency versus CO coverage on different surfaces. (b) Adsorption
energy versus CO coverage on different surfaces.

length can produce an adsorption energy gap of 0.2-0.5 eV at different adsorption sites.

The effect of CO coverage on vibrational frequency is shown in Fig. 4.9a. On the dry surface,

Al is the only available site, and all the vibrational frequencies are blue-shifted. As CO coverage

increases, the vibrational frequency decreases linearly. On θ[Al(OH)3] = 1/9 surface, the vibra-

tional frequencies of CO on both Al and H sites are blue-shifted. For CO adsorption on Al, the

adsorption site (position relative to Al(OH)3) and angle determine the vibration frequency. For

the H site, CO is adsorbed on the hydroxyl group of Al(OH)3, and the number of CO does not

affect the vibrational frequency. For surfaces with a higher degree of hydroxylation, θ[Al(OH)3]

= 1/4, the vibrational frequency of CO adsorption on H decreases with increasing CO cover-

age. There is only one available Al site on this surface, which is the surface Al farthest from

θ[Al(OH)3]. We found two stable adsorption configurations with different adsorption angles

but similar adsorption energies (∼0.61 eV) for this adsorption site. For the fully hydroxylated

surface, θ[Al(OH)3] = 1, there is no exposed Al site. Therefore, all CO can only be adsorbed

on H. Due to the effect of hydrogen bonds, the H on the surface is not identical, so when a

single CO is adsorbed on a unit slab, there will be different adsorption configurations. In an

extremely weakly adsorbed configuration (Eads = 0.13 eV), the vibrational frequency will be

blue-shifted. The vibrational frequencies will be red-shifted for other relatively more stable

adsorption configurations (Eads = 0.20 - 0.25 eV). For the stable adsorption configuration, the

vibrational frequency increases with the CO coverage. For surfaces with water molecules disso-

ciated, as the water coverage increases, the available H sites increase while the Al sites decrease.

For θ[H2O] = 1/4 surface, adsorption on H hardly changes the vibrational frequency of CO.
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However, when CO is adsorbed on Al, the vibrational frequency increases further compared

to when it is adsorbed on Al on a dry surface. A similar phenomenon also occurs on θ[H2O]

= 1/2 surfaces. On this surface, CO adsorption on H produces a red shift, but is insensitive

to CO coverage. Since each CO is not identical when more CO is adsorbed on the θ[H2O] =

3/4 surface, we only list the results of 1 CO adsorption here. For θ[H2O] = 1, the vibrational

frequencies at different adsorption positions are quite different, with CO adsorbed on lower po-

sitions of OH having lower vibrational frequencies. At the same time, the vibrational frequency

is almost unaffected by the CO coverage.

The effect of CO coverage on adsorption energy is shown in Fig. 4.9b. On the dry surface, the

adsorption energy becomes weaker as the CO coverage increases. For surfaces with different

degrees of hydroxylation, the adsorption energy of CO is almost unaffected by the CO coverage.

For water-dissociated surfaces, the adsorption energy of CO becomes weaker with increasing

CO coverage. Meanwhile, the presence of water enhances the adsorption of CO on Al sites.

Figure 4.10: (a) polarization-resolved IRRAS data recorded after 5 L CO adsorption on α-
Al2O3(0001) at 70 K at a grazing incidence angle of 80°. (b) Temperature-dependent IRRAS
data obtained after saturation adsorption of CO at 70 K on the α-Al2O3(0001) surface, then
subsequently annealing to indicated temperatures.

The DFT results give an identical trend to the experimental IRRAS results shown in Fig. 4.10.

The experimental result indicates that the pristine α-Al2O3(0001) surface, prepared according

to the well-established preparation procedures in UHV outlined in the experimental section, is

not free of adsorbates but rather partially hydroxylated.
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Partial hydroxylation of the α-Al2O3(0001) surface is further confirmed by the corresponding

IRRAS data. Fig. 4.10a displays the deconvoluted, polarization-resolved IRRAS results ob-

tained from α-Al2O3(0001) surface with CO saturation adsorption at 70 K. In the p-polarized

spectrum, two distinct CO vibrations are clearly discernible at 2162 and 2173 cm−1. The dom-

inant band at 2173 cm−1 can be attributed to CO adsorbed on surface Al3+ cations. The

weaker signal at 2162 cm−1 can be attributed to CO adsorbed on surface hydroxyl groups.

These two signals are identical with the DFT prediction shown in Fig. 4.7a. If we look at

the lowest hydroxylation surface, θ[Al(OH)3] = 1/9, the vibrational frequency of CO on the Al

site is distributed between 2155-2065 cm−1, and on the OH site is between 2138-2140 cm−1.

The temperature-dependent IRRAS data provide solid evidence of two distinct CO species with

differentbinding energies. As shown in Fig. 4.10b, the IR band at 2162 cm−1 disappears en-

tirely upon increasing the sample temperature slightly to 85 K, revealing a weakly bound CO

species, consistent with the assignment to CO-OH species via hydrogen bonding. In contrast,

the 2173 cm−1 band decreases gradually in intensity with further heating and vanishes at about

100 K (Fig. 4.10b), demonstrating relatively higher thermal stability, which aligns with CO

species chemisorbed to surface Al3+ cations. The CO-Al related IR signal is accompanied by a

significant blue shift in frequency as it decreases in coverage, from 2173 cm−1 at 70 K to 2186

cm−1 at 95 K (Fig. 4.10b), which is also identical with our DFT results.

Overall, the polarization-resolved IRRAS results reveal that the stoichiometric, Al-terminated

α-Al2O3(0001) surface exhibits high reactivity and is stabilized by partial hydroxylation with

surface OH groups present even under UHV conditions, consistent with our previous DFT

predictions.

4.2.3. Conclusion

In this section, we conducted a detailed theoretical investigation of CO adsorption on the

α-Al2O3(0001) surface, considering various surface conditions, including dry, partially hydroxy-

lated, and water-dissociated surfaces with different CO coverage. Our results demonstrate that

the α-Al2O3(0001) surface exhibits distinct reactivity towards CO depending on its hydroxyla-

tion state, which directly influences CO adsorption behavior.

DFT calculations revealed that CO adsorption on Al sites leads to higher vibrational frequencies,

while adsorption on OH groups results in lower frequencies. This finding is consistent with the

experimental observation of two distinct CO vibrational bands at 2172 cm−1 (attributed to CO

on Al3+) and 2163 cm−1 (attributed to CO interacting with surface hydroxyl groups). The

vibrational frequencies and binding energies of CO were found to be strongly dependent on

the local adsorption environment and CO coverage. Specifically, we observed that increasing

CO coverage generally leads to a decrease in vibrational frequency due to interactions between

adjacent CO molecules, whereas the adsorption energy tends to weaken as coverage increases,

particularly on the dry surface.
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The study also highlighted the significance of hydrogen bonding interactions on hydroxylated

surfaces, where the formation of hydrogen bonds between CO and surface OH groups leads

to red shifts in vibrational frequencies. This behavior is indicative of a weakening of the C-O

bond, as confirmed by the correlation between bond length and vibrational frequency.

Overall, this work provides a comprehensive understanding of the adsorption characteristics of

CO on α-Al2O3(0001) surfaces, offering valuable insights into the influence of water dissociation

and surface hydroxylation. These findings contribute to the broader field of surface science,

particularly in the context of catalyst design for applications involving alumina-supported metal

catalysts.
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5. PdPt Ostwald Ripening on Oxide

Surfaces
In this chapter, we explore the adsorption and migration behaviors of Pt and Pd species on

two distinct surfaces: α−Al2O3(0001) and CeO2(100). These materials are relevant in catal-

ysis due to their widespread use as support materials in heterogeneous catalytic processes.
[15, 26, 174, 262] The stability, adsorption energies, and diffusion barriers of various Pt and Pd

species on these surfaces are crucial factors influencing their deactivation through sintering and

therefore eventually their catalytic performance. We investigated the adsorption energies and

formation energies of metal, metal oxide, metal carbonyl, and metal hydroxide species by using

the DFT+U method. Additionally, we analyze the diffusion barriers for Pt and Pd species

to understand their mobility on these surfaces, which is essential for predicting their behavior

under catalytic conditions. The findings from these computational studies offer insights into

the comparative stability and mobility of Pt and Pd species on α−Al2O3(0001) and CeO2(100)

surfaces, aiding in the design and optimization of catalytic systems.

5.1. Computational Details

The computational details for calculations on α−Al2O3 are identical to those described in

Section 3.1. The DFT calculation settings for CeO2 are the same as α−Al2O3 regarding the

energy cutoff, real-space projectors, and convergence criteria.

For the CeO2(100), PBE+U calculations[114–117, 199] were carried out with a value of U = 5 eV

and J = 0 eV applied to f-orbitals [263] along with Grimme’s D3 dispersion correction (zero

damping) [212].

The lattice constants of CeO2 were optimized, obtaining values (a = b = c = 5.477 Å) that

agree well with experimental results (a = b = c = 5.411 Å) [264]. The values also agree with the

PBE+U computational results from prior studies: a = b = 5.48 Å. [263]

Surfaces were modeled with symmetric slabs containing eight formula units of CeO2(100) per

dry (1×1)-surface (approximately 8.3 Å thick) with two bottom frozen layers. The dry (1×1)-

surface is terminated with −O4−Ce2−O2. These slabs were separated by a minimum of 24 Å of

vacuum to reduce artificial interactions among periodic structures. A Γ-centered k-point grid

with (4 × 4 × 1) k-points for a (1×1)-CeO2(111) cell and (2 × 2 × 1) k-points for (2×2)-cells

was used to sample the Brillouin-zone of surfaces using a Gaussian smearing with σ = 0.1

eV. Fig. 5.1 shows the relevant CeO2(100) surface configurations that have been considered in

this chapter. The configuration is described by the water coverage θ[H2O]. The dry surface is

labeled as θ[H2O] = 0, the surface with one H2O molecule dissociated on 1×1 dry surface slab

is labeled as θ[H2O] = 1/2, the surface with two H2O molecules dissociated on 1×1 dry surface

slab is described as θ[H2O] = 1.
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Figure 5.1: Atomic structure of CeO2(100) surfaces. (a) Dry surface. (b) Surface with θ[H2O]
= 1/2. (c) Surface with θ[H2O] = 1. H, O, and Ce atoms are shown as small, medium, and
large spheres, respectively. H atoms are shown in black, while a different color code is used to
differentiate between the different layers for Ce (gold, gray) and O (red, gray).

5.2. Results and Discussion

The stability of different adsorbate species has been investigated. The formation energy of

different adsorbate species is shown in Fig. 5.2. The formation energy is calculated as follows:

∆E
M(gas)
form = Egas

M − Ebulk
M (5.1)

∆EMO
form = EMO − E

bulk/gas
M − EO2

/2 (5.2)

∆EMO2
form = EMO2 − E

bulk/gas
M − EO2

(5.3)

∆EMCO
form = EMCO − E

bulk/gas
M − ECO (5.4)

∆EMOH
form = EMOH − E

bulk/gas
M − EH2O

/2 − EO2
/4 (5.5)

∆E
M(OH)2
form = EM(OH)2 − E

bulk/gas
M − EH2O

− EO2
/2 (5.6)

Fig. 5.2a presents the formation energies (∆Eform) of different adsorbate species relative to

bulk and gas phases. The reference point for the bulk phase is set at ∆Eform = 0 for both Pt

and Pd compounds. For the gas form (Mgas), the formation energy for Pt is significantly higher

than that for Pd, indicating that gaseous Pt is less stable relative to its bulk form compared

to Pd, which is identical with the experimental results (the standard enthalpy of formation:

∆fH
◦(Pd) = 3.92 eV, ∆fH

◦(Pt) = 5.86 eV). [256] When examining the metal oxides (MO
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Figure 5.2: Formation energy of different adsorbate species relative to (a) bulk, (b) gas. The
red line represents the Pt compounds, and the blue line represents the Pd compounds. The
configuration of each adsorbate species is shown at the bottom of (a).

and MO2), PtO exhibits higher formation energies than PdO, however, PdO2 exhibits higher

formation energies than PtO2 when relative to their respective bulk phases. Both Pt and Pd

carbonyl compounds (MCO) show intermediate formation energies, with PdCO being slightly

more stable than PtCO. Similarly, hydroxide compounds (MOH and M(OH)2) follow this trend,

where Pd-based hydroxides have lower formation energies, indicating greater stability compared

to Pt-based hydroxides.

The formation energies relative to the gas phase (shown in Fig. 5.2b) give insights into the

stability of Pt and Pd compounds. The formation energy for both Pt and Pd in their gas

forms (Mgas) is set to zero as a reference point. For all the compounds, the formation energies

are negative, indicating that they are more stable than their respective gas states. All Pt

compounds show higher stability compared to Pd compounds across various adsorbate species

when referenced to the gas phase.

5.2.1. PdPt Migration on α−Al2O3(0001) Surfaces

Fig. 5.3a illustrates the adsorption energies (Eads) of various Pt and Pd species on α−Al2O3(0001)

surfaces. The adsorption is defined as: Eads = Etotal − Eslab − Eadsorbate. The Eadsorbate is the

energy for the single adsorbate species in a vacuum. The adsorption energies are evaluated for

both dry and fully hydroxylated (marked as θ = 1) surfaces. The adsorption energies of Pt and

Pd species on α−Al2O3(0001) surfaces vary depending on the surface condition and adsorbate

configuration. For metal adsorption, Pt exhibits stronger adsorption on dry surfaces with a

more negative energy of -2.47 eV compared to Pd’s -1.80 eV. On fully hydroxylated surfaces,

the adsorption strength decreases for both metals, with Pt still showing stronger adsorption

(-1.80 eV for Pt and -1.38 eV for Pd). In the case of metal oxides (MO), Pt also shows stronger

adsorption than Pd on dry surfaces (-2.68 eV for Pt and -2.23 eV for Pd), with reduced adsorp-

tion strength on hydroxylated surfaces (-2.31 eV for Pt and -1.89 eV for Pd). Metal carbonyls
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follow a similar trend, with Pt exhibiting stronger adsorption than Pd on both dry and hydrox-

ylated surfaces, although the difference in adsorption strength decreases on the hydroxylated

surfaces. For metal hydroxides, Pt hydroxide demonstrates significantly stronger adsorption on

dry surfaces (-3.02 eV for Pt and -2.28 eV for Pd), with a decrease in adsorption strength on

hydroxylated surfaces. Interestingly, for metal dihydroxides, Pd shows stronger adsorption on

dry surfaces (-4.16 eV for Pd and -3.62 eV for Pt), while on hydroxylated surfaces, both metals

exhibit reduced adsorption strength, with Pd still showing slightly stronger adsorption. These

observations highlight that adsorption energies are generally more negative on dry surfaces,

indicating stronger adsorption, particularly for Pt species. However, in the case of M(OH)2,

Pd shows stronger adsorption on dry surfaces. The type of adsorbate significantly influences

the adsorption energy, with metal hydroxides and dihydroxides displaying stronger adsorption

compared to other configurations.

Figure 5.3: The adsorption energy for different Pd/Pt species on different surfaces. (a) Ad-
sorption on α−Al2O3(0001) surfaces, ‘+’ represents the dry surfaces, ‘×’ represents the fully
hydroxylated surfaces (θ = 1). (b) Adsorption on CeO2(100) surfaces, the circle mark repre-
sents the dry surfaces, the diamond mark represents the fully hydroxylated surfaces (θ = 1),
and the triangle mark represents the half hydroxylated surfaces (θ = 0.5). The red represents
the Pt species, and the blue represents the Pd species.

The adsorption energies of Pt and Pd species on CeO2(100) surfaces vary based on surface

conditions and adsorbate configurations (shown in Fig. 5.3b). On dry surfaces, Pt exhibits

much stronger adsorption than Pd, with adsorption energies of -5.57 eV for Pt and -3.86 eV for

Pd. As the surfaces become partially hydroxylated, the adsorption strengths decrease for both

metals, with Pt showing an energy of -4.88 eV and Pd showing -2.55 eV. On fully hydroxylated

surfaces, the adsorption energies further decrease, indicating the weakest adsorption, with Pt

at -2.50 eV and Pd at -2.03 eV. For metal oxides (MO), on dry surfaces, Pt shows slightly

stronger adsorption than Pd, but on partially hydroxylated surfaces, Pd and Pt exhibit smilar

adsorption energy (-5.56 eV), and stronger than on dry surfaces. On fully hydroxylated surfaces,

Pd exhibits stronger adsorption, with an energy of -3.20 eV compared to Pt’s -2.89 eV. For MO2,

on dry and fully hydroxylated surfaces, Pd shows slightly stronger adsorption than Pt, but on

partially hydroxylated surfaces, Pt and Pd exhibit stronger adsorption energy. The adsorption
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of MO and MO2 cause surface reconstruction, the adsorption configurations of PtO and PtO2

are shown in Fig. 5.4. Pd species have similar adsorption configurations. For metal carbonyls,

Pt shows stronger adsorption on all surfaces, with adsorption energies of -2.55 eV for Pt and

-2.34 eV for Pd on dry surfaces, -4.08 eV for Pt and -3.24 eV for Pd on partially hydroxylated

surfaces, and -2.14 eV for Pt and -1.55 eV for Pd on fully hydroxylated surfaces. Finally, for

metal hydroxides, Pt consistently shows stronger adsorption across all surface conditions, with

the strongest adsorption occurring on partially hydroxylated surfaces (-4.52 eV for Pt and -3.31

eV for Pd), and the weakest adsorption on fully hydroxylated surfaces (-2.22 eV for Pt and

-1.65 eV for Pd). For all adsorbate, except the pure metals, the adsorption on the partially

hydroxylated surface are the strongest, and on the fully hydroxylated surface are the weakest.

Figure 5.4: Atomic structure of (a) PtO adsorbed on CeO2(100) θ[H2O] = 1/2 surfaces. (b)
PtO2 adsorbed on CeO2(100) θ[H2O] = 1/2 surfaces H, O, and Ce atoms are shown as small,
medium, and large spheres gray and gold, respectively. H atoms are shown in black, while a
different color code is used to differentiate between the different layers for Ce (gold, gray) and
O (red, gray). The blue spheres represents the adsorbate while the large blue sphere represents
Pt, the small sphere represents the H.

Figure 5.5: Formation energy of the Al2O3(0001) adsorption systems referenced to the Pd/Pt gas
phase, calculated using Eq.5.7 - 5.12. Adsorption on (a) dry surface and (b) fully hydroxylated
surface.

81



5.2. Results and Discussion

Figure 5.6: Formation energy of the α−Al2O3(0001) adsorption systems referenced to the Pd/Pt
bulk phase, calculated using Eq.5.7 - 5.12. Adsorption on (a) dry surface and (b) fully hydrox-
ylated surface.
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Fig. 5.5 illustrate the formation energies (∆Eform) of various Pt and Pd adsorbate species on

α−Al2O3(0001) surfaces. These energies are calculated relative to the Pt and Pd gas phases

by following Eq.5.7 - 5.12. The data are presented for both dry surfaces (Fig. 5.5a) and

fully hydroxylated surfaces (Fig. 5.5b). The formation energies for Pt and Pd species on

α−Al2O3(0001) surfaces reveal distinct trends based on surface condition and adsorbate type.

On dry surfaces, Pt species exhibit more negative formation energies across all configurations,

with values such as -2.47 eV for metal adsorbates and as low as -7.44 eV for M(OH)2, indicating

higher stability compared to Pd species, which have corresponding values of -1.80 eV and -6.43

eV. On fully hydroxylated surfaces, while the formation energies for both Pt and Pd species

become less negative, Pt still performs higher stability, with values such as -1.80 eV for metal

adsorbates and -5.65 eV for M(OH)2, compared to Pd’s -1.38 eV and -4.25 eV. The trends

suggest that dry surfaces provide stronger adsorption and higher stability for the adsorbates,

particularly for Pt, and that MCO and M(OH)2 configurations exhibit the highest stability. Pt

species are generally more stable than Pd species, particularly on dry surfaces. Fully hydrox-

ylated surfaces result in less negative formation energies, indicating reduced stability of the

species.

82



5.2. Results and Discussion

Figure 5.7: (a) The diffusion barriers of different Pd/Pt species on α−Al2O3(0001) dry surface.
All configurations are referenced by the Pd/Pt bulk phase. (b) The schematic diagram shows
the migration path of Pt on a dry surface. The gray and red spheres represent the Al and O,
respectively. The two silver spheres represent the initial and the final state of Pt. The black
dot depicts the migration pathway for Pt between the initial and final state.

The formation energies of Pt and Pd adsorbates on α−Al2O3(0001) surfaces, relative to their

respective bulk phases (shown in Fig.5.6), exhibit distinct trends depending on the surface con-

dition and adsorbate species. On dry surfaces, metal adsorbates for Pt and Pd have positive

formation energies, with Pt showing a higher value (3.79 eV) compared to Pd (2.52 eV), indi-

cating less favorable formation relative to the bulk. MO also shows positive formation energies

for both Pt and Pd, but the values are closer, with Pd being slightly more stable (1.76 eV)

compared to Pt (1.63 eV). MCO shows near-neutral formation energies, with both Pt and Pd

having slightly negative values, indicating close stability to the bulk phase. MOH also exhibits

positive formation energies, with Pt (1.54 eV) being more stable than Pd (1.18 eV). For metal

dihydroxides, Pd shows a more negative formation energy (-2.11 eV) compared to Pt (-1.18

eV), indicating that Pd adsorbates in this configuration are more stable relative to their bulk

phase.

On fully hydroxylated surfaces, the formation energies generally increase for both metals. Metal

adsorbates exhibit even higher positive formation energies, with Pt showing a larger increase to

4.46 eV compared to Pd’s 2.94 eV. MO has slightly higher formation energies as well, with Pd

now being more stable (2.10 eV) compared to Pt (2.00 eV). MCO shows formation energies close

to zero, indicating minimal change from their bulk stability. MOH sees an increase in formation
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energies, with Pt showing 2.15 eV compared to Pd’s 1.58 eV. Interestingly, metal dihydroxides

shift to positive formation energies, with Pt slightly positive (0.61 eV) and Pd close to zero (0.07

eV). These results indicate that while both Pt and Pd adsorbates become less stable relative to

their bulk phases when adsorbed on fully hydroxylated surfaces, Pd generally shows a slightly

more favorable formation energy profile across different adsorbate species.

Table 5.1.: Diffusion barrier values from Fig. 5.7 and Fig. 5.10, given in eV. E1
a denotes the

barrier relative to the dry surface, while E2
a represents the barrier relative to the state where

the adsorbate has already formed.

Surface α-Al2O3(0001) CeO2(100)
E1

a E2
a E1

a E2
a

Adsorbate Pt Pd Pt Pd Pt Pd Pt Pd
Metal 4.43 2.82 0.65 0.30 3.71 2.42 3.03 1.96
MO 2.58 2.69 0.95 0.94 3.10 3.85 1.75 2.27
MCO 0.46 0.26 0.46 0.26 0.29 0.19 0.32 0.70
MOH 4.19 2.36 3.43 1.66

The diffusion barriers of different Pd/Pt species on α−Al2O3(0001) dry surface are shown in

Fig. 5.7, all the diffusion pathway are referenced to the Pd/Pt bulk phase and finishes at

the Pd/Pt bulk phase. Pt species exhibit the highest energy barrier, reaching approximately

4.43 eV, indicating that Pt is the least mobile on the surface. Pd species, in contrast, have

a maximum barrier of around 2.82 eV, making Pd more mobile than Pt. Among the oxide

species, PtO has a peak barrier of 2.58 eV, while PdO shows a slightly lower maximum barrier

of 2.38 eV, suggesting that PdO diffuses more easily than PtO. The carbonyl species, PtCO

and PdCO, demonstrate the lowest energy barriers. PtCO has a barrier of only 0.46 eV,

and PdCO has an even lower barrier of 0.26 eV, indicating that these species are the most

mobile on the surface. Overall, Pd and its derivatives (PdO and PdCO) exhibit lower energy

barriers compared to their Pt counterparts, suggesting that Pd species are more mobile on

the α−Al2O3(0001) surface, which could influence their catalytic behavior and effectiveness in

surface reactions. It is important to note that the barriers during the diffusion itself compared

to the first adsorbed species are consistently low, highlighting the significant role of initial

adsorption in determining overall barriers. The value of barriers are shown in Table 5.1. When

ignoring the initial adsorption, the diffusion barriers for all adsorbed species are below 1.0 eV

on α−Al2O3(0001).

5.2.2. PdPt Migration on CeO2(100) Surfaces

The formation energies of Pt and Pd adsorbates on CeO2(100) surfaces, referenced to the

Pd/Pt gas phase (shown in Fig. 5.8), show distinct trends based on the surface condition—dry,

partially hydroxylated (θ = 1/2), and fully hydroxylated (θ = 1). On the dry surface, Pt

adsorbates generally exhibit more negative formation energies compared to Pd adsorbates,

indicating greater stability. For instance, metal adsorbates have formation energies of -5.57 eV
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for Pt and -3.86 eV for Pd, with similar stability trends seen in metal oxides (MO and MO2

), MCO, and MOH. As the surface becomes partially hydroxylated, the formation energies

remain negative except pure metal, and even larger so compared to the dry surface, indicating

reduced stability. For example, the formation energy for Pt metal adsorbates is -4.88 eV,

compared to -3.56 eV for Pd. The trend continues on the fully hydroxylated surface, where

the formation energies are further reduced, with Pt metal adsorbates showing -2.50 eV and Pd

showing -2.03 eV. All the species adsorbed less stable on the fully hydroxylated surface compared

to both dry and partial hydroxylated surface. Across all surface conditions, Pt adsorbates

consistently demonstrate more negative formation energies than Pd adsorbates, indicating that

Pt is generally more stable than Pd on CeO2(100) surfaces. The type of adsorbate also plays

a significant role, with metal carbonyl configurations exhibiting some of the most negative

formation energies, particularly for Pt, underscoring their higher stability across varying surface

hydroxylation states.

Figure 5.8: Formation energy of the CeO2(100) adsorption systems referenced to the Pd/Pt
gas phase, calculated using Eq.5.7 - 5.12. Adsorption on (a) dry surface and (b) partially
hydroxylated surface (c) fully hydroxylated surface.

The formation energies of Pt and Pd adsorbates on CeO2(100) surfaces, referenced to the bulk

phase (shown in Fig. 5.9), vary significantly across different surface conditions—dry, partially

hydroxylated (θ = 1/2), and fully hydroxylated (θ = 1). On the dry surface, both Pt and

Pd adsorbates generally exhibit low positive formation energies, indicating moderate stability.

For instance, metal adsorbates have formation energies of 0.69 eV for Pt and 0.46 eV for Pd.
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As the surface becomes partially hydroxylated, the formation energies increase, particularly for

metal adsorbates, where Pt shows 1.38 eV and Pd shows 1.77 eV, indicating reduced stability.

The formation energies further increase on the fully hydroxylated surface, especially for metal

adsorbates, with Pt reaching 3.76 eV and Pd 2.28 eV. Among the adsorbate configurations,

MO and MOH exhibit varying stability trends, with formation energies that can be negative or

positive depending on the degree of surface hydroxylation. Overall, most Pd adsorbates tend to

have slightly lower formation energies compared to Pt adsorbates across the surface conditions,

suggesting marginally better stability for Pd in this context. But MO2 species on all surfaces

and MCO on partial hydroxylated surface have opposite results. The analysis underscores that

the degree of surface hydroxylation significantly impacts the stability of adsorbates, with fully

hydroxylated surfaces leading to the highest formation energies, indicating the lowest stability

relative to the bulk phase.

Figure 5.9: Formation energy of the CeO2(100) adsorption systems referenced to the Pd/Pt
bulk phase, calculated using Eq.5.7 - 5.12. Adsorption on (a) dry surface and (b) partial
hydroxylated surface (c) fully hydroxylated surface.

The diffusion barriers of different Pd/Pt species on CeO2(100) dry surface are shown in Fig.

5.10, all the diffusion pathway starts from the Pd/Pt bulk phase and finishes at the Pd/Pt

bulk phase. Pt exhibits a relatively high diffusion barrier, with a peak energy of approximately

3.71 eV, suggesting limited mobility on the surface. In contrast, Pd shows a lower maximum

barrier of around 2.42 eV, indicating easier diffusion. Among the oxide species, PtO and PdO

also demonstrate notable barriers, with PtO reaching 3.10 eV and PdO showing a higher peak
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of 3.85 eV, suggesting that PdO is less mobile than PtO on the CeO2(100) surface. For the

carbonyl species, PtCO and PdCO have much lower diffusion barriers, with PtCO peaking at

0.29 eV and PdCO at 0.19 eV, indicating high mobility for these species. Hydroxide species

(PtOH and PdOH) exhibit higher diffusion barriers, with PtOH reaching 4.19 eV and PdOH

2.36 eV, suggesting that PtOH is particularly immobile on the surface. Overall, Pd and its

derivatives generally show lower energy barriers compared to their Pt counterparts, implying

that Pd species are more mobile on the CeO2(100) surface.

Figure 5.10: The diffusion barriers of different Pd/Pt species on CeO2(100) dry surface. All
configurations are referenced by the Pd/Pt bulk phase. The bottom and top schematics show
the migration path of Pt on a dry surface, with the bottom schematic showing the intermediate
state and the top schematic showing the transition state.

Fig. 5.11 summarizes the migration barrier for different Pd/Pt species on different surfaces.

This shows that Pt species generally have higher migration barriers than Pd species on both

surfaces, indicating that Pt species are less mobile. For metal atoms (M), the migration barrier

for Pt is significantly higher on both surfaces, with values of 1.61 eV on α−Al2O3(0001) and

1.29 eV on CeO2(100), higher than the migration barrier for Pd. The migration of Pt on

α−Al2O3(0001) surfaces has a barrier that is 0.72 eV higher compared to its migration on

CeO2(100). Similarly, the migration of Pd on α−Al2O3(0001) surfaces has a barrier that is

0.40 eV higher than on CeO2(100). For MO, the barriers are closer between PtO and PdO

(0.11 eV higher) on α−Al2O3(0001), but on CeO2(100), PdO exhibits a 0.74 eV higher barrier

compared to PtO. The migration of PtO on α−Al2O3(0001) surfaces has a barrier that is

0.52 eV lower compared to its migration on CeO2(100). Similarly, the migration of PdO on

α−Al2O3(0001) surfaces has a barrier that is 1.15 eV lower than on CeO2(100). MCO shows the

lowest migration barriers among all species, with both PtCO and PdCO having very low values
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on both surfaces. For the barrier on α−Al2O3(0001), PtCO is 0.20 eV higher than PdCO. And

for CeO2(100), PtCO is 0.09 eV higher than PdCO. The migration barriers of PtCO and PdCO

on α−Al2O3(0001) are 0.17 eV and 0.06 eV higher, respectively, compared to their migration

on CeO2(100). For MOH, only data for CeO2(100) is available, showing a 1.83 eV higher barrier

for PtOH than for PdOH.

Figure 5.11: The barrier for different Pd/Pt species migration on different surfaces. ‘×’ rep-
resents the migration on α−Al2O3(0001) dry surfaces, and ‘+’ represents the migration on
CeO2(100) dry surfaces. The red markers represent the Pt species, and the blue markers rep-
resent the Pd species.

5.3. Conclusion

Based on the investigation presented in this chapter, the adsorption and migration behaviors of

Pt and Pd species on α−Al2O3(0001) and CeO2(100) surfaces were comprehensively analyzed

to understand their relative stabilities and mobilities. The results show that Pt species gen-

erally exhibit stronger adsorption than Pd species, particularly on dry surfaces. This stronger

adsorption indicates that Pt species may have a tendency to form more stable sites on the

surface. However, it is important to note that in the context of our study, single Pt and Pd

atoms are not considered catalytically active but rather are potential intermediates on the path

to deactivation.

Furthermore, Pd species demonstrate lower diffusion barriers compared to Pt species, suggesting

that Pd atoms are more mobile on the surface. This increased mobility of Pd could lead to

a higher likelihood of aggregation or sintering, contributing to deactivation over time. The

findings imply that while Pt species form more stable, adsorbed sites, both Pt and Pd single

atoms could migrate and potentially deactivate by absorbing CO. This highlights the importance

of managing surface conditions to control the stability and mobility of these species to optimize

catalyst performance and minimize deactivation. Additionally, understanding the role of surface

hydroxylation is crucial, as fully hydroxylated surfaces tend to reduce the stability of adsorbed

species, which could further impact the durability of the catalyst.
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6. Surface Segregation of PdPt Alloys

This chapter is based on [Chen, J.; Sharapa, D.; Plessow, P. N. Advanced Predictive Model-

ing of Bimetallic Catalyst Behaviors through Gaussian Process Regression and Monte Carlo

Simulations. in Preparation].

Recent research has focused on the detailed modeling of CO adsorption on Pd/Pt alloy surfaces,

given its relevance to catalytic applications in automotive exhaust treatment and fuel cells. The

vibrational properties of adsorbed CO molecules serve as sensitive probes of the local surface

environment, providing valuable information on the binding sites and the nature of metal-

adsorbate interactions.

Despite significant progress, challenges remain in accurately predicting the behavior of Pd/Pt

alloy surfaces under varying conditions. [265] This study aims to address these challenges by

combining DFT calculations and Gaussian Process Regression with Monte Carlo simulations to

investigate the segregation behavior of Pd/Pt alloy surfaces and the impact of CO adsorption

across a range of temperatures and compositions. By incorporating a simulated annealing

process, we ensure a thorough exploration of the solution space, enhancing the reliability of our

predictions and providing comprehensive insights into the surface phenomena of Pd/Pt alloys.

In order to develop an accurate model for predicting the properties of the PdPt alloy surfaces,

it is essential to provide a precise descriptor of the system. This descriptor captures the local

atomic environment and serves as the input for the predictive model. In our approach, we

use cluster expansion to define these descriptors, which involve contributions from neighboring

atoms. The cluster expansion model is a powerful tool for studying metal materials, particularly

in the context of predicting and analyzing the properties of alloys and disordered materials.
[266–276] The idea of cluster expansion allows us to capture complex interactions by considering

both pairwise (doubles) and triplet (triples) configurations of atoms around a central site.

A cluster, in this context, refers to a group of atoms within a specified range around a central

atom. It effectively captures the local environment, which plays a critical role in determining

the surface formation energy, adsorption properties, and other behaviors of bimetallic alloys.

The parameters describing these clusters, such as the number and type of neighboring atoms,

are then used to generate the descriptors required for training the model. This approach ensures

that the model can account for variations in the atomic configuration and accurately predict

surface properties.

6.1. Computational Details

All DFT calculations were performed with the VASP version 5.4.1[225, 257] and the ASE [258]

using the BEEF–vdW functional[200, 201] and the PAW method.[224, 259] The lattice constants of

the 50%Pd alloy have been optimized in Section 4.1.1 and shown in Fig. 4.1.
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To build the training set for slab formation energy, surfaces were modeled with a nine-layer

and four-layer slab. The bottom two layers were frozen for four-layer slabs, and all layers were

free for nine-layer slabs. The training set contains 650 4 × 4 × 9 slabs, 500 2 × 2 × 9 slabs, and

497 4 × 4 × 4 slabs. The CO adsorption energy and vibrational frequency training set contains

497 4 × 4 × 4 slabs, with the bottom two layers frozen. One CO molecule was adsorbed on the

fcc site for each slab (θ[CO = 1/16]). The vibration calculation setting is the same as Section

4.1.1. The dataset for the adsorbate-adsorbate interaction includes 256 4×4×4 slabs, with the

bottom two layers frozen. For each slab, the CO coverage θ[CO] = 1/16, 1/8, 3/16, 1/4, 1/2,

3/4, 1 were calculated. All slabs were obtained by repeating the 2 × 2 × 4 cells by 2 × 2 times.

All the slabs are separated by 28 Å of vacuum to eliminate artificial interactions due to periodic

boundary conditions. The expansion of the density includes reciprocal lattice vectors has a

norm up to 3/2 times larger than for the wave function, |Gcut| (PREC=Normal in VASP). The

calculations were performed with real-space projectors (LREAL=AUTO) and the self-consistent

field (SCF) procedure was converged to a threshold of 10−8 eV for the total energy. A 0.01

eV/Å criterion for the maximum forces on individual atoms was used for geometry convergence.

Gaussian smearing with a 0.1 eV width was applied.

6.2. Results and Discussion

6.2.1. Model Development

For each atom in the surface slab, its formation energy contribution to the system depends on

its corresponding cluster. First, all atoms are placed on an FCC grid with an atomic spacing

of d ≈ 2.818 Å. This cluster consists of atoms neighboring the central atom, with distances less

than 2d from the central atom. We describe this cluster using the parameters listed in Table

6.1. For each atom in the structure, we count the number of occurrences of each parameter.

Therefore, for a 4×4×9 slab, 144 sets of parameters are generated. A schematic of the clusters

that were included in the count is shown in Fig. 6.1.

To parameterize the fcc adsorption site, it is necessary to count the clusters of the three neigh-

boring atoms that make up the site and eliminate duplicates.

6.2.1.1. Model Training through Gaussian Process Regression

The implementation of the GPR to predict the formation energy for a clean surface (Eclean
form )

involves extra steps. First, reform the descriptors by categorizing neighboring atoms into four

distance ranges listed in Table 6.1 (only Single and Pair). Here, we only keep two primary

quantities for each geometry: the number of neighboring atoms and the number of neighboring

atoms with a different element. These quantities are normalized by predefined factors (shown

in Table 6.1 column Bulk) to account for typical neighbor counts within each geometry. The

resulting descriptors for each atom thus consist of a set of normalized values that describe the
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Table 6.1.: Categorized various types of descriptors based on their geometric configurations in
the bulk and surface slab, including Single, Pair(short), Pair(

√
2), Pair(

√
3), Pair(long). Each

geometry category lists specific configurations and their corresponding distance limits or edge
compositions. Additionally, the table provides the total count of each descriptor category in
different positions: bulk, surface, subsurface, and adsorption site.

Geometry Distance / Å Category
Total quantity

Bulk Subsurface Surface Adsorption site
Single Pd 1 1 1 3

Pt
Pair(short) <3.40 Pd-Pd 12 12 9 24

Pd-Pt
Pt-Pt

Pair(
√

2) 3.40-4.43 Pd-Pd 6 6 3 9
Pd-Pt
Pt-Pt

Pair(
√

3) 4.43-5.26 Pd-Pd 24 21 15 45
Pd-Pt
Pt-Pt

Pair(long) 5.26-5.92 Pd-Pd 12 9 9 27
Pd-Pt
Pt-Pt

Side length
Triangle Short-Short-Short Pd-Pd-Pd 24 24 15 37

Pd-Pd-Pt
Pd-Pt-Pt
Pt-Pt-Pt

Triplet(
√

2) Short-
√

2-Short Pd-Pd-Pd 36 36 18 48
Pd-Pd-Pt
Pd-Pt-Pt
Pt-Pt-Pt

Pd-Pt-Pd
Pt-Pd-Pt

Triplet(
√

3) Short-
√

3-Short Pd-Pd-Pd 72 66 42 108
Pd-Pd-Pt
Pd-Pt-Pt
Pt-Pt-Pt

Pd-Pt-Pd
Pt-Pd-Pt

Triplet(straight) Short-Short-Long Pd-Pd-Pd 18 15 12 30
Pd-Pd-Pt
Pd-Pt-Pt
Pt-Pt-Pt

Pd-Pt-Pd
Pt-Pd-Pt
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Figure 6.1: The cluster for (a) bulk atoms, (b) subsurface atoms, (c) surface atoms. The red
arrows indicate pairs of different lengths. The yellow atom represents the center atom of the
cluster.

Figure 6.2: The cluster for determining the CO adsorption energy and vibrational frequency.
The yellow atoms are the nearest neighbor to the fcc site. (a) Top view, (b) side view.

local atomic environment, including how densely packed the neighbors are and the proportion

of different elements of atoms within the specified distance ranges.

Then, the model training steps for Eclean
form , adsorption energy (E

θ=1/16
ads ), and vibrational frequency

(ν) are the same. The descriptors are scaled using inverse theta values (θ−1
d ) to ensure proper

feature scaling. The data is then partitioned into training and testing sets using cross-validation.

A sparse GPR approach is employed to handle the computational complexity, where the number

of sets of descriptors is reduced to 50 by using a custom reduction function. This function

involves computing a kernel matrix and selecting a subset of descriptors that minimize off-

diagonal elements in the kernel matrix, ensuring diversity and reducing redundancy. The kernel

function used is a sum of RBF kernels (shown as Eq. 6.1), which calculates the similarity

between different atomic descriptors. The weights for the GPR model are computed by solving

a regularized linear system, which incorporates the kernel matrix and the training target values.

92



6.2. Results and Discussion

The model parameters, including the mean of the target values, regularization parameter (λ),

feature dimensions, θ−1
d , and computed weights, are then saved as the model. This model also

includes the reference points (reduced set of descriptors) used in the GPR model.

The Gaussian kernel is defined as:

k(xi, xj) = exp

(
−1

2

D∑
d=1

θ−1
d (xdi − xdj )

2

)
(6.1)

Here, θ−1
d are the hyperparameters for each feature dimension d.

Figure 6.3: The result of GPR model. (a) The formation energy of the slab. (b) The adsorption
energy of θ[CO] = 1/16. (c) The vibrational frequency of θ[CO] = 1/16. The black dot
represents the training set, and the red dot represents the test set. Only the adsorption at the
fcc site is included in the dataset.

Finally, predictions for the test set are made using the trained GPR model, and the performance

is evaluated by comparing predicted values with actual target values, visualized through plots

of mean absolute errors (shown in Fig. 6.3). The cross-validation results are shown in Fig.

E.10-E.12. The preferred adsorption site for CO on Pt(111) is the hollow site within density

functional theory, but experimentally, the top site is preferred.[277] While hybrid functionals

can sometimes address this issue, they come with significantly higher computational costs,

making them impractical for high-throughput studies involving large systems or a broad set of

configurations.[201, 278] Since the focus of this chapter is on the development of models and the
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verification of their validity, the importance of the accuracy of the DFT calculation results is

reduced, as long as DFT can give the right trend for a single type of adsorption site.

6.2.1.2. Adsorbate-Adsorbate Interaction

To predict the adsorbate-adsorbate interaction for CO on a Pd/Pt alloy slab, we use a multi-

component energy model. The total energy E is computed as follows:

E = Eclean(Xatoms) +
nCO∑
i

E
θ=1/16
ads (Xsite

i ) +
nCO∑
i

Ei
rep(Xsite

all ) (6.2)

Here, Eclean(Xatoms) represents the energy of the clean alloy slab without any adsorbates.

E
θ=1/16
ads (Xsite

i ) is the adsorption energy of a single CO molecule at a specific site i when the

coverage is low (θ[CO] = 1/16) where Xsite
i represents the set of descriptors for site i.

The interaction between adsorbed CO molecules is captured by the term Ei
rep(Xsite

all ), which

includes contributions from repulsive interactions between CO molecules. This term is further

decomposed into pairwise interactions as follows:

Ei
rep =

d(ij)=1∑
j

Ei
rep1(X

site
i ) +

d(ij)=2∑
j

Ei
rep2(X

site
i + Xsite

j ) (6.3)

In this equation, Ei
rep1(X

site
i ) describes the nearest-neighbor repulsive interaction between CO

molecules, while Ei
rep2(X

site
i + Xsite

j ) captures the next-nearest-neighbor interaction. The pa-

rameters for these repulsive interactions, Erep1 and Erep2, are obtained from separate training

by solving the least-squares solution to a linear matrix equation.

This method minimizes the sum of the squares of the differences between the observed and

predicted values, providing the best-fitting linear relationship between the descriptors and the

observed energies. By incorporating these trained interaction terms, we can accurately model

Figure 6.4: The fitting result of (a) Erep1 and (b) Erep2. The black dot represents the training
set, and the red dot represents the test set.
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and predict the behavior of CO adsorption on the Pd/Pt alloy surface, accounting for the

complex interactions between adsorbates. The fitting results are shown in Fig. 6.4.

6.2.1.3. Monte Carlo Simulation

In this study, we employed a Monte Carlo simulation utilizing the Metropolis algorithm to

investigate the adsorption behavior of CO on a Pd/Pt alloy surface. The simulation was con-

ducted on a 4 × 4 × 9 Pd/Pt alloy slab, where the bottom two layers were fixed to represent

the bulk material, leaving 112 unfrozen atoms on the surface that could participate in dynamic

processes. Additionally, four potential adsorption sites for CO molecules were considered on

the surface.

The simulation encompassed three primary types of stochastic processes:

1. Atom Type Exchange with Flexible Composition: A randomly selected unfrozen atom on

the surface changes its elemental type from Pd to Pt or vice versa. This process allows the

overall composition of the alloy to vary during the simulation, enabling the exploration

of different alloy compositions.

2. Atom Swap with Fixed Composition: Two randomly selected unfrozen atoms swap their

elemental types (Pd and Pt). This process keeps the overall composition constant but

allows for different atomic arrangements and distributions of Pd and Pt atoms on the

surface.

3. Adsorption/Desorption of CO Molecules: A CO molecule is either adsorbed onto or des-

orbed from a randomly selected adsorption site among the four available on the surface.

The simulation considered CO coverages (θCO) ranging from 1
16

to 1
4
, corresponding to

one to four CO molecules adsorbed on the surface.

One of the aforementioned processes was randomly selected at each simulation iteration based on

a uniform probability distribution. For the adsorption event, the energy change ∆E associated

with adding a CO molecule to an unoccupied site was calculated. This included the adsorption

energy Eads and corrections for vibrational contributions and interactions. For the desorption

event, the energy change ∆E associated with removing a CO molecule from an occupied site

was calculated similarly.

For an atom exchange with a flexible composition, a single unfrozen atom was randomly selected,

and its elemental type was changed from Pd to Pt or vice versa. For an atom swap with

a fixed composition, two unfrozen atoms were randomly selected, and their elemental types

were swapped. The formation energy Eform of the new alloy configuration was calculated. The

adsorption energies Eads for any occupied adsorption sites were recalculated, considering the

new local atomic environment. The total energy change ∆E was computed as:

∆E = (Enew
form +

∑
Enew

ads ) − (Eold
form +

∑
Eold

ads) (6.4)

95



6.2. Results and Discussion

The acceptance probability Paccept for the adsorption or desorption event was determined using

the Metropolis criterion:

Paccept = min(1, exp(−∆E − µCO

kBT
)) (6.5)

The acceptance probability Paccept for the structure optimization was calculated using the

Metropolis criterion:

Paccept = min(1, exp(−∆E

kBT
)) (6.6)

where kB is the Boltzmann constant. The chemical potential of CO (µCO) was calculated based

on the temperature T and CO partial pressure P , using standard thermodynamic relations.

Eform is the formation energy of the alloy slab without any adsorbed CO molecules.
∑
Eads is

the sum of the adsorption energies of all CO molecules currently adsorbed on the surface.

To determine whether the step has been accepted, a random number r in the range (0, 1) was

generated. If r ≤ Paccept, the event was accepted, and the system state was updated accordingly.

If r > Paccept, the event was rejected, and the system remained in its current state.

Figure 6.5: Surface Segregation for clean surfaces under different temperatures. The first two
layers are lifted from the others for ease of display. The closer the atom is to yellow, the more
likely it is to be Pd, and conversely, the closer it is to blue, the more likely it is to be Pt.

The simulated annealing process is employed to optimize the solution by initially permitting

extensive exploration of the solution space and subsequently refining the search. This approach

commences with a high temperature (1500 K), which increases the likelihood of accepting a

diverse range of solutions, including suboptimal ones, thereby allowing the system to avoid local

minima. As the temperature decreases, the acceptance probability for less favorable solutions
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declines, concentrating the search on the most promising solutions. In this implementation, the

initial 60% of the steps are allocated to the annealing phase, which is critical for preventing the

system from becoming confined to local minima. By meticulously managing the cooling schedule

and the acceptance probability of new solutions, simulated annealing facilitates a comprehensive

search for the global minimum, thereby enhancing the overall optimization efficacy of the Monte

Carlo simulation.

6.2.2. Surface Segregation in CO Environment

We initially simulated the segregation behavior of a clean surface, starting with a stoichiometry

surface of 50% Pd L10 crystal structure. The composition of the slab was allowed to vary freely,

and the structures obtained after Monte Carlo simulation convergence at different temperatures

are presented in Fig. 6.5. The results indicate that at low temperatures, such as 100 K, the

surface layer will consist entirely of Pd. From the second layer onwards, the structure will

transfer from L10 to L11 configuration. As the temperature increases, the surface of Pd gradually

transforms uniformly into Pt. The lower surface layers progressively lose the L11 structure, and

by 1000 K, the elemental composition of each atom in the subsurface layers becomes completely

random. Meanwhile, even at 1000 K, the surface layer still shows a slight preference for Pd.

The variation in the composition of the top four layers with temperature is shown in Fig.

6.6a. Since a 4×4×9 slab has been used for the simulation, each layer include 16 atoms, which

Figure 6.6: The variation in the composition of the top layers with temperature under different
conditions, based on the average of 20 simulation results. The violin shows the distribution of
these results. The three bars in the violin indicate the maximum value, the median, and the
minimum value from top to bottom. (a) The Pt% in the top four layers with and without CO
adsorption (θ[CO] = 1/16) if the overall composition of the slab is variable. (b) The Pt% in
the three nearest neighbors of CO adsorption sites within the top layer and sublayer (shown
as Fig. 4.2) with and without CO adsorption (θ[CO] = 1/16) if the overall composition of the
slab is variable. (c) The Pt% in the top two layers with and without CO adsorption-desorption
process (θ[CO] from 1/16 to 1/4) under the condition of partial pressure P[CO] = 1 bar or 1
mbar if the overall composition of the slab is variable.
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Figure 6.7: Surface segregation for clean surface with fixed overall composition. (a)-(c) Pt% by
layer vs. overall Pt% under different temperatures (T = 300, 500, 1000 K). (d)-(g) Compare
the change in composition of the same layer at different temperatures.

means each element changes could bring 6.3% variation for the concentration. As Fig. 6.5

shows, the top layer is full of Pd at lower temperatures. As the temperature increases from

100 K to 1000 K, the concentration of Pt will increase from 4.1% to 39.0% while Pt% of the

second layer decreases from 49.1% to 42.3%. The composition of deeper layers is not affected

by temperature, while Pt% of the third layer is slightly increased from 50.0% to 51.9%, and

the fourth layer is slightly increased from 49.0% to 50.0%. If we analyze the distribution of

results from the 20 trajectories, the variation is small at temperatures above 300 K. However,

at lower temperatures, the results show a large deviation, indicating that the results are not

well converged. Particularly at 100 K, where the Pt% in the first layer from one simulation is

17.1%, while the rest of the results are concentrated between 2.7% and 4.1%, with a median of

3.5%. As for the Pt% in the second layer, apart from one value at 28.0%, all other values are

close to 50.0%, with the maximum reaching 54.4%. In the third layer, the maximum is 72.9%

and the minimum is 43.3%, while the rest of the values are around 49.0%. In the fourth layer,

the maximum is 55.3%, the minimum is 25.6%, and the other values are near 50.0%.

Simulations were also conducted with fixed overall slab compositions, ranging from 0% to 100%

Pt, at various temperatures (300 K, 500 K, and 1000 K), and the results are presented in

Fig. 6.7. Across all temperatures, when the overall Pt fraction is below 50%, Pt preferentially

segregates into the deeper layers rather than the top two layers. At 300 K, a sharp increase in

Pt concentration in the top layer is observed as the overall Pt fraction rises from 40% to 70%.

Only when the overall Pt fraction reaches between 71% and 89% does the Pt concentration in

the top layer slightly exceed the overall Pt fraction. Throughout, the Pt concentration in the
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6.2. Results and Discussion

Figure 6.8: Surface Segregation for surfaces with θ[CO] = 1/16 under different temperatures.

second layer remains lower than the overall Pt fraction and shows little growth as the overall

Pt fraction increases from 46% to 61%. In contrast, the Pt concentration in the third layer

consistently exceeds the overall Pt fraction. When the overall Pt fraction is below 50%, the Pt

concentration in the fourth layer is higher than the overall fraction. However, as the overall Pt

fraction increases above 50%, the Pt concentration in the fourth layer becomes lower than the

overall Pt fraction.

The trends observed at 500 K and 1000 K are similar to those at 300 K, with the key distinction

that at higher temperatures, the Pt concentration in the top two layers never exceeds the overall

Pt fraction. At 1000 K, the growth rate of Pt concentration in all layers more closely aligns

with the growth rate of the overall Pt fraction compared to the behavior at 500 K (shown in

Fig. 6.7d-g).

To investigate the effect of CO adsorption, simulations were performed with a fixed CO coverage

of θ[CO] = 1/16 (one CO per unit cell) on the fcc site, allowing the overall slab composition to

adjust freely. The presence of CO significantly influences surface segregation, as shown in Fig.

6.6a, CO drives Pt into the surface layer at lower temperatures, while the Pt concentration in

the second layer remains lower than that of the clean surface but eventually converges to 40%.

CO adsorption promotes the introduction of Pt into the top layer at the adsorption site, as

shown in Fig. 6.8, disrupting the L11 structure of the inner layers. As seen in Fig. 6.6b, the

adsorption site of CO is more inclined to form the component of Pd2Pt1 (33 Pt%). The Pt

concentration of the adsorption site increases slowly with increasing temperature, from 31.1%

at 100 K to 38.0% at 1000 K. However, the Pt concentration of the corresponding site at the

clean surface increases from 2.7% at 100 K to 32.6% at 600 K and finally to 38.6% at 1000 K.
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Figure 6.9: Vibration spectrum based on the number of occurrences of specific frequencies in
simulations when θ[CO] = 1/16 with variable composition under different temperatures from
200 K to 1000 K.

Meanwhile, the presence of CO also reduces the Pt concentration at the sublayer sites. At 100

K, the site at the clean surface is 57.8% Pt, while when adsorbed with CO, the average is 23.5%.

At low temperatures, such as 100 K and 200 K, the composition of the sublayer site exhibits

a broad distribution. For the clean surface, at 100 K, the Pt concentration at the top layer

sites ranges from a minimum of 33.1% to a maximum of 66.6%, with a median of 65.7% and an

average of 57.8%. At 200 K, the distribution becomes approximately normal, with a mean of

43.5%, a median of 43.4%, and upper and lower bounds of 48.4% and 38.3%, respectively. In

the presence of CO, the Pt concentration at the sublayer sites exhibits a different distribution

at low temperatures. At 100 K, the distribution is close to a normal distribution, with a median

and mean of 22.0% and 23.5%, respectively, and a range from 0.1% to 46.6%. At 200 K, the

distribution is also close to a normal distribution, with a median and mean of 15.5% and 15.6%,

respectively, and a range from 12.0% to 20.5%. As the temperature rises to 1000 K, the Pt

concentration of the top layer site converges to around 38%, regardless of the presence of CO,

but the sublayer site is 36.1% in the presence of CO and 41.8% on a clean surface.

Then, we simulated the vibrational spectra of adsorbed CO. As a first step, we study again CO

with a fixed coverage of θ[CO] = 1/16 with variable composition under different temperatures.

The simulated spectra are obtained as histograms based on the vibrational frequencies predicted

for individual structures during the Monte Carlo simulation, as shown in Fig. 6.9. The figure

depicts the vibrational spectra of CO at various temperatures (200 K, 400 K, 600 K, 800 K,

and 1000 K) with a surface coverage (θ[CO]) of 1/16. The x-axis represents the vibrational

frequency in cm−1, while the y-axis represents the probability density, indicating how often

specific vibrational frequencies occur in the simulations. As the temperature increases from

200 K to 1000 K, the peaks in the vibrational spectra become broader. Additionally, as the
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Figure 6.10: (a) Vibration spectrum based on the number of occurrences of specific frequencies
in simulations when θ[CO] = 1/16 with fixed composition (from 32% to 88%Pt) under different
T = 300, 500, 1000 K. (b) Samples of the structure corresponding to different peaks.

temperature increases, the peak positions shift toward higher frequencies by approximately 10

cm−1 due to the increasing Pt concentration in the sublayer site, as shown in Fig. 6.6b. This

result is consistent with our observations in Fig. 4.4. The probability density at the peak de-

creases with increasing temperature. At 200 K, the peak is the sharpest and highest, indicating

a high probability density for a specific vibrational frequency. As temperature increases, the

peak broadens , suggesting a more dispersed set of vibrational states and a reduced probability

for any particular state.

Vibrational spectra were also simulated for θ[CO] = 1/16 and a fixed slab composition (from 29%

to 86%Pt). The vibrational spectra (shown in 6.10a) generated by the different compositions

differ significantly, with peaks appearing around 1755 cm−1 at 43% Pt, around 1736 cm−1 at

86% Pt, and flat peaks appearing above 1760 at 45% and 71% Pt. In addition, 86% Pt has

a very broad peak at 1780 cm−1, and 57% Pt has a very broad peak between 1760 to 1770

cm−1. It is noteworthy that two close peaks occur at around 1750 and 1760 at cm−1 29% Pt.

With increasing temperature, all peaks blue-shift and broaden, except for the 86% Pt peak at

around 1736 cm−1, which becomes narrower. It is noteworthy that using a fixed coverage of CO

does not account for the actual adsorption and desorption processes. However, our simulation

could catch the trend given in Fig. 4.5, the vibrational frequency of hollow site goes through a

process of first decreasing and then increasing as as the Pt% grows from 0 to 50.

Fig. 6.10b gives an example of the structures for different peaks. For the structure of 86% Pt,

the peak at 1736 cm−1 corresponds to the adsorption site Pt3, and when the adsorption site

changes to Pd1Pt2, the vibration frequency of CO becomes 1780 cm−1. For the structure of
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Figure 6.11: (a) Surface segregation for surfaces with free CO adsorption and desorption between
θ[CO] = 1/16 and 1/4 under different temperatures with variable composition under different
partial pressures (1 mbar and 1 bar). (b) The change in the amount of adsorbed CO on the
surfaces with temperature at different pressures. (c) Vibration spectrum based on the number
of occurrences of specific frequencies in simulations with free CO adsorption and desorption
between θ[CO] = 1/16 and 1/4 with variable composition under different T under different
partial pressures (1 mbar and 1 bar).

29% Pt, the two peaks at 1750 and 1759 cm−1 correspond to the adsorption sites of Pd2Pt1

and Pd3.

Finally, simulations allowing free CO adsorption and desorption were performed for coverages

between θ[CO] = 1/16 and 1/4 under different temperatures with variable composition under

different partial pressures of CO. The positions of the four CO adsorption sites and the seg-

regation results are shown in Fig. 6.11a. Surface segregation varies with different CO partial

pressures, particularly in the second layer, as illustrated in Fig. 6.6c. At low temperatures, CO

tends to achieve higher coverage, resulting in more Pt in the surface layer and more Pd in the

second layer. Higher CO partial pressures lead to more Pd in the second layer compared to

lower partial pressures. At high temperatures, such as above 800 K, the difference caused by

CO partial pressures becomes negligible because CO no longer tends to adsorb on the surface.

As shown in Fig. 6.11b, with an increase in temperature, for a partial pressure of 1 mbar, the
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amount of CO adsorbed on the surface begins to decrease from 400 K and becomes 0 at 800 K.

For a partial pressure of 1 bar, the amount of CO adsorbed on the surface begins to decrease

from 600 K and approaches 0 at 1000 K.

6.3. Conclusion

In this study, we employed GPR and Monte Carlo simulations to investigate the segregation

behavior of Pd/Pt alloy surfaces and the impact of CO adsorption. DFT calculations were

utilized to generate the training set for the GPR model. The training set comprised various

slab configurations to ensure a comprehensive representation of the system’s behavior.

The core of our methodology involved the application of GPR to predict the formation energy

of clean surfaces, the adsorption energy, and the vibrational frequencies of CO on these sur-

faces. By categorizing neighboring atoms into distinct distance ranges and normalizing these

descriptors, we effectively captured the local atomic environments. The GPR model, trained

on a diverse dataset, utilized a sparse approach to handle computational complexity, ensuring

accurate predictions with reduced redundancy. The kernel function used in the GPR model

facilitated the calculation of similarities between different atomic descriptors, leading to precise

energy predictions.

The Monte Carlo simulations, incorporating a simulated annealing process, allowed for thorough

exploration of the solution space, preventing the system from becoming trapped in local minima

and ensuring a comprehensive search for the global minimum. In this implementation, the initial

60% of the steps were allocated to the annealing phase, which was critical for preventing the

system from becoming confined to local minima.

Our results demonstrate that the surface layer composition of the Pd/Pt alloy varies signif-

icantly with temperature. At low temperatures, the surface layer is predominantly Pd, and

the deeper layer is transferred to the L11 configuration. As temperature increases, the surface

layer composition becomes more random, while the lower layers progressively lose their ordered

structure. The introduction of CO significantly alters the segregation behavior, promoting Pt

presence in the surface layer and disrupting the L11 structure of inner layers. The vibrational

spectra of CO adsorbed on surfaces with varying compositions revealed distinct peaks that shift

with temperature and composition, indicating changes in the local environment and adsorption

characteristics.

Furthermore, the study explored the effects of CO partial pressures on surface segregation. At

lower temperatures, higher CO partial pressures resulted in increased Pt in the surface layer and

Pd in the second layer. This effect diminished at higher temperatures, where CO adsorption

was less favorable.

Overall, this comprehensive investigation provides valuable insights into the segregation be-

havior of Pd/Pt alloys and the influence of CO adsorption, with GPR playing a crucial role
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in accurately predicting formation energies and adsorption characteristics. The methodologies

and findings presented here can inform future studies and applications involving alloy surfaces

and adsorbate interactions.
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7. Conclusion and Outlook

The conclusion of this dissertation includes the findings from investigations into the stability,

structure, and reactivity of hydroxylated α-Al2O3 and α-Fe2O3(0001) surfaces, as well as the

adsorption behavior of CO on Pd/Pt alloy and α-Al2O3(0001) surfaces.

Firstly, the studies on α-Al2O3 and α-Fe2O3(0001) surfaces revealed new insights into their

hydroxylated terminations. For α-Al2O3(0001), a novel termination featuring isolated Al(OH)3

groups was identified, demonstrating higher stability at elevated temperatures compared to pre-

vious models. This stability arises from weakly repulsive interactions between Al(OH)3 groups

at low coverages. Similarly, hydroxylated α-Fe2O3(0001) surfaces, characterized by isolated

Fe(OH)3 groups, were found to be stable at relatively low chemical potentials of water, mirror-

ing the behavior observed for α-Al2O3(0001). The study also explored the stability of oxidized

and reduced terminations, with reduced surfaces showing stability only at very low chemical

potentials of oxygen. The formation and decomposition processes of these hydroxylated sur-

faces were further investigated. For α-Al2O3(0001), local reconstruction via water adsorption

and dissociation led to the formation of Al(OH)3 groups and OH-saturated Al-vacancies with

modest energy barriers. The kinetics of these processes are significantly influenced by the par-

tial pressure of water. For α-Fe2O3(0001), the stability of hydroxylated surfaces remains robust

across different computational methodologies, though oxidation and reduction behaviors depend

on the chosen value of U in PBE+U calculations.

Further research could focus on expanding this research to explore other metal oxides, such

as chromia (Cr2O3) and V2O3, which would be valuable. These materials, like α-Al2O3 and

α-Fe2O3, are widely used in catalysis and often operate in environments with varying levels of

water exposure. Investigating their surfaces under different water conditions could reveal unique

hydroxylation behaviors and surface structures, providing a comparative basis for understanding

the broader trends in stability and reactivity of transition metal oxides in aqueous environments.

Additionally, the adsorption of CO on Pd, Pt, and Pd/Pt alloy NPs supported on α-Al2O3 was

studied. The CO adsorption sites varied with NP alloy composition, showing distinct behaviors

on pure Pd, Pt, and alloy NPs. CO adsorbed in an on-top configuration on Pt, while on Pd,

it mainly adsorbed on bridge and hollow sites. On alloy NPs, both adsorption modes were

observed simultaneously, with Pt-rich particles showing lower intensity of Pd adsorption bands,

suggesting Pt surface segregation. This was further supported by DFT calculations, which

revealed broad IR bands due to varying wavenumbers for different alloy compositions.

Then, a systematic investigation of the α-Al2O3(0001) surface using combined experimental and

theoretical approaches demonstrated high reactivity and partial hydroxylation under UHV con-

ditions. DFT calculations supported these findings, agreeing with experimental CO vibrational

frequencies and binding energies.
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Following this, the chapter on the adsorption and migration behaviors of Pt and Pd species on

α-Al2O3(0001) and CeO2(100) surfaces provided further insights into the stability and mobil-

ity of these species on catalytic supports. The study found that Pt species generally exhibit

stronger adsorption and higher stability, particularly on dry surfaces, suggesting their potential

for forming durable catalytic sites. In contrast, Pd species showed lower diffusion barriers,

indicating greater mobility. These findings underscore the need to balance stability and mobil-

ity when designing catalysts and highlight the impact of surface hydroxylation on adsorption

energies and stability, offering valuable guidance for optimizing catalytic performance.

Finally, our study on the segregation behavior of Pd/Pt alloy surfaces and the impact of CO

adsorption employed DFT calculations, GPR, and Monte Carlo simulations. The findings

revealed significant variations in surface layer composition with temperature and CO adsorption,

providing valuable insights into the segregation behavior of Pd/Pt alloys and the influence of

CO adsorption.

Future research can extend this study by applying the developed model to investigate active sites

and deactivation mechanisms of Pt-Pd catalysts under operando conditions at the atomic scale.

First, predicting the equilibrium shape of oxide-supported Pt and Pd nanoparticles will help to

understand how support interactions and environmental factors influence nanoparticle geometry

and stability. Determining these equilibrium shapes under reaction conditions will provide

insights into how these particles adapt structurally to maximize catalytic performance. The

second step is a theoretical investigation of adsorption energetics and adsorption-induced shape

changes. This involves analyzing how adsorbates, such as CO or other intermediates, interact

with and reshape the nanoparticles, potentially changing the active sites. Understanding these

influences can reveal conditions that optimize catalyst activity that may lead to deactivation.

Lastly, modeling sintering kinetics will focus on the dynamics of particle migration and merging

under reaction conditions. By simulating the mechanisms of Ostwald ripening and sintering,

this step aims to identify factors that promote catalyst deactivation through particle growth

and loss of active sites. Such kinetic insights could lead to targeted strategies for inhibiting

sintering and extending catalyst lifetimes.

Together, these steps will provide a detailed, atomic-level understanding of how Pt-Pd cata-

lysts behave under operando conditions, offering valuable guidance for designing catalysts with

enhanced durability and activity. This research direction will bridge the gap between static

catalyst design and dynamic, operando environments, advancing the field of catalyst develop-

ment.

Overall, this dissertation provides valuable insights into the stability, structure, and reactivity

of oxide surfaces and Pd/Pt alloy surfaces, contributing to a deeper understanding of surface

phenomena in heterogeneous catalysis. The methodologies and findings presented here offer a

robust foundation for future studies and applications involving complex surface interactions in

catalytic processes.
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[7] N. Nejar and M. J. Illán-Gómez, “Potassium-copper and potassium-cobalt catalysts sup-

ported on alumina for simultaneous NOx and soot removal from simulated diesel engine

exhaust”, Appl. Catal. B Environ. 70, 261–268 (2007).

[8] K. F. Kalz, R. Kraehnert, M. Dvoyashkin, R. Dittmeyer, R. Gläser, U. Krewer, K. Reuter,
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W. Shen, “Structure of the catalytically active copper–ceria interfacial perimeter”, Nat.

Catal. 2, 334–341 (2019).

[168] C. Yang, M. Capdevila-Cortada, C. Dong, Y. Zhou, J. Wang, X. Yu, A. Nefedov, S.
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alloy in various gas atmospheres”, Int. J. Hydrogen Energy 45, 21567–21572 (2020).
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“Gaussian Process Regression for Materials and Molecules”, Chem. Rev. 121, 10073–10141

(2021).

[191] E. Bélisle, Z. Huang, and A. Gheribi, “Scalable gaussian process regression for prediction

of material properties”, in Databases theory and applications, edited by H. Wang and

M. A. Sharaf (2014), pp. 38–49.

[192] L. Parussini, D. Venturi, P. Perdikaris, and G. E. Karniadakis, “Multi-fidelity Gaussian

process regression for prediction of random fields”, J. Comput. Phys. 336, 36–50 (2017).

[193] G. Schmitz and O. Christiansen, “Gaussian process regression to accelerate geometry

optimizations relying on numerical differentiation”, J. Chem. Phys. 148, 241704 (2018).

[194] C. J. Moore, A. J. Chua, C. P. Berry, and J. R. Gair, “Fast methods for training Gaussian

processes on large datasets”, R. Soc. Open Sci. 3, 160125 (2016).

[195] D. M. Ceperley and B. J. Alder, “Ground State of the Electron Gas by a Stochastic

Method”, Phys. Rev. Lett. 45, 566 (1980).

[196] A. D. Becke, “Density-functional exchange-energy approximation with correct asymptotic

behavior”, Phys. Rev. A 38, 3098 (1988).

[197] C. Lee, W. Yang, and R. G. Parr, “Development of the Colle-Salvetti correlation-energy

formula into a functional of the electron density”, Phys. Rev. B 37, 785 (1988).

[198] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh,

and C. Fiolhais, “Atoms, molecules, solids, and surfaces: Applications of the generalized

gradient approximation for exchange and correlation”, Phys. Rev. B 46, 6671 (1992).

[199] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized Gradient Approximation Made

Simple”, Phys. Rev. Lett. 77, 3865 (1996).

XV



[200] J. J. Mortensen, K. Kaasbjerg, S. L. Frederiksen, J. K. Nørskov, J. P. Sethna, and K. W.

Jacobsen, “Bayesian error estimation in density-functional theory”, Phys. Rev. Lett. 95,

216401 (2005).

[201] J. Wellendorff, K. T. Lundgaard, A. Møgelhøj, V. Petzold, D. D. Landis, J. K. Nørskov,

T. Bligaard, and K. W. Jacobsen, “Density functionals for surface science: Exchange-

correlation model development with Bayesian error estimation”, Phys. Rev. B 85, 235149

(2012).

[202] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, “Ab Initio calculation of

vibrational absorption and circular dichroism spectra using density functional force fields”,

J. Phys. Chem. 98, 11623–11627 (1994).

[203] J. Heyd, G. E. Scuseria, and M. Ernzerhof, “Hybrid functionals based on a screened

Coulomb potential”, J. Chem. Phys. 118, 8207–8215 (2003).

[204] J. Heyd and G. E. Scuseria, “Efficient hybrid density functional calculations in solids: As-

sessment of the Heyd–Scuseria–Ernzerhof screened Coulomb hybrid functional”, J. Chem.

Phys. 121, 1187–1192 (2004).

[205] J. Heyd, G. E. Scuseria, and M. Ernzerhof, “Erratum: Hybrid functionals based on a

screened Coulomb potential (Journal of Chemical Physics (2003) 118 (8207))”, J. Chem.

Phys. 124, 219906 (2006).

[206] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E. Scuseria,“Influence of the exchange

screening parameter on the performance of screened hybrid functionals”, J. Chem. Phys.

125, 224106 (2006).

[207] A. Tkatchenko and M. Scheffler, “Accurate molecular van der Waals interactions from

ground-state electron density and free-atom reference data”, Phys. Rev. Lett. 102, 073005

(2009).

[208] A. D. Becke and E. R. Johnson, “Exchange-hole dipole moment and the dispersion inter-

action revisited”, J. Chem. Phys. 127, 154108 (2007).

[209] O. A. Vydrov and T. Van Voorhis,“Nonlocal van der Waals density functional: The simpler

the better”, J. Chem. Phys. 133, 244103 (2010).

[210] S. Grimme,“Accurate description of van der Waals complexes by density functional theory

including empirical corrections”, J. Comput. Chem. 25, 1463–1473 (2004).

[211] S. Grimme, “Semiempirical GGA-type density functional constructed with a long-range

dispersion correction”, J. Comput. Chem. 27, 1787–1799 (2006).

[212] S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, “A consistent and accurate ab initio

parametrization of density functional dispersion correction (DFT-D) for the 94 elements

H-Pu”, J. Chem. Phys. 132, 154104 (2010).

XVI



[213] E. Caldeweyher, C. Bannwarth, and S. Grimme,“Extension of the D3 dispersion coefficient

model”, J. Chem. Phys. 147, 34112 (2017).

[214] V. I. Anisimov, J. Zaanen, and O. K. Andersen, “Band theory and Mott insulators: Hub-

bard U instead of Stoner I ”, Phys. Rev. B 44, 943 (1991).

[215] H. Jónsson, G. Mills, and K. W. Jacobsen, “Nudged elastic band method for finding

minimum energy paths of transitions”, in Proceedings of the international conference on

classical and quantum dynamics in condensed phase simulations (1998), pp. 385–404.

[216] G. Mills and H. Jónsson, “Quantum and thermal effects in H2 dissociative adsorption:

Evaluation of free energy barriers in multidimensional quantum systems”, Phys. Rev. Lett.

72, 1124–1127 (1994).

[217] G. Mills, H. Jónsson, and G. K. Schenter, “Reversible work transition state theory: appli-

cation to dissociative adsorption of hydrogen”, Surf. Sci. 324, 305–337 (1995).

[218] G. Henkelman and H. Jónsson, “Improved tangent estimate in the nudged elastic band

method for finding minimum energy paths and saddle points”, J. Chem. Phys. 113, 9978

(2000).

[219] G. Henkelman and H. Jónsson, “A dimer method for finding saddle points on high dimen-

sional potential surfaces using only first derivatives”, J. Chem. Phys. 111, 7010 (1999).

[220] J. Rogal and K. Reuter, Ab initio atomistic thermodynamics for surfaces: a primer,

tech. rep. EN-AVT-142-02 (Defense Technical Information Center, Fritz-Haber-Institut

der Max-Planck-Gesellschaft Faradayweg 4-6 D-14195 Berlin Germany, 2006).

[221] K. Reuter and M. Scheffler, “Composition, structure, and stability of RuO2(110) as a

function of oxygen pressure”, Phys. Rev. B 65, 035406 (2002).

[222] J. Chen, D. Sharapa, and P. N. Plessow, “Stability and formation of hydroxylated α-

Al2O3(0001) surfaces at high temperatures”, Phys. Rev. Res. 4, 013232 (2022).

[223] J. Chen, D. I. Sharapa, and P. N. Plessow, “Stability of Hydroxylated α-Fe2O3(0001)

Surfaces”, ACS Omega 9, 35449–35457 (2024).

[224] G. Kresse and D. Joubert, “From ultrasoft pseudopotentials to the projector augmented-

wave method”, Phys. Rev. B 59, 1758 (1999).

[225] G. Kresse and J. Furthmüller, “Efficient iterative schemes for ab initio total-energy calcu-

lations using a plane-wave basis set”, Phys. Rev. B 54, 11169 (1996).

[226] J. Sun, A. Ruzsinszky, and J. P. Perdew,“Strongly Constrained and Appropriately Normed

Semilocal Density Functional”, Phys. Rev. Lett. 115, 036402 (2015).

[227] A. Rohrbach, J. Hafner, and G. Kresse, “Electronic correlation effects in transition-metal

sulfides”, J. Phys. Condens. Matter 15, 979–996 (2003).

[228] M. Cococcioni and S. de Gironcoli, “Linear response approach to the calculation of the

effective interaction parameters in the LDA+U method”, Phys. Rev. B 71, 035105 (2005).

XVII



[229] X. Huang, S. K. Ramadugu, and S. E. Mason, “Surface-Specific DFT + U Approach

Applied to α-Fe2O3(0001)”, J. Phys. Chem. C 120, 4919–4930 (2016).

[230] Y. Meng, X. W. Liu, C. F. Huo, W. P. Guo, D. B. Cao, Q. Peng, A. Dearden, X. Gonze, Y.

Yang, J. Wang, H. Jiao, Y. Li, and X. D. Wen,“When Density Functional Approximations

Meet Iron Oxides”, J. Chem. Theory Comput. 12, 5132–5144 (2016).
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Appendix

A. Stability and formation of hydroxylated α-Al2O3(0001) sur-

faces at high temperatures

A.1. Stability of surfaces

Table A.1 lists the stability of all investigated surfaces, which are all shown schematically in

Fig. A.1. As an additional test for the stability of the isolated Al(OH)3 groups, an MD

simulation was run for the (2×2)-cell with θ[Al(OH)3]=1/4. Using a reduced k-point sampling

(1×1) and a timestep of 0.5 fs, the MD simulation was run for 15,082 steps (7.5 ps) at an

average temperature of 1000 K, which was controlled with the Andersen thermostat (collision

probability 0.02). Visual inspection of the trajectory showed no reconstruction and optimization

of the final structure gave the identical minimum structure, from which the MD was started.

Figure A.1: Schematic representation of all computed structures and specification of the em-
ployed unit cell. (a) Structures are also shown in the main text (b) Metastabile structures M2,
and M3 as well as an analogous M2 structure with higher concentration of the reconstruction.
(c) Additional structures not explicitly discussed in the main text.
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Table A.1.: Overview over all computed terminations of the α-Al2O3(0001) surface. In addition to the surfaces given in Table 1, which are
repeated here, additional investigated surfaces are also listed. The composition is specified in terms of the coverage of H2O and Al(OH)3
adsorbates relative to the dry surface. The formation energy is given per two OH groups in eV relative to the dry surface and ∆Eform

is thus equal to the chemical potential µH2O at which the surface free energy is identical to that of the stoichiometric surface, see Eq. 1.
Additionally, the concentration of hydroxyl groups per surface area, the unit cell and the employed k-point sampling are specified

coverage (θ) ∆Eform per 2OH (eV) n(OH)
Surface Al(OH)3 H2O PBE-D3 BEEF-vDWa SCANa HSE06a (1/nm2) unit cell k-points

dry/clean 0 0 0 0 0 0 0 b b

θ[Al(OH)3]=1/16 1/16 0 -2.80 -2.75 -2.98 -2.76 0.9 (4×4) 1×1
θ[Al(OH)3]=1/9 1/9 0 -2.80 -2.75 -2.96 -2.74 1.7 (3×3) 2×2c

θ[Al(OH)3]=1/4 1/4 0 -2.73 -2.70 -2.89 -2.67 3.8 (2×2) 2×2

θ[Al(OH)3]=1/3 1/3 0 -2.66 -2.66 -2.81 -2.58 5.0 (
√

3×
√

3)R30◦ 4×4c

θ[Al(OH)3]=4/9 4/9 0 -2.37 -2.30 -2.51 -2.28 6.7 (3×3) 2×2c

θ[Al(OH)3]=1 1 0 -1.72 -1.44 -1.87 -1.56 15.1 (1×1) 4×4
θ[Al(OH)3]=1; θ[H2O]=2 1 2 -1.17 -0.93 -1.21 -0.99 35.3 (1×2) 4×2
M1 0 1 -1.64 -1.57 -1.71 -1.52 10.1 (1×1) 4×4
M2 0 3/4 -1.88 -1.73 -2.00 -1.77 7.6 (2×2) 2×2
M3 0 3/4 -2.15 -2.01 -2.31 -2.04 7.6 (2×2) 2×2

θ[Al(OH)3]=1/4 (iso) 1/4 0 -2.71 -2.69 -2.87 -2.64 3.8 (2
√

3×2
√

3)R30◦ 2×2c

θ[Al(OH)3]=1/4 (iso) 1/4 0 -2.72 -2.69 -2.86 -2.65 3.8 (
√

3×2) 2×2c

θ[Al(OH)3]=5/12 5/12 0 -2.42 -2.38 -2.57 -2.33 6.3 (2
√

3×2
√

3)R30◦ 2×2c

θ[Al(OH)3]=1/2 1/2 0 -2.15 -2.05 -2.31 -2.06 7.6 (1×2) 4×2

θ[Al(OH)3]=2/3 2/3 0 -1.93 -1.79 -2.05 -1.80 10.1 (
√

3×
√

3)R30◦ 4×4c

θ[Al(OH)3]=3/4 3/4 0 -1.88 -1.68 -2.01 -1.74 11.3 (2×2) 2×2

M2 0 1 -1.84 -1.71 -1.96 -1.72 10.1 (
√

3×
√

3)R30◦ 4×4c

a Single point calculation with the PBE-D3 structure. b The dry surface serves as the reference and was always computed with the same
unit cell and k-point sampling as the hydroxylated surfaces. c For HSE06, the k-point sampling in each dimension was reduced by a factor
of 2.
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A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temperatures

γ =
Eslab − Eslab

dry − n
2
Ebulk

Al2O3
− m

2
Egas

H2O
m
2
A

× A1×1 (1)

Here, Eslab and Eslab
dry are the energies of the slab models of the considered surface and of the

dry surface with identical surface area A, Ebulk
Al2O3

is the energy per formula unit of bulk α-Al2O3.

The surface area per (1×1) cell is A1×1 = 19.845 Å2. Ebulk
Al2O3

is the energy per bulk formula

unit. Egas
H2O

is the energy of wate The stoichiometry coefficients n and m are determined by the

amount of additional Al and H atoms on the surface with respect to the dry surface.

A.2. Investigated reaction paths

Figure A.2 shows the structures for the free energy diagram in Fig. 3.11 of the main text and

also introduces the labels A1, A2, etc. that are used in Table A.2, where the data shown in

Fig. 3.11 is provided. For TS(A1-A2), two transition states are listed in Table A.2, one is

catalyzed by an additional water molecule (proton-shuttle). This leads to a dependence of the

barrier on the chemical potential of water, as can be seen in Fig. A.2. In the same manner,

Fig. A.3 shows the structures for Fig. 3.13, which are labeled C0, C1, etc. C0 refers to a

structure with desorbed water, which was not included in Fig. 3.12b. The three minima and

two transition states in Fig. 3.12 are labeled consecutively B1, B2, B3 and TS(B1-B2) and

TS(B2-B3) in Tables A.2 and A.4. The barrier for water dissociation on the clean surface has

been investigated for a few cases, such as the first and fourth water dissociation required to

form structure A1 in Fig. A.2 and for the formation of C1. In all of these cases, the barrier

was below 0.5 eV, which is in agreement with previous investigations in the literature.

Figure A.4(a) shows the stability of the hydroxylated surfaces for the different investigated den-

sity functionals. There is a systematic difference in the stability of the hydroxylated surfaces

per hydroxyl group, which increases in the order SCAN < PBE-D3 < BEEF-vdW ≲ HSE06.

Due to the different concentrations of hydroxyl groups on the surface, this leads to a difference

in stability that is more pronounced for high values of θ[Al(OH)3]. This generally shifts the

value of µH2O at which the transition between different phases occurs to lower values for the

stronger binding functionals. Figure A.4(b) shows the stability of additional investigated hy-

droxylated surfaces with 1
3
< θ[Al(OH)3] < 1, which are close in stability to the surface with

θ[Al(OH)3]=4/9.
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A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temperatures

Figure A.2: Detailed description of the reaction pathway shown in Fig. 3.11. The atomic
structure of the clean surface (A0) is not depicted. The free energies are listed in Table A.2,
total energies in Table A.4.
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A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temperatures

Figure A.3: Detailed description of the reaction pathway is shown in Fig. 3.13. The free energies
are listed in Table A.2, and the total energies are listed in Table A.4.

Figure A.4: Additional stability analysis of investigated surfaces. (a) Different functionals. (b)
Stability of surfaces 1

3
< θ[Al(OH)3] < 1 with PBE-D3.
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A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temperatures

Table A.2.: Relative Gibbs free energies (in eV) of minima and transition states shown in Fig.
3.1 at µH2O = -1.5 eV, in Fig. 3.12 and in Fig. 3.13 at µH2O = -1.25 eV with the labeling
introduced in Fig. A.2 and A.3.

Fig. 3.1 ∆G Fig. 3.1 ∆G Fig. 3.12 ∆G Fig. 3.13 ∆G

A0 0.68 TS(A8-A9) 0.77 B1 0.00 C0 0.45

A1 0.00 A9 0.53 TS(B1-B2) 3.22 C1 0.00

TS(A1-A2) 1.35 TS(A9-A10) 0.87 B2 0.78 TS(C1-C2) 2.04

TS(A1-A2) H2O 0.80 A10 0.16 TS(B2-B3) 3.22 C2 1.36

A2 0.33 TS(A10-A11) 0.43 B3 0.00 TS(C2-C3) 2.10

TS(A2-A3) 0.83 A11 -0.07 C3 1.53

A3 0.42 TS(A11-A12) 1.36 TS(C3-C4) 2.17

TS(A3-A4) 0.77 A12 0.30 C4 2.03

A4 0.32 TS(A12-A13) 0.73 TS(C4-C5) 2.16

TS(A4-A5) 0.65 A13 -0.17 C5 0.79

A5 0.08 TS(A13-A14) -0.05 TS(C5-C6) 1.34

TS(A5-A6) 1.02 A14 -0.45 C6 1.05

A6 -0.86 A15 -1.66 TS(C6-C7) 2.05

TS(A6-A7)b 1.02 C7 1.09

A7a 0.08 TS(C7-C8) 1.86

TS(A7-A8) 0.49 C8 0.00

A8 -0.08 C9 0.45

a Identical to A5. b Identical to TS(A5-A6).

A.3. Total energies

The computed total energies are listed in Tables A.2 and A.3.
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A. Stability and formation of hydroxylated α-Al2O3(0001) surfaces at high temperatures

Table A.3.: Computed total energies (in eV) are used to determine the stability of structures.

Structure Details PBE-D3 BEEF-vDWa SCANa HSE06a

H2O gas -14.220 -12.810 -15.590 -17.480
1
2
Ebulk

Al2O3
bulk -19.128 -15.251 -25.580 -22.653

dry/clean (1×1) -260.652 -207.043 -350.811 -310.174

dry/clean (minus one layer) (1×1) -222.396 -176.542 -299.650 -264.868

dry/clean (1×2) -521.305 -414.088 -701.620 -620.345

dry/clean (2×2) -1042.612 -828.179 -1403.244 -1240.694

dry/clean (3×3) -2345.929 -1863.500 -3157.548 -2791.657

dry/clean (4×4) -4170.494 -3312.762 -5613.019 -4962.821

dry/clean (
√

3×
√

3)R30◦ -781.893 -621.055 -1052.359 -930.408

dry/clean (2
√

3×2
√

3)R30◦ -3127.605 -2484.242 -4209.480 -3720.000

dry/clean (
√

3×2) -1042.571 -828.126 -1403.211 -1240.667

θ[Al(OH)3]=1/16 (4×4) -4215.158 -3351.357 -5666.455 -5015.822

θ[Al(OH)3]=1/9 (3×3) -2390.589 -1902.092 -3210.957 -2844.641

θ[Al(OH)3]=1/4 (2×2) -1087.171 -866.690 -1456.548 -1293.568

θ[Al(OH)3]=1/3 (
√

3×
√

3)R30◦ -826.339 -659.506 -1105.542 -983.138

θ[Al(OH)3]=4/9 (3×3) -2521.994 -2015.194 -3368.482 -3000.798

θ[Al(OH)3]=1 (1×1) -303.700 -243.671 -402.579 -361.379

θ[Al(OH)3]=1; θ[H2O]=2 (1×2) -590.822 -479.774 -768.075 -704.307

M1 (1×1) -276.515 -221.424 -368.119 -329.174

M2 (2×2) -1090.929 -871.806 -1456.020 -1298.418

M3 (2×2) -1091.737 -872.648 -1456.945 -1299.249

θ[Al(OH)3]=1/4 (iso) (2
√

3×2
√

3)R30◦ -3261.187 -2599.768 -4369.302 -3880.136

θ[Al(OH)3]=1/4 (iso) (
√

3×2) -1087.107 -866.624 -1456.472 -1293.510

θ[Al(OH)3]=5/12 (2
√

3×2
√

3)R30◦ -3348.106 -2674.406 -4473.607 -3983.515

θ[Al(OH)3]=1/2 (1×2) -564.994 -451.627 -754.053 -672.308

θ[Al(OH)3]=2/3 (
√

3×
√

3)R30◦ -868.613 -695.363 -1156.461 -1033.530

θ[Al(OH)3]=3/4 (2×2) -1019.428 -817.138 -1354.558 -1213.899

M2 (
√

3×
√

3)R30◦ -830.087 -664.622 -1105.022 -987.996

a Single point calculation with the PBE-D3 structure.
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Table A.4.: Computed total energies (in eV) are used to determine and study reaction pathways, see Figs. A.2, A.3 for labeling.

Fig. 3.11 E Fig. 3.11 E Fig. 3.12 E Fig. 3.13 E

A0 -2345.953 TS(A8-A9)a -2408.760 B1 -2390.614 C0 -2350.805

A1 -2409.531 A9 -2408.999 TS(B1-B2)b -2387.396 C1 -2366.733

TS(A1-A2)b -2408.176 TS(A9-A10)a -2408.663 B2 -2389.831 TS(C1-C2)a -2364.693

TS(A1-A2) H2O
b -2424.450 A10 -2409.371 TS(B2-B3)b -2387.394 C2 -2365.373

A2 -2409.196 TS(A10-A11)a -2409.101 B3 -2390.614 TS(C2-C3)b -2364.635

TS(A2-A3)a -2408.706 A11 -2409.602 C3 -2365.204

A3 -2409.113 TS(A11-A12)b -2408.167 TS(C3-C4)b -2364.562

TS(A3-A4)a -2408.756 A12 -2409.232 C4 -2364.701

A4 -2409.213 TS(A12-A13)a -2408.801 TS(C4-C5)b -2364.577

TS(A4-A5)a -2408.880 A13 -2409.700 C5 -2365.945

A5 -2409.449 TS(A13-A14)a -2409.580 TS(C5-C6)a -2365.389

TS(A5-A6)b -2408.514 A14 -2409.983 C6 -2365.684

A6 -2410.392 A15 -2395.464 TS(C6-C7)b -2364.685

TS(A6-A7)b -2408.514 C7 -2365.542

A7 -2409.449 TS(C7-C8)b -2364.875

TS(A7-A8)b -2409.042 C8 -2366.733

A8 -2409.607 C9 -2350.805

a Transition state estimated from interpolated NEB. b Transition state fully optimized.
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

B. Stability of hydroxylated α-Fe2O3(0001) surfaces

B.1. Stability of surfaces

Table B.5 lists the stability of all investigated surfaces, which are all shown schematically in

Figures 1.2, 3.3 and 3.6.

Table B.5.: Overview over all computed terminations of the α-Fe2O3(0001) surface. The com-
position is specified in terms of the coverage of H2O, Fe(OH)3, Fe(OH)2, Fe(OH) and FeO
adsorbates relative to the dry surface. The term ∆Eform is the formation energy given in eV
per (1×1)-unit cell relative to the α-Fe2O3(0001) dry surface. ∆Eabs

form is the absolute formation
energy given in eV per unit cell relative to the α-Fe2O3(0001) bulk. Additionally, the concen-
tration of hydroxyl groups per surface area, the unit cell and the employed k-point sampling
are specified.

coverage (θ) n(OH)

Surface Fe(OH)3 H2O ∆Eform ∆Eabs
form (1/nm2) unit cell k-points

θ[Fe(OH)3]=0 (dry/clean) 0 0 0 1.84 0 a a

θ[Fe(OH)3]=1/4 1/4 0 -0.83 1.01 3.4 (2×2) 2×2

θ[Fe(OH)3]=1 1 0 -1.89 -0.05 13.6 (1×1) 4×4

θ[H2O]=1 (Fe2O3) 0 1 -1.25 0.59 9.0 (1×1) 4×4

coverage (θ) n(OH)

Surface Fe(OH)2 H2O ∆Eform ∆Eabs
form (1/nm2) unit cell k-points

θ[Fe(OH)2]=1/4 1/4 0 -0.32 1.52 2.3 (2×2) 2×2

θ[Fe(OH)2]=1 1 0 -0.42 1.42 9.0 (1×1) 4×4

coverage (θ) n(OH)

Surface Fe(OH) H2O ∆Eform ∆Eabs
form (1/nm2) unit cell k-points

θ[Fe(OH)]=1 1 0 1.48 3.32 4.5 (1×1) 4×4

coverage (θ) n(OH)

Surface FeO H2O ∆Eform ∆Eabs
form (1/nm2) unit cell k-points

θ[FeO]=1 1 0 1.43 3.27 0 (1×1) 4×4

a The dry surface serves as the reference and was always computed with the same unit cell

and k-point sampling as the hydroxylated surfaces.

B.2. Total rnergies

The computed total energies are listed in Table B.6.
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

Table B.6.: Computed total energies (in eV) are used to determine the stability of structures.

Structure Details total energy (PBE+U )

H2O gas -14.226

O2 gas -9.866

CO gas -14.780

U = 3 eV U = 4 eV U = 5 eV

1
2
Ebulk

Fe2O3
bulk -17.844 -17.494 -17.185

θ[Fe(OH)3]=0 (dry/clean) (1×1) -317.693 -311.241 -305.517

θ[Fe(OH)3]=0 dry/clean (minus two layer) (1×1) -246.311 -241.259 -236.775

θ[Fe(OH)3]=1/4 (2×2) -1355.554 -1329.275 -1305.957

θ[Fe(OH)3]=1 (1×1) -399.568 -392.695 -386.602

θ[H2O]=1 (1×1) -348.592 -342.198 -336.525

θ[Fe(OH)2]=1/4 (2×2) -1332.133 -1306.039 -1282.913

θ[Fe(OH)2]=1 (1×1) -377.445 -370.589 -364.535

θ[FeOH]=1 (1×1) -354.339 -347.634 -341.731

θ[FeO]=1 (1×1) -345.402 -338.441 -332.257
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

B.3. Magnetic moments

Table B.7.: Mean magnetic moments (in µB) of the upper half layers from the slabs for the
relevant α-Fe2O3 surface terminations. The magnetic moment is averaged over all Fe-atoms
belonging to the respective layer. The computed magnetic value of the bulk is µ = ±4.16

θ[Fe(OH)3]

Dry θ = 1/4 θ = 1 θ[H2O] = 1

Fe2A – -4.24 -4.24 –

Fe1A -4.00 -4.07 -4.21 -4.01

Fe2B +4.14 +4.16 +4.16 +4.16

Fe1B +4.17 +4.17 +4.15 +4.16

Fe2C -4.16 -4.15 -4.16 -4.16

Fe1C -4.16 -4.16 -4.16 -4.16

Fe2A′ +4.16 +4.16 +4.16 +4.16

Fe1A′ +4.16 +4.16 +4.16 +4.16

Fe2B′ -4.16 -4.16 -4.16 -4.16

Fe1B′ -4.16 -4.16 -4.16 -4.16

B.4. Transition between hematite and magnetite

The chemical reaction of phase transition from bulk magnetite to bulk hematite can be described

as:

2Fe3O4 +
1

2
O2

−−⇀↽−− 3Fe2O3 (2)

The chemical potential at which the transition from Fe3O4 to Fe2O3 occurs is calculated by the

following equation:

µtrans
O =

3 × ∆fH
⊖
Fe2O3

− 2 × ∆fH
⊖
Fe3O4

96.485kJ/mol
eV

(3)

Here, the involved quantities are the standard enthalpy of formation of Fe2O3
[256]: ∆fH

⊖
Fe2O3

=

−824.2 kJ/mol , the standard enthalpy of formation of Fe3O4
[256]: ∆fH

⊖
Fe4O4

= −1118.4 kJ/mol

Based on the experimental values, we thus obtain the following chemical potential of oxygen

where the oxidation of Fe3O4 to Fe2O3 occurs: µtrans
O = −2.44 eV
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

For computed data (PBE+U with U = 3, 4 and 5 eV) [230], the value of µtrans
O is −1.73 , -1.73

and −1.66 eV.

B.5. Dependence of the reaction energies on the oxygen reference

In reactions with O2 (i.e., molecular oxygen in the gas phase), errors are often encountered

in reaction energies computed with approximate density functionals. A common approach to

circumvent this is to shift the O2-reference based on a known reaction energy. For example,

using the ’water reference’, the O2 energy can be deduced based on the known reaction energy

of water formation (1/2 O2 + H2 → H2O) and the computed energies of H2 and H2O. The

reference reaction energy can be taken either from experimental values or accurate calculations,

which do not differ significantly.

While such an approach may work in some cases, more recent approaches aiming to improve gas

phase thermodynamics add corrections to many involved common molecules, not just O2
[279].

In Fig. B.5, we have compiled the errors of common, simple oxidation reactions computed with

PBE-D3 and we have added data from the literature[230] for oxidation reactions leading to the

formation of iron oxides using PBE-D3 and U=4 eV, as in our work.

Note that for the experimental values of iron oxides we use the 0 K formation enthalpies, while

we have used the standard enthalpies in the section above. The transition between hematite

and magnetite leads to a difference of about 0.08 eV.
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Reactions calculated with a shifted O2-reference

1/2 O2 + 2Fe3O4 → 3Fe2O3

1/2 O2 → O

1/2 O2 + H2 → H2O

1/2 O2 + 2FeO → Fe2O3

1/2 O2 + CO → CO2

1/2 O2 + 2/3 Fe → 1/3 Fe2O3

Figure B.5: Error in gas phase reaction energies computed at the PBE-D3 level (this work) and
at the PBE-D3+U level (U = 4 eV) taken from the literature[230]. The reaction energies and
the reference energies are given in Tables B.8 and B.9.
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

Table B.8.: Reaction enthalpies in eV at 0 K, computed with PBE-D3 and obtained from
experiments.

reaction PBE-D3+U (U=4) reference error

1/2 O2 + 2Fe3O4 → 3Fe2O3 -1.725 -2.362 0.637

1/2 O2 → O 2.987 2.558 0.428

1/2 O2 + H2 → H2O -2.275 -2.476 0.201

1/2 O2 + 2FeO → Fe2O3 -2.912 -2.850 -0.062

1/2 O2 + CO → CO2 -3.135 -2.895 -0.240

1/2 O2 + 2/3 Fe → 1/3 Fe2O3 -3.134 -2.830 -0.305

Table B.9.: Experimental formation enthalpies of molecules at 0 K, highly accurate computed
zero point vibrational energies and formation enthalpies of iron oxides from the literature. All
energies are given in eV.

experimental computed[280] computed[230]

Molecule/Atom ∆fH(0K) ZPVE (atomization) ∆fH(0K)

O2 0[233] 0.099

H2 0[233] 0.270

H2O -2.476[233] 0.578

CO -1.179[233] 0.135

CO2 -4.074[233] 0.316

O 2.558[233] 0

H 2.239[233] 0

U = 3 eV U = 4 eV U = 5 eV

FeO -2.819[230, 281] -3.055 -3.245 -3.506

Fe3O4 -11.552[230, 281] -12.284 -13.242 -14.175

Fe2O3 -8.489[230, 281] -8.767 -9.403 -10.002

B.6. Vibrational contributions to Gibbs Free Energy
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

Table B.10.: Calculated vibrational modes (in cm−1).

θ[Fe(OH)3]=0 (dry/clean) θ[Fe(OH)3]=1 θ[Fe(OH)3]=1/4 H2O

Fe3O6 Fe3O6 + Fe2O3 Fe3O6 + Fe(OH)3 Fe(OH)3 H2O

75.9 53.0 55.6 141.3 1577.5

77.0 55.0 56.9 146.4 3700.3

107.0 89.8 96.0 148.9 3815.6

148.9 122.6 145.0 202.7

176.8 146.1 158.6 203.4

200.5 147.1 163.4 224.7

201.0 155.5 183.4 340.5

253.4 203.0 189.9 342.3

254.0 206.1 202.4 362.1

280.8 206.4 239.9 398.6

281.5 247.1 247.4 400.7

315.7 247.4 256.0 437.1

316.0 274.8 275.1 508.5

379.0 274.9 278.0 512.4

379.9 275.1 283.9 527.9

382.4 286.5 287.7 768.4

414.3 287.1 292.7 771.1

443.2 300.2 299.2 773.1

443.8 300.4 301.9 3745.9

477.4 320.8 311.0 3746.2

508.3 321.1 325.2 3747.2

508.7 377.7 374.8

527.4 378.0 382.3

600.9 379.0 384.9

665.4 388.9 388.7

665.8 397.7 401.6

Continued on next page
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B. Stability of hydroxylated α-Fe2O3(0001) surfaces

Table B.10.: Calculated vibrational modes (in cm−1) (continued)

θ[Fe(OH)3]=0 (dry/clean) θ[Fe(OH)3]=1 θ[Fe(OH)3]=1/4 H2O

Fe3O6 Fe3O6 + Fe2O3 Fe3O6 + Fe(OH)3 Fe(OH)3 H2O

701.4 398.5 406.8

414.0 422.5

443.4 449.2

444.1 469.9

476.9 484.0

501.1 507.8

501.8 512.8

517.3 517.2

535.0 525.8

545.5 542.0

546.6 554.0

613.2 556.2

616.1 589.8

665.6 613.0

666.0 619.0

701.5 635.4

781.9

819.8

855.4

3486.7

3696.2

3757.3

B.7. CO and H2O adsorption on relative surfaces

Adsorption energies of CO and H2O as probe molecules were computed on the three most

relevant surfaces, the known dry surface (θ[Fe(OH)3]=0), the known fully hydroxylated sur-

face (θ[Fe(OH)3]=1) and the partially hydroxylated surface (θ[Fe(OH)3]=1/4) proposed herein.
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C. CO adsorption on Pd/Pt (111) surfaces

Adsorption is generally weakest for the fully hydroxylated surface and strongest for the dry

surface. For the partially hydroxylated surface (θ[Fe(OH)3]=1/4) it is intermediate. Here some

three-fold coordinated surface Fe are still available for binding.

Table B.11.: Computed total energy and adsorption energy (in eV) for one CO/H2O molecule
adsorbed on a 2 × 2 slab.

Structure Adsorbate Eads Etotal

θ[Fe(OH)3]=0 (dry/clean) CO -0.612 -1260.371

H2O -1.171 -1260.358

θ[Fe(OH)3]=1 CO -0.200 -1585.783

H2O -0.674 -1585.682

θ[Fe(OH)3]=1/4 CO -0.554 -1344.628

H2O -0.990 -1344.491

Figure B.6: The configurations of CO/H2O adsorption on the relative surfaces.

C. CO adsorption on Pd/Pt (111) surfaces

C.1. Data

In tables C.12, C.13 the frequencies obtained in this way are reported.
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C. CO adsorption on Pd/Pt (111) surfaces

Figure C.7: CO/fcc adsorption energies are shown as a function of the formation energies of
slabs. Each panel contains structures with one site composition. The bulk composition is
indicated by different symbols, and the composition of the sublayer can be identified from the
color of the symbols.

Figure C.8: CO vibrational frequencies at fcc sites in different slabs. The slab of 50% Pd is
shown in Fig. 4.4, and the three nearby and closest atoms in the sublayer are variable. Only
three data points are shown for each site of each slab type, with (left) the lowest adsorption
energy and (right) the lowest formation energy of the clean surface. Different markers indicate
various bulk compositions and the x-axis represents the composition of the nearby atoms. The
coloration signifies the composition of the three closest in the sublayer.
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C. CO adsorption on Pd/Pt (111) surfaces

Table C.12.: Shifted vibrational frequencies (in cm−1) are used in Fig. 4.2 and 4.3. Total
energies of the clean slab and adsorption energies are also shown, both are shown in eV. All
the θ = 1/4 data are calculated on 2×2×4 slabs and all the θ = 1/16 data are calculated on
4×4×4 slabs.

Slab
Composition Etotal Site

Site
Composition ν Eads

θ θ

1/4 1/16 1/4 1/16

100% Pd -26.560 fcc Pd3 1817.6 1776.8 -1.733 -1.818

hcp Pd3 1816.0 1778.9 -1.729 -1.788

top Pd 2055.6 2038.6 -1.238 -1.236

75% Pd -31.395 fcc Pd2Pt1 1813.9 1768.7 -1.700 -1.772

fcc Pd3 1833.4 1794.3 -1.587 -1.686

hcp Pd2Pt1 1809.5 1769.5 -1.674 -1.726

hcp Pd3 1835.0 1798.8 -1.626 -1.67

top Pt 2057.2 2037.1 -1.568 -1.621

50% Pd -36.071 fcc Pd1Pt2 1811.6 1762.2 -1.647 -1.711

fcc Pd2Pt1 1831.9 1793.2 -1.569 -1.653

hcp Pd1Pt2 1823.7 1791.0 -1.585 -1.635

top Pt 2057.6 2042.0 -1.504 -1.584

top Pd 2068.3 2056.4 -1.088 -1.148

25% Pd -40.541 fcc Pd1Pt2 1852.5 1794.4 -1.554 -1.652

fcc Pt3 1773.2 1739.0 -1.554 -1.648

hcp Pt3 1770.4 1742.9 -1.525 -1.592

hcp Pd1Pt2 1834.6 1803.8 -1.543 -1.614

bridge PdPt 1901.0 1881.7 -1.447 -1.514

bridge Pt2 1860.9 1838.0 -1.543 -1.617

top Pt 2069.5 2054.8 -1.457 -1.559

top Pd 2076.3 2065.3 -1.031 -1.081

0% Pd -44.787 fcc Pt3 1782.1 1751.9 -1.449 -1.576

hcp Pt3 1787.5 1762.0 -1.447 -1.539

bridge Pt2 1874.9 1851.1 -1.457 -1.540

top Pt 2076.2 2064.7 -1.394 -1.480
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C. CO adsorption on Pd/Pt (111) surfaces

Figure C.9: Adsorption energy of CO at fcc sites in different slabs. The slab of 50% Pd is
shown in Fig. 4.4, and the three nearby and closest atoms in the sublayer are variable. Only
three data points are shown for each site of each slab type, with (left) the lowest adsorption
energy and (right) the lowest formation energy of the clean surface. Different markers indicate
various bulk compositions and the x-axis represents the composition of the nearby atoms. The
coloration signifies the composition of the three closest in the sublayer.

Table C.13.: Shifted vibrational frequencies (in cm−1) are used in Fig. 4.4, C.7, C.8 and C.9.
Total energies and formation energy of the slabs and adsorption energies are also shown, all are
shown in eV. All the slabs are 4×4×4.

Bulk

Composition Label

Site

Composition

Sublayer

Composition Etotal Eform ν Eads

100% Pd Pd64 Pd3 Pd3 -120.151 18.498 1778.6 -1.811

100% Pd Pd63Pt 1 Pd2Pt1 Pd3 -121.339 18.508 1767.3 -1.829

100% Pd Pd63Pt 2 Pd3 Pd2Pt1 -121.351 18.442 1780.0 -1.775

100% Pd Pd62Pt2 1 Pd1Pt2 Pd3 -122.484 18.512 1761.3 -1.797

100% Pd Pd62Pt2 2 Pd2Pt1 Pd2Pt1 -122.530 18.462 1768.1 -1.793

100% Pd Pd62Pt2 3 Pd2Pt1 Pd2Pt1 -122.541 18.459 1770.7 -1.802

100% Pd Pd62Pt2 4 Pd3 Pd1Pt2 -122.552 18.394 1781.9 -1.748

100% Pd Pd61Pt3 1 Pt3 Pd3 -123.569 18.516 1731.1 -1.707

100% Pd Pd61Pt3 2 Pd1Pt2 Pd2Pt1 -123.675 18.474 1764.4 -1.771

100% Pd Pd61Pt3 3 Pd2Pt1 Pd1Pt2 -123.715 18.428 1768.6 -1.765

100% Pd Pd61Pt3 4 Pd1Pt2 Pd2Pt1 -123.656 18.481 1757.6 -1.759

100% Pd Pd61Pt3 5 Pd1Pt2 Pd2Pt1 -123.673 18.474 1763.0 -1.770
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C. CO adsorption on Pd/Pt (111) surfaces

Bulk

Composition Label

Site

Composition

Sublayer

Composition Etotal Eform ν Eads

100% Pd Pd61Pt3 6 Pd2Pt1 Pd1Pt2 -123.727 18.422 1771.3 -1.771

100% Pd Pd61Pt3 7 Pd3 Pt3 -123.742 18.357 1782.6 -1.721

100% Pd Pd60Pt4 1 Pt3 Pd2Pt1 -124.742 18.494 1731.8 -1.679

100% Pd Pd60Pt4 2 Pd1Pt2 Pd1Pt2 -124.861 18.447 1768.9 -1.750

100% Pd Pd60Pt4 3 Pd1Pt2 Pd1Pt2 -124.842 18.457 1763.2 -1.741

100% Pd Pd60Pt4 4 Pd2Pt1 Pt3 -124.905 18.401 1771.0 -1.748

100% Pd Pd59Pt5 1 Pt3 Pd1Pt2 -125.909 18.485 1731.9 -1.657

100% Pd Pd59Pt5 2 Pd1Pt2 Pt3 -126.018 18.445 1766.5 -1.726

100% Pd Pd58Pt6 Pt3 Pt3 -127.065 18.492 1732.1 -1.640

50% Pd Pd36Pt28 Pd3 Pd3 -153.424 18.215 1787.7 -1.763

50% Pd Pd35Pt29 1 Pd2Pt1 Pd3 -154.632 18.216 1774.4 -1.792

50% Pd Pd35Pt29 2 Pd2Pt1 Pd3 -154.629 18.245 1779.4 -1.818

50% Pd Pd35Pt29 3 Pd3 Pd2Pt1 -154.553 18.221 1790.3 -1.719

50% Pd Pd35Pt29 4 Pd3 Pd2Pt1 -154.582 18.189 1790.0 -1.715

50% Pd Pd34Pt30 1 Pd1Pt2 Pd3 -155.791 18.220 1760.0 -1.776

50% Pd Pd34Pt30 2 Pd2Pt1 Pd2Pt1 -155.750 18.232 1776.3 -1.747

50% Pd Pd34Pt30 3 Pd2Pt1 Pd2Pt1 -155.791 18.202 1777.9 -1.758

50% Pd Pd34Pt30 4 Pd2Pt1 Pd2Pt1 -155.784 18.195 1775.1 -1.743

50% Pd Pd34Pt30 5 Pd1Pt2 Pd3 -155.790 18.242 1768.1 -1.797

50% Pd Pd34Pt30 6 Pd2Pt1 Pd2Pt1 -155.761 18.261 1783.0 -1.787

50% Pd Pd34Pt30 7 Pd2Pt1 Pd2Pt1 -155.776 18.231 1781.4 -1.771

50% Pd Pd34Pt30 8 Pd3 Pd1Pt2 -155.710 18.203 1792.5 -1.677

50% Pd Pd34Pt30 9 Pd3 Pd1Pt2 -155.735 18.173 1791.5 -1.673

50% Pd Pd34Pt30 10 Pd3 Pd3 -155.703 18.199 1799.8 -1.667

50% Pd Pd33Pt31 1 Pt3 Pd3 -156.889 18.247 1736.1 -1.721

50% Pd Pd33Pt31 2 Pd1Pt2 Pd2Pt1 -156.894 18.248 1760.9 -1.727

50% Pd Pd33Pt31 3 Pd1Pt2 Pd2Pt1 -156.945 18.210 1761.9 -1.739

50% Pd Pd33Pt31 4 Pd1Pt2 Pd2Pt1 -156.913 18.268 1775.7 -1.765
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C. CO adsorption on Pd/Pt (111) surfaces

Bulk

Composition Label

Site

Composition

Sublayer

Composition Etotal Eform ν Eads

50% Pd Pd33Pt31 5 Pd2Pt1 Pd1Pt2 -156.908 18.227 1779.8 -1.719

50% Pd Pd33Pt31 6 Pd1Pt2 Pd2Pt1 -156.926 18.235 1766.5 -1.745

50% Pd Pd33Pt31 7 Pd1Pt2 Pd2Pt1 -156.941 18.241 1781.3 -1.766

50% Pd Pd33Pt31 8 Pd2Pt1 Pd1Pt2 -156.898 18.222 1776.2 -1.705

50% Pd Pd33Pt31 9 Pd2Pt1 Pd1Pt2 -156.937 18.191 1777.6 -1.713

50% Pd Pd33Pt31 10 Pd2Pt1 Pd1Pt2 -156.906 18.255 1784.9 -1.746

50% Pd Pd33Pt31 11 Pd3 Pt3 -156.859 18.197 1793.2 -1.641

50% Pd Pd33Pt31 12 Pd2Pt1 Pd3 -156.883 18.242 1793.5 -1.710

50% Pd Pd33Pt31 13 Pd2Pt1 Pd3 -156.879 18.210 1792.3 -1.674

50% Pd Pd33Pt31 14 Pd3 Pd2Pt1 -156.861 18.193 1802.5 -1.639

50% Pd Pd33Pt31 15 Pd3 Pd2Pt1 -156.834 18.223 1802.8 -1.641

50% Pd Pd32Pt32 1 Pt3 Pd2Pt1 -157.995 18.284 1738.2 -1.684

50% Pd Pd32Pt32 2 Pt3 Pd2Pt1 -158.026 18.252 1737.0 -1.683

50% Pd Pd32Pt32 3 Pd1Pt2 Pd1Pt2 -158.043 18.250 1761.4 -1.697

50% Pd Pd32Pt32 4 Pd1Pt2 Pd1Pt2 -158.091 18.211 1763.9 -1.706

50% Pd Pd32Pt32 5 Pd1Pt2 Pd1Pt2 -158.068 18.246 1776.1 -1.719

50% Pd Pd32Pt32 6 Pd2Pt1 Pt3 -158.048 18.229 1779.3 -1.681

50% Pd Pd32Pt32 7 Pd1Pt2 Pd1Pt2 -158.043 18.272 1772.7 -1.720

50% Pd Pd32Pt32 8 Pd2Pt1 Pt3 -158.048 18.228 1779.0 -1.680

50% Pd Pd32Pt32 9 Pd2Pt1 Pt3 -158.042 18.263 1787.0 -1.710

50% Pd Pd32Pt32 10 Pd1Pt2 Pd3 -158.021 18.283 1813.4 -1.708

50% Pd Pd32Pt32 11 Pd2Pt1 Pd2Pt1 -157.998 18.284 1797.0 -1.687

50% Pd Pd32Pt32 12 Pd1Pt2 Pd3 -158.011 18.252 1788.3 -1.667

50% Pd Pd32Pt32 13 Pd2Pt1 Pd2Pt1 -158.027 18.252 1795.5 -1.684

50% Pd Pd32Pt32 14 Pd2Pt1 Pd2Pt1 -158.012 18.273 1798.3 -1.690

50% Pd Pd32Pt32 15 Pd2Pt1 Pd2Pt1 -158.034 18.210 1794.9 -1.649

50% Pd Pd32Pt32 16 Pd2Pt1 Pd2Pt1 -157.998 18.250 1795.2 -1.653

50% Pd Pd32Pt32 17 Pd3 Pd1Pt2 -157.985 18.229 1804.5 -1.618
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C. CO adsorption on Pd/Pt (111) surfaces

Bulk

Composition Label

Site

Composition

Sublayer

Composition Etotal Eform ν Eads

50% Pd Pd32Pt32 18 Pd3 Pd1Pt2 -157.956 18.260 1805.5 -1.621

50% Pd Pd31Pt33 1 Pt3 Pd1Pt2 -159.126 18.300 1738.6 -1.652

50% Pd Pd31Pt33 2 Pt3 Pd1Pt2 -159.155 18.269 1736.5 -1.648

50% Pd Pd31Pt33 3 Pd1Pt2 Pt3 -159.182 18.263 1762.9 -1.670

50% Pd Pd31Pt33 4 Pd1Pt2 Pt3 -159.182 18.292 1785.4 -1.699

50% Pd Pd31Pt33 5 Pt3 Pd3 -159.075 18.290 1751.0 -1.590

50% Pd Pd31Pt33 6 Pd1Pt2 Pd2Pt1 -159.153 18.269 1803.2 -1.647

50% Pd Pd31Pt33 7 Pd1Pt2 Pd2Pt1 -159.108 18.313 1788.8 -1.646

50% Pd Pd31Pt33 8 Pd2Pt1 Pd1Pt2 -159.149 18.295 1799.1 -1.669

50% Pd Pd31Pt33 9 Pd2Pt1 Pd1Pt2 -159.120 18.329 1800.7 -1.673

50% Pd Pd31Pt33 10 Pd1Pt2 Pd2Pt1 -159.129 18.298 1796.1 -1.652

50% Pd Pd31Pt33 11 Pd2Pt1 Pd1Pt2 -159.146 18.264 1797.2 -1.634

50% Pd Pd31Pt33 12 Pd2Pt1 Pd1Pt2 -159.107 18.304 1796.9 -1.636

50% Pd Pd31Pt33 13 Pd3 Pt3 -159.098 18.280 1806.7 -1.602

50% Pd Pd30Pt34 1 Pt3 Pt3 -160.247 18.330 1737.9 -1.622

50% Pd Pd30Pt34 2 Pt3 Pd2Pt1 -160.197 18.328 1752.1 -1.570

50% Pd Pd30Pt34 3 Pt3 Pd2Pt1 -160.172 18.358 1754.6 -1.575

50% Pd Pd30Pt34 4 Pd1Pt2 Pd1Pt2 -160.217 18.374 1793.5 -1.636

50% Pd Pd30Pt34 5 Pd1Pt2 Pd1Pt2 -160.241 18.346 1795.2 -1.632

50% Pd Pd30Pt34 6 Pd2Pt1 Pt3 -160.245 18.367 1802.2 -1.657

50% Pd Pd30Pt34 7 Pd2Pt1 Pt3 -160.245 18.332 1798.3 -1.621

50% Pd Pd29Pt35 1 Pt3 Pd1Pt2 -161.285 18.410 1754.8 -1.560

50% Pd Pd29Pt35 2 Pt3 Pd1Pt2 -161.260 18.440 1756.8 -1.565

50% Pd Pd29Pt35 3 Pd1Pt2 Pt3 -161.340 18.419 1809.7 -1.624

50% Pd Pd28Pt36 Pt3 Pt3 -162.360 18.508 1756.8 -1.553

0% Pd Pd6Pt58 Pd3 Pd3 -186.297 20.624 1806.2 -1.648

0% Pd Pd5Pt59 1 Pd2Pt1 Pd3 -187.478 20.670 1797.0 -1.695

0% Pd Pd5Pt59 2 Pd3 Pd2Pt1 -187.378 20.694 1808.0 -1.620
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D. CO adsorption on α-Al2O3(0001) surfaces

Bulk

Composition Label

Site

Composition

Sublayer

Composition Etotal Eform ν Eads

0% Pd Pd4Pt60 1 Pd1Pt2 Pd3 -188.617 20.712 1793.4 -1.696

0% Pd Pd4Pt60 2 Pd2Pt1 Pd2Pt1 -188.562 20.748 1799.6 -1.677

0% Pd Pd4Pt60 3 Pd2Pt1 Pd2Pt1 -188.549 20.753 1799.0 -1.669

0% Pd Pd4Pt60 4 Pd3 Pd1Pt2 -188.456 20.773 1809.8 -1.596

0% Pd Pd3Pt61 1 Pt3 Pd3 -189.685 20.751 1752.1 -1.623

0% Pd Pd3Pt61 2 Pd1Pt2 Pd2Pt1 -189.687 20.803 1797.3 -1.677

0% Pd Pd3Pt61 3 Pd1Pt2 Pd2Pt1 -189.667 20.809 1792.3 -1.663

0% Pd Pd3Pt61 4 Pd2Pt1 Pd1Pt2 -189.626 20.840 1800.7 -1.653

0% Pd Pd3Pt61 5 Pd2Pt1 Pd1Pt2 -189.612 20.846 1799.2 -1.645

0% Pd Pd3Pt61 6 Pd3 Pt3 -189.527 20.862 1810.7 -1.576

0% Pd Pd2Pt62 1 Pt3 Pd2Pt1 -190.736 20.856 1752.7 -1.599

0% Pd Pd2Pt62 2 Pd1Pt2 Pd1Pt2 -190.752 20.903 1806.8 -1.662

0% Pd Pd2Pt62 3 Pd1Pt2 Pd1Pt2 -190.731 20.911 1794.9 -1.649

0% Pd Pd2Pt62 4 Pd1Pt2 Pd1Pt2 -190.752 20.902 1810.4 -1.662

0% Pd Pd2Pt62 5 Pd2Pt1 Pt3 -190.683 20.943 1801.3 -1.633

0% Pd PdPt63 1 Pt3 Pd1Pt2 -191.781 20.973 1753.1 -1.581

0% Pd PdPt63 2 Pd1Pt2 Pt3 -191.788 21.023 1800.5 -1.637

0% Pd Pt64 Pt3 Pt3 -192.817 21.100 1753.5 -1.564

D. CO adsorption on α-Al2O3(0001) surfaces

Table D.14.: DFT setting and result of CO adsorption energy (Eads / eV), shifted CO vibrational
frequency (νCO / cm−1), and distances calculated of C-O bond of CO molecule (given in Å)

θ[Al(OH)3] θ[H2O] θ[CO] Site Eads νCO dC-O PREC NFREE δ / Å

0 0 1/4 Al -0.685 47.0 1.138 normal 2 0.01

0 0 1/2 Al -0.656 29.7 1.1405 accurate 4 0.02

0 0 1/2 Al -0.655 31.7 1.1405 accurate 2 0.01

0 0 3/4 Al -0.635 17.8 1.142 normal 2 0.01
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D. CO adsorption on α-Al2O3(0001) surfaces

θ[Al(OH)3] θ[H2O] θ[CO] Site Eads νCO dC-O PREC NFREE δ / Å

0 0 3/4 Al -0.635 19.5 1.142 normal 2 0.01

0 0 1 Al -0.613 7.3 1.144 normal 2 0.01

0 1/4 1/4 Al -0.778 58.5 1.137 normal 2 0.01

0 1/4 1/4 H -0.284 -0.5 1.144 normal 2 0.01

0 1/4 1/2 Al -0.739 44.4 1.139 accurate 2 0.01

0 1/4 3/4 Al -0.636 28.5 1.141 accurate 2 0.01

0 1/2 1/4 Al -0.741 61.8 1.136 normal 2 0.01

0 1/2 1/4 Al -0.73 60.1 1.137 normal 2 0.01

0 1/2 1/4 Al -0.761 57.7 1.137 accurate 2 0.01

0 1/2 1/4 Al -0.74 62.5 1.136 accurate 2 0.01

0 1/2 1/4 H -0.243 -25.3 1.146 accurate 2 0.01

0 1/2 1/4 H -0.262 -6 1.144 accurate 2 0.01

0 1/2 1/2 Al -0.722 44.5 1.139 normal 2 0.01

0 1/2 1/2 Al -0.656 43.3 1.139 accurate 2 0.01

0 1/2 1/2 Al -0.653 41.7 1.139 accurate 2 0.01

0 1/2 1/2 H -0.265 -11.3 1.145 accurate 2 0.01

0 1/2 1/2 H -0.276 -28.6 1.147 accurate 2 0.01

0 3/4 1/4 Al -0.716 60.2 1.137 accurate 2 0.01

0 3/4 1/4 H -0.292 -0.1 1.144 accurate 2 0.01

0 1 1/4 H -0.369 -2.1 1.144 normal 2 0.01

0 1 1/4 H -0.329 -18.7 1.145 normal 2 0.01

0 1 1/4 H -0.335 4.7 1.143 normal 2 0.01

0 1 1/2 H -0.302 5.9 1.143 normal 2 0.01

0 1 1/2 H -0.336 -1.1 1.144 normal 2 0.01

0 1 3/4 H -0.304 5.5 1.143 normal 2 0.01

0 1 1 H -0.306 6.2 1.143 normal 2 0.01

0 1 1 H -0.215 -23.2 1.147 normal 2 0.01

1/9 0 1/9 Al -0.646 30.7 1.14 normal 2 0.01

1/9 0 1/9 Al -0.629 22 1.141 normal 2 0.01
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θ[Al(OH)3] θ[H2O] θ[CO] Site Eads νCO dC-O PREC NFREE δ / Å

1/9 0 1/9 Al -0.639 40.3 1.139 normal 2 0.01

1/9 0 1/9 Al -0.639 39.5 1.139 normal 2 0.01

1/9 0 1/9 H -0.297 15.7 1.142 normal 2 0.01

1/9 0 2/9 H -0.296 16 1.142 normal 2 0.01

1/9 0 1/3 H -0.296 15.2 1.142 normal 2 0.01

1/4 0 1/4 H -0.411 -0.4 1.144 normal 2 0.01

1/4 0 1/4 H -0.419 15.5 1.142 normal 2 0.01

1/4 0 1/4 Al -0.614 -9.1 1.144 normal 2 0.01

1/4 0 1/4 Al -0.608 -5 1.143 normal 2 0.01

1/4 0 1/4 H -0.411 2.9 1.143 normal 2 0.01

1/4 0 1/2 H -0.316 10.5 1.142 accurate 2 0.01

1/4 0 1/2 H -0.373 0.4 1.1425 normal 2 0.01

1/4 0 3/4 H -0.344 2.4 1.143 normal 2 0.01

1/4 0 3/4 H -0.353 11.1 1.142 normal 2 0.01

1 0 1/4 H -0.212 -15 1.145 normal 2 0.01

1 0 1/4 H -0.13 5.6 1.143 normal 2 0.01

1 0 1/4 H -0.235 -27.6 1.146 normal 2 0.01

1 0 1/4 H -0.208 -24 1.146 normal 2 0.01

1 0 1/2 H -0.25 -23.8 1.146 normal 2 0.01

1 0 1/2 H -0.253 -24.4 1.146 normal 2 0.01

1 0 3/4 H -0.261 -20.2 1.146 normal 2 0.01

1 0 1 H -0.252 -11.7 1.145 normal 2 0.01

1 0 1 H -0.269 -18.8 1.145 normal 2 0.01

E. Cross-validation for GPR model
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Figure E.10: The mean absolute error of the GPR model for the Eform dataset in 5-fold cross-
validation. The blue dot shows the result for GPR model, the black dot shows the result for
cluster expansion model.
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Figure E.11: The mean absolute error of the GPR model for the Eads dataset in 5-fold cross-
validation. The blue dot shows the result for GPR model, the black dot shows the result for
cluster expansion model.
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Figure E.12: The mean absolute error of the GPR model for the vibrational frequency dataset
in 10-fold cross-validation. The blue dot shows the result for GPR model, the black dot shows
the result for cluster expansion model.
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