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Abstract: The thesis investigates the adsorption and thermal stability of 

phenylphosphonic acid (PPA) on Cu(111) and cerium oxide films of different 

stoichiometry, composition, and morphology. A combination of advanced analytical 

methods based mostly on photoelectron spectroscopy and DFT calculations showed 

that the binding of PPA to the selected inorganic substrates is generally through the 

phosphonate group, while the decomposition temperature and mechanism are defined 

by the type of material. The influence of the molecular coverage and deposition 

techniques on the stability of the PPA adlayers on cerium oxide was also evaluated. 

PPA was found to improve the oxidation resistance of Cu(111) in the ambient 

atmosphere and to inhibit the surface reduction of polycrystalline cerium oxide films 

during thermal treatment. Overall, the results provide a comprehensive understanding 

of the binding of PPA to copper and cerium oxide, allowing further development of 

functionalization strategies for inorganic materials by phosphonic acids. 
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Abstrakt: Práce se zabývá adsorpcí a tepelnou stabilitou kyseliny fenylfosforečné 

(PPA) na povrchu Cu(111) a vrstev oxidu ceru o různé stechiometrii, složení a 

morfologii. Kombinace pokročilých analytických metod založených především na 

fotoelektronové spektroskopii a DFT výpočtech ukázala, že vazba PPA na vybrané 

anorganické substráty probíhá obecně přes fosforylovou skupinu, zatímco teplota a 

mechanismus rozkladu jsou určeny typem materiálu. Byl také vyhodnocen vliv 

molekulárního pokrytí a depozičních technik na stabilitu PPA na oxidu ceru. Bylo 

zjištěno, že PPA zvyšuje odolnost proti oxidaci Cu(111) v okolní atmosféře a zabraňuje 

povrchové redukci polykrystalických vrstev oxidu ceru při tepelném zpracování. 

Celkově výsledky umožňují komplexní pochopení vazby PPA na měď a oxid ceru, což 

je nezbytné pro další vývoj strategií funkcionalizace anorganických materiálů pomocí 

derivátů kyseliny fosforečné. 
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1 Introduction 

 

Hybrid materials, the combination of organic and inorganic substances, are vital 

in driving technological advancements. New mechanically and thermally stable 

materials can be created by taking advantage of both substances and their synergistic 

combination. [1,2] In addition, it is possible to obtain materials with specific electrical 

and optical properties suitable for a wide range of applications spanning from 

electronic devices to biomedical nanotechnologies. [1–5] The efficient design of 

hybrid materials requires an understanding not only of the properties of each 

substance, but also of the interface between them. The interface is particularly 

important when considering the organic molecules on inorganic substances as hybrid 

materials themselves, or as possible linkers in the formation of more complex 

composites. The interface is often modelled using simplified systems where the 

organic molecules are adsorbed onto thin films of the inorganic material. In this work, 

molecular bonding to the surface of materials was studied in a controlled environment 

using the model approach. Phenylphosphonic acid (PPA) was chosen as the organic 

molecule. By systematically varying the inorganic substrate, valuable insights can be 

gained into how molecular bonding affects the properties of the hybrid model system. 

 

1.1  Application of the phosphonic acids in 

organic/inorganic interfaces 

 

Knowledge of organic/inorganic interfaces is crucial for the development of 

advanced materials, especially for nanotechnology and novel components for organic 

electronics. The strong interaction of the organic molecules with the inorganic 

substrate, typically metal or metal oxide, is one of the essential requirements to create 

a stable and functional hybrid system. Phosphonic acids are promising molecular 

modifiers of inorganic substrates due to the strong affinity of the phosphonate group 

(PO(OH)2) with metal oxides. [6–8] Once bound, phosphonic acids show excellent 

stability during the thermal treatment [9–11] and under different conditions. [12–15] 

Depending on the structure of the organic group (R) attached to the phosphonate group 



8 

 

(Fig. 1.1.1), the properties of inorganic substrates can be modified, or new materials 

with unique properties can be created.  

In particular, the phosphonic acids with dipolar organic groups can change the 

work function of inorganic substrates depending on their orientation (Fig. 1.1.1, a), i.e. 

the direction of the dipole moment μ. [16,17] For instance, the presence of a dipolar 

phosphonic acid adlayer allows the work function of indium tin oxide (ITO) to be 

tuned in the 1 eV range. [16,17] Tuning the work function aligns the interfacial energy 

level between the ITO electrode and the organic electron donor layer, resulting in 

improved performance of organic electronic devices. [18–21] 

 

 

Figure 1.1.1: Schematic illustration of the application of phosphonic acids at 

organic/inorganic interface. Tuning of the ITO a) work function [17] and b) surface 

energy [22] after functionalization with dipolar and hydrophobic phosphonic acids, 

respectively. Synthesis of c) multifunctional Fe3O4 nanoparticles with NH2-terminated 

phosphonic acids for cancer treatment [23] and fabrication of d) flexible field-effect 

transistors based on phosphonic acids with perylene core in the organic group. [24] 

Further details are given in the text. 

 

Phosphonic acids with hydrophobic, hydrophilic, or amphiphilic organic groups 

can significantly influence the interaction of the inorganic substrate with its 

surrounding environment. The hydrophobic phosphonic acids deposited on the 
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hydrophilic surface improve the adhesion of the hydrophobic organic charge carrier 

layer [22] due to the lower ITO surface energy after modification (Fig. 1.1.1 b). [22,25] 

This increases the rate of charge transport between the layers [26] and the stability of 

the organic film. [22] In addition, the alkyl phosphonic acids deposited on metal or 

metal alloys act as a barrier between the inorganic substrate and the media, inhibiting 

corrosion of the metal surface. [27–32] Phosphonic acids have also been used in the 

fabrication of flexible filed-effect transistors (Fig. 1.1.1 d), which act as a charge 

carrier layer. [24] 

Another application of phosphonic acids is the stabilization of the metal [33] and 

metal oxide nanoparticles [34–37] in different solvents. When functionalized with 

hydrophobic/amphiphilic [34,35] or hydrophilic [33,36] phosphonic acids, the 

nanoparticles demonstrate colloidal stability in organic solvents or aqueous media over 

a wide pH range, [36] respectively. In addition, stability in cell culture media can be 

achieved, which has been demonstrated for CeO2 nanoparticles modified with 

polyethylene glycol molecules adsorbed through the phosphonate group. [37] The 

functionalization preserves the original properties of the untreated nanoparticles. 

[36,37] 

NH2-terminated phosphonic acids can be used as linkers to attach other organic 

molecules with specific functionalities to the inorganic substrate. This opens up the 

potential to develop biosensing devices, where the target antigens are attached to NH2-

terminated phosphonic acids, enabling the detection of viruses, cancer biomarkers and 

proteins. [38] In other studies, Fe3O4 nanoparticles functionalized with NH2-

terminated phosphonic acids served as a multifunctional platform for cancer treatment 

applications (Fig. 1.1.1 c). [23,39] Several functional molecules can be attached via 

amine moieties. Polyethylene glycol and folic acid (PEG and FA in Fig. 1.1.1 c) make 

the nanoparticles biocompatible and specific for tumor cells, respectively. [23] The 

tetraphosphonate cavitand (Tiiii in Fig. 1.1.1 c) traps the drugs which are later released 

into the tumor cells. [23] The attached fluorescent carboxy-X-rhodamine probe (Rhod 

in Fig. 1.1.1 c) allows the luminescence detection of nanoparticles during their uptake 

into the tumor cells. [23] Phosphonic acids are also used in the construction of 

bioelectrodes, [40] antibacterial coatings of the implants [41] and nanoparticles. [42] 

PPA is of particular interest because of its simple structure, consisting of a 

phosphonate group and a phenyl ring as the organic moiety (Fig. 1.1.2), and the ease 

with which it can be deposited on inorganic substrates. [10,11] PPA has been 



10 

 

extensively used to study the formation of interfaces between phosphonic acids and 

metal oxides. [10,11,43–46] This work shows how PPA can be used to functionalize 

copper and cerium oxide substrates, protecting copper from oxidation and cerium 

oxide from reduction. 

 

 

Figure 1.1.2: Schematic structure of phenylphosphonic acid (C6H5PO(OH)2). Black, 

violet, red, and white balls correspond to carbon, phosphorus, oxygen, and hydrogen 

atoms, respectively. [47] 

 

1.2  Properties and structure of copper and cerium 

oxide as inorganic substrates  

 

Copper has been an important metal for human use since ancient times due to its 

natural abundance. Today, copper is an essential part of the automotive and 

construction industries, mainly due to its exceptional thermal and electrical 

conductivity. [48] Beyond these traditional applications, new areas are emerging where 

the properties of copper can be further exploited. For instance, nanoforms of copper 

are being used to create transparent conductive films [49] or conductive inks [50] and 

can serve as a low-cost alternative to noble metals. Copper is also known for its 

catalytic activity in hydrocarbon production [51] and its antimicrobial activity in 

medical applications. [52] 

The copper unit cell has a face-centered cubic structure and contains 4 Cu atoms 

(Fig. 1.2.1 a); the lattice constant is 0.361 nm. [48] The Cu(111) surface consists of 

closed-packed Cu atoms arranged in a hexagonal pattern (Fig. 1.2.1 b). The epitaxial 
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films of Cu(111) have been extensively used in model studies of the electrochemical 

reduction of carbon oxides [53,54] Cu(111) is also used as a substrate for the growth 

of epitaxial thin films of metal oxides such as Mn3O4, [55] NiO, [56] ZnO, [57] CoO 

[58] and cerium oxide. [59] 

 

 

Figure 1.2.1: a) The unit cell of the Cu crystal with the (111) plane shown (orange 

triangle) and b) the structure of Cu(111) in top and side views. Each layer of copper 

has a different color. [60] The hexagonal surface structure is outlined in red. 

 

Another part of the thesis is dedicated to cerium oxide, a lanthanide metal oxide. 

The unique properties of cerium oxide derive from its ability to be stable in both 

trivalent (Ce3+ with partially filled 4f orbitals) and tetravalent (Ce4+ with empty 4f 

orbitals) states, whereas other lanthanide metal oxides are only stable in the trivalent 

state. Cerium cations can change their oxidation state from 3+ to 4+ in response to 

electronic interaction or oxygen exchange with media. As a result, cerium oxide has 

high catalytic activity, which is used to remove air pollutants, [61] reform 

hydrocarbons [62] and produce hydrogen. [63] Its catalytic properties also have a great 

potential for biomedical applications. For instance, cerium oxide can release oxygen, 

promote oxidative stress in the tumor cells, leading to their death, and neutralize 

oxygen-reactive species, protecting healthy cells. [64]  

The structure of cerium oxide is defined by the stable states of the Ce cations, 

resulting in fully oxidized CeO2 and fully reduced Ce2O3 ionic crystals. The unit cell 

of the CeO2 crystal has a fluorite structure with 4 Ce4+ cations and 8 O2- anions; the 
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lattice constant is 0.541 nm (Fig. 1.2.2 a). [65] The Ce4+ cations are arranged in a face-

centered cubic structure, while the O2- anions are embedded between the Ce cations in 

a simple cubic arrangement. The unit cell of the Ce2O3 crystal has a cubic structure 

and contains 16 Ce3+ cations and 24 O2- anions. This unit cell can be represented as 4 

CeO2 unit cells with the volume increased by 1.5% and every fourth oxygen atom 

removed. [66,67] 

 

 

Figure 1.2.2: a) The unit cell of the CeO2 crystal with Ce4+ cations (yellow) and O2- 

anions (red); the (111) plane is indicated by the purple triangle, and b) the structure of 

CeO2(111) in top and side views. Surface and subsurface oxygen anions are colored 

light and dark blue, respectively. [60] The hexagonal structure is outlined in red. 

 

The CeO2(111) surface has a hexagonal structure formed by three layers (O2- - 

Ce4+ - O2-) as shown in Figure 1.2.2 b and is considered to be the most stable and the 

least reactive of the other low index CeO2 surfaces. [65] The Ce2O3(111) surface has 

the same hexagonal structure and contains surface and subsurface oxygen vacancies 

that can be ordered by the proper preparation. [68] The oxygen vacancies act as active 

catalytic sites, making Ce2O3(111) more reactive than CeO2(111). [69] 

The preparation of cerium oxide epitaxial thin films requires an ultra-high 

vacuum (UHV) to ensure the purity and quality of the deposited material. The UHV 

environment minimizes the presence of residual species that could cause undesirable 

reactions during film growth. In the thesis, several in situ substrates Cu(111), fully 

oxidized CeO2(111)/Cu(111), fully reduced Ce2O3(111)/Cu(111), partially reduced 
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CeO1.7/Cu(111), Ce6WO12(100)/W(110), and ex situ polycrystalline CeO2 (pCeO2) 

films on glassy carbon (GC) substrate were prepared and used for model studies.  

 

1.3  Adsorption and stability of phosphonic acids on 

metal and metal oxide surfaces 

 

Phosphonic acids (R-PO(OH)2) are composed of an organic moiety (R) and a 

phosphonate group linked by a P-C bond. The phosphonate group has one P=O bond 

and two P-OH bonds. Adsorption of phosphonic acids on an inorganic substrate can 

lead to the formation of strong (chemisorption) or weak (physisorption) bonds. 

Chemisorption of phosphonic acids occurs through the phosphonate group and the 

formation of up to three strong bonds with the substrate, resulting in mono-, bi-, and 

tridentate binding modes (Fig. 1.3.1). These bonds can be formed either with the same 

substrate adsorption site (Fig. 1.3.1 f-h) or with different sites (Fig. 1.3.1 c-e), resulting 

in chelating and bridging binding modes, respectively. The formed bonds are thermally 

stable and can remain on metal oxides even after 500 °C. [9,11] Physisorption of 

phosphonic acids occurs through weak forces, e.g. van der Waals (vdW) interactions, 

with an inorganic substrate or a molecular adlayer. The physisorbed phosphonic acids 

typically desorb at temperatures around 100 °C. [11,70] Due to the difficulty in 

determining the molecular bonding in the composite systems, many model studies 

have focused on the adsorption of phosphonic acids under UHV conditions on ordered 

metal and metal oxide surfaces. [10,11,43–46,70,71] 

There are only a few studies on the adsorption of phosphonic acids on the 

ordered surfaces of metals. Yagyu et al. showed that PPA can only be physisorbed on 

Au and Pt metals, without any preferential adsorption geometry, due to weak metal-O 

bonds. [70] The DFT study of vinylphosphonic acid (H3C2PO(OH)2) on the Al(111) 

surface showed that the bridging tridentate is the most stable binding mode of the 

molecule. [72] The initial adsorption involved the P=O coordination to the Al surface 

atom, followed by the deprotonation of two P-OH bonds and hydrogen release 

resulting in the formation of three P-O-Al bonds. [72]  
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Figure 1.3.1: Different binding modes for a phosphonic acid adsorbed on a surface: (a, 

b) monodentate, (c, d) bridging bidentate, (e) bridging tridentate, (f, g) chelating 

bidentate, (h) chelating tridentate and (i) possible binding involving the formation of 

a hydrogen bond. [22] 

 

Model studies of the adsorption of the phosphonic acids on metal oxides have 

shown that the molecular binding depends on the surface structure, [11,43–46,71,73–

75] the presence of oxygen vacancies, [44,76] the molecular coverage, [43,45,46] and 

the deposition technique. [10,16,77,78] The surface structure of the oxide determines 

the concentration of adsorption sites, their arrangement and accessibility to the 

phosphonate groups. For example, the influence of the surface structure has been 

experimentally demonstrated in Refs. [43,45], where the adsorption of low coverage 

deuterated PPA (DPPA, C6H5PO(OD)2) on epitaxial thin films of CoO(100), 

CoO(111), and Co3O4(111) was studied. On the CoO(100) surface with the highest 

concentration of Co2+ adsorption sites, DPPA adsorbed on three Co2+ cations resulted 

in a bridging tridentate binding. [45] For the Co3O4(111) surface, DPPA adsorbed on 

only one Co2+ cation in a chelating tridentate geometry due to the low concentration 

of Co2+ cations on the surface. [43] Finally, on CoO(111), the O-terminated surface 

partially covers the underlying Co2+ cations, making them less accessible to the 

phosphonate groups and limiting DPPA adsorption to the bridging bidentate 

configuration. [45] The DFT studies of the adsorption of phosphonic acid (HPO(OH)2) 

on rutile TiO2(110) [73] and anatase TiO2(101) [73,74] predicted that the molecular 

bonding is limited only by mono- and bidentate modes due to the low concentration of 

5-fold coordinated Ti adsorption sites. The tridentate bridging configuration was found 
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to be unstable due to the geometric constraints of the third P-O-Ti bond. [73,74] The 

chelating binding mode was also shown to be impossible, as the 5-fold coordinated Ti 

adsorption site has only one unsaturated bond. [74] The findings were later confirmed 

experimentally, where the mono- and/or bidentate binding modes of various 

phosphonic acids were observed on rutile TiO2(110) [11,44,71] and anatase TiO2(101). 

[46,75]  

The presence of oxygen vacancies provides additional adsorption sites for 

molecules. This has been demonstrated in the DFT study of PPA adsorption on clean 

and oxygen-deficient WO3(001) surfaces. [76] Due to the low concentration of 5-fold 

coordinated W sites, only the monodentate binding mode of PPA was found to be stable 

on the clean surface. [76] On the oxygen- deficient WO3(001) surface, the created 

oxygen vacancy was filled with O from the phosphonate group and a stable bidentate 

configuration of PPA was obtained with lower adsorption energy compared to the clean 

surface. [76] The influence of oxygen vacancies on molecular binding was also 

observed experimentally during the annealing of sub-monolayer PPA on rutile 

TiO2(110). [44] PPA molecules initially adsorbed in a bridging bidentate configuration. 

Annealing at 225 °C created vacancies due to water desorption, which were filled with 

subsequent Ti-O-P bond formation, changing the PPA bonding to a mixed bridging bi-

/tridentate. [44] 

Another parameter affecting phosphonic acid bonding is the availability of 

adsorption sites. As the monolayer (ML) approaches completion, i.e. more and more 

adsorption sites are filled, fewer bonds are formed for each adsorbed molecule, mainly 

due to geometric constraints. This has been observed, for example, for different 

coverages of PPA on anatase TiO2(101) [46] and DPPA on Co3O4(111). [43] In 

particular, for the PPA/TiO2(101) system, increasing the coverage from 0.15 to 0.85 

ML resulted in a change in the adsorption geometry from bridging bidentate to a 

mixture of mono-/bidentate configurations. [46] In the case of DPPA on Co3O4(111), 

the binding is chelating tridentate at low coverage and chelating bidentate at high 

coverage. [43] In contrast, a change from bridging bidentate to bridging tridentate 

binding of DPPA on CoO(111) was observed with increasing coverage due to surface 

reconstruction. [45]  

The deposition technique used to functionalize the surface can also affect the 

bonding of phosphonic acids. In situ functionalization by physical vapor deposition of 

molecules minimizes the contribution of contamination during preparation and 
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provides a cleaner and more controlled environment, although molecular integrity 

during evaporation is essential. Ex situ deposition, where the substrate is immersed in 

an aqueous or organic solution of phosphonic acids, is more common and does not 

require the specific conditions as for an in situ deposition. However, it can be sensitive 

to the preparation routine [16,77,78] or can alter the surface composition. [10] For 

instance, immersing a ZnO crystal in the 0.1 mM ethanolic PPA solution introduces 

surface OH- groups, which in turn increase the deprotonation rate of adsorbed PPA 

molecules. [10] Furthermore, the amount of PPA molecules in tridentate binding 

increased by 20% compared to a similar in situ deposited adlayer. [10]  

In addition to identifying the adsorption geometry, coverage, etc., the thermal 

stability of the molecular layers is often probed by annealing of the model system. [9–

11,44] Thermal treatment can alter the bonding between the phosphonic acid adlyer 

and the substrate [11,44] or induce decomposition. [9,10] Annealing can also trigger 

the desorption of surface hydroxyl groups from the oxide surface [11] and/or the 

formation of vacancies, [44] which provide additional adsorption sites for molecules. 

When the critical temperature is reached, the decomposition is typically initiated by 

the P-C bond scission between the phosphonate group and the organic moiety [10] or 

by breaking the bonds within the organic group. [9]  

 

1.4 Goals and structure of the thesis 

 

The thesis is devoted to the study of the interaction of PPA molecules with copper 

and cerium oxide substrates. The aim is to deepen the understanding of how 

phosphonic acids bind to inorganic surfaces. PPA has been chosen as a phosphonic 

acid with a simple structure that is commonly used to study the interaction of the 

phosphonate group with various model surfaces. [10,11,44,46] Copper and cerium 

oxide were chosen because of their different nature; copper is a conductor with unique 

electronic properties, while cerium oxide is a semiconductor with a wide range of 

catalytic activities. Furthermore, from an experimental point of view, the PPA/Cu(111) 

system, which is easier to prepare and characterize, is a reference system for the more 

complex case of PPA deposited on different cerium oxide films. Functionalization of 

selected substrates with phosphonic acids has the potential to advance hybrid materials 

for applications in organic electronics and biomedicine. Studying complex real-world 
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systems can be challenging; therefore, the use of simplified model systems provides 

valuable insights into substrate-molecule interactions under controlled conditions. 

Thus, the study provides a detailed analysis of PPA bonding and its thermal stability 

on Cu(111) surface and cerium oxide films of different structure, stoichiometry, and 

composition, as well as the effect of the deposition technique on the molecular adlayer 

properties. In addition, the work demonstrates the potential applications of PPA against 

copper oxidation and cerium oxide reduction. 

The results of the study are presented in two chapters (Chapter 3.1 and Chapter 

3.2). Chapter 3.1 is dedicated to the adsorption, thermal stability (Chapter 3.1.1) and 

protective properties (Chapter 3.1.2) of PPA molecules on the Cu(111) surface. The 

PPA molecules were adsorbed onto the Cu(111) surface by physical vapor deposition 

from the Knudsen cell in UHV. The PPA adlayers were thermally treated from 25 to 

500 °C (Chapter 3.1.1) and exposed to air (Chapter 3.1.2). The surface electronic 

structure was analyzed at different experimental steps using synchrotron radiation 

photoelectron spectroscopy (SRPES) and near edge X-ray absorption fine structure 

spectroscopy (NEXAFS) (see Chapter 2 for details on experimental techniques and 

data treatment procedure). In combination with density functional theory (DFT) 

calculations, the reaction pathway of PPA on Cu(111) during the annealing was 

proposed. The protective properties of PPA (Chapter 3.1.2) against Cu(111) oxidation 

were demonstrated. 

In Chapter 3.2, the adsorption and thermal stability of PPA were investigated on 

cerium oxide films of different stoichiometry, composition (Chapter 3.2.1), and 

morphology (Chapter 3.2.2) using different deposition techniques (Chapter 3.2.2). In 

addition to the spectroscopies mentioned above, the systems were characterized by 

resonant photoelectron spectroscopy (RPES) and X-ray photoelectron spectroscopy 

(XPS) to observe the changes in the oxidation state of the cerium cations on the surface 

and in the subsurface regions, respectively. Thermal treatment was carried out by 

annealing from 25 to 450 °C. In Chapter 3.2.1, CeO2(111), Ce2O3(111), CeO1.7, and 

Ce6WO12(100) films were used as substrates for the PPA deposition in UHV. The fully 

oxidized CeO2(111) and fully reduced Ce2O3(111) films represent the two stable forms 

of cerium oxide without and with oxygen vacancies, respectively. The partially 

reduced CeO1.7 film contains both Ce3+ and Ce4+ cations with oxygen vacancies. The 

Ce6WO12(100) mixed oxide film has a different surface composition and structure, 

with Ce3+ cations in a square arrangement and no oxygen vacancies. The PPA binding 



18 

 

geometry was found to be independent of the surface structure, stoichiometry, and 

composition of the oxide substrate. The role of oxygen vacancies and Ce3+ cations in 

the thermal stabilization of the PPA adlayer was demonstrated. In the Chapter 3.2.2, 

the ex situ pCeO2 films prepared by non-reactive magnetron sputtering on GC 

substrate were used as substrates for the PPA UHV deposition and deposition from 

aqueous solution in a glove bag. It has been shown that PPA adsorbs on the cerium 

oxide surface independently of the surface morphology and deposition technique. The 

critical effect of molecular coverage and the presence of water during the deposition 

on the thermal stability of the PPA adlayer was demonstrated. The protective properties 

of PPA deposited from water solution on the polycrystalline cerium oxide film were 

also observed and discussed. 
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2 Description of the experimental techniques 

and data treatment procedure  

 

This chapter describes the techniques used in the study, including theoretical 

descriptions and experimental details of the following methods: SPRES, XPS, RPES, 

NEXAFS, and low-energy electron diffraction (LEED). The details of the DFT 

calculations for the PPA/Cu(111) system are also included. In addition, the procedures 

for the in situ and ex situ preparation of cerium oxide films, the deposition of PPA 

molecules and the analysis of the data obtained are discussed. 

 

2.1 Photoelectron spectroscopy  

 

Photoelectron spectroscopy (PES) is an analytical experimental technique for 

determining the composition and the electronic structure of solids. It is based on the 

detection of photoelectrons generated by the photoelectric effect, a phenomenon 

originally discovered by Hertz in 1887. [79] His experiments involved observing 

voltage changes between two metal plates when one was exposed to ultraviolet light. 

Lenard then provided further insight by attributing these voltage changes to charged 

particles emitted from the surface under light irradiation. [80] Later, in 1905, Einstein 

theoretically established a crucial relationship between the maximum kinetic energy 

(KE) 𝐸𝑘𝑖𝑛
𝑚𝑎𝑥 of the emitted photoelectrons and the energy ℎ𝑣 of the incident photons: 

[81] 

𝐸𝑘𝑖𝑛
𝑚𝑎𝑥 = ℎ𝑣 −  𝜑, 

where 𝜑 is the work function of the sample. 

In PES, we analyze photoelectrons with relatively low KE, typically up to 1000 

eV, generated during photoemission. This process is described by a three-step model: 

1) The initial excitation and subsequent emission of an electron of binding 

energy (BE) 𝐸𝑏 by the absorption of a photon of energy ℎ𝑣. 

2) Transition of the emitted photoelectron from an atom to the surface. 
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3) Emission of the photoelectron from the surface by overcoming the work 

function of the sample and the subsequent detection by an electron energy analyzer 

according to the KE 𝐸𝑘𝑖𝑛 of the photoelectron. 

 

Figure 2.1.1: The schematic illustration (left) of the spectrometer with (right) the 

energy diagram of the photoemission process. 

 

A photoelectron spectrometer consists of a primary radiation source, a grounded 

sample, and a hemispherical electron energy analyzer, as shown in Figure 2.1.1. The 

detected photoelectrons form a spectrum, which represents an electronic structure of 

the sample, i.e. its occupied electronic levels. The spectrum is a plot of the intensity of 

the photoelectrons versus their BE, which is calculated using the following equation: 

 𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸𝑏 −  𝜑𝑠  , (2.1.1) 

where 𝜑𝑠 is the work function of the spectrometer. As an example, Figure 2.1.2 shows 

the survey XPS spectrum of the CeO2(111) film on a Cu(111) substrate. The typical 

photoelectron spectrum consists of the following features: stepwise background, core 

level photoemission peaks (Cu 2p, Ce 3d, O 1s, Ce 4p, Ce 4d, Cu 3p), valence band 

(VB) and peaks due to Auger electron emission (O KLL, Ce MNN, Cu LMM).  

The background is caused by photoelectrons that are inelastically scattered on 

their way to the surface, where they lose some of their KE. The elastically scattered 

photoelectrons, described by Equation (2.1.1), are observed as core level peaks with 

BE 𝐸𝑏, specific for each element and its chemical state (Fig. 2.1.2). As the BE of core 

levels increases, the contribution of secondary electrons undergoing inelastic 

scattering increases, resulting in the observed stepwise background. [82] The peaks 

Cu 2p1/2, Cu 2p3/2, O 1s, etc. are labeled with the notation Z nlj, where Z is the 
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abbreviation of chemical element, n is the principal quantum number (defines the 

energy level of an electron and its distance from the nucleus of an atom), l is the angular 

momentum quantum number (describes the shape of the electron orbital, i.e. orbitals 

s, p, d, f), and j is the total angular momentum quantum number (j = l + S, where S is 

the spin quantum number, and j > 0). [83]  

 

Figure 2.1.2: The X-ray photoelectron survey spectrum of CeO2(111)/Cu(111) 

measured with an Al Kα radiation source (1486.6 eV). 

 

Depending on the type of electronic orbital, the shape of the core level peaks 

varies. All non-s level orbitals appear as doublets in the spectrum due to a core level 

splitting caused by spin-orbit coupling. In this case, the angular momentum (l) interacts 

with the spin of the electron (S), resulting in two electronic states (e.g. Cu 2p1/2, 

Cu 2p3/2) with different total angular momentum j, corresponding to S values of 1/2 

and -1/2. Consequently, s orbitals with zero angular momentum do not exhibit spin-

orbit coupling and appear as singlet peaks in the spectrum (e.g. O 1s, C 1s). The area 

ratio 𝑟 of the spin-orbit components of a core level is given by the equation: 

𝑟 = 1 +  
1

𝑙
  , 

where l is the corresponding angular momentum quantum number. The area ratios for 

p, d, and f subshells are 1:2, 2:3, and 3:4, respectively. The energy separation between 

the components of the doublets depends on the strength of the spin-orbit coupling. For 

a given pair of quantum numbers n and l, the separation increases with the atomic 
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number of the atom. Also, for a given atom, the separation decreases as both n and l 

increase. [83] 

The main characteristics of a core level peak are position, intensity and width. 

The position of the peak on the BE axis depends on the type and chemical environment 

of the atom from which the photoelectron is emitted. The presence of non-equivalent 

atoms of the same element results in the appearance of core level components with 

slightly different BE. Non-equivalence arises from factors such as different oxidation 

states, electron environments, variations in the lattice structure, and others. This shift 

is called a chemical shift and can be described by the charge potential model: [84] 

∆𝐸𝑖 =  𝑘𝑖𝑞𝐴 + ∑
𝑞𝐵

𝑟𝐴𝐵
𝐴≠𝐵

  , 

where ∆𝐸𝑖 is the chemical shift of an electronic level 𝑖, 𝑘𝑖 is a constant specific to the 

orbital 𝑖, obtained from calculations on free atoms or ions, 𝑞𝐴 (𝑞𝐵) is the charge of the 

atom 𝐴 (𝐵), and the last term represents the total potential of the atom 𝐴 created by 

atom 𝐵 within the distance 𝑟𝐴𝐵 between them.  

Calculation of core level intensities as the integrated areas below the peaks 

allows analysis of material composition and determination of the atomic ratios of 

constituents, if present. The absolute intensity of the photoelectron peak 𝐼𝑖,𝐴 

corresponding to an electronic level 𝑖 of an element 𝐴 is given by: [85] 

𝐼𝑖,𝐴 = 𝐾 ∙ 𝐼0 ∙ 𝜎𝑖,𝐴(ℎ𝑣) ∙ 𝑇(𝐸𝑘𝑖𝑛) ∙ 𝐿𝑖,𝐴(𝛾) ∙  

 (2.1.2) 

∙ ∫ 𝑛𝐴(𝑧) exp [−
𝑧

𝜆𝐴(𝐸𝑘𝑖𝑛) cos(𝜃)
] 𝑑𝑧  , 

where 𝐾 is an instrumental constant; 𝐼0 is the incident photon flux, 𝜎𝑖,𝐴(ℎ𝑣) is the 

photoionization cross-section, i.e. the probability of photoelectron emission from the 

orbital 𝑖 under irradiation with photon energy ℎ𝑣; 𝑇(𝐸𝑘𝑖𝑛 ) is the analyzer transmission 

function of the photoelectron with the KE 𝐸𝑘𝑖𝑛; 𝐿𝑖,𝐴(𝛾) represents the angular 

dependence of the photoemission process with the angle 𝛾 between the incident photon 

beam and the direction of the emitted electrons; 𝑛𝐴(𝑧) is the distribution of atoms A at 

the sampling depth z; 𝜆𝐴(𝐸𝑘𝑖𝑛) is the inelastic mean free path (IMFP) of the 

photoelectron with the KE 𝐸𝑘𝑖𝑛; 𝜃 is the photoelectron emission angle with respect to 

the surface normal. Equation (2.1.2) assumes that the sample is amorphous. If the 

sample is a single crystal, diffracted photoelectrons can affect the peak intensity 
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described by Equation (2.1.2). In practice, to simplify data treatment, relative rather 

than absolute intensities are calculated for core level peaks. 

The peak width ∆𝐸, which is defined as the full width at half maximum, is equal 

to  

∆𝐸2 =  ∆𝐸𝑠
2 + ∆𝐸ℎ𝑣

2 +  ∆𝐸𝑎𝑛
2   , 

where ∆𝐸𝑠 is the natural line width of the core level, ∆𝐸ℎ𝑣 is the width of the photon 

source and ∆𝐸𝑎𝑛 is the resolution of the analyzer. [82] The natural line width is related 

to the lifetime 𝜏 of the created hole after ionization and is defined by the equation: [82]  

∆𝐸𝑠 =
ℎ

𝜏
=  

4.14 × 10−15 [𝑒𝑉 ∙ 𝑠]

𝜏 [𝑠]
   ,  

where ℎ is the Planck’s constant. For a given element, the natural line width is larger 

for the inner shell due to the possibility of being filled by electrons from the outer shell, 

resulting in a shorter hole lifetime. Similarly, for a given orbital, the natural line width 

increases with the atomic number of the element due to the increase in valence electron 

density, which makes the hole more likely to be filled. [85] 

After the photoelectron emission, the ionized atom can relax in two ways: by the 

emission of photon (fluorescence) or by the emission of an Auger electron. The 

generation of Auger electrons is a three-step process shown in Figure 2.1.3. [83] 

 

 

Figure 2.1.3: Schematic diagram of KLL Auger electron generation. 

 

After photoionization of the K level by an incident photon, the atom relaxes by 

the transition of an electron from a higher L1 level to a lower K orbital. The excess 

energy (𝐸𝐾 − 𝐸𝐿1) is transferred to another electron in the L2,3 orbital without any 

intermediate emission of radiation. [86] An Auger electron is generated if the excess 
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energy is sufficient to reach the vacuum level. The energy of the Auger electron is 

proportional to the energy difference between the electronic levels involved: 

𝐸𝐾𝐿1𝐿2,3 ≈ 𝐸𝐾 − 𝐸𝐿1 − 𝐸𝐿2,3  . 

It is important to note that the KE of the emitted Auger electron is determined solely 

by the electronic structure of a solid. It remains independent of the incident photon 

energy. 

The KE of the photoelectrons determines the information depth of the PES 

analysis. Photoelectrons with KE up to 1000 eV can escape from a depth of several 

nanometers, making the PES technique surface sensitive. The relationship between 

information depth and photoelectron KE is governed by the IMFP, which is the average 

distance an electron of a given KE travels without inelastic scattering. The PES allows 

to examine the sample region of up to three IMFPs below the surface, i.e. 95% of the 

core level peak signal comes from this depth. [82] The dependence of the IMFP on the 

electron KE is shown in Figure 2.1.4. 

 

 

Figure 2.1.4: The inelastic mean free path of electron passing through a given 

material/molecule as a function of its kinetic energy. [82,87]  

 

The most commonly used laboratory XPS spectrometer is equipped with a dual 

Al/Mg anode X-ray source due to its relatively low cost and ease of maintenance. The 

source can generate characteristic Al Kα and Mg Kα radiation of two discrete energies 

1486.6 and 1253.6 eV, respectively. The availability of two photon energies allows 

differentiation between peaks due to core level excitation and Auger electron 

generation. Auger peaks have constant KE, resulting in a shift in BE scale for different 
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excitation energies. In addition, surface and bulk-related components can be 

distinguished using two photon energies. 

In this work, XPS with Al Kα radiation was used to characterize the substrate, to 

estimate the effective thickness of oxide or molecular films, to cross check the core 

level positions, and to evaluate the cerium oxide films with respect to their degree of 

oxidation/reduction. The following substrate-related peaks were measured Cu 2p3/2, 

Ce 3d, W 4f, and O 1s core level regions with a total resolution of 1 eV. The P 2p, C 1s, 

and O 1s XPS signals were also used to estimate the molecular stoichiometry. Also, 

the signal of Ce 3d and Cu 2p3/2 peaks was used in molecular coverage estimation.  

 

2.1.1 Synchrotron radiation photoelectron spectroscopy 

 

SRPES is a type of PES that uses synchrotron radiation as a light source to excite 

photoelectrons. The tunable soft X-ray light with selected polarization and high photon 

flux enables high-resolution surface analysis at varying depths. 

The synchrotron allows working under conditions where the photon energy is 

precisely tuned to achieve optimal surface sensitivity and selectivity. Surface 

sensitivity is achieved by choosing the photon energy so that the KE of the detected 

photoelectrons is in the range of 50 – 100 eV, where the IMFP is minimal (Fig. 2.1.4). 

The selectivity for a particular element can be increased by tuning the photon energy 

to match the maximum value of the photoionization cross section. Another advantage 

is a highly focused incident photon beam with excellent resolution that exceeds the 

capabilities of conventional laboratory X-ray sources. 

The basis of a synchrotron storage ring is an electron beam circulating in a UHV 

tube under the influence of various magnetic elements. The electrons produced by an 

electron gun are first accelerated and then injected into the booster, where their KE is 

increased to the GeV scale. After entering the storage ring, the electrons travel at 

relativistic speeds in circular orbits under the influence of a magnetic field. The 

Lorentz forces of a bending magnet deflect electrons along their orbits so that 

synchrotron radiation is emitted mainly in the tangential direction. The bending 

magnet was an essential component in the second generation of synchrotrons. The 

main advantage of a third-generation synchrotrons is the presence of insertion devices 
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(undulators and wigglers), which generate light with higher flux, brightness and 

coherence compared to the bending magnets. 

All the experiments in this thesis were performed at the Materials Science 

beamline (MSB) of the Elettra-Sincrotrone Trieste, Italy. Elettra is a third-generation 

synchrotron operating at two electron energies, 2.0 GeV and 2.4 GeV, and offering a 

wide range of applications in various fields of spectroscopy and microscopy using a 

tunable photon beam. The synchrotron light ranges from a few to several tens of keV, 

with a remarkable spectral brightness. [88] The storage ring design incorporates 

various types of magnets, including bending magnets, quadrupoles, sextupoles, and 

steerer magnets, to form a double-bending achromatic lattice. 

The MSB of Elettra is a Czech laboratory well equipped for experiments in 

materials science and surface physics, including organic molecules adsorbed on 

various substrates. The unique versatility of the beamline is the ability to adjust photon 

energies over a wide range from 22 to 1000 eV using mostly linearly polarized light 

from a bending magnet. [89] This configuration enables conventional ultraviolet 

photoelectron spectroscopy, SRPES and advanced RPES, as well as NEXAFS 

techniques. 

 

 

Figure 2.1.5: Optical scheme of the Materials Science beamline. 

 

The optical scheme of the beamline is shown in Figure 2.1.5. The prefocusing 

mirror focuses the light, generated by the bending magnet, into the entrance slit of the 

monochromator, reflecting only soft X-rays and UV light. The Bestec plane grating 

monochromator is based on the SX-700 design and consists of three optical elements: 

plane mirror, plane grating and spherical mirror. The plane mirror determines the angle 

of incidence of the light on the plane grating. The diffracted light produced by the 

plane grating is further focused by the spherical mirror on the exit slit according to the 
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given angle of incidence. After leaving the monochromator, the light is refocused onto 

the sample placed in the experimental chamber of the MSB experimental station. To 

calibrate the photon flux, the current generated by light passing through a gold mesh 

is measured. A detailed description of the MSB experimental station is given in 

Chapter 2.4. 

In this work, SRPES was used to characterize the molecular adlayer after 

adsorption and during thermal treatment. The following core level regions were 

acquired P 2p, C 1s, and O 1s with photon energies of 230 eV, 410 eV, and 630 eV, 

respectively. The spectral resolution increased with photon energy and was 0.28 eV, 

0.40 eV, and 0.63 eV, respectively. The KE of the analyzed photoelectrons was in the 

range of 100 – 130 eV, corresponding to an information depth of about 2 nm. [90] 

 

2.1.2 Resonant photoelectron spectroscopy 

 

RPES is a synchrotron radiation-based technique for the selective determination 

of Ce3+ and Ce4+ cations on the surface of the cerium oxide thin films. [91] In cerium 

oxide, resonant enhancement is observed at the 4d → 4f photoabsorption threshold. 

[91] The resonance process occurs due to direct and indirect photoemission. In direct 

photoemission, the electron is emitted from the 4f level by absorbing a photon. The 

indirect photoemission differs for Ce3+ and Ce4+ cations. 

The indirect photoemission for the Ce3+ cations proceeds via the super Coster-

Kronig decay as follows. [92,93] The initial electronic structure of the 4d and 4f levels 

of the Ce3+ centers is 4𝑑104𝑓1. After the 4d electron is excited by the absorption of 

the photon ℎ𝑣, this electron is promoted to the unoccupied 4f level, resulting in the 

4𝑑94𝑓2 intermediate electronic state. Finally, an another 4f electron can be emitted 

with the energy obtained from the deexcitation of the original 4d electron. The 

resulting equation of the process is: [92,93] 

4𝑑104𝑓1 + ℎ𝑣 → 4𝑑94𝑓2 →  4𝑑104𝑓0 + 𝑒−  , 

where 𝑒− is an ejected photoelectron. The Ce3+ resonance is observed at the photon 

energy of 121.4 eV with a VB feature at a BE of about 1.7 eV (Fig. 2.1.6). [94] 

The indirect photoemission for the Ce4+ cations with initial configuration 

4𝑑104𝑓0 also involves the O 2p electrons. [93] From the initial electronic state 

4𝑑104𝑓02𝑝6, the 4d electron is excited to an empty Ce 4f – O 2p hybridized state, 
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forming the intermediate state 4𝑑94𝑓12𝑝6 . The subsequent photoelectron emission 

via possible autoionization results in the final state 4𝑑104𝑓02𝑝5. The following 

equation describes the process: [93] 

4𝑑104𝑓02𝑝6 + ℎ𝑣 → 4𝑑94𝑓12𝑝6 →  4𝑑104𝑓02𝑝5 +  𝑒−  . 

The Ce4+ resonance is observed at the photon energy of 124.8 eV with a VB feature at 

the BE of 4.0 eV (Fig. 2.1.6). [94] 

The resonance spectra measured at 121.4 and 124.8 eV photon energy are used 

to calculate the resonance enhancement ratio (RER), which provides information about 

the oxidation/reduction state of the surface and is defined as: 

 𝑅𝐸𝑅 =  
𝐷(𝐶𝑒3+)

𝐷(𝐶𝑒4+)
⁄   ,  

where 𝐷(𝐶𝑒3+) and 𝐷(𝐶𝑒4+) are resonance enhancements of Ce3+ and Ce4+ states, 

respectively. They are determined as the difference in intensity between the on- and 

off-resonance features of the Ce3+ and Ce4+ cations at corresponding BE (Fig. 2.1.6). 

The off-resonance VB spectrum for both Ce cations was measured at 115 eV. [94]  

 

 

Figure 2.1.6: Determination of 𝐷(𝐶𝑒3+) and 𝐷(𝐶𝑒4+) resonance enhancements of 

Ce3+ and Ce4+ cations on the oxide surface. The valence band spectra of the pCeO2/GC 

film were measured at 124.8, 121.4 and 115 eV photon energy. 
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2.2 Near edge X-ray absorption fine structure 

spectroscopy 

 

NEXAFS is a powerful technique for studying the unoccupied electronic 

structure and spatial orientation of adsorbed organic molecules, especially those 

containing low atomic number elements (C, N, O, F, P). [95] The technique is based 

on the fundamental principle that matter absorbs electromagnetic radiation. After 

absorption, the core level electrons can be excited to unoccupied or continuum states, 

creating short-lived core holes. The relaxation of the system can be analyzed by 

detecting either emitted photons (fluorescence) or electrons (Auger or secondary). 

Partial Auger electron yield provides element-specific information and higher surface 

sensitivity than fluorescence yield and is more efficient for low atomic number 

elements. [96]  

The resulting absorption spectrum represents the dependence of the 

photoabsorption cross section on the incident photon energy, with characteristic 

transitions just below the absorption edge and up to tens of electron volts above it 

(Fig. 2.2.1, right). The origin of NEXAFS peaks can be illustrated on the potential 

diagram of the diatomic molecule, shown in Figure 2.2.1, left. Absorption typically 

induces an electron transition from the occupied core level (e.g., 1s) to unoccupied 

molecular orbitals of π* or σ* symmetry or Rydberg states. The KE of the excited 

electron must be equal to the difference between the two levels that are involved in the 

transition. 

The π* resonance transition, i.e. the transition from the 1s core level to π* states, 

is typical of π-bonded systems, e.g. where double or triple bonds are present. The π* 

states are located below the ionization threshold due to electron-hole Coulomb 

interactions. [95] Rydberg states, which lie between the π* states and the ionization 

potential, produce sharp, narrow resonances due to the longer lifetime of the excited 

electron. [95] Molecules containing C-H bonds produce intense features in the C K-

edge due to a mixture of Rydberg and valence resonances. [97] After Rydberg states, 

the intensity of the absorption spectrum increases stepwise as the photon energy 

exceeds the ionization potential (Fig. 2.2.1). In some systems, the energy of the σ* 

resonances depends on the position of the atoms, making it possible to estimate the 

bond length using NEXAFS spectral analysis. 
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Figure 2.2.1: (left) Schematic illustration of potential of diatomic molecule and (right) 

corresponding NEXAFS K-edge spectrum. [96] 

 

In addition to identifying elements and their chemical states, NEXAFS provides 

information about the orientation of molecules on a surface. Angle-resolved 

measurements allow the intensity changes of the π* and σ* resonances to be observed. 

According to the Fermi's golden rule, the intensity of the transition from the core level 

to unoccupied states is proportional to the cos2 (𝛿), [98] where 𝛿 is the angle between 

the final state molecular orbital and the electric field vector of the incident beam. 

Maximum intensity is achieved when they are parallel to each other. Conversely, when 

they are perpendicular, the intensity of the transition is minimal. In particular, σ* 

orbitals have maximum amplitudes along the bond axis, while π* orbitals have 

maximum amplitudes perpendicular to the bond direction. 

In this thesis, NEXAFS was used to measure the absorption spectra at the O K-

edge, C K-edge, and P L23-edge using the partial Auger yield mode. The spectral 

resolution was in the range of 0.2 to 0.6 eV. Measurements were performed at three 

different angles of the incident photon beam with respect to the surface: 10° (grazing 

incidence, GI), 30° (normal emission, NE), and 90° (normal incidence, NI). The 

absorption spectra were processed through several steps, including photon flux 

normalization, background absorption spectrum subtraction, and final spectra 

normalization to the continuum states. For the O K-edge and P L23-edge spectra, 

photon flux normalization was performed by measuring the photocurrent on a gold 

mesh. The Cu 3p peak intensity obtained from a clean Cu(111) single crystal in the 

same photon energy range was used to normalize the C K-edge. Core level peaks 

passing through the region of the Auger lines were subtracted according to the 

procedure described in Ref. [99]. 
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The adsorption geometry of the PPA molecules on the surface after deposition 

were estimated by fitting the intensity of the π* resonance 𝐼(𝛼, 𝛽) as a function of the 

angle of the incident beam 𝛽 using the equation: [95] 

𝐼(𝛼, 𝛽)  =  𝐴{0.33𝑃[ 1 +  0.5 (3𝑐𝑜𝑠2𝛽 −  1 )( 3𝑐𝑜𝑠2𝛼 −  1 )] + 

 + 0.5(1 −  𝑃)𝑠𝑖𝑛2𝛼}  (2.2.1) 

where 𝐴 is a constant, 𝑃 is a light polarization (equal to 0.8 for the MSB beamline), 𝛼 

is a tilt angle of the phenyl ring with respect to the surface normal. 

 

2.3 Low-energy electron diffraction 

 

LEED is a technique designed to study the arrangement of atoms in crystals. 

Determination of the crystal structure, identification of surface defects, estimation of 

lattice parameters, etc. are some of the many applications of LEED. [100,101] The 

surface sensitivity of the technique is achieved by using low-energy electrons, in the 

range of 10 to 500 eV, resulting in a penetration depth between 0.3 and 1.0 nm. [100] 

A typical experimental setup for LEED is shown in Figure 2.3.1, left. The 

electrons generated by an electron gun are directed toward a crystal. When the incident 

electrons reach the periodic crystal structure, they may undergo elastic scattering by 

the surface atoms, forming a series of diffracted beams (Fig. 2.3.1, right). The 

diffracted beams from the atoms lying in one plane constructively interfere, forming 

the pattern on the fluorescent screen. The condition of constructive interference is 

given by the following equation: 

𝑎(sin 𝜓0 − sin 𝜓) = 𝑛𝜆 , 

where 𝑎 is the periodic distance between atoms, 𝜓0 and 𝜓 are angles of incident and 

diffracted electron beams with respect to the surface normal, 𝑛 is an integer and 𝜆 is a 

wavelength of the incident electrons. The inelastically scattered electrons are repelled 

by the first grid by applying the appropriate voltage. The elastically scattered electrons 

lose some part of their energy as they pass through the first grid and are accelerated 

toward the fluorescent screen by the second grid. [100] 

In this thesis, LEED was used to check the surface long-ordering and to 

determine the surface reconstruction of the in situ prepared cerium oxide thin films 



32 

 

and the Cu(111) substrate. The LEED patterns of CeO2(111)/Cu(111), 

Ce2O3(111)/Cu(111), Ce6WO12(100)/W(110) and Cu(111) are shown in Figure 2.3.2. 

 

 

Figure 2.3.1: (left) Typical LEED experimental setup and (right) schematic 

representation of electron diffraction. 

 

 

Figure 2.3.2: LEED images of in situ grown cerium oxide films: 

(a) CeO2(111)/Cu(111), (b) Ce2O3(111)/Cu(111), (c) Ce6WO12(100)/W(110), and 

(d) Cu(111) crystal, obtained at electron energies of 87, 60, 134, and 141 eV, 

respectively. 
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2.4 Experimental station of the Materials Science 

beamline 

 

The MSB experimental station consists of four vacuum chambers separated by 

gate valves: analysis chamber, preparation chamber, electrochemical cell and load 

lock. The pressure in the chambers is monitored by a series of cold cathode vacuum 

gauges connected to a safety interlock system. An additional hot cathode ionization 

vacuum gauge is used in the analysis chamber. The pumping systems are based on 

turbomolecular units including scroll or membrane rough pumps. Titanium 

sublimation pumps can also be used to improve the pressure in the analysis and 

preparation chambers. The base pressures of the analysis, preparation and load lock 

chambers are 2×10-10, 5×10-10 and 5×10-9 mbar, respectively.  

The load lock is used to quickly load samples into the vacuum. It can be filled 

with N2 gas at the moment of opening, which reduces the amount of adsorbed 

contaminants on the walls of chamber and shortens the time to achieve sufficient 

pressure for the sample transfer. From the load lock, the sample is transferred to the 

analysis chamber passing through the preparation chamber. The preparation chamber 

is used for the deposition of organic molecules on the sample surface. The molecular 

evaporator can be installed in the chamber through several flanges located at different 

angles. In addition, an auxiliary Ar ion gun is mounted for the sample cleaning.  

The analysis chamber is the main chamber of the experimental station for sample 

characterization, cleaning and processing, and thin film preparation in UHV. This 

chamber was used to perform PES, NEXAFS, and LEED analyses. The photon beam 

enters the analysis chamber at an angle of 60° to the analyzer axis. During the PES and 

NEXAFS experiments, the photoelectrons are collected by hemispherical electron 

energy analyzer SPECS Phoibos 150 with 1D delay line detector. The sample thermal 

treatment during cleaning or annealing was done in the same chamber. Annealing up 

to 900 °C is possible by the indirect resistive heating through Ta wires holding the 

sample. The temperature is monitored by a K-type thermocouple attached to the 

backside of the sample. In addition, two Ar ion guns are installed for the sample 

sputtering. The mounted e-beam evaporators for metal deposition and a gas inlet 

system are used to prepare thin films in UHV. The position of the sample in different 
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geometries was controlled by a sample manipulator. The manipulator moves linearly 

along the X, Y, and Z axes and rotates in the polar plane. 

 

2.5 Density functional theory  

 

In this work, DFT calculations were used to support the experimental results on 

PPA adsorption and molecular adlayer stability on Cu(111) during thermal treatment, 

presented in Section 3.1. In particular, DFT helped to precisely define the adsorption 

geometry of the PPA molecules on Cu(111) and to gain insight into the surface 

reactions induced by the thermal treatment. The calculations were performed by the 

group of Dr. Ye Xu at Louisiana State University, USA. 

Periodic DFT calculations were performed using the Vienna ab initio simulation 

package [102] in the generalized gradient approximation with the Perdew–Burke–

Ernzerhof (GGA-PBE) functional. [103] Possible contributions by vdW interactions 

to adsorption in this system were estimated using the optB86b-vdW functional. [104] 

The projector augmented wave method was used to describe the potentials due to the 

nuclei and core electrons. [105] The Kohn–Sham valence states were expanded in a 

plane wave basis set with a KE cutoff of 400 eV. The electron occupancies were 

determined according to the Methfessel–Paxton scheme [106] with a smearing width 

of 0.2 eV. The optimized GGA-PBE and optB86b-vdW lattice constants for Cu were 

determined to be 0.3633 and 0.3605 nm, respectively. [47] 

The Cu(111) surface was modelled by a four-layer-thick slab with a 

(2√3 × 2√3) surface unit cell corresponding to 1/12 (0.08) ML coverage for one 

adsorbate (i.e., PPA molecule) per unit cell. The neighboring slabs in the z-direction 

were separated by ca. 2.0 nm of vacuum space, with electrostatic decoupling applied 

in the z direction to minimize interactions between slabs. The surface Brillouin zone 

was sampled on a Γ-centered 4 × 4 × 1 Monkhorst–Pack k-point grid, which was 

sufficient to converge the total energy of the system to within 0.05 eV. The atoms in 

the bottom two metal layers were kept fixed in their bulk positions, whereas the top 

two layers are fully relaxed during optimization. All structures were optimized until 

the remaining force in each relaxed degree of freedom was 0.3 eV nm−1 or lower. Gas 

phase species were calculated in (1.8 nm)3 simulation cells. [47] 
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The adsorption energy of an adsorbate was calculated as  

∆𝐸𝑎𝑑𝑠 =  𝐸𝑚𝑜𝑙/𝐶𝑢(111) − 𝐸𝐶𝑢(111)− 𝐸𝑚𝑜𝑙 , 

where 𝐸𝑚𝑜𝑙/𝐶𝑢(111) is the energy of an atom or molecule adsorbed on the Cu(111), 

𝐸𝐶𝑢(111) is the energy of the clean Cu(111) slab, and  𝐸𝑚𝑜𝑙 is the energy of the isolated, 

neutral adsorbate species in its minimum energy configuration in the gas phase. The 

transition state (TS) structures and the reaction pathways were located using the 

climbing-image nudged elastic band [107,108] and dimer [109] methods. For an 

elementary reaction step, the activation energy (𝐸𝑎) was defined as the energetic 

difference between the TS and the initial, reactant state (IS):  

𝐸𝑎 = 𝐸𝑇𝑆 − 𝐸𝐼𝑆  

and the reaction energy (𝛥𝐸𝑟𝑥𝑛) as the energetic difference between the final state (FS) 

and the IS:  

𝛥𝐸𝑟𝑥𝑛 = 𝐸𝐹𝑆 − 𝐸𝐼𝑆 . 

When the IS or FS involved multiple species, 𝛥𝐸𝑟𝑥𝑛 was calculated based on 

those species at infinite separation. Vibrational frequencies were calculated in the 

harmonic approximation to verify TSs by diagonalizing the mass-weighted Hessian 

matrix. Each calculated TS was verified to have an imaginary vibration mode in the 

direction of the bond being formed or broken. Some TSs for dehydrogenated PPA (PP) 

and its derivatives with phenyl rings not bound to the surface had a small second 

imaginary mode that could not be fully removed despite tightening convergence to 

below 0.1 eV nm−1. [47] 
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2.6 Model system preparation 

 

2.6.1 In situ and ex situ prepared cerium oxide films 

 

The techniques used to prepare the cerium oxide films are described in this 

section. Four cerium oxide films were prepared in situ: CeO2(111), Ce2O3(111), 

CeO1.7, and Ce6WO12(100) by e-beam evaporation. In addition, a compact 

polycrystalline cerium oxide film was prepared ex situ by magnetron sputtering.  

The evaporation of metallic cerium from a tantalum crucible was used for the 

in situ preparation of ordered stoichiometric cerium oxide films. The need to use the 

crucible instead of a metal rod in the Tectra evaporator (Fig. 2.6.1, left) is since cerium 

evaporates above its melting point. The electrons thermally emitted from the tungsten 

filament are accelerated by applying high voltage to the crucible (Fig. 2.6.1, left). They 

strike the crucible with high KE, causing the material to heat up and evaporate. The 

power supply of the evaporator is equipped with a feedback loop, which allows it to 

operate with a stable emission current by automatically regulating the filament current. 

Evaporation takes place in a UHV or O2 atmosphere, resulting in non-reactive or 

reactive deposition, respectively. The evaporator is cooled with water through the 

copper shield placed around the filament to prevent outgassing. The shutter is also 

installed to facilitate the exact definition of the deposition time. The following is a 

detailed description of the preparation of cerium oxide films in situ.  

Fully oxidized CeO2(111) (2.0 nm thick) on Cu(111): Prior to the reactive cerium 

deposition in an oxygen atmosphere, the Cu(111) single crystal (8 mm diameter, 2 mm 

thickness, MaTecK, 99.999%) was cleaned. This was done by Ar ion sputtering (1 keV, 

14 mA, 15 min) followed by annealing in UHV at 500 °C for 5 min. This cleaning 

procedure was repeated twice to obtain a clean substrate. After confirming the 

substrate cleanliness and surface long-range order by checking the C 1s region and 

LEED, respectively, cerium (Goodfellow, 99.99%) was deposited on Cu(111) at 

250 °C in O2 (5×10-7 mbar) for 70 min. [67] After the deposition, the sample was 

heated for another 5 min and cooled in O2. The resulting oxide film is characterized 

by the (1.5×1.5) LEED pattern (Fig. 2.3.2 a) and shows mainly Ce4+ cations on the 

surface by RPES. 

 



37 

 

 

Figure 2.6.1: (left) Schematic view of the head of the Tectra evaporator and (right) 

magnetron sputtering deposition. 

 

Fully reduced Ce2O3(111) (4.0 nm thick) on Cu(111): First, the 

CeO2(111)/Cu(111) buffer was prepared as described above. Then, cerium was 

evaporated in UHV for another 70 min while the substrate was kept at room 

temperature (RT). To obtain a reduced oxide, the sample was then heated in UHV at 

600 °C for 10 min. During annealing, a homogeneous, fully reduced cerium (III) oxide 

film is formed due to the diffusion of vacancies toward the buffer oxide. [67] The film 

contains predominantly Ce3+ cations and a maximum number of the oxygen vacancies 

resulting in a (4×4) LEED pattern (Fig. 2.3.2 b). 

Partially reduced CeO1.7 (3.0 nm thick) on Cu(111): The preparation procedure 

is identical to the preparation of the fully reduced film, with the only difference being 

that cerium deposition in UHV took only 35 min. As a result, both Ce4+ and Ce3+ 

cations with oxygen vacancies are present, with high concentration of Ce3+ cations and 

oxygen vacancies near the film surface. [67] 

Mixed oxide Ce6WO12(100) (0.6 nm thick) on W(110): The W(110) single crystal 

(10 mm diameter, 1.5 mm thickness, MaTecK, 99.999%) was cleaned by several 

cycles of Ar ion sputtering (1 keV, 14 mA, 15 min) and annealing in UHV at 900 °C. 

The surface cleanliness was checked by SRPES and surface ordering by LEED. Prior 

to cerium evaporation, the W(110) crystal was preoxidized to form a WO adlayer by 

heating in O2 (5×10-7 mbar) at 600 °C for 10 min. The cerium was deposited on top of 
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the WO film by reactive e-beam evaporation in O2 (5×10-7 mbar) for 20 min while the 

substrate was held at 500 °C. [110] After deposition, the sample was flash annealed in 

UHV at 900 °C. This procedure results in the Ce6WO12(100) film formation with Ce 

cations in the 3+ state without oxygen vacancies. 

The pCeO2 films were prepared by magnetron sputtering ex situ. Magnetron 

sputtering is a standard coating technique based on the bombardment of a target 

material (CeO2) with ions from a working gas generated in a glow discharge plasma. 

This causes material fragments to be ejected and deposited onto the substrate. (Fig. 

2.6.1, right). In particular, the voltage applied to the cathode ionizes the Ar gas 

introduced into the magnetron chamber. The ejected electrons additionally ionize the 

working gas and, under the influence of the electromagnetic field, the appropriate Ar 

pressure and applied voltage, generate a plasma near the CeO2 target. The Ar ions, after 

striking the target with high KE, cause material ejection in the chamber and subsequent 

deposition on the substrate. The commercial UHV magnetron TORUS 2 from Kurt. 

J. Lesker with a rotating substrate holder and a distance of 90 mm between target and 

holder was used in this work. The details of the ex situ preparation of the pCeO2 film 

are given below.  

Polycrystalline CeO2 (20 nm thick) on glassy carbon: The film was prepared by 

non-reactive magnetron sputtering of a CeO2 target (99.99%, Kurt J. Lesker) in an Ar 

atmosphere at a working pressure of 2×10-3 mbar. The RF power during the deposition 

was 65 W, resulting in a growth rate of 1 nm/min. Prior to sputtering, the GC substrate 

(Alfa Aesar, 10 mm square, 1 mm thick, type 2) was cleaned by ultrasonication in 

ethanol for 5 min. The prepared pCeO2 film had a compact structure with grains 

between 10 and 30 nm and a surface roughness of 1.2 nm, as determined by atomic 

force microscopy. [111] Cerium cations in the oxide film are mainly in the 4+ state 

with a small contribution of reduced Ce centers at the grain boundaries (10-15 %) due 

to unsaturated bonds, defects and oxygen vacancies. 

  



39 

 

2.6.2 Molecular deposition methods 

 

In this work, the molecular deposition was performed in two different ways: PPA 

(TCI Organic Chemistry or Sigma-Aldrich, 98 % purity) deposition in UHV from a 

Knudsen cell evaporator and from aqueous solution in a glove bag under N2 gas. 

 

Figure 2.6.2: Schematic view of the PPA deposition from a Knudsen cell evaporator. 

The UHV deposition of PPA was performed using a homemade Knudsen cell 

evaporator (Fig. 2.6.2). The alumina crucible, which was open on one side and closed 

with the aluminum foil on the other side, was partially filled with the PPA powder. The 

resistive heat from the Ta spring wrapped around the crucible is transferred to the PPA 

powder, causing the powder sublimation. The vapor pressure of the PPA molecules 

forces them out of the tube due to the pressure difference between the crucible and the 

vacuum chamber. The temperature was controlled by a K-type thermocouple attached 

to the back side of the crucible. The temperature during deposition was 105 °C, while 

the substrate mounted on the transfer rod was kept at room temperature. To ensure the 

stability of the molecular flux, the evaporator was preheated at 105 °C for 5 min. 

Before the deposition of PPA, a few cleaning cycles of the pCeO2 film were performed 

involving soft Ar ion sputtering (500 eV, 14 mA) for 5 min and annealing at 250 °C in 

an O2 atmosphere (total pressure 5×10-7 mbar) followed by cooling in O2 below 100 

°C.  
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For the molecular deposition from the solution, the 1 mM solution was prepared 

by dissolving 1.58 mg of PPA powder in 10 ml of solvent Milli-Q water (18.2 MΩ 

cm). The solution deposition was performed inside a glove bag mounted at the entrance 

of the load lock chamber and filled with N2 gas to obtain an oxygen-free environment. 

The 5 μL drop of solution was deposited on the pCeO2 for 2 min. The sample was then 

dried with a stream of N2 and inserted in the load lock filled with N2 gas. 

 

2.7 Data treatment and analysis 

 

This section describes the data treatment and analysis. The acquired 

photoemission spectra were processed in several steps. First, the SRPES spectra were 

corrected for the photon excitation energy using the Fermi edges measured on a clean 

metal surface (Cu(111) or Au(111)). Then, the intensity of SRPES spectra was 

normalized to the photon flux using the current generated by synchrotron light passing 

through a gold mesh. Finally, a linear or Shirley background subtraction was 

performed. For photoemission spectra with complex backgrounds, the reference 

background (signal obtained before molecular deposition) was subtracted. 

Photoemission spectra were fitted with Gaussian or Voigt profiles in the KolXPD 

software. [112] Peak position, intensity and shape were analyzed. To verify the 

homogeneity of the prepared cerium oxide films and molecular adlayers, several 

measurements were made at different points on the substrate. 

Changes in the subsurface electronic structure of the substrate after molecular 

deposition were monitored by measuring the core levels of Cu 2p3/2, Ce 3d or W 4f 

using Al Kα radiation. In addition, the characteristic shape of the Ce 3d or W 4f peaks 

was used to verify the correctness of the prepared CeO2(111), Ce2O3(111), 

Ce6WO12(100), and pCeO2 oxide films.  

The effective thickness of the deposited material (thin oxide films or molecules) 

was calculated using the following equation:  

 𝑑 = cos 𝜃 ∙ 𝜆𝑚(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) ∙ ln(𝐼0/𝐼𝑑) (2.7.1) 

where 𝜃 is the photoelectron emission angle with respect to the surface normal, 

𝜆𝑚(𝐸𝑘𝑖𝑛 subs) is the IMFP of the photoelectrons escaping from the substrate core 

level through the deposited material with the KE 𝐸𝑘𝑖𝑛, 𝐼0 and 𝐼𝑑 are the intensities of 

selected core level substrate peaks before and after deposition of the material 𝑚. The 



41 

 

corresponding IMFP values 𝜆𝑚(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) for PPA effective thickness estimation are 

1.71, 2.58, and 3.62 nm for 𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝐶𝑢2𝑝), 𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝑂1𝑠), and 𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝑊4𝑓), 

respectively. IMFP of 1.12 and 2.28 nm were used to calculate the effective thicknesses 

of in situ prepared cerium oxide films on Cu(111) and W(110), respectively. All the 

values were calculated using the QUASES-IMFP-TPP2M software based on the TPP-

2M formula. [90] Equation (2.7.1) is used under the assumption that the deposited film 

is homogeneous and flat. 

 

 

Figure 2.7.1: Coverage estimation diagram of PPA deposited on the substrate. 

The molecular coverage Θ (in MLs) was determined as the number of PPA 

molecules per substrate surface atoms (Ce or Cu) using the equation:  

𝐼(𝑃2𝑝)

𝐼𝑠𝑢𝑟𝑓(𝑠𝑢𝑏𝑠)
= Θ ∙ exp (−

𝑑𝐶6𝐻6

𝜆𝐶6𝐻6
(𝐸𝑘𝑖𝑛 𝑃2𝑝)

) / 

 (2.7.2) 

/(1 − Θ + Θ ∙ exp (−
𝑑𝑃𝑃𝐴

𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠)
)). 

The coverage calculation using Equation (2.7.2) was based on the following 

assumptions: the molecules are homogeneously distributed on the surface without 

multilayer formation, the PPA molecules are adsorbed in an upright geometry, and the 

coverage Θ is proportional to the molecular signal 𝐼(𝑃2𝑝), while the “uncovered” part 

of the sample (1 – Θ) is proportional to the intensity of the surface substrate atoms 

𝐼𝑠𝑢𝑟𝑓(𝑠𝑢𝑏𝑠) (Fig. 2.7.1). The term exp (−
𝑑𝐶6𝐻6

𝜆𝐶6𝐻6(𝐸𝑘𝑖𝑛 𝑃2𝑝)
) in Equation (2.7.2) assumes 

the attenuation of the P 2p core level signal by the upstanding phenyl ring (the benzene 

ring was used for the calculations). Specifically, 𝑑𝐶6𝐻6 is the diameter of the benzene 
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ring and 𝜆𝐶6𝐻6(𝐸𝑘𝑖𝑛 𝑃2𝑝) is the IMFP of the P 2p photoelectrons passing through the 

benzene ring. The term in the denominator of Equation (2.7.2) 

Θ ∙ exp (−
𝑑𝑃𝑃𝐴

𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠)
) represents the attenuation of the substrate photoelectrons 

passing through the PPA molecule, where 𝑑𝑃𝑃𝐴 is the estimated height of the PPA 

molecule and 𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) is the IMFP of the substrate photoelectrons passing 

through the PPA molecule. 

To calculate the intensity of the top atoms of the substrate 𝐼𝑠𝑢𝑟𝑓(𝑠𝑢𝑏𝑠), the 

following equation was used:  

𝐼𝑠𝑢𝑟𝑓(𝑠𝑢𝑏𝑠) = 𝐼𝑡𝑜𝑡(𝑠𝑢𝑏𝑠) ∙ (1 − exp (−
𝑎𝑠𝑢𝑏𝑠

𝜆𝑠𝑢𝑏𝑠(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) 
)) / 

/(1 − exp (−
𝑑𝑠𝑢𝑏𝑠

𝜆𝑠𝑢𝑏𝑠(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) 
)) 

where 𝐼𝑡𝑜𝑡(𝑠𝑢𝑏𝑠) is the measured intensity of the core level substrate peak (Cu 2p3/2 

for Cu(111) or Ce 3d for CeO2(111)), 𝑎𝑠𝑢𝑏𝑠 is the thickness of the 1st substrate layer, 

𝜆𝑠𝑢𝑏𝑠(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠) is the IMFP of the substrate core level photoelectrons passing 

through the bulk of the substrate , and 𝑑𝑠𝑢𝑏𝑠 is the thickness of the substrate, estimated 

to be of 3 𝜆𝐶𝑢(𝐸𝑘𝑖𝑛 𝐶𝑢 2𝑝3/2) for Cu(111) or calculated using the Equation (2.7.1) for 

in situ cerium oxide films. 

All the values for the coverage calculation of PPA deposited on the Cu(111) and 

CeO2(111) are given in Table 2.3.1. The molecular coverage on the Ce2O3(111), 

Ce6WO12(100), and pCeO2 was assumed to be proportional to the 𝐼(𝑃2𝑝) of 

PPA/CeO2(111) obtained by XPS. 

 

𝑎𝑠𝑢𝑏𝑠, nm 𝜆𝑚(𝐸𝑘𝑖𝑛 𝑠𝑢𝑏𝑠), nm Molecule 

parameters, nm 

𝑎𝐶𝑒𝑂2 0.30 𝜆𝑃𝑃𝐴( 𝐸𝑘𝑖𝑛 𝐶𝑢 2𝑝3/2) 1.71 𝑑𝑃𝑃𝐴 0.82 

𝑎𝐶𝑢 0.22 𝜆𝑃𝑃𝐴(𝐸𝑘𝑖𝑛 𝐶𝑒 3𝑑) 1.75 𝑑𝐶6𝐻6 0.56 

 𝜆𝐶𝑢(𝐸𝑘𝑖𝑛 𝐶𝑢 2𝑝3/2) 1.01   

 𝜆𝐶𝑒𝑂2(𝐸𝑘𝑖𝑛 𝐶𝑒 3𝑑) 1.14  

 𝜆𝐶6𝐻6
(𝐸𝑘𝑖𝑛 𝑃 2𝑝) 3.54  

Table 2.3.1: Coverage calculation parameters.  
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3 Results 

 

3.1 Phenylphosphonic acid on copper substrate 

 

3.1.1 Adsorption and thermal stability of phenylphosphonic acid 

on Cu(111) 

 

This chapter presents the study of PPA molecular adlayers on the metallic surface 

of Cu(111). The thermal stability and adsorption geometry of the molecular films were 

analyzed after annealing at temperatures of 25, 75, 150, 225, 300, 375, 450 and 500 C 

for 1 min in UHV. Molecular deposition in UHV was performed as described in 

Chapter 2.6.2. Photoelectron spectra were acquired after each step, while NEXAFS 

data were collected only for selected temperatures (25, 75, 375, and 500 C). 

 

PPA deposition 

Two different PPA adlayers were deposited on the Cu(111) surface. The 

molecular coverage was 0.1 and 0.2 ML for the 20 and 45 min deposition times, 

respectively. The coverage was calculated using Equation (2.7.2) after annealing at 

150 °C. 0.2 ML was defined as the saturation coverage, which represents the maximum 

number of molecules adsorbed on Cu(111) under specific experimental conditions 

(substrate temperature, deposition rate, etc.). The observation of a plateau in the P 2p 

signal with increasing deposition time (not shown) confirmed the completion of the 

molecular adlayer. The formation of the PPA multilayer was not observed under the 

chosen experimental conditions, in agreement with Ref. [113]. The effective PPA 

thicknesses were found to be 0.3 and 0.5 nm for 0.1 and 0.2 ML, respectively, as 

defined by Equation (2.7.1) after 75°C, assuming continuous adlayer growth.  

 

SRPES 

The P 2p, C 1s, and O 1s spectra of 0.2 ML PPA on the Cu(111) surface are 

shown in Figure 3.1.1. The P 2p core level consists of several unresolved spin–orbit 

doublets after the deposition (sample at 25°C). The main 2p3/2 component with a BE 
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of 132.4 eV is attributed to the P–O–Cu bonds. As shown in Table 3.1.1, this value is 

in the range of the published data for related systems.  

 

 

Figure 3.1.1: (a) P 2p, (b) C 1s, and (c) O 1s core level spectra obtained from 0.2 ML 

PPA/Cu(111) upon stepwise thermal treatment. The photon energy is 230, 410, and 

630 eV for the P 2p, C 1s, and O 1s core levels, respectively. [47] 

 

The C 1s spectrum has a single peak at 284.6 eV, which is formed by C atoms in 

the phenyl ring. The position of the peak is in good agreement with the value of 

284.8 eV obtained for PPA/TiO2(101). [46] The O 1s signal consists of two 

components. The first, observed at 530.6 eV, was assigned to the P-O-Cu bonds. [114] 

The second, a shoulder at 532.1 eV, was associated with an unresolved contribution 

from P=O groups and possible OH- adsorbed species. According to the literature data, 

the P=O groups were observed at 532.3 eV for the PPA powder. [113] The P:O:C ratio 

obtained for the molecular film at 25 °C is in good agreement with the theoretical 

values of 1:3:6 for both 0.1 ML (1.0:2.9:6.0) and 0.2 ML (1.1:3.4:6.0) coverages. The 

P 2p, C 1s, and O 1s signals acquired at a photon energy of 1486.6 eV were used for 

this estimation. 

  

In
te

n
s
it
y
 (

a
rb

.u
n
it
s
)

136 134 132 130 128

Binding energy (eV)

P 2p (230)
(a)

In
te

n
s
it
y
 (

a
rb

.u
n
it
s
)

286 285 284 283

Binding energy (eV)

C 1s (410)
(b)

In
te

n
s
it
y
 (

a
rb

.u
n
it
s
)

534 533 532 531 530 529 528

Binding energy (eV)

O 1s (630)

75 ºC

150 ºC

225 ºC

300 ºC

375 ºC

450 ºC

500 ºC

25 ºC

(c)



45 

 

System/temperature BE of P 2p3/2 (eV) 

 (PO3)y, 

y≥2 

PO3 in PPA 

or POx 

(x<3) 

P-C-O P-C P-Cu, 

P-P 

PPA/Cu(111) 

25 °C 

75 °C 

450 °C 

 

 

 

133.9 

133.0 

 

132.4 

132.2 

132.3 

(POx) 

 

 

 

131.0 

 

 

 

129.6 

 

 

 

128.7 

octadecylphosphonic 

acid/Cu [115] 

25 °C 

  

 

132.6 

   

6-phosphonohexanoic 

acid/Cu [116] 

25 °C 

  

 

132.2 

   

PPA/TiO2(110) [11]  

100 °C 

  

133.6 

   

Table 3.1.1: The binding energy in eV of the P 2p3/2 core level components for the 

PPA/Cu (111) system at different experimental steps. The data from some closely 

related systems are presented for comparison. [47] 

 

Figure 3.1.2: P 2p (blue), C 1s (black), and O 1s (red) core level intensities of the (a) 

0.1 ML and (b) 0.2 ML PPA/Cu(111) systems upon annealing. [47] 

 

The 0.2 ML PPA/Cu(111) system shows a minimal change after annealing at 

75 °C. Treatment at 150 °C resulted in BE shifts of the P 2p, C 1s, and O 1s peaks by 
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0.2, 0.1, and 0.1 eV to lower values, respectively, together with the shape change of 

the P 2p and O 1s core levels (Fig. 3.1.1). In particular, the full width at half maximum 

of the 2p3/2 and 2p1/2 components narrowed, a distinct P 2p doublet appeared, and the 

high BE O 1s shoulder disappeared. These changes, which are also supported by the 

slight decrease in the P 2p, C 1s and O 1s SRPES intensities (Fig. 3.1.2 b), were caused 

by the molecular rearrangement on the surface and the partial PPA desorption. The 

molecular rearrangement involves a change in bond geometry from mixed mono-

/bidentate to pure tridentate. [115] The results of the DFT calculations presented below 

support this conclusion. The intensity changes of the P 2p, C 1s, and O 1s core levels 

during annealing show the same trends for both 0.1 ML (Fig. 3.1.2 a) and 0.2 ML (Fig. 

3.1.2 b) coverages. Notably, the SRPES spectra for the 0.1 ML PPA/Cu(111) system 

are similar to the 0.2 ML sample for all experimental steps (data not shown). 

The core level spectra show minimal changes in position or shape between 150 

and 300 °C (Fig. 3.1.1). An intensity variation is only visible for the C 1s signal 

(Fig. 3.1.2 b). Again, the adjustment of the molecular adsorption geometry with 

increasing temperature was responsible for the slight decrease in C 1s with unchanged 

P 2p and O 1s signals. The P 2p core level broadened at temperatures above 300 °C, 

indicating the onset of surface chemical reactions that become more pronounced at 

higher temperatures. 

 

 

Figure 3.1.3: (a) P 2p, (b) C 1s, and (c) O 1s core levels with corresponding 

components obtained from the 0.2 ML PPA/Cu(111) system after 450 and 500 °C 

annealing, i.e. the spectra from Figure 3.1.1 are offset to show details. The photon 

energy is 230, 410, and 630 eV for the P 2p, C 1s, and O 1s core levels, respectively. 

[47] 
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The most significant changes in intensity and shape of the core levels occur in 

the temperature range between 375 and 500 °C. The P 2p spectra have two distinct 

groups of components at low and high BE. The first group, originating from the P 2p3/2 

signal at 132.4 eV of the as-deposited PPA adlayer on Cu(111), broadens and shifts to 

higher BE with the formation of two new doublets at 133.0 and 133.9 eV (Fig. 3.1.3 a). 

The new features within this group are assigned to the differently located P atoms of 

the (PO3)y (y ≥ 2) adsorbates based on the DFT calculations presented below and 

closely related data from Ref. [117]. The intensity of the components of this group 

decreases and almost disappears after 500 C. The second group consists of three new 

doublets with the main peaks at 128.7, 129.6, and 131.0 eV, which were assigned to 

P–P (and P–Cu), P–C, and P–C–O species, respectively. The assignment is based on 

the residual C 1s and O 1s signal components (Fig. 3.1.3 b, c) and the DFT results 

presented below. Unlike the first group, the intensity of the low BE P 2p species 

increases with annealing, indicating that the phosphonate group is being reduced. 

Regarding the O 1s core level, the main peak at 530.5 eV shifts by 0.2 eV 

towards high BE. In addition, a shoulder appears at about 532.7 eV after 375 °C (see 

Figs. 3.1.1 c and 3.1.3 c). These O 1s components are associated with the formation of 

P–O–Cu bonds and oxygen-containing adsorbates (P–C–O, P–O, etc.) on Cu(111). 

[118] The C 1s core level consists of several minor components at 283.3 (P–C), 284.1 

(P–C–O/CxHy), and 285.1 eV (C–C) due to phenyl ring decomposition after 375 °C 

(Fig. 3.1.3 b). The presence of a small fraction of surface carbides contributing to C 1s 

at 283.3 eV cannot be excluded. 
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Figure 3.1.4: The valence band spectra of 0.2 ML PPA/Cu(111) taken at 25, 375, and 

500 °C compared to the signal of the clean Cu(111) surface. dPPA indicates the 

differential spectrum between the PPA/Cu(111) and Cu(111) systems. The valence 

band of the multilayer PPA film is shown for comparison. The photon energy is 43 eV. 

[47] 

 

The VB spectra of the 0.2 ML PPA/Cu(111) system at different experimental 

steps are shown in Figure 3.1.4 in comparison to the spectra of Cu(111) and PPA 

multilayer film. Since the photoionization cross section of the molecular valence 

orbitals is low, the differential spectrum is also shown. This is the scaled Cu(111) VB 

(Fig. 3.1.4 black line) subtracted from the PPA/Cu(111) signal (Fig. 3.1.4 red line). In 

addition to the Cu(111) 3d band in the range of 2–4 eV, the following molecular 

features are identified: A (4.2 eV), B (5.3 eV), C (6.8 eV), D (9.2 eV), E (13.4 eV), 

and F (16.9 eV). The overall structure of the VB is in good agreement with the 

multilayer PPA on TiO2(110). [11] Comparison with the reference VB spectrum for the 

multilayer PPA film (Fig. 3.1.4 green line) indicates intact molecules adsorbed on 

Cu(111) at 25 °C with narrower VB features. Peaks B, C, D, and E are assigned to the 

phenyl ring orbitals. [119] Peak A is tentatively assigned to the phosphonic acid anchor 

group. The unassigned feature at 2.4 eV BE is unique and only observed for the 

PPA/Cu(111) system. The observed feature may be attributed to the 2p states of carbon 

and oxygen atoms that overlapping with the Cu d states. Alternatively, it may be an 
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artifact of spectra subtraction, as the presence of the molecular adlayer can have a 

small effect on the band structure and work function. The modified electronic structure 

suggests molecular bonding to the surface compared to the intermolecular interactions 

in the PPA film. 

 

 

Figure 3.1.5: Projected density of states of clean Cu(111) and with 1/6 ML of PPA 

(configuration shown in Figure 3.1.10 c) calculated using GGA–PBE. All valence 

states (s, p, d) of the top-layer of Cu atoms and any PPA adsorbed thereon are included. 

The main contributions in each region are identified. [47] 

 

The interpretation of the VB spectra was assisted by the calculated project 

density of states for 1/6 ML of PPA on Cu(111), which is shown in Figure 3.1.5. The 

calculated projected density of states supports the assignment of the peaks B – E in the 

range of 5 – 13 eV (Fig. 3.1.4) to the phenyl groups. These features extend to about 2 

eV, where only C and O 2p states are found. They correspond to the unassigned feature 

at 2.4 eV in Figure 3.1.4. The contribution of the P 3s and 3p states is negligible over 

the entire energy range plotted. The VB after 500 °C is almost the same as the VB of 

Cu (111), confirming the molecular desorption. 

 

NEXAFS 

The P L23-edge, C K-edge, and O K-edge NEXAFS spectra of 0.2 ML PPA on 

Cu(111) are shown in Figures 3.1.6 and 3.1.7. The spectra were obtained at different 

geometries before (25 °C) and after thermal treatment at the indicated temperatures 

(75, 375 and 500 °C). The P L23-edge (Figs. 3.1.6 a and 3.1.7 a) at 25 °C consists of 

four peaks at 134.7 (PI), 135.7 (PII), 138.6 (PIII), and 145.3 eV (PIV). The weak features 



50 

 

PI and PII are due to 2p3/2 and 2p1/2 transitions to the first unoccupied 3s antibonding 

state. [120] The PIII and PIV peaks correspond to a transition to a mixed and 3d 

antibonding states, respectively. [121] The P L23-edge with the more intense peak PIII 

and small pre-edge features PI and PII is in good agreement with the reference spectrum 

for PPA powder reported in Ref. [121]. The shape of the spectrum for PPA/Cu(111) is 

slightly different from the reference spectrum due to the change in the electronic 

environment of the P atom when the molecule binds to the Cu(111) surface. A mixed 

adsorption geometry is proposed for the PPA/Cu(111) system, which is in agreement 

with the P L23-edge data from the PPA/TiO2 system, where the shape of the pre-edge 

is different only for the mono and bidentate cases. [11]  

 

 

Figure 3.1.6: (a) P L23-edge, (b) C K-edge, and (c) O K-edge NEXAFS spectra of the 

0.2 ML PPA/Cu(111) system upon annealing (red – GI, black – NE, blue – NI 

geometry). [47] 

 

Figure 3.1.7: Details of the NEXAFS spectra for the PPA/Cu(111) system at 25 °C and 

after 375 °C annealing: (a) P L23-edge, (b) C K-edge, and (c) O K-edge. [47] 
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After 375 °C, the PI and PII peaks shifted to the lower photon energies. We 

propose that the shift was caused by a change in the oxidation state of the phosphorus 

atoms. The interpretation was based on the comparison of the P L23-edge for the 

reference compounds (PPA and phenylphosphinic acid) [121] and taking into account 

the SRPES results presented above. This interpretation is tentative due to the limited 

data on reference P L23-edges in the available literature. 

The C K-edge spectra (Figs. 3.1.6 b and 3.1.7 b) after PPA deposition consist 

of two well-defined (CI and CV) and three minor (CII, CIII and CIV) peaks resulting from 

the electronic transition from the C 1s core level to different unoccupied molecular 

orbitals of the phenyl ring. The low photon energy peak at 285.4 eV (CI) is assigned to 

a π* resonance. The peak at 289.1 eV (CIII) is due to a mixture of Rydberg and –CH σ* 

transitions, while the peaks at 291.2 (CIV) and 293.7 eV (CV) are due to σ* resonances. 

The small peak at 287.4 eV (CII) was assigned to a substrate-related state. [11] The 

intensity of the π* resonance taken at NI, NE and GI geometries as a function of the 

incidence angle of the synchrotron light after the annealing at 75 °C is shown as points 

in Figure 3.1.8. The data were analyzed using Equation (2.2.1), where the π* resonance 

intensity varies with the angle between the phenyl ring plane and the surface plane. 

According to the fit, the angle is equal to 80° (Fig. 3.1.8, dashed line), indicating the 

upright adsorption geometry of PPA with the phenyl ring tilted 10° from the surface 

normal.  

Annealing at 375 °C drastically changes the C K-edge spectra: the components 

typical of the PPA adlayer become less prominent and new features appear. 

Considering the low residual C 1s intensity after 375 °C observed in the SRPES data, 

we conclude that the new features in the C K-edge are due to the products of phenyl 

ring decomposition adsorbed on the surface, the exact definition of which is beyond 

the scope of this work. 
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Figure 3.1.8: The intensity of π* resonance (CI) of C K-edge from PPA/Cu(111) after 

75 °C acquired at different geometries as a function of the incidence angle of the 

synchrotron radiation. The dashed line is the best fit for the experimental NEXAFS 

data. [47] 

 

The O K-edge spectra (Figs. 3.1.6 c and 3.1.7 c) consist of four characteristic 

features for the system at 25 °C and after desorption of the weakly bound species at 

75 °C. There are small peaks at 532.0 (OI) and 534.2 eV (OII) photon energy, that are 

assigned to the * resonance transitions most likely related to the presence of the 

residual P=O species in the anchor group, that are not involved in the bonding with 

Cu(111); this is consistent with the presence of the O 1s shoulder at BE of 532.3 eV. 

According to Ref. [122], we assign these components to the transitions from O 1s 

(P=O) to *(P=O) and O 1s (P–O) to *(P=O), respectively. Two other components at 

537.0 (OIII) and 538.8 eV (OIV) are associated with O 1s photoelectron transitions to 

the unoccupied orbitals of * character, again with an assignment of O 1s to *(P–O) 

and O 1s to *(P=O), respectively. [122] The analogous peak assignments for organic 

molecules with C-O and C=O bonds [123,124] support the tentative assignment of all 

components in the O K-edge in the present work. The spectral changes after 375 and 

500 °C confirm the oxygen rearrangement around the phosphorus atoms (vanishing of 

* resonance features and single * peak at 538.5 eV) and its desorption from the 

surface (negligible residual signal in the O K-edge).  
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DFT  

Adsorption of PPA on Cu(111) 

The study starts with the characterization of PPA and its dehydrogenated forms 

(C6H5PO3Hx, x = 2–0) adsorbed on Cu(111) at a low coverage (1/12 ML). The 

optimized structures are calculated for the phenyl ring in the upright position and for 

the phenyl ring parallel to the surface plane. The adsorption energies are given in 

Table 3.1.2. Figure 3.1.9 shows the snapshots of the minimum energy configurations 

for each C6H5PO3Hx form. It can be seen that PPA occupies about four Cu atoms in the 

upright configuration (Fig. 3.1.9 a), and about seven Cu atoms in the parallel 

configuration (not shown). Thus, when deposited in sufficient amounts on Cu(111), 

PPA adsorbs in an upright configuration. Due to geometric constraints, the maximum 

PPA coverage is limited to one for every four copper atoms, or 0.25 ML, in a single 

layer. 

 

Species configuration ∆𝐸𝑎𝑑𝑠 

C6H5PO3H2 upright -0.39 

 parallel -0.22 

C6H5PO3H upright -2.67 

 parallel -2.67 

C6H5PO3 upright -4.71 

 parallel -4.09 

 

Table 3.1.2: GGA–PBE adsorption energies (∆𝐸𝑎𝑑𝑠, in eV) of PPA and its deprotonated 

forms (C6H5PO3Hx) on Cu(111) calculated at 1/12 ML coverage. ∆𝐸𝑎𝑑𝑠 of other 

species are given in Ref. [47]. 
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Figure 3.1.9: Snapshots of GGA–PBE minimum-energy (a) C6H5PO3H2 (PPA), (b) 

C6H5PO3H, and (c) C6H5PO3 (PP) adsorbed in upright configurations on Cu(111) at 

1/12 ML, in top (upper panels) and side (lower panels) views. Color code: brown = 

Cu, purple = P, red = O, black = C, white = H. Footprint of PPA is outlined in (a). [47] 

 

In Figure 3.1.10 a, the adsorption energy of PPA above 1/12 ML is calculated 

and plotted as a function of coverage. The results reflect the minimum-energy 

adsorption of C6H5PO3Hx at 1/12, 1/6, and 1/4 ML coverage. Some of the PPA 

molecules are in the monoprotic form C6H5PO3H at higher coverage, and there are 

pronounced adsorbate-adsorbate interactions. Molecularly adsorbed PPA can persist at 

a coverage of about 1/6 ML, as shown in Figure 3.1.10 a. However, if the temperature 

is increased to desorb PPA, the remaining coverage would quickly drop to zero 

(Fig. 3.1.11). It should be noted that the threshold temperature depends on the accuracy 

of the DFT functional, as illustrated in Figure 3.1.11. In particular, in the absence of 

any other surface reactivity, PPA deposited on Cu(111) would molecularly desorb with 

increasing temperature. A simple kinetic analysis was performed using the Polanyi-

Wigner equation, which includes the coverage-dependent differential desorption 

energy (i.e., the negative δEads) (Fig. 3.1.10). These data were then fitted to a fifth-

order polynomial and presented in Figure 3.1.11. A rapid drop to zero coverage occurs 

at about 70 ºC (red curve) at 0.16 ML. This phase transition would instead occur at 

about 135 ºC (blue curve) if GGA-PBE underestimates the stability of PPA by about 

0.2 eV per molecule due to the absence of vdW interactions. 

At 1/6 ML, the phenyl rings in C6H5PO3H2 + C6H5PO3H (Fig. 3.1.10 c) are 

tilted at 15º and 2º, respectively, relative to the surface normal, with an average angle 

of 9º. This value is in agreement with the NEXAFS results, which show that the phenyl 

ring in the PPA adlayer has a long-range tilt of 10° after annealing at 75 °C, based on 

the analysis of the π* resonance intensity in the C K-edge spectrum (Figs. 3.1.6 and 
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3.1.8). The corresponding VB spectrum for this molecular arrangement, shown in 

Figure 3.1.5, supports the idea that the 0.2 ML PPA adlayer on Cu(111) is formed by 

C6H5PO3H2 + C6H5PO3H motifs.  

 

 

Figure 3.1.10: (a) Differential adsorption energy (𝛿𝐸𝑎𝑑𝑠) of PPA on Cu(111) as a 

function of coverage calculated using GGA-PBE. 𝛿𝐸𝑎𝑑𝑠  is defined to be 𝛿𝐸𝑎𝑑𝑠 =

 𝐸𝜃𝑖 − 𝐸𝜃𝑖−1 − 𝐸𝑃𝑃𝐴(𝑔), where the coverage 𝜃𝑖= {0, 1/12, 1/6, 1/4} ML and “(𝑔)” 

denotes gas phase. The balance of dissociated H atoms is treated in separate unit cells 

(i.e., at infinite separation from C6H5PO3Hx). The minimum energy state at each 

coverage is shown in (b) C6H5PO3H, (c) C6H5PO3H2 + C6H5PO3H, and (d) 

2 C6H5PO3H2 + C6H5PO3H. The tilt angle of the phenyl ring is defined to be that 

between the surface normal and the plane spanned by C1, C3, and C5 (illustrated in 

(c)). Color code: brown = Cu, purple = P, red = O, black = C, white = H. The 

(2√3×2√3) surface unit cell is outlined in (d). For clarity, periodic images of adsorbed 

PPA are removed. [47] 
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Figure 3.1.11: Coverage of molecular PPA on Cu(111) as a function of temperature 

based on data shown in Figure 3.1.10 a. [47] 

 

Room temperature reactivity of PPA on Cu(111) 

The reactivity of PPA on Cu(111) is related to the loss of the two acidic protons, 

as deprotonation of acids is known to occur on Cu(111) at room temperature. [125,126] 

Figure 3.1.10 shows that some molecules are already partially deprotonated during the 

PPA deposition. Annealing of the PPA adlayer can cause additional deprotonation. The 

recombinative desorption of hydrogen from Cu(111) has an activation energy (Ea) of 

0.8–1.0 eV, [127,128] consistent with previous temperature-programmed desorption 

studies on H2/Cu(111), which reported that the H2 desorption temperature varies 

between 50–110 °C depending on the initial coverage. [129] Thus, dissociated 

hydrogen atoms would be removed from the PPA/Cu(111) surface during annealing 

before PPA molecular desorption occurs, leaving the deprotonated PP molecules 

trapped on the surface. Thus, for the PPA/Cu(111) system, the temperature-induced 

surface reactions should consider the adsorbed PP species rather than the PPA adlayer. 

This conclusion is supported by the P 2p, C 1s, and O 1s core level spectra between 75 

and 150 ºC (Fig. 3.1.1), which indicate a change in the binding geometry from a mixed 

mono-/bidentate configuration to a purely tridentate form, i.e., PP adlayer on Cu(111). 

 

Further reactions of phenylphosphonate (PP) on Cu(111) 

Dissociation of one of the C-H, P-O, and/or C-P bonds is expected to initiate 

thermally stimulated reactions of PP on Cu(111). The scission of C–H bonds in 

benzene or a phenyl group on Cu(111) is not well understood, as benzene adsorbs 

weakly on Cu(111) and desorbs completely around -23 °C. [130,131] There is also no 

evidence of dissociation on Cu(111) for anthracene, i.e. a larger acene species, which 
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has a peak desorption temperature of 196 °C. [131] Phenyl groups deposited on the 

surface, for example via iodobenzene, desorb at 100 – 110 °C as biphenyl through the 

Ullmann coupling reaction with 100% selectivity. [132,133] Thus, only a few 

experimental works have investigated the decomposition of an aromatic ring on 

Cu(111). 

For clarity, the following surface reactions are reported based on the reactants at 

low coverage (1/12 ML). Our calculations indicate that the direct dehydrogenation of 

the phenyl ring in PP on Cu(111) has 𝐸𝑎 and ∆𝐸𝑟𝑥𝑛 as given in Equation (3.1.1) (the 

TS of this and other reaction steps is shown in Figure 3.1.12). 

𝐶6𝐻5𝑃𝑂3 → 𝐶6𝐻4𝑃𝑂3 + 𝐻   (𝐸𝑎, ∆𝐸𝑟𝑥𝑛 in eV)  (1.80, +1.44)  (3.1.1) 

The reaction produces atomic hydrogen. The missing C-H bond is replaced by 

coordination to a Cu atom. Interestingly, the activation energy is lower than that of 

2.2 eV for benzene dehydrogenation on Cu(111). [134] 

The following 𝐸𝑎 and ∆𝐸𝑟𝑥𝑛 are calculated for the dissociation of a phosphoryl O 

and direct C–P bond scission in PP/Cu(111): 

𝐶6𝐻5𝑃𝑂3 → 𝐶6𝐻4𝑃𝑂2 + 𝑂   (1.71, +1.38)  (3.1.2) 

𝐶6𝐻5𝑃𝑂3 → 𝐶6𝐻5 + 𝑃𝑂3  (1.66, +1.78)  (3.1.3) 

The direct scission of C–P bonds produces products with strong adsorbate–

adsorbate interactions, making their separation energetically unfavorable. It is 

noteworthy that the activation energy of the reactions in Equations (3.1.1 – 3.1.3) is in 

the range of 1.7–1.8 eV. Including zero-point energy corrections, these values become 

1.58 eV (Eq. (3.1.1)), 1.66 eV (Eq. (3.1.2)), and 1.69 eV (Eq. (3.1.3)). According to 

the Redhead-type analysis, [135,136] the rates of these decomposition steps should 

have maximum between 330 and 380 ºC, which is consistent with the onset of surface 

reactions observed in SRPES spectra after 375 °C. 
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Figure 3.1.12: Snapshots of GGA–PBE minimum-energy transition states for the 

proposed reaction steps in decomposition of PP on Cu(111), in top (upper panels) and 

side (lower panels) views. The number of the reaction equation is given in brackets. 

Color code: brown=Cu, purple=P, red=O, black=C, white=H. [47] 

 

Another common feature of the three decomposition steps is their high 

endothermicity, suggesting that thermodynamics strongly favors molecular PP even at 

elevated temperatures. However, Equation (3.1.2) can be further developed by 

condensing the remaining phosphonates: 

2 𝐶6𝐻5𝑃𝑂2 → (𝐶6𝐻5)2𝑃2𝑂4  (0, -0.97) 

𝐶6𝐻5𝑃𝑂2 + 𝐶6𝐻5𝑃𝑂3 → (𝐶6𝐻5)2𝑃2𝑂5  (0, -0.91) 

The stability of the pyrophosphonate species (Fig. 3.1.13 a, b) compared to 

individual phosphonates reduces the probability of atomic oxygen recombination with 

C6H5PO2, thereby increasing the flux of atomic oxygen produced through this reaction 

channel. Similarly, the condensation of PO3 (Fig. 3.1.13 c) is energetically favorable 

and may occur repeatedly to form a metaphosphate phase (PO3)y (Fig. 3.1.13 d, e) via:  

2 𝑃𝑂3 → (𝑃𝑂3)2 (0, -1.11) 

(𝑃𝑂3)2  +  𝑃𝑂3 → (𝑃𝑂3)3  (0, -0.72) 
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Figure 3.1.13: Snapshots of GGA–PBE minimum-energy (a) (C6H5)2P2O5, (b) 

(C6H5)2P2O4, (c) PO3, (d) (PO3)2, and (e) (PO3)3 adsorbed on Cu(111), in top (upper 

panels) and side (lower panels) views. Color code: brown=Cu, purple=P, red=O, 

black=C, white=H. [47] 

 

The condensation reactions are limited only by the diffusion barrier of the 

phosphates (0.07 eV for PO3; 0.33 eV for C6H5PO2). The condensation of PO3, as in 

the case of C6H5POx, would inhibit the recombination of phosphoryl and phenyl 

groups, thereby facilitating further reactions of the phenyl groups. 

The atomic oxygen produced via Equation (3.1.2) could recombine and desorb 

as O2 from Cu(111), but this process has a significant barrier and is unlikely. [137] 

Instead, atomic oxygen can readily react with atomic hydrogen [127] generated via 

Equation (3.1.1) or Equation (3.1.6) below, or it can extract hydrogen directly from a 

phenyl group, whether as part of PP or adsorbed on Cu(111): 

𝐶6𝐻5𝑃𝑂3 +  𝑂 → 𝐶6𝐻4𝑃𝑂3 + 𝑂𝐻  (1.64, +0.91)  (3.1.4) 

𝐶6𝐻5 +  𝑂 → 𝐶6𝐻4 + 𝑂𝐻  (0.88, -0.21)  (3.1.5) 

The dehydrogenated C atom is again coordinated to a Cu atom. The resulting 

OH groups can easily undergo disproportionation to form water, which desorbs from 

Cu(111). [127]  

The phenyl group adsorbed on Cu(111), besides the O-assisted 

dehydrogenation (Eq. (3.1.5)), can also decompose directly to C6H4 and H, although 

with a somewhat higher barrier: 
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𝐶6𝐻5 → 𝐶6𝐻4 + 𝐻  (1.25, +0.32)   (3.1.6) 

Alternatively, as mentioned above, phenyl groups can combine and desorb as biphenyl: 

2 𝐶6𝐻5 → (𝐶6𝐻5)2 (0.97, -1.70)   (3.1.7) 

The calculated activation energy Ea for Equation (3.1.7) agrees well with the 

desorption temperature of 100–110 °C for biphenyl. [132] Note that the phenyl group 

is expected to diffuse easily due to the low diffusion barriers of CHx species on 

Cu(111). [138] It should be emphasized that Equation (3.1.5) is kinetically favored 

when atomic oxygen is present on the surface, while Equation (3.1.7) provides a 

channel for carbon desorption in the absence of atomic oxygen. We propose that the 

dehydrogenation of the phenyl group (Eq. (3.1.6)), if it occurs, would lead to its 

decomposition. It would result in either closed-shell CxHy species, partial or complete 

oxidation products via reaction with oxygen (such as COx or carbonyl compounds), or 

just carbon residues. 

While the volatilization of water and small organics explains the loss of O and 

C atoms from Cu(111) (see Figs. 3.1.1 and 3.1.2), the absence of a desorption channel 

for P atoms is a key feature of this system. It is likely to be a common feature for 

phosphonates and phosphates on other surfaces, especially at moderate temperatures, 

[139,140] with the exception of phosphine desorption under H2-rich conditions. 

Residual POx and carbon on the surface could react further to release COx, and form 

phosphorus oxy-carbide or phosphorous carbide phases, [141,142] as Figure 3.1.3 

suggests. 

 

Discussion 

The thermal stability and reactivity of PPA on the Cu(111) surface are shown 

schematically in Figure 3.1.14 and can be summarized as follows. After PPA 

deposition, the molecular adlayer is formed by species in the different binding 

geometries (mono-, bi-, etc.) (Fig. 3.1.14 a). This is evidenced by several components 

in the P 2p core level and a high BE shoulder at 532.1 eV of the O 1s core level. After 

annealing at 150 °C (Fig. 3.1.14 b), where the P 2p evolves in the well-resolved doublet 

and the O 1s shoulder disappears, the formation of the tridentate species is complete. 

The tridentate adsorption geometry, i.e. the deprotonation of the phosphonate group, 

is concluded from SRPES and confirmed by DFT. It is accompanied by the 

recombinative desorption of hydrogen. [128,129] In the temperature range of 150 – 

300 °C, the analysis of the SRPES (Figs. 3.1.1 and 3.1.2) and NEXAFS data (Figs. 
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3.1.6 and 3.1.7) confirms the stability of the upright PP adlayer on the Cu(111) surface. 

Regarding the VB data, the variations in the A – B region (Fig. 3.1.4) are the most 

significant for the PPA/Cu(111) system, supporting the assignment of these features to 

the molecular orbitals of the phosphonic group. 

 

 

Figure 3.1.14: Schematic illustration of the thermal reactivity of PPA on Cu(111) upon 

annealing. [47] 

 

As evidenced by significant changes in the SRPES (Figs. 3.1.1 and 3.1.2) and 

NEXAFS (Figs. 3.1.6 and 3.1.7) spectra, the decomposition of the PP adlayer on 

Cu(111) starts at 375 °C (Fig. 3.1.14 c). The high BE component of P 2p indicates the 

formation of (PO3)y (y ≥ 2) species, while the shoulder in O 1s suggests changes in the 

electronic structure of the phosphonate group. In addition, new components appear in 

the low BE region of P 2p, indicating the phosphonate reduction. The reduction process 

does not involve the phosphorus desorption, as the total intensity of P 2p is stable 

during the annealing (Fig. 3.1.2). Along with the phosphonate reduction, 

decomposition of the phenyl ring and carbon desorption are observed. This is reflected 

in the decrease of the C 1s signal and the spectral changes after 375 °C (Figs. 3.1.1 and 

3.1.2). The O 1s signal is stable over the temperature range of 25 – 375 °C and 

decreases rapidly after further annealing. It is noteworthy that the rapid decrease of the 

C 1s signal accompanied by an increase of P 2p and O 1s in the temperature range of 

300 – 375 °C indicates the presence of C-P bond cleavage, since the phenyl ring 
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previously attenuated these signals. The XPS intensity ratio P:O:C of 1.0:2.3:2.7 after 

375 °C for the 0.2 ML system indicates a minor loss of oxygen and a significant loss 

of carbon as CO, CO2 and biphenyls. The DFT results show comparable activation 

barriers for C-H, C-P, and P-O bond cleavage in the range of 1.7 to 1.8 eV, consistent 

with the annealing temperature of 300 – 400 °C. All three reaction channels for the PP 

adlayer activate almost simultaneously with increasing temperature. This is in good 

agreement with the observed changes in the SPRES spectra after annealing the system 

at 375 °C (Fig. 3.1.1). The main desorption products are expected to be H2O, CO2 and 

residual oxygenated carbonaceous species when surface oxygen is present, and 

hydrocarbons otherwise, i.e. under conditions where there is no free surface oxygen. 

After the final treatment at 500 °C, the phosphorus species P-P and P-C remain on the 

surface (Fig. 3.1.14 d). 

A stable PP adlayer with an upright phenyl ring is obtained on the surface of 

Cu(111) in the range of 25 – 300 °C, similar to PPA films on metal oxides such as 

PPA/Al2O3, [113] PPA/ TiO2, [11] PPA/cobalt oxide, [45] and PPA/ZnO, [10] although 

there may be differences in the adsorption geometry, especially in the number of P-O 

surface bonds per molecule. Surface reactions during thermal treatment of the 

PPA/Cu(111) system between 300 and 500 °C are another aspect of the study. Together 

with the apparent C-P bond scission after 375 °C treatment, similar to the PPA/ZnO 

systems after 420 and 460 °C, [10] DFT calculations predict two other dissociation 

channels: P-O and C-H. During PP adlayer decomposition, biphenyl, H2O, CO2, 

hydrocarbons, and oxygenated hydrocarbons desorb, leaving reduced phosphorus 

species (P-C and P-P) on the Cu(111) surface. It should be emphasized that annealing 

at 400–500 °C leads to the C-P bond scission in the PPA/ZnO system, [10] while this 

does not occur for PPA/TiO2. [11] These findings are complemented by the present 

study by providing a detailed description of the surface chemistry and additional 

information on the catalytic properties of the Cu(111) surface in reactions with PPA 

molecules at elevated temperatures. In addition, annealing the PPA/Cu(111) system at 

500 °C provides an accessible and effective method for preparing well-defined model 

surfaces for copper phosphide electrodes, which are effectively used in 

electrocatalysis. [143–145] 
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Summary of the findings 

The properties of the PPA/Cu(111) system were studied by SRPES and XPS 

techniques. The adsorption geometry of the molecular adlayer was examined by means 

of NEXAFS at varying substrate geometries. The experimental results were analyzed 

and interpreted using DFT calculations, and the main conclusions can be summarized 

as follows: 

1) The PPA molecules adsorb on Cu(111) at 25 °C in mixed configurations, 

including mono- and bidentate species. The PPA bonding to the surface is accompanied 

by dehydrogenation, which leads to H2 desorption from the Cu(111) surface. 

2) Stable PP adlayers with molecules in a tridentate configuration and the phenyl 

ring plane oriented at about 80° from the surface are obtained by thermal treatment of 

the PPA/Cu(111) system in the range of 150 – 300 °C. 

3) PP decomposition starts above 300 °C when the P–O, C–H and C–P scission 

channels are activated. The dissociation products are expected to desorb as biphenyl, 

H2O, H2, CO2 and CO. 

4) No desorption of phosphorus-containing fragments was observed. 

Consequently, organic phosphorus species predominate on the surface as residual 

adsorbates after 500 °C treatment.  
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3.1.2  Protective properties of phenylphosphonic acid adlayer on 

Cu(111) 

 

This chapter presents the study of the protective properties of the 0.2 ML PPA 

adlayer on the Cu(111) surface. For this purpose, the photoelectron spectra were 

compared for substrates before and after exposure to ambient atmosphere for 30 min. 

The 0.2 ML PPA/Cu(111) system was annealed at 150 °C for 1 min before air exposure 

to eliminate the contribution of the weakly bound species. The formation of the 

tridentate stable molecular adlayer on the Cu(111) surface was also ensured by the 

thermal treatment.  

 

SRPES 

The P 2p, C 1s, and O 1s core level spectra of the 0.2 ML PPA/Cu(111) surface 

before and after air exposure compared to Cu(111) are shown in Figure 3.1.15. For the 

PPA/Cu(111) system, the P 2p core level was broadened after air exposure with a slight 

shift to high BE. The C 1s signal decreased and shifted to lower BE, with no peak at 

about 289.5 eV that could be attributed to adsorbed organic acids, thus confirming the 

protective properties of the adlayer. As for the O 1s peak, its shape remained similar 

to the PPA signal with the peak centroid shifted to the lower BE. In addition, the small 

shoulder appeared at the high BE of O 1s, indicating the adsorption of OH- groups or 

water. The O 1s area of the air-exposed PPA/Cu(111) system is 46%, which includes 

18% of the attenuated signal from the PPA molecules, if the O 1s signal from the air-

exposed Cu(111) surface is taken as 100%. It clearly shows 1) the reduced adsorption 

of atomic oxygen on Cu(111) with subsequent lower Cu oxide formation (O 1s 

component at 530.0 eV) and 2) the reduced signal of the adsorbed OH- groups, water 

and oxygenated organic molecules contributing to the O 1s component at 531.0 eV. 
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Figure 3.1.15: P 2p, C 1s, O 1s core level spectra obtained after exposure to air for 30 

min of Cu(111) crystal (red line) and 0.2 ML PPA/Cu(111) annealed at 150 °C (green 

line). The substrates before exposure are shown by black and blue lines, respectively. 

The photon energy is 230, 410, and 630 eV for P 2p, C 1s, and O 1s core levels, 

respectively. [47] 

 

Summary of the findings 

In addition to the basic characterization of the phosphonic acid anchor group 

bonding to the Cu(111) surface, information was obtained about potential adlayer 

preparation techniques and the protective properties of the molecular film. 

Specifically, by comparing the changes in the P 2p, C 1s, and O 1s core level spectra 

of the 0.2ML PPA/Cu(111) system before and after exposure to air, the following 

conclusions were drawn: 

1) The PPA adlayer remained stable after air exposure. The minor changes in the 

P 2p spectra indicate the stability of the phosphonate group and the tridentate binding. 

The spectral signals were attenuated due to the adsorption of impurities.  

2) The PPA adlayer reduced the surface oxidation of Cu(111) in the ambient 

atmosphere by 60%. It prevents the adsorption of water and oxygenated organic 

molecules, which reduces copper oxidation.  
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3.2 Interaction of phenylphosphonic acid with cerium 

oxide 

 

3.2.1 Adsorption and thermal stability of phenylphosphonic acid 

on monocrystalline cerium oxide films as a function of oxygen 

vacancies, surface stoichiometry and composition 

 

This chapter presents the study of PPA adlayers and their thermal stability on 

in situ prepared cerium oxide films. The following substrates were considered: fully 

oxidized CeO2(111)/Cu(111) with Ce4+ cations and no oxygen vacancies, partially 

reduced CeO1.7/Cu(111) with both Ce4+ and Ce3+ cations in the film, fully reduced 

Ce2O3(111)/Cu(111) with Ce3+ cations and maximum amount of oxygen vacancies, 

and mixed oxide Ce6WO12(100)/W(110) with Ce3+ cations and no oxygen vacancies. 

The influence of oxygen vacancies, surface stoichiometry and composition of the 

oxide films on the adsorbed PPA adlayers was analyzed by RPES, XPS with Al Kα 

radiation source, SRPES, and NEXAFS techniques. Details of the preparation of the 

cerium oxide films and the PPA deposition are given in Chapter 2.6. Photoemission 

measurements were taken before and after PPA deposition and after annealing at 75, 

150, 225, 300, 350, 400, and 450 °C for 1 min; NEXAFS data were collected only 

after treatment at 75 and 400 °C. 

 

PPA deposition 

PPA was deposited by evaporation in UHV from the Knudsen cell at a 

temperature of 105 °C. The deposition time was 5, 5, 5, and 23 min on CeO2, CeO1.7, 

Ce2O3, and Ce6WO12, respectively. The effective thickness and the coverage of the 

PPA molecules adsorbed on the surface were estimated as described in Chapter 2.7 and 

summarized in Table 3.2.1.  

The effective thickness was calculated from the intensities of the XPS spectra 

obtained after molecular deposition and then after annealing at 75 °C, to exclude the 

influence of physisorbed molecules. For this purpose, the attenuation of the Cu 2p3/2 

(for CeO2, CeO1.7, and Ce2O3) and W 4f (for Ce6WO12) substrate signals were found 

from the experimental data and introduced into Equation (2.7.1). The similar effective 
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thickness values of 0.22, 0.18, and 0.17 nm were found for as deposited PPA adlayers 

on CeO2, CeO1.7, and Ce2O3 oxides, respectively, confirming the stable deposition rate. 

Annealing at 75 °C affected these values, increasing to 0.27 nm for CeO2 and much 

higher to 0.35 nm for both CeO1.7 and Ce2O3, likely reflecting the change in adsorption 

geometry, as the photoemission signals show only minimal changes (see below). The 

highest effective thickness value of 0.72 nm was found for the Ce6WO12 oxide, which 

is consistent with a longer deposition time (23 min). In addition, annealing at 75 °C 

has little effect on this value. 

The PPA molecular coverage Θ in MLs was estimated from the P 2p and Ce 3d 

XPS intensities after 75 °C using Equation (2.7.2). The values below saturation 

coverage (estimated to be ~0.3 ML based on the geometric relationship between the 

CeO2 unit cell size and PPA molecular dimensions) were obtained for all systems: 0.07, 

0.10, 0.08, and 0.15 ML for CeO2, CeO1.7, Ce2O3, and Ce6WO12 oxides, respectively. 

These values reflect well the effective thickness values.  

 

System 

in situ 

Effective 

thickness, (nm) 

Coverage, 

(ML) 

Stoichiometry, 

P : C ratio 

PPA/CeO2(111) 

25 °C 

75 °C 

 

0.22 

0.27 

 

 

0.07 

 

1.15 : 6 

0.80 : 6 

PPA/CeO1.7 

25 °C 

75°C 

 

0.18 

0.35 

 

 

0.10 

 

1.00 : 6 

0.97 : 6 

PPA/Ce2O3(111) 

25 °C 

75°C 

 

0.17 

0.35 

 

 

0.08 

 

0.90 : 6 

0.80 : 6 

PPA/Ce6WO12(100) 

25 °C 

75 °C 

 

0.72 

0.74 

 

 

0.15 

 

0.80 : 6 

1.10 : 6 

Table 3.2.1: The calculated values of effective thickness, coverage, and stoichiometry 

of PPA on CeO2, CeO1.7, Ce2O3, and Ce6WO12 before and after annealing at 75 °C. 

 

The stoichiometry of the PPA adlayer, i.e. the intensity ratio P : C is also given 

in Table 3.2.1. Oxygen was not included in the stoichiometry estimation because it is 
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impossible to clearly define the PPA oxygen contribution to the O 1s signal. The values 

obtained for CeO2 and Ce2O3 after PPA deposition are very close to the expected ratio 

of 1 : 6. Then, after the first annealing, the relative intensity of the phosphorus signal 

decreases for both systems, indicating upward molecular adsorption via phosphonate 

oxygen atoms and partial attenuation of the phosphorus signal. This change was less 

pronounced for the CeO1.7 oxide. The opposite tendency was observed for the 

PPA/Ce6WO12 system: the ratio of 0.8 : 6 after PPA deposition changed to 1.1 : 6 after 

75 °C, again probably due to the slight change in adsorption geometry.  

 

RPES 

The evolution of the RER, D(Ce3+)/D(Ce4+), and the separate resonance 

enhancement signals, D(Ce3+) and D(Ce4+), for the CeO2 and CeO1.7 oxides before and 

after the PPA deposition and during the annealing are shown in parts a, b, and d, e of 

Figure 3.2.1, respectively. For the Ce2O3 (Fig. 3.2.1 f) and Ce6WO12 (Fig. 3.2.1 c) 

films, only the resonance enhancement D(Ce3+) is plotted since the Ce4+ cations were 

not present on the clean oxide surface. [67,110] 

After PPA deposition on CeO2(111), an increase from 0 to 0.05 was observed, 

indicating a slight reduction of the oxide surface (Fig. 3.2.1 a, black). Then, with 

increasing temperature, the RER value gradually increased to 0.09 and after 225 °C, 

the slope of the curve changed drastically and the final treatment at 450 °C gives the 

highest value of 0.9. It is worth mentioning that we performed similar experiments 

with higher PPA coverage (0.15 and 0.39 ML after 75 °C) and the corresponding RER 

curves are collected in part a of Figure 3.2.1. The final RER value after 450 °C 

increases linearly with the coverage, reaching the highest value of 2.2 for 0.39 ML 

PPA, indirectly confirming the formation of the saturated molecular adlayer. It can be 

concluded that the increase in RER is due to the presence of adsorbed PPA molecules, 

i.e. the higher the coverage, the greater the reduction of the oxide surface. The 

contribution of the clean oxide surface reduction to this value can be found in the 

literature and does not exceed RER 0.1 after final annealing. [146]  

The corresponding resonance enhancement values D(Ce4+) and D(Ce3+) 

decreased and increased, respectively, after PPA deposition (Fig. 3.2.1 b, points at 

25 °C). Specifically, the similar increase in D(Ce3+) and decrease in D(Ce4+) are 

expected to result from the electronic reduction of the oxide surface, since water 

desorption is negligible due to the minimal adsorption of OH- groups on the CeO2 
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surface. [147] In reality, the magnitude of this change is different due to attenuation by 

the molecular adlayer, which further reduces both signals. During thermal treatment, 

the behavior of both signals is quite stable up to 225 °C. Then, the D(Ce3+) value starts 

to increase rapidly while the D(Ce4+) value remains without pronounced changes, in 

accordance with the RER behavior. This indicates the onset of the surface reaction, 

which may include PPA decomposition/desorption and water desorption. 

For the CeO1.7 oxide (Fig. 3.2.1 d), which is an intermediate case between CeO2 

and Ce2O3, the PPA adsorption leads to a surface reduction (RER change from 5.6 to 

6.7), it remains stable after 75 C, and the surface oxidation starts at 150 C annealing 

and it is very pronounced up to 300 C (RER change from 6.0 to 4.0). The 

corresponding D(Ce4+) curve has a slightly increasing character and D(Ce3+) decreases 

over the whole temperature range (Fig. 3.2.1 e).  

In the case of Ce2O3 (Fig. 3.2.1 f), the resonance intensity D(Ce3+) decreased 

significantly after PPA deposition, similarly as for the PPA/CeO1.7 system. This is due 

to two factors: the attenuation caused by the PPA adlayer and the possible 

incorporation of PPA oxygen atoms into the lattice structure of the oxide film, i.e. 

surface oxidation. During annealing, the D(Ce3+) signal continues to decrease, is stable 

in the range of 150 – 350 °C, and then a slight increase is observed with an absolute 

value similar to that after PPA adsorption.  

A similar behavior was observed for the Ce6WO12 oxide (Fig. 3.2.1 c). Here, the 

intensity of the D(Ce3+) signal also decreased significantly after PPA deposition. The 

main reason for this is the attenuation of the signal by the molecular adlayer, surface 

oxidation is not expected due to the absence of oxygen vacancies (note that the PPA 

coverage is about twice that of PPA on other oxide films, Table 3.2.1). With increasing 

temperature, the signal is stable up to 300 °C. Above this temperature, the D(Ce3+) 

value increases (Fig. 3.2.1 c). After final annealing at 450 °C, the signal tends to return 

to original value before PPA deposition. 
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Figure 3.2.1: (a, d) The resonance enhancement ratio D(Ce3+)/D(Ce4+) and (b, c, e, f) 

the resonance enhancements D(Ce3+) (blue) and D(Ce4+) (red) after PPA deposition on 

(a, b) CeO2, (d, e) CeO1.7, (f) Ce2O3, (c) Ce6WO12 versus annealing temperature. The 

values before PPA deposition are plotted as the first point at 25 °C. In addition to the 

data for the 0.07 ML PPA/CeO2 system, the RER values for 0.15 and 0.39 ML PPA 

coverage are also shown in part (a) of the figure. 

 

XPS 

The Ce 3d core level spectra of CeO2, CeO1.7, Ce2O3, and Ce6WO12 thin films as 

prepared, after PPA deposition and the thermal treatment at 450 °C are shown in 

Figure 3.2.2. The Ce 3d signal of the CeO2 clean oxide can be decomposed with 3 

doublets, marked with red arrows in Figure 3.2.2 a, corresponding to the Ce4+ cations. 

[68] Instead, the Ce 3d peak for Ce6WO12 and Ce2O3 films can be fitted with 2 other 

doublets, see blue arrows in Figure 3.2.2 b and d, corresponding to the Ce3+ cations. 

[68] For the CeO1.7, the Ce 3d core level can be represented as a combination of the 

integrated Ce4+ and Ce3+components as shown in Figure 3.2.2 c. The PPA deposition 

has little effect on the Ce 3d core level shapes for all oxides. The most pronounced 

changes were detected for the PPA/Ce2O3 system at 25 °C as the appearance of a small 

Ce4+ related signal at 917.3 eV confirming partial oxidation of the film along its 
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thickness. The final annealing at 450 °C visibly changes the Ce 3d core level for PPA 

adlayers on CeO2, CeO1.7, and Ce2O3 films while that for the PPA/Ce6WO12 remains 

without new components. In particular, the spectrum shows signs of film reduction 

(filling of the valley at 885 eV) for PPA/CeO2 and film oxidation (further growth of 

the signal at 917.3 eV) for PPA/CeO1.7 and PPA/Ce2O3.  

 

 

Figure 3.2.2: Ce 3d core level spectra of in situ prepared cerium oxide films (a) CeO2, 

(b) Ce6WO12, (c) CeO1.7, and (d) Ce2O3 before and after PPA deposition, and after 

annealing at 450 °C. Integrated Ce3+ (c, violet) and Ce4+ (c, red) components are shown 

for the clean CeO1.7 oxide. Spectra are normalized to the maximum intensity. The 

photon energy is 1486.6 eV. 

 

SRPES 

PPA adsorption on CeO2, CeO1.7, Ce2O3, and Ce6WO12 

The spectral changes of the P 2p, C 1s, and O 1s core levels for the PPA/CeO2 

system after molecular deposition and during thermal treatment are shown in parts a, 
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b, and c of Figure 3.2.3, respectively. The corresponding intensity curves are shown in 

Figures 3.2.4 a. Note that the O 1s (PPA) signal intensity (Fig. 3.2.4 a) is the intensity 

of the PPA-induced shoulder in the O 1s region only, without the lattice component. 

After PPA deposition, the P 2p region can be represented by a 2p doublet with the 2p3/2 

component at 132.6 eV, assigned to the PO3
x- deprotonated groups. Our data on the 

position of the P 2p core level is in good agreement with values for other systems. In 

particular, for a PPA adlayer on TiO2 [11,46] and ZnO [10] oxide surfaces, the P 2p 

core level of the fully deprotonated PO3
2- group in bidentate geometry appears with 

the main doublet component in the range of 133.2 – 133.9 eV. In Chapter 3.1.1, we 

observed the PO3
2- state for the PPA molecular adlayer in tridentate geometry on the 

Cu(111) surface at 132.2 eV. [47] 

The adsorbed PPA adlayer is characterized by a one-component C 1s core level 

with a BE of 284.7 eV (Fig. 3.2.3 b), which was assigned to the carbon atoms of the 

phenyl ring in agreement with published data. [11,46]  

The O 1s spectrum of the clean CeO2 film was dominated by a peak at 529.4 eV 

generated by O2- anions in the oxide lattice (see SRPES spectra in Fig. 3.2.3 c and XPS 

spectra in Fig. 3.2.5 a). The quality of the CeO2 film was confirmed by the stable O 1s 

signal in UHV without visible adsorption of the OH- groups at high BE from the lattice 

peak, a sign of the presence of Ce3+ cations on the surface. After PPA deposition, a 

shoulder appeared at about 530.8 eV, which can be decomposed into several 

components, including the P-O-Ce, P-O-H, P=O, and OH- groups. The variety of 

components is supported by the literature data on the BE separation between the lattice 

oxygen peak and the PPA-related adsorbed species. Specifically, the Metal-O-P, P=O, 

and P-OH components are approximately 1, 2, and 3 eV away from the lattice oxygen 

peak, respectively. [10,11,46] The contribution of adsorbed OH- groups is also 

expected. [147] Due to the low intensity of the PPA-induced shoulder in the O 1s core 

level, the specific component assignment is not possible.  

For the PPA/Ce2O3 system, the P 2p, C 1s, and O 1s molecular signals appeared 

at 133.5, 286.1 and 532.0 eV (Fig. 3.2.3 d, e, and f), which, as before, are assigned to 

the adsorbed phosphonic groups, the carbon atoms of the PPA phenyl ring, and the PPA 

oxygen atoms, respectively. The corresponding intensity behavior is shown in Figure 

3.2.4 d. The shift of all spectra to high BE up to 0.9 eV compared to the PPA/CeO2 

system is related to the semiconducting nature of the substrate and has been previously 

observed for the similar adsorbed species on different cerium oxide films. [148–150] 
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The shape of the P 2p peak is not as well defined as in the case of PPA/CeO2, indicating 

the presence of several types of PO3
x- states corresponding to different molecular 

bonding to the surface (Fig. 3.2.3 d). The C 1s core level is a single peak, as expected 

for the upward PPA adlayers (Fig. 3.2.3 e). The O 1s before PPA deposition consists 

of two peaks at 530.1 and 532.6 eV, which are attributed to O2- anions in the oxide and 

adsorbed OH- groups, respectively (see SRPES spectra in Fig. 3.2.3 f and XPS spectra 

in Fig. 3.2.5 b). [68] The reduced cerium oxide film itself is very reactive in UHV and 

actively decomposes water molecules from the residual atmosphere. [147] This can be 

seen by following the growth of the component at 532.6 eV after 240 min in UHV 

(Fig. 3.2.5 b). Before the PPA deposition, the substrate was again flashed at 550 C 

and the corresponding O 1s spectrum, defined as "oxide" in Figure 3.2.5 b, was 

considered to be a clean surface signal with a minimal amount of the adsorbed OH-. 

After PPA deposition, a new component appeared at about 532.0 eV. Note that the 

intensity of the component at 532.0 eV is shown as the O 1s (PPA) signal in Figure 

3.2.4 d. It may contain signals from the various species listed above. It is worth noting 

that the BE of the OH-related shoulder (532.6 eV) is slightly higher than the PPA-

induced signal (532.0 eV), a clear indication of a chemically different adlayer. In 

addition, the intensity of the PPA-related signal is even higher, demonstrating the 

preferential adsorption of PPA molecules during deposition (in the preparation 

chamber with an order of magnitude higher base pressure than in the analysis chamber) 

and the blocking of surface-active sites for OH- groups, again confirming the 

protective properties of PPA molecules.  

The P 2p, C 1s, and O 1s spectra are not shown for the PPA/CeO1.7 system as 

they are very similar to the PPA/Ce2O3 case. Instead, the intensity behavior during the 

annealing of the core levels is shown in Figure 3.2.4 c, and again all curves resemble 

PPA on the fully reduced oxide film. 

Similarly, for the PPA/Ce6WO12 system, the P 2p and C 1s core levels at 

133.5 eV (Fig. 3.2.3 g) and 285.1eV (Fig. 3.2.3 h) were assigned to the PO3
x- groups 

and the carbon atoms in the phenyl ring, respectively. The O 1s peak of the clean 

substrate was a single peak at 530.9 eV formed by the O2- anions in the oxide lattice 

(Fig. 3.2.3 i). [110] The Ce6WO12 oxide film was stable in UHV with no visible signal 

due to OH- adsorption, similar to the CeO2 case. After PPA deposition, a shoulder at 

higher BE appeared. Note that the integrated intensity of the lattice and PPA oxygen 

signals is shown as the O 1s (total) curve in Figure 3.2.4 b, because it was not possible 
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to unambiguously separate these components. Again, as described above, several 

components originating from the adsorbed species can be expected in the PPA induced 

shoulder in O 1s. 

 

 

Figure 3.2.3: Evolution of P 2p, C 1s, and O 1s core level spectra after PPA deposition 

on (a – c) CeO2, (d – f) Ce2O3, and (g – i) Ce6WO12 as a function of temperature, 

measured with the photon energy of 230, 410, and 630 eV, respectively. The black lines 

correspond to the O 1s signals from the clean oxide films.  
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Figure 3.2.4: P 2p (blue), C 1s (black), and O 1s (red) core levels intensities during the 

annealing of (a) PPA/CeO2, (b) PPA/Ce6WO12, (c) PPA/CeO1.7, and (d) PPA/Ce2O3 

systems. Note that the PPA induced O 1s signal (O 1s (PPA), red) accounts for the high 

binding energy component of the O 1s peak, instead the total O 1s intensity (O 1s 

(total), green) is plotted for Ce6WO12. 

 

 

Figure 3.2.5: The O 1s core level spectra of (a) PPA/CeO2, (b) PPA/Ce2O3, and (c) 

PPA/Ce6WO12 systems at the indicated experimental steps. The photon energy is 

1486.6 eV.  
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Thermal treatment of PPA adlayer on CeO2, CeO1.7, Ce2O3, and Ce6WO12 

The thermal treatment of the PPA/CeO2 system can be divided into two 

temperature ranges: 25 – 225 and 225 – 450 °C. During the annealing steps from 25 to 

225 °C, the spectra did not change significantly (Fig. 3.2.3 a – c). After 75 °C, the 

intensity of the C 1s and O 1s peaks decreased slightly, while P 2p remained unchanged 

(Fig. 3.2.4 a). Desorption of weakly bound species and rearrangement of molecular 

adlayers are possible explanations for the observed features, which appear as a change 

in effective thickness from 0.22 to 0.27 nm (Table 3.2.1). For the first temperature 

range, the PPA-related P 2p, C 1s, and O 1s peaks were shifted to higher BE by 0.2, 

0.1, and 0.2 eV, respectively. The shape of the C 1s and O 1s spectra remained the 

same, while the P 2p doublet became less defined (Fig. 3.2.3 a – c). The C 1s intensity 

was stable up to 225 °C, while the intensity of P 2p and O 1s increased slightly (Fig. 

3.2.4 a). 

In the temperature range of 225 – 450 °C, the spectra showed more significant 

changes. The P 2p core level shifted by another 0.7 eV towards the higher BE side after 

450 °C, with the final position of the 2p3/2 peak at 133.4 eV (Fig. 3.2.3 a). The intensity 

of the P 2p doublet also increased slightly during annealing (Fig. 3.2.4 a). The intensity 

of the C 1s peak decreased in this temperature range (Fig. 3.2.4 a) with the appearance 

of a shoulder at about 286.3 eV after 350 °C (Fig. 3.2.3 b). The P 2p and C 1s changes 

are related to the PPA decomposition with the appearance of modified phosphonate 

groups and new carbonaceous species on the surface. The PPA-related component in 

the O 1s spectra also reflects the surface chemistry in the PPA adlayer: the shoulder of 

increasing intensity (Figs. 3.2.4 a and 3.2.5 a) is shifted by 0.5 eV to high BE after 

450 °C (Fig. 3.2.3 c).  

The thermal treatment of the PPA/Ce2O3 system can be divided into three 

temperature ranges: 25 – 75, 75 – 300, and 300 – 450 °C. After initial annealing at 

75 °C, the intensity of all core levels decreased slightly (Fig. 3.2.4 d), while the shapes 

remained unchanged (Fig. 3.2.3 d – f). For the 75 – 300 °C range, the P 2p, C 1s peaks, 

and the PPA-related component in O 1s were shifted by 0.4, 0.4, and 0.3 eV, 

respectively, to high BE with a more resolved P 2p doublet (Fig. 3.2.3 d – f). The 

intensity of P 2p was stable, C 1s increased while that of O 1s decreased (Fig. 3.2.4 d). 

All these changes were attributed to the rearrangement of the PPA adlayer, which is 

consistent with the change in effective thickness from 0.17 to 0.35 after 75 C 

(Table 3.2.1). During the further annealing from 300 to 450 °C, the peak positions 
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remained unchanged, while the intensity of C 1s decreased and P 2p and O 1s increased 

(Fig. 3.2.4 d). Thus, the amount of carbonaceous species is lower at the end, probably 

due to PPA decomposition with C-P bond cleavage. The position and shape of the PPA-

related shoulder in O 1s after 450 °C indicates the minimum amount of adsorbed OH- 

groups and the presence of phosphonate species (Fig. 3.2.5 b).  

The core level spectral shape (not shown) and corresponding intensity curves 

(Fig. 3.2.4 c) for the PPA/CeO1.7 system during thermal treatment are very similar to 

the PPA/Ce2O3 case.  

During the annealing of the PPA/Ce6WO12 system, the PPA adlayer showed the 

most stable behavior compared to the previous substrates. Two temperature ranges can 

be identified: 25 – 300 and 300 – 450 °C. After 75 °C, the intensity of all core levels 

slightly decreased due to the PPA desorption/rearrangement, then the peak shapes and 

intensities remained almost unchanged up to 300 °C (Fig. 3.2.4 b). With further 

annealing steps, the C 1s intensity decreased rapidly, indicating molecular 

decomposition. Even the intensity of the P 2p peak (Fig. 3.2.4 b) decreased slightly, 

indicating partial desorption of the PPA molecules or phosphonate groups. Also, the 

P 2p peak gradually shifted to high BE with the final value of 0.1 eV after 450 °C. The 

shape of the O 1s spectra remained the same. The total intensity of the O 1s signal 

increased slightly up to 300 °C, with a more pronounced increase thereafter.  

 

NEXAFS 

The C K-edge absorption spectra of PPA on CeO2, Ce2O3, and Ce6WO12 in NI, 

NE, and GI geometries obtained after annealing at 75 and 400 °C are shown in 

Figure 3.2.6. The spectrum for the PPA/CeO1.7 system is again very similar to that of 

the Ce2O3 case and is not shown in the figure. The P L23-edge spectra were acquired 

but are not shown here as they do not provide any additional information to the C K-

edge. The O K-edge was not measured because the spectra are mainly dominated by 

the lattice oxygen signal and the PPA-related features cannot be resolved. In the C K-

edge after 75 °C, due to the C 1s electron transition to the unoccupied molecular 

orbitals, the following features are identified: the highest CI, CII peaks as the main π* 

resonance features, CIII as a mixed Rydberg state, CIV and CV as features related to σ* 

resonances (Fig. 3.2.6). In general, the C K-edge shape for all three systems is very 

similar to the spectra obtained from 0.2 ML PPA/Cu(111) and corresponds to the 

phenyl ring in PPA. The main difference is the slightly shifted peak position due to the 
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different electronic structure of the oxide substrates. The peak positions of CI, CII, CIII, 

CIV, and CV measured after annealing at 75 °C are given in Table 3.2.2. 

The intensity of π* resonance obtained at different geometries was used to 

estimate the angle between the phenyl ring and the surface. Using Equation (2.2.1), 

the estimated angles are 58°, 50°, 50°, and 62° for PPA on CeO2, CeO1.7, Ce2O3, and 

Ce6WO12 after 75 °C, respectively. The annealing of PPA/CeO2 at 400 °C resulted in 

the lower intensity of the π* resonance with the less defined structure of the CIV and 

CV peaks. In the case of annealing of PPA on Ce2O3 and Ce6WO12 at 400 °C, the spectra 

remained without significant changes (Fig. 3.2.6). 

 

 

Figure 3.2.6: C K-edge NEXAFS spectra of PPA on (a) CeO2, (b) Ce2O3, and 

(c) Ce6WO12 measured after annealing at 75 and 400 C (blue, red, and black lines 

denote the NI, NE, and GI geometry of the substrate during the spectra acquisition, 

respectively). 

 

System Photon energy (eV) 

 CI CII CIII CIV CV 

PPA/CeO2(111) 285.1 287.2 288.7 291.8 293.5 

PPA/CeO1.7 285.2 287.4 288.8 292.2 293.4 

PPA/Ce2O3(111) 285.2 287.4 288.8 292.0 293.4 

PPA/Ce6WO12(100) 285.4 287.6 289.0 292.0 293.8 

Table 3.2.2: Position of the peaks in the C K-edge spectra from PPA adlayers on in situ 

prepared cerium oxide films after annealing at 75 °C.  
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Discussion  

The oxide films used as substrates for the PPA molecules differ in the number of 

surface vacancies, stoichiometry and composition. In particular, the CeO2 film is 

composed of Ce4+ cations in the absence of oxygen vacancies. The CeO1.7 film 

contains both Ce4+ and Ce3+ cations. The Ce2O3 film is composed of Ce3+ cations and 

a maximum number of oxygen vacancies. The Ce6WO12 film contains Ce3+ cations 

with no oxygen vacancies. Before and after PPA adsorption, the oxide films were 

characterized using surface science techniques. The adsorption of molecules on the 

CeO2 film resulted in a minor reduction of the surface, as evidenced by an RER of 0.05 

(Fig. 3.2.1 a), without modifying the bulk electronic structure of the oxide 

(Fig. 3.2.2 a). It was suggested that the reduction is electronic in nature, similar to that 

observed for adenine on CeO2, [151] since water desorption is minimal at this 

temperature. [147] Furthermore, using the procedure described in Ref. [152], based on 

the proportionality of the RER value to the ratio of Ce3+ and Ce4+ centers on the surface 

with a coefficient of 5.5, the charge transfer from the PPA molecule to the surface is 

estimated to be 0.1 e-. In detail, the RER value of 0.05 gives a ratio of Ce3+ to Ce4+ 

cations on the surface of 0.05/5.5 or about 1/100, i.e., 1 Ce3+ center is formed per 100 

Ce4+. The PPA coverage of 0.07 ML allows a rough estimate that 1 e- comes from 

overestimated 10 molecules, giving 0.1 e- per PPA. We expect the complete 

deprotonation of the phosphonic group after adsorption. There are no model studies 

investigating the adsorption of phosphonic acids on CeO2 surfaces, but for the similar 

phosphates (R-O-PO3H2) the deprotonation on CeO2 (111) has been predicted by DFT 

[140] with the most stable tridentate binding mode. [153] As a result, two protons are 

likely to remain on the surface, forming the surface OH- groups. Water desorption 

cannot be completely excluded, but the small surface reduction contradicts this 

statement. It was concluded that PPA molecular adsorption is accompanied by the 

accumulation of hydroxyl groups on the surface of CeO2 (see schematic representation 

in Fig. 3.2.7). 

The surface reduction is also observed for the PPA/CeO1.7 system after PPA 

deposition, giving an RER change of 1.1 (Fig. 3.2.1 d), which is much higher than for 

the CeO2 oxide. Applying the previously introduced proportionality between RER and 

the concentration of different cerium cations on the surface, [152] we estimate that 20 

Ce3+ centres are formed per 100 Ce4+ or 10 oxygen atoms desorbed in the form of e.g. 

water. Considering the 0.10 ML PPA coverage on CeO1.7, the ratio of PPA adsorbed to 
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desorbed H2O molecules is about 1 to 1. This leads to the idea of preferential 

adsorption of PPA molecules, which expel adsorbed OH- groups from the surface in 

the form of water. Since the reduced cerium oxide surface is enriched with OH- groups 

in UHV, the protons from the adsorbed phosphonate recombine with the surface OH- 

and desorb as water, creating a vacancy. The electronic reduction mechanism cannot 

be excluded, but it is expected to make a small contribution based on the behaviour of 

the PPA/CeO2 system at 25 C. The bulk electronic structure remains unaffected after 

PPA adsorption on CeO1.7 (Fig. 3.2.2 c). Again, complete deprotonation of the 

phosphonic group is expected upon adsorption, and the P-O groups are trapped by the 

available vacancies. [140] Molecular adsorption with P-O bonds on top of Ce4+ or Ce3+ 

cations and filling the vacancies, which are in different planes, explains the lower tilt 

angle 50 of the phenyl ring to the surface plane for reduced oxides compared to 58 

and 62 for PPA on CeO2 and Ce6WO12 oxides, respectively. 

The D(Ce3+) curves have a decreasing character for CeO1.7 and Ce2O3 oxides 

over the whole temperature range, indicating surface oxidation (Fig. 3.2.1 e, f). 

However, the RERs for the PPA/CeO1.7 case clearly show a reduction after the PPA 

adsorption, so the reduction cannot be excluded for the Ce2O3 oxide either. It is likely 

that surface reduction (electronic or oxygen loss from the surface) competes with 

surface oxidation (vacancy filling by PPA or interaction with water from the residual 

vacuum) on the surface with the high vacancy concentration. From the analysis of the 

Ce 3d core level, it can be concluded that the dominant process is an oxidation of the 

Ce2O3 film after PPA adsorption, which increases the Ce4+ concentration in the 

subsurface region of the oxide (Fig. 3.2.2 d). Combining the results for the CeO1.7 and 

Ce2O3 substrates, the schematic representation of PPA adsorption on Ce2O3 is shown 

in Figure 3.2.7.  

The electronic structure of the Ce6WO12 oxide, as judged by the Ce 3d 

(Fig. 3.2.2 b) and O 1s (Fig. 3.2.5 c) signals, does not change much after PPA 

deposition. The D(Ce3+) value (Fig. 3.2.1 c) drops significantly after PPA adsorption 

but in this case, we assume that it is mostly attenuated by the molecular adlayer, 

although the expected initial oxide reduction cannot be excluded. Again, tridentate 

molecular adsorption is expected, accompanied by the formation of OH- groups (see 

schematic representation in Fig. 3.2.7). 
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The analysis of the P 2p, C 1s, and PPA-related feature, i.e. the high BE shoulder, 

in the O 1s core level (Fig. 3.2.3) together with the P : C stoichiometry ratios 

(Table 3.2.1) and the verification of the integrity of the evaporated PPA molecules on 

Cu(111) (Chapter 3.1.1) allow us to conclude that the adlayer consists of the PPA 

molecules adsorbed on the surface via the phosphonate group. The adsorption 

geometry is expected to be tridentate at low molecular coverage, but it is difficult to 

determine accurately from the SRPES data due to the ambiguity of the P 2p peak 

(Fig. 3.2.3 a, d, g). Similarly, the O 1s shoulder cannot be decomposed into individual 

components related to the phosphonate oxygen atoms, which may be partially or fully 

deprotonated (Fig. 3.2.3 c, f, i). The single component C 1s, characteristic of all three 

systems, appeared at slightly different BE due to the semiconducting nature of the 

oxide film (Fig. 3.2.3 b, e, h). The similar shape of the C 1s and the intensity 

(Fig. 3.2.4), which is proportional to the effective PPA thickness or coverage (Table 

3.2.1), reflect the fact that the phenyl ring is not involved in bonding to the oxide 

surface. Since the as-deposited molecular films may contain the physisorbed species, 

the quantifications were also performed for the adlayers after the first annealing step 

at 75 C (Table 3.2.1). The thermal treatment introduces additional energy into the 

system, which stimulates molecular diffusion on the surface and water desorption, 

affecting the adsorption geometry of the molecules as the intensity of the PPA signals 

is only slightly changed. This is observed as an effective thickness increase, which is 

well visible for PPA on CeO2 and Ce2O3 substrates (Table 3.2.1).  

The change in surface electronic structure during thermal treatment of 

PPA/cerium oxide systems is shown in Figure 3.2.3. In particular, the P 2p core level 

retains its shape (Fig. 3.2.3 a, d, g) and intensity (Fig. 3.2.4) for all experimental steps. 

The C 1s peak (Fig. 3.2.3 b, e, h) does not change during the initial stages of annealing. 

Then its intensity begins to decrease and the shape becomes broader. The temperature 

at which this occurs is 225 C for PPA/CeO2 and 350 C for three other systems 

(Fig. 3.2.4). This suggests thermally induced decomposition of the adsorbed 

molecules, most likely cleavage of the C-P bond and subsequent desorption of the 

phenyl ring containing species and/or its fragments. It is worth noting that the C 1s 

intensity was reduced by 38, 11, 10 and 29 % after treatment at 400 C for the PPA on 

CeO2, CeO1.7, Ce2O3, and Ce6WO12 films, respectively. In other words, CeO2 and 

Ce6WO12 films contain a lower amount of carbon species, while the oxide films with 
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vacancies (CeO1.7 and Ce2O3) prevent intense molecular decomposition/desorption at 

this temperature.  

The PPA related O 1s component changes similarly to the C 1s signal after the 

initial stages of annealing (Fig. 3.2.4). Then, when the decomposition temperature is 

reached, the O 1s intensity increases while the C 1s signal decreases. This statement is 

fully valid for the PPA/CeO2 and PPA/Ce6WO12 systems. In the case of PPA on CeO1.7 

and Ce2O3, the intensity of the PPA-related O 1s component decreases significantly 

from 75 to 300 C, which is related to the surface reoxidation, as this component also 

contains signal from the adsorbed OH- groups. [147] In summary, the increase of the 

PPA related O 1s signal after 225 C for PPA/CeO2 and after 350 C for PPA/Ce2O3 

and PPA/Ce6WO12 systems confirms the C-P bond scission and the desorption of 

carbonaceous species uncovering the phosphonate groups previously attenuated by 

phenyl rings. Within the intensity scale in Figure 3.2.4, the slight increase in the P 2p 

signal is not well visible. In addition, the shape of the O 1s core level after the final 

treatment confirms the presence of the phosphonate groups on the oxide surface 

(Fig. 3.2.5). 

The change in the oxidation state of the Ce cations on the surface during the 

annealing of the PPA/CeO2 system appears as an increase in the concentration of the 

Ce3+ centers (Fig. 3.2.1 a, b). Two temperature ranges can be identified. From 75 to 

225 C, the RER value obtained after the PPA adsorption is largely stable. Thus, the 

partial electron transfer of 0.1 e- from the PPA molecules to the Ce4+ cations occurs 

mostly at the moment of molecular adsorption. The rapid increase in RER observed 

after 225 C is associated with oxygen loss from the surface, which also affects the 

subsurface region of the oxide film (Fig. 3.2.2 a). It is consistent with the change in 

photoemission intensity discussed above, i.e., the desorption of oxygenated 

carbonaceous species. Desorption of water molecules cannot be excluded. It is 

important to note that RER values during annealing are proportional to molecular 

coverage (Fig. 3.2.1 a), i.e. higher coverage results in more intense surface reduction. 

Again, using the linear relationship between RER and Ce3+/Ce4+ on the surface, [152] 

we estimate that after annealing the 0.07 ML PPA/CeO2 system at 450 C, i.e. RER 

value of 0.9, 16 Ce3+ centers are formed per 100 Ce4+. Remembering that one oxygen 

atom desorbed from the surface creates 2 Ce3+ centers, 16 Ce3+ cations correspond to 

8 desorbed O atoms. Using water desorption as an example, this corresponds to 8 
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molecules of H2O. Since the coverage is 0.07 ML, i.e. 7 PPA on 100 Ce, we can 

conclude that there is approximately 1 desorbed H2O per 1 PPA. Taking this idea a step 

further, tridentate molecular coordination means the formation of two OH- groups on 

the surface, which could desorb as a single H2O molecule after final treatment. In 

reality, the strong reduction after 450 C is not only due to water desorption, since we 

expect desorption of oxygenated carbonaceous species. For the 0.39 ML PPA/CeO2 

system after 450 C, i.e. RER value of 2.2, applying the same logic, 38 Ce3+ centers 

are formed per 100 Ce4+, i.e. approximately every 1/3 Ce cation is reduced, which is 

consistent with the saturation coverage and the mono- or bidentate adsorption 

geometry with one P-O bond deprotonated. In summary, 38 Ce3+ centers correspond 

to the 39 adsorbed PPA molecules and then to the desorption of 19 atoms of oxygen in 

carbonaceous species or 19 molecules of H2O. Thus, we can conclude that in this case 

there is about 0.5 desorbed H2O per 1 PPA. This analysis shows that the saturation 

coverage affects the bond geometry, reducing the number of P-O-Ce bonds and 

protecting the surface from oxygen loss.  

For the PPA/CeO1.7 system, the decrease of the RER value from 75 to 300 C, 

i.e. the surface oxidation, goes in parallel with the decrease of the O 1s (PPA) 

component, which includes the signals from the PPA oxygen atoms as well as the 

adsorbed OH- groups. Surface oxidation refers to the filling of surface vacancies with 

oxygen atoms from the adsorbed species, the majority of which are OH- groups and 

PPA molecules. The decrease of the RER value by 3.8 in this temperature range allows 

to estimate the oxygen gain for the surface up to 30 atoms per 100 Ce4+ cations. Since 

the P 2p signal does not change significantly, i.e. there is no visible reduction of the 

phosphonic group, and the vacancies are expected to be filled by PPA immediately 

after deposition, we suggest that the surface chemistry in this region is related to the 

chemistry of the OH- groups on the surface. Thus, surface reoxidation is expected to 

occur at the expense of adsorbed OH- groups, in agreement with literature data on 

water interaction with reduced cerium oxide films. [147] 

We expect the surface chemistry of the PPA adlayer on Ce2O3 to be similar to 

that of CeO1.7 oxide, with surface oxidation dominating during thermal treatment. The 

D(Ce3+) value decreases up to 150 C and then remains stable up to 400 C 

(Fig. 3.2.1 f), which is explained by the filling of the oxygen vacancies on the surface 

by phosphonate oxygen atoms and OH- groups. The final slight increase of D(Ce3+) 
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after 450 C is due to the partial desorption of the oxygenated species from the surface. 

For this system, the oxidation of the film below the surface is confirmed by the shape 

of the Ce 3d core level (Fig. 3.2.2 b).  

For the PPA adlayer on Ce6WO12, the D(Ce3+) value is stable during annealing 

and starts to increase from 350 C (Fig. 3.2.1 c). For this system, D(Ce3+) approaches 

the value of the clean surface after the final annealing, in agreement with the behavior 

of the O 1s (total) intensity (Fig. 3.2.4 b). This behavior is consistent with the 

formation of a stable PPA adlayer with partial C-P bond scission after 350 C and 

subsequent desorption of the reaction products, leaving the electronic structure of the 

bulk oxide unaffected (Fig. 3.2.2 b).  

The change in adsorption geometry was evaluated by analyzing the C K-edge 

spectra after annealing at 400 C (Fig. 3.2.6). The spectra for all systems retain their 

shape. The intensity of the * resonances decreases only for PPA/CeO2 and remains 

unchanged for two other systems, in agreement with the C 1s data presented above. 

Therefore, the average tilt angle of the phenyl ring to the surface plane did not change 

significantly during the thermal treatment in the range of 75 – 400 C.  

A schematic representation of PPA adsorption on CeO2, Ce2O3, and Ce6WO12 

oxides is shown in Figure 3.2.7. The molecules mostly adsorb upward with tilted 

phenyl ring in tridentate configuration at low coverage, e.g. 0.1 ML, with 

deprotonation of the phosphonic group and formation of surface OH- groups. Water 

desorption is expected for the PPA/Ce2O3 system during molecular adsorption. The 

onset temperature of the C-P bond scission is 225 and 350 C for the PPA adlayers on 

oxide films with Ce4+ and Ce3+ cations, respectively, independent of the presence of 

oxygen vacancies. Annealing of PPA/Ce2O3 from 75 to 300 C has little effect on the 

electronic structure of the molecular adlayer and mostly oxidizes the oxide film at the 

expense of surface OH- groups. The expected desorbing species are shown for each 

system.  

In comparison with the PPA/Cu(111) system, it can be concluded that the 

molecular dissociation is different for the PPA adlayers deposited on the ceria surfaces. 

The phosphonate anchor groups remain on the surface of all considered cerium oxide 

films after 450 C without the formation of organic phosphorus species. The C-P bond 

scission is a common feature of both types of systems with small variations in the onset 

temperature. It is worth noting that the phosphonate groups remaining on the surface 
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after the initiation of C-P bond scission for the PPA/CeO2 system is characterized by 

the P 2p core level with BE shift to higher values (Fig. 3.2.3 a). Thus, after 450 C, 

this shift is 0.7 eV. The shift of the O 1s (PPA) component to high BE (Fig. 3.2.3 c) 

also confirms the electronic configuration change of the phosphonate group. Similar 

changes of the P 2p spectra were observed earlier in the case of 0.2 ML PPA/Cu(111) 

after annealing at 300 °C and attributed to the PPA decomposition and formation of 

the (PO3)y structures. Thus, (PO3)y can be expected on the CeO2 oxide film after 

annealing at 450 C. Further DFT studies are needed to refine the surface chemistry of 

PPA adlayers on ceria films.  

 

 

Figure 3.2.7: Schematic illustration of the thermal reactivity of PPA on CeO2, Ce2O3, 

and Ce6WO12 upon annealing. 
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PPA mono-, bi- and/or tridentate binding has been demonstrated for a variety 

of oxides, with slight variations in adsorption geometry observed as a function of 

molecular coverage, surface composition or thermal treatment. These systems include 

PPA/TiO2, [11,44,46] PPA/Al2O3, [113] PPA/ZnO, [10] PPA/CoO, [45] and 

PPA/Co3O4. [43,154] Regarding the thermal stability of the PPA adlayer, molecular 

decomposition via C-P scission was observed for PPA/ZnO systems starting from 

280 C. [10] On the other hand, for PPA/TiO2 systems, the decomposition temperature 

was not reached during the thermal treatment and the molecular adlayer was shown to 

be stable up to 500 C. [11] For phosphonic acids with different functional, i.e. organic, 

groups on Al2O3 film, it was shown that the phosphonate group is stably adsorbed up 

to 500 C, including proper organic group decomposition channels for each molecule 

below this temperature. [9] Limited information is available for systems in which 

cerium oxide films are used as the substrate. Thermal decomposition of dimethyl 

methylphosphonate on CeO2(111) and CeOx (1.5 < x < 2.0) oxide films proceeds first 

through P-O dissociation and then, after 430 C, P-C bond scission is activated. [149] 

Furthermore, the passivation of the oxide surface with POx species was observed after 

multiple cycles of dimethyl methylphosphonate adsorption and thermally activated 

reactions with a maximum temperature reached of 630 C. Molecular bonding to 

cerium oxide was almost independent of the type of cerium cations present on the 

surface, similar to the present work. [149] 

 

Summary of the findings 

The model systems of phenylphosphonic acid bonding to different cerium oxide 

surfaces have been studied by photoemission-based techniques using synchrotron 

radiation. The experimental findings can be summarized as follows: 

1) The PPA binds to CeO2(111), CeO1.7, Ce2O3(111), and Ce6WO12(100) oxide 

films via a phosphonate group independent of surface stoichiometry and composition.  

2) The PPA adsorption geometry is mainly defined by the molecular coverage. It 

is expected to be tridentate for the sub-ML PPA adlayers. As coverage increases, the 

percentage of bi- and monodentate bound molecules increases.  

3) Bonding of PPA to the cerium oxide surface is accompanied by deprotonation 

of the phosphonate group and formation of the surface hydroxyl groups. 
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4) The oxygen atoms of the phosphonate group as well as of the surface hydroxyl 

groups fill the vacancies in the oxide and promote the reoxidation of the surface and 

subsurface layers of the CeO1.7, Ce2O3 films.  

5) The stability of the PPA adlayer is lowest for the CeO2 film, i.e., the C-P bond 

scission starts at 225 C. For the oxides CeO1.7, Ce2O3, and Ce6WO12, where the 

oxygen vacancies and/or Ce3+ cations are present, the temperature of the C-P bond 

scission increases to 350 C. Thus, these temperature values define the PPA adlayer 

stability ranges for different cerium oxides, while the phosphonate groups remain on 

all oxide films even after the final thermal treatment.  
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3.2.2 Phenylphosphonic acid on polycrystalline cerium oxide 

films: effect of deposition technique 

 

This chapter presents the study of the PPA adlayer and its thermal stability on 

ex situ prepared pCeO2 films. The PPA was deposited by evaporation from the 

Knudsen cell in UHV and by drop casting from the Milli-Q water solution. The effect 

of the deposition technique on the molecular adsorption was investigated using RPES, 

XPS with Al Kα radiation source, SRPES, and NEXAFS techniques. Details on the 

preparation of the pCeO2 films and the molecular deposition are given in Chapter 2.6. 

Photoemission spectra were acquired before and after PPA deposition and after each 

annealing for 1 min at 75, 150, 225, 300, 350, 400, and 450 °C. NEXAFS analysis was 

performed only for the as-deposited adlayer, and after annealing at 75 and 450 °C. 

 

PPA deposition 

Three different PPA depositions were performed: two by UHV evaporation 

with different coverage of 0.07 and 0.17 ML ("UHV PPA 0.07 ML" and "UHV PPA 

0.17 ML" in the text below) and one from an aqueous solution ("1 mM PPA" in the 

text below). The PPA powder was evaporated from the Knudsen cell at 105 °C for 5 

min in the preparation chamber. Because the experiments were conducted in two 

separate time periods with slightly modified evaporator assemblies and refills, the 5 

min deposition time resulted in different molecular adlayer coverage. The 

experimental conditions for the 0.07 ML case were very similar to the setup for the 

systems presented above, with a comparable deposition rate verified by calibration on 

Cu(111) or CeO2(111). Note that for the 0.17 ML case, the PPA calibration on Cu(111) 

was omitted due to lack of time. It should be added that the 0.17 ML was deposited in 

an improperly prepared vacuum chamber, so that significant OH-/H2O adsorption 

accompanied the PPA molecular adlayer formation. The 1 mM aqueous solution of 

PPA was drop cast onto the pCeO2 in a glove bag filled with N2 gas mounted at the 

entrance of the load lock chamber. The obtained effective thickness, coverage and 

stoichiometry values of the deposited PPA adlayers are given in Table 3.2.3. 

The intensity attenuation of the O 1s lattice signal obtained by XPS was used 

in Equation (2.7.1) to calculate the PPA effective thickness. In the previous chapter, 

the substrate signals (Cu 2p3/2 and W 4f) were taken to estimate these values, which 
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was not possible to do for the pCeO2, where the C 1s substrate signal from the GC was 

completely attenuated by the 20 nm thick CeO2 film. Effective thickness and coverage 

were not calculated for the as-deposited 1 mM PPA adlayer at 25 °C because the 

presence of impurities and physisorbed species strongly affects the values. Instead, the 

calculation was performed for data after annealing at 75 °C, where most of the 

physisorbed molecules (PPA, water and/or impurities) were desorbed. The effective 

thickness values obtained (Table 3.2.3) are in agreement with those previously 

reported for in situ prepared systems (Table 3.2.1). The coverage was estimated in the 

same way as for the PPA adlayers on Ce2O3(111) and Ce6WO12(100) films, using the 

proportionality to the P 2p signal for the PPA/CeO2 system, for which this value can 

be calculated. The values obtained were 0.07 and 0.17 ML for UHV PPA and 0.19 ML 

for the 1 mM PPA system. Although the coverage values are similar, the corresponding 

effective thickness values differ significantly: 0.42 nm for UHV PPA 0.17 ML and 0.71 

nm for 1 mM PPA due to the additional attenuation of the surface signals caused by 

the water-related impurities. 

 

System 

ex situ pCeO2 

Effective 

thickness, (nm) 

Coverage,  

(ML) 

Stoichiometry, 

P : C ratio 

UHV PPA 0.07 ML 

25 °C 

75 °C 

 

0.17 

0.22 

 

 

0.07 

 

0.81 : 6 

0.85 : 6 

UHV PPA 0.17 ML 

25 °C 

75 °C 

 

0.38 

0.42 

 

 

0.17 

 

1.07 : 6 

1.03 : 6 

1 mM PPA 

25 °C 

75 °C 

 

 

0.71 

 

 

0.19 

 

0.63 : 6 

0.80 : 6 

Table 3.2.3: The calculated values of effective thickness, coverage, and stoichiometry 

of PPA adlayers (as-deposited and after annealing at 75 °C) prepared in UHV and from 

aqueous solution on polycrystalline cerium oxide films. 

 

The P : C stoichiometry values (Table 3.2.3) are also in good agreement with 

those previously reported for in situ prepared ceria films (Table 3.2.1). The higher 

relative contribution of the P 2p signal for UHV PPA 0.17 ML compared to UHV PPA 
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0.07 ML reflects the denser adlayer with molecules in different adsorption geometry. 

Annealing the UHV PPA adlayers at 75 °C has a minor effect on the ratio. However, 

for 1 mM PPA, the ratio changes from 0.63 : 6 to 0.80 : 6 due to the desorption of 

weakly bound species and a possible change in adsorption geometry.  

 

RPES 

The RER changes for the pCeO2 film before and after UHV PPA and 1 mM PPA 

depositions and then during the annealing are shown in Figure 3.2.8 in comparison 

with the corresponding RER values for the H2O/pCeO2 system. The RER of clean 

pCeO2 substrates was less than 0.1, indicating a small reduction due to surface defects. 

After UHV PPA deposition, the RER increased to 0.2 for both adlayers, reflecting the 

surface reduction (Fig. 3.2.8 a). We suggest that, similar to the case of PPA/CeO2(111), 

the electronic reduction of the surface after molecular adsorption, i.e. the partial charge 

exchange between phosphonate groups and cerium cations, is accompanied by water 

desorption, which is much more pronounced for pCeO2 because the surface has more 

adsorbed OH- groups. Indeed, for similar adlayers on CeO2(111), the RER values after 

UHV PPA deposition were in the range of 0.10 – 0.15 (Fig. 3.2.1), so it is reasonable 

to expect a contribution of water desorption to the RER of 0.2 for PPA/pCeO2 (Fig. 

3.2.8 a). With increasing temperature, the RER continued to increase, reaching a 

maximum value of about 0.4 at 150 °C for the UHV PPA 0.07 ML system. Thereafter, 

the RER was stable in the range of 0.3 – 0.4 up to 450 °C.  

In the case of UHV PPA 0.17 ML (Fig. 3.2.8 a), annealing caused first a gradual 

(up to 225 °C) and then a sharp increase in RER after 300 °C, reaching a maximum 

value of 1.6. The overall behavior is very similar to the RER curve for the H2O/pCeO2 

system. Considering the presence of OH-/H2O in the residual atmosphere of the 

improperly baked vacuum chamber during PPA deposition, we can conclude that the 

surface reduction is mainly caused by water desorption. This conclusion is supported 

by the RER behavior for the UHV PPA 0.07 ML system, where the curve is almost 

flat, reaching a maximum value of 0.4.  

In the case of 1 mM PPA adlayer, a higher surface reduction was observed 

compared to the UHV PPA case: RER increased to 0.33 after the PPA deposition, and 

then to 0.72 after 75 °C. With further annealing, the RER was rather stable and started 

to increase after 350 °C, reaching the value of 0.93 after 450 °C. It is interesting to 

note that the pCeO2 film treated with H2O gave almost the same RER values as the 1 
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mM PPA adlayer, i.e. the curves are almost identical up to 350 C. Then, the degree of 

reduction for the pure water treated oxide film is much higher than that of the 1 mM 

PPA/pCeO2 system, reaching an RER value of 1.6 after 450 °C. It can be concluded 

that the reduction of the pCeO2 film is mainly determined by the presence of water 

during PPA deposition, i.e., the higher the amount of adsorbed OH- groups on the 

surface, the higher the surface reduction mainly due to water desorption. In addition, 

it is evident that the adsorbed PPA layer protects the surface from oxygen loss.  

 

 

Figure 3.2.8: The resonance enhancement ratio D(Ce3+)/D(Ce4+) of PPA adlayers 

deposited (a) in UHV and (b) from water solution on polycrystalline cerium oxide 

films. Additionally, the dependence of the RER for the H2O/pCeO2 system is shown 

as blue line. The values before PPA deposition are plotted as the first point at 25 °C.  

 

XPS 

The Ce 3d core level spectra of the pCeO2 film before and after deposition of 

UHV PPA 0.07ML and 0.17 ML, 1 mM PPA and H2O are shown in Figure 3.2.9. To 

evaluate the oxidation state of the subsurface Ce cations after the final treatment, the 

corresponding spectra after 450 °C are also shown. The spectra of the clean pCeO2 

film consist mainly of 3 doublets corresponding to the Ce4+ cations with about 10 % 

contribution of other 2 doublets corresponding to the Ce3+ cations (not shown). [111] 

After UHV PPA deposition, the Ce 3d shape remained unchanged, whereas after 1 mM 

PPA and H2O deposition, the intensity of Ce3+ doublets, e.g. valley at 885 eV, slightly 

increased indicating a reduction of the subsurface region of the oxide. Final annealing 

at 450 °C increased the intensity of the Ce3+ states for all systems, with the largest 

changes for the H2O treated oxide. It is worth noting that for the 1mM PPA adlayer, 



92 

 

the subsurface reduction of the pCeO2 film is lower than for the UHV PPA 0.17 ML 

and H2O treated oxide systems. 

 

 

Figure 3.2.9: Ce 3d core level spectra of polycrystalline cerium oxide before and after 

PPA deposition (a, b) in UHV and (c) from aqueous solution compared to (d) H2O 

deposition. The spectra after annealing at 450 °C are also shown. Spectra are 

normalized to the maximum intensity. The photon energy is 1486.6 eV. 
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SRPES 

PPA adsorption on polycrystalline CeO2 

The evolution of the P 2p, C 1s, and O 1s core level after PPA deposition (in 

UHV and from 1 mM aqueous solution) and then during the annealing is shown in 

Figure 3.2.10 with their corresponding intensities versus temperature in Figure 3.2.11. 

For the UHV PPA 0.07 ML, UHV PPA 0.17 ML (1 mM PPA) systems, P 2p appeared 

at 132.9, 132.8 (132.9) eV, C 1s at 285.1, 284.7 (285.0) eV, and PPA induced O 1s 

signals at 531.3, 531.0 (531.2) eV, respectively (Fig. 3.2.10). These values were 

assigned to the PO3
x- species, the carbon atoms in the phenyl ring and the phosphonate 

oxygen atoms, respectively, and are in good agreement with those previously reported 

for in situ prepared systems (Chapter 3.2.1). The shape of the P 2p, C 1s, and O 1s 

spectra (Fig. 3.2.10) is very similar to that of the PPA/CeO2(111) system (Fig. 3.2.3 a 

– c), confirming the peak assignment. Again, the tridentate adsorption geometry of 

PPA molecules on pCeO2 is expected via a doubly deprotonated PO3
2- group with the 

phenyl ring in the upward configuration.  

The clean surface of the pCeO2 film has a distinct OH-- related O 1s component 

at 531.3 eV (Fig. 3.2.10 c, f, i), higher than that of CeO2(111) (Fig. 3.2.3 c) and lower 

than that of Ce2O3 (Fig. 3.2.3 f). The adsorbed OH- groups are typical feature of the 

pCeO2 films due to the higher catalytic activity of the Ce3+ cations at the grain 

boundaries. [151] The O 1s (PPA) component with respect to the lattice oxygen signal, 

consisting of phosphonate oxygen atoms and OH- groups, is higher for the 1 mM PPA 

adlayer compared to the UHV PPA 0.17 ML system. Considering the similar molecular 

coverage for these systems, we suggest that the aqueous deposition saturates the 

surface with water, i.e. OH- groups, which contribute significantly to the O 1s (PPA) 

signal. The effective thickness value of 0.71 nm reflects well the higher amount of 

adsorbed water-related species, although the contribution of oxygenated impurities 

cannot be excluded. 
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Figure 3.2.10: Evolution of P 2p, C 1s, and O 1s core level spectra after PPA deposition 

(a – f) in UHV and (g – i) from water solution on polycrystalline cerium oxide as a 

function of temperature, measured with the photon energy of 230, 410, and 630 eV, 

respectively. The black solid lines correspond to the signals obtained before 

deposition.  
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Figure 3.2.11: P 2p (blue), C 1s (black) core levels intensities, and PPA induced O 1s 

signal (O 1s (PPA), red) during the annealing of (a) UHV PPA 0.07 ML, (b) UHV PPA 

0.17 ML, and (c) 1 mM PPA adlayers on polycrystalline cerium oxide. The O 1s (PPA) 

signal accounts for the high binding energy component of the O 1s peak. 

 

Thermal treatment of PPA adlayers on polycrystalline CeO2 

The thermal treatment of the UHV PPA 0.07 ML adlayer can be divided into two 

temperature ranges: 25 – 75 and 75 – 450 °C. After the initial annealing at 75 °C, the 

intensity of C 1s and P 2p was stable with peak maxima shifted by 0.1 eV to higher 

BE, while the PPA induced O 1 component slightly increased (Fig. 3.2.10 a – c). The 

shape of the spectra remained unchanged (Fig. 3.2.10 a – c). Similar to the in situ 

prepared systems, the desorption of weakly bound species together with molecular 

rearrangement on the surface is expected to be responsible for these changes. After 

further annealing from 75 to 450 °C, the intensity of the P 2p, C 1s signals, and the 

PPA induced O 1s component decreased (Fig. 3.2.11 a), with the peak position shifting 

to high BE by 0.2, 0.4, and 0.3 eV, respectively (Fig. 3.2.10 a – c). No new components 

were found in the spectra. Thermally activated PPA decomposition and/or desorption 

of adsorbed species was responsible for the observed spectral features.  

The thermal treatment of the UHV PPA 0.17 ML adlayer can be divided into 

three temperature ranges: 25 – 75, 75 – 400, and 400 – 450 °C. After the initial 

annealing at 75 °C, the C 1s signal decreased, while the P 2p and PPA induced O 1s 

component slightly increased (Fig. 3.2.11 b), with the shift of 0.2, 0.2, and 0.1 eV to 

higher BE, respectively (Fig. 3.2.10 d – f). The shape of the spectra remained stable 

over the entire temperature range during annealing. Since this PPA film was prepared 

in an improperly cleaned vacuum chamber, desorption of weakly bound carbonaceous 

impurities is expected to accompany the molecular rearrangement on the oxide surface. 
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With the further annealing from 75 to 400 °C, the PPA induced O 1s intensity 

decreased, and the C 1s and P 2p signals remained unchanged (Fig. 3.2.11 b), with the 

maxima shifted to the high BE side by 0.8 eV for all core levels (Fig. 3.2.10 d – f). The 

reduced intensity of adsorbed oxygenated species is likely due to water desorption 

from the surface with the PPA adlayer withstanding the thermal treatment, as 

confirmed by the stable P and C signals.  

Thermal treatment from 400 °C to 450 °C induced pronounced changes in the 

spectra. The intensity of C 1s and P 2p decreased while the PPA induced O 1s 

component increased (Fig. 3.2.11 b) with BE shifted to higher values by 0.3 eV for 

each core level. The partial decomposition/desorption of the PPA adlayer at this 

temperature is expected to occur mainly via C-P bond scission, leaving the 

carbonaceous and phosphonic species on the surface. However, the intensity decreases 

are not as significant as for in situ prepared systems, indicating the higher stability of 

the adlayer. 

The behavior of the 1 mM PPA system during annealing (Fig. 3.2.11 c) is very 

similar to that of the UHV PPA 0.17 ML substrate. The initially higher C 1s and PPA 

induced O 1s component signals are due to the presence of solvent during molecular 

deposition and consequently a higher amount of adsorbed carbonaceous species and 

OH- groups. Similarly, three temperature ranges: 25 – 75, 75 – 225 and 225 – 450 °C 

can be considered with qualitative spectral changes as described for the UHV PPA 0.17 

ML system with the slightly lower shift of the BE to higher values (Fig. 3.2.10 g – i). 

Again, the annealing at 75 °C induces the molecular rearrangement on the surface 

accompanied by the impurities and water desorption. During the thermal treatment 

from 75 to 225 °C, the system showed the most stable behavior. The intensities and 

shapes of the P 2p and C 1s spectra remained unchanged, with a slight decrease in the 

PPA induced O 1s signal due to the water desorption (Fig. 3.2.11 c). This component 

became more defined, together with a stable shape of the C 1s and P 2p core levels 

(Fig. 3.2.10 g – i). In the temperature range of 225 – 450 °C, the C 1s and O 1s 

intensities showed a decreasing trend, while P 2p slightly increased (Fig. 3.2.11 c). The 

P 2p, C 1s peaks, and the PPA induced O 1s component were shifted by 0.2 eV towards 

higher BE (Fig. 3.2.10 g – i). Again, we suggest that the partial decomposition of the 

PPA adlayer by C-P bond scission triggered these changes, leaving phosphorus-

containing species on the surface. 
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NEXAFS 

The C K-edge NEXAFS spectra of the UHV PPA 0.07 ML, UHV PPA 0.17 ML, 

and 1 mM PPA systems measured after annealing at 75 °C and 450 °C are shown in 

Figure 3.2.12. The C K-edge of the 0.17 ML and 1 mM PPA adlayers (Fig. 3.2.12 b, c) 

showed the most stable behavior compared to the properly prepared in situ system, i.e. 

the 0.07 ML adlayer. Annealing at 450 °C did not qualitatively change the absorption 

spectra. In the case of 0.07 ML, the π* resonance intensity increased significantly after 

450 °C, but no other spectral changes were observed.  

 

 

Figure 3.2.12: C K-edge NEXAFS spectra of PPA adlayers deposited (a, b) in UHV 

and (c) from aqueous solution on polycrystalline cerium oxide: as deposited at 25 °C 

(blue), after annealing at 75 °C (red) and 450 °C (grey). The spectra were recorded at 

normal emission geometry. 

 

System Photon energy (eV) 

ex situ pCeO2 CI CII CIII CV 

UHV PPA 0.07 ML 285.0 287.3 288.7 293.4 

UHV PPA 0.17 ML 284.8 287.1 288.4 293.2 

1 mM PPA 285.4 287.7 289.1 294.0 

Table 3.2.4: C K-edge peak positions of PPA adlayers deposited in UHV and from 

aqueous solution on polycrystalline cerium oxide films after annealing at 75 °C. 

 

The assignments of the peaks were similar to those obtained for the spectra of 

0.2 ML PPA/Cu(111) and PPA/cerium oxide systems prepared in situ and were related 

to the characteristic features of the phenyl ring of PPA. The only difference is that the 
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CIV was not observed, probably due to the variety of PPA adsorption geometries on the 

polycrystalline oxide film. The positions of the CI, CII, CIII and CV peaks obtained after 

75 °C are given in Table 3.2.4. 

 

Discussion 

The polycrystalline morphology of the oxide film is an indication that the 

molecular adlayer does not have an ordered structure. For this reason, NEXAFS is 

measured in the normal emission geometry and not in the extreme NI and GI 

geometries used for the in situ prepared substrates. The analysis of the PPA/pCeO2 

systems focuses on the determination of the chemical states of different functional 

groups in the adsorbed PPA adlayers and their thermal stability. Three different PPA 

adlayers were prepared. Two of them were prepared in situ but under different 

conditions of the residual atmosphere of the vacuum chamber. The 0.07 ML adlayer is 

very similar to the 0.07 ML PPA/CeO2(111) system. The 0.17 ML is an adlayer 

prepared in an improperly cleaned vacuum chamber, resulting in high levels of 

adsorbed OH- groups and carbonaceous species. The third PPA adlayer was drop cast 

from the 1 mM solution, i.e. the amount of adsorbed water-related species is maximum, 

as confirmed by the O 1s spectra (Fig. 3.2.10).  

The adsorption geometry in the PPA adlayers on pCeO2 films is expected to be 

tridentate due to the similarity of the P 2p, C 1s, and O 1s core levels (Fig. 3.2.10) with 

the characteristics for the in situ prepared systems (Fig. 3.2.3). The diversity of 

adsorption sites on the oxide surface does not allow a precise description of the 

molecular adsorption geometry. It is expected that the PPA molecules will occupy the 

vacancies if they are available, otherwise adsorption on the Ce cations will take place 

with the phenyl ring facing up. 

The behavior of the P 2p, C 1s, and O 1s core levels during thermal treatment 

shows the absence of a clear intensity change (Fig. 3.2.11) associated with water 

desorption or C-P bond scission, in contrast to the in situ systems (Fig. 3.2.4). Within 

three systems, the 0.07 ML PPA adlayer was observed to be less stable (Fig. 3.2.11 a), 

with gradually decreasing carbon and oxygen PPA related signals with increasing 

temperature, which is related to the diversity of molecular adsorption geometries 

associated with the polycrystalline nature of the oxide film. Interestingly, PPA adlayers 

with higher impurity levels are more resistant to thermal treatment, which is the case 

of UHV PPA 0.17 ML and 1 mM PPA systems (Fig. 3.2.11 b, c). The NEXAFS data 
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also support this conclusion. Note, that the higher PPA coverage for these system may 

contribute to adlayer stability. The origin of the BE shift of the photoelectron peaks 

(Fig. 3.2.10) is attributed to surface PPA chemistry and oxide reduction. 

Adsorption of PPA molecules induces surface reduction, which is observed for 

all three systems over the entire temperature range. It is difficult to evaluate the 

contribution of electronic reduction to the total RER change because of the 

concomitant water desorption from the oxide surface. It is worth comparing the surface 

(RER values) and subsurface (Ce 3d shape) reduction for 0.07 ML of PPA on 

CeO2(111) (Fig. 3.2.1 a) and pCeO2 (Fig. 3.2.8 a) films. The PPA adsorption results in 

a higher RER value on pCeO2 due to the contribution of water desorption, but then the 

oxide reduction level gradually increases up to a value of 0.4 after 450 C. For the 

PPA/CeO2(111) the final RER value is much higher 0.9. The shape of the Ce 3d core 

levels confirms the same behavior also for the subsurface region of both systems (Figs. 

3.2.2 a and 3.2.9 a). The lower reduction of the pCeO2 film can be rationalized by the 

interplay of the reductive mechanisms with the filling of the surface vacancies by the 

oxygen atoms of the phosphonate group, whose higher concentration is related to the 

grain structure of the pCeO2 film. The later observation again confirms the protective 

properties of PPA adlayers for cerium oxide films, which are also pronounced for the 

1 mM PPA adlayer. The molecular adlayer prepared by aqueous PPA solution drop 

casting gives a final RER value lower than that of the H2O/pCeO2 system. 

Interestingly, this is not the case for the 0.17 ML adlayer prepared in an H2O/OH- 

enriched environment, where the final RER is the same as for water adsorption. In 

summary, it can be concluded that PPA induced changes in surface oxidation state are 

hidden in the water effect for in situ deposited molecular adlayers and there is a 

preferential adsorption of PPA molecules during deposition from solution forming a 

protective PPA adlayer against reduction of the oxide surface. 

 

Summary of the findings 

The pCeO2 prepared ex situ by magnetron sputtering, a technologically 

accessible technique for real applications, was used as a substrate for the PPA 

molecules. The three different molecular adlayers were prepared on pCeO2 and 

characterized by photoelectron and absorption spectroscopies. The experimental 

results can be summarized as follows: 
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1) The PPA binds to pCeO2 via a phosphonate group in tridentate geometry with 

P-OH groups deprotonation and formation of the surface hydroxyl groups. 

2) The oxygen atoms of the phosphonate group adsorb onto Ce cations and fill 

the available vacancies on the surface. The reoxidation of the film is hidden in the 

oxide reduction, which is mainly due to water desorption.  

3) The stability of the PPA adlayer is lowest for the UHV PPA 0.07 ML system 

with continuous gradual molecular decomposition with increasing temperature. The 

UHV PPA 0.17 ML and 1 mM PPA systems are the most stable during thermal 

treatment with minimal evidence of molecular decomposition/desorption.  

4) The signal from the phosphonate groups remains unchanged over the entire 

temperature range during the thermal treatment. 

5) The PPA adlayer deposited from aqueous solution on pCeO2 proved to be the 

most stable and effective in protecting the oxide from reduction. Thus, the protective 

properties of the PPA adlayer for the pCeO2 film were confirmed.  
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4 Conclusions 
 

The thesis reports the study of the adsorption, thermal stability, and protective 

properties of the PPA on Cu(111) and surfaces of epitaxial cerium oxide films of 

different stoichiometry and composition, and polycrystalline cerium oxide films. In 

addition, the influence of the deposition technique, i.e. by physical vapor deposition in 

UHV or from aqueous solution, on the molecular adlayer was investigated. Advanced 

spectroscopic techniques such as SRPES, XPS, RPES, and NEXAFS were used with 

additional support from the DFT calculations. An overview of the results is shown 

schematically in Figure 4.1.1 and can be summarized as follows: 

PPA adsorption  

PPA adsorbs on all studied substrates through the phosphonate group, followed 

by its complete or partial dehydrogenation. The PPA adlayer on Cu(111) consists of 

mono- and bidentate species. In contrast, only tridentate species are present on cerium 

oxide films, and this is observed for different surface stoichiometry, composition, and 

deposition methods, highlighting the strong affinity of PPA for cerium oxide. The 

factor that significantly affects the adsorption geometry of PPA on cerium oxide is the 

molecular coverage: as saturation is approached, more mono- and bidentate species 

appear, likely due to steric constraints and availability of the adsorption sites. In 

addition, the presence of surface oxygen vacancies in the oxide influences the average 

molecular orientation. In particular, the phenyl ring of the PPA tilts about 10° more 

towards the surface plane of the reduced oxides, which is attributed to the PPA 

adsorption on Ce4+ and Ce3+ cations located in different planes. 

PPA thermal stability  

The PPA adlayer is stable up to a critical temperature, after which decomposition 

begins. This temperature varies widely depending on several factors: the substrate type 

(metal or metal oxide), cerium oxide surface stoichiometry, composition and 

morphology, PPA deposition technique, and molecular coverage. Together, these 

factors determine the strength of the interaction between the PPA and the substrate, 

which ultimately affects the thermal stability (Fig. 4.1.1). The PPA adlayer on Cu(111) 

is stable up to 300 °C. On epitaxial cerium oxide films, PPA is more stable on the 

surfaces with higher concentrations of oxygen vacancies and/or Ce3+ cations, delaying 

decomposition from 225 °C for PPA/CeO2 to 350 °C for other systems. 

 



102 

 

 

Figure 4.1.1: Schematic representation of the results of PPA adsorption, thermal 

stability, decomposition process and protective properties on the surface of Cu(111) 

and cerium oxide films of different stoichiometry, composition and morphology.   



103 

 

The thermal stability of PPA is not affected by the molecular coverage on the 

epitaxial layers of cerium oxide and Cu(111). However, for polycrystalline cerium 

oxide, the stability varies considerably, with decomposition starting at 75 °C for low 

coverage and 450 °C for high coverage of PPA. Surface defects, grain boundaries and 

irregularities are likely to significantly affect the PPA adsorption geometry at low 

coverage and have an impact on the stability of the molecular adlayer. Instead, water 

impurities in the vacuum for the high coverage system contributed to higher PPA 

stability. The molecular coverage must therefore be close to saturation to form 

thermally stable PPA adlayers. Water added as a PPA solvent during deposition further 

stabilizes the molecular layer and increases its thermal stability. 

The mechanism of PPA decomposition is the same for all systems and is initiated 

by cleavage of the P-C bond when a critical temperature is reached. This is followed 

by the desorption of the phenyl ring, which may leave the surface as biphenyl or 

undergo further reactions. There are significant differences between Cu(111) and 

cerium oxide substrates with respect to the stability of the adsorbed phosphonate 

groups. On the Cu(111) surface, the phosphonate group undergoes further 

decomposition, resulting in the formation of organic phosphorus species. On the other 

hand, on cerium oxide films, the phosphonate group remains stable even after 

annealing at 450 °C. 

PPA protective properties  

The PPA adlayer significantly inhibits the surface oxidation of Cu(111) when 

exposed to air. In particular, the molecular adlayer reduces the adsorption of water, 

oxygen and oxygenated organic molecules on the surface, which are the main 

contributors to copper oxidation. The aqueous deposition of PPA on polycrystalline 

cerium oxide films was found to protect the oxide from reduction during the thermal 

treatment. PPA adsorbs on the surface and fills the vacancies preventing oxygen loss 

from the oxide surface, thereby inhibiting film reduction during the annealing. 

Overall, the research provides a fundamental characterization of the adsorption 

and thermal stability of phenylphosphonic acid molecules on Cu(111) and cerium 

oxide films. The findings will improve the understanding of the phosphonic acids 

interactions with the inorganic surfaces. The results are also expected to contribute to 

the development of strategies for the efficient functionalization of metal and 

semiconductor surfaces by phosphonic acids, advancing applications in organic 

electronics and creating novel materials for biomedical use.  
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