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1. INTRODUCTION

Ionic liquids (IL) are a fascinating class of substances with several unique properties
that are interesting for various fields of applications. Although ILs were known for more
than a century, the scientific interest has only started to increase within the last two
decades.1¢ Due to the typically low vapor pressure of ionic liquids,’-11 they are applica-
ble as a liquid component within vacuum conditions and could allow for technical ad-
vancements that were out of reach with other materials.12 As solvents with ionic charac-
ter, ILs are a natural choice for electrolytes in electrochemistry!3-24 or for catalytic pro-
cesses.2>40 This even stimulated novel catalytic concepts such as “supported ionic liquid
phase” (SILP)27-31 and “solid catalyst with ionic liquid layer” (SCILL).3> Both concepts
involve a porous particle support, typically an oxide, that is coated with a thin layer of
ionic liquid. In case of SILP, the catalyst is dissolved in the IL film and the reaction takes
place as homogeneous catalysis. In SCILL, the catalyst is usually a metal nanoparticle
that is dispersed on the support. The reaction is a heterogeneous type with the catalytic
center located at the interface between IL and metal particle. The structure and stability
of this metal-IL interface is therefore of fundamental importance for the catalytic reac-

tion and strongly impacts the performance of the SCILL system.1. 4 37, 41-42

This thesis aims to open pathways that lead towards a better understanding of the struc-
ture and fundamental processes at these ionic liquid to metal nanoparticle interfaces.
This objective, however, requires breaking down a very complex system (porous parti-
cles with dispersed nanoparticles that are covered with an unconventional liquid at var-
iable temperature and pressure) into smaller, simplified model systems that are acces-
sible by today’s scientific methods. One preferred route is the application of surface sci-
ence techniques. This often involves single crystalline surfaces. They are frequently used
in the field, are easy to prepare and allow for investigating fundamental processes while
greatly reducing the complexity of real systems to an individual crystal facet. The exper-
iments are often performed in ultrahigh vacuum (UHV) conditions, not least because
many surface science methods require or highly benefit from such conditions; however,

many techniques are also applicable in ambient conditions.

Multiple techniques such as X-ray photoelectron spectroscopy (XPS), UV photoelectron
spectroscopy (UPS), reflection adsorption infrared spectroscopy (RAIRS), X-ray or neu-

tron reflectivity, grazing incidence X-ray diffraction, sum-frequency generation (SFG),




helium ion scattering, and electrochemical methods have led to valuable insights, both in
UHV and ambient conditions or even in-operando.* 42-44+ On the microscopic side, the
group of scanning probe microscopies offers various techniques for detailed characteri-
zation with broad applicability ranging from investigations of single atoms in a highly
controlled clean environment over AFM force-distance curves to potential-dependent
in-liquid measurement at ambient conditions.#44¢ Those methods, and especially their
combination, yielded fascinating insights on ultrathin IL films on metal surfaces. For ex-
cellent reviews on the advances in the field the reader is recommended to Hayes et al.

and Lexow et al..>47 Some milestones are highlighted in the following.

One of the first discoveries was the checkerboard structure of the very first layer of
1,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide ([CiCiIlm][Tf2N]) as well
as 1-methyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide ([CsC1Im][Tf2N]) on
Au(111).48 This very first layer is referred to as wetting layer (WL). The checkerboard
structure describes an arrangement with anions and cations being adsorbed next to
each other, both with direct contact to the substrate. Shortly after the discovery with
XPS, the checkerboard structure was also confirmed with STM for [BMP][Tf:N] on
Au(111)#° and later for a variety of imidazolium- and pyrrolidinium-based ionic liquids.
Generally, the formation of a wetting layer appears to be the preferred case and is re-
ported frequently for IL deposition on clean metal and oxide surfaces.#¢ 49-60 The special
behavior of the WL still holds true if the coverage increases towards multilayers or the
interface is investigated within liquid environment. AFM force-distance curves in liquid
IL have indicated a reduced thickness and increased stability of the lowest layer at the
metal/IL interface.*> 61-68 The behavior on top of the wetting layer is mainly determined
by the specific substrate and ionic liquid. Besides this, the temperature during prepara-
tion can influence the structures that evolve.#” Upon deposition at room temperature,
layer-by-layer growth is observed in some cases.*6. 48-49,52,54,69-70 [n other cases, large 3D
islands form on top of the wetting layer.52-54 56, 71-72 A]lso moderate 3D growth occurs,
which is a growth behavior in between 2D and 3D growth. Deposition of ILs at low tem-
peratures often leads to irregular snow-like films (hit-and-stick adsorption).57-59 72 Heat-
ing can then lead to the formation of 2D layers or 3D islands.>® 71-72 Furthermore, the
growth behavior is prone to influence by contaminations or modifications of the sub-

strate and sometimes also shows time-dependent changes in the structure.># 56




Many of the anteceding findings were derived from spectroscopic investigations (i.e. XPS
or UPS). Therefore, one of the major motivations for this thesis was the acquisition of
real space information on structure and growth behavior of ionic liquids and to provide
microscopic insights into the structure and evolution of ionic liquids at the interface to
metallic surfaces; an understanding of the fundamental processes would then in turn

allow for the enhancement and development of novel catalytic concepts.




2. METHODS, MATERIALS AND INSTRUMENTAL DETAILS

2.1. SCANNING PROBE MICROSCOPY (SPM)

The following chapter intends to give an overview, highlighting the basic knowledge re-
quired for the understanding of the presented data and the functions of the instrument.

For fundamentals and in-depth descriptions dedicated publications are advised.”3-76

Scanning Probe Microscopy (SPM) describes a class of imaging techniques based on an
interaction of a probe with a sample in close proximity. The probe is a very sharp tip
which spatially limits the interaction to a very small point on the sample. The image is
obtained by measuring this interaction at multiple raster points on the sample. The key
for this technique is the movement of the tip via piezoelectric actuators that allow for
precise spatial positioning down to the sub-picometer regime. Due to this locality and in
stark contrast to many other microscopic methods, SPM is not limited to the wave-
lengths of electromagnetic or matter waves. This allows for atomic resolution while re-
maining remarkably nondestructive compared to other techniques achieving similar
resolution. The individual branches of SPM are named after the interaction type that is

used in the imaging process.

2.1.1. ScANNING TUNNELING MICROSCOPY (STM)

The first member of the class of SPM is the Scanning Tunneling Microscope (STM). It was
developed by Gerd Binnig and Heinrich Rohrer in 1982. For this invention, they were
honored with the Nobel Prize in 1986.77-78 The underlying principle is the quantum me-
chanical tunneling effect. At a small enough distance, the wave-functions of tip and sam-
ple overlap and electrons can tunnel from tip to sample and vice versa through vacuum.
By applying a voltage bias, the tunneling probability becomes larger in one direction and
a tunneling current is generated. This current is amplified, measured and for most
modes used in a feedback loop to readjust one of the measuring parameters. An exact
theoretical description of the tunneling process itself is complicated since it is time-
dependent, three dimensional, multiple electrons are involved, and the exact shape of
the tip is often unknown. The most common approximation is the Tersoff-Hamann Mod-

el.7? It approximates the tips wave function by an s-wave and yields a proportionality




between the tunneling current and the local density of states (LDOS) of the sample at the
Fermi level. The resolution of STM is thereby only limited by tip curvature and the vacu-
um gap distance. Within this description, an STM image does not simply reflect the topo-
graphical height of the sample, but a superposition of the topographical height and the
LDOS of the sample. More figuratively spoken, the tip portraits the contour of electron

density around the surface atoms (Figure 1).
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Figure 1: Schematic depiction of the measured height in STM (red tip and red dotted line).
As an example, the LDOS of the substrate, and therefore the apparent height in STM, can be
superposed with orbitals of an organic molecule (black), or be influenced by a substrate
contamination (blue).

STM can be operated in several modes. The most common one is the constant current
mode, where a feedback loop re-regulates the height at any scan point so that the tun-
neling current is held at a set value. This yields a simple and easy interpretable height
map; however, it is superimposed by the electronic structure of the surface. A sufficient-
ly sharp STM tip for atomic resolution can be prepared by simply cutting a Pt/Ir wire
with a side cutter. If the tip is in a non-beneficial shape for measuring, this often can be
improved by short voltage pulses or intentional crashes with the surface. STM does not
require the regulation of an oscillation and is therefore much faster compared to other
SPM techniques. For those reasons, the main advantage of STM is its simplicity. The
main disadvantage, however, is that it requires a conductive sample. To some extent, it is
still possible to apply STM to nonconductive materials.80-81 With isolated tips, it is also
possible to operate an STM within liquid environment,82-84 but a large group of materials
is not accessible by STM due to missing conductivity. To access most salts or oxides, a
different probing interaction is necessary that is not reliant on electric current. This

leads to another branch of SPM, the atomic force microscopy.




2.1.2. Atowmic ForRCE MicroscorY (AFM)

The first atomic force microscope (AFM) was developed only three years after the STM
in 1985 by Gerd Binnig, Calvin Quate und Christoph Gerber.8> In contrast to STM, the
concept bases on the measurement of a vertical dislocation of a cantilever with a sharp
tip at the front (instead of only a tip that is brought close or in contact to a sample).
Forces between tip and sample bend the cantilever or influence its vibrational proper-
ties, what can be measured and used to obtain an image. Multiple attractive and repul-
sive forces contribute to the overall force-distance relation, ranging from electrostatic,
magnetic, van-der-Waals, and capillary forces to quantum mechanical effects, as Pauli
repulsion or the Casimir effect.’4+76 Additionally, those forces often have short- and long-
range components. A correct theoretical description including all these forces would be
very complex. Therefore, a model system is employed. In most cases, the Lennard-Jones

potential is used,”>

with Ue as the potential minimum, r as the atomic distance and ro as the distance when
U(r) equals zero (Figure 2). It offers good results with an attractive part of (ro/r)¢ and a
repulsive component of (ro/r)12. However, this is an empirical description and the actual

force-distance relation slightly varies between different substrate-tip combinations.

Figure 2: Graphical depiction of the Lennard-Jones Potential.




The classification of AFM modes is not very strict and often terms are used synonymous-
ly. AFM is distinguished into static and dynamic, or into contact and noncontact. The dif-
ference between dynamic and static techniques is whether the cantilever is stimulated
to vibrate or not. For example, the non-contact AFM (NC-AFM) refers to a dynamic mode
in the long-range regime of the forces where the shape of tip and sample mostly remain
unchanged during measurement. For all dynamic modes, the cantilever is stimulated to
vibrate, usually at or near its resonance frequency, and regulated via a feedback cycle.
Forces on the cantilever will shift the eigenfrequency of the cantilever and therefore
change the resonance amplitude and the phase shift of the regulation. One of these pa-
rameters is fed back into the feedback loop and the regulation parameter is adjusted.
The parameters, which are used for regulation define the measuring mode. For example,
in case of a frequency modulated AFM (FM-AFM) the shift in the resonance frequency is
detected and the height of the tip is re-regulated in a way, that the frequency shift Af re-

mains at a constant pre-set value.

While the first concept of Binnig, Quate and Gerber used an STM to determine the dislo-
cation of the AFM cantilever, the most common method today is the beam deflection ap-
proach, where a laser is reflected from the backside of the cantilever. Forces on the tip
bend the cantilever, the laser reflection is deflected, and finally detected at a segmented
photodiode.8¢ With four-segmented photodiodes not only the vertical, but also the hori-
zontal dislocation, and therefore shear forces, can be measured. Another option to
measure the dislocation of the cantilever is the Q-Plus approach developed by Franz
Giessibl.87 It combines the high precision of piezo actuators with the high vibrational
stability of a quartz tuning fork. Q-Plus sensors can achieve high resolutions, especially
at low temperatures in UHV and often allow for performing AFM and STM simultaneous-
ly.88 Q-Plus sensors have typically very high quality factors (Q-factors). This Q-factor is
one of the main characteristics of a cantilever. It has higher values with lower energy

loss per oscillation cycle what strongly benefits stability and resolution.”4 87




2.2. MATERIALS

2.2.1. SINGLE CRYSTALLINE SURFACES

Surface science works best in extremely well-defined conditions. Investigated surfaces
are therefore often single crystalline substrates with a defined crystallographic orienta-
tion. The face centered cubic (fcc) (Figure 3 a) and the hexagonal close packing (hcp)
crystal structures are the two structures with the closest possible packing density for
identical spheres. They differ in the stacking sequence of planes; stacking in A-B-A fash-
ion yields an hcp lattice and A-B-C forms an fcc lattice. Crystalline materials have a de-
fined geometry and the structure of an interface highly depends on the angle of the sur-
face plane relative to the crystallographic main directions. This orientation or structure
of a crystallographic surface is described by Miller indices, in brackets. For fcc crystals,
the (111) surface (Figure 3 b) is an especially stable surface. It has a hexagonal structure
with high symmetry vectors in <110> directions. However, single crystalline surfaces
are never perfectly flat or defect free. Slight variations in roughness or angular aberra-
tion lead to abrupt step edges between terraces of highly crystalline surface. Step edges,
defects, contaminations or special points in reconstructions (like the corners in the her-
ringbone structure of the Au(111) 22xV3 reconstruction; discussed below), are often

preferential adsorption sites and sometimes even catalytically active.

The 22x+/3 Herringbone Reconstruction of Au(111)

Reconstructions on a crystalline surface are formed if a rearrangement of the surface is
energetically favored over the structure of the bulk crystal. This leads to different sur-
face unit cells and therefore a reconstruction is described via length multiplicators of the
base unit cells vectors. Examples are the 7x7 reconstruction of Si(111) or the 22xV'3 re-
construction of Au(111).8° The Au(111) reconstruction (Figure 3 d) origins from a one
dimensional compression of the generally hexagonal surface. This leads to a surface
structure that alternates between fcc- or hcp-like regions of the topmost layer relative to
lower layers. This results in a double-striped appearance that alternates its orientation
between the three available high symmetry directions of the substrate and creates a
herringbone like appearance. This reconstruction is well visible in AFM and STM and

allows for easy determination of the crystallographic directions.
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Figure 3: Overview on the face-centered cubic (fcc) crystal structure and the relation to the
Au(111) surface reconstruction. a) Unit cell for fcc crystals. The blue triangle highlights a
(111) plane with the edges corresponding to high symmetry vectors. Specific distances are
drawn with colored lines and the corresponding relation to the lattice constant is present-
ed below. b) Top view of a (111) plane with highlighted surface unit cell. c) Side view of a
(111) plane including a step edge. d) Vertical cut of a Au(111) surface. The 22X\/3 recon-
struction origins from 23 atoms in the top layer being compressed to 22 lattice spacings.
The resulting mismatch forms stripe pairs that alternate between the three high symmetry
directions and form a herringbone like appearance. e) STM image of a Au(111) surface.
U=0.7 V, [=0.5 nA.




Hexagonal Boron Nitride (h-BN) on Rhodium (111)

Hexagonal boron nitride (h-BN) is one of the crystal structures of boron nitride. It is an
analogue to graphite with an alternating pattern of boron and nitrogen atoms. Just like
graphite, it is composed of single sheets. Analogously to graphene, h-BN can be grown as
a 2D sheet on a templating substrate, for example, from borazine via chemical vapor
deposition (CVD).?9-92 [n most cases, the lattice constants of the substrate and the 2D
structure on top are not identical. This lattice mismatch results in a Moiré pattern. On
large scales this mismatch would cause tension, which is corrected by vertical corruga-
tion effects. The resulting surface offers a vertical structuring depending on the combi-
nation of substrate and 2D material.?3 In the case of h-BN on Rh(111), the Moiré pattern
is a honeycomb like pattern with so called pores, where the h-BN sheet is close to the
substrate. The rims of these pores, with a larger distance to the substrate, are referred to
as wires. For h-BN on Rh(111), the transition between pore and wire is especially abrupt
and offers a high energy barrier. For this reason, this Moiré structure can be used as a
template for the growth of nanostructured materials like nanoclusters with narrow size

distribution.94-99

2.2.2. lTonic LiQuips (ILS)

lonic liquids (ILs) are salts with a very low melting point, per definition below 100°C,
and a very low vapor pressure.100-103 Often their melting point is even below room tem-
perature. The low vapor pressure makes ILs vacuum stable and allows for the usage in
liquid phase under vacuum conditions. These properties are achieved by the selection of
ion combinations with strong steric hindrance to reduce the lattice energy. ILs are highly
tunable by the selection of different anion-cation combinations.1- 25-26, 104 Typjcal cations
are imidazolium, pyridinium or pyrrolidinium based ions, usually with one longer alkyl
substituent and one methane group. Other typical cations are quaternary ammonium or
phosphonium ions. Typical anions are fluorinated borane, phosphane, or
methanesulfonate derivatives, or simply halogenides. Figure 4 shows an overview for
common ILs. The alkyl chains can further be functionalized in various ways to tailor spe-
cific properties, for example fluorinating the alkyl chains to enrich them at the

[L-surface.105

10
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2.3. DETAILS ON THE INSTRUMENT

The measurements shown in this thesis are performed in an STM and AFM machine with
Q+ option from Scienta Omicron intended for variable temperatures between 90 and
500 K (VT-AFM-Q+-XA). It is a two-chamber UHV setup containing the analysis chamber
with the microscope, the preparation chamber equipped with LEED, manipulator, multi-
ple flanges for supplemental devices, and a Load Lock (LL; or Fast Entry Lock: FEL) with
separate pumping (see Figure 5). The machine also involves a UHV suitcase for inter-
chamber transfer of samples. Further components are an electronics rack with room for
additional controllers, and a desktop workspace including the MATRIX electronics and a
preinstalled computer. The machine was delivered and initialized 2016/2017. The gen-
eral machine is described in the manual “PN00659_System_Manual_143725” and the
microscope itself in “PN05015 VT AFM XA QPlus V4.3.1”. The instrument was later mod-

ified in several points and equipped with additional devices.
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Figure 5: Schematic drawing of the chamber including connected devices and valve setup.
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2.3.1. MODIFICATIONS FROM FACTORY STATE

Thermocouples of Manipulator and Sample

In the factory state, one thermocouple (type K) was placed on the manipulator and one
at the cooling reservoir of the manipulator. The temperature of the cooling reservoir is
of minor importance for our research. Therefore, the thermocouple at the cooling reser-
voir was removed and a setup for temperature measurement directly on the sample was
constructed instead. It involves a special setup on the sample holder that is described in
Chapter 2.3.3. The contact between sample and manipulator is made by two pins on the
sample, which are pushed into two springs at the side of the manipulator. The design
took inspiration from the DASSA chamber (an angle resolved XPS machine at our chair
that is designed for liquid samples).10¢ The construction of both chambers is very simi-
lar; however, the manipulators of each system have different dimensions (i.e., all metal-
lic parts of the sample temperature reading are different). In contrast, the ceramic part
is identical and interchangeable. The STM/AFM chamber has one K-type thermocouple,
and not both K-type and C-type as used in DASSA. Samples are fully interchangeable be-
tween both chambers. Making use of the UHV suitcase, samples can be interchanged un-

der UHV conditions. Technical drawings are provided in the appendix (Figures A1-A5).

Security Switches and Manipulator Z-Drive

The z-Drive of the manipulator is the central function for exchanging samples between
analysis chamber, preparation chamber, load lock and UHV suitcase. In the factory state,
it was moved via a small crank utilized by hand. A drilling machine was mounted in-
stead, and the maximum rotational speed was decreased via the power supply. To re-
duce the risk of crashes between manipulator and gate valve, or manipulator and sample
lift, security switches and a slider were mounted at the manipulator, gate valve, and at
the microbalance. The switches were set up to power the drilling machine only if the
manipulator is in a safe position, and give an acoustical warning if not (Figure 6). Tech-

nical drawings are provided in the appendix (Figures A6-A7).

13
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Figure 6: Wiring diagram of the security switches for the manipulator z-drive and sche-
matic drawing of the manipulator. If the manipulator is moved into a non-allowed state
(depicted by green and red switches), the power of the z-drive motor is cut, and an acoustic
warning is played. This prevents accidental collisions in the machine.

Load Lock

The factory state of the Load Lock (LL) did not offer the option to shut off the pumping
without venting the LL. Therefore, a gate valve and a pressure reading were installed, to
allow for closing the connection to the pumps while under vacuum but still have a pres-
sure display. Furthermore, a corrugated tube connection with valves on both sides was
installed to allow for pumping and baking two evaporators independently from the main
chamber (organic and IL evaporator; see Chapter 2.3.2). In addition, a T-pipe with two
valves was added at the connection between the roughening pump and the turbopump
(see Figure 5). In this way, one pumping line leads towards the LL turbopump and an-
other one leads towards gas lines and dosage valve. With these modifications, gas lines
and gas handling system can be evacuated after an exchange of a gas bottle or if required
experimentally (see Chapter 2.3.2). Careful utilization is required to not accidently vent

the LL turbopump from behind or even the chambers.

Cable Switch for Q+/AFM

The change between AFM and Q+ measurement mode requires the switching of one
plug, namely “Fn” (AFM) or "w-out” (Q+) into Fn-IN, in the back of the MATRIX electron-
ics. This step was simplified by building a cable extension and a small box with all three

plugs that is placed on the desk. The plug can now be changed there.
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2.3.2. ADDITIONAL EQUIPMENT

The machine was equipped with additional devices that allow for a versatile set of pos-
sible experiments. Details on the single devices can be found in the respective manuals.
This chapter aims to highlight mutual complementation and experimental limits that

originate from the overall setup.

LEED/Auger

The LEED/Auger (Scienta Omicron SPECTALEED with LaBe filament) was included in
the factory state of the machine. However, since it is not covered in the main manual of
the device, it is mentioned here. The Auger spectroscopy option is built on top of the
LEED function and requires both, the Auger- and the LEED-software, to run. While not in
use, the LEED screen is covered with a shutter and is retracted. The screen can be dam-

aged by acetone, so for maintenance in the camber, only isopropanol should be used.

Mass Spectrometer

The machine has a Pfeiffer Vacuum (QMA 200, QME 220, QMG 220) quadrupole mass
spectrometer (QMS) in the preparation chamber. It covers a range from 0 to 100 atomic
units and a pressure up to 1x10-% mbar. Until now, it is mainly used for helium leak tests,
comparison of background spectra and for identification of impurities in the gas lines.
Due to the geometry of the evaporator and QCM flanges, evaporated substances cannot
be detected in line of sight by the QCM. It has a distance to the sample of about 15 cm, so
TPD would be possible, but the setup is not optimal.

Gas Dosing and Ion Sources

The system is equipped with an ion source for sputtering, an atomic hydrogen source
and a dosage valve (Agilent Technologies 9515106) for variable dosing of gases or lig-
uids (see Figure 5). All three devices are connected to an individual gas line and valve

setup that uses Linde Minicans (or equivalents, e.g. Air Liquide). The dosage valve is
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equipped with a glass vessel that allows for dosing of liquid precursors (as long as the
vapor pressure of the liquid is sufficiently high). All gas lines can be pumped via the load
lock pumping setup. The SPECS (IQE 11/35) sputter gun is used with Ar. Due to its posi-
tioning, opposing the organic and IL evaporators, it is prone to contamination and re-
quires extensive degassing from time to time. The hydrogen source (Focus EFM H) is

capable of splitting Hz. It shares the electronics with the metal evaporator.

Evaporators

The machine is equipped with evaporators for metals and organic substances (e.g. por-
phyrins), and a specialized evaporator for ionic liquids (see Figure 5). Both the organic
and the IL evaporator can be refilled without venting the preparation chamber. When
performing organic or ionic liquid evaporation, the deposition dose can be determined

with a quartz crystal microbalance.

The Organic Evaporator is a OmniVac (EV300) four-fold evaporator that allows for
evaporation temperatures up to 720 °C (993 K). The shutter was modified (holes for

simultaneous evaporation are blocked with Ta foil) to inhibit unintended contamination.

The IL evaporator was developed in our group especially for evaporation of ILs. It is
based on a Tectra KC3-BODY with individualized head. Details on the construction are
available elsewhere.57. 107 Due to the special properties of ILs, it does not possess a shut-
ter. The deposition is started and stopped by moving the sample (via the manipulator)
out of or behind a shutter that is mounted on the microbalance. Then the evaporator is
retracted and the gate valve is closed. The IL evaporator uses the electronics of the or-

ganic evaporator.

The quartz crystal microbalance (QCM) is from Prevac (Quartz balance, TM13, TMC13).
Both the organic and the IL evaporation dose can be measured with the QCM. It is not
possible to position the QCM at the position of the sample, even with fully retracted ma-
nipulator. Instead, it is positioned in the evaporation cone of the respective evaporator
(besides the sample). Therefore, it can measure a signal that is proportional to the de-
posited amount on the substrate. However, this is not an absolute thickness and needs
regular calibration for each substance. At the backside of the QCM, a shutter with a

10x20 mm? hole is mounted to reduce the amount of contamination deposited on devic-

16



es in the background of the manipulator (LEED, H-source, sputter gun), and to have a
clear transition of free and blocked line of sight between evaporator and sample. It
would be possible to install water cooling to the QCM; however, this was not required

until now.

The metal evaporator is a Focus (EFM 3T) three-fold evaporator that utilizes metal rods
of 40 mm length. It is mounted upside down at the top of the chamber. This is beneficial
for soft metals as Cu, because in this way they are less likely to bend when heated. The

metal evaporator shares the electronics controller with the hydrogen source.

2.3.3. SAMPLE MOUNTING

The sample plates are standard Scienta Omicron sample plates that are modified for dif-
ferent purposes. The sample setup allows for inter chamber transfer, most importantly,
between STM/AFM and DASSA (an angle resolved XPS machine designed for liquids),106
but also for other machines that use the Scienta Omicron sample plate design. The tem-
perature reading of the samples was designed to be compatible with DASSA, which uses
a 4-pin setup with C- and K-type thermocouples (also see Chapter 2.3.1). A C-type is not
necessary for STM/AFM and therefore spared out. Samples from DASSA with all four
connections also fit in the STM/AFM. Figure 7 shows a mounted Cu(111) single crystal
(left) and a Rh(111) single crystal during annealing (right).

The temperature reading on the samples is achieved by mounting a boron nitride ce-
ramic with threads at the backside of the sample (see Figure 7). Two screws made from
type-K alloy are screwed into the ceramic and serve as connection pins to springs at the
manipulator. Wires (type-K) connect to the point where the temperature is meant to be
measured. In case of the single crystals used for this thesis, the wire connects into two
holes in the crystal itself. Screws, ceramic and sample plate blanks are interchangeable

between STM/AFM and DASSA.

The single crystals were bought from MaTeck and are cylindrical (height 2.0 mm, diame-
ter 8.5 mm, purity 99,9999%, roughness <0.01 um, alignment < 0,1°), with two notches
at the side and two holes (0.3 mm) at the front. They are strapped to the sample plate by
two strips of Ta foil. With this setup, the highest protruding part of the sample is the sur-
face of the crystal. This prevents contaminations to be deposited on the sample during

sputtering.
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Another type of sample holder is the resistive heating sample holder. It does not offer
direct temperature reading. Samples as Si can reach much higher temperatures with

direct heating; however, it is only suitable for low conductive samples.

Figure 7: Cu(111) single crystal (left) mounted on the sample plate, with thermocouple
connections at the bottom and Rh(111) single crystal (right) during annealing on the ma-
nipulator at Ts = 1300 K.

2.3.4. RANGE AND LIMITS OF OPERATION CONDITIONS

The instrument has several hard and soft limitations and operation ranges. Limitations,
standard parameter, and examples of preparations are summarized in Table Al in the

appendix.

Pressure Ranges

The instrument consists of several devices that can be damaged by sudden pressure
changes or utilization in the wrong pressure regime. Both, the preparation and the
analysis chamber are secured by an interlock, that is set to 8¢10-> mbar and 1¢10-7 mbar.
High pressures and pressure spikes will often not destroy parts, but rather contribute to
the aging of running filaments. Therefore, the pressure is a soft limit, and it is sometimes
acceptable to trespass it to some extent. One important exception is the microscope it-

self. Additional to operation in UHYV, it is possible to operate the STM (not AFM) outside
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of the chamber in ambient conditions for testing. However, the operation of the coarse
motor in the pressure regime in between UHV and ambient (10*! to 10-3 mbar) is dan-
gerous due to the possibility of corona discharges. This will manifest itself in the coarse

motor controller displaying an overload error message.

Temperature Ranges

Temperature is the most versatile parameter since several components and conditions
are counter influencing the limits here. The sample stage in the microscope can be heat-
ed up to 500 K. If the connection of the cooling shroud inside the chamber would be
dismounted, it could be heated higher. Upon cooling via the bath cryostat, the tempera-
ture plateaus around 110 K. If evacuated subsequently, the nitrogen freezes and the
temperature equalizes around 90 K. The base temperature is then stable for 9-13 hours,
slightly depending on the sample being counter-heated or not. If the bath cryostat runs
empty, the temperature rises with 10-20 K/h. During this time, the bath cryostat is
prone to blocking by frozen water vapor. An effective method to prevent this is to put

the exhaust tube into a 10 | nitrogen Dewar, effectively creating a cryo trap.

The manipulator offers two heating methods. The first is the electron bombardment
heating “E beam heating”. It can reach a manipulator temperature (Tm) of 630 K, what
equals around 900 K sample temperature (Ts) without external cooling, and Tm = 960 K
(Ts = 1400 K) if the manipulator is simultaneously cooled via liquid nitrogen (see text
below). The reachable temperature is limited due to the copper parts of the manipulator.
The highest sample temperature, reached without exceeding the manipulator limit, is
achieved by applying strong cooling and fast heating with high emission currents. The
maximum temperature (around 1400 K) is only achievable with an acceleration voltage
of -600 V. At this voltage, often visible arc discharges appear at the manipulator, espe-
cially, if it was not used at this condition for a longer period. This often originates from
thin metal deposits created by sputtering. This is not necessarily a problem and often
disappears upon repeated heating. Figure 8 shows the correlation between Tm and Ts,
however, the achieved temperature strongly depends on heating parameters like accel-

eration voltage, emission current or the N2 pressure upon counter cooling.
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Figure 8: Rough correlation between manipulator temperature (Tm) and sample tempera-
ture (Ts). Above Tm = 630 K, counter cooling must be applied. The formulars in the top left
corner give an estimate of the correlation upon cooling (blue) and heating (red). However,
the achieved temperature strongly depends on the applied heating or cooling parameters.

The second method, the direct heating of samples like a Si wafer, is rather unproblemat-
ic. The current flows directly through the sample and heats it resistively. This means the
limit is the highest temperature that does not damage the sample. However, it is solely
applicable to samples with a significantly higher resistance than manipulator and con-

nector cables, to avoid heating these instead.

The manipulator is cooled by a copper cooling shroud that is submerged in liquid nitro-
gen. A steady stream of gaseous nitrogen from the gas line liquefies inside and flows into
the cooling reservoir at the manipulator. The lowest achievable temperature is depend-
ent on the pressure of the gas line. At 2.0 bar (the limit given in the manual) a minimum
temperature around 140 K can be achieved. Higher pressures and therefore stronger
cooling were possible, but this bears a significant risk. It is recommended to observe the
chamber pressure during cooling and, if necessary, re-tighten the inner screws of the

cooling shroud inside the manipulator.
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2.4. SAMPLE PREPARATION

This chapter summarizes the preparation and evaluation methods used for the data con-
tained in this thesis. In addition, information that is helpful for future utilization of the
machine is presented. The parameters and values are often highly specific to the ma-
chine on hand, redundant, given in ranges, or contain information that is beyond the
data discussed in this thesis. The intention on this is to allow for the identification of
future changes on individual parts or to have comparative values for starting new pro-
jects. For precise and concise details on the data the interested reader is referred to the

respective publications.

2.4.1. CLEANING PROCEDURES FOR SINGLE CRYSTALLINE SUBSTRATES

Most cleaning approaches in UHV involve sputtering and annealing. Sputtering is the
acceleration of heavy ions by an applied potential to a target surface. The ions will col-
lide with the surface and the impact depletes material from the surface. On the opposing
side of the target, the material will be deposited, so sputtering can be applied for clean-
ing, or as deposition technique. If the target is the sample, it will be cleaned. If the target
is the deposition material and the sample is positioned accordingly, material is ablated
from the target and deposited on the sample. If a single crystal was sputter-cleaned, the
surface is rough afterwards. To create a flat and crystalline surface, the substrate must
be annealed high enough that the surface can rearrange. This is typically a few hundred
degrees below the melting point. A good overview on preparation conditions for numer-

ous substrates can be found elsewere.108

Cleaning of Au(111), Ag(111) and Cu(111)

All single crystals were cleaned via Ar* sputtering at a pressure of 5 x 10-> mbar, 1 kV
acceleration voltage, 10 mA emission current and a sputter current of 10-30 pA. For
smoothing the surface, the Au(111), Ag(111), and Cu(111) single crystals were annealed
for 10 min at a maximum sample temperature (Ts) of 800-900 K, which equals a manip-
ulator temperature (Tm) of 630 K. This is also the highest temperature that should be

applied without additional cooling. A description of the temperature readings is given in
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Chapter 2.3.1. The heating was performed on the manipulator via electron bombard-
ment, with a filament current (Iri) of 1.70 to 1.95 A, an acceleration voltage (U) of -450 V

and an emission current (Iem) of 30-50 mA.

Preparation of Rh(111)

The Rh(111) single crystal was sputtered as described above. For initial preparations,
the surface was oxidized and reduced: first, for 10 min in Oz at a pressure of 2 x 106
mbar at Ts = 800 K (Tm = 600 K); subsequently, for 10 min in Hz at a pressure of 1 x 10-6
mbar at Ts = 500 K (Tm = 400 K). For all preparations, the Rh(111) was annealed after-
wards for 10 min to Ts = 1300-1400 K (Tm = 960 K, crystal glows orange) with Iri at
1.80-2.00 A, with a U of -600 V, and Iem of 80-100 mA. At this temperature, counter cool-
ing of the manipulator is necessary with a N2 pressure in the cooling shroud of

1.5-1.7 bar.

Resistive Heating

The machine also offers an option for resistive heating (or direct heating) for samples
with low resistance (like Si wafers). For using this option, the cable at the manipulator

must be switched and the correct sample holder must be used.

2.4.2. DEPOSITION TECHNIQUES

Surface science knows various techniques for the preparation of thin films on surfaces.
For vacuum applications, often vapor deposition is deployed due to high purity of depos-
ited films with high precision and often relatively small effort. In the scope of this thesis,
physical vapor deposition (PVD) and chemical vapor deposition (CVD) are most rele-

vant; a complete overview can be found elsewhere.109

Deposition of Ionic Liquid (PVD)

The ionic liquid used in this thesis, [C1C1Im][Tf2N], was synthesized in ultraclean condi-

tions as described in a previous publication.}19 The IL was deposited from an effusion
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cell that was developed in our group especially for IL deposition. Deposition took place
at a temperature (of the crucible with the IL) between 373 and 383 K, a filament current
of 1.26 A, a voltage of 8.5 V and with water cooling.>7- 197 [t was deposited on a substrate
that was either cooled (in most cases below 170 K) or held at RT. During the deposition,
a quartz crystal microbalance (QCM) was positioned in the evaporation cone of the
evaporator. With the assumption that the IL sticks to the surface, this allows for a direct
correlation of the signal on the QCM to the substrate coverage. The QCM was calibrated
via coverage determination of layers on the surface, which yields a correlation between
the QCM signal and the absolute deposition dose. An example for such a calibration is

shown in Figure 9 (c.f. Chapter 3.1.2).
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Figure 9: Calibration of the QCM. The microbalance is positioned close to the substrate dur-
ing deposition. This allows for the correlation of the measured signal on the microbalance
to the relative amount that was deposited. If the deposited substance grows in layers on the
substrate, the QCM signal can be converted into a dose equivalent of one layer. Original
image from [P2].

Deposition of Organic Molecules (PVD)

While the organic evaporator was not employed for the acquisition of the data for this
thesis, it was used during the testing and establishment phase of the machine. As an ex-
ample, 2H-tetraphenylporphyrin (2H-TPP), a commonly used porphyrin, was deposited
on Au(111) for test purposes (Figure 10). The evaporation of porphyrins is achieved
with 5-20 min at 640-700 K, a filament current of 1.4-1.7 A, a voltage of 2.7-3.0 V, and
applied water cooling. Analog to the IL evaporation, the QCM can be used to determine

surface coverage of the organic material during deposition.
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Figure 10: STM image of a densely packed layer of ZHTPP on Au(111). U=0.4 V, [=0.15 nA.

CVD of h-BN (CVD)

For Chapter 3.2 [P4], hexagonal boron nitride (h-BN) was grown on Rh(111) via chemi-
cal vapor deposition (CVD) from borazine directly after the cleaning process described
above. Each time, prior to the deposition borazine was degassed in an UHV suitable glass
vessel directly at the chamber via several freeze-pump-thaw cycles with liquid nitrogen
until no visible bubbles developed upon thawing. Subsequently, h-BN was grown at a
borazine pressure of 2 x 10-8 mbar and Ts at 1050 K (Tm = 750 K) for 30 min.?? Thereaf-
ter, the dosage valve was closed and the surface was annealed for additional 5 min be-

fore cooling down to avoid adsorption from the gas phase.

Metal Deposition (PVD)

Metals can be deposited from the three-fold metal evaporator. It works by selectively
heating the tip of a metal rod via electron bombardment. For Chapter 3.2 [P4], Pt was
deposited on h-BN/Rh(111). Before Pt deposition, the manipulator was allowed to cool
down and the background pressure was given time to normalize. After this, the crystal
was shortly annealed to Ts = 800 K (Tm = 600 K) for 10 min to desorb CO that adsorbed
on the surface during that time. Pt was deposited from an electron beam evaporator at a
filament current of 2.0-2.3 A, a voltage of 1 kV, an emission current of 11 mA, and a flux
of 8 nA. The dose was controlled via the deposition time (often 5 min). For the so-called
wedge deposition (see Chapter 3.2) the manipulator was gradually moved into the dep-
osition range of the evaporator by 0.1 mm every 3 s. This created a wedge-shaped in-

crease in coverage from one side of the crystal to the other.
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2.4.3. DATA ACQUISITION, CORRECTION AND EVALUATION

Raw images in microscopy and other image processing science branches rarely offer
direct insights into all the information that is contained in an image. Sparingly applied
processing that corrects existing artifacts, errors, or just facilitates the observation of
features while not falsifying the information is often required. It strongly depends on the
scientific statement that is meant to be extracted from the data and image corrections

that are good for one measurement type can be problematic for another.

Typical Image Processing

In all cases, the images were treated and evaluated with WSxM software.111 Typical im-
age processing involved background subtraction and contrast/brightness adjustment. In
some cases, single line scans with obvious errors (spikes) were removed or cut out.
Videos often received a digital drift correction. Area determinations were carried out via
the flooding function of the software, with threshold values extracted from a height his-
togram of the respective image. Fourier transformations were derived from cuts of sin-

gle domains on single images.

Common Artifacts or Errors and how they are Approached

In SPM, common artifacts are thermal drift, piezo creep, curvature of the image, vibra-
tions, or spontaneous changes in the tip geometry due to attachment or deattachment of
molecules. This section gives an overview of some that have been relevant in past exper-

iments.

Thermal drift, i.e., constant movement of the scan area, can be tackled by active drift cor-
rection during the measurement, which is approximated to the drift over a few images of
the same region. A similar correction is also possible in the post processing. However,
images taken with a drift on the sample will be distorted. They can either be
stretched/compressed along the slow scan direction, warped in the fast scan direction,
or both. Distortions like this can be corrected in the image processing. However, without
known orientation points, measurements of molecular distances and angles are subject

to a relevant error. Drift correction will become better with time. While recording videos
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(e.g., for the investigation of molecular movement), it is ideal to use the drift correction

to stabilize the sample position.

A tilted image plane is common and origins from slight tilt in the sample construction. A
curved image plane is often caused by the piezo actuators. A tilt or a curvature in the
image plane can be corrected by background subtraction. If working on single crystalline

surfaces, single terraces can act as reference for a perfectly 2D plane.

Vibrations of mechanical or electronic origin arise as uniform stripes that stretch out
over the entire image in the same direction for a constant vibration and in uniformly
curved stripes for changing vibrations. Such vibrations can be corrected with a fourier
filter, however periodic structures in the same magnitude will receive a strong bias. Ide-
ally, the origin of a vibration is identified and suppressed instead. Often, it is more advis-

able to leave a vibrational artifact in the images instead of filtering it out.

The tip itself can also be subject to problems. Attachment or deattachment of molecules
can create spikes in the image or cause a contact loss in AFM. Furthermore, edge effects
broaden protruding features (this always occurs to some extent). With a very blunt tip,
this leads to blurred images. A double tip, that is a tip with two most protruding parts
instead of one, can create a duplication of all features on the image that are all displaced
in the same direction. In all these cases, the tip can be reshaped by voltage pulses or (in

case of soft substrates like gold) via intended crashes into the surface.
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3. RESULTS

The solid liquid interface between ionic liquids and metal surfaces is of crucial im-
portance for the optimization and tailoring of SCILL systems. This work focuses on the
understanding of such interfaces on a molecular level and in real space. There have been
several studies concerning this issue, but only very few microscopic studies in clean
UHV environment were available. To our knowledge, these are the first UHV studies us-
ing AFM. With this work we aim to build a bridge from spectroscopic data to microscop-
ic data under ambient conditions and to connect insights from highly controlled clean

environments to more realistic conditions.

3.1. SOLID-LIQUID INTERFACE - [C1C1Im][Tf2N] oN Au(111)

The central topic of this thesis is to gather real space information on a molecular level on
the growth, arrangement, and rearrangement of the IL-metal interface by applying
scanning probe techniques. Since SPM was rarely applied before in this field, one
of the first questions is which methods, specifically AFM or STM, are suited best for
what types of measurements, and what are the commonalities and limitations. Further-
more, we aim to understand the general behavior of the IL-metal interface. To do this
and to be able to compare results, we always investigated the same model system of
1,3-dimethylimidazolium  bis[(trifluoromethyl)sulfonyl]imide ([CiCiIlm][Tf2N]) on
Au(111) at multiple conditions and compared the results with corresponding spectro-
scopic data, mainly from XPS. We chose a very simple representative of a commonly
used class of ionic liquids, imidazolium salts with [TfoN]- as anion. The cation,
1,3-dimethylimidazolium ([C1Cilm]*) is an imidazolium ion without a long alkane chain,
but two methyl groups. This creates a high symmetry, reducing many difficulties in the
interpretation of molecular structures. The substrate was chosen for similar reasons.
The Au(111) surface is not only inert, but it also features a unique herringbone recon-
struction that enables the determination of crystal directions without atomic resolution

and often even with a few layers of adsorbants.
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3.1.1. MOLECULAR STRUCTURE OF THE WETTING LAYER [P1]

The aim of our first microscopic study on this system is to compare spectroscopic and
microscopic data, elucidate differences and advantages between STM and AFM, as well
as to gather fundamental information on the adsorption behavior of ILs on metallic sur-
faces.112 [nitially, we prepare an IL film by depositing a large amount of [C1Cilm][Tf2N]
on Au(111), followed by thermal desorption of all IL that is not incorporated in the first
layer. As a result, only a densely packed film remains. For ILs, this film is typically de-
scribed as the wetting layer (WL) and often cations and anions are adsorbed besides
each other, both in contact to the substrate. This arrangement is referred to as checker-
board configuration. Due to the usually stronger adsorption (and several other aspects
that will be discussed in detail in the following chapters), the WL must be differentiated
from layers on top, so called multilayers. These describe preparations with more ionic
liquid present as required for the formation of the WL. By controlling the deposited
amount one can create a partially covered surface that is then described in fractions of

one complete WL. Such sub-WL films were analyzed with STM and AFM.

Primitive Order of the Wetting Layer

The first observation for the wetting layer is that it consists of large domains with a
highly crystalline order. This order prevails even at room temperature (RT) and is ob-
served with both STM and AFM (Figure 11 e,f). Remarkably, on large scaled images it is
even possible to observe domains of IL with AFM up to 30-50 K above the melting point
of bulk [C1C1Im][Tf2N] around RT. The highest temperature known to us at which a crys-
talline ordering was identified with STM was 240 K for [C2C1Im][Tf2N] on Au(111).46

The crystalline order of the wetting layer is investigated in more detail by probing the IL
films at low temperatures. With less thermal motion it is possible to resolve single mole-
cules, appearing as oval protrusions. Interestingly, although the IL is composed of two
ions, we only find one type of protrusions in both AFM and STM independent on applied
voltage bias in STM or polarization of the AFM tip or other measurement conditions.
Considering previous publications on similar systems, we interpret these protrusions as
[Tf2N]- anions while the [C1Cilm]* cations (that are lying flat on the substrate as known

from XPS)48 are not resolved due to their smaller height compared to Tf2N-. Further-
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more, we do not observe an amorphous phase that was found with STM for other ILs
and substrates.46: 49,113 The reason for this difference is likely the high symmetry of the

C1C1Im* cation.

Figure 11: STM (left) and AFM (right) images of sub wetting layer coverages of
[C1C1Im][TfzN] on Au(111), measured at 300 K. The IL (coverage in WL) is deposited be-
tween ~170 and 322 K and the sample was annealed prior to the imaging. Dots (a, b) mark
free Au(111) (yellow) and wetting layer covered (green) surface. The primitive unit cell of
the wetting layer is highlighted in green (e, f). Coverage, annealing temperature, and imag-
ing parameter: a) 0.5 WL, 322 K, -1.2 V, 300 pA; b) 0.75 WL, 300 K, -300 Hz; c) 1.0 WL, 379
K -1.2V,300 pA; d) 0.75 WL, 300 K, -400 Hz; e) 1.0 WL, 376 K, -1.2 V, 80 pA; f) 0.5 WL, 300
K, -200 Hz. Original image from [P1].

Orientational Superstructures at Low Temperature

While at RT only a hexagonal structure of the IL film is observable, one can find two dif-
ferent phases at low temperatures; see Figures 12 and 13. Fourier transformations of
those phases reveal two different superstructures, a (2x1) superstructure for the
S phase (striped) and a (vV3xV3)R30° superstructure for the H phase (hexagonal); see
Figure 14. The difference in those three (RT, H and S) originates from the orientations of

the molecules. While the H phase is formed by three molecules per unit cell, which are
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rotated towards each other by 60°, the S phase consists of double rows in an A-B pattern
with only two molecules per unit cell. Thus, there are only two orientations. Both low
temperature phases appear to be congruently arranged to the <110> axes of the
Au(111) substrate, resulting in six orientations for the S and two for the H phase. Re-
markably all three phases (RT, H, and S) exhibit nearly the same, primitive lattice for the
molecular positions. We believe that at RT the molecules are mobile on the timescale of
STM/AFM and rotate faster than we can resolve them. Therefore, roundish protrusions

arise and an orientational superstructure is absent at RT.
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Figure 12: STM (left) and AFM (right) images of sub wetting layer coverages of
[C1C1Im][Tf2N] on Au(111), measured at 110 K, after annealing and cooling. Dots in the
large-scale images (a, b) highlight free Au(111) surface (yellow) and extended wetting lay-
er islands (green). White arrows mark some small IL islands at the elbows of the Au(111)
22x\/ 3 reconstruction. The medium-scale images (c, d) show the two distinct phases of the
wetting layer, marked with “S” for the “striped” and “H” for the “hexagonal” phase. Yellow
lines highlight the stripe directions of the S phase; in addition, the unit cells of the orienta-
tional superstructures (H: blue, S: red) and the primitive unit cell (green) are shown. The
<110~ directions are shown in the bottom right corner. Coverage, annealing temperature,
and imaging parameter: a) 0.5 WL, 295 K, -1.3 V, 300 pA; b) 0.5 WL, 381 K, -300 Hz;
c) 1.0WL,370K,-1.4V,35 pA; d) 0.5 WL, 381 K, -400 Hz. Original image from [P1].
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Figure 13: High-resolution STM (left) and AFM (right) images of sub wetting layer cover-
ages of [C1C:Im][Tf2N] on Au(111), measured at 110 K, after annealing and cooling. Yellow
lines highlight the stripe directions of the S phase. White ovals mark the orientations of
individual TfzN- ions. The unit cells of orientational superstructures (H: blue, S: red) and
primitive unit cell (green) are shown. Coverage, annealing temperature, and imaging pa-
rameter: a) 1.0 WL, 370 K, -14 V, 35 pA; b) 05 WL, 381 K -400 Hz
c) 1.O0WL,368K,-1.4V,35pA; d) 1.0 WL, 390 K, -450 Hz. Original image from [P1].

Comparison of STM and AFM

Comparing STM and AFM (Figures 11-13: STM left, AFM right), we find that STM is well
suited for recording high resolution images of the molecular arrangement of the WL at
low temperature. At RT however, AFM tends to be more stable than STM and allows for
recording larger images with less noise. Furthermore, for coverages exceeding one WL,
STM is not suitable at all for stable imaging anymore. AFM, however, still works fine.
This is most likely caused by the ionic nature of IL. Stronger interactions with the tip
inhibit STM strongly, while the imaging mechanism of AFM is barely influenced, even
with multilayered films. AFM is therefore especially suitable for multilayered systems at

elevated temperatures.
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Figure 14: Fourier transformations of single-phase images (a-c) of the three phases ob-
served with [C:1C1Im][Tf2N] on Au(111): the RT phase (a), the hexagonal phase (b) and the
striped phase (c). The reciprocal unit cells of the orientational superstructures (blue and
red) and the primitive unit cell (green) are shown in the FTs. Corresponding real space unit
cells including scaled models of [Tf2N]- ions and their orientation are depicted below (d).
The positions and orientations of the cations could not be determined and are not shown.
Source image parameter: a) 0.5 WL, 300 K, -200 Hz; b) 1.0 WL, 368K, -1.4V, 35 pA;
c) 0.25 WL, 380 K, -2.0 V, 200 pA. Original image from [P1].
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3.1.2. GROWTH AND ORDERING IN MULTILAYERED FILMS [P2]

After identifying the molecular structure of the wetting layer, the next step is to gain
knowledge about the behavior of higher coverages and the dependency on time and
temperature.114 This chapter focuses on the growth and morphology of [C1Cilm][Tfz2N]
on Au(111) with respect to the deposited coverage up to several multiples of one WL.
For this part, we only use AFM since we found it to be superior to STM in this coverage,

temperature, and resolution regime.

Determination of Coverage

The central part of the measurements in this chapter is the precise determination of the
surface coverage. By positioning a quartz crystal microbalance (QCM) next to the crystal
during the deposition of the IL we are able to correlate the surface coverage, measured
directly from AFM images, to the signal of the microbalance. With this setup, it is possi-
ble to give the exact dose of IL that is deposited on the crystal in units of one complete

wetting layer. This deposition dose is referred to as one wetting layer equivalent (WLE).

Growth Characteristics of Wetting Layer and Multilayers

Films with coverages below 1 WLE show distinctly different adsorption and annealing
behavior compared to multilayer coverages. While sub-WL coverages (Figure 15) lead to
the formation of island like structures directly after the deposition at below 170 K, cov-
erages exceeding this dose (Figure 16) tend to form a “snow-like” unordered structure.
The annealing temperatures required to observe a comparable ripening of the islands is
around 200 K in the sub-WL regime, and around 250 K for multilayer doses. Further-
more, and in contrast to sub-WL films, it is not possible to measure AFM images of the
multilayer preparations above 280 K, since the images become increasingly distorted
due to strong IL-tip interactions. These distortions prevail for multiple hours, even if the
sample is cooled back again and measurements are then performed at low temperature.
For sub-WL films however, it is possible to measure with AFM up to even 400 K without

significant technical problems.
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Figure 15: AFM images of different sub-WL coverages of [CiCiIm][Tf:N], deposited on
Au(111) at <170 K. The images were measured at 110 K (left), 200 K (middle), and 300 K
(right) and the IL doses (in WLE) for one preparation series are denoted left to the images.
The measured coverages (in WL) are denoted in the upper right corner of the 200 K imag-
es. On the right side (m-p), schematic representation of the prepared WL films, and at the
bottom (q), a rough size estimation of the ions is shown. After the deposition of low cover-
ages, small WL islands form that grow upon annealing. For higher coverages, small multi-
layer islands form on top of the WL islands (green ellipses) that decrease and eventually
vanish upon annealing. Some protrusions, likely contaminations, are indicated by arrows.
Coverage, annealing temperature, and imaging parameter: a) 0.47 WLE, 170 K, -350 Hz;
b) 0.59 WLE, 170 K, -300 Hz; c) 0.71 WLE, 200 K, -300 Hz; d) 0.94 WLE, 168 K, -300 Hz;
e) 0.47 WLE, 200 K, -300 Hz; f) 0.59 WLE, 200 K, -300 Hz; g) 0.71 WLE, 200 K, -300 Hz;
h) 0.94 WLE, 200 K, -300 Hz; i) 0.47 WLE, 300 K, -200 Hz; j) 0.59 WLE, 300 K, -500 Hz;
k) 0.71 WLE, 300 K, -300 Hz; 1) 0.94 WLE, 300 K, -300 Hz. Original image from [P2].
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Figure 16: AFM images of multilayer coverages, of [C1Ci1Im][TfzN], deposited on Au(111) at
<170 K. The images were measured at 110 K (left) and 250 K (right). The IL doses (in WLE)
for one preparation series are denoted left to the images. At low temperatures, a WL forms
with multilayer islands on top. For low coverages, some patches of free substrate (yellow
arrow), surrounded by ~50 nm terraces (red arrow), are still present. At higher coverages,
the surface has a smooth, snow-like appearance. Upon annealing at 250 K bilayer islands
with heights of 0.71 nm form. A line profile and a schematic representation are shown on
the right side. Coverage, annealing temperature, and imaging parameter: a) 1.18 WLE,
170K, -400 Hz; b) 1.41 WLE, 163 K, -300 Hz; c) 1.88 WLE, 158 K, -300 Hz; d) 1.82 WLE,
153K, -180 Hz; e) 3.76 WLE, 151 K, -200 Hz; f) 4.71 WLE, 189 K, -150 Hz; g) 1.18 WLE,
250K, -300 Hz; h) 1.41 WLE, 250 K, -200 Hz; i) 1.88 WLE, 250 K, -150 Hz; j) 2.82 WLE,
250K, -350 Hz; k) 3.76 WLE, 250 K, -180 Hz; 1) 4.71 WLE, 250 K, -300 Hz. Original image
from [P2].
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Formation of Bilayers in the Multilayer Regime

After the deposition of different doses of IL, we determine the area that is covered with
IL islands. To do this, the samples are first annealed until the island diameter is between
50-100 nm. At this size, the measured structures are significantly larger than the tip
apex and the error by edge effects, originating from the tip shape, can be neglected. A
plot of the covered area determined from the images against the deposited amount in
WLE shows a sawtooth like shape that can be explained with a layer-by-layer growth;
see Figure 17. Interestingly, for the layers that form on top of the WL, the slope in the
graph is half of the slope in the WL regime. This can only be explained by layers that re-
quire twice the amount of IL per layer than the WL. We therefore conclude that the lay-
ers on top of the WL must be bilayers (BL). This interpretation matches a previous XPS
study that describes layer-by-layer growth for this system; although it discusses growth

as single layers, bilayer growth is in the scope of scatter.5¢
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Figure 17: Average values of the covered area of the topmost layer of [CiCiIm][Tf2N] on
Au(111) as function of the IL dose (in WLE). Each layer covers more of the surface upon
growing. After one layer is complete, the next layer starts to grow. The dashed line provides
a guide to the eye. The layer growth shows a sawtooth-like behavior. The growth of the
first layer (the WL, blue) follows a linear trend. The layers on top (BL1 in red, BLZ in green)
also follow a linear trend but with half the slope of the WL. They require twice the coverage
of the WL to complete. The layers on top of the WL therefore must be bilayers. Original im-
age from [P2].
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To further verify this interpretation, we measure thicknesses of layers by AFM line scans
(see Figure 16 m-r). Unfortunately, we are unable to measure the height of the WL with
AFM, because the force-distance relation of the metal surface and the tip is different to
the force-distance relation between IL island and tip. This leads to apparent heights that
vary with the resonance frequency shift Af of the AFM measurement and (for very low
Af) can produce images with apparently negative heights of the WL islands. However,
the measured heights of the BLs are constant in that regard. Fortunately, the height of
the WL can be derived from XPS: The WL was reported to have a checkerboard ar-
rangement with a height of 0.37 nm.>¢ With AFM we find that the BLs have thicknesses
of 0.71 * 0.05 nm, which is twice the thickness of the WL, and also roughly the sum in

height of both ions; a rough height estimation of the ions is shown in Figure 15 q.

Molecular Structure of Bilayers

High resolution images reveal that there are minor deviations from the bilayer structure.
At the edges of bilayer islands, step-like terraces with lateral sizes of up to a few nm and
a height of half a bilayer can exist. For both, the top of the bilayers and the step-like ter-

races, the molecular arrangement of the ions is closely related to the striped phase of the
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Figure 18: Schematic representation of the growth behavior of [C1C1Im][Tf2N] on Au(111).
The wetting layer forms with cations and anions adsorbed next to each other in a checker-
board fashion, creating opposing dipoles with image charges in the substrate. In the bi-
layers on top of the WL also dipoles of oppositely oriented ion pairs are formed, but now
composed of two ions, respectively. The layers are stabilized laterally by attractive interac-
tions of the oppositely oriented dipoles and the structure of the BLs is similar to the ar-
rangement of the striped phase of the WL that is discussed in Chapter 3.1.1 [P1]. Original
image from [P2].
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WL (the striped phase is one of the two possible low temperature phases of the WL; see
Figure 13). This observation leads to the conclusion that the overall arrangement in the
WL and the BLs is similar. The trend to the formation of a single wetting layer in a
checkerboard configuration and bilayers on top can be explained by the ionic nature of
the IL. We assume that the ions create image charges in the metal substrate and form
vertical dipoles with attractive lateral interactions. lons on top also form oppositely ori-
ented vertical dipoles while generally keeping the checkerboard arrangement of the WL.

This arrangement is schematically drawn in Figure 18.
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3.1.3. TiIME DEPENDENT 3D-2D TRANSITION AT MULTILAYER COVERAGES [P3]

After taking a closer look on molecular structure and annealing behavior of the wetting
layer and subsequent bilayers, that is, 2D growth behavior upon stepwise annealing, this
chapter now focuses on 3D growth of [C1Cilm][Tf2N] on Au(111).115> We find that 3D
growth can occur for multilayer coverages under certain conditions. The 3D growth is
related to the temperatures of the sample during and directly after deposition. This con-
trasts sub-WL coverages, which show no significant difference in the obtained film mor-
phology between cold deposition (with the sample at 170 K and below) followed by
heating to RT and warm deposition (sample at around RT), apart from larger islands due
to more pronounced ripening at RT (Figure 19 a-c). Multilayer coverages, however, do
feature a drastically different growth mode, when comparing films that are deposited at

low temperature and around room temperature.

Formation of 3D Droplets upon Deposition of Multilayers at RT

Multilayer coverages that were deposited on a cold substrate (Figure 19 d,e) initially
show a disordered snow-like film morphology. Upon slow annealing (several minutes to
days, and/or at successively increased temperature) this morphology transforms to a
2D bilayered structure as discussed in Chapter 3.1.2 [P2] (Figure 19 gh). In contrast,
multilayer coverages that are deposited on a warm substrate result in the formation of
large droplets with heights of 2-30 nm and diameters up to 500 nm. Between the drop-
lets, large flat areas form that are free of any protrusions (Figure 19 f,i). Notably, this
surrounding area is not the bare Au(111) substrate but the wetting layer, as deduced
from molecularly resolved high resolution images (SI of [P3]). In contrast to slowly an-
nealed low temperature preparations, the images after deposition at RT feature no indi-
vidual bilayer islands, but instead terrace-like BL-rings around some of the droplets and
occasionally small islands at step edges. Since the formation of the droplets occurred
around RT, an investigation of these droplets at RT would be interesting. Unfortunately,
we are unable to measure the droplets directly at RT due to the tip IL interaction already
mentioned in Chapter 3.1.2 [P2]. Instead, it is necessary to cool the sample to study the
droplets. This, however, leads to a compulsory cooling step what can have an influence

on the droplets.
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Figure 19: AFM images of [C1CiIm][TfzN] on Au(111), measured at 110 K. Different cover-
ages (denoted above) were deposited at <170 K and slowly annealed to RT (two rows at
the top). These are compared to samples that were directly deposited at RT (bottom). For
sub-WL films, the resulting films are similar. For coverages in the multilayer regime, dras-
tic differences in the observed morphologies are observed. Large droplets form on the sur-
face with large flat areas in between. Line scans are shown below the respective images -
note the different height scales. Coverage and imaging parameter: a) 0.5 WLE, -100 Hz;
b) 0.5 WLE, -300 Hz; c¢) 0.5 WLE, -300 Hz; d) 1.9 WLE, -300 Hz; e) 1.9 WLE, -300 Hz;
f) 2.2 WLE, -200 Hz; g) 3.9 WLE, -200 Hz; h) 3.9 WLE, -180 Hz; i) 4.2 WLE, -300 Hz. Original
image from [P3].

The adsorption behavior is complicated, and the droplet formation is best described
with the help of five series of experiments (Figure 20). They are referred to as
(1),(2),(3),(4), and (5), and are discussed in [P3] in detail. First, we analyze, how the
time at RT directly after the deposition influences the formation of droplets. The sam-
ples in the first two experiments were prepared similarly to the sample in Figure 19 i.
However, while the sample in (1) was left at RT for 26 hours before the cooling step, in
(2) the sample was transferred to the pre-cooled AFM stage as fast as possible. Interest-

ingly, we do not observe a difference in the obtained structures. In both cases,
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comparably large droplets form. After the AFM measurements, and therefore after the
compulsory cooling step, the samples warm up to RT. In (1), the sample is cooled down
again for a second measurement after several hours. Now the droplets have vanished,
and only bilayer islands are present (Figure 20 b). In contrast, in (2), the sample was left
at RT for only a few minutes. This, however, did not lead to a spreading of the droplets
and similarly sized droplets are observed like before (c.f. Figure 20 c and d). We thus
find that the IL droplets are stable at RT up to days, however if cooled once and heated

to RT again, they start to spread out into bilayers within hours.

For experiment (3), a multilayer coverage is deposited on a cold substrate to create the
initial snow-like structure described above (Figure 19 d,g). Interestingly, upon heating
to 300 K for 2 min and immediate cooling to 110 K, the 3D droplets form as well. After
subsequent annealing, the droplets vanish again and 2D bilayers emerge, just like in the
first two experiments after the compulsory cooling step and enough time at RT. Fast an-
nealing (a few minutes at RT) of a cold deposited IL film therefore also leads to droplet
formation. On the other hand, slow annealing does not yield droplets, but a 2D bilayer
structure forms as discussed in Chapter 3.1.2 [P2]. This behavior shows that the for-
mation of the droplets does not solely occur during the deposition, but rather indicates

that kinetic processes are involved in the formation of the droplets.

To narrow the temperature region, in which the formation of droplets and ripening to
2D bilayers occurs, we perform experiments (4) and (5). Instead of cooling below 170 K
(deposition) or 110 K (AFM measurements), we perform both steps at 250 K. For (4),
the IL is deposited on a warm substrate, followed by immediate cooling to 250 K. Like in
(2), droplets are observed. After subsequent annealing at RT for roughly two hours, the
droplets are completely transformed into 2D bilayers, like in experiment (1). This shows
that the ripening process of the droplets to BL islands is also enabled by cooling to 250 K
instead of 110 K. In Experiment (5), the sample was prepared and immediately meas-
ured at a substrate temperature of 250 K, each. Now, no droplets, but only 2D bilayers
are present and upon annealing to RT no droplet formation is induced. Experiments (4)
and (5) tell that the transitions between droplet formation on a warm substrate and the
initialization of the droplet spreading on a cold substrate lie between 250 and 300 K.
Notably, with 295102 to 299116 K also the bulk melting point of [C1C1Im][Tf2N] lies within

this range.
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Figure 20: AFM images of 4.1 WLE of [C1C1Im][TfzN] on Au(111), measured at 110 K (blue
frame) or 250 K (green frame). Line scans below the images show the heights of droplets or
BL islands - note the different scales. Experiment 1: The droplets that have formed upon
deposition at RT are stable for 26 h, but completely spread out into bilayers after being
cooled once and left at RT overnight. Experiment 2: The droplets do not spread out to bi-
layers if the second time at RT is too short (Zmin). Experiment 3: Droplets can also form
upon cold deposition (no bilayers have formed yet) and subsequent annealing to RT for
2 min. Experiment 4: Cooling the sample to 250 K for measurement (instead to 110 K) also
enables the spreading of the droplets into bilayers (and already takes place at 250 K).
Experiment 5: Deposition at 250 K (instead of RT) does not lead to the formation of drop-
lets, but large bilayer islands are observed instead. Droplets formed neither after short an-
nealing at RT. Imaging parameter: a-g) -300 Hz, h-j) -100 Hz. Original image from [P3].

These observations indicate that the droplets are a kinetically stabilized metastable
phase. We explain their formation via processes with very different timescales. Initially

upon deposition of [C1C1Im][Tfz2N], ion pairs on top of the wetting layer are very mobile
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and can diffuse. Compared to isolated ion pairs, the 3D droplets have a higher and ener-
getically favored coordination, therefore the ion pairs initially agglomerate to 3D drop-
lets. This happens much faster than the nucleation and growth of 2D bilayers can occur

and therefore is too fast for 2D bilayers to compete with the formation of 3D droplets.

Droplet Ripening and Bilayer Growth

As a next step, we follow the ripening behavior of the droplets (droplet spreading) in situ
at constant temperature. Since we are unable to measure in the multilayer regime at RT,
we perform the following experiments at 250 K instead. Figure 21 shows selected
frames from an AFM video of a droplet of [C1C1Im][Tf2N] on Au(111) at 250 K. In this
video, the droplets continuously decrease in height and bilayers start to grow around
the droplets. After 1-2 hours at 250 K, the droplets transform into 3D structures that

appear as stepped pyramid-like arrangements composed of several bilayers.

Eventually, after 3 hours only bilayers are left. However, when changing the position at
the sample after the video was recorded, droplets are found again. These droplets equal
the droplets in the initial stage of the video. Therefore, the ripening must be enhanced
by the tip. The tip influence can be minimized if one avoids to scan the same area multi-
ple times. Therefore, we perform series of measurements for three different coverages,
with each image taken on a new area. Figure 22 shows an overview of the three series
after comparably long annealing times at 250 K. Below each image a color-coded image
highlights the individual layers, and a height profile provides a vertical scale. The images
indicate that the initial droplet sizes increase with higher coverage. With increasing an-
nealing time the droplets decrease in size and bilayers grow, apparently independent on

coverage.

For more general insights, statistic data covering multiple images is collected. Figure 23
shows the average lateral and vertical dimensions as well as the distribution of IL be-
tween droplets and 2D layers, with respect to the annealing time at 250 K. We find that
with higher coverage, mainly the heights of the droplets increase while the numbers and
diameters of the droplets remain constant within the margins of error. The numbers
and especially the heights of the droplets decrease upon annealing. However, the lat-

eral dimensions remain rather constant. Knowing the number, as well as the lateral and
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Figure 21: AFM images of 2.2 WLE of [C1C1Im][Tf2N] on Au(111), deposited at RT, cooled to
110 K, and then measured at 250 K over a time span of 114 min. The images are part of an
AFM video that is available in the SI of [P4]. The images show the evolution of individual
droplets (blue and green frames), that are converted into 2D bilayer islands over time. Im-
aging parameter: -300 Hz. Original image from [P3].

vertical sizes of the droplets and assuming ellipsoid-like shapes of the droplets, the av-
erage volume of IL in droplets can be calculated. This droplet volume is compared to the
volume of IL in bilayers and wetting layer, as well as the total amount deposited. We find
that the conversion of the 3D droplets to the 2D islands takes several hours to days at
250K, and hours at RT (Figure 23). We explain the slow conversion with a high activa-
tion barrier for the growth of the 2D structures, caused by slow deattachment or emis-
sion of ion pairs from a droplet. Possibly also a Schwoebel barrier,117 that would limit
the diffusion over island edges, is involved. The irreversible transformation into
bilayered structures indicates that the 2D bilayers are thermodynamically favored over
the 3D droplets. We explain this with the higher degree of order in the layers compared
to the droplets, as a long-range crystalline order is present in WL and BLs, that is espe-

cially strong for the WL (above RT, c.f. 3.1.1 [P1]).
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Figure 22: AFM images of 2.2, 4.2 and 6.0 WLE of [C1Ci1Im][Tf2N] on Au(111), deposited at
RT, cooled to 110 K and then measured at the temperature and time denoted above the
images. Below the images, color-coded images highlight the different layers (blue for the
WL - green, lime, and yellow for BLs - red for droplets) and line scans indicate the height of
the droplets. With increasing time at 250 K the droplets decrease in size and transform into

BLs. Imaging parameter: a) -300 Hz, b) -300 Hz, c) -300 Hz, d) -200 Hz, e) -300 Hz, f) -300
Hz,g)-20 Hz, h) -300 Hz, i) -20 Hz, j) -20 Hz, k) -20 Hz, 1) -20 Hz. Original image from [P3].
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Figure 23: Statistical evaluation of AFM images with coverages of 2.2, 4.2 and 6.0 WLE of
[C1CiIm][Tf2N] on Au(111), deposited at RT, were analyzed. The numbers, diameters,
heights, droplet volume, BL volume and total volume are plotted against the total anneal-
ing time at 250 K. Original image from [P3].
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3.2. TowARDS MORE COMPLEX SYSTEMS - Pt oN h-BN/Rh(111) [P4]

The success of surface science is highly related to the extremely well-defined conditions
that are achievable when using typical techniques. While it is an enormous advantage
for the understanding of fundamental principles to work on single crystals in ultrahigh
vacuum, it remains a challenging task to relate those results to real conditions. This chal-
lenge is often referred to as pressure gap and material gap. For SCILL systems, the un-
derstanding of fundamental processes on a solid-IL interface, especially a metal-IL inter-
face is of utmost importance. However, real catalysts are not single crystals but are often
porous material or nanoparticles with kinks, steps, edges, and defects. To approach
more realistic systems, we investigate a system of nanoparticles that are grown on a
templating nanomesh. This system represents a more realistic model system for catalyst
nanoparticles that is still accessible to surface science methods under highly controlled

conditions.118

Deposition of Pt Nanoclusters on h-BN/Rh(111)

Hexagonal boron nitride (h-BN) forms a Moiré pattern if grown on single crystalline sur-
faces. In the case of h-BN on Rh(111) this leads to a porous hexagonal structure with
sharply defined pores and so-called wires that are the elevated rim around the pores.
The pores act as a template for the growth of metal nanoclusters. In this part, we inves-
tigate the growth and the thermal evolution of Pt clusters in such a h-BN nanomesh on
Rh(111). Beforehand, the coverage of Pt is determined by depositing Pt on a bare
Rh(111) surface and measuring the occupied area of the resulting two-dimensional Pt
islands. With the assumption of epitaxial growth of Pt on Rh(111), one monolayer (ML)
corresponds to a coverage of 1 Pt atom per Rh substrate atom. Note that this definition
of ML is different to the other coverage definitions (WL, BL) used in this thesis in the
context of ILs in Chapter 3.1 [P1-P3] (This is due to different conventions in the defini-
tions in those fields). A special preparation technique for the deposition of Pt is used for
some preparations, namely a coverage wedge, that is a coverage gradient over the whole
single crystal. It allows for coverage dependent investigations at identical preparation
conditions and enables the comparison of different coverages prepared in a single ex-

periment. Also, this preparation technique reduces the production time for multiple
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preparations to only one preparation, what is especially beneficial in synchrotron XPS

experiments. More details on this topic are available in the dissertation of Fabian Diill.119

First, we compare Pt nanoclusters in the h-BN nanomesh of Rh(111) that were grown at
different doses of Pt; see Figure 24. With the known size of the nanomesh, the coverages
can be translated into an average number of atoms per unit cell of the Moiré pattern. For
a very low Pt coverage of 0.005 ML, that is, 2.3 atoms per cluster, roughly 27% of the
pores are filled with Pt clusters. Given this low number and the variation in the apparent
size of the clusters, we think some of the clusters are just one single Pt atom. Interesting-
ly, the clusters are remarkably stable, even at RT. We could not observe Pt atoms hop-
ping to other pores in subsequently recorded images; however, it was possible to ob-
serve movement within the pores in STM videos. At a coverage of 0.09 ML (12 atoms per
cluster) all pores of the h-BN nanomesh are filled with uniformly appearing clusters.
Finally, also at a coverage of 0.42 ML (on average 55 atoms) all pores are filled, but now
the clusters exhibit variations in the height to width ratio. The larger appearing clusters
are susceptible to cluster-tip interactions that enable large clusters to leave the pores.
The mobility of clusters can also be greatly increased by co-adsorption of CO, enabling
also small clusters to leave the pores. Besides this, the clusters are stable for hours to

days at RT.

Oy =
0.005 ML

Figure 24: STM images of Pt clusters on h-BN/Rh(111) with Pt coverages of 0.005 ML (a),
0.09 ML (b) and 0.42 ML (c). At low coverage, the pores of the h-BN nanomesh are partially
filled. Some of the “clusters” must be single Pt atoms in one pore. Around 0.09 ML (~12 at-
oms/pore) a remarkable uniform distribution of the clusters in the pores is found. At high-
er coverage, smaller (orange) and larger (green) clusters are found. Imaging parameter
and Pt coverage Opt: a) -1.0 V, 1.0 nA, 0.005 ML; b) 1.5V, 1.0 nA, 0.09 ML; c) 1.2 V, 1.0 nA,
0.42 ML. Original image from [P4].
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Cluster Size Distribution in the Nanomesh

Figure 25 shows a statistical analysis of the relation between the Pt coverage (6rt) and
the fraction of filled pores in the low coverage regime up to 0.1 ML. In good agreement
between STM and XPS experiments, we found a nearly linear relation. This contrasts a
Poisson distribution, which is the distribution expected for a simple hit and stick mech-
anism with a single atom deposition technique. Thus, the experimental data suggest less
but larger clusters. After the deposition, no movement of clusters between pores was
observed. We conclude that a ripening process just after or within the deposition must
be present and propose a hot precursor mechanism, where the Pt atoms can diffuse
across multiple pores of the h-BN template before dissipating their kinetic energy. How-

ever, after deposition the energy barrier of the pores is too high to be overcome at RT.
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Figure 25: Fraction of filled h-BN pores as function of the Pt coverage (6pt). The graph
shows combined data from XPS and STM. The solid line serves as guide to the eye and the
dashed line shows the expected curve for a Poisson distribution. Original image from [P4].
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Ostwald Ripening of the Pt Clusters on h-BN/Rh(111)

As a next step, we investigate the thermal evolution of the nanoclusters during annealing
(Figure 26). Up to 400 K, no significant changes in XP spectra or STM images are ob-
served. However, after annealing to 500 K, a visible change of the size distribution of the
clusters begins to emerge, and pores of the h-BN support start to become vacant again.
In agreement with XPS, this trend is continued at higher temperature and eventually
leads to few but very large Pt clusters on an otherwise free h-BN support. This behavior

suggests an Ostwald type ripening process of the Pt clusters at elevated temperatures.

Figure 26: STM images of 0.09 ML Pt on h-BN/Rh(111), measured at RT. After deposition
at 160 K, the sample was measured at 110 K (a) and then successively annealed up to
800 K. The Pt clusters are stable up to 400 K (a-c). Beginning at 500 K (d-f), some free
pores can be observed again (red frame with enhanced contrast) and some cluster begin to
appear smaller (orange) or larger (green). Imaging parameter and Pt coverage Op:: a) -1.5
V, 1.0 n4, 0.09 ML; b) 1.8 V, 1.0 nA, 0.09 ML; c) 1.8 V, 1.0 n4, 0.09 ML, d) -1.8 V, 1.0 nA,
0.09 ML; e) 1.0V, 1.0 nA, 0.09 ML; f) 1.5V, 1.0 n4, 0.09 ML. Original image from [P4].
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4, SUMMARY

4.1. ENGLISH VERSION

This thesis addresses the structure and fundamental processes at the interface between
ionic liquids (IL) and metals, as obtained by scanning tunneling microscopy (STM) and
atomic force microscopy (AFM). Microscopic real space information is highly comple-
mentary to results from spectroscopic investigations, which were mostly used until to-
day. The concerted picture, drawn from multiple systems that are investigated with mul-
tiple techniques, eventually enables to grasp the fundamentals of the underlying pro-
cesses and set the stage for developing or enhancing novel catalytic concepts. The thesis
at hand is a cumulative thesis based on four publications, [P1] to [P4]. Its central topic is
the characterization of [C1C1Im][Tf2N] on Au(111) as a model system for the structure

and growth of ionic liquid films at the ionic liquid to metal interface.

The first topic [P1] concerns the very first layer of ionic liquid directly on the metal sub-
strate, the so-called wetting layer (WL). It is demonstrated that the WL has a long-range
crystalline order that is stable up to 30-50 K above the bulk melting point of the IL. The
ions are arranged in a primitive hexagonal lattice at RT. At 110 K, the orientation of the
molecules becomes visible in STM and AFM, yielding two orientational superstructures
of the lattice, while preserving the overall primitive hexagonal arrangement found at RT.
The first is referred to as hexagonal phase with a (V3xV3)R30° superstructure, and the
second is referred to as striped phase with a (2x1) superstructure. To the best of our
knowledge, this study was the first AFM study of an ionic liquid on a metal substrate
under UHV conditions, and also the first STM study at room temperature, which re-
vealed molecular resolution. The comparison between the AFM and STM results re-
vealed that for the system at hand, STM yields higher resolution for wetting layer cover-
ages at low temperatures, while AFM proved to be superior at elevated temperatures

and at coverages exceeding one WL.

The second topic [P2] concerns the multilayer regime of [C1C1Im][Tf2N] on Au(111), and
addresses coverage dependence and thermal evolution. As first step, the coverage de-
termination and calibration of the QCM is explained, followed by the description of
growth characteristics of wetting layer and multilayer films. In comparison to sub-WL

coverages, multilayer films initially form an unordered snow-like structure upon deposi-
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tion around 170 K. Upon annealing, the formation of 2D bilayer (BL) islands is observed.
Above 280 K, the investigation of multilayer films with AFM is impeded, likely by IL at-
taching to the tip. The relation between deposition dose and covered area in AFM imag-
es reveals the bilayered structure of the layers on top of the WL. This interpretation is
supported by considering the height of the BLs. At the edges of BL islands, the arrange-
ment in bilayers is not ultimately preferred. High-resolution images reveal small (few
nm) terraces at the edges and provide an unimpeded view on the structure of both

halves of the bilayer; both resemble the structure of the striped phase of the WL.

The third topic [P3] again addresses multilayers of [C1CiIlm][Tf2N] on Au(111), but now
with a focus on multilayer films deposited on a warm substrate (sample at around RT).
It describes the formation and evolution of 3D droplets that can form upon deposition at
RT or upon fast and short annealing to RT after deposition on a cold substrate (with the
sample at 170 K and below). These droplets have heights between 2 and 30 nm and lat-
eral dimensions up to 500 nm. The droplets are stable at RT up to days. Since AFM imag-
ing of this IL is not possible above 280 K, cooling is applied to be able to characterize the
droplets. However, cooling also initiates a transformation of the droplets into bilayers;
at RT this will complete within hours and is irreversible. The temperature required for
the droplets to form and for initializing the spreading into BLs is between 250 and
300 K. To obtain further insights, we follow the droplet spreading at a constant tempera-
ture of 250 K for different coverages. These results are statistically evaluated and dis-
cussed. The formation of the droplets occurs because the agglomeration into droplets is
too fast for bilayer nuclei to compete. Cooling the sample allows sufficient nuclei to form,
to initialize the transformation to a bilayered structure upon subsequent annealing. The
arrangement of the IL in bilayers, however, is energetically favored over the agglomera-

tion into droplets.

After the detailed characterization of one specific IL-metal interface in the first three
topics, the final topic [P4] aims at a model system that resembles more realistic condi-
tions. It addresses Pt clusters grown in the Moiré structure of hexagonal boron nitride
(h-BN) on Rh(111). First, the preparation of the h-BN nanomesh and the deposition of Pt
is described. The preparation via a coverage wedge allows for the investigation of a cov-
erage range in one single sample preparation. Pt clusters grow in the pores of the h-BN

nanomesh. This templating effect leads to a narrow size distribution of the nanoclusters.
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We discuss a cluster size range that translates to 1-50 atoms per cluster. At very low
coverages, some of the observed “clusters” are expected to be single Pt atoms entrapped
in the pores of the nanomesh. At an average of 12 atoms per cluster (0.09 ML), we ob-
serve a strong uniformity of the clusters. Below ~0.1 ML, surprisingly we do not find a
Poisson distribution, which would be expected for a hit and stick mechanism. To explain
the observed tendency towards less and larger clusters, we propose a hot precursor
mechanism upon deposition of Pt. The Pt clusters are stable up to 400 K, for several
hours. Higher temperatures give rise to Ostwald ripening. While very low coverages
(<0.2 ML) inhibit the ripening process, the presence of CO strongly enhances ripening of
the clusters. Our work shows that Pt nanoclusters can be prepared in high uniformity.
This system thus can possibly be applied as model system for forthcoming investigations
about catalyst nanoparticles on inert substrates; it particularly opens a route towards
studying the influence of IL adsorption onto well-defined metal clusters in the frame-

work of the SCILL concept with surface science techniques.

53



4.2. GERMAN VERSION (DEUTSCHE ZUSAMMENFASSUNG)

Diese Arbeit befasst sich mit der Struktur und den grundlegenden Prozessen an der
Grenzflache zwischen ionischen Fliissigkeiten (IL) und Metallen und den Erkenntnissen,
die dartiber mittels Rastertunnelmikroskopie (STM) und Rasterkraftmikroskopie (AFM)
gewonnen werden konnen. Mikroskopische Realrauminformationen sind in hohem Ma-
3¢ komplementar zu Ergebnissen aus spektroskopischen Untersuchungen, die bisher oft
genutzt wurden. Ein konzertiertes Bild, welches aus mehreren Systemen mittels vielerlei
Techniken gezeichnet wird, kann es schlieRlich ermoglichen, die Grundlagen der zu-
grunde liegenden Prozesse zu verstehen und die Voraussetzungen fir die Entwicklung
oder Verbesserung neuer katalytischer Konzepte zu schaffen. Die vorliegende Arbeit ist
eine kumulative Dissertation basierend auf vier Publikationen, [P1] bis [P4]. Das zentra-
le Thema ist die Charakterisierung von [C1CiIm][TfzN] auf Au(111), als Modellsystem fiir
die Struktur und das Wachstum von ionischen Fliissigkeitsfilmen an der Grenzflache

ionischer Fliissigkeiten zu Metall.

Das erste Thema [P1] betrifft die allererste Schicht ionischer Fliissigkeit direkt auf dem
Metallsubstrat, die sogenannte ,wetting layer“ (WL, deutsch: Benetzungsschicht). Es
wird gezeigt, dass die WL eine weitreichende kristalline Ordnung hat, die bis zu 30-50 K
tiber dem Schmelzpunkt der fliissigen Phase der IL stabil ist. Die lonen sind bei Raum-
temperatur (RT) in einem primitiven hexagonalen Gitter angeordnet. Bei 110 K wird die
Orientierung der Molekiile in STM und AFM sichtbar. Es existieren zwei Orientierungs-
tberstrukturen des Gitters, wiahrend die bei RT gefundene primitive hexagonale Anord-
nung erhalten bleibt. Die erste, mit einer (\/ 3xv/] 3) R30°-Uberstruktur, wird als hexagona-
le Phase bezeichnet, und die zweite, mit einer (2x1)-Uberstruktur, wird als gestreifte
Phase bezeichnet. Nach unserem besten Wissen war diese Studie die erste
AFM-Untersuchung einer ionischen Fliissigkeit auf einem Metallsubstrat unter UHV-
Bedingungen und auch die erste STM-Studie bei Raumtemperatur, die eine molekulare
Auflosung ergab. Der Vergleich zwischen den AFM- und STM-Ergebnissen zeigte, dass
STM fiir das vorliegende System eine hohere Auflosung fiir WL-Bedeckungen bei niedri-
gen Temperaturen liefert, wahrend sich AFM bei erhohten Temperaturen und grofieren

Bedeckungen als einer WL als iiberlegen erwies.

Das zweite Thema [P2] betrifft Mehrschichtsysteme von [C1C1Ilm][Tf2N] auf Au(111) und

befasst sich mit deren Bedeckungsabhdngigkeit und thermischer Entwicklung. Im ersten
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Schritt wird die Bedeckungsbestimmung und Kalibrierung des Schwingquarzes (QCM)
erldutert, gefolgt von der Beschreibung des Wachstumsverhaltens von WL- und Mehr-
schichtfilmen. Im Vergleich zu Sub-WL-Bedeckungen bilden Filme im Mehrschichtre-
gime bei der Abscheidung um 170 K zundchst eine ungeordnete schneeahnliche Struk-
tur. Beim Tempern wird die Bildung von 2D-Bilageninseln, (oder Doppelschichten, BL)
beobachtet. Oberhalb von 280 K ist die Untersuchung von Mehrschichtfilmen mit AFM
nicht moglich, wahrscheinlich durch die Anlagerung von IL an der Spitze. Die Beziehung
zwischen Aufdampfdosis und bedeckter Flache in AFM-Bildern ergibt fiir Schichten auf
der WL eine zweischichtige Struktur. Diese Interpretation wird durch Héhenprofile der
BLs unterstitzt. An den Randern von BL-Inseln ist die Anordnung in Doppelschichten
nur eingeschrankt vorhanden. Hochauflésende Bilder zeigen kleine (wenige nm) Terras-
sen an den Riandern und geben einen ungehinderten Blick auf die Struktur beider Half-

ten der Doppelschicht; beide dhneln der Struktur der gestreiften Phase der WL.

Das dritte Thema [P3] befasst sich erneut mit Mehrschichtsystemen von [C1CiIm][Tf2N]
auf Au(111), jetzt jedoch mit Fokus auf Filmen, die auf einem warmen Substrat (etwa
bei RT) abgeschieden werden. Es befasst sich mit der Bildung und Entwicklung von 3D-
Tropfchen, die sich wahrend der Abscheidung bei RT, oder nach der Abscheidung auf
einem kalten Substrat (bei 170 K oder darunter) gefolgt von schnellem und kurzem
Tempern auf RT, bilden kénnen. Diese Tropfchen haben Hohen zwischen 2 und 30 nm
und laterale Abmessungen bis zu 500 nm. Die Tropfchen sind bei RT mehrere Tage
stabil. Da AFM Messungen oberhalb von 280 K nicht méglich sind, muss gekiihlt werden,
um die Tropfchen trotzdem charakterisieren zu kénnen. Durch Abkiihlen wird jedoch
auch eine Umwandlung der Tropfchen in Doppelschichten eingeleitet; bei RT geschieht
dies innerhalb von Stunden und ist irreversibel. Die zur Bildung der Tropfchen und zur
Initialisierung der Ausbreitung in BLs erforderliche Temperatur liegt zwischen 250 und
300 K. Um weitere Erkenntnisse zu gewinnen, verfolgen wir die Tropfenausbreitung bei
einer konstanten Temperatur von 250 K fiir verschiedene Bedeckungen. Diese Ergebnis-
se werden statistisch ausgewertet und diskutiert. Die Tropfchen bilden sich, da die Ag-
glomeration zu Tropfchen zu schnell ist, als dass Doppelschichtkeime konkurrieren
kénnten. Das Abkiihlen der Probe ermdoglicht die Bildung ausreichend vieler oder grof3er
Keime, um beim anschliefenden Tempern die Umwandlung in eine Doppelschichtstruk-
tur zu initialisieren. Die Anordnung der IL in Doppelschichten ist gegeniiber der Agglo-

meration zu Tropfchen energetisch begiinstigt.
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Nach der detaillierten Charakterisierung einer spezifischen IL-Metall-Grenzflache in den
ersten drei Themen, zielt das letzte Thema [P4] auf ein Modellsystem ab, das realisti-
scheren Bedingungen dhnelt. Es befasst sich mit Pt-Clustern, die in der Moiré-Struktur
von hexagonalem Bornitrid (h-BN) auf Rh(111) gewachsen sind. Zunéachst wird die Her-
stellung des h-BN-Nanomeshs und die Abscheidung von Pt beschrieben. Die Praparation
tiber einer keilformigen Bedeckungsverteilung ermoglicht die Untersuchung eines gan-
zen Bereichs verschiedener Bedeckungen in einer einzigen Probenpraparation.
Pt-Cluster konnen innerhalb der Poren des h-BN-Nanomeshs wachsen. Dieser Templat-
effekt filhrt zu einer engen Grofienverteilung der Nanocluster. Wir diskutieren einen
Clustergrofdenbereich von 1-50 Atomen pro Cluster. Wir vermuten, dass einige der bei
sehr geringen Bedeckungen beobachteten ,Cluster” einzelne Pt-Atome sind, die in den
Poren des Nanomeshs eingeschlossen sind. Bei durchschnittlich 12 Atomen pro Cluster
(0,09 ML) beobachten wir sehr einheitliche Cluster. Unterhalb von ~0,1 ML finden wir
iiberraschenderweise keine Poisson-Verteilung. Diese ware fiir einen Hit-and-Stick-
Mechanismus zu erwarten. Um die beobachtete Tendenz zu sowohl weniger als auch
grofderen Clustern zu erklaren, schlagen wir einen ,hot-precursor”-Mechanismus bei der
Abscheidung von Pt vor. Die Pt-Cluster sind bis 400 K iiber mehrere Stunden stabil. Ho-
here Temperaturen fiithren zu Ostwald-Reifung. Wahrend sehr niedrige Abdeckungen
(<0,2 ML) den Reifungsprozess hemmen, fordert die Anwesenheit von CO die Reifung
der Cluster stark. Insgesamt zeigt diese Arbeit, dass sehr einheitliche Pt-Nanocluster
hergestellt werden kénnen. Dieses System kann moglicherweise als Modellsystem fiir
zukunftige Untersuchungen zu Katalysator-Nanopartikeln auf inerten Substraten ver-
wendet werden. Im Rahmen des SCILL-Konzepts eréffnet dies einen Weg fiir die Unter-
suchung der Einfliisse von IL-Adsorption auf wohldefinierte Metallcluster mittels Tech-

niken der Oberflichenwissenschaften.
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7. APPENDIX

Table A1: Summary of limitations, standard parameter, and examples of preparations.

E?:SG_‘SUFES preparation analysis load lock (n;:iilri;t d) UHV suitcase (E:ZZZE:;O‘R) TemR;;ra:cure
[mbar] 5e101 5101 50102 5106 101070 ~110° 295+ 2K
STM (not AFM) can be operated at ambient pressure (for a function test) but not from 10*! to 10- mbar.
Manipulator position X Yy Z (1) comment

transfer VT 20 5 50 | 170

transfer LL 20 3 180 | 355

sputtering 8 12 242 0

evap. organic 8 12 | 240 | 210

evap. IL 8 3 240 | 210 |first manipulator then QCM (5.0 cm)

evap. metal 8 12 240 0 |with new rod (45mm): Zcen ~ 9mm; carefull

He source 8 12 | 240 | 20

LEED 12 8 240 | 90

Shutter positions celll | cell2 | cell3 | cell4 all closed

evap. organic 0° 90° 185° 270° 45°,140°, 230°, 320°

evap. metal 154° 128° 200° - 174°

Maximum parameter Tmax Imax cooling |comment

annealing in microscope 500 K 10A - Pmax: 8.0 W
annealing with cooling Tm: 930 K £ Ts: ~1400 K 2.5A >650 K, N2 | TM=Tmanipulator, Ts=Tsample
annealing direct heating depends on sample 5.0A no :joc\)/vngts:sr‘sples

evap. organic 700 °C 6.0A always

evap. metal - 25A always

evap. IL watch pressure* * always *r:()arzenb;tlllfr’wown

He source - Em-control always lem,max: 80 MA
Examples U lEm IFlux Pgas T t cooling
sputtering 1kV 10 mA 18uA Ar: 5E-5 RT 2h no
annealing Cu(111) 1.75A -450V 30 mA - Tu: 630K 10 min no
annealing Au(111) 1.75A -450V 30 mA - Tu: 630K 10 min no
annealing Rh(111) 195A -600 V 100 mA - Tu: 960 K 10 min yes
annealing Pt(111) 190A -600 V 100 mA - Tu: 960 K 10 min yes
evap. [G:CGIM][TRN] | 8.5A 7.7V - - mossorc | "M e
evap. 2H-TPP 15A - - - 375°C ~5 min yes
evap. 2H-TCNPP 1.7A - - - 410°C ~5 min yes
evap. Co 20A 1kv 8.7 mA 33.0 pA ~5 min yes
evap. Fe 20A 1kv 6.5 mA 15.0 A ~5 min yes
evap. Cu 20A 1kv 9.7 mA 8.0 pA ~5 min yes
evap. Pt 20A 1kv 11.0 mA 8.0 pA ~5 min yes

Tm= manipulator temperature, Ts= sample temperature
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thickness: 2 mm O
S
5 mm
top view
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Figure A1: Technical drawings for the thermocontact holder at the manipulator.
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Thermocontact holder
material: steel
thickness: 0,5 mm

sideview

8,0

front view

5 mm

3,0

5,0

6,0

3,0

5,0

3,0

-,

6,0

7,0

16,0
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Figure A2: Technical drawings for the thermocontact holder at the manipulator.
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Thermocontact holder
material: Al,O5

BCE Special Ceramics
2017603200 / 20424

ceramic, page 1

Figure A3: Technical drawings for the thermocontact holder at the manipulator.
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Figure A4: Technical drawings for the thermocontact holder at the manipulator.
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Thermocontact holder — accessories

contact springs: 2x alumel, 2x chromel

material: TC type K
thickness: 0,1 mm

top view
Q]
L8 90 i
Screws: - 4x steel
-1x alumel
- 1x chromel
Nuts: -1x alumel
- 1x chromel

Washers: - 8x steel

M2
M1,2
M1,2

M1,2
M1,2

M2

side view
~~710,5
13 2 mm
7,7 mm head: 1,9x3,6 Allen/Inbus
11 mm head: 0,8x2,3 slotted
11 mm head: 0,8x2,3 slotted

Figure A5: Technical drawings for the thermocontact holder at the manipulator.
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Security switches — slider ,
material; steel [ s

thickness: 2 mm Q
25 s
base plate ol
i ol |
: ]S
201—-1-Q13,2 PR L] (s S oO-
oL - | T 10
R i —t
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110
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i 100 o
110
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11 ]

12140 | | 10 mm
- 1 | —
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515! 1
o wi
= O 13
15|25
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Figure A6: Technical drawings for the security switches for the manipulator z-drive.
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material: steel

Security switches — switches

switch-holder

——E_) __ 2’3
RIS R S Q32 | B 10,4
& 12,3
15 40 22,50 37,5 40 40 40 67,5 40 7,5
77,5 115 £
£
350 wn
—
thickness: 2 mm 25 mm
switch-clamp side view top view
< M3 4
15 screw 16 CO (¢) Ak
1 bl — 2,8 24,4 2,8 10 mm
_ 2,8 24,4 2,8 30 —
thickness: 1 mm
valve switch-holder side view top view
20 . |
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o o o o
@) O Q Ne) o 26,4 2 P06
3,1 J ’
' 0 7 4,8
11,2 4,8 22,4 438
20— e
4,8 224 4,8!
o o ' ' 10 mm
thickness: 2 mm
Security switches — accessories
Screws: -2x M3 25 mm Nuts: -12x M3
-2x M3 20 mm
-4x M3 15 mm Washers: -8x M3

Figure A7: Technical drawings for the security switches for the manipulator z-drive.
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P AT o= 150 &V P AT hw= 180 &V P AT o= 150 &V
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