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1. Introduction and Motivation 

According to the common definition, ionic liquids (ILs) are entirely ionic 

compounds with a melting point (MP) below 100 °C. Therefore, aqueous solutions 

of salts do not match this definition as they do not consist entirely of ions.1 

Ethylammonium nitrate, the first compound which nowadays would be called an IL 

was first synthesized by Walden as soon as 1914,2 but it took nearly a century for 

ILs to gain wider interest in the scientific community. However, since the turn of 

the millennium, the number of publications involving ILs is strongly increasing, as 

visualized in Figure 1.1.  

 

Figure 1.1: Annual number of publications related to ionic liquids. Numbers from Web of 

Science.3 

ILs with desired properties can be designed by the selected combination of 

certain anions and cations. Hence, ILs have drawn the attention of scientists in 

many research fields. They can be used to replace conventional solvents in synthesis 

which leads in many cases to an increase of reactivity and selectivity.4, 5 With their 

broad electrochemical window, ILs have also been proven as perfect electrolytes for 
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many electrochemical applications, such as fuel cells,6, 7 electrodeposition,8-10  

electrochemical double layer capacitors,11-16 and solar cells.17-20 Last but not least, 

ILs led to the development of completely new approaches to catalysis, namely, solid 

catalyst with ionic liquid layer (SCILL) and supported ionic liquid phase (SILP) 

(cf. Figure 1.2).21-23  

 

Figure 1.2: Schematic drawing of the SILP and SCILL concepts, taken from reference 24. 

The SILP concept (cf. Figure 1.2, top right) is based on a porous inert support 

material coated with a thin IL layer. Therein, the actual catalyst is homogeneously 

dissolved. SILP combines the advantages of homogenous catalysis (highly product- 

and stereo-selective) and heterogeneous catalysis (stationary catalyst phase of a 

continuous flow reactor). In SCILL systems (cf. Figure 1.2, bottom right), where the 

catalyst material or catalytically active species immobilized on a solid support 

material is impregnated with an IL layer, enhanced selectivity, product distribution 

and yields may be observed. This is achieved by specific interactions of the IL with 

reactive sites of the heterogeneous catalyst particles or by solubility and mass 

transport changes when reactants and products diffuse through the IL to/from the 

catalyst surface.24  

The low vapor pressure of ILs allows for the investigation of IL surfaces with 

UHV techniques, such as X-ray photoelectron spectroscopy (XPS),25-27 ultraviolet 

photoelectron spectroscopy (UPS),28-31 near edge X-ray absorption fine structure 

(NEXAFS),30, 32 33 metastable impact electron spectroscopy (MIES),28, 29 low energy 

ion scattering (LEIS),34 time-of-flight secondary ion mass spectrometry            
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(ToF-SIMS)35-37 or high resolution electron energy loss spectroscopy (HREELS),29 

which are traditionally restricted to solid samples. For thin IL films applied in the 

context of SILP and SCILL catalysis, besides the outer IL surface, structure and 

composition of the IL/solid (IL/metal and IL/oxide) interface are of particular 

interest. Also for applications in the field of electrochemistry, profound knowledge 

about the IL/solid (IL/metal and IL/carbon) interface is indispensable for further 

advancements. Thus, during the last years, the IL/solid interface is drawing 

increasing attention and has been studied with numerous techniques including sum 

frequency generation (SFG),38, 39 scanning tunneling microscopy (STM),40-42 atomic 

force microscopy (AFM),41, 43 neutron reflectometry,44 and XPS40, 45-48. 

In this work, angle-resolved XPS (ARXPS) was applied in order to deepen the 

knowledge on the IL/solid interface properties. The thesis is structured as follows: 

After this introduction, in chapter 2, fundamental information on the applied 

materials and techniques, as well as on the experimental setup is given. In 

chapters 3 and 4 results on the IL/solid interface will be presented. Chapter 3 is 

devoted to the IL/carbon interface, more precisely, to the interface of in-situ 

prepared thermally evaporated ultrathin IL films with highly ordered pyrolytic 

graphite (HOPG) and Nickel-supported graphene. Chapter 4 deals with the IL/metal 

interface, particularly in the context of SCILL catalysis. Along the way, 

electrospray ionization deposition (ESID) is introduced as an alternative technique 

for IL thin film production for thermally unstable ILs. In the following, ARXPS 

investigations on interface properties of ultrathin IL films – prepared alternately by 

thermal deposition or ESID – on pristine and modified gold surfaces are presented. 

After the detailed studies on the IL/solid interface, in chapter 5, it’s about time to 

think a bit outside the IL box and the focus is drawn on a novel kind of non-IL 

catalytic concept: porous supports coated with a thin film consisting of low amounts 

of a catalytically active noble metal (platinum or palladium) dissolved in a liquid 

metal (gallium). Besides fundamental research on the surface composition of 

pristine and oxidized Ga alloy surfaces, structure and composition of real catalysts 

were investigated by means of XPS. Chapters 3 – 5 each feature a separate 

introduction providing further insights on the respective subjects. 
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2. Fundamentals and Techniques  

2.1.  Ionic Liquids 

Historical aspects and some common applications involving ILs have already been 

mentioned in the introduction. In this section, important physicochemical properties 

of ILs in general, as well as in more detail for the specific ILs applied within this 

work will be discussed.  

IL cations usually possess an organic structure of low symmetry with a 

positively charged nitrogen or phosphorus atom being part of the cationic head 

group.49 Typical cations are based for instance on ammonium, phosphonium, 

imidazolium, pyridinium or pyrrolidinium, which are usually completely substituted 

at the hetero atoms.49 Typical IL anions are weakly basic inorganic or organic 

compounds with a diffuse or protected negative charge.49 Besides, also purely 

inorganic ILs are known, as for instance hydrazonium bromide [N2H5]Br or 

hydrazonium nitrate [N2H5][NO3] with MPs of 86.5 and 70 °C, respectively.1 

Whereas most research on ILs has focused on ILs with non-protonated cations, i.e. 

on so called aprotic ILs,1 some ILs are formed by a proton transfer between an 

equimolar mixture of a Brønsted acid and a Brønsted base.49 These ILs therefore 

include an exchangeable proton and consequentially are called protic ILs. More 

recently, functionalized ILs become increasingly important. These “task-specific” 

ILs are designed for specific purposes in catalysis or synthesis.1, 49 Another 

promising class of ILs are chiral ILs, which are potentially useful as solvents or 

chiral catalysts for asymmetric organic synthesis.1 

The low MP of ILs stems from their molecular structure. Unlike typical high-

boiling salts such as NaCl, which are composed of small ions with the positive and 

negative charge being located mainly on a single atom, the large IL ions possess 

widely delocalized electron structures. The resulting low molecular charge densities 

of both the cation and the anion lead to very low lattice energies of the salts and 

consequentially also to low MPs.50 Moreover, their usually bulky, asymmetric shape 

causes an additional low packing efficiency in the lattice structure, which is also 
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contributing to a low MP.51 Compared to conventional liquids, due to their ionic 

nature, ILs exhibit some unique physicochemical properties. Of particular 

importance for this work is their extremely low vapor pressure, which at RT is in 

the order of 10-10 mbar,52 allowing for the investigation of IL surfaces in UHV via 

XPS. For higher temperatures, the IL vapor pressure increases gradually. 

Zaitsau et. al experimentally determined the vapor pressure of different ILs. At a 

temperature of ~450 K, the observed vapor pressure of all investigated ILs was in 

the order of 10-5 mbar.53 In many cases, the relatively high vapor pressure of ILs at 

elevated temperatures allows for their thermal evaporation in UHV for thin film 

production. This method, referred to as IL physical vapor deposition (IL-PVD), was 

established in Erlangen at the Chair of Physical Chemistry II45, 46 and represents one 

of the main techniques during the work on this thesis. Some ILs, however, are 

thermally unstable.54, 55 Upon heating, these ILs start to decompose at temperatures, 

which are still too low for an appreciable evaporation rate necessary for PVD. 

During the work on this thesis, this drawback was addressed to by introducing ionic 

liquid electrospray deposition (IL-ESID) as an alternative technique for IL thin film 

production, which can be applied independently of the thermal stability of an IL.56 

All ILs applied in the experiments of this work possess an 1,3-

dialkylimidazolium based cation (cf. Figure 2.1), each substituted at the N1 and N3 

positions with one methyl and another alkyl chain of variable length (methyl, ethyl 

or octyl). The most prominent feature of the imidazolium structure is the aromatic 

ring system, leading to high stability and excellent liquescency due to the 

delocalization of the positive charge and thus low charge density.57 Charge on C4 

and C5 is almost neutral, but carbon C2 is positively charged due to the electron 

deficit in the C=N bond, making C2-H slightly acidic.58 Accordingly, C2–H was 

found to be an excellent hydrogen bond donor.59 60, 61 Besides its hydrogen-bonding 

ability, coulombic and dispersive forces contribute to the interactions of an 

imidazolium based cation with the respective counterion. Compared to Coulomb-

dominated traditional ionic compounds such as NaCl, for an imidazolium based IL, 

theoretical calculations suggest a much stronger contribution of dispersive forces on 

the overall interionic interactions, leading to a flattening of the repulsive region of 

the potential, providing another explanation for the low MP of imidazolium based 

ILs.62 For alkyl chain lengths < 8 carbon atoms, the so-called symmetry-breaking 
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region, a decrease of the MP is observed with increasing chain length, whereas for 

alkyl chains ≥ 8 the MP increases with increasing chain length as a result of the 

increasing van der Waals interactions.63  

 

 Figure 2.1: General structure of 1,3-dialkylimidazolium cations. 

The most frequently used anion of this work is [Tf2N]- (cf. Figure 2.2a). Its 

bulky structure, the negative charge being distributed over the whole [O2S-N-SO2] 

moiety and the additional electron-withdrawing non-coordinating CF3-groups make 

[Tf2N]- a perfect IL anion.64 Additional key factors for the low MP of [Tf2N]- ILs 

are the large number of nearly degenerate low energy conformations and the 

shielding of the negatively charged ionic center by the bulky triflate (CF3SO2) 

groups, both impeding the formation of a stable crystal structure.65 Imidazolium 

[Tf2N] ILs are known to be thermally stable and can easily be used for the 

preparation of thin films by means of thermal evaporation.45-48 

 

Figure 2.2: Structures of a) bis(trifluoromethylsulfonyl)imide ([Tf2N]-), b) trifluoro-

methanesulfonate ([OTf]-), and c) ethyl sulfate ([EtOSO3]
-). 

Besides [Tf2N]-, for particular studies also other anions were applied. 

Imidazolium-based ILs with the chemically related – however less bulky – 

trifluoromethanesulfonate ([OTf]-) anion (cf. Figure 2.2b) were shown to be 

thermally inert, similar to imidazolium [Tf2N] ILs.54 ILs composed of the ethyl 

sulfate ([EtOSO3]
-) anion (cf. Figure 2.2c) and an 1,3-dialkylimidazolium cation are 

known to be highly hygroscopic as both, the C-H groups in the dialkylimidazolium 

ring and particularly the -SO3 group in the ethyl sulfate anion are characteristic 

moieties interacting with water molecules by hydrogen bonding.66 Furthermore, 

a) b) c)
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imidazolium [EtOSO3]
- ILs are known to be thermally unstable and show a 

tendency to decomposition over evaporation when heated at atmospheric pressure.67 

Nevertheless, evaporation of intact ion pairs was successful when thin IL films were 

heated under UHV conditions.68 The small size and the highly localized charge of 

the chloride anion leads to a significantly higher MP of corresponding – thermally 

unstable – dialkylimidazolium ILs.69 Chemical structures and the most relevant 

properties of the ILs applied in this work are summarized in table 2.1. 
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IL 
M  

(g/mol) 

MP 

(°C) 
 

(g/cm3)



(mJ/ K∙m2) 

dML 

(Å) 
Structure 

1,3-dimethyl-

imidazolium 

bis(trifluoromethyl- 

sulfonyl)imide 

 

[C1C1Im][Tf2N] 

377.29 

26 
70 

 

1.57 

(25 °C) 
71 

36.3  

(25 °C) 
71 

7.4 

 

1-methyl-3-octyl-

imidazolium 

bis(trifluoromethyl-

sulfonyl)imide 

 

[C8C1Im][Tf2N] 

475.41 
-86* 

72 

1.32 

(25 °C) 
53 

29.5 

(25 °C) 
71 

8.4 

 

1-methyl-3-

octylimidazolium       

chloride 

 

[C8C1Im]Cl 

230.78 
-87* 

69 

1.00 

(25 °C) 
69 

30.9 

(25 °C) 
71 

7.2 

 

1-methyl-3-

ethylimidazolium 

trifluoromethane-

sulfonate 

 

[C2C1Im][OTf] 

260.23 
-9 
73 

1.39 

(22 °C) 
73 

44.2 

(27 °C) 
74 

6.8 

 

1-methyl-3-

ethylimidazolium           

ethyl sulfate  

 

[C2C1Im][EtOSO3] 

236.29 
-78.4* 

75 

1.24 

(20 °C) 
76 

48.79 

(25 °C) 
77 

6.8 

 

Table 2.1: IUPAC names, molar masses (M), melting points (MP, *glass transition 

temperatures), densities (, surface tensions (, estimated thicknesses of 1 ML according 

to equation 5 (dML), and chemical structures of the ILs applied in this work.
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2.2. Angle-Resolved X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), can be used to determine the elemental composition of 

the outer surface of condensed material. XPS is based on the photoelectric effect, 

which was discovered in 1887 by Hertz and explained by Einstein in 1905.78, 79 In 

its simplest approximation, XPS describes a single step process in which an electron 

initially bound to an atom/ion is ejected by a photon (cf. Figure 2.3a); the excited 

electron leaves the sample without energy loss and is detected by an electron 

analyzer (cf. Figure 2.3c).80 

 

Figure 2.3: a) Schematic scheme of the photoelectron process. b) Subsequent Auger de-

excitation process. c) Basic setup of an XPS instrument. 

This photoelectron possesses a defined kinetic energy Ekin which depends on the 

binding energy (BE) of the electron and the energy of the impinging photon h and 

which can be measured with an energy dispersive electron analyzer (e.g., a 

hemispherical analyzer). Thus, by knowing Ekin and h BE can be determined by 

the Einstein equation 1.80 

 𝐵𝐸 = ℎ𝑣 − 𝐸𝑘𝑖𝑛       (1) 

However, equation 1 is only valid for gas phase measurements, because for 

condensed matter the work functions of both the sample and the analyzer have to be 

considered. Thus, the analyzer has to be calibrated either to the Fermi level or to an 

XPS line from which the BE is known. In this case the Einstein equation can be 

extended to equation 2.80   

𝐵𝐸 = ℎ𝑣 − 𝐸𝑘𝑖𝑛 − 𝜙𝑠𝑝𝑒𝑐 =  ℎ𝑣 − 𝐸𝑘𝑖𝑛
𝑒𝑓𝑓

    (2)

X-ray Photoelectron X-ray

beam

Electron analyzer

Photoelectrons

Detector

a) c)

Auger electron

Initial emission Subsequent emission Sample

b)
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The binding energy of a core electron is influenced by its chemical environment. 

These so-called chemical shifts mainly depend on the change of the oxidation state 

and lie within a range of 0.1 – 10 eV. Having measured a certain chemical shift in 

XPS, conclusions on the oxidation state of the elements of a sample can be drawn.80 

The kinetic energy of a photoelectron is higher for a negative and lower for a 

positive partial charge.81  The effect of a permanent partial charge of the emitting 

atom on the kinetic energy of the photoelectron is counted to the so-called initial 

state effects.81  Besides, there are additional – so-called final state – effects which 

have to be taken into account.82 Both terms refer to the respective energies in the 

photoemission process resulting in the measured BE,80 

𝐵𝐸 = 𝐸𝑓
𝑁−1 − 𝐸𝑖

𝑁       (3) 

with 𝐸𝑖
𝑁 being the energy of the ground state with N electrons and 𝐸𝑓

𝑁−1 being the 

final state with N-1 electrons. An important final state effect is the relaxation of an 

electron system in response to the creation of a core hole. Besides, multi-electron 

excitations such as plasmon losses or shake-up and shake-off transitions are counted 

to the group of final state effects.80 All these processes have in common that upon 

photoemission, an electronically excited final state is created. Consequentially, the 

photoelectron obtains less kinetic energy, leading to satellite lines shifted to higher 

BE relative to the main peak.81 Satellite peaks by shake-up and shake-off processes 

occur when an additional electron is excited from an occupied into a bound 

unoccupied state or into a state in the continuum just above the vacuum level, 

respectively.81 

In a common XP spectrum, the measured intensities are plotted against the 

corresponding BE (cf. Figure 2.4). For s-type orbitals, only one peak is observed. 

For p, d and f orbitals the peaks are split into doublets. This is due to the coupling 

between spin and a non-zero orbital angular momentum (l > 0) for p, d and f shells, 

which leads to two non-degenerate states with total angular momentums of 

j+ = l + ½ and j− = l – ½.80  
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Figure 2.4: XPS overview scans of an ultrathin [C2C1Im][EtOSO3] IL film deposited onto 

Au(111) via electrospray ionization, recorded in normal (top) and 80° (bottom) emission. 

As demonstrated in Figure 2.4, additional signals occur in the spectra due to the 

so-called Auger effect, where the positive hole, left behind by the escaped 

photoelectron, can be filled by an electron originating from an energetically higher-

lying shell. The energy that is set free in this process is transferred to another 

electron of the same shell. This Auger electron is then also emitted from the sample 

(cf. Figure 2.3b).80 Unlike photoelectrons, the kinetic energy of an Auger electron 

does not depend on the energy of the primary X-ray beam but only on the energy 

difference of the two core levels involved in the Auger process. 

Emitted photo- and Auger electrons interact with the surrounding matter. Apart 

from elastic scattering, these interactions cause energy losses of the primary 

photoelectrons. Additionally, secondary electrons can be generated. These events 

result in the formation of a superimposed background signal, which is reflected in 
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an increase of the overall XPS intensity with increasing BE (cf. Figure 2.4). The 

mean travelling distance before an excited photoelectron is inelastically scattered, is 

called inelastic mean free path (IMFP). Depending on kinetic energy and density of 

the surrounding, the IMFP is typically 0.5 – 3 nm for matter.83 Due to the small 

IMFP of photoelectrons, ultra-high vacuum (UHV) conditions are required for XPS. 

Therefore, for a long time, the technique was limited mainly to solid materials, as 

the usually much higher vapor pressure of liquids did not allow for measurements 

under UHV. ILs and liquid metals, which are analyzed in this work, deviate from 

this rule as both classes of materials exhibit vapor pressures comparable to solid 

matter. 

 

Figure 2.5: Schematic principle of ARXPS: The information depth decreases when tilting 

the sample relative to the entrance of the analyzer. 

In order to further enhance surface sensitivity, the sample can be tilted relative 

to the electron analyzer. As seen in Figure 2.5, the total path length the emitted 

photoelectrons travel through the sample before inelastic scattering occurs, remains 

the same, but the information depth decreases.84 This method is called angle-

resolved XPS (ARXPS) and is the main technique applied in this work. With 

ARXPS information about growth modes and the composition of ultra-thin films is 

accessible.85 The influence of the emission angle on an XP spectrum can be seen in 

Figure 2.4 showing the spectra of an ultrathin [C2C1Im][EtOSO3] film deposited 

onto Au(111) via electrospray ionization, recorded in 0 and 80°. Whereas the same 

core levels are observed in both emission angles, their irrelative intensities differ. 

Due to the larger information depth, in normal emission the substrate-related Au 

peaks are much more intense compared to 80° emission. Vice versa, the IL-related 

X-ray

beam

e- e-
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signals (S 2p, S 1s, C 1s, N 1s, O 1s, and the oxygen’s KLL Auger line) stemming 

from the upper most layers of the sample are enhanced in the surface sensitive 80° 

geometry. Detailed information on acquisition and analysis of the ARXPS data is 

given in chapter 2.5.   
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2.3.  Experimental Setup 

The modified ESCALAB 200 UHV system used for the experiments of this work 

consists of three chambers: an analysis chamber, a preparation chamber and a 

sample transfer system (load lock), allowing for the introduction of samples into the 

main UHV chambers without venting (cf. Figure 2.6).  

 

Figure 2.6: Schematic overview of the ESCALAB 200 UHV system in its current state. Adapted 

from reference86. 

XPS measurements are performed in the analysis chamber, which is equipped 

with a SPECS XR50 dual anode X-ray gun, generating Al K or Mg K radiation 

and a SCIENTA R3000 hemispherical electron energy analyzer. The preparation 

chamber provides a sputter gun for sample cleaning with accelerated Ar+ ions. Both 

the IL evaporator and the ESID apparatus can be mounted to the preparation 

chamber without venting of the chamber. Flux of the IL evaporator can be 

monitored by a flexible quartz crystal microbalance (QCM). A gas dosing system is 

attached to the preparation chamber by a fine control valve. For analyzing a 

sample’s surface structure, the preparation chamber is equipped with low-energy 

electron diffraction (LEED) optics. The system’s manipulator offers 360° 

continuous rotation, a thoria-doped tungsten filament for heating (which can also be 

used for electron bombardment heating from backside, with the sample being set 

under high voltage) and the possibility of mounting a detachable device for cooling 
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the system with liquid nitrogen (down to 90 K). A detailed description of the 

original setup of the ESCALAB 200 system and its basic modifications are given 

elsewhere.87 More recent modifications, such as the replacement of the old 

manipulator and the original X-ray gun and electron analyzer, and the attachment of 

the IL evaporator have been discussed in reference 86. During the work on this thesis 

the electrospray system was introduced as a novel method for IL thin film 

production.  
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2.4. Sample Preparation 

Au(111) 

The Au(111) single crystal with a size of 11 x 11 x 2 mm³ was purchased from 

MaTecK (purity 99.999 %, one side polished and aligned to the (111) plane with an 

accuracy better than 0.1°). It was mounted onto a Mo sample holder and fixed with 

two Ta wires. Surface preparation was performed by sputtering with 1.0 keV Ar+ 

ions, followed by annealing at ~800 K. Sample cleanliness was checked by XPS. 

For the atomic force microscopy (AFM) measurements, the IL films were deposited 

onto mica substrates coated with epitaxial gold films of 0.3 µm thickness (Georg 

Albert PVD) with preferential (111) surface orientation.88 

 

Highly-Ordered Pyrolytic Graphite (HOPG) 

The HOPG single crystal with a mosaic spread of 0.8° ± 0.2° was purchased from 

MaTecK (15 x 15 x 2 mm³; purity 99.99 %). The crystal was mounted on a Mo 

sample holder with a double-coated carbon conductive tab. Surface preparation was 

performed ex-situ by cleaving the HOPG with adhesive tape. The cleanliness of the 

sample was checked with XPS. 

 

Ni(111)-supported graphene 

The Ni(111) single crystal (MaTecK; 11 x 11 x 2 mm³ size; purity 99.99 %; one 

side polished to the (111) plane better than 0.1°) was mounted on a Mo sample 

holder and fixed with two Ta wires. It was cleaned by 1 keV Ar+ ion sputtering at 

room temperature (RT). Surface order was restored by annealing at ~1100 K. Rapid 

cooling of the sample with the liquid N2 cooling system was necessary in order to 

prevent surface segregation of impurities (especially sulfur). The cleanliness of the 

Ni(111) surface was confirmed by XPS and LEED. 

Submonolayer (0.6 layer) and monolayer (1.0 layer) graphene were grown on 

Ni(111) by in-situ chemical vapor deposition (CVD). Ni(111) has been chosen as 

support for graphene, because of its small lattice mismatch of only 1.3 % to 

graphene.89 Thus, graphene adopts an almost perfectly flat geometry, in contrast to 
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other transition metal surfaces, on which graphene grows in a corrugated Moiré 

structure to compensate for significant lattice mismatches. The experimentally 

deduced vertical spacing between graphene and supporting Ni(111) ranges from  

2.1 – 2.8 Å,90, 91 which is considerably smaller than the interplanar spacing in 

graphite (3.4 Å). Graphene was prepared at temperatures of 800 – 900 K by a 

combination of carbon segregation from the nickel bulk92 and CVD with butene at a 

chamber pressure of ~10-5 mbar, using a nozzle pointing towards the sample. The 

achieved graphene coverage was determined by XPS; note that the LEED pattern 

always showed a clear 1x1 pattern independent of the graphene coverage.  

 

Pd Deposition 

Ultrathin films of Pd were evaporated with a Focus EFM 3 electron beam 

evaporator, which was mounted to the preparation chamber of the UHV system. For 

Pd deposition, electrons were accelerated towards a positively biased Pd rod from a 

surrounding tungsten filament. Heat radiation was adsorbed by a water-cooled 

shroud; throughout the deposition procedure, the pressure inside the preparation 

chamber did not exceed 1 x 10-10 mbar. Deposition time was controlled by a manual 

built-in shutter. Prior to the experiments, the flux was calibrated by QCM and by 

XPS. For this purpose, Pd was deposited onto a clean Au(111) single crystal and the 

attenuation of Au 4f substrate signals was monitored upon Pd deposition. Before 

and after each deposition, the Pd flux was checked for constancy by QCM. 

Additionally, during deposition, the integral flux monitor was used for real-time 

control of the deposition rate. As Pd is known to form surface alloys with Au even 

at RT,93 comparative measurements were performed with a N2 (l) cooled Au(111) 

crystal as for low temperatures surface alloying can successfully be supressed.93 In 

contrast to the surface sensitive 80° data, no influence of the surface alloy formation 

on the Pd/Au XPS intensity ratio was found in normal emission. Therefore, only the 

0° data were used for calibration of the Pd flux. The evaporator’s distance from the 

sample was chosen large enough to ensure homogeneous Pd deposition across the 

sample. As the Pd beam partly consists of accelerated Pd cations, which could 

create defects in the substrate surface similar to Ar+ sputtering, the sample was 

positively biased with + 1 kV vs. ground to prevent the impact of high energy ions.  
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Physical Vapor Deposition of Ionic Liquids 

Ultrathin IL films were prepared by ionic liquid physical vapor deposition           

(IL-PVD) using a modified high-temperature Knudsen cell for organic materials 

(Tectra WKC3) onto the substrates kept at RT. The evaporation temperature of the 

Knudsen cell was regulated to temperatures between 430 and 445 K by a 

Eurotherm 2261 controller with an accuracy of  1 K, using a type-K thermocouple. 

The IL flux was checked using a quartz crystal microbalance (QCM) before and 

after each deposition step. The QCM was calibrated by deposition of the IL onto a 

Au(111) single crystal before and after each deposition series. Detailed information 

on the experimental setup can be found in the following publications.46-48, 86 

 

Electrospray Ionization Deposition of Ionic Liquids 

IL films were prepared by ESI deposition (IL-ESID) using the UHV4
+ system 

(MolecularSpray Ltd.). For deposition both ILs were dissolved in methanol                

(cIL ≈ 10-3 M). A syringe pump with a constant flow rate of 500 µL/h transported 

the IL solution to the emitter needle (NewObjective; inner diameter: 0.1 mm), 

which was positively biased vs. the grounded entrance capillary by voltages 

between 1.4 and 1.6 kV. A schematic overview of the experimental setup is shown 

in Figure 2.7. Three differential pumping stages allowed for the direct attachment of 

the system to the preparation chamber of the UHV system with a base pressure 

< 10-9 mbar. The pressure increased to ~10-7 mbar during IL deposition. Mass 

spectrometry (MS) showed that this pressure increase resulted from the evaporating 

methanol only, as the amount of IL was below the detection limit of the MS-setup. 

Throughout the IL-ESID procedure, occasional pressure drops indicated 

misalignment of the beam through the pumping stages into the preparation chamber, 

which required repositioning of the ESI emission capillary by lateral displacements 

in the sub-millimeter range. In few cases, the emission permanently dropped due to 

partial blocking of the capillary – which could be replaced easily. Due to these 

occasional fluctuations of the beam flux over the very long deposition times, the 

amount of deposited IL could not be reliably estimated from the deposition time. 

Thus, the amount of deposited IL was determined from the attenuation of the Au 
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substrate XPS signals, as it was done in earlier studies.94 When the sample was 

positioned perpendicularly to the ion beam and for a distance of 0.7 m between 

sample and entrance capillary, the deposition area on the sample was circular with a 

diameter of 4 mm in diameter. This shape was determined using XPS by scanning 

the sample in front of the analyzer.  

 

Figure 2.7: Schematic overview of the experimental setup (for details, see text). 

In order to achieve a homogeneously covered surface area, which is sufficiently 

large for ARXPS measurements with the experimental setup, the Au crystal was 

tilted during IL deposition in one direction to an angle of 70° relative to the ion 

beam normal, and, additionally, the sample was continuously moved in the 

perpendicular direction (cf. Figure 2.7) during deposition. The whole deposition 

process was performed at RT. In order to reduce the radiation damage during XPS, 

a maximum of three consecutive deposition steps was performed; thereafter, the 

gold surface was again restored by sputtering and annealing for the following 

deposition steps.  

The [C8C1Im][Tf2N] and [C8C1Im]Cl thin films for the AFM measurements 

were prepared in a separate chamber with a base pressure < 10-8 mbar. These films 

were deposited via IL-ESID onto epitaxially grown Au(111) films supported on 

mica. The distance between sample and entrance capillary in this setup was 

significantly shorter (0.4 m), resulting in a smaller deposition area with a diameter 

of ~2 mm.  
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2.5. Data Acquisition and Analysis 

Angle Resolved X-Ray Photoelectron Spectroscopy (ARXPS) 

The XP spectra were measured with a VG Scienta R3000 electron analyzer and a 

SPECS XR 50 X-ray gun using non-monochromatized Al-K radiation 

(h = 1486.6 eV) at a power of 250 W (U = 12.5 kV, I = 20 mA). Survey spectra 

were recorded with a pass energy (PE) of 200 eV, whilst the detailed core level 

spectra were recorded with a PE of 100 eV (overall resolution FWHM: ~0.9 eV). 

The inelastic mean free path (IMFP) of photoelectrons with energies between 

800 and 1300 eV in organic matter is 2 – 3 nm.95 Consequently, the information 

depth (ID) of 0° measurements corresponds to 7 - 9 nm, that is several molecular 

layers. In the more surface sensitive geometry at 80°, the ID is reduced by a factor 

of ~6 down to 1 – 1.5 nm.46 To account for an overall reduction in intensity at 

grazing emission, all 80° spectra shown in this work were multiplied by an 

empirical factor which was determined by measurements of macroscopic films of 

the respective ILs under identical conditions. For the ultrathin film measurements, 

all XPS binding energy (BE) values were referenced to the Fermi edge, resulting in 

BE values of 852.4 eV for the Ni 2p3/2 peak of Ni(111), and 284.5 eV for the C 1s 

peak of HOPG. [C1C1Im][Tf2N] reference XP spectra were measured using a 

macroscopically thick film, which was prepared ex-situ by spreading about 0.1 ml 

of the IL onto a polycrystalline Au foil under ambient conditions. For 

quantification, all IL spectra were fitted with a Voigt profile (30 % Lorentzian 

contribution) after a Shirley background subtraction. In accordance with previous 

studies, the C 1s spectra of [C1C1Im][Tf2N] were fitted with constraints for the 

width-at-half-maximum (FWHM) namely FWHM (Ccation) = FWHM (Canion)  1.11. 

N 1s spectra were fitted with equal FWHM of the anion and cation contributions.96 

Film thicknesses were determined by analysis of the attenuation of the substrate 

signals (HOPG C 1s signal for IL/HOPG; C 1s and Ni 2p signals for IL/graphene/ 

Ni(111)) according to equation 4:  
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 is the inelastic mean free path (IMFP), d(n) the total film thickness of n completed 

layers, and  the emission angle with respect to the surface normal. For C 1s 
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electrons with a kinetic energy around 1200 eV,  = 2.8 nm,95 whereas for Ni 2p3/2 

electrons with a lower kinetic energy around 630 eV,  = 1.6 nm.47 In line with 

earlier publications, the IL film thicknesses are given in monolayers (ML); thereby 

1 ML of IL refers to one closed layer of ion pairs with anions and cations on top of 

each other. The height h of 1 ML is estimated from the bulk molecular volume Vm, 

as derived from the IL’s molar mass M and its mass density  using equation 5, 

33
m




AA N

M

N

V
h         (5) 

with NA being the Avogadro constant. For instance, this approximation yields a 

thickness (height) of h = 0.73 nm for [C1C1Im][Tf2N]. According to this coverage 

definition, one closed layer of ions covering the surface in a so-called checkerboard 

configuration, with both cations and anions adsorbed directly on the surface next to 

each other, corresponds to a coverage of 0.5 ML.46 

To study the IL growth on the HOPG sample, the attenuation of the HOPG C 1s 

substrate signal was determined at 0° and 80°; on Ni(111), only the 0° signal could 

be used, since due to the smaller size of this sample, at 80°, minor contributions of 

the crystal edges (which are not covered by IL), did not allow for a reliable 

thickness determination. However, since the IL only adsorbed on the front face of 

the crystal, the IL signals at 80° were used for data analysis. 

Due to differences in cross section for the photoelectric effect for different 

elements and core levels, for quantitative XPS analysis, so-called atomic sensitivity 

factors (ASF) are required to calculate the relative atomic concentration from the 

integrated peak area.97 By multiplying the measured peak intensities of the 

individual core levels of an XPS spectrum with these specific factors, the intensities 

are normalized and made comparable. As also the experimental setup has an effect 

on the measured XPS intensities of different core levels in dependence of the kinetic 

energy of the respective photoelectrons, for most of the measured core levels, 

reference substances with known stoichiometry have been measured to determine 

the respective ASF values (this holds true particularly for all IL related XPS 

signals). ASF values for Ga and Pd core levels, however, were calculated by 

applying a setup specific calibration function on literature ASF values determined 

by Wagner.98 
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Atomic Force Microscopy (AFM) 

After ESI deposition of IL films on Au/mica in UHV, AFM measurements were 

performed under ambient conditions on an Easyscan DFM (Nanosurf) in noncontact 

mode. In all cases, scanning speed was maximized and free amplitude as well as 

amplitude reduction minimized (down to a level where stable imaging conditions 

were still maintained) in order to reduce the influence of the tip on the liquid films. 

Corresponding images were analyzed with the software WSxM 4.0 (Nanotec 

Electronica S.L). 

 

Optical Microscopy (OM) 

Samples for analysis with Optical Microscopy (OM) were prepared in the same way 

as for AFM measurements. The pictures were taken in bright-field mode with a 

DM2500 M instrument (Leica Microsystems) set to highest possible contrast.     

 

Mass Spectrometry (MS) 

The analysis on the thermal decomposition of [C2C1][EtOSO3] by mass 

spectrometry (MS) was conducted in a separate UHV chamber with a base pressure 

of 10-8 mbar. The applied instrument was a Hiden Analytical RC RGA analyzer. 

Spectra were recorded with the MASsoft software (version 7 professional) in the 

secondary electron multiplier collection (SEM) mode. 
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3. The Ionic Liquid / Carbon Interface 

The content of this chapter is based on the following publication:99 

Interface of Ionic Liquids and Carbon: Ultrathin [C1C1Im][Tf2N] Films on 

Graphite and Graphene, F. Rietzler, J. Nagengast, H.-P. Steinrück, and F. Maier, 

J. Phys. Chem. C, 2015, 119 (50), 28068–28076. 

 

ILs are promising candidates for the improvement of electrochemical devices. For 

instance, when combined with graphite or graphene electrodes, ILs show 

outstanding performance in electric double layer capacitors (EDLC).11, 12 Graphene, 

one layer of carbon atoms arranged in hexagonal cells, is the thinnest known 

material, and yet stronger than diamond.100 Moreover, graphene exhibits high 

flexibility, electrical conductivity and thermal stability. It can be fabricated by either 

top-down (TD) or bottom-up (BU) approaches. Starting material for TD graphene 

fabrication are bulky graphitic substances which are chopped down to the desired 

final crystal size. Conversely, BU fabrication is performed by starting with rather 

small units, which are built up to larger functional constructs.101 In a UHV 

environment, graphene can be grown in-situ in a BU approach by chemical vapor 

deposition (CVD) of carbon-rich precursors (e.g. alkenes) on various metal single 

crystals such as Co, Ir, Rh, Ni, etc.102, 103 

Despite the high potential of IL-carbon systems for electrochemical applications, 

only little is known about the corresponding interfaces. A SFG study of a graphene-

covered CaF2 crystal immersed in the IL [C4C1Im][MeOSO3] revealed only weak 

interaction of both anions and cations with the graphene layer. For cations in direct 

contact with the substrate, the alkyl chain was found to be parallel to the graphene 

plane and the imidazolium ring slightly tilted. Methyl groups of first layer anions 

exhibit a tilt angle of > 40°.104 In some AFM studies focusing on the IL solid 

interface, dilute IL solutions were applied to create thin IL films by solvent 

evaporation.105, 106 Zhang et al. prepared thin films of the IL [C4C1Im][PF6] on 

HOPG and found ordered IL layers up to a critical coverage, which was in the order 
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of 1 – 2 layers. Due to the stability of the ordered structures, which could be easily 

imaged with AFM, an almost solid-like behavior of the adsorbed IL was claimed. 

For higher coverages, dewetting and the formation of droplets was observed.106 

Only nanodroplets and the total absence of ordered structures were found by Bovio 

et al. for thin [C4C1Im][Tf2N] films on HOPG. When studying the same IL on non-

carbon substrates, such as mica, amorphous silica, and oxidized Si(110)-wafers with 

AFM, they found very different film morphologies than on HOPG, namely layered 

IL structures with step heights up to 50 nm.105 The different adsorption behavior of 

[C4C1Im][PF6] and [C4C1Im][Tf2N] on HOPG was explained by Zhang et al. by the 

lower melting point of the latter IL, making it less “solid-like”, and by the larger 

anion size, which leads to a larger anion-cation distance for the [Tf2N]- IL on the 

non-polar graphite surface.106 Atkins et al. determined solvation force profiles for 

three ILs, including [C2C1Im][Ac], by measuring the forces when approaching an 

AFM tip towards a substrate surface covered with the IL. The force-distance curves 

revealed an oscillatory behavior with six or seven solvation layers for [C2C1Im][Ac] 

on graphite. The [C2C1Im]+ ion was found to adopt a flat orientation relative to the 

substrate.107 

Theoretical studies of the IL-graphene interface were performed by Feodorov et 

al. using molecular dynamic simulations (MDS), and by Ghatee et al. using density 

functional theory (DFT); they simulated the interface of bulk [C1C1Im][PF6] and 

[C1C1Im][Cl] with freestanding graphene. For [C1C1Im][Cl], both studies found a 

stronger interaction between graphene with the imidazolium cation than with the Cl- 

anion, resulting in a layered structure with alternating layers of cations and anions in 

close proximity to the graphene layer.108, 109 In case of [C1C1Im][PF6], no preferred 

adsorption of cations or anions was found.108 For both ILs the imidazolium ring 

tends to be oriented parallel to the graphene plane.108, 109 The adsorption strength 

was found to strongly depend on the anion. For Cl-, charge transfer from the anion 

to the cation dominates, resulting in weak IL interaction with the graphene surface. 

Stronger adsorption was found for [C1C1Im][PF6] on graphene, which was 

attributed to considerable charge transfer between the cation and graphene.108 MDS 

of [C4C1Im][PF6] on graphite suggest the direct adsorption of both anions and 

cations. Thereby, the cation is oriented parallel to the graphite surface plane and 

adsorbs more strongly than the anion. Further, layering of the first three layers in 
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proximity to the graphite surface was found.110, 111 To obtain new insights into the 

interface of ILs with carbon surfaces, the first systematic angle-resolved X-ray 

photoelectron spectroscopy (ARXPS) study of ultrathin [C1C1Im][Tf2N] films 

deposited in-situ onto different graphene surfaces was performed, that is, a partial 

and a complete graphene layer, grown on Ni(111). For comparison, also 

[C1C1Im][Tf2N] films deposited onto HOPG were investigated; these corresponding 

results will be discussed first. [C1C1Im][Tf2N] was chosen for thin film preparation 

on the different carbon substrates, because (a) PVD of this IL occurs without any 

thermal decomposition, (b) the growth of this IL on bare Ni(111) was already 

studied in detail,47 and (c) the carbon signals of the IL do not interfere with carbon 

signals from graphite or graphene in XPS due to the absence of alkyl chains in the 

IL.  
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3.1. The Ionic Liquid / HOPG Interface 

As a reference system, thin films of the IL [C1C1Im][Tf2N] were deposited onto a 

HOPG single crystal. In contrast to previous studies on metal surfaces, the 

measurement of a macroscopic film, prepared ex-situ by spreading an IL droplet on 

the surface was not possible since the IL did not wet the surface; a typical situation 

is shown in the inset of Figure 3.1. The XP spectra of the resulting IL droplets, 

measured at 0°, are shown in Figure 3.1. The observation of the HOPG C 1s signal 

confirms that a significant fraction of the surface is not covered by the IL.  

 

Figure 3.1: Overview and C 1s high resolution spectra of macroscopic [C1C1Im][Tf2N] 

droplets on HOPG (ex-situ preparation). The spectra were measured at normal emission 

(0°). Sample position was optimized to obtain maximum IL signals in XPS. Besides all the 

expected IL signals, the HOPG C 1s signal is still visible. 

 

3.1.1. Growth Behavior 

To gain a better understanding of the IL/HOPG interface, thin films of 

[C1C1Im][Tf2N] were grown on HOPG by PVD and analyzed with XPS. Figure 3.2 

shows the corresponding C 1s spectra at 0° (bulk sensitive) and at 80° (surface 

sensitive) against nominal IL layer thickness, which was calculated from the 

calibrated flux of the evaporator (see experimental section). With increasing 

exposure, that is nominal thickness, the HOPG substrate signal at 284.5 eV 

decreases, and the IL-derived peaks at 286.7 eV (cation) and 292.7 eV (anion) 
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increase in intensity, from top to bottom. In Figure 3.3a, the attenuation of the 

HOPG signal is plotted versus nominal thickness, and in Figure 3.3b the calculated 

thickness d, is shown, as obtained from equation 4.  

 

Figure 3.2: C 1s spectra of [C1C1Im][Tf2N] films on HOPG, with increasing deposition 

time from top to bottom; collected at 0° (left) and 80° (right). 

Initially, for both 0° and 80° the data points follow a linear behavior as expected 

for two dimensional growth (dashed lines). This behavior drastically changes when 

the nominal IL thickness exceeds a critical value of 0.35 nm, which corresponds to 

0.5 ML. This coverage is consistent with a HOPG surface fully covered with cations 

and anions next to each other in a checkerboard-type structure. For nominal 

coverages of 0.65 nm < d < 1.5 nm, the HOPG signal at 80° even increases despite 

of additional IL deposition. Consequently, the corresponding calculated thickness 

decreases for these coverages. From this behavior, it is concluded that the formation 
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of a second ion layer does not seem to be a favorable situation, and instead droplet 

formation on top of a thin wetting layer occurs. The deviations from the behavior 

expected for layer-by-layer growth in both measurement geometries, thus provide 

clear evidence for pronounced 3D growth for coverages exceeding 0.5 ML, in line 

with the observation of macroscopic droplets in the inset of Figure 3.1. The 

suggested growth mode of [C1C1Im][Tf2N] on HOPG is depicted schematically in 

Figure 3.3c. 

 

Figure 3.3: a) Attenuation of the C 1s substrate signal at 0° and 80° upon IL (data from 

Figure 3.2), compared to the expected attenuation for 2D layer-by-layer growth (dashed 

black and grey lines). b) Calculated mean thickness of the IL film as a function of nominal 

thickness as derived from the 0° and 80° data using equation 4, with (C 1s)=2.8 nm.95 The 

strong deviations from the expected linear growth (dashed black line) are a clear indication 

for a 3D growth mode. c) Schematic drawing of the suggested growth mode of 

[C1C1Im][Tf2N] on HOPG.  
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3.1.2. Initial Adsorption Behavior 

Figure 3.4 shows the F 1s, O 1s and N 1s spectra of the thin IL films for increasing 

deposition time, at 0° (top) and 80° (bottom). The N 1s spectra are composed of two 

peaks, at ~399 and ~402 eV, which originate from the single N atom in the anion 

and the two N atoms in the cation, respectively. From the spectra in Figure 3.4 and 

from the quantitative analysis of the 80° data in Figure 3.5 (left), it is deduced that 

these two signals exhibit a 1 : 2 ratio (that is 0.55  0.05), independent of coverage. 

This value agrees very well with the nominal value of 0.5. From the fact that this 

value is observed also at the lowest coverages, it is concluded that both anions and 

cations are adsorbed next to each other on the surface, in a checkerboard structure 

(see Figure 3.3c). If anions were adsorbed on top of cations or vice versa, one on the 

two signals would be damped, leading to a deviation from the nominal ratio, as it 

was e.g. observed on Ni(111) at this coverage.47 The quantitative analysis of the 

F 1s signal at 80° shows an enhancement at low coverages. This is evident from 

Figure 3.5 (right), where at 80° an F 1s : N 1s (total signal) ratio of ~4 is observed, 

which is to be compared to the nominal ratio of 2 (6 F atoms versus 3 N atoms). It is 

thus concluded that adsorption of the anion preferentially occurs with the oxygen 

atoms being in contact with the HOPG substrate and the CF3 groups pointing 

towards vacuum. This strong enhancement is found up to a nominal thickness of 

0.35 nm, that is 0.5 ML IL, and slowly decreases at higher nominal thicknesses. 

This behavior can be interpreted as further evidence for the formation of IL 

droplets, as the random orientation of the IL ions within the droplets counteracts the 

preferential orientation of the initially adsorbed ions in direct contact to the HOPG 

substrate. The F 1s / N 1s ratio remains higher than the ratio of a macroscopic IL 

film up to a nominal thickness of ~5 nm. This behavior is in line with the 

pronounced formation of IL islands or droplets on top of a thin wetting layer. 

However, at this point, from the XPS data it cannot be ruled out that the initial 

wetting layer breaks apart upon formation of the larger droplets. 
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Figure 3.4: IL-related signals for [C1C1Im] [Tf2N] films on HOPG with increasing nominal 

thickness; collected at 0° (top) and 80°(bottom). 
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Figure 3.5: Nan / Ncat ratio (left) and  F 1s / N 1s ratio (right) for [C1C1Im][Tf2N] films on 

HOPG with increasing IL coverage; for the data from Figure 3.4 collected at 80°. The 

nominal ratios are indicated as black dashed lines, the value observed for thick 

macroscopic films as red dotted lines. 
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3.2. The Ionic Liquid / Graphene Interface  

3.2.1. Graphene Growth 

Graphene was prepared on Ni(111) by CVD using butene gas. The graphene 

coverage was controlled by varying crystal temperature and nucleation time (see 

experimental section). The IL growth behavior will be discussed for a partial and a 

full layer of graphene, that is, for 0.6 and 1.0 layers of graphene. The coverage 

calibration was done by two different methods, which yielded consistent results 

within the margin of error. In the first, the attenuation of the Ni 2p substrate signal 

was used and in the second, the graphene C 1s signal was calibrated by comparison 

to the C 1s signal of a saturated benzene layer on Ni(111), which corresponds to a 

(7 x 7)R19.1° structure with a benzene coverage of 0.143 ML, that is, to a carbon 

coverage of 0.86 ML.112 Figure 3.6 shows the 0° Ni 2p and C 1s spectra of clean 

Ni(111), Ni(111) covered with 0.6 and 1.0 layers of graphene, and the 

benzene/Ni(111) reference spectrum. The graphene C 1s BE was 285.0  0.1 eV, in 

agreement with previous studies.113 Note that with the given energy resolution of 

0.9 eV the bridge-top and top-fcc graphene adsorption geometries113 cannot be 

resolved. 

 

Figure 3.6: Ni 2p and C 1s spectra of clean Ni(111) and graphene / Ni(111) with graphene 

coverages of 0.6 and 1.0 layers; collected at 0°. 
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3.2.2. Adsorption and Growth on Nickel-Supported Graphene 

In Figure 3.7, 0 and 80° C 1s spectra of [C1C1Im][Tf2N] films deposited onto the 

two different graphene/Ni(111) samples are depicted as a function of increasing IL 

coverage. The spectra show that for comparable amounts (indicated by the same 

colors) of deposited IL, pronounced intensity differences of the IL signals and of the 

damping of the graphene signals are found for the two substrates differing in their 

graphene coverage.  

 

Figure 3.7: 0° (light colors) and 80° (dark colors) C 1s spectra of [C1C1Im][Tf2N] thin 

films deposited on graphene / Ni(111). Graphene coverage (in layers) is given in the top left 

corner. Nominal IL film thickness (in nm) is given on the right hand side of each diagram. 

Starting with the situation for 1 layer graphene on Ni(111), a different behavior 

compared to HOPG is observed. While on HOPG the behavior expected for 2D IL 

growth (indicated as dashed lines in Figure 3.8a and Figure 3.8b) is only found up 
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to a nominal IL thickness of ~0.35 nm (0.5 ML IL), for 1 layer graphene this 

behavior is found up to 0.70 nm, that is, 1 ML IL. The attenuation of the Ni 2p 

substrate signal (Figure 3.8a) and the C 1s graphene signal (Figure 3.8b) shows the 

same behavior (note that due to the lower IMFP, Ni 2p signals is stronger attenuated 

than the C 1s signal). At IL coverages above 0.70 nm, the graphene C 1s signal and 

the Ni 2p signal decay slower than expected for layer-by-layer growth. It is 

therefore concluded that at an IL coverage of 1 ML a homogeneous wetting layer is 

formed with the height of one ion pair, and that at higher coverages 3D islands are 

formed on top of the wetting layer, indicating a Stranski-Krastanov-type growth 

mode. One reason for the different wetting and growth behaviors of the IL on 

graphene/Ni(111) compared to the IL growth on HOPG might be the so-called 

wetting transparency of graphene as introduced by Rafiee et al. They studied the 

contact angle of water (CAW) with Cu as well as with Cu-supported single- and 

few-layer graphene.114 CAW measured for single-layer graphene/Cu was found to 

be almost identical to that for bare Cu. With an increasing number of graphene 

layers, the initial CAW on copper gradually increased, approaching the value on 

bulk graphite at around six graphene layers. This behavior was explained by 

considering long-range van der Waals forces between the adsorbed water molecules 

and the underlying C and Cu substrate atoms. For each graphene layer inserted, the 

initial interaction of water with Cu is gradually replaced by interaction with C.114 

The same situation is likely to account for the IL/1 ML graphene/Ni(111) results: in 

contrast to IL on HOPG where the IL interacts only with underlying carbon, the IL 

on 1 ML graphene/Ni(111) is able to interact with both graphene carbon and Ni 

atoms; for the latter, a Stranski-Krastanov growth mode also occurs.47 

At low coverages onto the 1 layer graphene/Ni(111) sample, the quantitative 

analysis of the N 1s signals at 80° yields the stoichiometric Ncat : Nan ratio of 2 : 1, 

similar to the initial adsorption of [C1C1Im][Tf2N] on HOPG; thus, it is concluded 

that anions and cations initially adsorb next to each other, in direct contact with the 

surface. Note that this arrangement is similar to that found on Au(111),46 but differs 

from that on the bare Ni(111) surface, where at this coverage a sandwich-like struc-

ture with the anions on top of the cations is formed.47 The fact that the observed 

behavior on 1 layer graphene follows the dashed line up to 0.70 nm suggests that – 

in contrast to HOPG – also a second (half) layer grows 2D-like on top of the first 
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half-layer, most likely anions on top of cations and cations on top of anions, 

yielding a total coverage of 1 ML. The proposed arrangement at low coverage is 

also supported by the enrichment of the F 1s signal in the surface sensitive 80° 

geometry, which again indicates preferential adsorption of the anion with its CF3 

groups pointing towards vacuum (data not shown). The fact that this enrichment 

effect is less pronounced than on HOPG is probably due to the fact that the for-

mation of the second half layer partly already starts before completion of the first 

half layer.  

 

Figure 3.8: Attenuation of the Ni 2p and the C 1s substrate signals upon IL deposition in 0° 

emission compared to the expected theoretical attenuation for 2D layer-by-layer growth 

(dashed lines). 

Next the data for 0.6 layers graphene on Ni(111) is analyzed. The data in 

Figure 3.8 show that at 0° the initial attenuation of the Ni 2p and graphene C 1s 

signal at 285 eV upon IL deposition (until 0.3 – 0.4 nm) is much more pronounced 

than the attenuation of the graphene C 1s signal (which remains nearly unchanged), 

and even stronger than expected for uniform 2D growth. This behavior indicates 

preferential IL adsorption on the (stronger damped) Ni regions, which results from 

diffusion of the IL from the graphene-covered regions to the Ni regions, which is 

possible due to the high mobility of the IL on graphene. In a previous study, it was 

shown that on Ni(111), [C1C1Im][Tf2N] initially adsorbs in a sandwich like 

configuration, i.e. with the anions on top of the cations.47 From the strong 

enhancement of the N 1s and C 1s anion signals at 80° emission for low nominal 
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[C1C1Im][Tf2N] coverages (cf. Figures 3.9a and 3.9b), it is concluded that on 0.6 

layers graphene / Ni(111) the same configuration is also found on the bare Ni 

regions. In line with this interpretation, at low IL coverages, the cation-related N 1s 

peaks are found to be shifted towards lower BE by ~ - 0.2 eV (Figure 3.9c, blue), as 

also observed for IL deposition onto the bare Ni crystal (dashed black line); in 

contrast, on 1 layer graphene, they are shifted towards higher BE by ~ + 0.2 eV 

(red). These findings strongly suggest that for graphene coverages below a full 

layer, the adsorption of the IL preferentially occurs on bare Ni surface areas.  

 

Figure 3.9: a) 0 and 80° high resolution N 1s spectra of  [C1C1Im][Tf2N] films on 0.6 L 

graphene / Ni(111) with increasing IL coverage.  b) 80° Ncat / Nan and Ccat / Can ratios with 

increasing IL coverage. c) N 1s (cation) BE with increasing IL coverage. 

For prolonged deposition times, the reduced attenuation of the Ni 2p and 

graphene C 1s signals is a clear evidence for 3D growth on both the graphene-

covered regions and the graphene-uncovered regions. Interestingly, for larger IL 

coverages (> 1 nm) the substrate attenuation for 0.6 layers graphene (blue lines in 

Figure 3.8) is weaker than for 1.0 layer graphene (red lines) and also than on 

Ni(111) (see ref.47). This indicates more pronounced 3D growth on the surface with 

a fractional graphene layer, which could be due to pinning of large islands at step 

edges.  

3.3. Summary and Conclusions 

Thin films of the IL [C1C1Im][Tf2N] were thermally deposited onto different 
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different graphene coverages, that is, 0.6 and 1.0 layers. These studies show that the 

initial adsorption behavior and growth strongly depend on the substrate and that 

even between HOPG and a single graphene layer on Ni(111) significant differences 

exist. On HOPG, the formation of a thin wetting layer with cations and anions next 

to each other occurs, with a coverage of 0.5 ML. On top of this wetting layer, 

further IL deposition leads to pronounced growth of 3D islands; it cannot be ruled 

out that the 0.5 ML IL wetting layer even breaks apart upon further IL deposition. 

On 1 layer graphene / Ni(111) again a wetting layer is formed; however, the 

thickness of this stable layer is twice the thickness on HOPG, and most likely 

consists of neighboring ion pairs with anions on top of cations and cations on top of 

anions in a checkerboard configuration, yielding a total coverage of 1 ML. On top 

of this wetting layer, 3D growth is less pronounced than on HOPG. On a fractional 

graphene layer, that is 0.6 layers graphene / Ni(111), IL adsorption preferentially 

occurs on bare Ni surface areas, with an arrangement as on a bare Ni(111) surface. 

The preferential adsorption causes more pronounced 3D growth compared to the 

fully graphene-covered Ni(111) surface.  
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4. The Ionic Liquid / Metal Interface  

A profound knowledge of IL/metal interfaces is of pivotal interest for present and 

future applications of ILs, including lubrications,115, 116 electrical energy devices,117, 

118 and catalysis.119, 120 Different techniques have been applied for the investigation 

of the IL/metal interface, for some of which the interface is accessible through a 

macroscopic IL layer, such as SFG,38, 121 STM,40-42, 122 or AFM41, 43, 122. For surface 

sensitive methods like XPS,46, 47 ultrathin films are required. 

In this chapter, the influence of physicochemical properties of different ILs on 

the adsorption and growth behavior of respective ultrathin IL films will be 

discussed. For best comparability, all investigated ILs – [C8C1Im][Tf2N], 

[C8C1Im]Cl, [C2C1Im][EtOSO3], and [C2C1Im][Otf] – were deposited onto a 

Au(111) single crystal by means of IL-PVD or IL-ESID, a technique applied for the 

first time within the scope of this work. After having shown that ESID allows for 

the deposition of ultrathin IL films with the same quality as PVD deposited films, in 

subsequent experiments, both methods were applied alternatively. In a similar 

manner to the discussion on the IL/carbon interface in chapter 3, the main focus will 

lie on the initial adsorption geometry of IL ions, surface wetting and subsequent IL 

growth behavior, as well as on electronic interactions between the IL and the Au 

substrate. Moreover, changes concerning the IL wetting and growth behavior on a 

carbon contaminated, as well as on a Pd-modified Au(111) surface were 

investigated.  
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4.1. Introducing Electrospray Ionization Deposition of 

Ionic Liquids 

The content of this chapter is based on the following publication:56 

Electrospray Ionization Deposition of Ultrathin Ionic Liquid Films: [C8C1Im]Cl and 

[C8C1Im][Tf2N] on Au(111), Florian Rietzler, Marius Piermaier, Alexey Deyko, 

Hans-Peter Steinrück, and Florian Maier, Langmuir, 2014, 30 (4), 1063–1071. 

 

PVD is limited to thermally stable ILs, which evaporate at elevated temperatures as 

intact ion pairs at a sufficient rate before thermal decomposition processes take 

place. In order to overcome this material limitation, during the work on this thesis, 

an alternative technique, namely, ionic liquid electrospray ionization deposition   

(IL-ESID) was established. IL-ESID is suitable to deposit even thermally very 

unstable ILs onto any surface under UHV. The general ESI process is depicted in 

Figure 4.1. An easily evaporable solvent contains the dissolved target molecules 

(which in case of IL-ESID are IL cations and anions). The solution is transported to 

the emitter capillary, which is set on high voltage (HV) with respect to the opposite 

entrance orifice, e.g., +2 kV vs the grounded entrance. Due to the high electric field 

strength at the capillary tip, the leaking droplets become positively charged (in the 

case of positive bias voltage). Charging occurs either by spontaneous ionization of 

neutral molecules via protonation/deprotonation equilibria or, for dissolved ions, by 

directed diffusion of these ions along the electric field lines within the tip 

droplets.123, 124 Repulsive Coulomb forces of the charged solution droplets lead to 

formation of a so-called Taylor cone at the capillary’s tip.125-127 At the point when 

surface tension can no longer compensate for the repulsive forces,128 droplets are 

emitted from the cone and, due to the applied potential difference, are accelerated 

toward the opposed entrance orifice into the vacuum chamber. Evaporation of 

volatile solvent molecules in vacuo increases the droplet’s charge density. When the 

surface tension again no longer compensates for the repulsive Coulomb forces, that 

is, when reaching the so-called Rayleigh limit, the initial droplets explode under 

formation of several smaller offspring droplets; this process is also known as 

Coulomb explosion. The droplet diminution process ideally proceeds down to the 
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stage of solvent-free small molecular clusters and even single molecules / ion pairs 

on their way to a spectrometer in the case of ESI mass spectrometry (ESI-MS) or to 

a substrate for thin film preparation in the case of ESID. 

 

Figure 4.1: Schematic illustration of the general ESI process. Depending on bias polarity, a 

(slight) excess of positively or negatively charged species is present.  

Initially, the ESI technique was mainly refined in combination with MS methods.129, 

130 More recently, ESI has been used for the deposition of thin films and clusters of 

both, inorganic 131, 132 and organic substances, particularly for the deposition of 

polymeric films.133-137 The morphology of polymeric films was found to be 

dependent on numerous factors, including the type of solvent, concentration, flow 

rate, conductivity of the solution, temperature, viscosity, and surface energy.138 Due 

to their ionic nature, ILs are supposed to be perfect candidates for ESID. 

Generally, evaporation of ILs results in the formation of neutral ion pairs in the 

gas phase.139, 140 Thus, IL-PVD thin films always consist of an equal amount of 

cations and anions. For IL-ESID, the situation is expected to be different due to the 

emission of charged droplets by field-induced preferential diffusion of cations (in 
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case of positive tip bias) or anions (in case of negative bias) towards the tip surface. 

Accordingly, ESI-MS studies revealed the cation/anion ratio of an IL electrospray to 

be ≠ 1. For positive potentials, the clusters detected by MS contain an excess 

positive charge and possess the general composition CnA(n-1), with C and A being 

the cations and anions, respectively. Accordingly, in negative mode clusters with 

the general composition C(n-1)A(n) are observed.141-143 An important factor 

concerning the amount of charge within the molecular clusters is the initial size of 

the droplets that are emitted from the Taylor cone.144 With increasing droplet size 

the relative amount of excess charge carriers decreases. The initial droplet size in 

turn increases with increasing needle orifice and flow rate, and with decreasing 

conductivity of the ESI solution.124 For ESI emitters with wide orifices and for high 

flow rates, the initial droplet sizes are in the µm range.144 Juraschek et al. studied 

the electrospray composition of NaCl water/methanol solutions via trap mass 

spectrometry. For a 10-2 M solution at a flow rate of 180 µL/h, they detected only 

one additional Na+ cation per 250 neutral ion pairs.144 Similar concentrations and 

flux rates were employed in the IL-ESID experiments shown in this work; the 

absence of significant deviations from the IL anion : cation = 1 : 1 stoichiometry 

would thus imply the emission of large initial droplets in the ESI process with most 

of the IL being present as neutral clusters or even as single ion pairs.  

First, the suitability of IL-ESID for the preparation of homogeneous IL thin 

films was evaluated. For this reason, the first IL-ESID experiments were performed 

on a well-understood system: thin films of the IL [C8C1Im][Tf2N] were deposited 

onto a Au(111) surface and analyzed by ARXPS. These results are compared with a 

previous study in which PVD was used for thin film preparation of the same IL on 

Au(111). In the second part of this chapter, ESI-deposited thin films of a thermally 

unstable IL were investigated, namely [C8C1Im]Cl on Au(111).  

 

4.1.1. Proof of Principle: [C8C1Im][Tf2N] on Au(111) 

As pointed out in the introduction to this chapter, well-defined ultrathin films of the 

IL [C8C1Im][Tf2N] were previously grown on a Au(111) surface by means of PVD 

and analyzed by ARXPS.46 This study clearly revealed that within the first 

nanometers, [C8C1Im][Tf2N] grows in a layer-by-layer mode in checkerboard 
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configuration. For the first closed molecular layer (corresponding to a coverage of 

0.5 ML according to the ML definition applied in this work), the ionic head groups 

are in direct contact with the gold surface, whereas the octyl chains are oriented 

towards the vacuum side. Since these PVD prepared [C8C1Im][Tf2N] films on 

Au(111) represent a well understood system, this particular solid/IL interface was 

taken to check the general suitability of ESID for the preparation of ultrathin IL 

films.   

 

Adsorption Behavior 

In Figure 4.2 the C 1s and N 1s spectra of ultrathin ESID prepared [C8C1Im][Tf2N] 

films with coverages of 0.4, 0.7 and 1.2 ML are depicted, for an emission angle of 

80°. For comparison, spectra of PVD-prepared films with similar coverages are also 

shown. The ESID (black) and PVD (grey) curves are virtually identical for the same 

coverage and detection angle. This is a clear indication that the IL-ESID films have 

the same properties as the thermally deposited IL films. Note that the corresponding 

deposition times were very different for the two different techniques: Whereas the 

deposition of the 1.2 ML film by PVD took about five minutes, the deposition of the 

same coverage by ESID took more than two hours demonstrating that ESID is a 

very time-consuming procedure.  

In the C 1s region, three different carbon species can be distinguished. In the 

following, BE values for the thickest films are given: The peak at 287.4 eV 

(“Chetero”) is assigned to the five carbon atoms bound to the imidazolium nitrogen 

atoms, in line with previous publications.25, 45, 46, 145, 146 The peak at 285.6 eV 

(“Calkyl”) is attributed to the seven alkyl carbon atoms of the cation that are not 

bound to nitrogen. The well separated peak at 293.6 eV (“Canion”) is due to the CF3 

groups of the anion. In the N 1s region, the peak at 400.1 eV (“Nanion”) stems from 

the imide nitrogen of the anion, and the peak at 402.7 eV (“Ncation”) from the two 

equivalent nitrogen atoms in the imidazolium ring of the cation. XPS signals are 

also observed for all other IL-related atoms, i.e. O, S and F; they also show no 

differences for the two preparation methods, and thus will not be discussed in the 

following.  
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Figure 4.2: Direct comparison of 80° N 1s (left) and C 1s (middle) XP spectra of 

[C8C1Im][Tf2N] thin films prepared via ESID (black curves) and PVD (gray curves). 

Scheme for preferential orientation of adsorbed ions at the interface of [C8C1Im][Tf2N] as 

a function of coverage (right); adapted from reference 46. 

With increasing coverage, the IL peaks shift to higher BE, in line with a 

previous study of the PVD films of [C8C1Im][Tf2N] on Au(111).46 The differential 

shift of the Calkyl peak within the first 0.5 ML (= one complete layer of single ions 

for the checkerboard arrangement) by 0.3 eV in Figure 4.2 is explained by a 

preferential orientation of the initially flat-lying octyl chains towards vacuum in 

order to allow further ion pairs to adsorb directly on the gold surface. This change in 

adsorption geometry is energetically favored due to stronger substrate interactions 

of the polar headgroups compared to the non-polar octyl chains. The orientation of 

the octyl chains towards vacuum is also reflected in a relative increase of 

Calkyl signal at 80°, i.e. in the surface sensitive geometry.  

In line with earlier findings,46 the initial adsorption behavior of [C8C1Im][Tf2N] 

prepared by ESID on Au(111) can be summarized as follows: The imidazolium ring 

of the cation adsorbs parallel on the Au surface with the octyl chains preferentially 

pointing towards vacuum. The anion is adsorbed to the gold surface in a cis-

configuration preferentially via the oxygen atoms of its SO2 groups and the CF3 

groups are pointing towards vacuum. 
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Stoichiometry 

As next step, the stoichiometry of the deposited films was analyzed. This is 

necessary, since a small excess of cations is expected due the positively biased 

emitter capillary. Table 4.1 shows the Nanion/Ncation ratio, as determined from the 

N 1s spectra at 0° and 80°. The comparison of these two signals allows for the most 

accurate determination of the actual stoichiometry, as both are measured in the same 

spectrum. Thus, no calibration has to be performed, that is, the ratios are neither 

influenced by errors in the atomic sensitivity factors nor by the attenuation length 

due to kinetic energy-dependent IMFPs of different core level electrons. Moreover, 

according to the adsorption geometry, the nitrogen atom of the anion is located only 

slightly above the nitrogen atoms of the cation. Consequently, the measured 

Nanion/Ncation ratio is not significantly affected by the different surface sensitivities 

given by the emission angles. The analysis of the data in table 4.1 shows that within 

the margin of error of about ±5 %, the determined ratio perfectly agrees with the 

nominal value of 0.5. Hence, in spite of carrying out IL-ESID in positive mode, 

there is no indication for a preferential deposition of cations. The quantitative 

analysis of all IL related signals also showed no deviations exceeding the margin of 

error (±10 %; due to the uncertainties mentioned above). 

 

 

 

 

 

 

 

 

Table 4.1: Nanion/Ncation ratios for ESI deposited [C8C1Im][Tf2N] films on Au(111) in 

comparison with a macroscopic IL film and the nominal value. 

 

 

 

Coverage Nanion / Ncation 

ML 0° 80° 

0.4 0.53 0.51 

0.7 0.48 0.53 

1.2 0.48 0.53 

2.1 0.48 0.53 

4.0 0.50 0.53 

6.8 0.49 0.48 

∞ 0.51 0.53 

nominal 0.50 0.50 
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Growth Mode 

In order to gain insight into the growth mode of adsorbates via ARXPS, the 

attenuation of a substrate signal is monitored as function of coverage, at different 

detection angles. For Au(111), the intense Au 4f peak is best suited for such an 

analysis: Cremer and co-workers deduced 2D layer-by-layer (Frank-van-der-

Merwe) growth of ultrathin PVD-prepared [C8C1Im][Tf2N] films on Au(111) from 

the attenuation behavior of the Au 4f signals, at 0° and 80°, as a function of 

deposition time.46 Due to the problems to maintain a constant ESI beam flux (see 

experimental section for details), the correlation of substrate attenuation with time 

is, however, not reliable for the ESI-deposited films. Nevertheless, detailed 

information on the growth mode can be derived by the following analysis:94 In 

Figure 4.3, the Au 4f intensity at 0° and 80° is plotted against nominal coverage 

(calculated from the 0° data using equation 4 with  = 3 nm for the Au 4f 

photoelectrons (Ekin ≈ 1400 eV)95 for the ESID-films (full symbols), and also for the 

PVD-films studied by Cremer et al.46 (open symbols). Both data sets agree very 

well with each other, indicating again that with ESID identical layers are prepared 

as with PVD. The higher surface sensitivity of the 80° geometry is reflected in a 

much faster attenuation of the Au 4f peak. The dashed line in Figure 4.3 represents 

the attenuation predicted at 80° according to equation 4 for layer-by-layer growth. 

For both preparation routes, the measured 80° data correlates very well with this 

curve, which verifies layer-by-layer film growth for [C8C1Im][Tf2N] films on 

Au(111). The ARXPS analysis therefore unequivocally demonstrates that ESID is a 

suitable route for the preparation of [C8C1Im][Tf2N] thin films on Au(111).  
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Figure 4.3: Attenuation of the Au 4f substrate intensity Id as a function of coverage d for 

[C8C1Im][Tf2N] films deposited by PVD (hollow triangles and diamonds) and ESI (solid 

squares and circles), respectively, at emission angles of 0° and 80°. The dotted line is 

calculated from the 0° fit parameters taking the additional factor cos(80°) into account. An 

ideal 2D layer-by-layer growth should follow along this line. 

 

4.1.2. Thin Films of [C8C1Im]Cl on Au(111) 

After the proof-of-principle experiments with [C8C1Im][Tf2N], next, the preparation 

of [C8C1Im]Cl films Au(111) via ESID was studied, in order to pursue the 

investigations on the IL-solid interactions. [C8C1Im]Cl is thermally unstable, as 

recently shown by Lovelock et al.,147 and therefore, this IL is not compatible with 

PVD. Thus, no ultrathin films of this IL could be prepared up to now. The results 

for the ESID films presented here are the first of their kind and will be compared to 

the reference system [C8C1Im][Tf2N] / Au(111) presented above. 

 

Growth Mode 

As first step, the overall film growth mode was investigated. Ultrathin IL films, 

from the sub-monolayer range up to nominally 3 ML (1 ML [C8C1Im]Cl 

corresponds to a layer thickness of 0.72 nm, see equation 5) were deposited on 
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substrate XPS signals with increasing IL coverage: In Figure 4.4, the Au 4f signals 

in 0° and 80° emission are plotted against nominal coverage. As in Section 4.1.1, 

the nominal coverage values were determined from the attenuation of the substrate 

signals measured at 0°, i.e. in the bulk sensitive geometry. For comparison, the 

corresponding data points of [C8C1Im][Tf2N] from the previous section are also 

included in Figure 4.4; they perfectly follow the dashed line, which shows the 

predicted behavior at 80° for layer-by-layer growth. For [C8C1Im]Cl, the 80° data 

initially also fall onto the dashed line, for coverages up to 0.3 – 0.4 nm (~0.5 ML). 

For higher coverages, however, the measured data points for [C8C1Im]Cl lie 

significantly above the “ideal” 80° line, that is, the substrate signals are much less 

attenuated than expected for a 2D film morphology. These findings clearly indicate 

that 3D island growth sets in after a first closed layer of [C8C1Im]Cl with 0.5 ML 

thickness was formed on the Au substrate, in a Stranski-Krastanov growth type 

mode. A similar growth behavior was witnessed by ARXPS for [CnC1Im][Tf2N] 

PVD films grown on silica surfaces, where IL islands grew on top of a first wetting 

layer.45, 148 

 

Figure 4.4: Decay of the Au 4f substrate signal as a function of coverage for emission 

angles of 0° and 80°. The dotted line is calculated from the 0° fit parameters taking the 

additional factor cos(80°) into account. An ideal 2D layer-by-layer growth should follow 

along this line. The red dotted line indicates a [C8C1Im]Cl coverage of 0.5 ML (= one 

closed ion layer). 
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Initial Adsorption Behavior 

Next, the focus is turned on the initial adsorption behavior at the metal-IL interface. 

In Figure 4.5, the C 1s, N 1s and Cl 2p spectra of [C8C1Im]Cl thin films of 

increasing thickness are depicted for emission angles of 0° and 80°. Apart from the 

gold substrate signals, no other elements were detected, which again demonstrates 

the cleanliness of the IL-ESID process. The two peaks in the C 1s region originate 

from the Chetero and Calkyl atoms of the cation, and the single peak in the N 1s region 

stems from the two N-atoms of the imidazolium ring. In the Cl 2p region, only the 

expected doublet structure due to spin-orbit splitting is visible. From the 

quantitative analysis, it is deduced that the calculated IL composition fits very well 

to expected nominal stoichiometry, within the margin of error of ±10 %, again 

ruling out a significant excess of cations due to the ESI process. Analysis of the 

coverage dependence of XPS data in Figure 4.5 suggests an initial adsorption 

behavior similar to that of [C8C1Im][Tf2N]. Below 0.3 ML, no enrichment or 

depletion of certain elements in 80° is detected. Therefore, coadsorption of cations 

and anions directly on the Au(111) surface is suggested, with the octyl chains lying 

flat. For coverages > 0.3 ML, an enhancement of the Calkyl signal at 80°, i.e., surface 

enrichment of the octyl chains, is observed. A comparison of the C 1s spectra of 

[C8C1Im][Tf2N] and [C8C1Im]Cl with similar coverage clearly reveals that the 

intensity increase of the Calkyl signal at 80° is more pronounced for [C8C1Im]Cl 

(cf. table 4.2). A similar effect was also found in a previous ARXPS study of the 

outer surface of macroscopic IL films, that is, at the IL/vacuum interface: there, the 

degree of enrichment of the octyl chains within the surface layer of [C8C1Im]X ILs 

increases with decreasing size (and increasing coordination capability) of the anion 

X.145 As concluded above from the attenuation of the substrate signal, further IL 

deposition on top of the first closed layer (with a coverage of 0.5 ML) leads to 

formation of IL islands for [C8C1Im]Cl. This behavior is in contrast to the 

observations for [C8C1Im][Tf2N], where layer-by-layer growth was observed at least 

up to 10 ML. This difference in growth mode is also reflected in a different 

behavior of the BE shifts with coverage for [C8C1Im]Cl and [C8C1Im][Tf2N]. As 

demonstrated earlier for [CnC1Im][Tf2N] PVD films on Au(111), shifts toward 

higher BE positions are expected for thicker layers, due to a larger average distance 

to the substrate.46 
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Figure 4.5: Waterfall plots of IL-ESID films of [C8C1Im]Cl on Au(111) with different 

coverages starting from the pristine substrate (0) up to a manually deposited macroscopic 

film (∞). Depicted are the N 1s, C 1s, and Cl 2p core level spectra for 0° and 80° emission. 

The given coverages are calculated from the 0° Au 4f attenuation. Due to island formation 

these values can only be seen as a rough estimation of the average IL coverage. 
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Coverage / 

ML 

Calkyl / Chetero 

[C8C1Im]Cl [C8C1Im][Tf2N] 

0.3 / 0.4 1.5 1.5 

1.4 / 1.2 3.5 2.5 

∞ 3.3 2.2 

nominal 1.40 1.40 

Table 4.2: 80° Calkyl/Chetero ratios for ESI deposited [C8C1Im]Cl and [C8C1Im][Tf2N] films 

on Au(111) in comparison with a manually deposited thick film (∞) and the respective 

nominal values.  

Figure 4.6 shows the C 1s BE shift (average of Chetero and Calkyl values) at 0° 

(ID: 7 – 9 nm) as a function of coverage for [C8C1Im][Tf2N] and [C8C1Im]Cl. For 

the layer-by-layer growth of [C8C1Im][Tf2N] (red squares), the final BE positions 

are reached at a coverage above ~5 ML (> 4.2 nm) where XPS signals from ions not 

in contact with the substrate (that is, IL bulk signals) considerably exceed the 

attenuated signals originating from ions at the IL-metal interface (which are shifted 

in energy at least by -1.3 eV). On the other hand, for [C8C1Im]Cl (blue diamonds), a 

constant BE position is already reached at ~2.5 ML (1.8 nm). This saturation of BE 

position at a much lower nominal coverage of 1.8 nm is in line with the above 

proposed formation of [C8C1Im]Cl islands on top of a 0.5 ML thick wetting layer. In 

the case of such island formation, the majority of ions reach the bulk BE value at a 

lower nominal coverage due to their – on average – larger distance from the metal 

surface. Note that a low binding energy shoulder originating from uncovered parts 

of the wetting layer should still be visible in the 0° and 80° spectra in Figure 4.5 for 

nominal film thicknesses above 2.5 ML nominal coverage: however, these signal 

contributions are expected to be very small due to the large ID in 0° emission and 

due to shadowing effects at 80°. 
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Figure 4.6: Decrease of 0° C 1s BE shift (Chetero, Calkyl 1s average) with increasing coverage 

for [C8C1Im][Tf2N] and [C8C1Im]Cl, respectively. A BE shift of 0 corresponds to the BE of 

the respective highest deposited coverage measured.  

 

4.1.3. Atomic Force Microscopy Investigations 

In order to obtain further insights into the morphology of ESI-deposited IL films, 

both [C8C1Im][Tf2N] and [C8C1Im]Cl were grown by IL-ESID on epitaxial Au(111) 

films supported on mica in a separate UHV system and analyzed by AFM under 

ambient conditions. Due to a reduced distance of the ESID source to the substrate 

surface, much higher IL coverages concentrated at a smaller deposition area could 

be achieved in this setup: after a deposition time of 3 h, the nominal film coverage 

for the AFM experiments was ~ 50 ML; this is to be compared to the XPS 

experiments, where with similar deposition times only ~ 2 ML thickness was 

achieved (albeit of a much larger area). Figure 4.7a shows an AFM image of the 

pristine Au/mica sample. Overall, the surface is smooth (mean height roughness: 

2.5 Å), apart from the presence of grain boundaries between the micrometer large 

facets with preferential (111) surface orientation.88 Figures 4.7b and 4.7c show 

AFM images of the Au/mica surface after ESI deposition of [C8C1Im][Tf2N] and 
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[C8C1Im]Cl, respectively. Due to the fact that the grain boundaries are still visible 

after [C8C1Im][Tf2N] deposition in Figure 4.8b, it is most likely that the AFM 

cantilever penetrates most of the IL film. The absence of distinct islands is 

interpreted as further evidence for homogeneous spreading of [C8C1Im][Tf2N] on 

the Au surface due to layer-by-layer growth. On the other hand, the equally 

distributed white spots in Figure 4.7c, with diameters ranging from about 1 to 4 µm 

and heights between 60 and 200 nm, imply the formation of [C8C1Im]Cl islands on 

Au and thus confirm 3D growth.  

Figure 4.7: AFM images taken of a mica supported Au(111) film: a) image of the  pristine 

surface; b) image of an ESI deposited [C8C1Im][Tf2N] film;  c) image of an ESI deposited 

[C8C1Im]Cl] film. 

 

4.1.4. Optical Microscopy Investigations 

The IL on Au/mica samples were also investigated with bright-field OM, and again, 

significant differences between [C8C1Im][Tf2N] and [C8C1Im]Cl thin films become 

apparent. As shown in Figure 4.8a taken at 10x and 20x magnification, the 

[C8C1Im]Cl film is composed of equally distributed droplets with diameters ranging 

from 1 – 4 µm. The absence of smaller droplets can be explained by Ostwald 

ripening.149 In between these droplets an underlying homogeneous wetting layer is 

presumed due to the different color of this area compared to the pristine Au surface. 

The color change is best visible at the border of the deposition area marked with the 

dashed line. 

No comparable structures are found within the [Tf2N]-film. Only with strongly 

increased contrast, the corresponding images reveal that the overall color intensity 

decreases radially outwards and changes from yellow to blue (cf. Figure 4.8b). This 
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finding fits to the expected Gauss shape of the ESID profile. As the OM 

measurements were not performed on a highly ordered annealed Au(111) surface 

but on ex-situ prepared Au-covered mica samples, the dark spots visible in 

Figure 4.8b are most likely the result of preferred IL adsorption at surface defect 

sites or dust particles. These results provide another prove for 2D growth of 

[C8C1Im][Tf2N] and 3D growth of [C8C1Im]Cl, respectively.  

 

Figure 4.8: Bright-field OM images taken of a mica supported Au(111) film at 10x / 20x 

magnification: a) image of an ESI deposited [C8C1Im]Cl] film; b) image of an ESI-

deposited [C8C1Im][Tf2N] film (with strongly increased contrast). 

 

4.1.5. Conclusions 

The reason for the different film morphologies – layer by layer for [C8C1Im][Tf2N] 

vs. island growth for [C8C1Im]Cl – is most likely related to the differences in the 

intermolecular interaction strengths of the two ILs. There are several studies 

focusing on the influence of the anion on the physicochemical properties. Fernandes 

et al. investigated the relative anion-cation interaction energies of different ILs, 

including imidazolium-based [Tf2N]- and Cl- ILs with different chain lengths.150 

From tandem mass spectrometry (ESI-MS-MS) and also from quantum chemical 

calculations, stronger interionic interactions between the imidazolium cation and the 

anion are deduced for Cl- compared to [Tf2N]- (cf., dissociation energies of 3.85 and 

2.96 eV for [C4C1Im]Cl and [C4C1Im][Tf2N], respectively).150 Deetlefs et al.151 

deduced from neutron diffraction data of several imidazolium-based ILs a decrease 

of hydrogen-bonding ability with increasing anion size: as the charge becomes more 



        4. The Ionic Liquid / Metal Interface                                                                       57 

delocalized the bonding strength of the anion with the acidic ring protons decreases. 

Kolbeck et al.71 and Freire et al.152 were studying the influence of anion-cation 

interactions on the surface tension of ILs. Both groups found a larger surface 

tension for n-alkyl imidazolium Cl- ILs than for their [Tf2N]- analogues. Hence, the 

higher coordination strength of the chloride compared to the [Tf2N]- anion might be 

the driving force for the [C8C1Im]Cl island growth on top of the wetting layer, 

whereas the weakly coordinating [Tf2N]- anion allows layer-by-layer growth for 

[C8C1Im][Tf2N]. Apart from these considerations concerning bulk properties, 

however, the interface might also play a role for the differences in growth mode. As 

mentioned above, a very high degree of molecular orientation for the [C8C1Im]Cl 

wetting layer at the Au(111) surface is revealed, with the densely packed octyl 

chains forming a nonpolar outer surface. Thus, the adsorption strength of IL 

molecules on top of this alkyl layer might be weakened, and thus, island nucleation 

is preferred, which then leads to efficient island growth subsequently. For the 

[C8C1Im][Tf2N] wetting layer, the packing density of the octyl chains – and thus, 

the molecular order – is less pronounced. The resulting more open structure of this 

wetting layer then might prevent early island nucleation, and the growing film 

exhibits a layer-by-layer growth. Note that if this effect was dominating, one would 

possibly expect island growth of [C8C1Im][Tf2N] on top of a [C8C1Im]Cl wetting 

layer, too. Such effects are known, e.g., from ex-situ experiments that show that 

[C4C1Im][Tf2N] forms nanodroplets on the (nonpolar) surface of highly oriented 

pyrolytic graphite (HOPG), whereas a layered film morphology is observed when 

the same IL is deposited on polar oxide surfaces.105 

 

4.1.6. Summary 

Within the scope of this thesis, the first successful preparation of ultrathin IL films 

by means of electrospray ionization deposition (ESID) on surfaces under ultraclean 

and well defined UHV conditions was performed. Using a well-known system, 

namely, [C8C1Im][Tf2N] on Au(111), for the proof-of-concept investigation, it 

could be demonstrated that [C8C1Im][Tf2N] films obtained by ESID are virtually 

identical to films grown by standard physical vapor deposition (PVD). Despite the 

fact that the deposition rate for ESID was by more than one order of magnitude 
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smaller than for PVD, no contaminations were observed. Most importantly, 

quantitative XPS analysis revealed no measurable excess of cations for ESID, 

although the process was performed in the positive mode. This finding is attributed 

to the large excess of neutral IL ion pairs in the initial droplets formed during the 

ESI process. From quantitative ARXPS it is concluded that the IL film growth on 

Au(111) starts by forming a complete wetting layer of [C8C1Im][Tf2N] 

(corresponding to a coverage of 0.5 ML). In this film, the ionic head groups are 

directly adsorbed on the Au(111) surface in a checkerboard configuration, with the 

octyl chains preferentially pointing towards vacuum. Further deposition leads to a 

homogeneous layer-by-layer film growth, again in perfect agreement with a 

previous IL-PVD study on the same system.46 After establishing ESID as tool to 

grow ultrathin IL films, the initial adsorption behavior and growth mode of 

[C8C1Im]Cl on Au(111) was studied as a first example of an IL that cannot be 

prepared as ultrathin film otherwise. As for all halide ILs, PVD cannot be applied 

because thermal decomposition dominates before evaporation of intact ion pairs 

starts. By ARXPS, it was shown that [C8C1Im]Cl also forms a wetting layer on 

Au(111), with the cationic imidazolium ring and the chloride anion adsorbed next to 

each other in the checkerboard configuration. The orientation of the octyl chains 

towards vacuum in this wetting layer is even more pronounced than for 

[C8C1Im][Tf2N] on Au(111), indicating a high degree of order in the [C8C1Im]Cl 

wetting layer. In contrast to [C8C1Im][Tf2N], further deposition of [C8C1Im]Cl leads 

to pronounced island growth on top of the wetting layer, which is independently 

deduced from the attenuation behavior of the gold signals, from the intensities and 

the binding energy changes of IL signals, and from ex-situ AFM and OM 

measurements. The difference between both ILs is attributed to differences in the 

cation-anion interactions and in the degree of order in the wetting layer of the two 

ILs.  
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4.2. [C2C1Im][EtOSO3] and [C2C1Im][OTf] on Pristine 

and Modified Au Surfaces 

In this section, another complex ARXPS study will be presented. The interactions of 

[C2C1Im][EtOSO3] and [C2C1Im][OTf] thin films with  pristine and Pd-modified Au 

model surfaces were investigated to obtain a better understanding of real 

hydrogenation SCILL catalysts, exhibiting high activity and selectivity. Due to the 

limited thermal stability of [C2C1Im][EtOSO3], both PVD and ESID techniques 

were combined to obtain clean IL deposits. To study potential effects of carbon 

impurities settling on the catalyst surface on IL wetting and adsorption behavior, 

thin IL films were deposited on pristine Au(111) and on a carbon-contaminated Au 

surface. In addition to [C2C1Im][EtOSO3], the thermally more stable IL 

[C2C1Im][OTf] was chosen for more elaborate studies on the interface interactions 

of an IL with Pd deposited onto Au(111) previous or subsequent to IL thin film 

deposition. 

 

4.2.1. Thermal Decomposition of [C2C1Im][EtOSO3] 

When performing IL-PVD tests with [C2C1Im][EtOSO3], a drastic increase of 

background pressure was observed during deposition (cf. Figure 4.9). Due to the 

negligible vapor pressure of ILs53 the increase in pressure cannot be explained by 

the evaporation of intact ion pairs, but is an indication for the formation of more 

volatile decomposition products. Thermal decomposition of [C2C1Im][EtOSO3] is 

known from literature: Upon heating the IL under vacuum conditions, Fernandez 

et al. observed that the decomposition of the [EtOSO3]
- anion sets in at temperatures 

as low as 393 K. Heym et al. studied the rate of vaporization and the thermal 

decomposition of high-boiling ILs, including [C2C1Im][EtOSO3], by means of 

thermal gravimetric analysis performed in an N2/He atmosphere. In the temperature 

range from 513 – 613 K, they found that [C2C1Im][EtOSO3] decomposes without 

measurable amounts of the IL evaporating as intact ion pairs.67 In contrast, 

evaporation of intact [C2C1Im][EtOSO3] ion pairs was observed in experiments 

performed by Deyko et al., in which a thin film of the IL adhering to the surface of a 

dipstick was heated in UHV atmosphere. The vapor was analyzed by MS and 
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surprisingly, no indication for decomposition was found.68 In this work, MS was 

applied to investigate the behavior of bulk amounts of [C2C1Im][EtOSO3] upon 

heating under UHV conditions, in order to study the apparent decomposition of the 

IL during the PVD process manifesting in the detected drastic increase in pressure. 

Mass spectra were taken in the temperature range from 360 to 520 K in steps of 

10 K (for the experimental setup, see section 2.4.). Up to a temperature of 400 K, all 

detected masses can be attributed to residual gas species. Therefore, only relevant 

spectra recorded at temperatures above 400 K are depicted in Figure 4.10. Starting 

at 400 K, the formation of ethanol (EtOH) and above 440 K, the formation of 

methanol (MeOH) is deduced from the MS data due to the presence of the 

coinciding main MS peak153 of EtOH and MeOH at m/z = 31 and their 

characteristic second most intense peaks at m/z = 32 and 45 for MeOH and EtOH, 

respectively. The intensity of the main peak at m/z = 31 increases by the factor of 

ten when the temperature rises from 400 to 440 K and by a factor of about 1000 

when increasing further to 520 K. The intensity at m/z = 45 (EtOH) increases more 

strongly up to a temperature of 500 K than that of m/z = 32 (MeOH). Moreover, the 

relative intensity of the respective characteristic peaks compared to the coinciding 

main peak at m/z = 31 is 75 % for MeOH (32) compared to only 50 % for EtOH 

(45). Hence, it can be concluded, that EtOH is produced to a much larger extent 

than MeOH. At temperatures above 480 K, the appearance of further fragments in 

MS indicates the formation of other – high boiling point (TB) – decomposition 

products, namely 1-methylimidazole (1-MeIm; TB = 470 K, m/z = 82) and              

1-ethylimidazole (1-EtIm; TB = 379 K, m/z = 96). Above 480 K, also characteristic 

MS peaks of intact cations (m/z = 111) and anions (m/z = 125) are observed, 

indicating the simultaneous evaporation of intact ion pairs alongside decomposition 

products. Notably, the fragmentation pattern of the [C2C1Im]+ cation has its highest 

contribution at m/z = 82, i.e. at the same m/z value where the only strong intensity 

of 1-MeIm is observed. By comparing the relative intensities at m/z = 111 and 82, it 

becomes apparent that 1-MeIm contributes to a minor extent to the overall intensity 

measured at m/z = 82, as most of the intensity derives from the [C2C1Im]+ cation. 

Thus, the formation of 1-EtIm seems to be highly favored over the formation of      

1-MeIm. Table 4.3 summarizes the most prominent m/z values and the relative 

intensities for both intact IL ions and the main decomposition products.153, 154 
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Figure 4.9: Background pressure increase upon heating [C2C1Im][EtOSO3] in the Knudsen 

cell of the PVD apparatus (with open shutter). Note the logarithmic scale on the pressure 

axis! 

 

[C2C1Im]+ EtOSO3- EtOH MeOH 1-EtIm 1-MeIm 

82 (100 %) 64 31 (100 %) 31 (100 %) 96 (100 %) 82 

111 (36 %) 125 45 (52 %) 32 (74 %) 81 (52 %)  

81 (16 %) 126  29 (44 %) 68 (33 %)  

Table 4.3: High intensity m/z values for the intact IL ions and the main decomposition 

products: ethanol (EtOH), methanol (MeOH), 1-EtIm (1-ethylimidazole), and 1-MeIm      

(1-methyl-imidazole) with relative intensities from MS-databases given in brackets.153, 154 
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Figure 4.10: Mass spectra of [C2C1Im][EtOSO3] heated in UHV to temperatures of 400, 

480 and 520 K. (Note: The peaks at m/z = 77, 78, 105 and 122 can be assigned to tenacious 

benzoic acid, which was used in previous experiments). 
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In the following, pathways for the thermal decomposition of [C2C1Im][EtOSO3] 

are suggested, which are based on mechanisms found in literature for similar ILs 

and which are suitable to explain the formation of the main decomposition products 

deduced from the MS data. The first proposed decomposition mechanism involves 

both, the anion and the cation, and is based on a study by Kroon et al. who found 

that the thermal decomposition of [C2C1Im]Cl follows a nucleophilic substitution 

mechanism.155  

 

Figure 4.11: Proposed pathway 1 for the thermal decomposition of [C2C1Im][EtOSO3]. 

This mechanism was applied to [C2C1Im][EtOSO3] and is depicted in Figure 4.11. 

The first step is the nucleophilic attack of one of the negatively charged oxygen 

atoms of the [EtOSO3]
- anion on one of the [C2C1Im]+ alkyl chains, following an 

SN2 type reaction mechanism. This leads to the formation of either diethyl sulfate 
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and 1-methylimidazole (1-MeIm) or methylethyl sulfate and 1-ethylimidazole (1-

EtIm). Due to the initial SN2 type attack of the anion, steric reasons are expected to 

lead to a preferential demethylation of the cation under formation of 1-EtIm, which 

was also found experimentally for [C2C1Im]+ ILs with NO3
-, Cl-, and Br- as the 

anions.156  

The highly hygroscopic IL [C2C1Im][EtOSO3] retains relatively large amounts 

of water, even after degassing the IL at elevated temperatures in UHV, as proven by 

the high quantities of water evaporating from the sample which are detected by MS 

upon heating (cf. Figure 4.10). Consequentially, the hydrolysis of the respective 

dialkyl sulfate is expected to be the second and final step of this decomposition 

pathway. Hydrolysis of the by-product diethyl sulfate results in the formation of 

H3O
+, EtOH and [EtOSO3]

-. The main product methylethyl sulfate is expected to 

predominantly hydrolyze under formation of MeOH and [EtOSO3]
-, as 

[EtOSO2OMet] is known to be a much stronger methylating rather than an 

ethylating agent.157 

 

Reaction pathway 1 gives an explanation for all main decomposition products 

observed by MS. However, it cannot explain the formation of EtOH at temperatures 

just above 400 K, at which no other decomposition products are detected. 

Moreover, the large excess of EtOH over MeOH detected by MS is inconsistent 

with the proposed sequence of an initial preferential SN2 attack on the cation’s 

methyl group and the subsequent hydrolysis step, resulting mainly in the formation 

of MeOH rather than EtOH. Thus, a competing second decomposition pathway is 

suggested. Jacquemin et al. investigated the stability of alkyl sulfate based ILs in the 

presence of water and alcohols. It could be shown that the cation plays a negligible 

role concerning the ILs hydrolytic stability and consequentially, no decomposition 

of any IL cation alongside the ongoing decomposition of the alkyl sulfate-based 

anions was observed.158 The traces of water in [C2C1Im][EtOSO3] that are still 

present under UHV conditions might be sufficient to provoke the thermally induced 

hydrolysis of the [EtOSO3]
- anion. The respective hydrolytic reaction mechanism 

based on the work of Wolfenden et al.,159 who investigated the hydrolysis of 

[MeOSO3]
- in aqueous solutions under formation of MeOH and hydrogen sulfate 

([HOSO3]
-) is depicted in Figure 4.12.  
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Figure 4.12: Proposed pathway 2 for the thermal decomposition of [C2C1Im][EtOSO3]: 

Hydrolysis of the anion by traces of water. 

In summary, thermal decomposition of [C2C1Im][EtOSO3] already starts at 

temperatures of around 400 K, at which hydrolysis of the anion results in the 

formation of EtOH and  [HOSO3]
-. At higher temperatures, starting at approx. 

440 K, a second decomposition mechanism sets in, involving the SN2 attack of the 

anion on one of the cation’s alkyl group (preferentially on the methyl group) under 

formation of 1-EtIm/1-MeIm and methylethyl sulfate/diethyl sulfate. The latter 

species consecutively hydrolyze under formation of MeOH/EtOH and [EtOSO3]
-. 

For temperatures above 480 K, evaporation of intact ion pairs is observed alongside 

the ongoing decomposition. As mentioned above, evaporation of intact 

[C2C1Im][EtOSO3] ion pairs was found by Deyko et al. for thin IL films heated 

under UHV conditions.68 This result was opposed to a study of Heym at al., in 

which only decomposition and no evaporation of intact ion pairs was observed 

when heating bulk amounts of [C2C1Im][EtOSO3] in a He/N atmosphere.67 In this 

work, both decomposition and simultaneous evaporation of intact ion pairs is 

observed when heating bulk amounts of the IL in UHV. Accordingly, UHV 

conditions seem to be required for successful evaporation of intact ion pairs. 

Further, complete evaporation of [C2C1Im][EtOSO3] without noticeable 

decomposition is only feasible for very thin IL films with a high surface/bulk ratio 

allowing for a rapid total evaporation. When bulk amounts of the IL are used, the 

surface/bulk ratio is low and consequentially, the rate of evaporation is drastically 

reduced. Thus, decomposition will set in before the evaporation of the IL has 

completed.  

In the following, thin films of the IL prepared by PVD are compared to IL films 

prepared by ESID in order to study the potential influence of the volatile 

decomposition products on the thin film formation. 
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4.2.2. PVD vs. ESID [C2C1Im][EtOSO3] Thin Films 

For better comparison to former studies on the IL/solid interface, a Au(111) 

substrate was used for the first [C2C1Im][EtOSO3] thin film investigations. As 

shown in chapter 4.1, ESID can be used to fabricate IL thin films with comparable 

quality to films prepared by thermal evaporation. As a drawback, ESID is a time 

consuming process. Thus, only ESID films up to coverages of ~1.5 ML were 

produced. Higher coverages were obtained by PVD only. A comparison of normal 

emission C 1s and O 1s spectra of ESID and PVD deposited films with comparable 

coverages is depicted in Figure 4.13. Here, the focus is set on the differences 

between PVD- and ESID-deposited IL films. A detailed description and 

interpretation of the spectra concerning the IL adsorption behavior will be given in 

the next section. 

 

Figure 4.13: High resolution normal emission XP spectra of the C 1s and the O 1s region 

of [C2C1Im][EtOSO3] thin films deposited via ESID (black) and PVD (red) onto a Au(111) 

substrate. The coverage in ML is given in the top right corner. 
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Figure 4.13 shows that for all coverages, O 1s spectra look similar for both 

techniques, whereas the C 1s peak of the 0.6 ML PVD film is strongly enhanced 

compared to the corresponding ESID film. Only at higher coverages, also the C 1s 

spectra exhibit a comparable shape for both techniques as seen in Figure 4.13 in 

case of the 1.6 ML films. An excess of C being present at the surface after PVD 

deposition of [C2C1Im][EtOSO3] films with coverages < 1.0 ML could also be 

clearly deduced from quantitative XPS analysis (see table 4.4). As the influence of 

orientation effects on the relative signal intensities is negligible for normal 

emission, the additional C 1s intensity is attributed to the codeposition of carbon-

rich decomposition products – possibly 1-MeIm and 1-EtIm – alongside intact ion 

pairs. For higher coverages, which are still far below the information depth, 

quantitative XPS analysis reveals the correct stoichiometry of PVD-deposited films 

(see table 4.4) within the margin of error. This might be due to the expulsion of the 

initially co-adsorbed decomposition products from the surface due to comparatively 

stronger interactions of [C2C1Im][EtOSO3] with the Au(111) substrate. Having lost 

the adherence to the substrate, the more volatile decomposition products tend to be 

expelled from the sample.  

 

0°/Prep. Å ML Chet Calk OS OEt N S 

nominal   6 2 3 1 2 1 

PVD 4.1 0.6 7.7 2.6 1.7 0.6 1.9 0.5 

ESID 5.8 0.8 5.9 1.9 3.1 1.1 2.0  1.0 

ESID 10.6 1.6 6.2 2.0 2.9 1.0 2.0 1.0 

PVD 10.7 1.6 6.1 1.9 2.9 1.0 2.0 1.1 

PVD 24.5 3.6 6.1 2.0 3.0 0.9 2.0 1.0 

PVD 55.5 8.2 6.1 1.9 3.0 1.0 2.0 1.0 

80°/Prep.         

PVD 4.1 0.6 7.6 2.3 2.2 0.7 1.9 0.6 

ESID 5.8 0.8 5.7 2.1 2.9 1.4 1.9  1.0 

ESID 10.5 1.5 6.0 2.0 2.9 1.2 2.0 1.0 

PVD 10.6 1.5 6.0 2.0 2.8 1.2 1.9 1.1 

PVD 15.6 2.3 6.2 2.0 2.9 1.1 1.8 1.1 

PVD 24.2 3.6 6.1 1.9 2.9 1.1 1.9 1.1 

Table 4.4: Calculated atomic ratios of ESID and PVD [C2C1Im][EtOSO3] thin films in 

dependence of emission angle and coverage. (For the differences between the calculated 

thicknesses of the two highest IL coverages in normal and 80° emission, see text). 
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Table 4.4 shows that in line with the detailed discussion in chapter 4.1 for 

[C8C1Im][Tf2N] and [C8C1Im]Cl films deposited via ESID onto Au(111), the 

stoichiometry of ESID deposited [C2C1Im][EtOSO3] films matches the nominal 

values within the margin of error. This means that although the ESI process was 

performed in positive bias mode, no excess of cations was detected. This 

observation is again attributed to the large excess of neutral IL ion pairs in the initial 

droplets formed during the ESI process.  

 

4.2.3. Initial Adsorption Behavior 

No significant enrichment of signals belonging to one of the ionic species is 

observed in 80° emission for the 0.6 and 0.8 ML ESID films (cf. table 4.4). Hence, 

it can be concluded, that anions and cations adsorb next to each other in a 

checkerboard arrangement. Figure 4.14 shows high resolution XP spectra of the 

O 1s region of [C2C1Im][EtOSO3] thin films, deposited via ESID (0.4 and 0.6 ML) 

or PVD (1.6 and 8.2 ML) onto a Au(111) substrate. Each spectrum consists of a 

main peak at ~531.5 eV and a shoulder shifted by 1.2 eV to higher BE with respect 

to the main peak – in line with previous XPS studies involving macroscopic 

amounts of the same IL.160, 161 As seen in the 0° spectra (black) of Figure 4.14, a 

ratio of 3:1 is found. This ratio matches perfectly to the anion’s molecular structure, 

having three chemically identical oxygen atoms ([EtOSO3]-, OS) which are bound to 

sulfur only, and one oxygen atom ([EtOSO3]-, OEt) which is chemically different to 

the others as it is also bound to the ethyl chain.  

For the very thin IL ESID films below or around 0.5 ML (i.e. one layer of IL in 

a checkerboard arrangement) in 80° emission, an enrichment of the OEt species is 

found, as shown by the red spectra in Figure 4.14. Apparently, the [EtOSO3]- anion 

at the interface preferentially adsorbs with the negatively charged oxygen atoms in 

contact with the Au surface and with the ethyl chain pointing towards vacuum. With 

increasing coverage, the enrichment of the OEt species diminishes, indicating a more 

random molecular orientation starting at the second molecular layer. As seen in 

table 4.4, in 80° for low coverages, there is also a slight enrichment found for C 1s 

(alkyl) compared to C 1s (hetero). However, this observation is more ambiguous 

since there are additional contributions to both C 1s species from the cation. For the 
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cation, no distinct enrichment effects can be observed in corresponding 80° XP 

spectra. Thus, the imidazolium ring is expected to adopt a flat-lying adsorption 

geometry, which was also found for other imidazolium-based ILs (with [Tf2N]- or 

Cl- as anion) adsorbing on Au(111).46, 56 

Interestingly, compared to other imidazolium-based ILs adsorbed on Au(111), a 

significantly lower shift in BE is detected when going from coverages in the sub-

ML regime to quasi bulk-like coverages. For [Tf2N]- or Cl- ILs, the shift of both 

anion and cation signals was found to be well above 1 eV, indicating strong 

electronic interactions of the IL adsorbates with the Au substrate.46, 56 For 

[C2C1Im][EtOSO3], however, the shift in BE is significantly reduced and lies well 

below 0.5 eV for all measured core levels, indicating comparatively weaker 

electronic adsorbate-substrate interactions. 

 

Figure 4.14: High resolution XP spectra of the O 1s region of [C2C1Im][EtOSO3] thin films 

deposited via ESID (top spectra) or PVD (bottom spectra) onto a Au(111) substrate: black: 

(0° emission); red: (80° emission). The coverage in ML is given in the top right corner. The 

spectra are normalized by random factors for better comparison. 
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4.2.4. Growth Mode 

After having focused on the adsorption behavior of the first molecular layers, the 

consecutive growth behavior of [C2C1Im][EtOSO3] on Au(111) will be discussed 

next. Figure 4.15 shows the Au 4f substrate signal attenuation measured under 

normal and 80° emission plotted against the calculated thickness of the IL film 

determined by applying equation 4 on the normal emission data.  

 

Figure 4.15: Attenuation of the Au 4f substrate signal with increasing IL coverage in 0 and 

80° emission. The dashed lines represent the expected behavior for 2D layer-by-layer 

growth. The grey dashed line indicates a [C2C1Im][EtOSO3] coverage of 1 ML (= one 

closed ion layer). 

Upon IL deposition, stronger attenuation of substrate signals is observed in 80° 

due to the higher surface sensitivity, manifesting in a steeper exponential decrease 

of the red curve. For low coverages up to about 2 ML, the 80° data points perfectly 

coincide with the dashed line representing the expected behavior for 2D layer-by-

layer growth. Note: For 2D growth the attenuation of the Au 4f signals should 

evolve in a sectionwise linear fashion during the completion of one layer (i.e. 

completion of each layer before the growth of a new layer begins);46 due to the 

small number of data points, this behavior cannot be resolved here. For higher 
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coverages, deviations from the dashed line are found. As discussed by Cremer et al., 

these slight deviations in 80° geometry do not necessarily indicate the onset of 3D 

growth, but can most likely be explained by non-negligible elastic scattering 

contributions in 80° emission.46 For systems with pronounced 3D growth, like 

[C1C1Im][Tf2N] on carbonaceous supports (cf. chapter 3) or [C8C1Im]Cl on 

Au(111) (cf. chapter 4.1), the deviations in 80° of the measured attenuation of 

substrate signals from the expected behavior for 2D growth are observed already at 

lower coverages and are additionally much stronger. Thus, for [C2C1Im][EtOSO3] 

on Au(111), 2D growth up to the highest measured coverage of 8.2 ML is clearly 

indicated by XPS.  

 

4.2.5. Influence of Surface Carbon on [C2C1Im][EtOSO3] Thin Films  

on Au(111) 

Carbonaceous species adsorbing and reacting with the catalyst surface under 

reaction conditions lead to the formation of amorphous carbon residues which might 

influence the IL adsorption and wetting behavior of a SCILL catalyst. As discussed 

in chapter 3 for [C1C1Im][Tf2N] thin films deposited on HOPG, the IL-carbon 

interactions are rather weak, resulting in pronounced 3D island growth. Improved 

wetting – almost comparable to Ni(111) – was found for [C1C1Im][Tf2N] deposited 

onto single layer graphene/Ni(111), which was explained by the so-called wetting 

transparency of graphene.114  

 

Figure 4.16: 0 and 80° overview spectra of the Au(111) surface after heating the sample 

with  an adsorbed IL film. Besides the typical Au signals, also C 1s is clearly visible, 

indicating the presence of carbon at the surface. 
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To investigate the influence of carbon impurities on the IL growth behavior, a 

thin macroscopic film of [C2C1Im][EtOSO3] was carbonized on a Au(111) support 

by heating the crystal to 900 K. After this procedure, a change in optical reflectivity 

could even be observed by visual inspection. As shown in Figure 4.16, the presence 

of carbon at the surface was confirmed by ARXPS, whereas no other IL signals 

could be detected. Quantitative analysis yielded an amount of 2.5 % carbon in bulk 

sensitive 0° emission. In case of a homogeneous carbon distribution at the Au 

surface, an enhancement of the C 1s intensity by the factor of ~6 (i.e., 1/cos(80°)) 

would be expected in surface sensitive 80° emission (≙ 15 % carbon). However, 

only a carbon content of 9 % was measured with ARXPS indicating the formation 

of a non-homogeneous carbon layer after the carbonization step.  

 

Figure 4.17: Attenuation of the Au 4f substrate signal with increasing IL coverage in 0 and 

80° emission for IL deposition onto a carbonized Au surface compared to deposition onto 

pristine Au(111). The dashed lines represent the expected behavior for 2D layer-by-layer 

growth. The grey dashed line indicates a [C2C1Im][EtOSO3] coverage of 0.5 ML (= one 

closed ion layer). 

[C2C1Im][EtOSO3] thin films were deposited onto the carbonized Au surface by 

means of IL-PVD. Due to the observed co-adsorption of decomposition product at 

low coverages, only films with heights > 0.5 ML were prepared to analyze the IL 
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growth behavior on the modified surface. As shown in Figure 4.17, the attenuation 

of the Au 4f signal upon IL deposition is obviously influenced by the surface carbon 

contamination. Upon IL deposition, strong deviations of the measured 80° 

attenuation of the Au 4f substrate signal from the expected behavior in case of ideal 

2D growth are observed. As this holds true already for relatively low coverages for 

which elastic scattering should not play a decisive role, the discrepancies can only 

be explained by pronounced 3D island growth.  

Another important question in the context of SCILL catalysis is, whether and 

how the adsorption and wetting behavior of ILs on different substrates can be 

modified, e.g., by the pre- or postadsorption of a catalytically active metal. One 

example for a molecular adsorbate is cyclohexane on Ni(111), which can be 

switched from wetting to non-wetting by preadsorption of 0.34 ML potassium.162 

Similarly important is the reverse influence of the IL layer on the catalytic 

properties of the solid catalyst surface in SCILL systems, particularly, when near-

surface alloys163 of noble metal / transition metal catalysts such as Au/Pd alloys are 

involved. Ensemble effects (that is, a specific geometric configuration at the alloy 

surface, required for facilitating a particular catalytic process) and ligand effects 

(that is, the electronic modification of the catalytically active surface atoms by their 

environment)164 can be influenced by additional interactions of the metal atoms with 

the IL layer. Pd is known to form surface alloys with Au preferentially at enriched 

in the surface165 even at RT93. In case of Pd and imidazolium-based ILs, as 

employed in this work, one might envision carbene-type attractive interactions 

between Pd and imidazolium cations that could lead to a stabilization of Pd at the 

solid-liquid interface, and thus, to an interface-enrichment compared to the system 

without IL. In the extreme case, it is furthermore well possible under certain 

reaction conditions, that these attractive interactions even transform a SCILL 

catalyst to a SILP-like system by dissolution of active species from the solid surface 

into the IL film.166 

After the basic PVD and ESID studies on ultrathin [C2C1Im][EtOSO3] films on 

Au(111), the following detailed PVD experiments in combination with Pd 

deposition were performed with the thermally more stable IL [C2C1Im][OTf]. To 

obtain a better understanding of the factors driving the initial adsorption and wetting 

properties and in the search for possible ways for switching between different 
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behaviors, the influence of Pd on the adsorption and growth behavior of ultrathin 

[C2C1Im][OTf] films deposited on Au(111) was investigated. This material 

combination also is of interest for real hydrogenation SCILL catalysts, with high 

activity and selectivity.167, 168 Both Pd and the IL were thermally deposited onto the 

gold substrate by means of PVD. Au(111) was chosen for best comparability with 

previous studies on the IL/metal interface.46, 56 The influence of Pd on the 

adsorption and growth properties of the IL were studied with two different 

experimental approaches, that is, Pd was either deposited prior or subsequent to the 

deposition of the IL.  

 

4.2.6. Growth and Adsorption of [C2C1Im][OTf] Thin Films on   

Pristine Au(111) 

In Figure 4.18, the attenuation of the Au 4f substrate signals (I/I0) at 0° and 80° 

upon deposition of [C2C1Im][OTf] onto Au(111) is plotted versus nominal 

thickness, which was calculated from the calibrated flux of the PVD apparatus (see 

chapter 2.4.). The blue (0°) and red (80°) dotted lines indicate the attenuation for a 

homogeneously growing two-dimensional film according to Equation 1. Up to a 

nominal coverage of around 0.5 ML (3.4 Å; dashed black vertical line), at both 

emission angles, the attenuation of the Au 4f signal follows the dotted lines (blue 

for 0° and red for 80°), indicating a 2D layer-by-layer growth. This behavior 

indicates the formation of one closed ion layer in a checkerboard structure, with 

cations and anions adsorbed next to each other, with a coverage of 0.5 ML. 

Moreover, the atomic ratios of the measured IL signals (S 2p, C 1s, N 1s, O 1s, 

F 1s) determined by quantitative XPS analysis match the nominal IL stoichiometry 

within the margin of error ( 10 %), at 0° and also in surface sensitive 80° emission, 

ruling out the enrichment of one of the ionic species at the IL/vacuum interface. 

These findings imply the formation of a homogeneous wetting layer with a 

thickness of 0.5 ML, composed of anions and cations adsorbing next to each other 

in a checkerboard arrangement directly on Au(111).  

 For higher IL coverages, that is, above ~0.5 ML, a drastic change of the wetting 

behavior is observed. As seen in Figure 4.18, the measured attenuation of the Au 4f 
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signal is much less pronounced than for the ideal 2D behavior, that is, the data 

points lie significantly above the blue (0°) and red (80°) dotted lines. This behavior 

clearly indicates the formation of 3D islands, probably on top of the initially formed 

wetting layer. From the ARXPS data, however, it cannot be completely ruled out 

that the wetting layer breaks apart with increasing amount of IL, and three 

dimensional IL islands are formed exposing partially the bare Au(111) surface. This 

growth behavior is very different to imidazolium [Tf2N] ILs, for which ideal layer-

by-layer growth was observed for coverages up to at least 10 ML,46, 56 but resembles 

the growth of [C8C1Im]Cl on the same substrate.56 

 

Figure 4.18: Attenuation of the Au 4f substrate signal with increasing nominal 

[C2C1Im][OTf] film thickness in 0 and 80° emission. The dashed lines represent the 

expected behavior for 2D layer-by-layer growth. 1 ML of [C2C1Im][OTf] ion pairs 

corresponds to ~6.8 Å. The dashed line indicates an [C2C1Im][OTf] coverage of 

0.5 ML (=one closed ion layer in the checkerboard arrangement). For comparison, ARXPS 

data for the IL [C8C1Im][Tf2N] are also shown; this IL is known to grow in a layer-by-layer 

mode on Au(111).46 Green squares show the attenuation of Au 4f intensity after deposition 

of ~23 Å [C2C1Im][OTf] on Au(111) that was pre-covered with 1.6 Å (0.7 ML) Pd. All 

deposition steps were performed at RT.  

A detailed discussion on factors such as interionic interaction strength 

influencing the growth mode of an IL was given in chapter 4.1. in order to explain 
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the different morphologies of [C8C1Im][Tf2N] and [C8C1Im]Cl thin films deposited 

on Au(111). At first glance, the molecular structures of [OTf]- and [Tf2N]- anions 

share obvious similarities. However, their corresponding interaction energies with a 

dialkylimidazolium cation differ drastically, as evaluated by Fernandes et al. in an 

ESI-MS-MS and quantum chemical calculation study. The dissociation energy of 

[C4C1Im][OTf] was found to be 3.42 eV, which lies just in between the values 

determined for [C4C1Im]Cl (3.85 eV) and [C4C1Im][Tf2N] (2.96 eV).150 One reason 

for the higher dissociation energy of the [OTf]- anion compared to [Tf2N]- is the 

smaller anion size, leading to an increase in hydrogen-bonding ability151 and 

Coulomb interaction energy169. Hence, the relatively strong interionic interactions 

of [C2C1Im][OTf] might lead to reduced IL-substrate interactions and 

consequentially provoke the observed 3D growth behavior on Au(111). 

 

4.2.7. Influence of Pd Deposition on [C2C1Im][OTf] Thin Films  

on Au(111) 

In order to be able to study interfacial interactions of [C2C1Im][OTf] with Pd by 

means of surface-sensitive XPS, only thin IL films with a nominal coverage of 

~3 ML (which would correspond to a homogeneous film of 23 Å thickness) were 

deposited by PVD. Moreover, only very small nominal amounts of Pd in the sub-

monolayer range were deposited by electron beam evaporation (1 ML Pd 

corresponds to ~2.3 Å). In the following, two experiments will be discussed with a 

different order of deposition.  

In the first experiment, nominally 1.6 Å (~0.7 ML) of Pd were deposited onto 

clean Au(111) and subsequently 23 Å (~3 ML) of [C2C1Im][OTf] on top 

(referenced to as “IL/Pd/Au”). In the second experiment, first nominally 23 Å of 

[C2C1Im][OTf] were deposited onto clean Au(111) and subsequently 1.6 Å of Pd on 

top (“Pd/IL/Au”). Note that the normalized Au 4f signals at 0° and 80° in 

Figure 4.18 after deposition of ~3 ML IL (23 Å; enlarged blue and red triangles, 

respectively) onto clean Au(111) lie significantly above the dashed lines for ideal 

2D growth due to pronounced island formation.  
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For simplicity, the discussion on the Pd and Au signals will focus on the 

overlapping Pd 3d and Au 4d regions. Additional analysis of the separated Au 4f 

region was conducted (see appendix) and was in perfect agreement with the results 

obtained for Au 4d. Furthermore, as the Au 4d5/2 signal coincides with the Pd 3d5/2 

signal (~335 eV BE), only the Au 4d3/2 (~352 eV BE) and Pd 3d3/2 signals 

(~340.5 eV BE) will be discussed.  

 

Figure 4.19: Bulk sensitive 0° (first row) and surface sensitive 80° (second row) spectra of 

the Au 4d/Pd 3d region for the sequence 1.6 Å (0.7 ML) Pd on Au(111) followed by 

deposition of nominally 23 Å (~3 ML) [C2C1Im][OTf] (left column) and the sequence 23 Å 

[C2C1Im][OTf] on Au(111) followed by the deposition of 1.6 Å Pd (right column). All 

experiments were carried out at RT. Note that the Pd 3d5/2 signal superimposes with the 

Au 4d5/2 signal; thus, only the corresponding discriminable d3/2 signals are discussed. 

Figure 4.19 shows 0° and 80° XP spectra of the Au 4d/Pd 3d region for the two 

deposition series. The black spectra correspond to the clean Au(111) surface. Upon 

the deposition of Pd onto clean Au(111) of the sequence “IL/Pd/Au”, a decrease of 

the Au 4d3/2 intensity at 352 eV by ~9 % is observed in normal emission, which is 

accompanied by the appearance of the Pd 3d3/2 signal at 340.5 eV in the orange 
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spectra in Figure 4.19 (left). Application of Equation 4 to the attenuation of the 

Au 4d3/2 signal at 0° yields the expected thickness of the Pd layer of ~1.6 Å. In 

contrast, for the 80° data a nominal Pd layer thickness of only ~1.0 Å is calculated, 

resulting from a significantly lower attenuation than expected for a homogenous Pd 

adlayer. This effect is attributed to pronounced surface alloy formation of Pd with 

Au already discussed above, which was observed in a combined LEIS, XPS and 

AES study on PVD-deposited Pd on Au(111) in UHV.93 Segregation of Au to the 

surface or diffusion of Pd into the subsurface results in pseudomorphic growth of a 

Pd-Au alloy on Au(111).93  

The subsequent deposition of nominally 23 Å IL onto the Pd-Au surface alloy 

leads to a pronounced attenuation of both Au 4d and Pd 3d intensity, as is evident 

from the green spectra in Figure 4.19 (left), and the corresponding green squares in 

Figure 4.18. The measured attenuation is very close to that expected for two-

dimensional growth (dotted lines), which is attributed to strong interactions of the 

IL with Pd surface atoms. This contrasts the behavior upon deposition of 

23 Å [C2C1Im][OTf] onto the pristine Au(111) surface; see blue spectra in 

Figure 4.19 (right). This change is also evident from Figure 4.18, where the black 

vertical arrows indicate the enhanced attenuation in case of predeposited Pd.   

 An overall similar behavior, confirming an attractive interaction between 

[C2C1Im][OTf] and Pd, is observed in the reverse experiment “Pd/IL/Au”, in which 

first the IL is deposited onto clean Au(111), forming 3D islands on the surface; see 

blue spectra in Figure 4.19 (right). Upon subsequent evaporation of Pd, the 

attenuation of Au substrate signals in the red spectra in Figure 4.19 (right), in 

particular at 80°, is significantly stronger than expected from the deposition of only 

1.6 Å of Pd on top of the IL. This stronger attenuation is attributed to an increased 

wetting of the substrate with the IL, induced by the additional presence of Pd. 

The transition from 3D islands towards a homogeneous IL film is further 

supported by an increase of IL signals after Pd deposition, as is exemplarily shown 

in Figure 4.20 for the imidazolium N 1s peak (red vs. blue spectra). The IL signal 

increase upon Pd deposition is more pronounced in the surface-sensitive 80° 

emission. The red spectrum at 0° shows a shoulder, shifted to lower BE by 1.8 eV 

relative to the main peak, which is absent at 80°. It therefore originates not from the 

IL/vacuum interface but from the buried IL/Au-Pd interface region. The peak could 
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be due to a charge transfer between the [C2C1Im]+ cation and Pd, leading to a more 

neutral – possibly carbene-like – species. Interestingly, this low BE shoulder present 

for imidazolium cations at the IL-metal interface is only detectable in the sequence 

“Pd/IL/Au” and is absent for “IL/PD/Au” when the IL is deposited onto the Pd/Au 

alloy (Figure 4.20, green spectra). Apparently, isolated Pd atoms that are only 

available upon deposition of Pd in the “Pd/IL/Au” experiment are more reactive 

than Pd atoms already incorporated in the alloy surface. 

 

Figure 4.20: 0° (left) and 80° (right) N 1s spectra of the imidazolium ring N atoms of the 

two series. Colors correspond to spectra of Figure 4.19: deposition of 23 Å IL on Au(111) 

(blue), followed by Pd deposition (red) in comparison of 23 Å IL deposited onto 1.6 Å 

Pd/Au(111) (green). 

 Notably, for both sequences, that is, “IL/Pd/Au” and “Pd/IL/Au”, quantitative 

XPS analysis on the IL-related signals did not reveal any significant enrichment of 

any of the measured IL species in surface sensitive 80° emission (not shown), 

indicating a random distribution of both, anions and cations at the IL/vacuum 

interface. 

In Figure 4.21, a direct comparison of the 0° and 80° spectra of the Au 4d/Pd 3d 

region after the deposition sequences IL/Pd/Au (green) and Pd/IL/Au (red) is 

shown. At 0°, the overall intensity of both metal substrate signals is somewhat 

larger for Pd/IL/Au, due to a less pronounced 2D film formation (wetting) for this 

deposition sequence. At 80°, in line with the 0° data, the overall intensity is also 

larger for the Pd/IL/Au sequence, but for the Pd 3d3/2 signal at 340.5 eV this effect 
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is significantly more pronounced. This enhanced Pd intensity could be an indication 

for the partial suppression of surface alloying in the presence of the IL for the 

Pd/IL/Au sequence, possibly due to the strong interactions of single Pd atoms with 

[C2C1Im]+ cations discussed above. In the context of heterogeneous catalysis using 

the SCILL concept, these results directly provide a possible explanation on the 

molecular level for the beneficial influence of the IL layer in case of heterogeneous 

metal alloy catalysts. 

 

Figure 4.21: Direct comparison of the 0° and 80° spectra of the Au 4d/Pd 3d region after 

the final deposition steps of both sequences, that is, IL/Pd/Au (red) and Pd/IL/Au (green); 

only core levels unambiguously attributed to Au and Pd are marked and discussed in the 

text. Note: The 80° spectra have been modified by averaging over two data points to 

improve signal-to-noise ratio. 

The different scenarios upon IL deposition on Au(111) and for pre- and 

postdeposition of Pd are summarized in Figure 4.22. The left panel a shows the 

pronounced 3D growth, that is, non-wetting of the IL on Au(111). The center panel 

b indicates the 2D layer-by-layer growth, that is, wetting the IL, induced by 

predeposited Pd, that is, on a PdAu surface alloy. The right panel c shows the 

situation after postdeposition of Pd onto the IL film a. As for predeposited Pd, a 

transition towards 2D growth is observed, albeit less pronounced. In addition, upon 

Pd postdeposition, surface alloying of Pd and Au seems to be suppressed, most 

likely due to a significant interaction of the IL cations with more reactive surface Pd 

atoms.  
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An interesting question in this context is, whether surface alloying in the here 

studied SCILL-type model system is also hindered by an IL film at elevated 

temperatures, that is, closer to the operation conditions of a real catalyst; this is 

however out of the scope of the present study, and will be addressed in future 

experiments. Notably, for the catalytic dehydrogenation of liquid organic hydrogen 

carriers, it could already be shown that UHV model IL systems can come very close 

to real reaction conditions.170 

 

Figure 4.22: Scheme of the suggested interface morphologies of a) [C2C1Im][OTf] 

deposited onto pristine Au(111), b) [C2C1Im][OTf] deposited onto a Pd-Au surface alloy 

(sequence IL/Pd/Au, and c) deposition of Pd onto the predeposited IL film (sequence 

Pd/IL/Au). Color code: yellow = Au(111) substrate, orange = [C2C1Im][OTf], blue = Pd 

atoms. 

 

4.2.8. Summary and Conclusions 

In the context of surface science studies on model systems for SCILL catalysts, the 

interaction of a model IL adsorbed on clean and modified Au(111) by ARXPS was 

investigated and evaluated potential routes to switch the growth behavior by pre- or 

postdeposition of Pd atoms. On clean Au(111), it was found that upon thermal 

deposition of [C2C1Im][OTf] in the submonolayer range, the IL adsorbs in a 

checkerboard arrangement with cations and anions located next to each other. This 

initial behavior is similar to that observed for [dialkylimidazolium][Tf2N] ILs on the 

same substrate, where a 2D wetting layer with a thickness of up to 0.5 ML is 

formed.46 56 For coverages above 0.5 ML, the onset of pronounced 3D growth 

occurs. This behavior contrasts the layerwise growth found for 

[dialkylimidazolium][Tf2N] ILs on Au(111), and is attributed to stronger cation-

anion interactions in case of the smaller [OTf]- anion. By depositing small amounts 

of Pd before or after the deposition of the IL, a strongly improved wetting behavior 

was observed. This finding is attributed to attractive interactions between 

[C2C1Im][OTf] and Pd surface atoms that allow for switching the growth mode 
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from 3D to 2D. For Pd deposition subsequent to the deposition of the IL, the 

ARXPS data revealed particularly strong interactions between the 

dialkylimidazolium cation and single Pd atoms, which seem even to be strong 

enough to prevent surface alloying of Pd and Au, which occurs at RT in absence of 

the IL.93 This stabilization mechanism might be one key player in the catalytic 

cycles of corresponding Pd containing SCILL catalysts. 
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5. Surface Properties of Pd-Ga and Pt-Ga Alloys 

Besides IL-based systems such as SILP or SCILL, there are other promising 

catalytic concepts involving liquids of negligible vapor pressure, including highly 

stable and selective intermetallic compounds, whose functionality is not fully 

understood yet. One catalytically active class of intermetallics are Pd-Ga species, 

which have shown to be particularly active in regards of catalyzing hydrogenation 

and dehydrogenation reactions, as for instance the selective hydrogenation of C2H2 

to C2H4, or methanol steam reforming.171 Allam et al. could show that the enthalpy 

of formation for Pd-Ga compounds is negative172 and – as Pd and Ga are chemically 

very different metals – the reaction between both results in the formation of 

pronounced covalent bonds. In contrast to alloys, which mainly exhibit metallic 

bonding, covalent bonds strongly alter the crystal and the electronic structure171 

giving rise to rather complex phase diagrams173 (cf. Figure 5.1). Investigating the 

surface properties of Pd-Ga intermetallic compounds is of vital interest for 

understanding related catalytic reactions. A combined FTIR, XPS and SEM study 

by Kovnir et al. revealed the presence of very stable catalytically active isolated Pd 

atoms on the surface of PdGa, which form the basis for the high selectivity and 

long-term stability of PdGa in the semi-hydrogenation of C2H2 to C2H4. Moreover, 

the Pd d-states were found to be highly modified due to covalent bonding between 

Pd and Ga.172 A study by Wowsnick et al. focused on the surface stability of Pd2Ga, 

another Pd-Ga intermetallic compound, showing high selectivity in the 

hydrogenation of C2H2. This work shows that the covalent bonds between Pd and 

Ga are not strong enough to protect the material’s surface from oxidation. 

Independent of the degree of oxidation, formation of metallic Pd at the surface was 

found, which explains the material’s ability to activate hydrogen.171  

A novel approach is based on the concepts described above but differs on the 

Pd-Ga ratio: Conventional porous carriers (like Al2O3, SiO2 or carbonaceous 

supports) are coated with a low-melting-point metal Ga containing only small 

amounts of the catalytically active noble metal Pd. Besides the economic advantage 

of a precious catalyst being dispersed in the inexpensive Ga layer, the high mobility 
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of the liquid Ga phase in the temperature range during operation might be 

beneficial, too. The mobility of the liquid Ga layer might function as a self-cleaning 

mechanism, leading to an enhanced lifespan of the catalyst. As seen in the phase 

diagram depicted in Figure 5.1, for catalytically active Pd-Ga intermetallic 

compounds known from literature, such as GaPd or GaPd2, the melting point is 

drastically increased compared to pure Ga. Prototype catalysts based on this novel 

concept have been developed for the dehydrogenation of the liquid organic 

hydrogen carrier (LOHC) dodecahydro-N-ethylcarbazole (12H-NEC) by the chair 

of Chemical Reaction Engineering at the University of Erlangen-Nürnberg.174-176 

The main disadvantages of the “green” fuel hydrogen are its low energy density and 

safety issues. One idea to solve these problems is the LOHC concept, based on 

organic molecules, which can be loaded and unloaded with hydrogen. But before 

LOHC’s can become a serious alternative to conventional fuels, efficient catalysts 

are required for loading and unloading hydrogen under relatively mild conditions.173 

 

Figure 5.1: Pd-Ga phase diagram. Taken  from reference177. 

 Besides Pd-Ga intermetallic compounds, also Pt-Ga systems are investigated 

with respect to their catalytic activity. The phase diagram of the binary system is 

depicted in Figure 5.2. As for Pd-Ga also for Pt-Ga the enthalpy of formation of the 

intermetallic compounds is negative.156 In literature, Ga2O3 is reported to promote 
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the catalytic activity of a Pt/WO3/ZrO2 catalyst used for the isomerization of           

n-heptane. The effect was attributed to an enhancement of Brønsted acidity and a 

changed ratio of Brønsted to Lewis acidity.157 Several studies focus on the 

promotion of alumina-supported Pt based dehydrogenation catalysts by the addition 

of Ga. These catalysts are used for the selective dehydrogenation of propane (C3H8) 

to propylene (C3H6). It could be shown that the selectivity to C3H6 is enhanced by 

the addition of Ga. Further, catalyst deactivation and carbon formation is reduced 

with increasing Ga content. Ga appeared to have a very low effect on the acidity 

function of the alumina support, but it modifies the structure of the metallic phase.75, 

81, 82 Another study by Sattler et al. described an alumina-supported Pt-Ga based 

catalyst for the selective dehydrogenation of C3H8. The authors also reported on 

synergetic catalytic effects between Ga and Pt, resulting in a highly active and 

stable catalyst. Moreover, they found an inverse bifunctional active phase in which 

coordinately unsaturated Ga3+ ions are the active species and Pt acts as a promoter.98  

The XPS experiments presented in this work aim at a fundamental 

understanding of the surface composition of low Pd content Pd-Ga alloys. Also the 

effect of oxidation on the surface composition might play a decisive role, as the 

presence of oxidizing agents cannot be prevented completely under real reaction 

conditions. For this purpose, Pd was deposited onto a Ga film with a native oxide 

layer and analyzed by XPS (chapter 5.1). Further, the surface composition of an ex-

situ prepared Pd-Ga alloy with 0.25 at% Pd was analyzed by XPS (chapter 5.2). In 

chapter 5.3., XP spectra of porous carbon and SiO2-supported Pd-Ga coated 

catalysts, developed for the dehydrogenation of 12H-NEC, are discussed. Moreover, 

first experiments towards a fundamental understanding of the surface properties and 

the effect of oxidation on the surface composition of Pt-Ga intermetallic compounds 

were performed (chapter 5.4). For the quantitative analysis of the XPS data, adapted 

literature ASF values determined by Wagner98 were applied (Ga 2p3/2: 6.35, Ga 3d: 

0.22, Pd 3d: 3.9; cf. section 2.4 for details). 
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Figure 5.2: Pt-Ga phase diagram. Taken from reference177. 
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5.1. Pd Deposition onto Ga2O3 / Ga 

To obtain an understanding of the Pd/Ga2O3/Ga interface and to examine the 

stability of Pd on an oxidized Ga surface, ultrathin Pd films were deposited by 

physical vapor deposition onto a macroscopic Ga film with a thickness of roughly 

0.5 mm spread ex-situ on a Suprasil quartz glass support. The Ga film was only 

hardly wetting the glass surface, leading to a corrugated film morphology. After 

introduction into the UHV chamber, XPS revealed the presence of traces of 

carbonaceous impurities, which were removed by sputtering the sample with Ar+ 

ions for 10 min at a temperature of 320 K to ensure maintaining the liquid state of 

the Ga film (pAr = 5 x 10-6 mbar; Iemis = 10 mA). After this mild sputtering 

procedure, XPS could validate the persistent presence of a thin native oxide layer at 

the sample surface. Besides gallium and oxygen no more other elements were 

visible in the 0 and 80° overview spectra (not shown). Besides O 1s, two Ga core 

levels have been analyzed by XPS: Ga 2p and Ga 3d. Due to the large doublet 

separation of 27 eV for Ga 2p, only the Ga 2p3/2 contribution at around 1120 eV was 

recorded throughout this work. The doublet separation of Ga 3d at around 20 eV 

binding energy, however, is only 0.5 eV and cannot be resolved with the 

experimental setup. The two signals, observed in both of the Ga regions (cf. black 

spectra in Figure 5.3), is therefore attributed to a chemical shift, namely the 

presence of metallic Ga (1117 and 19 eV for Ga 2p3/2 and Ga 3d, respectively) and 

Ga3+ in Ga2O3 (1119 and 21 eV for Ga 2p3/2 and Ga 3d, respectively). The large 

difference in BE between Ga 2p and Ga 3d of nearly 1100 eV allows for interesting 

conclusions on the depth profile of a Ga film, even without changing the emission 

angle, as required for ARXPS. The IMFP of low BE, that is, high kinetic energy 

Ga 3d photoelectrons is about three times larger than that of electrons originating 

from the high BE Ga 2p3/2 orbital (30.7 vs. 11.2 Å).178 By comparing the ratios of 

the metallic to the oxidic contributions of the Ga 3d and Ga 2p core levels, the 

influence of the strongly differing IMFPs becomes clearly evident: Whereas Ga0 is 

expected to be found in the bulk, Ga3+ should be located at the surficial oxide layer. 

Consequentially, compared to Ga 3d, in both emission angles strong enhancements 

of the oxidic relative to the metallic contributions are observed for Ga 2p3/2 

electrons originating from the first atomic layers only.  
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Figure 5.3: Normal and 80° emission spectra of a 1 mm thick Ga film spread on quartz 

glass (covered by an oxide layer): Prior to Pd deposition (recorded at T = 320 K; black), 

after Pd deposition at 220 K (recorded at T = 220 K; red) and after mild heating (recorded 

at T = 320 K; blue). Blue 80° spectra are missing due to complete dewetting when tilting 

the molten sample in grazing emission. 

Quantitative XPS analysis (utilizing the GaOx 3d and O 1s intensities) confirms 

the composition of the oxide layer being Ga2O3 (calculated composition: Ga2O2.9). 

The thickness d of the oxide layer was estimated by equation 6,179  

𝑑 = 𝜆𝑖,𝐺𝑎2𝑂3
∙ cos 𝜗 ∙ 𝑙𝑛 [

𝐼𝑖,𝑜𝑥∙𝜆𝑖,𝐺𝑎∙𝑁(𝐺𝑎)𝐺𝑎

𝐼𝑖,𝑚𝑒𝑡∙𝜆𝑖,𝐺𝑎2𝑂3 ∙𝑁(𝐺𝑎)𝐺𝑎2𝑂3

+ 1]    (6) 

based on the XPS intensities Ii of the metallic and the oxidic components in the 

Ga 2p3/2 and Ga 3d region (cf. Figure 5.3, black spectra); with i being the IMFP of 

the respective photoelectrons and N(Ga) being the Ga atom density in pristine Ga 

and -Ga2O3, respectively. For the 0° data, application of equation 6 yields similar 

thicknesses of 12.4 and 15.1 Å of the oxide layer derived from Ga 2p3/2 and Ga 3d, 

respectively. For the 80° data, significantly lower values of 3.0 and 5.7 Å are 

obtained. As equation 6 is only applicable to flat and homogeneous layer systems, 

the deviations are ascribed to the corrugated morphology of the Ga film, falsifying 
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the values calculated from the 80° data. Despite these uncertainties impeding an 

absolute quantitative analysis, a trend towards higher surface sensitivity in the 80° 

data is proven by the higher ratio of the oxidic components of the Ga 2p and Ga 3d 

signals. Therefore, the discussion will include some observations of the 80° data, 

however, will mainly focus on the 0° measurements.  

Prior to the deposition of Pd, the sample was cooled with liquid N2 to 220 K. 

According to the calibration, performed by depositing small amounts of Pd onto a 

clean Au(111) single crystal (cf. section 2.4 for details), the thickness of the Pd 

layer after 15 min of evaporation was expected to be around 5 Å. When making a 

rough estimate of the thickness of one atomic layer of Pd by considering the molar 

volume according to equation 5, 5 Å correlate to a coverage of roughly two layers 

of Pd. Calculation of the thickness by monitoring the attenuation of the total Ga 3d 

and Ga 2p3/2 intensities (according to equation 4) yielded values of 5.5 and 5.8 Å, 

respectively. The small difference can be explained by additional C species, 

adsorbed on the cooled and also more reactive Pd surface. The resulting additional 

substrate attenuation leads to the slightly larger calculated Pd thickness. 

Interestingly, a significant decrease of the Ga3+ component is observed in the XP 

spectra after Pd deposition, particularly in the surface sensitive Ga 2p3/2 and in the 

80° Ga 3d spectra, i.e. at the Pd/Ga2O3 interface. Additionally, a clear shift of the 

oxidic components of the Ga 2p and Ga 3d peaks by - 0.4 eV towards lower BE is 

observed, indicating a partial reduction of Ga3+ upon Pd deposition. Vice versa there 

are two chemically inequivalent Pd species visible in the Pd 3d region in 0° 

emission, i.e. in the more bulk sensitive geometry: a main peak at low binding 

energy and a small shoulder at higher BE. The chemical shift between the main 

Pd 3d5/2 peak at 335 eV, which can be assigned to metallic Pd, is + 1.1 eV. This 

value lies below the 1.4 – 1.5 eV shift, known from literature for bulk PdO,180, 181 

but matches the BE shift for surface Pd in contact with oxygen (PdSO), as reported 

in a study by Titkov et al.181 The shift of the second Pd species is therefore assigned 

to interfacial Pd atoms, which are interacting – and apparently also partly reducing 

the topmost Ga3+ ions of the Ga2O3 layer, as deduced from the surface sensitive 

Ga 2p3/2 and 80° Ga 3d spectra. Unfortunately, complementary interpretation of the 

O 1s region is difficult, as there is an overlap of the O 1s peak at 531.6 eV and the 

Pd 3p3/2 peak at 533.6 eV.  
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When heating the sample from 220 to 320 K where the Ga film becomes liquid, 

in accordance with the XPS data, the formation of Pd clusters is proposed, probably 

driven by an increased mobility of the deposited Pd atoms at the higher temperature. 

Data analysis (cf. blue spectra in Figure 5.3) revealed a decrease of the overall 

Pd 3d intensity of 18 %, but an increase of the overall Ga 3d intensity by 11 %. 

These findings can be explained by the agglomeration of Pd to clusters and the 

consequent uncovering of certain surface areas from Pd. Surprisingly, no distinct 

changes are observed with respect to the Ga 2p and Ga 3d peak shapes, i.e. the 

interfacial reduction of Ga3+, initiated by the deposition of Pd, seems to be stable – 

at least in the reducing situation of the UHV environment. Despite the enduring 

presence of reduced Ga species at the surface, the PdSO intensity decreases 

significantly after heating to 320 K as shown by the disappearance of the high BE-

shoulder in the Pd 3d core levels. Thus, the corresponding PdOx species seems to 

remain at the interface after the cluster formation. However, with larger Pd0 islands 

on top, the PdOx signal is attenuated more strongly. After heating the sample to 

320 K, no 80° measurements could be performed due to complete dewetting of the 

Suprasil sample occurring when tilting the molten sample. 

The scheme in Figure 5.4 illustrates the suggested structures of the interfacial 

region directly after Pd deposition at 220 K and after heating the sample to 320 K.  

Figure 5.4: Scheme of the suggested structures of the interfacial Pd / Ga2O3 region directly 

after Pd deposition at 220 K (left) and after heating the sample to 320 K (right). 
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5.2.  Surface Composition of a Low Pd Content          

Pd-Ga Alloy 

Having found that PVD-deposited Pd is stabilized on top of Ga2O3 covered Ga – i.e. 

no pronounced diffusion of Pd into bulk Ga occurs – the surface composition of an 

ex-situ prepared low Pd content Pd-Ga alloy should be investigated for comparison. 

For this purpose, a Pd-Ga alloy with 0.25 at% Pd was prepared by sintering 

accurately weighed quantities of both metals under inert atmosphere in a flask. In a 

second step, a W foil heated in air was coated with the alloy by spreading it across 

the surface in the liquid state. Surface oxidation by treating the W foil with the hot 

air stream emitted from a heat gun, lead to an improvement concerning the 

wettability of the alloy compared to freshly etched W foil (see Figure 5.5 for pure 

Ga on W, which is showing the same behavior). Nevertheless, no completely 

homogeneous flat film could be prepared. The average height of the corrugated film 

was estimated to be in the order of 0.5 mm.  

 

Figure 5.5: Photographs of Ga on W foil. Left: No wetting of Ga on freshly etched W. 

Center: After oxidizing the substrate with the hot air stream emitted from a heat gun, 

improved wettability is observed. Right: After prolonged oxidation, further improved 

wettability allows for the preparation of a corrugated Ga film.  

The XP spectra shown in Figure 5.6 were recorded without any pretreatment like 

sputtering and at a sample temperature of 335 K to ensure the liquid state of the Pd-

Ga alloy (cf. Figure 5.1). The surface-sensitive Ga 2p signal shows a stronger 

contribution of Ga3+ relative to Ga(0) compared to the more bulk-sensitive Ga 3d 

level (cf. Figure 5.6), indicating the presence of a Ga2O3 layer at the sample surface. 

The thickness of the oxide layer calculated by application of equation 6 was found 

to be 11.4 Å or 9.6 Å for Ga 2p3/2 and Ga 3d, respectively. The Pd 3d BE is 

336.6 eV, indicating the presence of bulk PdO according to literature.180, 181 

Quantitative XPS analysis revealed a much higher Pd content than the nominal 

0.25 at% in the bulk: 1.8 at% Pd were detected when comparing the bulk-sensitive 

Ga 3d intensity (Ga0 and GaOx) to Pd 3d and a Pd content of 0.8 at% when 

Ga on etched W Ga on slightly oxidized W Ga on strongly oxidized W
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comparing the surface-sensitive Ga 2p3/2 intensity (Ga0 and GaOx) to Pd 3d. In an 

unpublished near ambient pressure (pO = 1 mbar) XPS study performed by Grabau 

at the Chair of Physical Chemistry II in Erlangen, it was shown that upon in-situ 

oxidation of Pd-Ga alloys with various Pd concentrations at elevated temperatures, 

with increasing Ga2O3 layer thickness, Pd vanishes from the near surface region 

accessible by XPS. These results suggest that Pd is virtually absent in the growing 

surface oxide of the alloy. The significant enhancement of Pd signals observed in 

case of the native oxide presented in this work is therefore attributed to the 

enrichment of Pd at the Ga0/Ga2O3 interface. This assumption is confirmed by the 

comparison of the Pd 3d intensity with the corresponding Ga0 and GaOx 

contributions of the Ga 2p3/2 and Ga 3d signals, respectively. For the more bulk-

sensitive Ga0 3d intensity, a Pd content of 1.2 at% is obtained, whereas in case of 

the more surface-sensitive Ga0
 2p3/2 intensity, the Pd content adds up to 4.5 at%. 

This observation implies an enrichment of Pd in the near surface region, i.e. within 

or close to the surficial Ga2O3 layer. As in addition, the GaOx/Pd ratio is higher for 

the surface sensitive GaOx 2p level compared to bulk-sensitive GaOx 3d, the 

enrichment of Pd within the Ga2O3 surface layer can be ruled out. Hence, the XPS 

data clearly indicate an accumulation of Pd at the Ga0/Ga2O3 interface. 

Surprisingly, a completely different surface activity behavior upon oxidation 

was revealed for Ga alloys with the similar noble metal Pt: Here, a drastic, 

continuous enrichment of Pt at the near surface region was observed with increasing 

degree of oxidation. These results are presented and discussed in chapter 5.4. 

 

Figure 5.6: Normal emission spectra of the Pd / Ga alloy with native oxide layer at 330 K.  
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5.3. Surface Composition of Pd-Ga-Based Catalysts 

Besides the more fundamental experiments on model systems discussed in chapters 

5.1 and 5.2, Ga-based prototype catalysts have been analyzed by XPS. The three 

dimensional structure of the corresponding porous spherical supports did not allow 

for measurements in grazing emission. Hence, only normal emission data were 

recorded. One promising candidate for the dehydrogenation of 12H-NEC is a Pd-Ga 

alloy-based catalyst, which showed excellent performance in first test runs. The 

catalyst was prepared by impregnating porous carbon microspheres (Blücher, 

diameter 100 – 150 m, pores size 3 – 6 nm, pores volume 1.2 mL/g; surface 

3000 m2/g) with LiGaH4 and then refluxing the Ga-precovered microspheres in a 

Palladium(II)-hexafluoroacetylacetonato toluene solution. Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) was applied to determine the bulk 

composition of the catalyst and yielded a Ga content of 5 wt%, 0.8 wt% of Pd and 

0.6 wt% of Li. For the XPS analysis, the catalyst was dried but no further 

preparation steps such as grinding were performed. The microspheres were 

distributed on a carbon adhesive tab to ensure sufficient grounding to minimize 

charging effects.  

Figure 5.7 shows Ga 2p3/2 and Pd 3d XP spectra of the catalyst, recorded in 

normal emission. Due to the smaller cross section of the Ga 3d core level compared 

to Ga 2p3/2 and the consequently much lower signal to noise ratio, unfortunately no 

information could be obtained from this, more bulk sensitive, XPS region. Due to 

minor positive sample charging during the measurements, the spectra were shifted 

back by - 1.8 eV towards lower BE (with C 1s taken as reference, BE = 285 eV). 

From the highly surface sensitive Ga 2p3/2 signal, the ratio of Ga(0) to Ga(III) at the 

very surface of the catalyst was found to be 2:1. Thus, despite of the long-term 

storage of the catalyst in air, surprisingly, the fraction of metallic Ga in the catalyst 

coating is larger than the fraction of oxidized Ga, even at the very surface. The shift 

of 1.5 eV found for the two Pd species fits to the chemical shift expected for Pd(II) 

in bulk PdO to Pd(0).67 Therefore, the presence of both metallic Pd at the outer 

surface, and PdO, probably located at the Pd/Ga2O3, interface is suggested. 

Accordingly, the catalyst’s coating seems to resemble the structure of Pd deposited 

onto Ga2O3/Ga as presented in chapter 5.1.  
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Figure 5.7: Normal emission Ga 2p3/2, Pd 3d, O 1s / Pd 3p and C 1s spectra of a Pd-Ga 

alloy coated carbon microsphere catalyst sample with nominally 5 wt% Ga and 0.8 wt% Pd 

(bulk values according to ICP-AES). Fitted lines indicate metallic and oxidic contributions 

to the overall peak intensities. For both Ga 2p3/2 and Pd 3d core levels a met/ ox. ratio of 

approx. 2:1 is found. 

The atomic ratio of Pd/Ga calculated from the XPS data (by taking into account 

the cumulative intensity of the oxidic and the metallic components for each signal) 

is 16.8, compared to 0.10 for the bulk composition as determined by ICP-AES. The 

small IMFP of low energetic Ga 2p3/2 photoelectrons implies a comparably strong 

attenuation of the corresponding XPS signal. Nevertheless, the considerably higher 

Pd/Ga ratio derived from XPS compared to the bulk ratio determined by ICP-AES 

indicates a significant enrichment of Pd at the near surface region accessible by 

XPS. These results are in accordance with the stable Pd clusters, forming upon the 

in-situ deposition of Pd onto an oxidized Ga film as presented in chapter 5.1 and 

might be an explanation for the excellent performance of the catalyst.  
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However, more than 90 % of the atoms detected by XPS can be attributed to the 

carbon support (or carbonaceous impurities). This can be seen as an indication for 

extensive dewetting and large surface areas being not covered by the Pd-Ga alloy. 

However, XPS only reflects the situation on the outer parts of the catalyst, not 

inside the pores. Thus, no substantiated statements can be made on the catalyst’s 

composition inside the complex morphology of the support. It is very likely that the 

liquid metal film is drawn into the porous structures of the catalyst by capillary 

forces, which might be one explanation for the observed dewetting occurring at the 

outer surface accessible by XPS.  

 Besides carbon microspheres, also porous SiO2 glass microsphere carriers 

(Triospor 1400, diameter 70 – 140 m, pores size 144 nm, pores volume 1.2 mL/g; 

surface 35 m2/g) were coated with Ga and Pd to check for catalytic activity 

concerning the dehydrogenation of 12H-NEC. In a first step, Ga was introduced by 

suspending the overnight dried carrier under argon in dry diethyl ether and adding 

an ethereal solution of the gallane Et3NGaH3. After complete removal of the 

solvent, the flask was quickly heated up to 250°C and held at this temperature until 

no gaseous products were developed. Once the gallane decomposition terminated, 

the resulting grey solid was held at this temperature under vacuum overnight and 

then cooled and stored under argon. The bulk Ga content as determined by ICP-

AES was 21 wt%. The black spectra in Figure 5.8 shows all relevant XPS regions 

recorded in normal emission of the as-prepared Ga coated SiO2 support. Both, the 

Ga 2p3/2 and the Ga 3d regions show only one peak at 1119 eV and 21 eV, 

respectively, which can be assigned to Ga(III). The second peak arising at around 

25 eV in the Ga 3d region originates from the O 2s level. The appearance of this 

core level can be traced back to the strong XPS contribution of the SiO2 support, as 

also Si signals are clearly visible in XPS. In fact, about 70 % of the atoms detected 

by XPS can be assigned to SiO2, meaning that wetting of Ga on this support is 

slightly improved compared to the carbon microspheres discussed above, but the 

coating is still far from a homogeneous layer covering the entire outer surface, 

which is accessible by XPS. This observation is in accordance with the results 

presented in section 5.1 for a Ga film spread on Suprasil quartz glass. Compared to 

the case “Ga prepared on carbon microspheres” with both, metallic Ga and Ga2O3, 

found in XPS, only fully oxidized Ga was found for the coated SiO2 microspheres – 
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at least in the surface region accessible by XPS (as discussed above, XPS and might 

not reflect the situation inside the porous network adequately). Possibly, the SiO2 

support promotes the oxidation of Ga and consequentially, the thickness of the 

Ga2O3 layer is increased. Similar observations were made during the investigation 

of liquid Ga films with a native oxide layer on Suprasil glass. Sputtering of these 

films under relatively mild conditions did only lead to the removal of carbon, 

whereas the amount of oxygen at the surface was hardly affected (cf. chapter 5.1).  

To introduce Pd onto the Ga pre-coated support, the carrier was suspended in 

distilled water and a solution of (NH4)2[PdCl4] in distilled water was added. The 

reaction mixture was held under stirring until the reaction completed. After filtering 

and washing steps with distilled water and acetone, the spheres were dried under 

vacuum. After this second preparation step, ICP-AES revealed a bulk composition 

of 15 wt% Ga and 1.1 wt% Pd. As seen in the blue Ga 2p3/2 and Ga 3d XP spectra in 

Figure 5.8, the addition of Pd did not lead to significant changes in the non-Pd core 

levels. Particularly, only Ga(III) at the catalyst’s surface is detected in XPS. 

Interestingly, with the addition of Pd, the amount of carbon impurities at the catalyst 

surface decreases by 75 % and in return the intensities of SiO2 and Ga core levels 

increase. XPS could further confirm the presence of Pd at the surface 

(cf. Figure 5.8, blue spectrum). The atomic ratio of Pd/Ga calculated from the XPS 

data (Pd 3d vs. Ga 3d) is 0.08, i.e., a clear enrichment of Pd at the outer catalyst 

surface compared to the bulk composition determined by ICP-AES (0.05) is 

observed. However, the Pd/Ga ratio is significantly lower compared to the Pd-Ga 

impregnated carbon microspheres discussed above. Accordingly, the BE of 

336.1 eV fits to surficial PdSO
181 (see also chapter 5.1) and not to the BE of bulk 

PdO at 336.5 eV, indicating a rather low Pd content. Thus, the Pd density on SiO2 at 

the outer surface accessible by XPS is expected to be considerably lower compared 

to Pd-Ga on C microspheres. The difference concerning the Pd concentration at the 

surface might be a consequence of the interactions of the Pd-Ga alloy coatings with 

the respective support. Moreover, the different reaction pathways and reaction 

recipes applied to produce the coatings on the two different supports might play a 

decisive role, but for a detailed understanding further investigation will be 

necessary.  
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Figure 5.8: 0° Ga 2p3/2, Ga 3p, Pd 3d, Si 2s, O 1s and C 1s XP spectra of Ga impregnated 

porous SiO2 carriers. Black spectra: after first impregnation step using LiGaH4. Blue 

spectra: After second preparation step with Palladium(II)-hexafluoroacetylacetonato to 

introduce Pd. 
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5.4. Oxidation of Pt-Ga Alloys 

In sections 5.1 and 5.2 liquid Ga or Ga alloy films were spread across planar W foil 

or Suprasil glass supports in order to create films with thicknesses of roughly 

0.5 mm covered by a native thin oxide film. For the oxidation of Pt-Ga alloys, the 

preparation of the samples was performed in an entirely different manner. A W 

crucible with a height of 5 mm and a width of 12 mm was filled with 1.6 g of liquid 

Ga. At the top of the crucible, a W mesh was installed to prevent the Ga to spill over 

the edges of the vessel during positioning. As the mesh was completely covered 

with Ga, no W signals were observed during the XPS measurements. The sample 

was sputtered for 15 h at 500 K until no more traces of carbon and oxygen could be 

observed in XPS (see Figure 5.9, bottom black spectra). Please note, that this kind 

of sample preparation did not allow for 80° measurements. All data shown in this 

section were thus measured in normal emission. To produce the Pt-Ga alloy, the 

sample was first moved into the loadlock, which was vented with N2 to minimize 

oxidation. Then, an H-flame annealed Pt wire (m = 83 mg ≙ 2.0 at% Pt) was 

inserted into the still liquid Ga sample. After the transfer back into the UHV 

chamber, XP spectra from this type of sample were recorded after different in-situ / 

ex-situ preparation steps. It should be mentioned at this point, that this experiment 

was only a proof-of-concept series. Later, a more elaborated near ambient pressure 

XPS study was performed by Grabau et al. in the same research group.178 

Spectra after the first ex-situ preparation step (liquid Ga containing the still 

visible Pt wire) are shown in Figure 5.9 (red spectra). As can be seen by the 

presence of the strong O 1s signal and the oxidic contributions of the Ga 3d and 

Ga 2p3/2 peaks, the formation of a surface oxide could not be prevented despite the 

N2 atmosphere in the loadlock. Also the Pt 4f doublet signal is showing two 

contributions. The contribution at lower BE can easily be assigned to metallic Pt. 

The Pt 4f BE shifts known from literature are +1.1 – 1.3 eV for PtO, and +2.9 eV 

for Pt2O4.
182-184 The observed BE shift of +1.8 eV for the second contribution does 

not fit to any of these known Pt oxides. Hence, this peak is assigned to Pt atoms 

located inside a Ga2O3 environment. This finding implies that the incorporation of 

Pt into Ga2O3 partly already occurs at RT. After sputtering followed by heating to 

900 K for 12 hours, the blue spectra in Figure 5.9 were recorded. Both the small 
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O 1s signal and the virtual absence of the oxidic contributions in the Ga 3d and 

Ga 2p regions indicate that the surface oxide has almost completely vanished. 

Interestingly, with no oxide being present at the surface of the Pt-Ga alloy, the very 

low Pt 4f intensity reveals that there is also hardly any Pt located in the near surface 

region.  

 

Figure 5.9: Normal emission spectra of a Pt-Ga alloy with 2.0 at.% Pt: Pure Ga after 

extensive sputtering (black, bottom); liquid Ga with the added Pt wire (red); Pt-Ga alloy 

after sputtering at 900 K for 10 h (blue); Pt-Ga alloy after oxidation in air for 1 min 

(green); oxidized Pt-Ga alloy after heating to 750 K for 1h (black, top). 

The situation changes drastically when the sample is oxidized. For this purpose, 

the sample was moved into the loadlock which was then vented with air for 1 min. 

As proven by the green spectra in Figure 5.9, an oxide layer has been formed at the 

surface of the Pt-Ga alloy. Along with the increase of the O 1s intensity – 

accompanied by the formation of the oxidic contributions in the two Ga 3d and 

Ga 2p regions – the Pt 4f intensity also increased. Quantitative analysis of the fitted 

Ga 3d and O 1s peak areas yields a stoichiometry of Ga2O3.4 for the formed oxide. 

When calculating the thicknesses of the oxide layer, application of equation 6 yields 
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values of 13.3 Å for Ga 3d and 12.1 Å for Ga 2p. As the thickness of the native 

oxide of the Ga-Pt alloy does not differ significantly from the thickness obtained for 

pure Ga in chapter 6.1, the influence of Pt on the formation of the oxide surface 

layer seems to be negligible. Heating the sample in UHV at 750 K for 10 min again 

reduces the surface (thermal decomposition of Ga2O3) as witnessed by decrease of 

O 1s and Ga-oxide signals in XPS, which is accompanied by a decrease in Pt 

(Figure 5.9, top black spectra). Apparently, Pt is enriched within the surface gallium 

oxide.   

 

Figure 5.10: O 1s (green) and Pt 4f7/2 intensities (blue) of a liquid Pt-Ga alloy with 

1.8 at.% Pt during the dosage of oxygen (3 x 10-7 mbar) at 550 K. Taken from reference178. 

After the initial measurements presented in this work, the surface enrichment 

and depletion of Pt during the oxidation of Pt-Ga alloys were investigated in greater 

detail by Grabau et al. in a near-ambient pressure XPS study. As seen in Figure 

5.10, which was adapted from reference178, for a Pt-Ga alloy with 1.8 at.% Pt, the 

Pt 4f7/2 signal increases proportional with the increase of the O 1s signal during the 

in-situ oxidation (T = 550 K; pO = 3 x 10-7 mbar). Without any surface oxide, hardly 

any Pt signals could be detected in the XPS by Grabau et al., confirming the 

findings shown here.  
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5.5. Summary and Conclusions 

Pd-Ga and Pt-Ga intermetallic compounds exhibit excellent catalytic activity, 

particularly in methanol steam reforming or hydrogenation and dehydrogenation 

reactions.75, 81, 82, 171 In this context, structure and composition of the surface of 

different types of Pd-Ga and Pt-Ga systems were analyzed by means of XPS. Upon 

the thermal deposition of Pd onto the native oxide layer of a macroscopic thin Ga 

film spread on Suprasil quartz glass and cooled with N2 (l), the formation of a more 

or less homogeneous Pd layer on the Ga oxide layer was found. Analysis of the XPS 

data further revealed a partial reduction of Ga2O3 by deposited Pd. When 

temperature was increased, melting of the Ga film provoked the formation of Pd 

clusters on the partially reduced Ga oxide layer, which seemed to be stable under 

reducing UHV conditions. Next, the surface composition of a natively oxidized low 

Pd content Pd-Ga alloy spread on W foil was investigated. For this system, an 

enrichment of Pd – apparently being present as Pd(II) – was found underneath the 

surficial Ga2O3 layer. In addition, real experimental catalysts were analyzed by 

XPS. For porous carbon microspheres chemically impregnated with Ga and Pd, a 

strong relative increase of Pd compared to Ga XPS signal intensity was observed, 

indicating an enrichment of Pd at the very outer surface of the catalyst accessible by 

XPS. From the structure of both Ga and Pd XPS peaks, the presence of metallic and 

oxidized species is deduced with a ratio of 2:1 for both of the metals. For porous 

SiO2 catalysts chemically impregnated with Ga and Pd, XPS peak positions 

revealed the presence of oxidized Ga and Pd species only. Moreover, the amount of 

Pd at the detectable surface area was lower compared to the system with a carbon 

carrier. As a final experiment, the surface composition of a sample containing bulk 

amounts of a low Pt content Pt-Ga alloy was analyzed by XPS before and after 

oxidation. Whereas Pt was found to be virtually absent at the unoxidized alloy 

surface, a drastic increase of Pt signals was observed upon oxidation, which was 

explained by the enrichment of Pt within surface gallium oxide.  

With respect to catalytic systems based on Pd-Ga intermetallics, the observed 

stabilization of surface Pd by the native Ga oxide layer might be a crucial factor for 

the high activity of the catalysts – at least under oxidative conditions. The same 

holds true for the enrichment of Pt in the near surface region upon oxidation in case 
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of Pt-Ga intermetallic compounds applied in catalysis. The situation might be 

different under the reductive conditions of hydrogenation reactions. Model reaction 

studies such as near ambient pressure XPS investigations will address these 

questions in the future. 
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6. Summary and Outlook 

Due to their entirely ionic nature, ionic liquids (ILs) exhibit some outstanding 

physicochemical properties and since the turn of the millennium, ILs have received 

growing attention in many research fields. In this thesis, angle-resolved X-ray 

photoelectron spectroscopy (ARXPS) under ultrahigh vacuum (UHV) conditions 

was applied to investigate the interface properties of ILs in contact with solid 

support materials. Beyond ILs, surface and interface properties of pristine and 

oxidized Pd and Pt alloys of the low melting point metal Ga were analyzed by 

ARXPS with respect to their potential application in catalysis. 

In the context of IL-carbon based electrochemical applications, thin films of the 

IL [C1C1Im][Tf2N] were thermally deposited onto different carbonaceous supports, 

that is, highly oriented pyrolytic graphite (HOPG) and Ni(111)-supported graphene 

with two different graphene coverages, namely, 0.6 and 1.0 layers. These studies 

revealed some major differences of the initial adsorption behavior and further 

growth of the IL depending on the substrate. On HOPG, cations and anions were 

found to adsorb next to each other in a so-called checkerboard arrangement. Initially 

a wetting layer with a maximum coverage of 0.5 monolayers was formed, that is, 

one closed ionic layer according to the definition of one IL monolayer applied in 

this thesis. Further IL deposition led to pronounced growth of 3D islands. On 

Ni(111)-supported single layer graphene, a stable IL wetting layer, twice as thick as 

on HOPG, was formed, consisting most likely of neighboring ion pairs with anions 

on top of cations and cations on top of anions in a checkerboard configuration. For 

higher IL coverages, 3D growth was less pronounced compared to HOPG, which 

was attributed to the so-called wetting transparency of graphene. On Ni(111) 

covered with a fractional graphene layer of 0.6 layers, [C1C1Im][Tf2N] was found to 

preferentially adsorb on bare Ni surface areas. Moreover, ARXPS revealed the 

sandwich configuration of the IL ions known from the bare Ni(111) surface, that is, 

anions initially adsorbing on top of cations. Further, the preferential IL adsorption 

on bare Ni surface areas caused more pronounced 3D growth compared to the fully 

graphene-covered Ni(111) surface.  
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With respect to IL based catalytic concepts, namely, solid catalyst with ionic 

liquid layer (SCILL) and supported ionic liquid phase (SILP), the IL-metal interface 

was investigated with ARXPS. Due to the limitation of conventional IL physical 

vapor deposition (IL-PVD) to thermally stable ILs, electrospray ionization 

deposition of ILs (IL-ESID) was established as an alternative technique for the in-

situ preparation of ultrathin IL films. As a proof of concept, a well-studied system 

was chosen for the first IL-ESID experiments: Analysis of ESID [C8C1Im][Tf2N] 

thin films prepared on Au(111) revealed that these films were virtually identical to 

films grown by standard PVD. Although the ESID process was performed in 

positive bias mode, quantitative XPS analysis did not show a measurable excess of 

cations. This finding is attributed to the large excess of neutral IL ion pairs in the 

initial droplets formed during the ESI process. The main drawback of IL-ESID is 

the low deposition rate, which was found to be more than one order of magnitude 

smaller than in case of IL-PVD. In a second step, the thermally unstable IL 

[C8C1Im]Cl was applied for thin film preparation on Au(111) by IL-ESID. By 

means of ARXPS, it was shown that for low coverages up to 0.5 monolayers, the IL 

initially forms a wetting layer with the cationic imidazolium ring and the chloride 

anion adsorbed next to each other in a checkerboard configuration, similar to 

[C8C1Im][Tf2N]. One difference was found concerning the orientation of the octyl 

chains toward vacuum, which was more pronounced in case of [C8C1Im]Cl than for 

[C8C1Im][Tf2N], indicating a higher degree of order in the [C8C1Im]Cl wetting 

layer. For higher IL coverages, pronounced 3D island growth was observed on top 

of the initial wetting layer. This was in harsh contrast to the 2D layer-by-layer 

growth, found for [C8C1Im][Tf2N] for coverages up to at least ten monolayers.  

Furthermore, IL-PVD and IL-ESID were used alternatively to produce thin 

[C2C1Im][EtOSO3] and [C2C1Im][OTf] films on pristine and modified Au(111). 

Under the applied conditions, [C2C1Im][EtOSO3] was found to thermally 

decompose during PVD. As deduced from mass spectrometry measurements, the 

main decomposition product was ethanol. Besides, significant amounts of methanol 

and 1-alkyl imidazole species were detected. For thicknesses in the sub-monolayer 

regime of the PVD films, ARXPS revealed co-adsorbed decomposition products 

alongside the adsorption of intact [C2C1Im][EtOSO3] ion pairs. In contrast, no 

indications for contamination of corresponding IL films were observed at higher 
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coverages. Hence, solely ESID was applied for IL coverages in the sub-monolayer 

regime, whereas PVD was applied for larger IL coverages. Via ARXPS, 

[C2C1Im][EtOSO3] was found to initially adsorb on Au(111) in a checkerboard 

arrangement with the ring of the dialkylimidazolium cation lying flat and the 

anion’s ethyl group pointing towards vacuum. For higher IL coverages, 2D layer-

by-layer growth was observed on pristine Au(111). In contrast, for 

[C2C1Im][EtOSO3] films deposited on a carbon contaminated Au surface, ARXPS 

revealed the onset of 3D island growth after the initial formation of a wetting layer 

with a thickness of 0.5 monolayers. For [C2C1Im][OTf], a similar initial adsorption 

behavior with cations and anions adsorbing in a checkerboard arrangement was 

observed at low coverages. Unexpectedly, for higher coverages, the ARXPS data 

clearly indicated the onset of pronounced 3D growth on top of the initially formed 

2D wetting layer of a maximum thickness of 0.5 monolayers. Strongly improved 

wettability of the Au substrate with [C2C1Im][OTf] was obtained by depositing 

small amounts of Pd prior or subsequent to the deposition of the IL – indicating 

attractive interactions between [C2C1Im][OTf] and Pd. Further, in case of Pd 

deposition subsequent to the deposition of the IL, the ARXPS data revealed 

particularly strong interactions between the dialkylimidazolium cation and single Pd 

atoms. Apparently, these interactions even inhibit the otherwise occurring surface 

alloying of Pd with the Au substrate.  

In the context of catalytically active Pd-Ga and Pt-Ga intermetallic systems, 

surface structure and composition of corresponding pristine and oxidized samples 

were analyzed by means of XPS. Upon oxidation, the Pt-Ga and Pd-Ga samples, 

surprisingly, showed a completely different behavior. Whereas Pt was found to 

accumulate in the growing Ga2O3 layer, Pd vanished from the oxidized near surface 

area and enriched at the buried bulk Ga0/surface Ga2O3 interface. In another 

experiment, stabilization of surficial Pd could be achieved by the thermal 

evaporation of Pd onto the native oxide layer of a thin Ga film. Analysis of the XPS 

data further revealed a partial reduction of Ga2O3 by deposited Pd. Besides, carbon 

and SiO2 microsphere catalysts chemically impregnated with a Pd-Ga coating were 

investigated. At the outer surface of the catalyst accessible by XPS, an enrichment 

of Pd was found on both supports – particularly on the carbon carrier. 
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In the future, investigations on the IL/metal interface will be expanded on 

Ag(111), as a first approach towards industrially applied Ag-based catalysts. In the 

same context, real SCILL catalysts will be investigated with XPS in order to 

analyze their surface composition, also with respect to potential changes depending 

on the IL loading.  

In addition, with the new dual electron analyzer ARXPS instrument, which was 

set into operation during the work on this thesis, in future work, additional 

information on the IL/solid interface can be obtained due to better energy resolution 

and faster data recording without the need of sample tilting. By combining 

photoelectron spectroscopy with a microscopic technique, such as scanning probe 

microscopy in a new scanning tunneling microscopy/atomic force microscopy 

(STM/AFM) vacuum instrument, interpretation of ambiguous XPS results should be 

facilitated even further. 

For thermally unstable ILs, IL-ESID turned out to be a suitable alternative for 

IL-PVD. However, the fluctuating and comparatively slow deposition rate demands 

for further improvements concerning the experimental setup. Due to problems 

concerning long-term stability, also the PVD apparatus is currently subject to a 

major overhaul, including a completely new design of the main Knudsen cell.  

Finally, further ideas for future experiments involve the successive deposition of 

multiple ILs to investigate the resulting layering behavior and a completely new 

field could be opened with in-situ electrochemical reactions monitored via XPS.  
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7. Zusammenfassung und Ausblick 

Aufgrund ihres vollständig ionischen Charakters weisen ionische Flüssigkeiten 

(engl. ionic liquids, ILs) diverse bemerkenswerte physikochemische Eigenschaften 

auf und gewinnen seit der Jahrtausendwende in vielen Forschungsbereichen 

zunehmend an Bedeutung. In dieser Arbeit wurden mittels winkelaufgelöster 

Röntgenphotoelektronenspektroskopie (engl. angle-resolved X-ray photoelectron 

spectroscopy, ARXPS) unter Ultrahochvakuumbedingungen (UHV) Grenzflächen-

eigenschaften ionischer Flüssigkeiten in Kontakt mit festen Trägermaterialien 

untersucht. Einen zweiten Schwerpunkt, außerhalb des Bereichs der ILs, stellte die 

ARXPS-Analyse von Ober- und Grenzflächeneigenschaften reiner und oxidierter 

Pd-Ga- bzw. Pt-Ga-Legierungen in Hinblick auf deren potentiellen Einsatz in 

katalytischen Systemen dar. 

Im Rahmen IL-kohlenstoffbasierter elektrochemischer Anwendungen wurden 

dünne Filme der IL [C1C1Im][Tf2N]  mittels thermischer Verdampfung auf 

verschiedene kohlenstoffhaltige Substrate abgeschieden, nämlich auf 

hochgeordneten pyrolytischen Graphit (engl. highly oriented pyrolytic graphite, 

HOPG) und zweierlei Graphen/Ni(111)-Systeme  mit Graphenbedeckungen von 0,6 

bzw. 1,0 Lagen. Hierbei zeigten sich in Abhängigkeit des Substrates grundlegende 

Unterschiede bezüglich des Adsorptionsverhaltens im Submonolagenbereich sowie 

bezüglich des weiteren Wachstums der IL für höhere Bedeckungen. Im Falle von 

HOPG offenbarten die ARXPS-Daten die Ausbildung einer Benetzungsschicht mit 

einer maximalen Dicke von 0,5 Monolagen (entsprechend einer geschlossenen 

Ionenlage nach der in dieser Arbeit verwendeten Definition einer IL-Monolage) 

unter direkter Adsorption von Kat- und Anionen in einer sogenannten Schachbrett-

Anordnung. Die weitere Abscheidung der IL führte zu ausgeprägtem 3D-

Inselwachstum. Im Falle des Einschicht-Graphen/Ni(111)-Systems konnte die 

Ausbildung einer stabilen Benetzungsschicht mit einer, im Vergleich zu HOPG, 

doppelten maximalen IL-Bedeckung beobachtet werden, die sich sehr 

wahrscheinlich aus benachbarten, alternierenden Ionenpaaren zusammensetzte. Das 

bei höheren Bedeckungen ebenfalls einsetzende 3D-Wachstum erwies sich im 
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Vergleich zu HOPG als deutlich weniger stark ausgeprägt, was auf die sogenannte 

Benetzungstransparenz des Graphens zurückgeführt wurde. Bei unvollständiger 

Graphenbedeckung (0,6 Lagen Graphen) zeigte sich eine bevorzugte IL-Adsorption 

auf den freiliegenden Oberflächenbereichen des Ni(111)-Substrates, einschließlich 

der bei niedrigen IL-Bedeckungen für die reine Ni(111)-Oberfläche bekannte 

„Sandwich-Anordnung“, d. h. der übereinander erfolgenden Adsorption von 

Anionen auf Kationen. Die bevorzugte IL-Adsorption auf freiliegenden 

Oberflächenbereichen des Ni(111)-Substrates führte ferner zu stärker ausgeprägtem 

3D-Wachstum als im Falle des Einschicht-Graphen/Ni(111)-Systems. 

Feststoffkatalysatoren beschichtet mit ionischer Flüssigkeit (engl. solid catalyst 

with ionic liquid layer, SCILL) sowie geträgerte ionische Flüssigkeitsphasen (engl. 

supported ionic liquid phase, SILP) stellen vielversprechende IL-basierte 

Katalysekonzepte dar, vor deren Hintergrund die IL-Metall-Grenzfläche mittels 

ARXPS untersucht wurde. Aufgrund der Beschränkung der physikalischen 

Gasphasenabscheidung ionischer Flüssigkeiten (engl. IL physical vapor deposition, 

IL-PVD) auf ausschließlich thermisch stabile ILs, wurde im Zuge dieser Arbeit die 

Elektrospray-Ionisationsabscheidung ionischer Flüssigkeiten (engl. IL electrospray 

ionization deposition, IL-ESID) als Alternativmethode zur in-situ Herstellung 

ultradünner IL-Filme entwickelt. Im Sinne eines Machbarkeitsnachweises wurde für 

die ersten IL-ESID-Experimente ein gut erforschtes System ausgewählt. Hierbei 

erwiesen sich mittels ESID auf Au(111) abgeschiedene [C8C1Im][Tf2N]-Filme als 

praktisch identisch mit Filmen, die mittels der PVD-Standardmethode erzeugt 

wurden. Trotz der Durchführung des ESID-Prozesses unter positiver Vorspannung 

zeigte sich in der quantitativen Auswertung der XPS-Daten kein messbarer 

Überschuss an Kationen. Dies wurde auf den großen Überschuss neutraler IL-

Ionenpaare in den zu Beginn des ESI-Prozesses gebildeten Tropfen zurückgeführt. 

Als großer Nachteil des IL-ESID-Verfahrens erwies sich die im Vergleich zu IL-

PVD um mehr als eine Größenordnung geringere Abscheidungsrate. Im nächsten 

Schritt wurden dünne Filme der thermisch instabilen IL [C8C1Im]Cl mithilfe von 

IL-ESID auf Au(111) abgeschieden. Bei niedrigen IL-Bedeckungen von bis zu 0,5 

Monolagen ergab die Untersuchung mittels ARXPS – analog zu [C8C1Im][Tf2N] – 

die Ausbildung einer Benetzungsschicht und ferner die direkte Adsorption von 

Imidazolium- und Chlorid-Ionen in einer Schachbrett-Anordnung. Ein Unterschied 
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fand sich bezüglich der Orientierung der Oktylketten in Richtung Vakuum. Die 

stärkere Orientierung im Falle von [C8C1Im]Cl gegenüber [C8C1Im][Tf2N] deutete 

auf einen höheren Ordnungsgrad der [C8C1Im]Cl-Benetzungsschicht hin. Bei 

höheren IL-Bedeckungen zeigte sich ein ausgeprägtes 3D-Inselwachstum auf der 

anfänglichen Benetzungsschicht. Dies stellte einen starken Gegensatz zum 2D-

Schichtwachstum im Falle von [C8C1Im]Tf2N] dar, welches hier für Bedeckungen 

von mindestens zehn Monolagen beobachtet wurde. 

Im weiteren Verlauf dieser Arbeit wurden IL-PVD und IL-ESID abwechselnd 

zur Erzeugung dünner Filme der ILs [C2C1Im][EtOSO3] und [C2C1Im][OTf] auf 

reinem und modifiziertem Au(111) eingesetzt. Unter den angewandten 

Bedingungen wurde die thermische Zersetzung von [C2C1Im][EtOSO3] während 

deren Verwendung im IL-PVD-Verfahren beobachtet. In massenspektrometrischen 

Untersuchungen konnte Ethanol als Hauptzerfallsprodukt identifiziert werden. 

Zudem wurde die Bildung erheblicher Mengen an Methanol und 1-Alkylimidazol-

Verbindungen festgestellt. Im Submonolagenbereich zeigte die ARXPS-Analyse 

von [C2C1Im][EtOSO3]-PVD-Filmen die Adsorption von intakten Ionenpaaren 

sowie die Koadsorption von Zerfallsprodukten. Hingegen wurde bei höheren 

Bedeckungen kein Hinweis auf Kontamination entsprechender IL-Filme gefunden. 

Demzufolge wurde für IL-Bedeckungen im Submonolagenbereich ausschließlich 

ESID eingesetzt, während höhere Bedeckungen mittels PVD erzeugt wurden. 

Mittels ARXPS konnte für Bedeckungen bis zu einer geschlossenen Ionenlage eine 

Schachbrett-Anordnung nachgewiesen werden. Ferner wurden als bevorzugte 

Adsorptionsgeometrien im Falle des Dialkylimidazoliumions eine Orientierung des 

Rings parallel zur Goldoberfläche und im Falle des Anions eine Orientierung der 

Ethylgruppe in Richtung Vakuum beobachtet. Durch die ARXPS-Analyse von 

höheren IL-Bedeckungen konnte für das reine Au(111)-Substrat ein 2D-

Schichtwachstum ermittelt werden. Dahingegen wurde für [C2C1Im][EtOSO3]-

Filme, die auf eine kontaminierte Au Oberfläche abgeschieden wurden, nach der 

anfänglichen Bildung einer Benetzungsschicht in Höhe einer halben Monolage, das 

Einsetzen von 3D-Inselwachstum festgestellt. Bei geringen Bedeckungen wurde im 

Falle von [C2C1Im][OTf] ein ähnliches Adsorptionsverhalten mit einer Schachbrett-

Anordnung von An- und Kationen beobachtet. Überraschenderweise wiesen die 

ARXPS-Daten für höhere Bedeckungen eindeutig auf das Einsetzen von 
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ausgeprägtem 3D-Wachstum auf der anfänglich gebildeten Benetzungsschicht in 

Höhe einer halben Monolage hin. Stark erhöhte Benetzbarkeit des Au-Substrates in 

Kombination mit [C2C1Im][OTf] konnte durch die vorangehende oder nachfolgende 

Abscheidung von Pd erzielt werden. Dies wurde durch attraktive 

Wechselwirkungen zwischen [C2C1Im][OTf] und Pd erklärt. Die beobachteten 

Effekte im Fall der Pd-Abscheidung nach vorausgehender IL-Filmpräparation 

deuteten auf besonders starke Wechselwirkungen zwischen einzelnen Pd-Atomen 

und Dialkylimidazoliumionen hin, welche augenscheinlich sogar zur Unterbindung 

der andernfalls erfolgenden Oberflächenlegierungsbildung von Pd mit dem Au-

Substrat führten. 

Im Rahmen katalytisch aktiver intermetallischer Pd-Ga- und Pt-Ga-

Verbindungen, wurden Oberflächenstruktur und -zusammensetzung entsprechender 

reiner und oxidierter Proben mittels XPS analysiert. In Abhängigkeit des 

Legierungspartners zeigten sich während der Oxidation der Ga-Legierungen 

gänzlich unterschiedliche Effekte. Während für Pt eine Anreicherung in der 

wachsenden Ga2O3-Schicht beobachtet wurde, konnte im Falle von Pd keine 

nennenswerte Einlagerung in der Oxidschicht festgestellt werden. Stattdessen 

wurden Anzeichen für die Bildung einer Pd-reichen Phase an der vergrabenen 

Ga0/Ga2O3 Grenzfläche gefunden. In einem weiteren Experiment konnte eine 

Stabilisierung von Oberflächen-Pd durch die thermische Abscheidung von Pd auf 

die native Oxidschicht eines dünnen Ga-Films erreicht werden. Die Analyse der 

XPS-Daten ergab ferner die partielle Reduktion von Ga2O3 durch abgeschiedenes 

Pd. Darüber hinaus wurden Kohlenstoff- und SiO2-Mikrokugelkatalysatoren nach 

chemischer Beschichtung mit Pd-Ga-Legierungen untersucht. Am äußersten Rand 

der Katalysatoren, also innerhalb des für XPS messbaren Bereichs, wurde für beide 

Trägermaterialien eine deutliche Anreicherung von Pd festgestellt, insbesondere im 

Falle des Kohlenstoffträgers. 

In Zukunft sollen die Untersuchungen zur IL/Metall-Grenzfläche auf Ag(111) 

ausgedehnt werden. Dies würde einen ersten Schritt in Richtung Ag-basierter 

Katalysatoren darstellen, wie sie in der Industrie verwendet werden. In diesem 

Zusammenhang sollen ferner die Oberflächenzusammensetzungen angewandter 

SCILL-Katalysatoren mit XPS analysiert werden, auch in Hinblick auf mögliche 

Veränderungen in Abhängigkeit der IL-Imprägnierung. 
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Dank eines neuen, mit zwei Elektronenanalysatoren ausgestatteten ARXPS-

Instrumentes, können zukünftig aufgrund dessen besserer Energieauflösung sowie 

der schnelleren Messgeschwindigkeit (das Kippen der Probe entfällt) ergänzende 

Informationen zur IL/Feststoff-Grenzfläche gewonnen werden. Die Kombination 

mit einem künftigen Großgerät für Rastertunnel- und Rasterkraftmikroskopie (engl. 

scanning tunneling microscopy, STM und atomic force microscopy, AFM) sollte 

die Interpretation mehrdeutiger XPS-Ergebnisse zusätzlich erleichtern. 

Im Falle thermisch instabiler ILs erwies sich IL-ESID als geeignete Alternative 

für das herkömmliche IL-PVD-Verfahren. Jedoch sollte wegen der 

ungleichmäßigen und vergleichsweise langsamen Abscheidungsrate der 

experimentelle Aufbau weiter optimiert werden. Aufgrund von Problemen 

hinsichtlich der Langzeitstabilität des PVD-Verdampfers wird auch dieser derzeit 

einer Generalüberholung unterzogen, die ein komplettes Neudesign der zentralen 

Knudsenzelle beinhaltet.  

Abschließend seien als Ideen für zukünftige Experimente zum einen die 

aufeinanderfolgende Abscheidung verschiedener ILs zur Untersuchung des sich 

ergebenden Schichtungsverhaltens, sowie als gänzlich neues Feld die XPS-

Beobachtung von in-situ durchgeführten elektrochemischen Reaktionen genannt.  
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8. Appendix 

8.1. [C1C1Im][Tf2N] on 1.7 L Graphene 

In addition to the results presented in chapter 3.2 on [C1C1Im][Tf2N] thermally 

deposited onto Ni(111)-supported fractional and single layer graphene, one further 

experiment was performed involving Ni(111)-supported multilayer (1.7 L) 

graphene. The results provide some interesting information on the IL/graphene 

interface. However, due to the difficulties concerning the grazing emission data, 

which have been addressed in chapter 3.2, the observations could not be interpreted 

with absolute certainty. Consequentially, these results were left out in the discussion 

in the main part of the thesis and will be presented in the following pages instead. 

Figure 8.1 shows the 0° Ni 2p and C 1s spectra of clean Ni(111), Ni(111) 

covered with 0.6, 1.0, and 1.7 layers of graphene, and the benzene/Ni(111) 

reference spectrum. The graphene C 1s BE was 285.0  0.1 eV, in agreement with 

previous studies.113 Note that with the given energy resolution of 0.9 eV the bridge-

top and top-fcc graphene adsorption geometries113 cannot be resolved. 

 

Figure 8.1: Ni 2p and C 1s spectra of clean Ni(111) and Ni(111)supported graphene with 

coverages of 0.6, 1.0, and 1.7 L; All data collected at normal emission. 
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In Figure 8.2, normal and 80° C 1s spectra of [C1C1Im][Tf2N] films on Ni(111)-

supported graphene (0.6, 1.0, and 1.7 L) with increasing IL coverages are depicted. 

The spectra show that for comparable amounts (indicated by the same colors) of 

deposited IL, pronounced intensity differences of the IL signals and of the damping 

of the graphene signals are found for the three substrates. This behavior 

demonstrates that initial adsorption behavior and further IL growth strongly depend 

on the coverage of the underlying graphene layer. The IL adsorption and growth 

behavior for 0.6 and 1.0 L graphene was discussed in detail in chapter 3.1. Hence, 

only the situation for 1.7 L graphene will be described in the following. 

 

Figure 8.2: 0° (dark color) and 80° (light color) C 1s spectra of [C1C1Im][Tf2N] thin films 

deposited on graphene / Ni(111). Graphene coverage (in layers) is given in the top left 

corner. Nominal IL film thickness (in nm) is given on the right hand side of each diagram. 

The red curves in Figure 8.3 shows that for 1.7 layers graphene/Ni(111), the 

Ni 2p attenuation at 0° is strongly reduced, whereas the graphene C 1s attenuation 

initially follows the expected behavior for 2D growth. The attenuation by 

overlaying graphene results in a higher amount of Ni 2p photoelectrons reaching the 

analyzer, that only have to travel through one layer of graphene. Due to the small 
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IMFP of the low energy Ni 2p photoelectrons, this effect is not negligible for the 

investigated system. The discrepancy between Ni 2p and C 1s attenuation suggests 

that the deposited IL is mainly located at surface areas covered with double layer 

graphene. In this case, the large Ni 2p contribution stemming from areas covered 

with just one layer of graphene would not be affected, which could explain the 

weaker attenuation of the Ni 2p signal compared to graphene C 1s. Additionally, as 

shown in Figure 8.4, for 1.7 L graphene/Ni(111) the graphene C 1s peak 

experiences a significantly larger shift towards lower BE (~ 0.5 eV vs. ~ 0.2 eV for 

1.0 L graphene). Figure 8.4 also shows that the increase of IL related signals in 

surface sensitive 80° emission is much lower compared to the systems with lower 

graphene coverage. 

 

Figure 8.3: Attenuation of the Ni 2p and the C 1s substrate signals upon IL deposition in 0° 

emission compared to the expected theoretical attenuation for 2D layer-by-layer growth 

(dashed lines). 
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seem to be likely as there is no accordant indication for the one layer graphene 

system. Also the strong interaction185 of graphene on Ni(111) would  most likely 

prevent this type of intercalation. As known from literature, solvated graphene 
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flakes can be produced by ultra-sonication of graphite in ILs.186 Here, the expected 

rather small size of the second layer graphene patches, as well as the strong 

interaction of the first graphene layer with the Ni substrate might facilitate the 

intercalation of the IL without ultra-sonication. 

 

Figure 8.4: a) Graphene C 1s BE shift upon IL deposition with increasing IL coverage.      

b) Sum of the 80° intensity of all measured IL related XPS signals with increasing IL 

coverage. 
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8.2. Au 4f Data – [C2C1Im][OTf] / Pd / Au(111) 

Figure 8.5. shows the complementary Au 4f spectra in addition to the Au 4d / Pd 3d 

spectra shown in section 4.2.7. (Figure 4.19). 

 

Figure 8.5: Bulk sensitive 0° (first row) and surface sensitive 80° (second row) spectra of 

the Au 4f region for the sequence 1.6 Å (0.7 ML) Pd on Au(111) followed by deposition of 

nominally 23 Å (~3 ML) [C2C1Im][OTf] (left column) and the sequence 23 Å 

[C2C1Im][OTf] on Au(111) followed by the deposition of 1.6 Å Pd (right column). All 

experiments were carried out at RT. 
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AFM   atomic force microscopy 

ARXPS  angle-resolved X-ray photoelectron spectroscopy 
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BE   binding energy 

BU   bottom-up 

CAW   contact angle of water 

CVD   chemical vapor deposition 

DFT   density functional theory 

EDLC   electric double-layer capacitor 

ESCA   electron spectroscopy for chemical analysis 

ESI   electrospray ionization 

ESID   electrospray ionization deposition 

ESI-MS  electrospray ionization mass spectrometry 

FWHM  full width at half maximum 

HOPG  highly ordered pyrolytic graphite 

HREELS  high resolution electron energy loss spectroscopy 

HV   high voltage 

ICP-AES  inductively coupled plasma atomic emission spectroscopy 

ID   information depth 

IL   ionic liquid 

IL-ESID  electrospray ionization deposition of ionic liquids 

IL-PVD  physical vapor deposition of ionic liquids 

IMFP   inelastic mean free path 

LEED   low energy electron diffraction 

LEIS    low energy ion scattering 



        List of Abbreviations                                                                                              139 

LOHC  liquid organic hydrogen carrier 

MDS   molecular dynamics simulations 
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OM   optical microscopy 
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RT   room temperature 
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SEM   secondary electron multiplier 

SFG   sum frequency generation 

SILP   supported ionic liquid phase 

STM   scanning tunneling microscopy 

TD   top-down 

ToF-SIMS  time-of- flight secondary ion mass spectrometry 
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XPS   X-ray photoelectron spectroscopy 
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