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1 Introduction 

1.1 Surface Science 

The beauty of surface science is that complicated systems can be simplified to such degree 

that it becomes possible to elucidate chemical, physical, mechanical, magnetic and optical 

surface phenomena on the molecular level.[1,2] For example, surface science allows for 

the detailed investigation of the adsorption and reaction of atoms and molecules on 

metals, which is a promising strategy to further our understanding of real-world 

industrial processes. To reduce complexity, defined low-index single-crystal surfaces are 

popular substrates since defects can lead to severe changes of the surface chemistry of 

adsorbed species. Moreover, surface science is mostly performed under ultra-high 

vacuum (UHV) conditions, which provide an almost contaminant-free environment to 

avoid undesired influences and side reactions. This enables the unadulterated 

investigation of surfaces and surface adsorbates. 

Nowadays, a plethora of modern surface science techniques is available, including 

spectroscopic methods, such as photoemission spectroscopy (PES) and infrared reflection 

absorption spectroscopy (IRRAS), microscopic tools, such as scanning tunneling 

microscopy (STM) and atomic force microscopy (AFM), and diffraction techniques, such 

as low-energy electron diffraction (LEED) and photoelectron diffraction (PED).[1,3,4] By 

means of these techniques, information about adsorption-induced surface phenomena, 

e.g., restructuring and poisoning, and the characteristics of the adsorbate can be obtained. 

The latter include, inter alia, the chemical identity of surface species, adsorption 

geometries, adsorption sites, structural periodicity, thermal stabilities and reaction 

pathways. A profound understanding in this regard is of fundamental importance for 

any surface-related process; only with this knowledge at hand, the improvement of 

established industrial processes and the purposeful design of new applications can be 

achieved. This rational strategy may replace the widespread, cost- and time-consuming 

“trial and error” approach, e.g., in the context of the development of new heterogeneous 
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catalysts. Figure 1 illustrates a conventional surface science experiment, including sample 

cleaning, adsorption, characterization of the respective surface species and possible 

subsequent modification or reaction. 

 

Figure 1. Illustration of the typical steps constituting a standard surface science experiment. 

Due to the advanced vacuum technology and the sophisticated analytical techniques 

required, surface science, however, appears to be very demanding. Nevertheless, the 

experienced researcher willingly undertakes these efforts as he/she will be rewarded a 

fundamental understanding of surface-related processes, which are often not accessible 

for investigation under ambient conditions. Consequently, surface science plays an 

essential role in various research fields, providing valuable insights into, for example, 

heterogeneous catalysis [1,5-11], electrochemistry [12-14], energy storage [15-18] and the 

preparation of new nanostructures and low-dimensional materials (on-surface 

synthesis) [19-26]. 

1.2 Adsorption of Small Molecules and Model Catalysis 

Hydrocarbons play a significant role in many industrial processes, e.g., as feedstock for 

the chemical industry or as energy materials. Their synthesis and further processing often 

rely on heterogeneous catalysis, in which predominantly noble metals, such as platinum, 

palladium, rhodium and iridium, act as catalytically active compound. Unfortunately, 

the mechanistic details of heterogeneous catalysis are so far still insufficiently 



1 Introduction 

3 

 

investigated. In this context, the undesired coking of the catalyst, that is, its deactivation 

due to accumulation of carbidic species on the catalyst’s surface, is a major issue, which 

must be prevented for efficient catalysis.[27] To grasp a deeper understanding of 

heterogeneous catalysis, in particular of the interplay between adsorbate and catalytically 

active metal, the adsorption and reaction of hydrocarbons and other small molecules on 

single crystal surfaces are studied by means of surface science (Figure 1). Such model 

catalytic studies have, for example, addressed the chemistry of methane and ethylene on 

Pt(111) [28], of SO2 on clean and oxygen pre-covered Pt(111) [29] and of ethylene on 

Rh(111) [30], with the latter being part of this dissertation (Chapter 4.1). Also, larger 

molecules, such as liquid organic hydrogen carriers (LOHCs) [15,31-35] and molecular 

solar thermal energy storage systems [18,36,37] were investigated in the scope of surface 

science-based model catalysis. These rather simple reference systems pave the way for 

more complex catalytic approaches with the overall aim of a knowledge-driven design of 

heterogeneous catalysts.[38] 

Chemistry on metal supports also opens up new avenues for synthetic chemists. In so-

called on-surface synthesis, the self-assembly and controlled reaction of suitable 

precursor molecules shows great potential for the production of low-dimensional 

materials. The deposition of ethylene and borazine on hot, catalytically active metal 

substrates, for example, enables the preparation of supported graphene and hexagonal 

boron nitride (h-BN). This method is referred to as chemical vapor deposition (CVD) and 

represents an easy and versatile route towards the synthesis of high-quality two-

dimensional materials (2DMs). In Figure 2, the CVD growth of metal-supported h-BN is 

visualized. Successful CVD growth of graphene and h-BN was performed on various 

metal surfaces, such as Pt(111) [39,40], Ni(111) [41,42], Pd(111) [43,44], Rh(111) [45,46], 

Ir(111) [47,48], Ru(0001) [49-51] and Cu(111) [52,53]. Our study on the surface chemistry 

of borazine on Rh(111) [54], which is discussed within the scope of this dissertation 

(Chapter 4.2), sheds light on the mechanistic details of the evolution of h-BN from 

borazine on the molecular level. 
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Figure 2. Illustration of the CVD growth of h-BN on a hot metal substrate using borazine as precursor. 

Other small molecules that are quite important as common reactants and/or by-products 

in numerous chemical processes are halogens (Cl2, Br2 and I2). In on-surface synthesis, 

several reactions used to build up larger nanostructures, e.g., Ullman coupling, result in 

halogen atoms as by-product, which might accumulate on the surface and thereby hinder 

proper propagation of the coupling reaction.[23,55-58] Similarly, in electrochemistry, the 

adsorption of halogen atoms from the electrolyte at the electrodes may influence their 

performance.[59-64] Furthermore, halogens are, for example, used as promoters in the 

silver-catalyzed epoxidation of ethylene.[65-68] Taking this ubiquity of halogens into 

consideration, it is evident that a detailed understanding of the role of halogens in 

surface-related processes is required. Also in this case, surface science is the method of 

choice as it provides a deep insight into the adsorption and thermal stability of halogens 

on metal surfaces. Consequently, many studies on this topic have already been published. 

The adsorption of bromine was investigated on Pt(111) [69], Pd(111) [70], Cu(111) [71], 

Ni(110) [72] and Ag(111) [73]. We contribute to this research by a thorough investigation 

of bromine on Rh(111) [74], which is addressed in Chapter 4.3 of this dissertation. 
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1.3 2D Materials: Growth, Properties and Chemical Modification 

In 2004, Novoselov and Geim were the first to isolate graphene, a two-dimensional (2D) 

layer built up from sp2-hybridized carbon atoms arranged in a honeycomb fashion, for 

which they were awarded the 2010 Nobel prize in Physics.[75,76] This marked the dawn 

of a new era in materials research. The zero-bandgap semiconductor graphene exhibits 

many thrilling characteristics, including high charge carrier mobility [77,78], an 

ambipolar electric field effect [75], good thermal conductivity [79], an abnormal quantum 

hall effect at room temperature [80,81], chemical inertness and impermeability [82], 

outstanding strength [83] and stretchability as well as transparency [84]. Due to these 

properties, graphene is a promising candidate for many applications, e.g., the 

development of new electronic and optoelectronic devices, exceeding the state-of-the-art 

regarding size limitations, efficiency and design.[85-91] Furthermore, graphene-based 

approaches are also discussed in the context of carbocatalysis [92,93], energy storage [94-

96], membranes [97,98], coatings [99-101], sensors [102,103] and biomedicine [104-107]. 

 

Figure 3. Some prominent mono- and heteronuclear members of the 2D family. 
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The intriguing chemical, physical and mechanical properties of graphene motivated a 

huge research interest in the field of 2DMs. Thus, over the last two decades, manyfold 

2DMs were theoretically predicted, experimentally realized and thoroughly investigated. 

Figure 3 provides schematic drawings of some prominent representatives of this class. In 

general, the 2D family comprises mononuclear, such as graphene, silicene [108], 

germanene [109], borophene [110] and phosphorene [111], and heteronuclear members, 

such as h-BN [45] and transition metal dichalcogenides [112]. 

One specifically well-studied 2DM is h-BN. Consisting of sp2-hybridized alternating 

boron and nitrogen atoms organized in a hexagonal lattice, it is considered a 

heteronuclear graphene analog.[113,114] h-BN exhibits a row of astonishing properties. 

Amongst these, some are similar to graphene, such as its structure [113], optical 

transparency [115] and high mechanical strength [116], others differ substantially from 

graphene, such as its large band gap of about 6 eV [117], basically rendering it an 

insulator, and its high thermal stability in air [118,119]. Due to its robustness, h-BN is 

suitable for the development of highly durable, protective coatings.[118,120,121] 

Moreover, its insulating character in combination with its smooth surface and structural 

similarity to graphene render it the ideal dielectric substrate for graphene in future 

electronics.[122-124] In terms of optical properties, BN nanosheets, exhibiting an 

absorption peak at about 210 – 220 nm in the deep ultraviolet (UV) range [113,117], might 

be used for the design of new deep-UV light-emitting devices that are able to withstand 

extreme environmental conditions.[125] 

The first intentional preparation of a 2DM, that is, the isolation of graphene by Novoselov 

and Geim in 2004, was achieved via the so-called scotch tape method, in which a single 

layer of graphene is obtained by micromechanical cleavage of graphite using adhesive 

tape.[75,126] This method can generally be applied to layered bulk materials to isolate 

few- and single-layer materials. Further preparation methods, such as liquid-phase 

exfoliation and CVD, are described in comprehensive review articles.[113,114,126-129] 

CVD synthesis of 2DMs is particularly well-suited for their preparation in a surface 
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science approach under UHV conditions. As precursors, small hydrocarbons, such as 

propylene or ethylene, and boron- as well as nitrogen-containing compounds, e.g., 

ammonia borane and borazine, are commonly used for graphene and h-BN, respectively. 

 

Figure 4. CVD growth of a corrugated 2DM on a single-crystal surface. The resulting moiré/nanomesh 

can be used as template for directed deposition of atoms and molecules and the confined 

growth of nanostructures. 

Dealing with supported 2DMs, it needs to be considered that the substrate alters the 

structure and electronic properties of the 2DM, depending on the interaction strength, 

i.e., the degree of band hybridization.[130-132] If the lattice parameters of the 2DM match 

the substrate, a flat morphology is obtained.[130,132] In the case of a lattice mismatch, a 

buckling of the overlayer occurs, which is referred to as moiré or, speaking of h-BN on 

Rh(111), as so-called nanomesh. This corrugation becomes more prominent with 

increasing interaction strength, as demonstrated by Preobrajenski et al. for graphene and 

h-BN on Pt(111), Ir(111), Rh(111) and Ru(0001); while for Pt(111) nearly no buckling is 

observed, it increases for Ir(111) and Rh(111) and is largest for Ru(0001).[133,134] In a 

moiré, the regions in close proximity to the substrate undergo strong interaction, leading 

in general to a pronounced reactivity. The elevated parts of the moiré, on the other hand, 

hardly interact with the substrate and thus behave almost like freestanding 

graphene/h-BN, i.e., are chemically inert. Due to the different nature of these two regions, 

corrugated metal-supported graphene and h-BN can act as templates for the directed 

deposition of atoms/molecules and the confined growth of metal clusters.[132,135] The 
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latter is a promising approach to develop advanced model catalytic systems for the 

investigation of phenomena in the field of heterogeneous catalysis.[38,136-142] Figure 4 

schematically depicts the CVD growth of a corrugated 2DM on a single-crystal surface 

and illustrates its template effect. A more realistic depiction of the nanomesh/moiré 

structures of Rh(111)-supported h-BN and graphene is provided in Figure 5. 

 

Figure 5. Side view of the h-BN/Rh(111) nanomesh (left) and the graphene/Rh(111) moiré (right). 

The above-described unique properties of 2DMs might be employed in various fields. To 

this end, however, the pristine 2DM often needs to be adapted to the respective real-

world application, e.g., by controlled chemical modification. In the following, some 

selected examples of the chemical modification of 2DMs are given; a full overview would 

by far exceed the scope of this work. 

The wet chemical preparation of graphene oxide has already been known since the late 

1950s, when the so-called Hummer’s method was established.[143] This method, or an 

enhanced version of it [144], is nowadays still applied and introduces functional oxo-

groups into graphene. Oxo-functionalized graphene might then, for example, serve as a 

starting point for alkylation via reductive functionalization.[145] Another stable 

graphene derivative with interesting properties is fluorographene, whose synthesis is 

comprehensively described in a review article by Feng et al.[146] A rather new approach 

for the chemical functionalization of graphene is direct laser writing. This was 

demonstrated by Wei et al., who exploited the laser-induced photolysis of silver 

trifluoroacetate to selectively react graphene with trifluoromethyl groups.[147] Such 

lithography-based functionalization may be combined with a subsequent post-

functionalization step to realize molecular stacking on graphene.[148] Further protocols 

for the wet- and dry-chemical modification of graphene, h-BN and other 2DMs are 

presented in several thorough review articles.[149-154] 



1 Introduction 

9 

 

Chemical modification performed under UHV conditions bears the special advantage 

that the pristine 2DM, its modification and the resulting, chemically modified 2DM can 

be studied using advanced surface science techniques. Figure 6 illustrates the common 

strategies (I – III) for chemical modification of supported 2DMs in an UHV approach. 

 

Figure 6. Common strategies for chemical modification of transition metal-supported 2DMs. 

In the literature, several studies on the doping (I) of transition metal-supported graphene 

with heteroatoms are reported, e.g., the doping of Ni(111)-supported graphene with 

nitrogen and boron.[155-157] Intercalation (II), on the other hand, can be used to tune the 

coupling strength between 2DM and substrate. The strongly interacting system 

h-BN/Ni(111) can, for example, be decoupled by gold intercalation to obtain “quasi-

freestanding” h-BN, which may subsequently serve as a substrate for graphene 

growth.[158] Interestingly, for hydrogen intercalation of the h-BN/Rh(111) nanomesh, 

Brugger et al. even observed a flattening of the corrugated overlayer.[159] Another, 

especially versatile tool for the chemical modification of 2DMs is covalent 

functionalization (III) with atoms and molecules. In this context, the functionalization of 

graphene on Ir(111) with atomic hydrogen was found to open its bandgap.[160] 

Moreover, graphene on Ni(111) was hydrogenated, yielding so-called “graphone”, to test 

the applicability of graphene in terms of hydrogen storage.[161] Due to the chemical 

inertness of h-BN, it is quite difficult to react this 2DM intentionally with functional 

groups. Nevertheless, the hydrogen and oxygen functionalization of h-BN/Ni(111) was 
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shown to be possible by Späth et al.[162,163] Building up on this work, we conducted 

selective hydrogen and oxygen functionalization of the h-BN/Rh(111) nanomesh, which 

has been described in my master’s thesis and a corresponding publication.[164] In this 

study, we achieved the spatially defined adsorption of atomic hydrogen and molecular 

oxygen in the pores of the nanomesh, thereby demonstrating its template effect and 

proving the crucial influence of the 2DM substrate interaction on covalent 

functionalization. This template effect was also observed for the bromination of Rh(111)-

supported h-BN (Chapter 5).[165] 

This dissertation deals with the adsorption and reaction of small molecules on Rh(111) 

and Rh(111)-supported 2DMs, investigated by means of surface science. After Chapter 1, 

introducing the subject of the work, Chapter 2 will give a brief overview of synchrotron 

radiation and the surface science techniques applied in our experiments, which were XPS, 

near-edge X-ray absorption fine structure (NEXAFS) and LEED. In Chapter 3, the reader 

will be introduced to the experimental setup used for the measurements presented in the 

scope of this work. Moreover, some information about the data acquisition and 

processing is given, and another apparatus, which will be used for future experiments, is 

described. Chapters 4 and 5 provide summaries of the four publications constituting this 

cumulative dissertation. The full articles and the corresponding supplementary materials 

can be accessed on the websites of the respective journals; see Appendix A for the 

corresponding links. Chapters 6 and 7 contain the conclusions and an outlook regarding 

future projects in English and German language, respectively. Technical drawings are 

provided in Appendix B. 
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2 Fundamentals 

The research presented in this work was performed under UHV conditions (⁓ 10-10 mbar) 

by means of state-of-the-art laboratory- and synchrotron radiation-based surface science. 

In this context, UHV is indispensable since it guarantees a clean sample environment. 

Furthermore, it needs to be noted that most surface science techniques require to be 

performed under UHV conditions. In the following, a brief overview of the fundamental 

principles of synchrotron radiation and the utilized techniques is given. 

2.1 Synchrotron Radiation 

The majority of data presented within this dissertation was gathered at the electron 

storage ring BESSY II of the Helmholtz-Zentrum Berlin (HZB) using synchrotron 

radiation. Its generation and properties will thus be briefly described. 

In 1947, synchrotron radiation was first observed at the General Electric Research 

Laboratory in Schenectady, USA. Back then, it was an unavoidable energy loss upon 

deflection, that is, radial acceleration, of charged particles in a ring-shaped 

accelerator.[166] This deflection of charged particles, e.g., induced via a magnet, is the 

prerequisite for emission of electromagnetic radiation and the basic principle of a 

synchrotron facility. The radiation power 𝑃𝑟 emitted by a charged particle in a magnetic 

field can be expressed by:[167] 

 
𝑃𝑟 =

𝑐𝑞2𝐸4

6𝜋𝜀0𝑟2(𝑚𝑐2)4
 

Equation 1 

𝑐 = speed of light 

𝑞 = charge of the particle 

𝐸 = energy of the particle 

𝜀0 = dielectric constant 

𝑟 = radius of the curved flight path of the particle 

𝑚 = mass of the particle 
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According to Equation 1, due to their low mass and facile generation (usually from a hot 

cathode), electrons are the most suitable candidates for the efficient production of 

synchrotron radiation. 

In the early days of synchrotron radiation research, accelerators capable of the production 

of synchrotron radiation would be mainly used for nuclear physics (first generation). 

Only later, facilities specifically dedicated to the production of synchrotron radiation, so-

called second-generation synchrotron sources, were provided, which relied on the usage 

of bending magnets to force the electrons on a curved flight path. Further improvements 

came along with the development of insertion devices, such as wigglers and undulators, 

leading to a significant increase in brilliance with the latter being defined as amount of 

power (photons per second) per unit frequency, surface area and solid angle. As brilliance 

is a measure of the amount of light that can be concentrated in a small spot, it is commonly 

used to rate the performance of synchrotron facilities. Introducing insertion devices into 

the straight parts of the accelerators, third-generation synchrotron sources were born. 

The electron storage ring BESSY II is one of these third-generation facilities.[166,167] 

The production of synchrotron radiation in a third-generation facility is a multi-step 

process. First, the electrons are generated via thermionic emission from a hot cathode and 

pre-accelerated in a linear accelerator (LINAC). Thereupon, the electrons are transferred 

into a booster ring, in which they are accelerated to the energies required in the storage 

ring (typically 500 MeV – 20 GeV; BESSY II: 1.7 GeV). After gaining a sufficiently high 

energy, the electrons are injected into the storage ring. The most important parts of the 

storage ring are bending magnets to force the electrons onto a closed orbit, quadrupoles 

to focus the electron beam, insertion devices to generate highly brilliant synchrotron 

radiation and radio frequency (RF) cavities to make up for energy losses of the electrons. 

Due to continuous losses, the ring current exhibits a limited lifetime. In modern facilities, 

this can be avoided by electrons being periodically injected to maintain a constant ring 

current (top-up mode).[166,167] Figure 7 visualizes the setup of a third-generation 

synchrotron facility. 
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Figure 7. Schematic setup of a third-generation synchrotron facility, including an electron source, 

devices for pre-acceleration and the electron storage ring. 

In comparison to conventional laboratory-based radiation sources, such as X-ray tubes 

and UV lamps, bending magnets provide radiation with a significantly enhanced 

brilliance. As already mentioned above, insertion devices enable production of even more 

intensive/brilliant radiation. Schemes of such insertion devices, i.e., of a wiggler and an 

undulator, are depicted in Figure 8. 

 

Figure 8. Insertion devices for the generation of synchrotron radiation: wiggler (left) and undulator 

(right). 

Wigglers and undulators work according to the same principle: An upper and a lower 

magnetic array with alternating poles force the electrons in between on an oscillatory 

flight path, leading to emission of light in each curve and thereby to an increase in 
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brilliance in comparison to bending magnets. Bending magnets and wigglers both deliver 

a continuous spectrum. In the case of undulators, however, the upper and lower magnetic 

array are placed closer together. Consequently, the amplitude of the oscillation of the 

electron beam is smaller, and the light lobes produced in each curve can overlap and 

interfere, with only certain wavelengths undergoing constructive interference. The 

undulator spectrum thus shows a fundamental frequency and its higher (odd) 

harmonics.[166,167] The spectral characteristics of the radiation produced by bending 

magnets, wigglers and undulators are shown in Figure 9. 

 

Figure 9. Bending magnet, wiggler and undulator: Spectral characteristics. 

The usage of synchrotron radiation offers several advantages over laboratory-based 

methods: a large spectral range from IR to hard X-rays (10 eV – 100 keV), outstanding 

brilliance (see above), a high photon flux, coherence, a well-defined time structure and 

variable polarization.[167,168] The adjustable photon energy is key to special techniques, 

such as NEXAFS, which require scanning of the photon energy. In addition, this allows 

for selection of an appropriate photon energy in XPS to achieve the optimum cross 

sections for the core levels of interest, resulting in a significantly enhanced signal 

intensity. The brilliance of synchrotron radiation, on the other hand, leads to a superior 

spectral resolution in XPS, making a detailed interpretation of the data on the molecular 

level feasible. Also, the high photon flux is of outmost importance to realize fast data 

acquisition, which is crucial to perform in situ experiments. 
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2.2 X-Ray Photoelectron Spectroscopy 

A photon impinging on a solid sample leads to emission of a photoelectron given that the 

photon energy exceeds the work function of the respective sample (Figure 10).[3] 

 

Figure 10. Schematic visualization of the photoelectric effect. 

This so-called photoelectric effect, also referred to as photoeffect, forms the basis of XPS. 

The genesis of XPS thus reaches back to the late 19th century when Hertz was the first to 

experimentally observe the photoelectric effect.[169] Almost 20 years later, in 1905, 

Einstein was able to explain Hertz’s observation in his revolutionary publication “Über 

einen die Erzeugung und Verwandlung des Lichtes betreffenden Heuristischen 

Gesichtspunkt“.[170] For his groundbreaking contribution to the understanding of the 

photoelectric effect, Einstein was awarded the 1921 Nobel prize in Physics. Later, in the 

1950s, Siegbahn et al. paved the way for the method of XPS as it is performed today. For 

his pioneering work in the field of electron spectroscopy, Siegbahn was awarded the 

Nobel prize in Physics in 1981.[171,172] 

In XPS, X-ray photons, produced by standard laboratory-based X-ray tubes or 

synchrotron light sources (see above), are used to eject core electrons from a sample. The 

so-called three-step model can be used to describe the emission of a photoelectron upon 

absorption of a photon with energy ℎ𝑣 in a simplified manner: First, a (core) electron is 

excited (photoionization). Second, the photoelectron is transported to the surface. Third, 

transmission of the photoelectron through the surface into the vacuum takes place.[4,173] 

This process and a schematic XP spectrum are visualized in Figure 11. 
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Figure 11. XPS process: Absorption of a photon leads to emission of a core electron into to the vacuum. 

Additionally, a schematic XPS spectrum is shown. 

To escape into the vacuum, the work function 𝜙𝑆 of the sample, corresponding to the 

difference between the vacuum level of the sample 𝐸𝑣𝑎𝑐,𝑆 and the Fermi level 𝐸𝐹𝑒𝑟𝑚𝑖, needs 

to be overcome. Accordingly, the kinetic energy 𝐸𝑘𝑖𝑛,𝑆 of the resulting photoelectron, 

which is eventually analyzed, can be expressed by:[173,174] 

 𝐸𝑘𝑖𝑛,𝑆 = ℎ𝑣 − 𝐸𝐵 − 𝜙𝑆 Equation 2 

The emitted photoelectron carries valuable information about the sample of interest as 

the binding energy 𝐸𝐵 of the core electron is element-specific and sensitive to the chemical 

environment of the probed atom. Thus, one aims for the determination of 𝐸𝐵. According 

to Equation 2, 𝐸𝑘𝑖𝑛,𝑆, ℎ𝑣 and 𝜙𝑆 need to be known to calculate 𝐸𝐵. In the experimental 

setup (Figure 12), the sample and the electron analyzer are conductively connected. Thus, 

both have the same 𝐸𝐹𝑒𝑟𝑚𝑖, which is usually taken as the reference level (set to 0 eV). The 

work functions of the sample and the analyzer, however, differ from each other, with the 
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work function of the analyzer 𝜙𝐴 being in general known.[174] The kinetic energy of the 

photoelectrons as measured by the analyzer 𝐸𝑘𝑖𝑛,𝐴 can then be described by: 

 𝐸𝑘𝑖𝑛,𝐴 = 𝐸𝑘𝑖𝑛,𝑆 + 𝜙𝑆 − 𝜙𝐴 Equation 3 

Taking Equations 2 and 3 into consideration, 𝐸𝐵 can be determined according to:[174] 

 𝐸𝐵 = ℎ𝑣 − 𝐸𝑘𝑖𝑛,𝐴 − 𝜙𝐴 Equation 4 

 

Figure 12. Scheme visualizing how the binding energy of the photoelectrons relates to the work function 

of the analyzer and the kinetic energy as measured by the analyzer. 

The inelastic mean free path 𝜆𝐼𝑀𝐹𝑃 of electrons is very limited within matter. 

Consequently, only electrons from the outermost layers of a sample can escape into the 

vacuum and be detected. This causes XPS to be a highly surface-sensitive method, 

rendering it a very valuable tool in surface science. The universal curve, established by 

Seah and Dench, visualizes how the inelastic mean free path of photoelectrons depends 

on their kinetic energy, leading to the conclusion that the highest surface sensitivity can 

be achieved for kinetic energies between 70 and 100 eV.[175] Therefore, given that an 

adjustable photon energy is available (synchrotron radiation), the incident photon energy 

is chosen such that the outgoing photoelectron exhibits a kinetic energy within this 
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optimum range. To enhance the surface sensitivity in a standard laboratory approach, 

XPS can be applied in an angle-resolved manner. The sampling depth 𝑑 of a 

photoelectron is given by:[174] 

 𝑑 = 3𝜆𝐼𝑀𝐹𝑃 cos Θ Equation 5 

Accordingly, decreasing the electron take-off angle Θ (angle of electron exit relative to the 

sample surface) decreases 𝑑 and thus increases the surface sensitivity.[171,174] 

Due to the binding energy of the photoelectrons being element-specific, the chemical 

composition of a surface species can be determined by XPS. Moreover, deviations 

regarding the chemical environment of the atoms lead to distinct shifts of the 

corresponding binding energies. These so-called chemical shifts result from the 

superposition of initial and final state effects. Initial state effects are due to intra- (from 

within the atom) and inter-atomic (from neighboring atoms) ground state polarization 

and spin-orbit-splitting. Typical examples are the oxidation state of the emitting atom, 

electronegativity of neighboring atoms and bond distances within the molecule. The spin 

orbit splitting arises for photoelectrons from orbitals with nonzero angular momentum 

quantum number and is observed, given that the spectral resolution is high enough, as a 

doublet with a distinct ratio, e.g., 1:2 for a photoelectron from a p orbital. Final state 

effects appear as a consequence of the creation of a core hole upon photoemission, which 

induces perturbation of the electronic structure, leading to polarization (electrostatic and 

magnetic effects) and intra-/inter-atomic electronic rearrangement (excitation and 

relaxation processes). Core hole-induced polarization can, for example, be observed as 

multiplet splitting. Rearrangement, on the other hand, gives rise to modified/additional 

signals in the XP spectrum, such as peak asymmetry or satellite peaks, plasmon loss 

features and Auger electron peaks (see below). Shake-up and shake-off satellites occur if 

the photoelectron loses kinetic energy on its way out of the sample by exciting another 

electron to a bound state close to the Fermi edge (shake-up) or even to an unbound 

continuum state (shake-off). These features appear, due to the loss of kinetic energy, at 

higher binding energies than the main photoelectron peak. The relaxation of the core hole 
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might also be affected by screening effects, e.g., via charge transfer from the substrate, 

causing lower binding energies as the “stabilization” of the core hole facilitates the 

ejection of the photoelectron, i.e., the photoelectron exhibits a higher kinetic energy. 

Overall, it needs to be noted that initial and final states are often difficult to separate. 

Hence, XPS signals are usually discussed taking the total chemical shift into 

consideration.[174,176] 

Another final state effect that can be observed in high-resolution XP spectra of small 

hydrocarbons is the excitation of vibrations in the ionic final state according to the Franck-

Condon principle, leading to a distinct satellite structure. The latter is referred to as 

vibrational fine structure, which can be analyzed in a simplified manner using the linear 

coupling model, introduced by Cederbaum and Domcke.[177] According to this model 

the intensity distributions follows a Poisson function:[176,178-180] 

 
𝐼(0 → 𝜈) = 𝑒−𝑆

𝑆𝜈

𝜈!
 

Equation 6 

𝜈 = vibrational quantum number in the ionic final state 

𝑆 = 𝑆 factor (average quantum number for vibrational excitation) 

For 𝜈 = 1, the 𝑆 factor can be determined as the intensity ratio between the first 

vibrationally excited (𝐼(0 → 1)) and the adiabatic peak (𝐼(0 → 0)):[176,179] 

 
𝑆 =

𝐼(0 → 1)

𝐼(0 → 0)
 

Equation 7 

Within the linear coupling model, assuming that the vibrational frequencies 𝜔 in the 

ground and excited state are the same, the 𝑆 factor is given by:[176,178-180] 

 
𝑆 =

𝜇𝜔𝑚(Δ𝑟)2

2ℏ
 

Equation 8 

𝜇 = reduced mass 

Δ𝑟 = change of the minimum in the potential energy curve upon excitation 

𝑚 = number of equivalent C-H bonds 
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Equation 8 shows that the intensity of the first vibrationally excited state linearly depends 

on the number of C-H bonds, which enables fingerprinting via analysis of the vibrational 

signature. 

XPS also provides quantitative information since the signal intensity 𝐼 (peak height/area) 

is directly proportional to the concentration 𝑐 of the emitting atom in the sample:[174] 

 𝐼 = 𝐽𝑐𝜎𝐾𝜆𝐼𝑀𝐹𝑃 Equation 9 

𝐽 = X-ray flux 

𝜎 = photoelectron cross section 

𝐾 = instrumental factor 

Quantification errors may arise from inadequate background treatment, final state 

effects, such as shake-up and shake-off processes, and PED. The latter is likely to occur 

when working with low-energy electrons (⁓ 100 eV), having a wavelength on the order 

of atomic distances, and causes deviations of the observed signal intensity. As PED is 

sensitive to the chosen electron take-off angle and the photon energy, these parameters 

may be varied to clarify whether PED is to be considered.[4,174] An easy approach for 

the determination of surface coverages is the comparison of the peak area of a species of 

interest to the peak area of a reference compound with the surface coverage of the latter 

being known. 

Prior to ejection from the sample, some photoelectrons undergo interaction with matter, 

i.e., are inelastically scattered. In the XP spectrum, this leads to a broad background at 

the high binding energy side. Hence, in terms of data processing, a background correction 

is usually performed. To this end, most commonly a linear, Shirley [181] or 

Tougaard [182] background is subtracted from the spectrum.[174] In addition, for a 

thorough analysis of the XPS signals, deconvolution of the spectrum, that is, peak fitting, 

is required. The line width in XPS is determined by instrumental factors, such as the 

energy resolution of the electron analyzer and the full width at half maximum of the 

photon source, and the lifetime of the core hole, i.e., the uncertainty principle. The former 
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causes a Gaussian line shape while the latter broadens the peak and results in a 

Lorentzian line shape. Overall, the observed XPS peak shape is thus a convolution of a 

Gaussian and a Lorentzian function.[183] However, if an asymmetry of the peaks arises, 

this is not sufficient for a qualitatively good fit. In this case, peak fitting can be performed 

using Doniach-Sunjic profiles [184] convoluted with a Gaussian function. 

 

Figure 13. XPS-related techniques: UPS uses UV light to evoke photoemission from the valence band. 

XRF is detected upon radiative relaxation of the core hole created by photoemission. AES is 

based on Auger electrons that are emitted upon non-radiative relaxation of the core hole 

created by photoemission. 

Besides XPS, photoemission lays the foundation for several related techniques 

(Figure 13). If, instead of X-ray photons, UV light, typically produced by a gas discharge 

lamp, is used to evoke photoemission, electrons from the valence band (0 – 20 eV) will be 

emitted with high cross section. This method is called UPS and allows for gathering 

information about the filled bonding orbitals of adsorbed molecules.[185] In addition, the 

core hole created upon photoemission gives rise to two further techniques as it can be 

filled by two competing processes: radiatively by X-ray fluorescence (XRF), or non-

radiatively by emission of an Auger electron. In XRF, an electron from a higher-lying core 

level fills the core hole, and the excess energy is emitted as a characteristic X-ray photon 
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of energy (𝐸𝐾 − 𝐸𝐿1
). In Auger electron spectroscopy (AES), on the other hand, the excess 

energy is given to another electron, which is thereupon ejected with energy (𝐸𝐾 − 𝐸𝐿1
−

𝐸𝐿2,3
). These Auger electrons lead to additional signals in XP spectra. Auger and XPS 

signals can, however, be easily distinguished from each other since an Auger peak 

appears always at the same energy while the XPS peak shifts upon variation of the 

incident photon energy. For elements with low atomic numbers Z, the relaxation of 

1s core holes via the Auger process is much more likely than XRF, while the situation is 

reversed for high Z values. Both methods, XRF and AES, are useful for the determination 

of elemental compositions.[4,171] 

2.3 Near-Edge X-Ray Absorption Fine Structure 

X-ray absorption spectroscopy (XAS) is based on the absorption of X-ray photons. If the 

energy of the photon equals the energy difference between two states involved in an 

according to symmetry selection rules allowed electronic transition, a corresponding 

resonance can be observed. To excite such resonant transitions, an adjustable photon 

energy is a prerequisite. Thus, the development of XAS-related techniques is closely 

intertwined with the rise of synchrotron radiation-based research.[166] 

In XAS, a specific absorption edge is investigated, e.g., the K-edge. To this end, the photon 

energy is scanned in the regime of the ionization potential (IP) of the 1s electron of the 

element of interest. The IP represents the threshold for transitions of the 1s electron into 

the continuum. Notably, modulations of the absorption edge might occur, which are 

referred to as X-ray absorption fine structure. This fine structure is distinguished into the 

near-edge fine structure up to about 50 eV above the edge, arising due to electronic 

transitions into unoccupied states, and the extended fine structure beyond 50 eV above 

the edge, which results from interference effects due to backscattering of neighboring 

atoms. If the near-edge region is examined, one speaks of NEXAFS (or also of XANES – 

X-ray absorption near-edge spectroscopy). The analysis of the extended fine structure, on 

the other hand, is subject to extended X-ray absorption fine structure (EXAFS). NEXAFS 

can be used to learn about the oxidation state of the absorber, the molecular orientation 
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and the sample composition while EXAFS provides information on interatomic distances 

and coordination numbers. As EXAFS was not employed in the scope of this work, it will 

not be described in further detail.[4,166,186,187] 

 

Figure 14. NEXAFS process: Absorption of a photon leads to excitation of core electrons into unoccupied 

bound and quasi-bound states. Additionally, an exemplary, simplified NEXAFS spectrum, 

including π*, Rydberg and σ* resonances, is shown. 

NEXAFS probes bound (< IP) and “quasi-bound” (> IP) unoccupied states. “Quasi-

bound” refers to states that lie above the IP but are still trapped within the molecular 

potential. In molecules featuring a double/triple bond, the lowest unoccupied molecular 

orbital (LUMO) corresponds to a π* state. Upon investigation of such molecules by 

NEXAFS, 1s → π* transitions are commonly observed as the lowest-energy structures, 

located below the IP. The π* resonances are in general quite sharp and often the most 

prominent features. Above the 1s to IP energy, usually rather broad σ* (shape) resonances 

arise. The shape of the observed resonances depends on the finite lifetime of the excited 

quasi-bound state, the vibrational motion of the atoms in the molecule, leading to peak 

broadening, and the resolution of the instrument. Probing unoccupied states located 

above the IP, the lifetime broadening increases as it becomes more and more probable 
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that the excited electron decays into the continuum.[4,187,188] In Figure 14, the NEXAFS 

process is schematically depicted, and an exemplary NEXAFS spectrum is shown. 

From NEXAFS, manyfold information can be gained. For example, given that the spectra 

of suitable reference compounds are available, one can identify the respective surface 

species by its characteristic spectral fingerprint. Moreover, the oxidation state of the 

species of interest may be determined as the position of the absorption edge is sensitive 

to the charge of the respective absorber. Even a correlation between the bond length and 

the position of the σ* resonance has been discussed.[188] For our research, the most 

interesting aspect is that NEXAFS allows for the elucidation of the molecular orientation 

of an adsorbed surface species, a method which was first introduced by Stöhr and Jaeger 

in 1982.[189] This is due to the transition probability depending on the polarization of the 

incident light. According to Fermi’s Golden Rule, the absorption cross section 𝜎𝑥 relates 

as follows to the initial state Ψ𝑖 and the final state Ψ𝑓:[188] 

 𝜎𝑥 ∝ |⟨Ψ𝑓|𝒆𝒑|Ψ𝑖⟩|
2
𝜌𝑓(𝐸) Equation 10 

𝒆 = unit electric field vector 

𝒑 = dipole transition operator 

𝜌𝑓(𝐸) = density of final states 

The orientation of bonds and their corresponding molecular orbitals relative to the 

orientation of the electric field vector thus determines the transition probability (dipole 

selection rule). When linearly polarized synchrotron radiation excites a 1s electron into a 

final state with a defined direction, the resonance intensity 𝐼 depends on the angle 𝛿 

between the electric field vector and the direction of the final state orbital 𝑶:[188] 

 𝐼 ∝ |𝒆⟨Ψ𝑓|𝒑|Ψ𝑖⟩|
2
∝ |𝒆𝑶|2 ∝ 𝑐𝑜𝑠2𝛿 Equation 11 

Hence, the maximum resonance intensity is attained for the electric field vector pointing 

in the direction of the respective final state orbital while the intensity vanishes for the 

electric field vector being perpendicular to the orbital. To learn about the molecular 

orientation of an adsorbate, the intensity of the NEXAFS features is recorded as a function 
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of the angle of the incident light. For a molecule including a double bond, the direction 

of the σ orbitals coincides with the bond axis whereas the π orbitals are perpendicular to 

the bond axis. Let us assume that a molecule is adsorbed with the double bond parallel 

to the surface, as depicted in Figure 15. Taking a NEXAFS spectrum at normal incidence 

(NI, 0° with respect to the surface normal), the electric field vector, which is perpendicular 

to the propagation direction of the light, matches the direction of the σ orbitals. Thus, a 

maximum intensity of the σ* resonances can be observed in the corresponding spectrum, 

and the π* resonances disappear. In the case of grazing incidence (GI, large angle with 

respect to the surface normal), on the other hand, the electric field vector is almost parallel 

to the π bond of the molecule, leading to significant enhancement of the π* resonances 

and decrease of the σ* resonances.[4,187,188,190] 

 

Figure 15. Dipole selection rule: A molecule is adsorbed with its double bond parallel to the surface. At 

NI, the electric field vector aligns with the σ orbitals, leading to enhancement of the σ* 

resonances in the NEXAFS spectrum. At GI, the electric field vector aligns with the π orbitals, 

leading to enhancement of the π* resonances in the NEXAFS spectrum. Please note that the 

σ*/π* orbitals exhibit the same symmetry as the corresponding σ/π orbitals. 

Due to the photoabsorption process, a core hole and an excited electron are produced. 

Subsequently, the core hole is filled either radiatively via emission of fluorescence or non-

radiatively via emission of an Auger electron (Figure 13). Accordingly, in terms of 

measuring the X-ray absorption signal, one distinguishes between electron and 

fluorescence yield detection. In our experiments, we used electron yield detection, which 

can be divided into three different techniques: Auger electron yield (AEY), partial 

electron yield (PEY) and total electron yield (TEY). In AEY, only Auger electrons are 

detected by use of an electron energy analyzer. This method ensures a high surface 

sensitivity. However, only few electrons are detected, leading to a poor count rate. To 
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increase the latter, PEY might be used instead. PEY detection collects all electrons with a 

kinetic energy larger than a distinct threshold energy. To this end, a retarding grid 

detector is used. All our NEXAFS measurements were performed in PEY mode. The 

highest count rate at the cost of the lowest surface sensitivity is obtained for TEY, in which 

all emitted electrons, also slow electrons from the bulk, are detected.[187,190] 

2.4 Low-Energy Electron Diffraction 

Diffraction methods are versatile tools for the investigation of the lateral long-range 

periodicity of surfaces and adsorbates. To enable diffraction, the wavelength of the 

respective irradiated wave/particle needs to be in the same order of magnitude as the 

interatomic distances of the sample, which measure typically only a few Ångström (Å; 

1 Å = 10-10 m). According to de Broglie, the wavelength 𝜆 of electrons is calculated 

according to the following formula:[191] 

 
𝜆 =

ℎ

𝑝
=

ℎ

𝑚𝑣
=

ℎ

√2𝑚𝐸𝑘𝑖𝑛

 
Equation 12 

ℎ = Planck’s constant 

𝑚 = mass of the electron 

𝑣 = velocity of the electron 

𝐸𝑘𝑖𝑛 = kinetic energy of the electron 

From Equation 12 it can be deduced that electrons with an energy of about 150 eV have 

a wavelength of 1 Å. Therefore, low-energy electrons seem to fulfill the requirement for 

diffraction from solid matter. The successful diffraction of such electrons and therewith 

their wave character was first observed by Davisson and Germer in 1927.[192] However, 

it took almost another 50 years until LEED was finally used for the structure 

determination of surfaces. Since then, LEED has become a standard technique in surface 

science. The latter can be explained by its high surface sensitivity, which is caused by the 

small inelastic mean free path of electrons in matter.[193] 



2 Fundamentals 

27 

 

Every real-space lattice has a counterpart in reciprocal space. These relate to each other 

as follows:[191] 

 𝑎𝑖⃗⃗  ⃗
∗
× 𝑎𝑗⃗⃗  ⃗ = 𝛿𝑖𝑗 Equation 13 

𝑎𝑖⃗⃗  ⃗
∗
 = unit vector of the reciprocal lattice 

𝑎𝑗⃗⃗  ⃗ = unit vector of the real-space lattice 

𝛿𝑖𝑗 = Kronecker delta 

Accordingly, the reciprocal unit vectors are orthogonal and regarding their length 

reciprocal to the corresponding real-space vectors, i.e., large distances in real space are 

small in reciprocal space (Figure 16). Diffraction is easily described in reciprocal space 

since a diffraction pattern can be understood as the projection of the reciprocal lattice. 

 

Figure 16. Unit cells of a surface/adsorbate in real and reciprocal space. 

To be able to observe a diffraction pattern, two prerequisites need to be given: First, the 

sample of interest must exhibit a long-range periodic order. Second, the incoming and 

outcoming waves need to undergo constructive interference. In the reciprocal space, the 

latter is fulfilled if the Laue condition applies:[193,194] 

 ∆𝑘⃗ = 𝑘′⃗⃗  ⃗ − 𝑘⃗ = 𝑔  Equation 14 

𝑘⃗  = incident wave vector 

𝑘′⃗⃗  ⃗ = diffracted wave vector 

𝑔  = reciprocal lattice vector 
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Figure 17. Construction of the Ewald sphere for the 2D case. 

The diffraction directions of a given 𝑘⃗  can be determined by construction of the Ewald 

sphere. To this end, a sphere with the radius 𝑟 = |𝑘⃗ | =
2 𝜋

𝜆
 is drawn around the origin of 

𝑘⃗ , pointing towards the origin of the reciprocal lattice. Only lattice points on this sphere 

fulfill the Laue condition and will be observed as diffraction spots. For the 2D case, no 

translational symmetry exists perpendicular to the surface, leading instead of lattice 

points to so-called lattice truncation rods in the reciprocal space. If these are intersected 

by the Ewald sphere, corresponding diffraction spots are visible. This is visualized in 

Figure 17. Decreasing the wavelength of the incident electron results in an increasing size 

of the Ewald sphere, i.e., more diffraction spots can be observed (first and higher order 

diffraction). 

Typical LEED optics consist of an electron gun, two to four grids and a fluorescent screen. 

Figure 18 shows the setup of a conventional four-grid LEED optic. The electron gun 

comprises a cathode to generate electrons, an electrostatic lens built up from a Wehnelt 

cylinder and an anode to extract a focused electron beam, an electrostatic einzel lens 

(L1 – L3) to further focus the beam and a grounded lens (L4) to guide the electrons towards 

the sample within a field-free space. Upon impinging on the grounded sample, the 

electrons are diffracted and travel towards the grids. The first grid is also grounded to 
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maintain a field-free space, thereby avoiding undesired deflection of the electrons. To 

filter out inelastically scattered and secondary electrons, a negative retarding voltage is 

applied to the next two grids. The grid in front of the fluorescent screen is grounded, and 

a high voltage (5 – 6 kV) is applied to the screen to accelerate the elastically scattered 

electrons. Upon impact on the screen diffraction spots become visible due to 

luminescence. From the obtained LEED pattern, the long-range order of the 

surface/adsorbate can be determined.[191,193,194] 

 

Figure 18. Schematic representation of the setup of a conventional four-grid LEED optic, including an 

electron gun, four grids and a fluorescent screen. In addition, an exemplary LEED pattern is 

shown. 

Standard LEED can only give insights into the long-range periodicity of a 

surface/adsorbate while the arrangement of atoms within the unit cell cannot be accessed. 

To obtain information regarding interlayer distances, adsorption sites and bond lengths, 

LEED can be performed such that the diffraction spot intensity is measured as a function 

of the electron energy.[186,195-197] This method is referred to as LEED-IV structure 

analysis, which was, however, not applied in the present work and is thus not described 

in detail. 
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3 Experimental 

3.1 Experimental Setup 

The experimental data discussed in [P1] – [P4] were obtained using a transportable, two-

chamber UHV apparatus called “Sync chamber” (Figure 19), which is described in 

greater detail in the dissertation of M. Kinne.[198] All experiments were carried out under 

UHV conditions (base pressure of ⁓ 1 × 10-10 mbar), provided by an array of pumps, 

including diaphragm pumps to generate the pre-vacuum as well as turbomolecular, 

titanium sublimation and ion getter pumps to achieve UHV. The “Sync chamber” 

comprises a preparation and an analyzer chamber, interconnected by a gate valve, a 

dosing system, a supersonic molecular beam and a manipulator. 

 

Figure 19. Photography of the “Sync chamber”, adapted from the dissertation of M. Kinne.[198] 

The preparation chamber is equipped with an ion gun (Specs IQE 11/35) for Ar+ 

sputtering, used for sample cleaning, LEED optics (Specs ErLEED), several electron beam 

evaporators (Focus) for metal deposition and a quartz crystal microbalance (QCM, 

Inficon SQM-160) for the determination of deposition rates. For analysis, a hemispherical 
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electron energy analyzer (Omicron EA 125 U7 HR), a home-built PEY NEXAFS detector 

and a quadrupole mass spectrometer (QMS, Pfeiffer Vacuum Prisma QME 200) are 

attached to the analyzer chamber. The NEXAFS detector is described in detail in the 

dissertation of C. Gleichweit.[199] Being operated at a synchrotron facility, the analyzer 

chamber can be connected to an open-port beamline. For XPS measurements in our 

laboratory in Erlangen, we used a standard X-ray tube (Omicron DAR 400) with a dual 

anode to generate either Al Kα (ℎ𝑣 = 1486.6 eV) or Mg Kα (ℎ𝑣 = 1253.6 eV) radiation. An 

individually pumped dosing system for liquids and solids is attached to both chambers. 

Furthermore, a three-stage supersonic molecular beam allows for introduction of gases 

into the analyzer chamber in such a way that the atoms/molecules are focused onto the 

sample surface, which results in a high local pressure on the sample while keeping an 

overall low background pressure. Up to two gases may be mixed, e.g., for seeding, with 

the respective gas flow being adjusted by mass flow controllers (MKS Instruments). Via 

seeding with light, inert gases (usually helium) and additional heating, the kinetic energy 

of the gas particles can be increased. 

 

Figure 20. Photography of the manipulator head of the “Sync chamber”, showing the sample, the 

thermocouples attached to it and the filament mounted in the back. 
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The manipulator enables precise movement of the sample along the x-, y- and z-axes as 

well as its rotation about the azimuthal and polar angle. Liquid nitrogen cooling allows 

for a minimum sample temperature of about 100 K. Heating, on the other hand, can either 

be done resistively up to 1400 K or using a tungsten filament, mounted behind the 

sample, up to 550 K. The latter prevents the change of the photoelectron trajectories due 

to disturbing electrical fields, which would arise in the case of resistive heating. It is used 

for TPXPS, in which XP spectra are continuously acquired while the sample temperature 

is increased using a heating ramp of 0.2 – 0.5 K s-1. For temperature reading, K-type 

thermocouples are spotwelded directly to the sample. The manipulator head including 

sample, thermocouples and filament is shown in Figure 20. 

In all experiments, a cylindrical Rh(111) single crystal purchased from MaTeck was used 

as substrate, which was cleaned by Ar+ sputtering, oxygen treatment at 900 K and 

annealing at 1200 K (⁓ 1 – 2 min). The cleanliness of the surface was checked by XPS. Prior 

to their use, all liquid substances were degassed by multiple freeze-pump-thaw cycles. 

Gases (purity of 99.95 %) were used without further purification. 

All synchrotron radiation-based measurements were conducted at the electron storage 

ring BESSY II of the HZB. To this end, the above-described apparatus was attached to the 

open-port beamlines UE56/2 PGM1/2 and U49/2 PGM1[200]. During the beamtime, 

BESSY II was operated in multi-bunch top-up mode (300 mA ring current). 

3.2 Data Acquisition and Processing 

XPS was performed in normal emission with the photon incidence angle being 50°. When 

using synchrotron radiation, the photon energy was adjusted with regard to the core level 

under investigation, e.g., 380 eV for the C 1s region. Taking the high photon flux of 

synchrotron light into consideration, beam damage needs to be avoided, which was 

achieved by shifting the sample by about 0.1 mm (> X-ray beam diameter) between each 

measurement. NEXAFS was conducted in PEY mode at normal (0°) and grazing (70°) 

photon incidence angle. LEED images were recorded using a standard digital camera. 
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Processing of the XPS and NEXAFS data was done using custom procedures in 

IGOR Pro 6.22A. The XP spectra were referenced with respect to the Fermi edge. After 

background subtraction (mostly linear), the XP signals were fitted using a convolution of 

Doniach-Sunjic and Gaussian functions, thereby accounting for the asymmetry of the 

peaks (see Section 2.2). Coverage determination via XPS was carried out by comparison 

to reference samples with known surface coverage. Coverages are given in monolayers 

(ML) with 1 ML corresponding to one adsorbed atom/molecule per surface atom. The 

NEXFAS spectra were normalized regarding the ring current of the synchrotron light 

source, and therefrom reference spectra, taken of the clean Rh(111) single-crystal surface, 

were subtracted to cancel out beamline characteristics. 

More detailed information regarding spectra acquisition, fitting and calibration is 

provided in the experimental sections and supplementary materials of [P1] – [P4]. 

3.3 “ARPES Chamber” 

In the future, we plan to expand our repertoire of 2DMs by phosphorene and borophene. 

For these studies, we intend to use an UHV apparatus capable of angle-resolved PES 

(ARPES), XPS, UPS and LEED, the so-called “ARPES chamber”. However, this machine, 

which was formerly stationed at BESSY II, arrived at our laboratories in a desolate state. 

Hence, to proceed with our planned experiments, it was necessary to first renovate and 

partially reconstruct this chamber. 

The “ARPES chamber” comprises an analyzer chamber, a preparation chamber, a sample 

garage and a load lock (Figure 21). The sample transfer between the individual chambers 

is performed via transfer forks and a respective sample holder. For the generation of UHV 

conditions, an array of pumps, including diaphragm, turbomolecular, titanium 

sublimation and ion getter pumps, are used. The load lock, attached to the sample garage, 

allows for introduction of samples into the apparatus without breaking the vacuum. In 

the sample garage (base pressure of ⁓ 3 × 10-8 mbar), which is connected to the 

preparation chamber, up to twelve samples can be stored. The preparation chamber (base 
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pressure of ⁓ 1 × 10-10 mbar) is equipped with a manipulator, to which a voltage can be 

applied, a sputter gun for sample cleaning, an external filament for annealing, LEED 

optics and a QCM. In addition, several flanges are available to attach evaporators for the 

deposition of metals and other substances. The analyzer chamber (base pressure of 

⁓ 1 × 10-10 mbar) houses a manipulator that allows for sample manipulation along three 

axes and three angles. The latter is also equipped with a filament to heat the sample from 

its back, thermocouples for temperature reading, a gold plate for referencing the binding 

energy and a QCM. Furthermore, a hemispherical electron energy analyzer capable of 

ARPES measurements (SPECS Phoibos 100), a UV light source (SPECS UVS 10/35), a 

dual-anode X-ray source (Scienta Omicron DSX400) and a QMS for residual gas analysis 

are attached to the analyzer chamber. 

 

Figure 21. Photography of the “ARPES chamber”. 
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Figure 22 provides an insight into the preparation and analyzer chamber. 

 

Figure 22. Insight into the preparation (left) and analyzer (right) chamber of the “ARPES chamber”. 

For introduction of standard single crystals into the chamber, a new sample holder was 

designed and manufactured (Figure 23). The respective technical drawings are provided 

in Figures 34 – 36 in Appendix B. It enables mounting of square and round single crystals 

and heating of the sample from the back via filament heating. If the sample is too thin or 

too thick, additional spacers may be used to fixate the sample within the holder. 

 

Figure 23. Sample holder designed for application in the “ARPES chamber”. 
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Due to the limited ceiling height in our laboratories, the original cooling system for the 

analyzer chamber could not be applied. Thus, a new cooling lance, which can be split into 

several parts, was designed and manufactured (see Figures 37 and 38 in Appendix B for 

technical drawings). This allows for sample cooling by delivering liquid nitrogen down 

to the bottom of the manipulator rod using a vacuum pump. 

To enhance the bakeout efficiency, bakeout blankets for the analyzer chamber were 

designed and purchased from HORST. The corresponding drawings can be found in 

Figures 39 and 40 in Appendix B. 
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4 The Surface Chemistry of Small Molecules on Rh(111) 

For the study of complex systems, it is often of significant importance to understand the 

fundamental surface chemistry of each component. Ethylene and borazine are quite 

common precursors for the growth of transition metal-supported graphene and h-BN, 

respectively. In the context of 2DM functionalization, bromine is a promising candidate 

for halogenation, which can have a significant impact on the electronic properties of the 

2DM and might serve as a good starting point for further modifications. To obtain a full 

insight into the bromination of Rh(111)-supported graphene and h-BN (see Chapter 5), a 

thorough investigation of ethylene, borazine and bromine on Rh(111) is a prerequisite. 

Thus, the adsorption and reaction of these small molecules on the Rh(111) single-crystal 

surface are addressed in the following. The insights gained in these studies, will also be 

useful in other research fields, such as heterogeneous catalysis and on-surface synthesis. 

4.1 A High-Resolution X-Ray Photoelectron Spectroscopy Study on the 

Adsorption and Reaction of Ethylene on Rh(111) [P1] 

This chapter summarizes the content of a published research article:[30] 

E. M. Freiberger, F. Düll, C. Wichmann, U. Bauer, H.-P. Steinrück and C. Papp, A High-Resolution 

X-Ray Photoelectron Spectroscopy Study on the Adsorption and Reaction of Ethylene on Rh(111), 

Chem. Phys. Lett. 2022, 797, 139595, DOI: 10.1016/j.cplett.2022.139595. 

Ethylene is an important building block for the chemical industry. Thus, its reaction on 

metal surfaces, representing model heterogeneous catalysts, is of special interest as a 

detailed understanding in this regard helps to increase the efficiency of ethylene 

production and any processes in which ethylene is used as starting material or appears 

as a reaction intermediate. Apart from its important role in industry, ethylene can serve 

as a precursor to build up extended carbon-based nanostructures, such as graphene.[130] 

Rhodium can be utilized as catalytically active component in heterogeneous catalysis. For 

example, it is part of the three-way automotive catalyst.[201,202] In addition, rhodium-

based catalysts are investigated with regard to the steam reforming of ethanol [203-205] 

https://doi.org/10.1016/j.cplett.2022.139595
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and selective catalytic dehydrogenation [206-208]. Due to its key role in various industrial 

processes and as precursor for the preparation of graphene, the surface chemistry of 

ethylene has been studied on many different metal surfaces, e.g., Pt(111) [209,210], 

Pd(111) [211,212], Ir(111) [213,214], Rh(111) [215-220], Rh(100) [221] and Rh(331) [216]. 

Our high-resolution in situ XPS study contributes to the existing literature by giving an 

insight into the adsorption and thermally induced reaction of ethylene on Rh(111). 

 

Figure 24. (a) Waterfall plot of the C 1s XP spectra recorded during heating ethylene/Rh(111) from 140 to 

550 K in the scope of the TPXPS experiment. (b) and (c) Fits of C 1s spectra (marked red in (a)), 

visualizing the vibrational fine structure used for identification of the different surface species. 

Reproduced with permission from [30]. © 2022 Elsevier. 

Using XPS, the low-temperature (140 K) adsorption of ethylene on Rh(111) was followed 

in situ in the C 1s core level. The use of synchrotron radiation allowed for a very high 

spectral resolution, enabling the vibrational fine structure of the adsorbate to be observed. 
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The XP spectrum revealed a dominating adiabatic peak and a smaller accompanying 

peak at higher binding energies, arising due to vibrational excitation. The so-called 

𝑆 factor equals the intensity ratio of the first vibrationally excited state and the adiabatic 

state.[176,178-180,222-224] For ethylene on Rh(111), we found an 𝑆 factor of 0.27. The 

corresponding 𝑆 factor per C-H bond (𝑆/𝑚 value), which can in general be used to 

identify surface species [176,179], was determined to be ⁓ 0.14. Since only one adiabatic 

peak was observed, we concluded that ethylene adsorbed molecularly in a symmetrical, 

bridged configuration on identical adsorption sites. TPXPS was used to monitor the 

thermally induced reaction of ethylene on Rh(111) in a temperature range from 140 to 

550 K. The corresponding spectra are depicted as a waterfall plot in Figure 24a. 

Figures 24b and 24c show fits at selected temperatures. The reaction intermediates were 

identified according to their vibrational fine structure. Ethylene (CH2CH2) was found to 

be stable up to ⁓ 200 K. Above 200 K, ethylidyne (CCH3) evolved, presumably adapting 

an up-standing configuration on a three-fold hollow site. This species remained stable for 

about 150 K. Between 350 and 440 K, ethylidyne decomposed, forming methylidyne (CH) 

and carbide. Methylidyne, which is also assumed to occupy a three-fold hollow site, 

peaked at approximately 390 K. Eventually, it also decomposed to carbides, which are 

the only species left at temperatures above 460 K. In heterogeneous catalysis, the early 

decomposition of ethylene on Rh(111) represents a severe challenge in terms of catalyst 

deactivation due to coking of the surface. Also, the quality of Rh(111)-supported 

graphene, prepared via CVD of ethylene, might suffer from this. Figure 25 shows a 

scheme visualizing the reaction pathway of ethylene on Rh(111). 

 

Figure 25. Proposed reaction pathway for ethylene on Rh(111). Adapted with permission from [30]. 

© 2022 Elsevier. 
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This study, providing a deep insight into the surface chemistry of ethylene on Rh(111), 

proved that analyzing the vibrational fine structure of XPS peaks is a highly useful tool 

for the identification of adsorbates. 

Adapted with permission from [30]. © 2022 Elsevier. 

4.2 h-BN in the Making: The Surface Chemistry of Borazine on Rh(111) [P2] 

This chapter summarizes the content of a published research article:[54] 

E. M. Freiberger, F. Düll, P. Bachmann, J. Steinhauer, F. J. Williams, H.-P. Steinrück and C. Papp, 

h-BN in the Making: The Surface Chemistry of Borazine on Rh(111), J. Chem. Phys. 2024, 160, 

154706, DOI: 10.1063/5.0202431. 

Borazine, being isoelectronic and isostructural with benzene, is the most commonly used 

precursor molecule for the CVD growth of h-BN [225], whose properties are outlined in 

Chapter 1.3. If h-BN is grown on Rh(111) as substrate, a corrugation of the overlayer arises 

due to the lattice mismatch of Rh(111) and h-BN. The resulting nanomesh, in which 

12 × 12 Rh(111) unit cells are covered with 13 × 13 h-BN unit cells, exhibits a periodicity 

of 3.2 nm.[226-228] As described in Chapter 1.3, this nanomesh can act as template for 

selective 2DM functionalization with atoms and molecules and the directed deposition 

of nanostructures.[132] Previous studies, aiming at elucidation of the evolution of the 

h-BN/Rh(111) nanomesh from borazine, utilized STM [229] or TPD and high-resolution 

electron energy loss spectroscopy (HR-EELS) [230]. We complemented this research by 

performing an in situ study on the surface chemistry of borazine on the Rh(111) single-

crystal surface using high-resolution XPS, TPXPS and NEXAFS. 

XPS was employed to follow the adsorption of borazine on Rh(111) at 130 K in situ in the 

B 1s and N 1s core levels. In the B 1s XP spectra, molecular borazine as well as different 

borazine fragments were observed. We found that the individual species differed from 

each other with respect to the number of nitrogen atoms bound to boron (BN2, BN and 

B): the more nitrogen neighbors, the higher the observed binding energy. Also, in the 

N 1s region, borazine and its fragments were observed. For high exposures, the formation 

of a multilayer was indicated by an additional signal at the high binding energy side. 

https://doi.org/10.1063/5.0202431
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Overall, the individual XPS fingerprint of borazine on Rh(111) revealed a dominating 

borazine peak accompanied by smaller peaks at lower binding energies that are 

associated with fragments. Thus, we propose that borazine adsorbed mostly as an intact 

molecule. Additionally, the impact of borazine adsorption on the rhodium substrate was 

investigated via an analysis of the Rh 3d spectra taken prior to and after borazine 

adsorption. Upon adsorption, a distinct surface core level shift occurred, from which we 

derived a pronounced interaction between borazine and Rh(111). 

 

Figure 26. GI and NI NEXAFS spectra of the (a) B K-edge of borazine/Rh(111), (b) B K-edge of 

h-BN/Rh(111), (c) N K-edge of borazine/Rh(111) and (d) N K-edge of h-BN/Rh(111). The 

dashed black lines mark the onset of the σ* region, taken as an estimate for the IP. Adapted 

from [54], with permission of AIP Publishing. © AIP Publishing. 

The adsorption geometry of borazine on Rh(111) was examined using NEXAFS. To this 

end, spectra at the boron and nitrogen K-edge were recorded at NI (0°) and GI (70°). For 

70° incidence, intensive signals were observed in the π* region, which were hardly visible 

in the 0° incidence spectra. This indicated that borazine adsorbed with the plane of the 

six-membered ring oriented parallel to the surface. In Figure 26, the NEXAFS spectra of 

borazine and h-BN on Rh(111) are shown. 
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The thermally induced reaction of borazine on Rh(111), eventually leading to the 

formation of the h-BN/Rh(111) nanomesh, was studied by TPXPS. A careful fit of the B 1s 

spectra, recorded during heating from 130 to 1100 K, allowed for the identification of 

several surface species, that are, molecular borazine, BxNyHz species, dehydrogenated 

BxNy species, disordered boron nitride and h-BN. The corresponding spectra, selected fits 

and a quantitative analysis of the TPXPS experiment are provided in Figure 27. 

 

Figure 27. (a) Waterfall plot of the B 1s XP spectra recorded during heating borazine/Rh(111) from 130 to 

1100 K in the scope of the TPXPS experiment. The fit species are indicated by respectively 

colored lines. (b) Fits at selected temperatures (marked red in (a)). (c) Quantitative analysis of 

the TPXPS data. Reproduced from [54], with permission of AIP Publishing. © AIP Publishing. 

Upon heating, the multilayer desorbed already below 200 K. At about 250 K, borazine 

and borazine fragments (BxNyHz), characterized by a varying number of nitrogen 
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neighbors (BN3, BN2, BN, B), were found to remain on the surface. Above room 

temperature, we proposed, taking a previous study by Farkas et al. into 

consideration [230], dehydrogenation to occur, resulting in BxNy species. Simultaneously, 

disordered boron nitride evolved. At 650 K, the formation of the h-BN nanomesh set in. 

The conversion to h-BN was seemingly complete at 1100 K (except for small amounts of 

boron). The obtained surface species was confirmed to be the desired 2DM by comparison 

with h-BN/Rh(111), prepared according to an established procedure [45]. 

By means of synchrotron radiation-based surface science, the adsorption of borazine on 

Rh(111) and the gradual evolution of the h-BN/Rh(111) nanomesh were studied in situ: 

“h-BN in the making”. 

Adapted from [54], with permission of AIP Publishing. © AIP Publishing. 

4.3 Bromine Adsorption and Thermal Stability on Rh(111): A Combined 

XPS, LEED and DFT Study [P3] 

This chapter summarizes the content of a published research article:[74] 

E. M. Freiberger, J. Steffen, N. J. Waleska-Wellnhofer, A. Harrer, F. Hemauer, V. Schwaab, 

A. Görling, H.-P. Steinrück and C. Papp, Bromine Adsorption and Thermal Stability on Rh(111): 

A Combined XPS, LEED and DFT Study, ChemPhysChem 2023, 24, e202300510, DOI: 

10.1002/cphc.202300510. 

Halogens may be involved in various surface-related processes, e.g., as by-product in on-

surface synthesis and electrochemistry or as promoter in heterogeneous catalysis, as has 

been emphasized in Chapter 1.2, which renders their chemistry on metal surfaces a 

subject of huge research interest. In our study, we shed light on the surface chemistry of 

bromine on Rh(111) by means of high-resolution XPS, TPXPS, LEED and density 

functional theory (DFT) calculations. The latter were performed by Dr. J. Steffen in the 

scope of a collaboration with the Chair of Theoretical Chemistry of FAU, headed by Prof. 

Dr. A. Görling. 

https://doi.org/10.1002/cphc.202300510
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The adsorption process of bromine on Rh(111) at 170 K was followed in situ by XPS in the 

Br 3d core level. A waterfall plot of the Br 3d spectra recorded in the course of the 

adsorption process and fits at selected coverages are shown in Figures 28a and 28b, 

respectively.

 

Figure 28. (a) Waterfall plot of the Br 3d spectra recorded upon bromine adsorption on Rh(111) until 

saturation (0.43 ML). (b) Fits at selected coverages (marked in (a)). (c) Waterfall plot of the 

Br 3d spectra recorded upon heating from 170 to 1100 K in the scope of the TPXPS experiment. 

(d) Quantitative analysis of the TPXPS experiment, showing the bromine coverage (gray) as 

well as the ratio between bridge- and fcc hollow-bound bromine (orange) as a function of the 

temperature. 1 – 4 correspond to the four LEED patterns found for Bromine on Rh(111). 

Reproduced with permission from [74]. © 2023 Wiley-VCH GmbH. 

Since halogens usually adsorb in a dissociative manner [231], we assumed bromine to 

adsorb atomically. First, at low coverage, only one species characterized by a spin-orbit-

split Br 3d3/2/3d5/2 doublet was observed. Upon increasing bromine exposure, a second 

doublet, i.e., a second bromine species, appeared at lower binding energies, which 

became the dominating signal at saturation coverage (0.43 ML). In addition, the initial 

doublet was significantly shifted to lower binding energies, indicating strong adsorbate-

adsorbate interaction. LEED and DFT were performed to identify the different bromine 
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species observed. We found that the low-coverage species (≤ 0.33 ML) belonged to 

bromine adsorbed on fcc hollow sites while, at higher coverages (0.33 – 0.43 ML), 

bromine was forced to also occupy bridge sites (= high-coverage species). In general, an 

fcc hollow-bound atom binds to three substrate atoms, whereas a bridge-bound atom 

binds to two substrate atoms. 

The thermal stability of bromine/Rh(111) was then examined using TPXPS. To this end, 

Br 3d spectra were taken in the temperature range from 170 to 1100 K (Figure 28c). Along 

with heating, the coverage decreased, and the second bromine species observed upon 

adsorption gradually disappeared, that is, the compression-induced shift of the bromine 

atoms was reversed (see quantitative analysis of the TPXPS experiment in Figure 28d). 

Overall, a quite high thermal stability of bromine/Rh(111) up to above 1000 K was 

noticed, indicating strong covalent bonding. 

In LEED, a complex, star-shaped diffraction pattern arose for the saturation coverage of 

0.43 ML bromine (Figure 29a). By simulation using the software LEEDpat4 provided by 

the Fritz Haber Institute of the Max Planck Society [232], we found this pattern to result 

from the superposition of three symmetry-equivalent domains, rotated to each other by 

120°. Upon annealing and therewith decreasing of the surface coverage, additional 

diffraction spots appeared and the distances between the spots became smaller 

(Figures 29b and 29c). Reaching 700 K, at which the surface coverage was reduced to 

about 0.33 ML, a sharp (√3 × √3)R30° pattern evolved (Figure 29d). The bromine-induced 

diffraction spots disappeared only upon annealing at 1000 K, matching the high thermal 

stability determined in the TPXPS experiment. Laboratory-based XPS was used to verify 

the coverage-dependency of the LEED patterns. In addition, it proved the low-coverage 

species in XPS to be associated with the (√3 × √3)R30° superstructure, while the star-

shaped patterns could only be observed when both XPS species were present. 

Depending on the respective surface coverage, we found overall four different LEED 

patterns for bromine on Rh(111). From simulation of these patterns, the corresponding 

real-space unit cells and their individual coverages were derived. Based on the unit cells 
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and the Br coverage, DFT was used to identify the most stable adsorption configuration 

for each case. The most stable adsorption site for bromine was found to be the fcc hollow 

site. At low coverages (≤ 0.33 ML), all bromine atoms were located on such fcc hollow 

sites. However, for higher coverages, a compression-induced shift of the bromine atoms 

to the energetically less favorable bridge sites occurred. Finally, at saturation coverage, 

2/3 of the bromine atoms occupied bridge sites while only 1/3 remained on the fcc hollow 

sites. Figure 29 provides the four LEED patterns along with the corresponding LEEDpat4 

simulations and the calculated real-space structures. 

 

Figure 29. (a) – (d) Experimental LEED patterns (substrate diffraction spots marked by yellow circles), 

corresponding LEEDpat4 simulations (reciprocal space) and most stable real-space models for 

four different coverages. Fcc hollow- and bridge-bound bromine atoms are colored yellow and 

orange, respectively. The respective unit cells are indicated in black. Adapted with permission 

from [74]. © 2023 Wiley-VCH GmbH. 

This study on the surface chemistry of bromine on Rh(111) demonstrated the synergistic 

effect of the combination of several experimental and theoretical surface science 
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techniques for the investigation of surface processes on the molecular level. Using XPS, 

LEED and DFT, we accessed adsorption sites, adsorption energies, the long-range order 

and the thermal stability. In this context, the coverage-dependent compression of the 

bromine adlayer on Rh(111) was observed for the first time. 

Figure 30 illustrates the findings of this study in an abstract fashion. This graphic was 

used for a ChemPhysChem cover feature published along with the research article.[233] 

 

Figure 30. Illustration of the main findings of the study on bromine adsorption and thermal stability on 

Rh(111). Reproduced with permission from [74]. © 2023 Wiley-VCH GmbH. 

Adapted with permission from [74]. © 2023 Wiley-VCH GmbH. All rights reserved, including rights for 

text and data mining and training of artificial intelligence technologies or similar technologies. 
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5 Bromination of 2D Materials [P4] 

This chapter summarizes the content of a published research article:[165] 

E. M. Freiberger, J. Steffen, N. J. Waleska-Wellnhofer, F. Hemauer, V. Schwaab, A. Görling, 

H.-P. Steinrück and C. Papp, Bromination of 2D Materials, Nanotechnology 2024, 35, 145703, 

DOI: 10.1088/1361-6528/ad1201. 

This research article addresses the bromine functionalization of Rh(111)-supported 

graphene, grown from ethylene, and h-BN, grown from borazine, which combines the 

knowledge gained in the three publications summarized in Chapter 4 in the scope of a 

more complex surface science study. 

Graphene and h-BN (see Chapter 1.3 for an overview of their synthesis, properties and 

applications) exhibit a corrugated structure on Rh(111), commonly referred to as 

moiré/nanomesh.[133,134] The valleys/pores are in close contact to the substrate and thus 

strongly interact with the Rh(111) surface, from which a pronounced reactivity of these 

regions is expected. The hills/wires, on the other hand, behave more like the free-standing 

2DMs. Therefore, the moiré/nanomesh can be used as a template for confined 

nanostructures [132,135], but also for the directed, selective functionalization of the 

2DMs [164]. Functionalization is a versatile tool to achieve tuning of the intrinsic 

properties of 2DMs, which is crucial to their application in real-world devices, as has been 

thoroughly discussed in Chapter 1.3. In this context, the halogenation of a 2DM, e.g., with 

bromine, is a promising approach to alter the electronic properties of the respective 2DM 

and to arrive at a good starting point for further functionalization with small 

molecules [234]. Combining high-resolution in situ XPS and TPXPS and a comprehensive 

theoretical study, including DFT calculations and molecular dynamics (MD), we 

presented a detailed study on the reactivity of Rh(111)-supported h-BN and graphene 

towards bromine, providing exclusive insights into these systems on the molecular level. 

The theoretical study was carried out by Dr. J. Steffen (shared first author) in the scope 

of a collaboration with the Chair of Theoretical Chemistry of FAU, headed by Prof. Dr. 

A. Görling. 

https://iopscience.iop.org/article/10.1088/1361-6528/ad1201
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First, the adsorption and reaction of bromine on the h-BN/Rh(111) nanomesh was probed 

experimentally via XPS and TPXPS in the N 1s, B 1s and Br 3d core levels. The N 1s and 

B 1s spectra of pristine h-BN/Rh(111) are usually characterized by two contributions for 

the pores and wires of the nanomesh, which could also be observed in our data recorded 

prior to bromine exposure. Upon bromine adsorption, we found, in the N 1s as well as 

B 1s spectra, distinct changes in the pore region: A new peak associated with the 

functionalized pore evolved and gradually replaced the original pristine pore peak. 

Simultaneously, the wire region remained largely unaffected. Thus, we concluded that, 

at least for low coverages, bromine functionalization was confined to the pores, 

demonstrating the template effect of the nanomesh. After heating to 800 K, the N 1s and 

B 1s spectra regained their original appearance, i.e., were identical with the spectra of 

pristine h-BN/Rh(111), indicating that the selective functionalization was fully reversible 

upon annealing. In the Br 3d core level, the adsorption of two different coverages of 

bromine were investigated. For low coverages, only one spin-orbit-split Br 3d3/2/3d5/2 

doublet was found, corresponding to a single bromine species on the surface. Taking the 

N 1s and B 1s data into consideration, this species was attributed to molecular bromine 

selectively adsorbed in the pores of the nanomesh. Exceeding a surface coverage of 

0.14 ML bromine, the pores were saturated and further doublets started to grow that were 

assigned to adsorption on the wires (or polybromides) and multilayer formation. To 

examine the surface chemistry of bromine adsorbed in the pores, a TPXPS experiment 

was conducted in the Br 3d region right after low-coverage bromine adsorption 

(< 0.14 ML, exclusively pore species). Figures 31a and 31b show the Br 3d spectra 

recorded during heating of Br/h-BN/Rh(111) from 170 to 800 K as a waterfall plot and the 

corresponding density plot, respectively. For a better understanding of the ongoing 

processes, a thorough fit (Figure 31c) and a quantitative analysis of the TPXPS experiment 

(Figure 31d) were performed. Upon heating, molecular bromine (Br2) underwent an on-

surface reaction, and two additional doublets developed at lower binding energies, which 

were attributed to polybromides, presumably Br3- and Br5-. The latter were observed 

between 170 and 240 K until they decomposed to bromide (Br-), the fourth doublet 
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appearing in the course of the TPXPS experiment. Bromide remained on the surface up 

to about 640 K, indicating a rather strong covalent bonding to h-BN/Rh(111). 

Interestingly, the observed desorption temperature decreased with increasing initial 

surface coverage. Thus, at low coverages, diffusion limitation seemed to play a role for 

desorption. 

 

Figure 31. (a) Waterfall plot of the Br 3d spectra recorded upon heating from 170 to 800 K in the scope of 

the TPXPS experiment. (b) Corresponding density plot with the fit species being indicated by 

respective colored dots. (c) Fits at selected temperatures. (d) Quantitative analysis of the 

TPXPS data. Reproduced from [165] under license CC BY 4.0 DEED. © IOP Publishing. 
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In addition, the bromination of graphene/Rh(111) was studied. The C 1s spectra showed 

no pronounced changes regarding the valleys. Instead, all components revealed a shift to 

lower binding energies, induced by doping, and an overall dampening of their intensities. 

Moreover, an additional signal at higher binding energies was observed that stemmed 

from interaction of graphene and bromine. Thus, from the C 1s data, no spatial selectivity 

of the bromine adsorption on the graphene moiré was deduced. In the Br 3d core level, 

several doublets, assigned to bromine in the valleys, bromine on the hills and multilayer 

formation, evolved almost simultaneously. This also indicated that the graphene moiré 

did not serve as a template for selective functionalization. Upon heating, most bromine 

already desorbed below room temperature, and the adsorbate-induced effects observed 

in the C 1s spectra were reversed, which showed reversibility of the adsorption process 

and a rather low thermal stability of the bromine species adsorbed on graphene/Rh(111). 

The experimental findings were supported by a theoretical study to learn about the 

above-investigated systems in even greater detail. Using DFT, optimized structural 

models of the h-BN/Rh(111) nanomesh and the graphene/Rh(111) moiré were obtained. 

For the h-BN nanomesh, a stronger buckling of the overlayer was found than for the 

graphene moiré, which we proposed to cause a pronounced difference regarding the 

chemical reactivity of the pores and wires, enabling selective adsorption. In addition, the 

binding energies of boron molecules and atoms on Rh(111)-supported graphene and 

h-BN were calculated. For h-BN/Rh(111), the outcome of these calculations suggested that 

bromine molecules and atoms bind preferentially to boron atoms in the pores of the 

nanomesh (Figure 32) while wire adsorption was shown to be energetically unfavorable. 

A Bader charge analysis showed that the nanomesh is indeed polarized in such a way 

that the boron atoms are positively, and the nitrogen atoms are negatively charged, which 

we supposed to be the driving force for boron being the preferential adsorption site. In 

the case of graphene/Rh(111), the adsorption in the valleys was found to be more stable 

than on the hills. However, for both regions, negative binding energies were determined, 

indicating that valley as well as hill adsorption are energetically feasible. Collectively, 
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these observations matched the experimental results and provided a tangible explanation 

for the selectivity found for bromination of h-BN/Rh(111). 

 

Figure 32. Optimized structures of (a) molecular boron and (b) atomic boron bound in the pores of the 

h-BN/Rh(111) nanomesh. Boron, nitrogen, bromine and rhodium atoms are colored green, 

blue, orange and gray, respectively. Reproduced from [165] under license CC BY 4.0 DEED. 

© IOP Publishing. 

In the scope of the theoretical study, the pore adsorption of bromine on h-BN/Rh(111) 

was further investigated. Placing an increasing number of bromine molecules into the 

pores, we observed individual bromine molecules up to a coverage of 0.13 ML, bromine 

clusters (polybromides) for coverages > 0.13 ML and eventually wire adsorption and 

multilayer formation after reaching pore saturation at approximately 0.18 – 0.19 ML. 

Additionally, the desorption energetics of bromine were examined, revealing wire 

adsorption and multilayers to be thermally rather unstable. In terms of pore adsorption, 

a significantly higher thermal stability was found, which decreased with increasing pore 

coverage. These additional results regarding the adsorption of bromine in the h-BN pores 

were almost perfectly in line with our experimental findings. 

Finally, the adsorption behavior of bromine on the h-BN nanomesh was simulated by 

means of MD using a machine-learning force field. This represented a novel approach, 

demonstrating the possibility to perform MD of such expanded systems in a feasible 
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manner. The MD simulation also confirmed the pore selectivity of the bromine 

functionalization (Figure 33). 

 

Figure 33. MD simulation starting from (a) 40 bromine molecules placed above the empty pore and 

resulting in (b) pore adsorption and multilayer formation. Boron, nitrogen, bromine and 

rhodium atoms are colored green, blue, orange and gray, respectively. Reproduced from [165] 

under license CC BY 4.0 DEED. © IOP Publishing. 

The reactivity of Rh(111)-supported graphene and h-BN towards bromine was studied in 

vast detail using a combination of experimental and theoretical surface science tools. For 

the h-BN/Rh(111) nanomesh, selective covalent functionalization of the pores was 

achieved. The possibility to perform chemical modification of 2DMs in a selective way is 

key to the fine tuning of their unique properties and hence inevitable for their use in real-

world applications. 

Adapted from [165] under license CC BY 4.0 DEED. © IOP Publishing. 
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6 Summary and Outlook 

This cumulative dissertation is dedicated to fundamental surface science studies on the 

adsorption and reaction of small molecules on the Rh(111) single-crystal surface and 

Rh(111)-supported 2DMs under UHV conditions. Experimental and theoretical methods 

were combined to gather comprehensive insights on the molecular level, that is, to 

elucidate individual surface species, adsorption geometries, adsorption sites, long-range 

periodicity, thermally induced reaction pathways and thermal stabilities. Knowledge in 

this regard is helpful for the investigation of complex systems and to eventually 

understand and improve real-world industrial applications. The main technique used in 

the present work was synchrotron radiation-based high-resolution in situ XPS. 

Depending on the respective system under investigation, XPS was complemented by 

NEXAFS, LEED and/or theory. Four research articles (see Appendix A) constitute this 

dissertation: 

[P1] (see Chapter 4.1) dealt with the adsorption and thermally induced reaction of 

ethylene (C2H4) on Rh(111), studied in situ by means of XPS and TPXPS. Small 

hydrocarbons, such as ethylene, adsorbed on metal surfaces are insightful reference 

systems for heterogeneous catalysis as well as readily available precursors for graphene 

growth. At 140 K, ethylene adsorbed molecularly in a bridged configuration on identical 

surface sites, which was deduced from the C 1s spectrum acquired upon adsorption. In 

the TPXPS experiment, ethylene/Rh(111) was heated to 550 K, which was monitored by 

continuously recorded XP spectra in the C 1s core level. Reaction intermediates that 

evolved during the thermally induced reaction of ethylene were identified according to 

the vibrational fine structure of their XPS signals. Upon heating, ethylene remained stable 

up to approximately 200 K. At this temperature, a new surface species developed, which 

we assigned to ethylidyne (CCH3), adapting an up-standing adsorption geometry. 

Starting at about 350 K, ethylidyne decomposed to form methylidyne (CH) and carbides. 

Above 460 K, only carbides were observed to remain on the surface. The early 

decomposition to carbides represents a severe challenge since coking deactivates the 
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catalytic Rh(111) surface, which is undesirable for the design of rhodium-based real-

world catalysts. Also, in the case of CVD growth of graphene from ethylene, carbides are 

often observed as unwanted by-products, lowering the quality of the 2D layer. 

In [P2] (see Chapter 4.2), we studied the adsorption and reaction of borazine, a well-

established h-BN precursor, on Rh(111), aiming for a better understanding regarding the 

formation of the h-BN/Rh(111) nanomesh from the precursor borazine. At low 

temperatures (130 K), borazine adsorbed on Rh(111) mainly as an intact molecule, as we 

deduced from its spectral fingerprint in the B 1s and N 1s XP spectra. To learn about its 

adsorption geometry, NEXAFS measurements were employed, suggesting that borazine 

adsorbed flat-lying, i.e., the plane of the six-membered ring is oriented parallel to the 

Rh(111) surface. In addition, analysis of the Rh 3d spectra revealed a pronounced 

interaction between borazine and the rhodium surface, indicated by the adsorbate-

induced surface core level shift. After the investigation of the adsorption process, TPXPS 

in the B 1s core level was utilized to follow the thermally induced reaction of borazine on 

Rh(111) between 130 and 1100 K in situ. First, already below 200 K, borazine multilayers 

desorbed. Thereupon, molecular borazine and several borazine fragments were left on 

the surface. Exceeding room temperature, dehydrogenation of borazine and its fragments 

took place. Also, formation of disordered boron nitride set in, which became the 

dominant species above 500 K. Starting at approximately 650 K, we observed the 

evolution of the h-BN nanomesh. Except for small amounts of boron residues, borazine 

was fully converted to h-BN at 1100 K, which was confirmed by comparison to 

h-BN/Rh(111) prepared according to an established growth protocol.  

[P3] (see Chapter 4.3) combined XPS, LEED and DFT in a comprehensive study on the 

adsorption and thermal stability of elemental bromine on Rh(111), which shows the 

synergy of these methods in the surface science approach. The adsorption was followed 

at 170 K in situ in the Br 3d core level. At low coverages, only one bromine species 

appeared, which was, according to LEED and DFT, assigned to atomic bromine adsorbed 

on fcc hollow surface sites (binding to three rhodium atoms). Upon increasing the surface 
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coverage, a second, compression-induced bromine species, associated with bridge-bound 

atomic bromine (binding to two rhodium atoms), evolved. Additionally, a coverage-

dependent shift of the initial species to lower binding energies in the Br 3d spectrum 

indicated strong adsorbate-adsorbate interaction. In the TPXPS experiment, we found 

bromine on Rh(111) to be thermally very stable (up to 1000 K), which suggested strong 

covalent bonding. LEED was used to determine the long-range order of the bromine 

overlayer, which we found to be coverage-dependent: For coverages up to 0.33 ML, a 

(√3 × √3)R30° superstructure was observed while, for higher coverages from 0.33 to 

0.43 ML (= saturation coverage), more complex, star-shaped compression structures 

arose. For each observed LEED pattern, the real-space unit cell and corresponding surface 

coverage could be derived from XPS and LEED. Based on this, it was possible to visualize 

the real-space structures for different bromine coverages on Rh(111) by DFT calculations, 

which illustrate the compression-induced shift of atomic bromine from fcc hollow to 

bridge sites upon an increasing surface coverage. 

[P4] (see Chapter 5) addressed the reactivity of Rh(111)-supported h-BN and graphene 

towards elemental bromine. High-resolution XPS and TPXPS allowed for the in situ 

investigation of these systems, yielding a detailed insight on the molecular level. The 

distinct chemical modification of 2DMs paves the way for rational tailoring of their 

unique properties, which is crucial to access the full potential of 2DMs in future. For low-

coverage bromine adsorption on the h-BN/Rh(111) nanomesh at 170 K, we found selective 

functionalization of the pores with molecular bromine, confirming the template effect of 

the nanomesh. Immediately upon annealing, an on-surface reaction of molecular 

bromine to form polybromides was observed. The latter decomposed at about 240 K to 

bromide, which remained stable on the surface until its desorption at ∼ 640 K. Taking this 

high thermal stability into consideration, we suggested bromide to bind covalently to the 

pores of the nanomesh. Notably, the desorption temperature of bromide decreased for 

high pore coverages, indicating a diffusion-limited desorption mechanism at low 

coverages. Also, TPXPS proved bromine functionalization of h-BN/Rh(111) to be fully 

reversible. In the case of graphene/Rh(111), bromine adsorption at 170 K did not proceed 
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in a spatially selective manner. Annealing, moreover, revealed a rather low thermal 

stability of bromine adsorbed on the graphene/Rh(111) moiré (physisorption). To support 

and better understand the experimental findings, a DFT- and MD-based theoretical study 

was performed. The DFT-optimized structures of Rh(111)-supported graphene and h-BN 

showed a stronger buckling for the h-BN nanomesh than for the graphene moiré, that is, 

the pores and wires of h-BN strongly differ regarding their reactivity. In addition, 

adsorption energies for molecular and atomic bromine on the 2DMs were calculated. For 

the h-BN nanomesh, only adsorption in the pores was found to be energetically feasible, 

with the boron atoms being the preferential adsorption sites for bromine. The stronger 

corrugation of the nanomesh and the beneficial interaction of bromine with boron might 

serve as an explanation for the experimentally observed selectivity regarding bromine 

functionalization of h-BN/Rh(111). In a novel approach, MD using a machine-learning 

force field was used to simulate bromine adsorption on the h-BN nanomesh, also 

confirming its pore selectivity. 

Future work will focus on the synthesis, characterization and chemical modification of 

2DMs beyond graphene and h-BN. As a first step, our group aims at developing reliable 

strategies for the preparation of transition metal-supported phosphorene and borophene 

under UHV conditions by means of CVD and/or physical vapor deposition (PVD). To be 

more precise, we plan to grow phosphorene on Au(111) from an elemental phosphorus 

source. Borophene, on the other hand, might be prepared from borazine or elemental 

boron on an Ir(111) substrate. For these studies, we will use an UHV apparatus capable 

of ARPES, XPS, UPS and LEED (see Chapter 3.3). 
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7 Zusammenfassung und Ausblick 

Die vorliegende kumulative Dissertation befasst sich mit grundlegenden oberflächen-

wissenschaftlichen Studien der Adsorption und Reaktion von kleinen Molekülen auf der 

Rh(111)-Einkristalloberfläche und auf Rh(111) gewachsenen zweidimensionalen (2D) 

Materialien. Experimentelle und theoretische Methoden wurden kombiniert, um einen 

umfassenden Einblick in diese Systeme auf der molekularen Ebene zu erhalten, d.h. um 

einzelne Oberflächenspezies, Adsorptionsgeometrien, Adsorptionsplätze, die langreich-

weitige strukturelle Ordnung, thermisch induzierte Reaktionswege und thermische 

Stabilitäten aufzuklären. Diesbezügliche Erkenntnisse sind hilfreich für die Unter-

suchung komplexerer Systeme und, um schließlich reale industrielle Prozesse zu 

verstehen und zu verbessern. Im Rahmen dieser Arbeit wurde als experimentelle 

Methode hauptsächlich hochaufgelöste in situ Röntgenphotoelektronenspektroskopie 

(XPS) unter Verwendung von Synchrotronstrahlung angewandt. Abhängig vom unter-

suchten System wurden die XPS-Experimente durch Röntgen-Nahkanten-Absorptions-

Spektroskopie (NEXAFS), Beugung langsamer Elektronen (LEED) und/oder theoretische 

Berechnungen ergänzt. Die Dissertation umfasst vier Publikationen (siehe Anhang A): 

[P1] (siehe Kapitel 4.1) behandelte die Adsorption und thermisch induzierte Reaktion 

von Ethylen (C2H4) auf Rh(111), welche mittels XPS- und TPXPS-Messungen in situ 

untersucht wurden. Auf Metalloberflächen adsorbierte kleine Kohlenwasserstoffe wie 

zum Beispiel Ethylen sind aufschlussreiche Referenzsysteme für die heterogene Katalyse 

und zugleich leicht verfügbare Ausgangsmoleküle für die Präparation von Graphen. Bei 

140 K adsorbierte Ethylen molekular mit der Molekülachse parallel zur Oberfläche auf 

identischen Adsorptionsplätzen, was aus dem nach der Adsorption aufgenommenen 

C 1s-XP-Spektrum abgeleitet wurde. Im TPXPS-Experiment wurde das auf der Rh(111)-

Oberfläche adsorbierte Ethylen auf 550 K geheizt, wobei kontinuierlich C 1s-XP-Spektren 

gemessen wurden. Intermediate, die im Verlauf der thermisch induzierten Reaktion 

auftraten, wurden unter Bezugnahme auf die Schwingungsfeinstruktur ihrer XPS-

Signale identifiziert. Beim Erhitzen blieb Ethylen bis ca. 200 K stabil. Bei dieser 
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Temperatur entwickelte sich eine neue Spezies, welche wir Ethylidin (CCH3) in einer 

aufrechtstehenden Adsorptionsgeometrie zuordneten. Beginnend bei 350 K zerfiel 

Ethylidin unter Bildung von Methylidin und Carbiden. Ab 460 K befanden sich nur noch 

Carbide auf der Oberfläche. Der früh auftretende Zerfall zu Carbiden stellt eine große 

Herausforderung dar, da Verkokung die katalytische Rh(111)-Oberfläche deaktiviert, 

was eine praktische Anwendung Rhodium-basierter Katalysatoren stark erschwert. Auch 

beim CVD-Wachstum von Graphen ausgehend von Ethylen treten Carbide oft als 

ungewollte Nebenprodukte auf, wodurch die Qualität der 2D-Schicht vermindert wird. 

In [P2] (siehe Kapitel 4.2) untersuchten wir die Adsorption und Reaktion von Borazin, 

einem häufig verwendeten Ausgangsmolekül für die Synthese von h-BN auf Rh(111), mit 

dem Ziel ein besseres Verständnis bezüglich der Entstehung des h-BN/Rh(111)-

Nanomesh ausgehend von Borazin zu erhalten. Bei niedrigen Temperaturen (130 K) 

adsorbierte Borazin vorwiegend als intaktes Molekül auf Rh(111), was wir von seinem 

spektralen Fingerabdruck in den B 1s- und N 1s-XP-Spektren ableiten konnten. Um seine 

Adsorptionsgeometrie aufzuklären, wurden NEXAFS-Messungen durchgeführt, welche 

zeigten, dass Borazin flach auf der Rh(111)-Oberfläche adsorbierte. Darüber hinaus zeigte 

eine Analyse der Rh 3d-XP-Spektren, dass Borazin stark mit der Rhodium-Oberfläche 

wechselwirkte, da ein ausgeprägter Adsorbat-induzierter Peak beobachtet wurde. Nach 

der umfassenden Untersuchung des Adsorptionsprozesses, wurde die thermisch 

induzierte Reaktion von Borazin auf Rh(111) zwischen 130 und 1100 K mittels TPXPS im 

B 1s-Bereich in situ verfolgt. In Multilagen adsorbiertes Borazin desorbierte bereits unter 

200 K. Daraufhin blieben molekulares Borazin und einige Borazin-Fragmente auf der 

Oberfläche zurück. Oberhalb von Raumtemperatur kam es zu Dehydrierung von Borazin 

und seinen Fragmenten. Zudem setze die Bildung von ungeordnetem Bornitrid ein, 

welches bei Temperaturen über 500 K zur dominierenden Spezies wurde. Beginnend bei 

⁓ 650 K beobachteten wir die Entstehung des h-BN-Nanomesh. Bei 1100 K war Borazin 

vollständig zu h-BN umgesetzt worden mit Ausnahme geringer Mengen an Bor. Dies 

wurde durch den Vergleich mit h-BN/Rh(111), das gemäß eines etablierten 

Syntheseweges hergestellt wurde, bestätigt. 
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[P3] (siehe Kapitel 4.3) kombinierte XPS, LEED und DFT-Berechnungen für eine 

ausführliche Untersuchung der Adsorption und thermischen Stabilität von elementarem 

Brom auf Rh(111), was die Synergie dieser Methoden hinsichtlich dieser Art von 

Untersuchungen unterstrich. Die Adsorption wurde bei 170 K in situ im Br 3d-Bereich 

verfolgt. Bei niedrigen Bedeckungen, erschien nur eine Brom-Spezies, welche unter 

Berücksichtigung der LEED- und DFT-Ergebnisse Bromatomen zugeordnet wurde, die 

„fcc hollow“-Adsorptionsplätze (Bindung zu drei Rhodium-Atomen) besetzten. Eine 

zunehmende Oberflächen-Bedeckung führte aufgrund von Kompression zu einer 

zweiten Brom-Spezies, welche Bromatomen auf „bridge“-Adsorptionsplätzen (Bindung 

zu zwei Rhodium-Atomen) zugeschrieben wurde. Zusätzlich wurde ein bedeckungs-

abhängiger Verschub der ersten Brom-Spezies zu niedrigeren Bindungsenergien im 

Br 3d-Spektrum beobachtet, was auf starke Adsorbat-Adsorbat-Wechselwirkungen 

hindeutete. Im TPXPS-Experiment stellten wir fest, dass Brom auf Rh(111) thermisch sehr 

stabil ist (bis zu 1000 K). Daraus wurde geschlossen, dass Brom kovalent zur Rh(111)-

Oberfläche bindet. LEED wurde verwendet, um die langreichweitige Ordnung der 

adsorbierten Brom-Schicht zu bestimmen, wobei diese abhängig von der jeweiligen 

Oberflächenbedeckung war: Für Bedeckungen bis zu 0.33 ML wurde eine (√3 × √3)R30°-

Überstruktur gefunden, während sich für höhere Bedeckungen von 0.33 bis 0.43 ML 

(= Sättigungsbedeckung) komplexere, sternförmige Kompressions-Strukturen heraus-

bildeten. Für jedes beobachtete LEED-Muster konnten mittels XPS und LEED die 

Realraum-Einheitszellen und die zugehörigen Oberflächenbedeckungen bestimmt 

werden. Darauf basierende DFT-Berechnungen führten zu den Realraum-Strukturen für 

verschiedene Brom-Bedeckungen auf Rh(111), welche die bei steigender Bedeckung 

auftretende kompressionsbedingte Verdrängung der Brom-Atome von „fcc hollow“- zu 

„bridge“-Adsorptionsplätzen veranschaulichte. 

[P4] (siehe Kapitel 5) befasste sich mit der Reaktivität von h-BN und Graphen auf Rh(111) 

gegenüber elementarem Brom. Hochaufgelöste XPS- und TPXPS-Messungen 

ermöglichten die in situ-Untersuchung dieser Systeme und damit einen detaillierten 

Einblick auf molekularer Ebene. Die gezielte chemische Modifikation von 2D-Materialien 
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ermöglicht die rationale Anpassung ihrer einzigartigen Eigenschaften, wodurch künftig 

das volle Potential von 2D-Materialien ausgeschöpft werden könnte. Die Adsorption von 

niedrigen Brom-Bedeckungen auf dem h-BN/Rh(111)-Nanomesh bei 170 K führte zu 

selektiver Funktionalisierung der Poren mit molekularem Brom, wodurch der erwartete 

„Template-Effekt“ des Nanomesh bestätigt wurde. Im Rahmen des TPXPS-Experiments 

wurde das Brom-funktionalisierte h-BN bis 800 K geheizt. Unmittelbar zu Beginn 

reagierte molekulares Brom unter der Entstehung von Polybromiden. Letztere zerfielen 

bei ungefähr 240 K zu Bromid, welches bis zu seiner Desorption bei ca. 640 K auf der 

Oberfläche stabil blieb. Diese hohe thermische Stabilität unterstützte die Annahme, dass 

das Bromid kovalent zu den Poren des Nanomesh bindet. Interessanterweise nahm die 

Desorptionstemperatur bei steigender Bedeckung in den Poren ab, was auf einen 

diffusionslimitierten Desorptionsmechanismus bei niedrigen Bedeckungen hinwies. 

TPXPS zeigte auch, dass die Brom-Funktionalisierung von h-BN/Rh(111) vollständig 

reversibel ist. Im Falle von Graphen auf Rh(111) verlief die Brom-Adsorption bei 170 K 

nicht räumlich selektiv. Zudem offenbarten TPXPS-Experimente eine niedrigere 

thermische Stabilität von auf Graphen/Rh(111) adsorbiertem Brom (Physisorption). Als 

Ergänzung zu den experimentellen Ergebnissen und, um weitere Einblicke zu erhalten, 

wurde eine auf DFT und MD basierende theoretische Studie ausgeführt. Die DFT-

optimierten Strukturen von Graphen und h-BN auf Rh(111) zeigten eine deutlichere 

Wellung für h-BN als für Graphen, d.h. die tiefer und höher liegenden Regionen des 

Nanomesh unterscheiden sich vermutlich stark hinsichtlich ihrer Reaktivität. Des 

Weiteren wurden Adsorptionsenergien für molekulares und atomares Brom auf den 2D-

Materialien berechnet. Im Falle des h-BN-Nanomesh war nur die Adsorption in den 

Poren energetisch möglich, wobei sich die Boratome als die bevorzugten 

Adsorptionsplätze für Brom herausstellten. Die stärkere Wellung und die vorteilhafte 

Wechselwirkung von Brom mit Bor könnten die experimentell beobachtete Selektivität 

der Brom-Funktionalisierung von h-BN/Rh(111) erklären. In einem neuartigen Ansatz, 

wurde MD unter Verwendung eines „machine-learning force field“ genutzt, um die 
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Adsorption von Brom auf dem h-BN-Nanomesh zu simulieren, was ebenfalls die Poren-

Selektivität bestätigte. 

Die zukünftige Forschung unsere Arbeitsgruppe wird sich auf die Synthese, 

Charakterisierung und chemische Modifizierung von 2D-Materialien jenseits von 

Graphen und h-BN konzentrieren. Dafür zielen wir zunächst darauf ab, zuverlässige 

Strategien für die Präparation von Phosphoren und Borophen auf Übergangsmetall-

Oberflächen unter UHV-Bedingungen mittels CVD und/oder PVD zu entwickeln. 

Genauer gesagt planen wir Phosphoren-Wachstum ausgehend von einer elementaren 

Phosphor-Quelle auf Au(111). Borophen dagegen könnte ausgehend von Borazin oder 

elementarem Bor auf einem Ir(111)-Substrat synthetisiert werden. Für diese 

Untersuchungen werden wir eine UHV-Apparatur verwenden, die über winkel-

aufgelöste Photoelektronenspektroskopie (ARPES), XPS, Ultraviolettphotoelektronen-

spektroskopie (UPS) und LEED verfügt (siehe Kapitel 3.3). 
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Figure 34. Sample holder. Drawings by Bernd Kreß. 
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Figure 35. Clampdisc to fixate the sample. Drawings by Bernd Kreß. 
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Figure 36. Spacers for thin/thick samples. Drawings by Bernd Kreß. 
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Figure 37. Cooling lance. Drawings by Bernd Kreß. 
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Figure 38. Cooling lance end piece. Drawings by Bernd Kreß. 
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Figure 39. Bakeout blankets for the “ARPES chamber”: Front, right, left, back, top and analyzer. 

Drawings by Eva Marie Freiberger. 
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Figure 40. Bakeout blankets for the “ARPES chamber”: Manipulator. Drawings by Eva Marie Freiberger. 

 


