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Abstract

For a comprehensive description of heterogeneously catalyzed processes, the reac-
tivity of supported nanoparticles has to be linked with the specific dynamics — from
reactant activation and spillover to diffusion and sintering of active particles. In
this work, a supported model catalyst with truly monodisperse clusters is investi-
gated on the integral and local scale. A corrugated monolayer of hexagonal boron
nitride (h-BN) on a Rh(111) single crystal serves as a confining support, suppressing
ripening of the Pd clusters.

Integral thermal desorption measurements are applied to study catalytic reactiv-
ity. For this purpose a highly sensitive temperature programmed desorption setup
is implemented and characterized. Initial results on carbon monoxide oxidation and
ethene hydrogenation activity are presented, which are complemented by scanning
tunneling microscopy (STM) studies. Sintering sets in from 500 K on, however the
ripening behaviour is independent of the presence of the reactants.

Local structural dynamics of Pd clusters and atoms are then examined under
reaction conditions with enhanced time resolution. Therefore, a commercial variable
temperature STM is equipped with a newly developed add-on instrument, reaching
imaging rates of up to 8 frames/s. The fast acquisition of STM timeseries (FAST)
reveals specific motions of Pd particles within the h-BN/Rh(111) moiré troughs. A
small Pd cluster appears to diffuse between six distinct sites within the trough with
sixfold symmetry, 2.5 A lateral distances and two distinct hopping rates. Pd atoms,
protected from ripening by deposition by cooling to 118 K, reveal a circular motion
upon heating up to 168 K that can be resolved only by FAST measurements, which
appears as ring-like structures in conventional, slow STM images.

Altogether, a platform for fundamental studies of size-selected, supported model
catalysts could be established that links catalytic activity with fast local structural
dynamics.



Kurzzusammenfassung

Fiir eine umfassende Beschreibung heterogen katalysierter Prozesse muss die Reak-
tivitdt von getrdgerten Nanopartikeln mit einhergehenden Dynamiken verkniipft
werden — von der Aktivierung und dem Spillover der Reaktanden bis hin zu Dif-
fusion und Sintern der aktiven Partikel. In dieser Arbeit wird ein Modellsystem
mit vollkommen groflenselektierten Clustern auf integraler und lokaler Ebene unter-
sucht. Als Triagermaterial dient ein gewellter, monoatomarer Film aus hexagonalem
Bornitrid (h-BN) auf einem Rh(111) Einkristall, welcher Reifungsprozesse der Pd
Cluster unterdriickt.

Die katalytische Reaktivitdt der Nanopartikel wird mit integralen, thermischen
Desorptionsmessungen untersucht. In diesem Zusammenhang wird ein hochemp-
findlicher Messaufbau zur Temperatur-programmierten Desorption implementiert
und charakterisiert. Erste Ergebnisse zur Oxidation von Kohlenstoffmonooxid und
der Aktivierung von Kohlenwasserstoffen werden zusammen mit Studien am Raster-
tunnelmikroskop (STM) présentiert. Die Nanopartikel sintern bereits ab 500 K,
jedoch ist das Reifungsverhalten unabhéngig von der Priasenz der Reaktanden.

Lokale, strukturelle Dynamiken von Pd Clustern und Atomen werden unter
Reaktionsbedingungen mit erhéhter Zeitauflosung untersucht. Zu diesem Zweck
wird ein kommerzielles STM mit einem neu entwickelten Instrument erweitert,
welches Bildraten von bis zu 8 Bildern pro Sekunde erméglicht. Durch die schnelle
Aufnahme von STM Zeitserien (FAST) kénnen spezifische Bewegungsmuster von
Pd Partikeln innerhalb der h-BN/Rh(111) Mulden untersucht werden. Ein kleiner
Pd Nanopartikel diffundiert innerhalb einer Bornitrid Mulde zwischen sechs Stellen
mit hexagonaler Symmetry, mit lateralen Abstanden von 2.5 A und zwei unter-
scheidbaren Hiipfraten. Pd Atome, welche durch kiihlen auf 118 K wihrend der
Deposition vom Sintern abgehalten werden, zeigen eine kreisférmige Bewegung ab
168 K, die nur mit FAST Messungen aufgelost werden kann. In konventionellen,
langsamen STM Messungen werden diese als Ringe wahrgenommen.

Diese Arbeit schafft Rahmenbedingungen fiir Grundlagenstudien, in welchen
die katalytische Aktivitdt von getrigerten, grofienselektierten Clustern mit lokalen
Messungen zu Strukturverdnderungen und Diffusionsverhalten verkniipft werden
kann.
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1. Introduction

Prospective environmental impacts and anticipated patterns of future energy use
make sustainable development indispensable [1]. Catalysis plays a key role when it
comes to the chemical industry, where approximately 85-90% of the products are
made by catalytic processes [2]. The science and technology to increase the rates of
chemical reactions is therefore an important research field. A catalyst changes the
path of a chemical reaction to milder conditions without being expended and may
allow to control the selectivity [3]. This field is divided into homogeneous catalysis,
where the reacting molecules and the catalyst are in the same phase, or the hetero-
geneous case, mostly describing the interaction of molecules with the surface of a
solid [4]. Heterogeneous catalysis is more relevant for technical reactions, bearing
the advantage of catalytic material that does not have to be separated from the
products [5, 6]. Therefore, the catalysts are optimised for the highest reaction rate
and most importantly the best selectivity, which is still mainly based on the empir-
ical method of trial and error. Even if the broad features of an industrial catalyst
are known, most of the reaction mechanisms can not be described in detail [7]. The
reason being most heterogeneous catalysts have structures of great complexity, mak-
ing an investigation of the underlying mechanisms hardly feasible. One approach
to tackle this issue is to study simplified model systems with reduced complexity,
as for example metal single crystals under controlled ultra-high vacuum (UHV)
conditions. The gained knowledge of the fundamental principles enables to expand
theory to more complex systems used in practical catalysts [8]. The concept of
reductionism to gain an understanding that can ultimately lead to rational catalyst
design is valid until nowadays [9]. Experimental studies in combination with ab
initio calculations could help to understand some reaction mechanisms of simple
molecules with already complex pathways. A prominent example is the nitrogen
fixation in the Haber-Bosch process, where the surface science approach is able
to give a quantitative description of an industrial reaction. Here, different crystal
planes are used to model the active sites of the catalyst [4]. However, these investi-
gations cannot address the size-dependencies of catalytically active metal particles
and the influence of the support on their structure, shape and electronic properties
[10]. To bridge the shortcomings of single crystal studies, supported model catalysts
are introduced [11]. These model systems consist of metal particles supported on
single crystals or thin films [10]. On the nanoscale, clusters reveal unique physical
and chemical properties, which are not scalable from those of bulk materials [12].
Therefore, more sophisticated studies on size-selected metal clusters are performed
with great experimental effort [13, 14, 15]. It turns out that every atom composing
a supported cluster counts for the catalytic activity [16, 17]. The effect can be so

11



1. Introduction

strong that a certain cluster size is active, whereas the bulk material is unreactive
[18, 19]. Ideally, microscopic properties such as atomic composition, electronic and
geometric structure should be related to macroscopic properties such as catalytic
activity and selectivity [20]. For this reason, also investigations on the local scale
are performed on the supported model catalysts up to atomic resolution [21, 22].
Further in situ microscopy studies reveal that also nanoparticle dynamics must be
included for the correct description of catalytic behaviour, as for example sintering
processes or shape changes [23, 24].

Therefore, a combination of integral measurements on the catalytic properties
of metal nanoparticles linked to concomitant dynamics under reaction conditions
is desirable. In this work a supported model system with reduced complexity is
investigated on the integral and local scale to gain further insights on the catalytic
behaviour of nanoparticles under reaction conditions. This consists of size-selected
Pd clusters as a catalyst, soft-landed on the well-defined h-BN/Rh(111) moiré su-
perstructure. The utilization of this supported model system bears several advan-
tages:

The moiré superstructure is based on the lattice mismatch of the Rh(111) single
crystal and a monoatomic h-BN film. Local studies by STM are benefited due to
the relatively flat boron nitride nanomesh with a STM corrugation of 0.8 A, which
is chemically inert to reactive gasses and therefore passivates step edges on the
Rh(111) single crystal [25]. Furthermore, the moiré superstructure prevents bulk
diffusion and comprises distinct adsorption sites for the nanoparticles, which sta-
bilizes the clusters due to a high activation barrier even at elevated temperatures.
The support is periodically wettable, which entails that every size-selected cluster
has the same chemical environment. This true monodispersity enables the inves-
tigation of stabilised, atomically precise nanoparticles under reaction conditions.
Hence, local and integral techniques can be combined.

The investigations focus on Pd nanoparticles, attractive due to their wide-
ranging properties as a catalyst. Pd is one of the most versatile metal in promoting
or catalysing reactions, many of which are not always easy to achieve with other
transition metal catalysts. Most importantly, Pd catalysts offer an abundance of
possibilities of carbon-carbon bond formation in organic synthesis with a high tol-
erance for functional groups such as carbonyl and hydroxyl groups [6, 26]. Further-
more, the hydrogen chemistry [27, 28] and oxidation catalysis [29] is important for
the production of fine chemicals. Additionally, Pd finds application as a catalyst in
the automotive emissions control [30], electrochemistry [31, 32, 33, 34, 35, 36] and in
sensor technologies [37, 38, 39]. The manifold applications are based on the various
oxidation states of Pd, with Pd(0) and Pd(II) being the most relevant. Generally
speaking, a catalytic cycle starts with the oxidative addition of a carbon-hydrogen,
carbon-heteroatom bond or Hy. Intermittently, carbon-carbon or carbon-oxygen
double bonds can be inserted. The last step of a catalytic cycle is the reductive
elimination, often accompanied by the abstraction of either a $-H, B-heteroatom
or B-carbon [26]. Many forms of Pd are used as catalysts, but the truly catalyti-
cally active species are mostly still under discussion. Potential breakthroughs are

12



1. Introduction

expected by in situ studies of the dynamics of palladium under reaction conditions,
which will aid in in the rational design of future generations of catalysts [40].

The catalytic activity of the nanoparticles is investigated with a freshly imple-
mented TPD setup. This device shall be exploited as a screening method to check
for cluster reactivity, that can ultimately be investigated in the variable temper-
ature STM under reaction conditions. The complex STM sample holder with a
relatively small single crystal of 4.4 mm in diameter and the low cluster coverage,
in order to ensure size-selectivity, represent a real sensitivity challenge for the new
device. To tackle these issues, a residual gas analyser is equipped with a modified
Feulner cone to increase the sensitivity of the device by guiding the desorbing gases
to the ionization part of the mass spectrometer and to reduce the UHV background
contributions [41]. The TPD measurement is controlled via a LabVIEW program
in combination with a proportional-integral-derivative (PID) regulator. In this con-
text, an evaluation routine is established, as well as a consistent calibration with
the well-known Rh(111)-(1 x1)-D and Rh(111)-(2 x 2)-CyHjs overlayers. Fol-
lowing the implementation of the TPD setup, measurements with unselected Pd
clusters on h-BN/Rh(111) are performed, investigating the C'80 oxidation. The
C180, peak at 380 K is in good agreement with literature on Pd(111) [42]. The
catalytic activity rises in consecutive TPD runs, which could be explained by an
oxygen accumulation, the formation of carbonaceous deposits or cluster ripening.
The latter can be confirmed by STM measurements performed before and after the
TPD series. Furthermore, the co-adsorption of Do and CoHy is studied with size-
selected Pdjg clusters supported on h-BN/Rh(111). Here, only 20% of the moiré
troughs are occupied with a single cluster, which corresponds to less than 0.15%
with respect to the Rh surface atoms. The two desorption signals at 180 K and
330 K can be assigned to the hydrogenation reaction and an H-D exchange. A peak
evolution takes place during a series of consecutive TPD measurements, meaning
a decrease in the hydrogenation activity and an increase of the H-D exchange re-
action. The findings are compared with studies on Pd nanoparticles evaporated
on AlyO3/NiAl(110), showing similar results [43, 44]. STM measurements before
and after the TPD series with 13 cycles show subtle ripening of the Pd clusters,
comparable to previous annealing experiments to 500 K in our group [45, 46]. The
ripening behaviour of the nanoparticles is not altered by potential carbonaceous de-
posits formed by dehydrogenation as shown with further STM measurements after
an additional annealing step at 700 K.

Apart from integral measurements on the catalytic activity of the Pd clusters,
also local investigations under reaction conditions could be performed with a vari-
able temperature STM. Two main ripening mechanisms could be derived from
size distributions of formerly size-selected clusters. In the Ostwald type, the clus-
ter disintegrates and in most cases single atoms diffuse on the surface, whereas in
Smoluchowski ripening the whole cluster moves as an ensemble. A merging of the
diffusing particles leads to changes in the size-distributions [45, 46]. In addition, a
restructuring and reshaping of the clusters has been observed [46]. Furthermore, it
has been shown that adsorbates can lower the barrier for the diffusion of nanopar-

13



1. Introduction

ticles down to atoms [47, 24, 48]. However, mobility of the particles as well as
structural changes often occur on time scales not accessible for conventional STMs.
In the past, mainly two concepts led to an enhancement of the time resolution with
STMs. One being the tracking mode, that enables a time resolution down to the
millisecond with low currents and a fast vertical feedback [49, 50]. Most of the pre-
vious work with this technique focused on the dynamics of atoms and dimers, but
recently also a Pd!? cluster could be tracked on graphene/Rh(111) [51]. However,
one of the biggest drawbacks of this technique is that only the tracked species is
investigated and interactions with neighbouring species that might influence the
diffusion behaviour cannot be recognized during the experiment. Therefore, often
additional STM images are needed to ensure the interpretation of the investigated
diffusion processes. Another way is to generally increase the frame rate [52]. These
high speed STMs are specially constructed with a rigid and compact design to
achieve high mechanical resonance frequencies and contain high bandwidth I/V
and A /D converters in combination with prompt feedback electronics. The biggest
benefit of fast STMs compared to the tracking technique is, that an area is imaged,
which enables the investigation of parallel events and interactions with the sur-
rounding. However, these measurements typically have to be performed at higher
current setpoints in order to achieve the high bandwidths needed with the I/V con-
verter, which increases the chance for tip sample interactions. Part of this work is
the implementation of an add-on instrument that enables a conventional variable
temperature STM to operate at video rates and beyond [53, 54]. This also includes
the development of an evaluation program from scratch. After the characterisation
of the FAST module with static surfaces down to atomic resolution on Rh(111),
the mobility of Pd clusters and atoms is investigated on h-BN/Rh(111). The dif-
fusion of a particle formed by decomposition of Pdjs at 375 K is studied in detail
for 3 hours with a time resolution of 125 ms. The residue is caged in a h-BN/
Rh(111) trough. The analysis of the geometric center of the particle per frame
reveals a hexagonal pattern with a lattice vector of ~3 A. A further evaluation of
the residence times per site shows, that the six thermodynamically equivalent sites
are separated by two distinct activation barriers, resulting in diffusion events on
two time scales. Furthermore, potential influences of bias and current setpoint on
the particles mobility are investigated in the range from 200 pA to 1000 pA and
41 V. Thereby, the diffusion behaviour of the residue is not altered. Furthermore,
Pd atoms could be soft-landed and immobilised on h-BN/Rh(111) at liquid nitro-
gen temperatures. STM measurements at 170 K revealed ring-like structure in the
h-BN/Rh(111) troughs. The enhanced time resolution of the FAST module can
provide the evidence that the apparent rings in the conventional STM measure-
ments are caused by a circular motion of the Pd atoms with an angular frequency
of ~2 Hz.

Summing up, the aim of this work is to cross-link catalytic activity of nanopar-
ticles with accompanying dynamics. The insights on the Pd cluster mobility during
reaction conditions shall help to understand the dynamics of catalytically active
species, which can ultimately be a step towards rational catalyst design.
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2. Experimental setup

In the following, a short overview of the utilized UHV setup and its attached devices
is given. A schematic drawing of the UHV chamber is depicted in figure 2.1. The
setup can be divided in three main parts by gate valves. These are the preparation
chamber, representing the centre of the setup, with the STM chamber and the clus-
ter source attached to it. The main chamber is pumped by an ion pump (Varian,
Vaclon Plus 300) with an included titanium sublimation pump and a turbopump
(Pfeiffer Vacuum, HiPace 300 M) with an active magnetic bearing in combination
with a multi-stage roots backing pump (Pfeiffer Vacuum, ACP 15). The STM
chamber contains an ion pump (Varian, Vaclon 150) and a titanium sublimation
pump (VACGEN, ST22). The titanium sublimation pumps are only operated di-
rectly after a bake out in order to avoid sample contamination. The STM and
the preparation chamber are typically operated at a base pressure in the range of
1-107'% mbar.

View port
Cluster beam NaYAG laser "

532 nm 100 Hz I U}:’
Gate valve
Eos ' I Bender Octupole
Einzel lens . Metal target

__ | Quadrupole Skimmer
Electron  Sputter anrz mass filter
micro
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Manipulator
/

7
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analyzer

Thermal cracker
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Variable temperature

ST™M
Fast-entry

lock

Figure 2.1.: Schematic drawing of the UHV chamber.
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2. Experimental setup

The laser evaporation cluster source is based on the design of Heiz et al. [14, 15].
The cluster source of this UHV chamber has already been described earlier by M.
Bieletzki and refined by M. Konig [55, 46]. On the contrary to the STM and prepa-
ration chamber, the cluster source is operated at a base pressure in the range of only
2-107® mbar at the quadrupole mass filter. The reason for this is that the pumps
have to be switched off while measuring with the STM for vibrational reasons.
Therefore, the source is always vented with nitrogen after the cluster deposition
to prevent long-term pump oil contaminations. In order to ensure an acceptable
backpressure and to minimize background contaminations of the produced clusters,
the source is always pumped over night before being operated.

The preparation chamber contains several devices for sample preparation and
characterization purposes. A sputter gun (Specs, IQE 11/35) is included for sample
cleaning. Thin films can be grown on the single crystal surfaces with a metal evapo-
rator (Omicron Nanotechnology, EFM3) in combination with a quartz microbalance
(INFICON, SL-A1E40). A thermal cracker (Oxford Applied Research, TC50) can
be used to further treat surfaces or metal nanoparticles with radicals. Furthermore,
a gas line equipped with leak valves (VACGEN, LVM series/Pfeiffer Vacuum, UDV
046) and the chemicals listed in table 2.1 is available. The borazine is stored in a
cooling device below 278 K for stability reasons, as already described earlier by M.
Konig [46]. For integral measurements, the chamber is equipped with a residual
gas analyzer (Stanford Research Systems, RGA200), which is used for maintenance
reasons and modified for TPD measurements as described in chapter 4. Further-
more, an Auger electron spectrometer (AES) (Omicron Nanotechnology, EA125)
is attached to the UHV chamber. A variable temperature microscope (Omicron
Nanotechnology, VT-AFM) is installed for local probes, enabling STM as well as
atomic force microscopy (AFM) measurements. In the course of this work, the
microscope has been equipped with an add-on instrument to enable STM measure-
ments at video rates and beyond in chapter 6. The inward and outward transfer of
the samples can be executed via a fast-entry lock, pumped separately by a turbop-
ump (Pfeiffer Vacuum, TC100) in combination with a rotary vane backing pump
(Leybold Vacuum, TRIVAC D4B).

Table 2.1.: Cleanliness and origin of the used chemicals in the gas line.

Chemical Composition Origin

Hydrogen 99.999% Westfalen Gas

Deuterium 99.999% Westfalen Gas
Oxygen 99.998% Air Liquide

Carbon monoxide 99.97% Westfalen Gas

Ethene 99.5% Westfalen Gas
Borazine 99% KatChem
Argon 99.9999% Air Liquide
Helium 99.9999%
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2. Experimental setup

The investigated single crystals are mounted on a sample holder and can be
controlled in the chamber via a corresponding manipulator head (Dodecon Nan-
otechnology). A speciality of the UHV setup is that the sample holder already con-
tains the infrastructure for the temperature readout and heating. The design, de-
veloped together with W. Stiepany (Max-Planck-Institut fiir Festkorperforschung,
Stuttgart), allows for a rapid and yet precise temperature control. Moreover, the
sample holder is securely movable inside of the UHV setup and fits tightly in the
manipulator and more importantly in the microscope. The design has to be rigid,
so that no mechanical vibrations affect the STM measurements. This has to be the
case in a wide temperature range from liquid nitrogen to the annealing temperature
of the Rh(111) single crystal at 1253 K. Figure 2.2 shows the complex sample holder
design.

(a) Schematic drawing. (b) Exploded view.

Figure 2.2.: Sample holder design for Rh(111).

The main body of the sample holder is made of titanium and houses a layered
internal structure, that is held together by four long screws. These are initially
made of molybdenum and later out of titanium. The reason for this change is an
elongation of the molybdenum screws above 1300 K, leading to eigenfrequencies of
a loose sample holder disturbing STM measurements. The resistive heating element
is a graphite coated pyrolytic boron nitride (PBN) plate, with two contacts out of
molybdenum to the side of the sample holder. One of these contacts is the connected
with the main body of the sample holder and represents ground. A plate out of
titanium is placed underneath the PBN heater, which acts as a radiation shield as
well as for stability. The spacing rings are made out of sapphire, which serve for
electrical isolation and their temperature dependent thermal resistance is beneficial
for heating and cooling [56]. The four molybdenum screws are laser welded after
being tightened with the titanium top plate of the sample holder, to ensure that no
loosening layered design takes place during repeated annealing cycles. The single
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2. Experimental setup

crystal fits in a hole of the top plate of the sample holder, is in direct contact
to the resistive PBN heating element and is fastened by spot welding a titanium
press foil on top of a sapphire spacing ring. The sample has a diameter of 4.4 mm
at the top and 7.0 mm at the bottom. The temperature readout is realised by a
type K thermocouple. The chromel and alumel wires touch directly the side of the
single crystal hat and can be contacted separately by springs at the two handles
situated at the hook side of the sample holder. This small hook is used for sample
transportation with wobble sticks and transfer rods.

The sample holder fits perfectly in the manipulator head illustrated in figure 2.3
and already described earlier by M. Bieletzki [55]. The resistive PBN heating
element of the sample holder can be accessed at B and C in figure 2.3a. The contacts
D and E can be used for e-beam heating, G to the ground of the manipulator head
and F is the ground of the STM tip stage. Furthermore, figure 2.3b shows three
type K thermocouples. The contacts A and B daisy-chain the thermocouple of the
sample holder, whereas I and J allow a temperature readout of the main body of the
sample holder. The temperature of the manipulator head itself can be monitored
with G and H.

(a) Power & grounding feedthroughs (b) Thermocouple contacts

Figure 2.3.: Schematic drawings of the manipulator head.

How the sample holder fits into in the variable temperature STM, can be seen in
figure 2.4. For that purpose, the microscope sample station has been retroactively
equipped with Type K contact springs, establishing a direct temperature readout
of the sample.
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2. Experimental setup

\ 3 | -

Figure 2.4.: Variable temperature STM with mounted sample holder.
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3. Sample preparation

3.1. Growth of h-BN/Rh(111)

The Rh(111) single crystal is always cleaned with the following standard procedure.
The surface is sputtered for 10 min with an argon backpressure of 5- 1075 mbar
and an acceleration voltage of 1.5 kV. A sputter current of about 300 nA can be
measured at the filament normally used for the e-beam heating in the manipulator.
The single crystal is annealed subsequently for 10 min at 1253 K. This sputter and
anneal procedure is repeated 3 times, however the last annealing step is shortened
to 5 min. This way carbon segregation processes from the Rh bulk is reduced.
The cleaned Rh(111) single crystal is hold at 1073 K directly in the cool-down of
the last annealing step and borazine is dosed for 3 min with a partial pressure of
6 - 10~ mbar to grow the h-BN film [57, 58, 59, 60]. The borazine is cleaned by
three pump-thaw cycles prior to each synthesis in order to ensure a high quality
film growth. In this process, the borazine is frozen with liquid nitrogen and the
residual gas phase in the vessel is pumped down with a turbopump. Therefore,
first the volume between leak valve and needle valve is evacuated. After closing the
leak valve and then opening the needle valve, the residual gas phase over the frozen
borazine can be pumped down by opening the leak valve carefully. After closing
both valves again the borazine is molten again by removal of the liquid nitrogen. A
high borazine quality is crucial to obtain defect free h-BN films. However, borazine
is not stable over a long time at room temperature and sensitive for water and
ultraviolet light. Therefore, the chemical is transferred in the storage vessel with a
Schlenk line under argon atmosphere. The high quality is preserved by a storage in
the dark and below 278 K in a cooling device [46]. Figure 3.1 shows STM images
of the h-BN/Rh(111) surface, prepared with the above mentioned procedure.
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3. Sample preparation

(a) [1 pA, -0.6 V, 100 x 100 nm?] (b) [1 pA, -0.6 V, 10 x 10 nm?]

Figure 3.1.: STM images of the h-BN/Rh(111) superstructure.

The moiré superstructure consists of a single but corrugated monolayer of h-BN
on Rh(111) [58]. The lattice constants of Rh(111) (268.7 pm) and h-BN (250.4 pm)
differ by 6.8%. For this reason, a supercell forms by coincidence of 13 x 13 h-BN
pairs on 12 x 12 Rh atoms [57, 61, 59]. The highly regular hexagonal structure has a
periodicity of 3.22 nm with pores of about 2 nm in diameter. The appearance of the
pores can vary depending on the STM tip conformation and is also bias dependent.
The pores appear to be higher than the wires at sufficiently high positive biases [62].
The monolayer binds strongly to the underlying metal in the pores, whereas the
wire regions are not bonded to the Rh(111) surface but only through strong cohesive
forces within the film itself [58, 63, 64]. Ab initio density functional theory (DFT)
studies show that the N atom is repelled from the surface, whereas the B atom is
attracted to it. The interaction strength depends on their position relative to the
underlying Rh atoms. The B attraction dominates the N repulsion only when B
occupies fcc or hep hollow sites and N is located on top sites, then h-BN is bound to
the surface [60, 65]. The non-uniform charge transfer from the h-BN layer results
in the development of lateral electric dipoles that can trap molecules and atoms
[66, 65, 67]. This effect could already be used for Xe atoms [68], Mn, Co and
Fe metal adatoms [69], Co clusters [70], water clusters [71, 25|, size-selected Pdg
clusters [45] Cgp [57] and naphthalocyanine molecules [58]. As already mentioned
before, a defect-free h-BN film requires a high quality borazine, as these can alter
the properties of the film on the local scale. The defects are classified in self-
interstitials N;j , Nj and vacancies Vi, Vg. The self-interstitials have low formation
energies, comparable to the vacancy defects. However, N; is found to be the most
stable defect in h-BN;, followed by Vg [72]. Other long-range disorders are caused by
domain boundaries where the stacking of the B atoms with respect to the substrate
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3. Sample preparation

changes from face centered cubic (fcc) to hexagonal closed packed (hcp), as for
example seen on Ni(111) [73, 74]. Point defects on h-BN can be quantified by
individual Ti atoms, that can adsorb and dissociate hydrogen [75].

3.2. Cluster deposition

For vibrational reasons, the pumps of the cluster source are turned off during STM
measurements. To avoid oil contaminations by the pumps, the source is filled with
nitrogen while not used. The filling with nitrogen instead of air speeds up the
evacuation process significantly, because less water is introduced into the chamber.
The cluster source is evacuated over night prior to the deposition of clusters. The
backpressure in the quadrupole region is typically in the range of 2 - 10~ mbar.
Before depositing clusters onto the sample surface, the source is operated for 15 min
with a closed gate to the preparation chamber to ensure that clean clusters and no
carbon or oxide species are formed. The coverage is controlled by monitoring the
cluster current on the manipulator head. Unless otherwise noted, the sample is
hold at room temperature while depositing the clusters. For smaller clusters it
is necessary to cool the sample down to 130 K during the deposition to suppress
cluster ripening. Furthermore, the kinetic energy of smaller clusters and atoms has
to be controlled precisely in order to prevent knock-on damages in the h-BN film
[46]. The predicted displacement energy for B or N is about 20 eV with electrons
[76, 77] and 50 eV with Rb atoms [78]. Figure 3.2 shows STM images of soft-landed,
size-selected Pdig clusters and Pd atoms on h-BN/Rh(111).

(a) Pdig [1 pA, -0.8 V, 100 x 100 nm?] (b) Pd atoms [1 pA, -0.6 V, 100 x 100 nm?]

Figure 3.2.: STM measurements of size-selected Pdjg clusters and Pd atoms on
h-BN/Rh(111).

22



4. TPD implementation

The main objective of this work is to probe the interplay of catalytic activity of
Pd clusters deposited on h-BN/Rh(111) and their dynamics, as measured in detail
with a variable temperature STM. Pd is investigated, because of its wide-ranging
properties as a catalyst. Particularly noteworthy is the abundance of possibilities in
carbon-carbon bond formation in organic synthesis [6, 26], the hydrogen chemistry
[27, 28] and the application in oxidation catalysis [29, 30]. A reactivity screening
is required in advance, which is not reasonable with time-consuming local probe
techniques. However, this screening can efficiently be performed by integral TPD
measurements with precise control in an apparatus that has been tuned for maxi-
mum accuracy. Here, pre-dosed gases undergo reactions catalysed by the nanopar-
ticles while heating up. The temperature-dependent products are measured via
mass spectrometry. The complex sample holder, initially optimised for a variable
temperature STM, with a relatively small single crystal of 4.4 mm in diameter, and
low cluster coverages to ensure the size-selectivity of the nanoparticles represent a
serious sensitivity challenge for the TPD setup.

4.1. Setup

In the following section, the main components and modifications of the TPD setup
are described. The sample holder, depicted in figure 2.2, contains type K ther-
mocouples contacted to the side of the top hat shaped crystal for temperature
readout and a PBN heating element that is in direct contact to the backside of the
crystal. For TPD measurements the linear heating ramp is controlled by a PID
regulator (2408, Eurotherm) and the maximum power is limited with a power sup-
ply (DCS60-20E, Sgrensen). The PID settings are optimised manually for different
cooling efficiencies of the manipulator. The cooling is realised by flushing the ma-
nipulator with cold gaseous nitrogen, so that a sample temperature down to 130 K
can be realised.

The reactants, see table 2.1, are dosed with leak valves at the desired temper-
atures. While heating up with typically 2 K/s, the reaction products are analysed
with an in-house modified residual gas analyser (RGA200, Stanford Research Sys-
tems, Inc.), which is already described in previous work of this group [46]. Here
a modified Feulner cone [41] is attached to the front end of the mass spectrome-
ter to guide the desorbing gases from the single crystal surface to the ionisation
part of the mass spectrometer, see figure 4.1a. At the same time, the modification
suppresses background signals caused by various adsorbates desorbing from the ex-
tremely complex STM sample holder that heats up during the temperature ramp.
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4. TPD implementation

Therefore the inlet of the modified Feulner cone has a smaller diameter of 3 mm,
compared to the Rh(111) single crystal with 4.4 mm, ensuring that only molecules
in line of sight to the mass spectrometer are detected.

(a) Modified Feulner cone attached to the residual gas analyser

(b) Gas inlet (¢) TPD measurement configuration

Figure 4.1.: Modified Feulner cone attached to the front end of the residual gas
analyser.

A LabVIEW program controls the temperature ramp, the mass spectrometer
and the data acquisition of up to 6 signal traces measured in a sequential, cyclic
way. A decrease of the noise floor can be achieved by reducing the bias voltage
at the channel electron multiplier (CEM). The result is a better signal to noise
ratio (S/N) and therefore a lower detection limit, but also the measurement time
per data point is prolonged. The noise floor value is set as low as possible, but still
ensuring that at least one data point per kelvin is recorded for each measured trace.
The saved log file contains the time, temperature and ion current for the selected
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mass to charge ratio (m/z) in a tab delimited form. Despite the higher background
level of the residual gas analyser compared to high-end mass spectrometers and the
broad TPD signals caused by the low pump rate of the Feulner cone, the in-house
built modification proves to be a valuable tool to determine reaction parameters
for the probed clusters.

4.2. Experimental procedure

In the following, the modus operandi for TPD measurements is described in a
general way. To begin with, the single crystal is placed approximately 5 mm in
front of the inlet of the Feulner cone and cooled down as far as possible. This is
realised by cooling the manipulator head by flushing with a constant flux of cold
gaseous nitrogen, which is obtained by pressure build-up in a liquid nitrogen dewar.
Here, a constant overpressure of 0.5 bar is set manually, to ensure comparable
cooling power for the experiments. This way, the same PID settings for the ideally
linear temperature ramps can be used. Sample temperatures down to 130 K can
be achieved. Since this cooling process takes around 30 min, a blank TPD run is
performed to desorb residual gases from the sample and to check the current PID
settings that depend on the cooling power. The ion getter pump in the preparation
chamber is turned off during the gas dosages and not turned on again until a base
pressure below 1 - 1078 mbar is achieved, to ensure a long lifetime of the pump.
After the gas exposure and cool down the desired start temperature, the sample
is approached to a distance below 1 mm to the entrance of the Feulner cone to
minimize background distortions of the multi-material sample holder during the
TPD measurements. The actual TPD measurement is started below a base pressure
of 2-107? mbar with a linear temperature ramp of 2 K/s. Higher heating rates
are not reasonable due to limitations of the PBN heating element in the sample
holder. Additional data points 30 s before the temperature ramp, 60 s at the end
temperature and during cool down to 273 K are recorded, if background corrections
are necessary for the data analysis.

4.3. Data analysis

The TPD log files are evaluated with a program based on IGOR Pro (Version 6.73,
WaveMetrics, Inc.). A boxcar smoothing algorithm, taking the sliding average of
13 adjacent data points, is applied for noise reduction in the desorption spectra. In
the following, all TPD runs are smoothed with this sliding average algorithm.

Often raw TPD traces contain background contributions that hinder the quan-
titative evaluation of the spectra. These background contributions are determined
by evaluating as well the traces before the start of the ramp, a 1 min dwell period
at the final temperature of the TPD run and during the cool down phase to room
temperature.
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4.3.1. Temperature dependent background

The extremely complex STM sample holder, whose layered design includes unavoid-
able dead volumes, can lead to a temperature dependent background contribution.
The background contribution is expected to be linear proportional to the temper-
ature, fitted during the cool down phase after the TPD measurement and then
applied for the entire spectrum. This type of background correction is only nec-
essary for TPD spectra of Hs. Figure 4.2a shows an exemplary TPD spectrum of
m/z =2 with proposed background correction function and figure 4.2a the corrected
graph.
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(b) Background corrected TPD spectrum

Figure 4.2.: Blank TPD spectrum, illustrating the temperature dependent back-
ground correction.
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4.3.2. Time dependent background

A further background contribution is associated with the slow pumping speed of
the Feulner cone, pumped only by the surrounding main chamber. For vibrational
reasons, only one magnetic turbo pump is attached to the chamber. Therefore
gases with a high sticking coefficient are pumped very slowly, which becomes more
pronounced with the number of TPD measurements performed that day. To reduce
the waiting times for a constant backpressure, a time dependent background cor-
rection is implemented. For this purpose a linear function is fitted to the regimes
with constant temperature before the start of the TPD measurement and during
the 1 min dwell time directly after reaching the final ramp temperature. The back-
ground for the entire spectrum can then be calculated for each TPD trace with the
previously fitted parameters and subtracted. Figure 4.3a shows a TPD spectrum
of m/z=29 after co-adsorption of Dy and CoHy with proposed linear background
function. The linear intensity drop after the temperature ramp is caused by the slow
pumping performance of the chamber. The corrected TPD spectrum is depicted in
figure 4.3b.
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Figure 4.3.: TPD spectrum after co-adsorption of Dy and CoHy, illustrating the

time dependent background correction due to the slow pumping speed
of the modified Feulner cone.
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4.3.3. Shirley background

An intrinsic problem using the Feulner cone is the accumulation of desorbing species
inside of the ionisation part of the residual gas analyser. In this case the background
increases proportional to the desorption yield. It was figured out that the Shirley
background correction method, originally developed for the evaluation of X-ray
photoelectron spectroscopy (XPS) spectra, is suitable for this task [79, 80]. Here
the background contribution due to inelastic scattering is proportional to the total
peak area for low binding energies [81, 82]. The time-dependent Shirley background
function Bgpiriey can be derived with the equations 4.1 and 4.2.

Bowaey® = k- [ [t~ [ )] + Sttar)  (41)

init

S(t) is the signal intensity of the trace to be background corrected and ¢ the time
with ¢, the initialisation time, fsq,¢ at the beginning and ¢, at the end of the
temperature ramp. The scaling factor k makes sure that the Shirley background
fit passes through the point S(tstop).

S(tstop) - S(tstart)
tstop tstart
/ S(t)dt — / S(t)dt
t

init tinit

k= (4.2)

This iterative process is repeated 4 times for every TPD trace. Figure 4.4a shows
a TPD spectrum of m/z=2 after co-adsorption of Do and CyHy with proposed
Shirley background fit. The corrected TPD spectrum is depicted in figure 4.4b.
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(b) Background corrected TPD spectrum

Figure 4.4.: TPD spectrum after co-adsorption of Dy and CoHy, illustrating the
Shirley background correction.

In particular, attention was paid to find a routine that is reproducibly applicable
to all of the data and ensures therefore comparable results. Blank measurements
show no signals except for m/z=2, which are caused by the layered design of the
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extremely complex STM sample holder. This contribution is proportional to the
sample temperature and can therefore be eliminated with the fit routine mentioned
before. The other TPD traces are only treated with the Shirley background algo-
rithm, that accounts for the accumulation of the species inside the Feulner cone.
The linear background correction with time is not used within this thesis, but help-
ful for screening experiments performed late in the day with accumulated species
in the backpressure.

4.4. Quantification of TPD spectra

For quantification of the TPD peaks, the exact knowledge of the relationship of an
at first arbitrary TPD signal and the desorbed amount of molecules is needed. The
peak areas are determined via numerical trapezoidal integration of the background
corrected data points S(t) over time.

t2 t—ty
St)dt ~ 2237 (S(ty) + S(tet)) (4.3)
t 2N o
It is known from literature that on Rh(111) 1 ML corresponds to 1.58 - 101°
sites/cm? [83]. Therefore the (2 x 1)-0O and (1 x 1)- D superstructures on Rh(111)
are used to calibrate the TPD signals in the following.

4.4.1. Rh(111)-(2x1)-0

Exposure of Rh(111) to O2 at room temperature under clean conditions leads to
the formation of a (2 x 1)-O superstructure, which was confirmed by low energy
electron diffraction (LEED) and STM measurements [84, 85, 86]. The other existent
(2 x 2) - O superstructure only forms below 280 K or at substochiometric dosages
[84, 86]. The amount of oxygen corresponds to a coverage of 0.5 ML [86]. With an
initial sticking probability of 0.2, a saturation exposure of 10 L should be sufficient
to form the superstructure [86]. The oxygen desorbs around 900 K (234 kJ/mol)
following second order desorption kinetics [87]. This method did not work, but is
described for completeness.

The carbon content of the Rh(111) single crystal has to be depleted, since the
crystal has been used prior as a template for graphene film formation. Therefore the
standard cleaning procedure consisting of 3 consecutive sputter/annealing cycles,
see section 3.1, together with an additional oxygen treatment is performed. Here the
single crystal is cycled at 2-10~7 mbar O 6 times for 10 min at 700 K followed by a
dwell time of 5 min at 1173 K. Directly after the last cycle the sample is cooled down
to room temperature, while still dosing 2- 10~ mbar Oz. The Rh(111)-(2x 1)-O
superstructure is confirmed by STM measurements illustrated in figure 4.5.
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(a) [1 nA, -0.6 V, 100 x 100 nm?] (b) [1 nA, -1.3 V, 20 x 20 nm?]

Figure 4.5.: STM measurements of the Rh(111)- (2 x 1) - O superstructure.

The three domains of the Rh(111)-(2 x 1) - O superstructure, rotated by 120°
with respect to each other, are clearly discernible in the STM image in figure 4.5b.
The oxygen atoms sit on the threefold hollow sites of the single crystal [86]. Such
a structure is not found by Hy or CO adsorption.

TPD measurements, illustrated in figure 4.6, with 2 K/s are performed right
after the STM measurements and show a significant CO formation instead of the
expected desorption of Os. The intensity fluctuations in the desorption signals are
caused by non-optimal PID settings for the temperature control.
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Figure 4.6.: TPD spectrum of Rh(111)-(2 x 1)-O.

This finding leads to the assumption that carbon segregation from the bulk
still takes place while heating up. The CO desorption signal on clean Rh(111) is
expected at 500 K [88]. However the measured desorption peak for m/z=28 is
detected at 900 K, which is the desorption temperature for Rh(111)-(2x1)-0O
[89, 87]. This indicates that the desorbing CO is formed by reaction of oxygen
with remaining carbon in the Rh(111) single crystal. Thus the carbon content
in the Rh(111) single crystal could not be depleted enough and the desorption
of the (2x1)-0O structure is not reasonable to calibrate the TPD setup. The
oxygen almost reacts quantitatively to CO. TPD measurements without the carbon
depletion procedure lead to additional desorption peaks at 160 K, 400 K, 900 K
and 1000 K.

4.4.2. Rh(111)-(1x1)-D

After the unsuccessful calibration the the (2 x 1) - O superstructure on Rh(111) due
to residual carbon impurities of the single crystal, another attempt is performed
with the (1 x 1) - D structure, which is well known from LEED and helium scattering
studies [90, 91, 92]. This structure is formed by dissociative adsorption of Dy
at 160 K, which takes places at the fcc threefold hollow site, as determined by
LEED intensity analysis [92]. Furthermore, nuclear reaction analysis (NRA) shows
a saturation coverage of 0.84 +0.12 ML, explained by the hindrance of dissociative
adsorption close to a fully saturated surface [92]. In this work, Do is used instead
of Ha, to lower the background contribution and to enhance the S/N. A saturation
coverage of 1 ML is assumed for the calculations.
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4. TPD implementation

The preparation of the (1 x 1)-D structure on Rh(111) is realised as follows.
The single crystal is sputtered at room temperature for 10 min and subsequently
annealed in 2-10~7 mbar O at 973 K for 10 min for carbon depletion. Subsequently
the sample is flashed to 1253 K, to remove adsorbed Os from the surface. A fast
cool-down minimizes carbon segregation from the bulk. This procedure is repeated
3 times. Finally the (1 x 1)-D structure is formed by exposure of the Rh(111)
single crystal directly after the last flash to 1-107° mbar Dy during cool-down.

The TPD spectra are performed with 2 K/s in the temperature range from
130 K to 550 K and lead to a broad desorption signal between 200 K and 400 K
with a peak maximum at 275 K. An exemplary TPD spectrum is illustrated in
figure 4.7. The peak position and width is in good agreement with literature [91].
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Figure 4.7.: TPD spectrum of Rh(111)- (1 x 1)-D.

The major peak with m/z =4 belongs to Ds, but also small amounts of HD and
Hs are detected with the respective traces with m/z=2 and 3. The Hy originates
from the background of the UHV chamber and HD is formed by recombination
of dissociatively bound Hy and Dsy. Furthermore, a small amount of m/z=28
is detected at 475 K, which can be assigned to carbon monoxide from the UHV
background, as is in good agreement with literature [88]. Experiments dosing Dj
at 130 K showed the same signals, but higher amounts of Hy and CO. A cool-down
in D9 reduces the background contribution of those species.

The desorption signals in the temperature range from 160 K to 550 K are consid-
ered for the calibration. In addition to the the main signal with m/z =4, the traces
of m/z=2, 3 and 28 are also taken into account, to correct for adsorbed species
from the UHV background. The fragmentation patterns for the respective gases
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are listed in table 4.1. It is assumed that HD and Dy show the same fragmentation
pattern as Hs.

Table 4.1.: Fragmentation patterns for Hy, HD, Dy and CO for the RGA 200 [93].

m/z 1 2 3 4 28
Hy (%] 4.76 95.24 - - )
HD [%] 2.38 238 9524 - i
Dy [%] - 476 - 9524 -
CO [%] - - - - 9158

Furthermore, the device specific sensitivity of the detection system, consisting
of a quadrupole and an electron multiplier, has to be taken into account for the
calibration of the modified TPD setup. The applied sensitivity factors, listed in
table 4.2, are provided from the manufacturer of the mass spectrometer and nor-
malised to be 1.0 for No. The sensitivity factor of HD is assumed to be in between
of H2 and DQ.

Table 4.2.: Sensitivity factors for Hy, HD, Dy and CO [93].

Gas Sensitivity factor

H, 0.46
HD 0.41
D, 0.35
CO 1.05

For the calibration of the TPD setup, first the peak areas for the traces with
m/z=2, 3, 4 and 28 are determined, which correspond to the respective main
signal components for Hy, HD, Dy and CO. Subsequently these areas have to be
fragmentation corrected. In the case of m/z =2 the share with the fragments of HD
and Do are subtracted and then corrected for the fragmentation. Then the areas
are set in relation to Ny with the respective sensitivity factors in table 4.2.

Still the small amounts of carbon monoxide adsorbed from the UHV background
have to be taken into account. CO forms different structures on Rh(111), which
are the (2 x 2), the split (2 x 2) or the (v/3 x v/3)R30° [89]. If one assumes that
every CO molecule blocks two binding sites on the Rh(111) surface and therefore
two deuterium atoms forming one Do molecule, each CO molecule can be seen
as an equivalent to a Dy molecule. Further calculations are carried out with this
assumption. The possible error by misconception is rather small, since the CO
signal is only 3% of the overall sensitivity corrected peak area. The step-by-step
calculation is illustrated in table 4.3.
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Table 4.3.: Calculation step-by-step for the calibration of the TPD setup.

Species Hs HD D CcO

Integrated peak area [As] 2.07-107% 4.55-107% 2.58-1077 2.95-1078

Fragmentation corrected peak area [As] 7.70-107% 4.78-10"% 2.71-1077 3.22-107%

Sensitivity corrected peak area [As] 1.67-107% 1.17-1077 7.74-1077 3.07-107%
Sum [As] 9.38-1077

The sum of all corrected peak areas is 9.38 - 1077 A and corresponds to the
sensitivity corrected ion current of 1 ML of adsorbed deuterium atoms, that recom-
bine to Da. Thus the total ion current, assuming one molecule Ny desorbing per
binding site, is 1.88 - 1076 A. The top hat shaped single crystal with a diameter of
4.4 mm has 9.60- 10" sites in total, so that each binding site leads to an sensitivity
corrected Ny ion current of 1.96 - 10721 A.

4.4.3. Graphene growth

Another experiment verifies the calibration described before: Ethene chemisorbs
on Rh(111) with its C-C bond perpendicular to the surface as an ethylidine species
between 230 and 250 K. LEED measurements show the formation of a (2 x 2)
superstructure, depicted in figure 4.8 [94].

hep
hollow

Figure 4.8.: Real space structure of the Rh(111)- (2 x 2)- CoHs overlayer [95].

TPD experiments with 2 K/s lead to the polymerisation of the hydrocarons
forming ultimately graphene [46]. The Hy trace formed by the dehydrogenation of
the hydrocarbons can then be used to verify the calibration results obtained with
the Rh(111)- (1 x 1)-D superstructure.
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Figure 4.9.: TPD measurement of ethene saturated Rh(111) during graphene for-
mation.

Figure 4.9 shows a TPD measurement performed after the adsorption of 12 L
ethene on Rh(111) at 240 K. The (2 x 2) superstructure covers 0.25 ML with re-
spect to the Rh surface atoms and each ethylidine species contains three cleavable
hydrogen atoms. Thus, full dehydrogenation leads to the formation of 0.375 ML
Hy during the TPD experiment of Rh(111)- (2 x 2)- CoHs.

The small desorption signal caused by CO adsorbed from the UHV background
is also taken into account. As pointed out above, CO forms (v/3 x v/3)R30°, (2 x 2)
or split (2 x 2) superstructures on Rh(111) [89]. It is assumed that every CO
molecule blocks the binding site for one ethelydine species and therefore the forma-
tion of 1.5 Hy molecules. The corrected peak area is 1.76 - 1076 As and differs only
by 7% from the calibration with deuterium. This finding backs up the preceding
calibration and gives an estimation for the accuracy of the modified TPD setup.
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5. Reactivity of Pd clusters on
h-BN/Rh(111)

The reactivity of Pd clusters supported on h-BN/Rh(111) can now be investigated
systematically with the improved and calibrated TPD setup. The corrugated mono-
layer, on which the nanoparticles are deposited, is grown via chemical vapor de-
position (CVD) on the Rh(111) single crystal. The h-BN builds a highly regular
hexagonal superstructure on Rh(111) with a periodicity of 3.22 nm and pores of
about 2 nm in diameter [58]. The moiré forms by the coincidence of 13 x 13 h-BN
units on 12 x 12 Rh lattice spacings [61]. The clusters are trapped in the troughs
of h-BN/Rh(111) and ripening is suppressed to a large extent [66, 45, 46]. On the
nanomesh, each cluster has the same chemical environment and therefore integral
measurements like the TPD experiments can be linked to local probes with the
STM.

Integral measurements of cluster reactivities challenge the sensitivity of the mod-
ified TPD setup. The investigation of size-selected clusters requires low coverages
of the nanoparticles. The nanoparticles show a transient mobility upon cluster de-
position, leading inevitable to the formation of a certain amount of agglomerates
that can be predicted by Poisson statistics. Thus, a cluster coverage of <5% of the
moiré cells leads already to the formation of <2.4% of agglomerates [46]. Addition-
ally keeping in mind that one moiré cell spans over 144 Rh atoms, the sensitivity
of the modified TPD setup has to be at least 3 magnitudes higher for experiments
with size-selected clusters compared to measurements on single crystals.

In the following, a fresh h-BN film is prepared for each measurement series and
checked with the STM. Furthermore, the number of nanoparticles and their height
distribution is monitored right after the cluster deposition and after each TPD
measurement series to document the ripening behaviour of the nanoparticles under
reaction conditions.

5.1. CO oxidation on Pd~19/h-BN/Rh(111)

The first experiments on the reactivity of Pd clusters with the modified TPD setup
can be seen as proof of principle measurements. At that time, the detection limit of
the apparatus is unknown, so that a familiar reaction with a high desorption yield
in combination with a huge amount of clusters is investigated. Unselected Pdxq9
clusters are investigated, which can be deposited faster in large amounts and thus
leading to higher desorption signals. The unselected nanoparticles are generated
by a special mode of the quadrupole mass filter, applying only the AC and no DC
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voltage. In this “RF only” mode the quadrupole acts as a high pass filter, theoret-
ically allowing only particles above 7/9 of the selected mass to pass. In reality this
value is closer to one, due to inevitable discrepancies between theory and practice
[96, 97]. Additionally the bender of the cluster source operates as a notch filter
depending on the settings. With the specific cluster source settings used, clusters
from Pd7 to Pd4e were able to pass the source. This means that in the case of uns-
elected Pdx19, clusters in the range from Pdi5 to Pdys are deposited. In the proof
of principle measurements, the unselected Pdx19 clusters are used as a catalyst for
the well-known CO oxidation. The reaction is highly exothermic and achieves high
yields, further simplifying the measurements. In the following TPD experiments
investigating the coadsorption of Og and CO on Pdna19/h-BN/Rh(111) are carried
out and compared with literature. The CO oxidation is one of the most thoroughly
studied reactions and follows a Langmuir-Hinshelwood mechanism [42, 98].

5.1.1. Literature

TPD and IRAS studies on the CO adsorption on Pd(111) show that weakly bonded
linear or atop CO species desorb first, resulting in a broad TPD signal between
100 K and 300 K. With decreasing CO coverage, the remaining molecules occupy
the more favorable bridge and threefold hollow sites, from which they desorb at
470 K on Pd(111) [99]. The CO oxidation on Pd(111) shows an even more complex
dependence on the oxygen and carbon monoxide coverages. At moderate coverages,
oxygen is compressed from a p(2 x 2) to a (v/3 x v/3)R30° structure, which reduces
the activation energy from 105 kJ/mole to 59 kJ/mole [98]. Thus coverage depen-
dent desorption signals for COy are observed on Pd(111), ranging from 380 K to
490 K [42]. Additionally the underlying substrate has an influence. For example
the CO desorption temperature is 70-100 K lower for single layer Pd(111) islands
evaporated on a thin FeO(111) film grown on Pt(111) compared to Pd(111) [100].

The reactivity of evaporated Pd nanoparticles is even more complex than on
single crystalline surfaces. Whilst the CO desorption behaviour is the same for
Pd(111) and 27 nm Pd nanoparticles evaporated on alumina with a signal around
500 K, smaller 2.5 nm particles show a double peak structure with signals at 370 K
and 470 K. Furthermore the CO adsorption capacity is reduced during repeated
adsorption/desorption cycles due to CO dissociation and accumulation of surface
carbon, which reduces the activation energy of the desorption state with higher
binding energy [101]. Besides weaker bound CO adsorption states, the smaller
particles are also more reactive concerning the CO oxidation. In molecular beam
studies the 2.5 nm particles have an activation energy of 20 kJ/mole compared to
64 kJ/mole for Pd(111). Also a slower decrease in the CO2 production is observed
for the smaller Pd nanoparticles compared to Pd(111), which is explained by the
reversible formation of subsurface oxygen [102].

The CO oxidation on Pt-group metals has long been considered as structure
insensitive [7]. However, gas phase reaction kinetic measurements combined with
first-principles calculations on Pds-Pd~ show that the catalytic activity is tunable
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by changing the number of constituent atoms [103]. Furthermore, investigations
on size-selected Au, Pt, Pd and Rh clusters with sizes ranging from 1-20 atoms
supported on thin MgO(100) films grown on Mo(100) show structure sensitivity. CO
combustion on Pdg clusters takes place below 300 K, whereas Pdy3 and Pdog react
above 400 K. Furthermore the reactivity of Pdg is higher on defect-rich MgO(100)
films and thus depending on the support [17].

5.1.2. Experimental procedure

20 L of Og are dosed at room temperature on Pd~19/h-BN/Rh(111) with a pressure
of 5-10~7 mbar. The thermal energy is sufficient to overcome the activation barrier
for the Og dissociation [104]. Atomic oxygen blocks the binding sites for Hy and
thus the main component of the UHV background [105]. Additional 15 L of C**O
are dosed with 1-10~7 mbar after a cool-down to 130 K. The isotope-labeled C'80O
is used to distinguish from CO out of the UHV background. O is dosed prior to
C80, because the latter blocks the adsorption sites of O, but not vice versa [104].
After reaching a backpressure lower than 2 - 10~ mbar, the TPD experiments are
carried out with 2 K/s in the temperature range from 130 K to 600 K, recording
m/z=28, 30, 32, 44 and 46. The desorption of O3 is not investigated, which takes
place around 800 K [106]. At these high temperatures the investigated cluster sizes
show a pronounced ripening, making consecutive TPD experiments incomparable
[45, 46]. A blank TPD temperature ramp is always performed directly before dosing
the reactants to remove adsorbed gases.

5.1.3. Results

The sensitivity of the in-house modified TPD setup is sufficient to detect the C'80O
oxidation on Pda~j19/h-BN/Rh(111). Two consecutive C'80 oxidation measure-
ments with the modified TPD setup are shown in figure 5.1. The quadrupole mass
spectrometer changed the amplification twice during the TPD runs, because the
h-BN/Rh(111) surface is almost completely covered with Pd~i9 clusters and the
CO oxidation has typically a very high yield. The intermediate regions are fitted
and illustrated by dashed lines. This problem does not affect future TPD measure-
ments, because the amount of nanoparticles will be less in the case for size-selected
clusters.

The TPD experiments concerning the co-adsorption of Os and C'80 on Pdx19/
h-BN/Rh(111) show a desorption peak at 380 K for C!¥0y. The experiments are
difficult to compare with literature in every detail. Many parameters as the CO
coverage, the cluster-size, the support have an impact on the investigated reaction.
The temperature range is in good agreement with CO oxidation experiments on
Pd(111) [42].

The intensity ratio of m/z=44 to 46 is about 1/3. Thus roughly 1/3 of the
CO9 desorption signal arises from oxidized CO or adsorbed COs, both from the
UHV background. Since the ratio of the m/z=28 and 30 traces is also about 1/3,
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the m/z=44 signal is most probably caused by oxidation of CO from the UHV
background and only minor amounts of COy are adsorbed. The m/z=44 trace for
COg formation with CO from the UHV background shows an additional signal with
a magnitude of 50 pA at the very beginning of the temperature ramp, which is not
existent for for m/z=46. This is most probably a contribution of the extremely
complex STM sample holder, which contains small dead volumes due to the layered
design and can therefore be neglected.
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Figure 5.1.: TPD spectra of co-adsorbed Os [295 K, 20 L, 5-10~7 mbar] and C**O
[130 K, 15 L, 1-10~7 mbar] on Pde1o/h-BN/Rh(111).

Blank measurements of the h-BN/Rh(111) surface without Pd clusters also show
a low reactivity for the CO oxidation compared to measurements with Pd~19 clus-
ters, as illustrated in figure 5.2. The reactivity increases with the number of TPD
runs, as in the case with Pdx19/h-BN/Rh(111) samples. The peak integral of the
second run reaches about 25% of the signal achieved with Pdx~i9 clusters, which
means that most of the catalytic activity is still induced by the nanoparticles. The
catalytic activity of the h-BN nanomesh on Rh(111) may be explainable by a pro-
gressive destruction of the film by Oy or CO, so that the underlying Rh(111) surface
can promote the oxidation. Theory predicts, in contrast to the inert free standing
h-BN, that on h-BN/Ni(111) the adsorption of Oz leads to an elongation of the O-O
bond. This activated state of the O molecule leads to a spontaneous formation
of CO9 with an incoming CO molecule in an Eley-Rideal mechanism, because CO
adsorption on h-BN/Ni(111) is unfavourable [107].
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Figure 5.2.: TPD spectra of co-adsorbed Og [295 K, 20 L, 5 - 107 mbar] & C*®0O
[130 K, 15 L, 1- 10~ mbar] on h-BN/Rh(111).

The peak position in figure 5.1 shifts to lower temperatures with consecutive
TPD measurements. This finding is in agreement with literature, where the CO ad-
sorption capacity is reduced on evaporated 2.5 nm Pd particles on alumina during
repeated CO adsorption/desorption experiments due to CO dissociation and sub-
sequent accumulation of surface carbon [101]. The measured catalytic activity rises
with each run until saturation at run 2. This can be seen by an increase in signal
intensity for m/z=46 and a decrease of the CO desorption trace with m/z = 30.
From there on, the catalytic activity remains unchanged. Various explanations
could be possible for this observed behaviour:

Oxygen accumulation

While the desorption of CO on Pd(111) is complete until 500 K, oxygen species do
not desorb until 800 K [99, 106]. The TPD experiments herein are performed in
the temperature range from 130 K to 600 K and thus an accumulation of oxygen
species takes place, which could be a possible explanation for the pronounced CO,
production in consecutive TPD runs. This would indicate that the initial oxygen
dosage is not sufficient to saturate the clusters. The high oxygen uptake could be
explained by the reversible formation of subsurface oxygen, as already reported for
2.5 nm Pd particles evaporated on alumina [102].
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Carbonaceous deposits

2.5 nm Pd nanoparticles on alumina show a decay of the CO adsorption capacity
caused by accumulation of surface carbon in repeated adsorption/desorption cycles
due to the dissociation of CO. This effect is only observed for 2.5 nm particles and
not the case for 27 nm particles and Pd(111). The dissociation process occurs most
probably at low coordinated sites, which are more likely on the surface of smaller
particles [101]. The pronounced CO5 formation may be explained by the oxidation
of surface carbon species.

Cluster ripening

The increased CO2 production could also be caused by cluster ripening processes.
Pdyg clusters are known to ripen on h-BN/Rh(111) in the temperature range be-
tween 500 K and 700 K [45, 46]. Also a change in the morphology of the clusters
may affect their catalytic activity, which is not easily understood. STM measure-
ments before and after a TPD measurement series are depicted in figure 5.3. Both
STM images have to be interpreted with caution due to the high cluster coverage.
Figure 5.3a contains 677 visible clusters. Though, taking into account the mea-
sured cluster current during the cluster deposition, 2070 clusters should be located
on the 100 x 100 nm? surface area. This means that either the clusters are stacked
in multilayers or merged together after deposition. Most probably both scenarios
have taken place, since bigger agglomerates as well as various layers can be distin-
guished. This becomes even more reasonable, since there are only 965 moiré cells
expected per 100 x 100 nm? surface area. Figure 5.3b contains only 415 clusters.
The nanoparticles appear bigger than before, which leads to the assumption that a
further agglomeration of the nanoparticles has taken place.
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(b) [1 pA, -0.6 V, 100 x 100 nm?]

Figure 5.3.: STM images before (a) and after (b) a TPD measurement series.

5.2. Co-adsorption of Dy and CaH; on Pd;g/h-BN/Rh(111)

After the first experiments with the modified TPD setup, investigating the CO
oxidation on Pdx~19/h-BN/Rh(111), further studies focus on the more elaborate
co-adsorption of Dy and CoH, on size-selected Pdjg clusters. In order to ensure the
size-selectivity of the Pdig clusters, the particle density has to be reduced by one
magnitude in comparison to the preceding measurements with unselected Pdx19.
Thus only 20% of the moiré cells are occupied with a cluster, which is less than
0.15% with respect to the Rh surface atoms. The low cluster coverage represents a
sensitivity challenge for the modified TPD setup.

5.2.1. Literature

Ethene adsorbed on Pd(111), Pd(100) and Pd(110) single crystal surfaces desorbs
with two features in TPD measurements, a main desorption peak around 300 K
with a small shoulder at 220 K [108, 109, 110]. The main component desorbs
with an activation energy of 80 kJ/mol at low coverages on Pd(111), but strong
intermolecular lateral interactions reduce the desorption temperature gradually at
higher coverages [111]. 40 L of ethene are necessary to saturate the Pd(111) surface
at 300 K [111]. TPD experiments with C2H4 on evaporated Pd nanoparticles with a
mean particle size of 2.5 nm on AlpO3/NiAl(110) show similar desorption features,
as depicted in figure 5.4, though the main desorption signal is at 220 K.

C9oHy adsorbs at low temperatures in two geometries, m-ethene and the stronger
bound di-o-ethene. The 7-ethene desorbs intact at 220 K, whereas the di-o-ethene
can either desorb intact at 300 K or dehydrogenate above 550 K, producing carbona-
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ceous deposits. After a number of TPD cycles, the carbon containing species block
the active sites for the dehydrogenation reaction and ethene desorbs predominantly
intact [112].
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Figure 5.4.: Consecutive TPD spectra after adsorption of 1 L CaDy4 at 100 K on Pd
nanoparticles supported on AloO3/NiAl(110) with a mean particle size
of 2.5 nm [112].

The ratio of 7- and di-o-ethene is dependent on the particle size, which makes
this an attractive system to be investigated with size-selected clusters. Di-o-ethene
is predominantly formed on single crystals or larger particles [43]. XPS measure-
ments of the Pd 4d state show, that the Fermi energy of the Pd particles moves
upward in energy with increasing particle size. Therefore the donation of electrons
from the metal to the antibonding 7*-orbital of ethene is enhanced with increasing
particle size. The result is a weakening of the C=C double bond. Thus, the sp>-
hybridisation is more favoured on bigger particles than the sp?-hybridisation, which
means a gradual transition from m-ethene to di-o-ethene is occuring [113]. Addi-
tionally, the development of more extended facets on the larger particles favours
the formation of di-o-bonded ethene [43].

Experiments with 1.5 L CoHy dosed at 133 K on unselected Pdxsg clusters
supported on h-BN/Rh(111) show similar features with the modified TPD setup,
as illustrated in figure 5.5. The two desorption signals at 190 K and 330 K can be
attributed to 7- and di-o-ethene. Furthermore, the weaker bound m-ethene signal
is the main desorbing component, in accordance with evaporated Pd nanoparticles
on AlyO3/NiAl(110) [112].
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Figure 5.5.: TPD spectrum of CoHy [133 K, 1.5 L, 1-10~7 mbar] on Pdy~3s/h-BN/
Rh(111).

Di-o-bonded ethene on Pd(110) undergoes self-hydrogenation in small amounts
above 300 K, meaning the reaction of ethene with hydrogen adatoms produced by
dehydrogenation of other ethene molecules. The ethane formation can be increased
by a factor of 50 with a pre-coverage of Pd(110) with Hy [110]. Ethane is predom-
inantly formed by reaction with m-bonded ethene [111]. The addition of the first
hydrogen atom to ethene, which forms an ethyl species, is the rate-limiting step
[114].

Furthermore, CoH4 undergoes extensive H-D exchange on Dy pre-adsorbed
Pd(111), whereas only small amounts are fully hydrogenated to CoH4D5. Despite
the Dgy pre-coverage on Pd(111), a small amount of CoHy is still dehydrogenated
[44]. 1-alkenes, including ethene, undergo efficient H-D exchange reactions below
300 K on Pd(100) and Pd(111) on all C-H bonds, but again next to no alkane
formation is observed. The stronger bound di-o-ethene is the precursor for the H-D
exchange reaction of ethene, as found on Pd(100) and Pd(110) [115, 110]. It is
proposed that the H-D exchange reaction occurs via the reversible hydrogenation
of the adsorbed alkene to a half-hydrogenated intermediate. Due to the stronger
metal-hydrogen bond on Pd than on other catalytically active metals, the further
hydrogenation of the half-hydrogenated intermediate is prevented [115, 116]. Less
than 1% of the adsorbed ethene reacts with the pre-adsorbed hydrogen on Pd(111)
[111].

The ethane formation takes place with even higher yields on hydrogen pre-
covered Pd nanoparticles evaporated on AloO3/NiAl(110) and around 80 K lower in
temperature compared to studies on single crystals. Furthermore the hydrogenation
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and dehydrogenation reactions proceed more readily than on the single crystal
surfaces [43]. Hydrogen pre-coverage favours the formation of w-bonded ethene on
Pd(111) and Pd nanoparticles evaporated on AlaO3/NiAl(110). The proportion of
m-bonded ethene increases with the hydrogen coverage, because the formation of di-
o-ethene is inhibited by hydrogen adatoms sitting in the hollow sites and sterically
hindering the di-o-bonding [43, 117, 111]. Thus, the more weakly 7m-bound ethene
is favoured on the residual top-sites [43]. It has been proposed that the formation of
weakly bound subsurface hydrogen is the key factor to promote the hydrogenation
reaction, which is enhanced in the case of the nanoparticles [118, 44]. However, the
discrimination of surface and subsurface hydrogen is not straightforward by TPD
measurements, due to the very small energy differences between those two states,
as calculated e.g. for Pd(111) [119].

Ethene adsorbed on Pd nanoparticles decomposes to some extent at elevated
temperatures. The resulting carbonaceous deposits are preferentially formed on
larger particles with several nanometers in size. In this case, the development of
more extended facets favours the formation of di-o-bonded ethene, shifting the
reaction pathway to the dehydrogenation reaction [43]. Therefore, the reactivity
of ethene depends on the particle morphology. It is noteworthy that only a few
percent of a monolayer dehydrogenate on Pd(111) per TPD run, because the rate
of the ethylene dehydrogenation is negligibly slow in UHV [120]. Nanoparticles with
well-ordered (111) facets appear to be less active [43]. Local rearrangements of the
nanoparticles at 400 K most probably lead to the formation of more extended facets,
as when used directly after deposition at low temperatures [121, 122, 43]. The
activity of Pd nanoparticles in the 1-3 nm range evaporated on AloO3/NiAl(110)
is independent on particle size [43]. Though, experiments with Pd nanoparticles
supported on SiOs and TiO2 at atmospheric pressures, illustrated in figure 5.6,
show significant size-effects for the hydrogenation reaction of ethene [123].
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Figure 5.6.: Size-dependent ethene hydrogenation on Pd particles carried out at
atmospheric pressures at a reaction temperature of 293 K with Hy and
CyHy concentrations of 8.6 x 10 mol 1! [123].

5.2.2. Experimental procedure

The experimental procedure described in the following is oriented on literature
[43, 44]. 300 L of Dy are dosed with 1-107° mbar at 200 K, which is the onset
temperature for the dissociative adsorption of Do on Pd. In this way the adsorp-
tion of Hy from the UHV background is prevented during further sample cool down
[124, 125, 126, 127]. Dy is dosed prior to CoHy, because the latter blocks the bind-
ing sites for hydrogen [43]. A saturation of the clusters is ascertained by a high Dy
exposure of 300 L [128]. Deuterium atoms can migrate into the bulk upon dissocia-
tive adsorption, which is facilitated at elevated dosing pressures [129, 43]. In order
to discriminate H/D exchange from hydrogenation reactions, supplemental exper-
iments with Hs instead of Dy are performed. After a further cool-down to 130 K,
additional 1.5 L of CoHy are dosed with 1-10~7 mbar on the Do pre-covered Pdig
clusters. Further experiments with exposures of 10 L. CoHy are performed, leading
to higher desorption signals, but also longer waiting times to reach an acceptable
backpressure of at least 2 - 107 mbar before starting the TPD measurement in
regard to the high sticking coefficient of ethene. This backpressure problem could
not be improved by a reduction of the CoH4 dosing pressure below 1-10~7 mbar.
The experiments with 10 L of CoHy show similar results, besides a higher signal
intensity. It is noteworthy that CoHy does not adsorb in multilayers on Pd parti-
cles [122, 43]. The TPD measurements are performed with a temperature ramp of
2 K/s in the range from 130 K to 500 K and the m/z=2/4, 28, 29, 30, 31 and 32
traces are recorded. The m/z=2 and 4 are chosen for the respective experiments
with Hy and Do. A blank TPD run is always carried out prior to the gas exposures
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to remove adsorbates from the UHV background. Table 5.1 lists the fragmentation
patterns for CoH, and CoHg, as provided from the manufacturer of the mass spec-
trometer [93]. The numbers for CoH4D2 are only a crude approximation based on
the assumption that H and D detach with the same probability.

Table 5.1.: Fragmentation patterns for CoHy, CoHg and CoHyDo for the RGA [93].
m/z 26 27 28 29 30 31 32

CoHy %) 2398 2515 3868 0.85 - - -
CoHg [%] 10.87 15.60 47.28 9.93 1229 - -
CoHyDy [%] 4.82 892 13.24 2834 2222 6.62 1229

5.2.3. Results

Prior to performing the first TPD experiments with size-selected clusters and the
modified setup, the monodispersity and cluster density has to be confirmed via
STM measurements. In the following, Pd;g clusters supported on h-BN/Rh(111)
are investigated. Figure 5.7 shows an exemplary STM image measured straight
after deposition with height histogram of the clusters.
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Figure 5.7.: STM image with height distribution of Pdj9/h-BN/Rh(111) before a
TPD measurement series.

It can be easily seen that soft-landing conditions accompanied by size-selectivity
of the clusters could be achieved, as already described in previous publications of
this group [130, 45, 46, 51]. The 200 x 200 nm? STM image in figure 5.7 contains
830 clusters. The cluster density is decreased by one magnitude in comparison to
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the TPD experiments with unselected clusters. The individual height of the clusters
is determined by removing the background around each particle and measuring the
height profile on the maximum of the particle. An upshift of 1.3 A in the height
values is required to compensate the depth of the h-BN troughs, which is larger
than the calculated corrugation of the moiré superstructure of 0.6 A by using ab
initio DFT. This discrepancy is supposed to be related to electronic effects [45, 59].
In the following, all cluster heights are corrected with this upshift. The majority of
the Pdig clusters is two layers high, but also some 3 layer clusters are present. Pdjg
clusters are investigated, because their temperature dependent ripening behaviour
on the h-BN/Rh(111) support is already well-known from previous work [45]. This
enables the comparison of strictly temperature induced ripening with the ripening
behaviour under reaction conditions during the TPD measurements.

It is still not known, if the sensitivity of the modified TPD setup is sufficient
for the detection of the reaction products catalysed by a lower amount of size-
selected clusters. Co-adsorption experiments with Dy and CoHy on Pdjg/h-BN/
Rh(111) ultimately prove the usability of the device. Thus, the modification is a
powerful tool to check for cluster reactivity. Figure 5.8 shows the m/z =231 traces
of 4 consecutive runs in a TPD measurement series. An evolution of the main
desorption signal from 180 K to 330 K with increasing number of TPD cycles is
observable.
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Figure 5.8.: TPD spectra of Dy [200 K, 300 L, 1-10~° mbar] & CyH,4 [130 K, 10 L,
1-10~7 mbar] on Pdyg/h-BN/Rh(111).
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Co-adsorption experiments on bare h-BN/Rh(111) with 300 L of Dy and 1.5 L
of CoHy show next to no catalytic activity for ethene, see figure 5.9. There is
only little sample holder contribution at the very beginning of the TPD ramp for
m/z =4, which is again inevitable due to the complex sample holder design. The
main desorbing component is unreacted Ds.
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Figure 5.9.: Blank TPD spectrum of Do [200 K, 300 L, 1 - 10~° mbar] & CyHy
[130 K, 1.5 L, 1 - 1077 mbar] on h-BN/Rh(111).

In the following, the reactivity of Pdjgo/h-BN/Rh(111) is further investigated
concerning the co-adsorption of Ds and CoHy and compared with literature. In
particular, the evolution of the main desorption signal during a TPD measurement
series will be discussed.

Discrimination of H-D exchange and hydrogenation reaction

Possible reaction products in figure 5.8 with m/z=231 can be either formed by
hydrogenation or H-D exchange. Former studies with Pd nanoparticles evaporated
on AlyO3/NiAl(110) show that the hydrogenation reaction occurs at 200 K in co-
adsorption experiments with Dy and CaDy [43]. Further experiments on the same
system with Dy and CoHy reveal H-D exchange reactions around 300 K [44]. In
order to validate these findings for the investigated Pdi9/h-BN/Rh(111) system,
4 consecutive TPD experiments with alternating pre-coverages of Ho and Do are
performed. Figure 5.10 shows the respective m/z =30 and 31 traces.
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Figure 5.10.: TPD spectra with alternating co-adsorption of Hs /D2 [200 K, 300 L,
1-107° mbar] and CoHy [130 K, 1.5 L, 1- 10~7 mbar| on the Pdig/
h-BN/Rh(111) system.

The m/z=30 traces show the hydrogenation products CyHg or C2H4D* at
180 K. It is noteworthy, that the signal intensity of the fully hydrogenated C2Hg in
the case of Hy pre-dosage is lower than the half-hydrogenated intermediate prod-
uct CoHyD" with Dy. The desorption signal at 330 K could only be achieved
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with a pre-dosage of Dy, which is an evidence for the H-D exchange reaction to
CoHsDs. However, this signal could also relate to the half-hydrogenated interme-
diate CoH4D". This is nevertheless unlikely, because then the fully hydrogenated
CoHg for Hy pre-covered Pdig clusters should be formed as well to a low extent at
330 K.

In addition, no desorption signals can be detected for the m/z =31 traces with
H, pre-dosage. This is reasonable, because the fully hydrogenated CoHg has only a
mass of 30 amu and no H-D exchange can occur without the presence of deuterium
atoms. This fact in combination with the varying signal intensities of the desorption
signal at 180 K for the m/z =30 traces, proves that the reaction occurring at 180 K
is the hydrogenation. In the case of Dy pre-dosage, the hydrogenation product
CoH3Dy™ as well as the H-D exchange product CoH1Dg3 are detected. This further
proves that the reaction occurring at 330 K is the H-D exchange. These findings
are in good agreement with literature on evaporated Pd nanoparticles on AlyO3/
NiAl(110) [43, 44].

Peak evolution

During a series with consecutive TPD measurements, illustrated in figure 5.8, the
signal intensity for the hydrogenation reaction at 180 K decreases, whereas the
desorption yield of the H-D exchange at 330 K increases. The position and signal
intensity of the desorption peaks remain constant after 6 TPD cycles. A gradual
deactivation of the catalytic activity concerning the hydrogenation reaction is also
known of Pd particles in the size range from 1-1.5 nm supported on MgO [131]. The
presence of carbon deposits, gradually formed in consecutive TPD runs by dehydro-
genation of ethene, alters the catalytic performance of Pd nanoparticles evaporated
on AlyO3/NiAl(110). The desorption signal of m-bonded C2D4 at 200 K changes
only to a minor extent, whereas the intensity above 300 K for the di-o-bonded C2Dy4
rises with increasing cycle number, as illustrated in figure 5.4. At the same time,
the corresponding hydrogen evolution decreases, which leads to the assumption that
the dehydrogenation of di-o-bonded ethene above 300 K is gradually hindered by
the increasing amount of carbonaceous deposits. However, the adsorption of ethene
is not prevented by the dehydrogenation products. The carbon species block the
highly coordinated sites and suppress the formation of hydrogen ad-atoms. Thus,
the reactivity for carbon-covered Pd particles is significantly reduced, caused by
the lower number of highly coordinated sites available on the surface for hydrogen
ad-atoms. One should nevertheless also consider the possible steric effects of the
carbon deposits on the hydrogenation reaction [112].

The highly coordinated sites on the Pd nanoparticles can also be blocked by CO,
hindering the formation of hydrogen ad-atoms and therefore the dehydrogenation
reaction [112]. This holds also for Pdjg clusters supported on h-BN/Rh(111), as
illustrated in figure 5.11. The TPD experiments are performed after reaching a
steady-state yield of the H-D exchange reaction. The CO does not react with
the carbon deposits formed by dehydrogenation of ethene, as no further reaction
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products can be observed and the spectra could be reproduced many times as for Pd
nanoparticles evaporated on AloO3/NiAl(110) [112]. CO exposure after a dosage
of CoHy on Do pre-treated Pdig clusters does not lead to a significant change in
reactivity and implies that no further highly coordinated binding sites are required
for the H-D exchange than the ones already occupied by CoHy and hydrogen ad-
atoms. However, a dosage of 10 L. CO on the Dy pre-treated Pdig clusters prior
to the exposure of CoHy reduces the yield of deuterated products by a factor of
2. This can be understood by a blocking of the binding sites for CoH4. The H-D
exchange reaction cannot be further inhibited by increasing the amount of CO to
100 L.
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Figure 5.11.: Poisoning experiments using CO during co-adsorption experiments
with Dy [200 K, 300 L, 1- 105 mbar] and CoHy [130 K, 1.5 L, 1 -
10~7 mbar] on Pdjg/h-BN/Rh(111).

Cluster ripening

Complementing to the integral TPD measurements on the Pdj9/h-BN/Rh(111)
system concerning the co-adsorption of Dy and CoHy, also a microscopic character-
ization on the local scale is carried out to check if the change in reactivity is induced
by ripening. For this purpose an additional STM image after a TPD measurement
series with 13 experiments is shown in figure 5.12, together with the corresponding
height histogram of the clusters.
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Figure 5.12.: STM image with height distribution of Pd;g/h-BN/Rh(111) after a

TPD measurement series with 13 cycles.

This STM image can now be compared with figure 5.7, which belongs to the
same TPD measurement series. Figure 5.12 contains 722 clusters compared to 830
clusters prior to the 13 TPD experiments. The decrease in the cluster density can
be explained by subtle ripening processes, which become also visible in the height
histogram by the development of a small shoulder for 3 layer clusters. However, the
width and shape of the height distribution matches with annealing experiments to
500 K in our group [45, 46]. Therefore, it can be concluded that the stability of the
Pdjg clusters on h-BN/Rh(111) is not affected by the repeated co-adsorption of Dy
and CoHy in TPD experiments to 500 K. A pronounced ripening of the particles
is not induced. In order to confirm this finding, a subsequent temperature induced
cluster ripening is performed with the same sample. After annealing for 1 min at
700 K, the surface is again monitored by STM to investigate a potentially different
ripening behaviour of the Pd nanoparticles due to the carbon deposits. Figure 5.13
shows the STM image with corresponding height histogram of the clusters.
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Figure 5.13.: STM image with height distribution of Pdj9/h-BN/Rh(111) after a
TPD measurement series with 13 cycles and additional annealing for
1 min at 700 K.

The particle density decreased to 503 clusters per 200 x 200 nm? surface area
after annealing for 1 min to 700 K. Moreover, the maximum of the height distri-
bution shifted from 2 to 3 layer clusters. It is known from previous work that the
strong interactions between cluster and support favour Ostwald ripening, the de-
tachment of atoms from the clusters that subsequently diffuse on the surface and
form by chance bigger clusters [45, 46]. This can be confirmed, because 1 atomic
layer high clusters appeared after the annealing to 700 K. These findings are in
agreement with the ripening behaviour of pristine Pd;g clusters on h-BN/Rh(111)
[45, 46]. Therefore, the carbonaceous deposits do not significantly alter the ripening
behaviour of the Pd clusters.
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The catalytic activity of size-selected clusters can now be investigated in the present
UHV chamber with the successful implementation of the modified TPD setup as
described in chapter 4 and 5. While integral methods, such as the mentioned
before, can help to screen temperature regimes of catalytic activity, the investigation
of dynamics on the local atomic scale is particularly demanding. A high spatial
and temporal resolution down to the milliseconds timescale have to be achieved.
Only little is known about most of the underlying catalytic processes, especially for
particles in the non-scalable size regime, as the investigated size-selected clusters.
This also applies for dynamics accompanying catalysis, e.g. transport phenomena
or structural changes of the nanoparticles. In addition to the integral measurements
performed by TPD, local probes shall shed light on these issues. For this purpose, a
conventional variable temperature STM is modified to investigate the clusters with
enhanced temporal resolution at reaction conditions.

6.1. State of the art

The introduction of the STM by Binnig et al. in 1982 allows feasible real-space
investigations in the nanoscale [132, 133, 134]. The principle of operation is to
probe the interaction between a conductive sample surface and a sharp metal tip,
while either of them is scanned laterally in the area of interest. By applying a bias
voltage, electrons can tunnel through the vacuum barrier. The resulting tunnelling
current is a function of tip position, bias voltage and local density of states (LDOS).
The two main operation principles are the constant current and the constant height
mode. In the first case, the tunnelling current is held constant by a feedback loop
that alters the vertical position between the sample and the tip. In the latter only
the variation of the tunnelling current is recorded. The main advantage of the high
spatial resolution is diminished by the limited temporal resolution typically in the
time scale of minutes per image. In the mid-1990s almost all components of the
STM were well matched and pushed close to their limits. Any further improvement
would entail the replacement of almost every system component.

Pioneering work by Bryant et al. in 1986 achieves images in real time with
atomic resolution on highly ordered pyrolytic graphite (HOPG) in the constant
height mode at line frequencies above 20 kHz [52]. Post processing of the images
is necessary, because low resonance frequencies of the tip cause a phase shift of the
scanning motion. Since then, the STM technology is pushed forward by several
groups in order to generally increase the imaging rate [135, 136, 137, 138, 139, 140].
These high speed STMs are constructed with a rigid and compact design in order
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to achieve high mechanical resonance frequencies. In addition, high bandwidth I/V
converters, fast A /D converters and prompt feedback electronics are used [141, 142].
The temporal resolution of 20 images per second achieved by Ludwig et al. in 1992
is often sufficient to investigate dynamics, especially if the measurement can be
performed at low temperatures [136]. However, processes that require an activation
energy cannot be slowed down by cooling. With the implementation of a hybrid
mode between the constant height and constant current mode, the scan speed could
be further increased up to 200 images per second in 2005 [143]. Only a handful of
groups emerge in the field of high speed STM until nowadays. In the following a
brief overview of their main achievements is given.

Besenbacher et al. measure dynamics in surface reconstructions on Cu(110)
caused by reactions with Og [144] and discuss the diffusion of Pt adatoms, dimers
and one-dimensional clusters on Pt(110)-(1 x 2) [145, 146, 147, 148]. The mobility
of the Pt adatoms can be enhanced by the adsorption of Hy [47]. Furthermore the
diffusion of N adatoms on Fe(100) is investigated, where lattice distortions, caused
by the presence of other strongly bound N adatoms, lead to an anisotropy in the
diffusion behaviour. Meanwhile, the group constructs a fast-scanning, low- and
variable-temperature STM [149] and also a fast-scanning high-pressure STM [150].
Moreover O2 molecules are observed on TiO2(110) in fast STM movies, diffusing in
Ti troughs and jumping across OH defects [151, 152, 153].

Frenken et al. study step and kink dynamics on Au(110), Pb(111) and Ag(115)
[154, 155, 156, 157, 158]. Moreover, indium atoms incorporated in Cu(001) are
used as tracer particles for temperature dependent measurements of the mobility
of surface vacancies [159, 160, 161, 162, 163, 164].

Wintterlin et al. investigate the diffusion of O atoms on Ru(0001) in real time
[165, 166]. Furthermore, the co-adsorption phases of CO and Oz on Pd(111) are
measured with enhanced time resolution [167].

Magnussen et al. are focussing on high-speed electrochemical STM, studying
dynamic processes on model electrodes. Transport phenomena like the addition or
the removal of atoms at step edges on Cu(100) are investigated [168, 169, 170, 171,
172], as well as reconstructions of Cu(100) depending on potential and pH value
during the hydrogen evolution reaction [173, 174]. In addition, the reconstructions
on Cu(100) can also be formed by thiolates [175, 176, 177]. Sulfur atoms on Cu(100)
show an enhanced mobility in the close vicinity of other sulfur adatoms [178, 179].
Quantitative studies of sulfur and methyl thiolate adsorbates on ¢(2 x 2)Cl covered
Cu(100), Ag(100) and Au(100) investigate the influence of the chloride co-adsorbate
layer on the adsorbate diffusion. Pb adsorbates on Cu(100) are studied in detail
with enhanced time resolution [180, 181]. Moreover, the diffusion processes of Au
atoms and Cl adlayers on Au(100)-(1 x 1) are also investigated [182, 183, 184, 185].

An alternative to the high speed STMs is the tracking mode, proposed in 1988 by
Pohl and Méller, which enables a time resolution down to the millisecond with low
currents and fast vertical feedback [49]. The first implementation of the tracking
mode with a STM is realized by Swartzentruber in 1996 [50]. Additionally to
the work of Swartzentrubers team, which focusses on the diffusion processes of Si
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atoms/dimers and SiGe dimers on Si(001) [186, 187, 188, 189] as well as Pd atoms
on a Pd/Cu(001) surface alloy [190], other groups apply this technique to investigate
Si dimers and hydrogen on the Si(001) surface [191, 192] and Si atoms on Si(111)-
(7 x 7) [193]. Furthermore, this technique can also be used for tip control and drift
compensation [194, 195, 196]. A high temporal resolution down to the millisecond
can be achieved with the tracking mode. However, one of the biggest drawbacks
of this technique is that only the feature of interest is investigated. Interactions
with neighbouring species, that might influence the diffusion, cannot be recognized
during the experiment. To ensure the interpretation of the investigated diffusion
processes, it is important to additionally measure STM images with a high frame
rate, where also changes in the surrounding surface area are captured [141].

The investigation of cluster dynamics during catalysis requires an enhanced
temporal resolution compared to a standard STM. Therefore, the present variable
temperature STM is modified by an add-on instrument to increase the temporal
resolution to video rates and beyond. In the following, this is referred to as FAST,
whose development is done in collaboration with the group of Africh and Comelli
in Trieste together with Dri from ELETTRA [53, 54]. This add-on instruments
enables high speed STM as well as tracking measurements. Hitherto, experiments
with the FAST module enabled for example the investigation of the water formation
on (10 x 2)-O/Rh(110) with a time resolution of 33 ms/image [197]. Furthermore,
the graphene formation on Ni(111) and Rh(111) could be examined with a time
resolution of up to 17 ms/image [198, 199, 46]. Additionally the diffusion of a Pdjs
cluster on graphene/Rh(111) is observed with the Tracking technique [51].

6.2. Hardware

The commercial variable temperature STM system is expanded by an in-house built
additional board, installed right before the last amplification stage with APEX
PA141 operational preamplifiers. This enables the user to add voltages in the X-
and Y-direction of the STM scanner piezo with two distinct filter options. One
low pass input for slower AC voltages and a band pass filtered input for faster AC
voltages in each direction. These filtered input signals are added symmetrically
with opposite signs for quadrants facing each other on the piezo tube to the offset
voltages controlled by the standard hardware of the variable temperature STM.
This modification enables the fast motion in the X-Y plane.

The fast scan motion in X-direction is driven by a sinusoidal function and the
slower Y-direction with a triangular shape. Higher Fourier components in the
conventionally triangular shaped driving voltage could excite resonance frequencies
of the STM. This can be avoided by using a pure sine wave as an excitation signal for
the fast scan direction. Here, a smooth change between the forward and backward
tip motion is preventing the excitation of higher harmonics [165, 53]. The waveform
generation and signal acquisition is performed on the National Instruments FlexRIO
platform together with the NI-6221 board and the the NI-5781 module. The first
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board is responsible for the generation of the triangular shaped driving voltages in
the slow scanning direction and is capable to read-in a transistor-transistor logic
(TTL) signal for controlling purposes. The latter is able to generate pure excitation
sine waves in the fast scan direction and has a fast inline processing combined with
a PXI-FPGA module. All National Instrument cards and modules are housed in a
PXI-1033 chassis.

The standard Z-controller of the variable temperature STM is not fast enough
to correct for an inclination of the sample in the fast scanning direction, if the
tip moves in kHz range. Therefore, in parallel to the standard Z-regulator, an
additional sine shaped AC voltage is added to the Z component of the piezo tube
via an existing connection of the commercial system for an external Z voltage
typically used for dI/dZ spectroscopy experiments. The superimposition of both
sine modulations in X- and Z-direction results in a linear tip movement in space,
inducing the tip to follow the sample inclination. The amplitude of the AC voltage
in Z-direction controls the corrected slope. Additionally, the phase between the
modulation in X- and Z-direction has to be fine adjusted, because of different path
lengths in the electronics or weak resonance frequencies of the STM. This requires
an adequate amplitude and phase of the AC voltage. In particular, the phase
adjustment needs fine tuning at elevated scan frequencies, when the vicinity of
scanner eigenfrequencies is reached.

Basically, it should be possible to measure at any desired scan speed with the
FAST module. However, certain frequency ranges have to be avoided due to in-
trinsic eigenfrequencies of the commercial variable temperature STM. Figure 6.1
shows the characteristic resonance frequencies of the present system. The lock-in
signal of the tunneling response during excitation sweeps in all scanning directions
is plotted. Resonance frequencies in the X- and Y-direction lead to a distortion of
the images, whereas disturbances in Z-direction introduce noise. Therefore, FAST
measurements can be performed in off-resonant regions, for example below 800 Hz,
but also around 1.1 kHz and 1.8 kHz. Besides, the preamplifier acts as an inte-
grator, when the pixel frequency is higher than the bandwidth of 80 kHz. This
phenomenon already shows up for 50 pixels with a scan frequency of 800 Hz in
the fast scanning direction. Therefore, extensive studies with driving voltages at
higher frequencies were not performed. The effect of the integrating preamplifier
can be partially removed by calculating the gradient of the data points in the time
domain.
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Figure 6.1.: FEigenfrequencies of the variable temperature STM.

The current signal is extracted from the commercial system directly after the last
amplification stage PRE 4, which has a separate output I'T MON for maintenance
reasons. Using this separate buffered output leads to a significant noise reduction
compared to a BNC T-piece prior to the A /D converter of the commercial STM. No
filter options are built-in by default, because the I'T MON output is typically used
for troubleshooting purposes of the STM. However, the current signals read in by
the commercial variable temperature STM are filtered by default prior the the A/D
converter. To gain comparable data sets, the I'T MON output of the PRE 4 has been
modified to apply the same filter options as the commercial variable temperature
STM for the read out of the current signals during FAST measurements. The filter
options are dependent on the selected amplification factor of the PRE 4. The two
possible options at the last preamplification stage are the 3.3 nA and 330 nA range
with bandwidths of 800 Hz or 80 kHz respectively. The 330 nA range with a lower
amplification factor has always to be selected for FAST measurements, because of
the higher bandwidth of 80 kHz.

Subsequently, the exponential decaying current signals are transformed with a
logarithmic amplifier into a linear scale and then digitized within the NI-5781 mod-
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ule. This logarithmic amplifier induces some noise, but equals the height sensitivity
on the full height range. The connection diagram for the LabVIEW box with the
commercial STM is depicted in figure 6.2. This box, which is controlled via Lab-
VIEW and responsible for the FAST tip motions, the A/D converting and saving of
the data, in combination with the additional board, can be considered as an add-on
instrument that can drive commercial STMs in the FAST mode.

Cabeling FAST-STM
( NI6221 ~ Nis5781 h
Aot | 3 LOG AMP === T MON
O /'OU-[rl]OV
MV >l ae | Gy
+l
H 777
Y Offset © |ourz, Elat | O
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National AO 1+ C ZEXT
Instruments -
PXI-1033 AOT G L
\ 777 )

Figure 6.2.: Connection diagram for FAST measurements.

A typical FAST measurement starts with a slow scan of the sample surface with
the conventional STM. The user then relocates the tip at the point of interest.
The voltages at the scanner piezo tube for the X- and Y- direction are now static,
whereas the Z-position is still regulated in the constant current mode. After defin-
ing the scanning parameters via a graphical user interface (GUI) in LabVIEW,
including the frame rate and image dimensions, the phase in X-direction and the
tilt compensation have to be set. Once the optimum setting is found, a switch back
and forth between conventional STM and FAST measurements can be performed
without readjustment. The procedure to optimize the parameters is described in
the following section.

6.3. Software

The FAST experiments are controlled by a field programmable gate array (FPGA),
which is accessible via a LabVIEW GUI depicted in figure 6.3, which was developed
in collaboration with Giulia Troiano. The program is responsible for the data
acquisition and the synchronized motion of the driving voltages.
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Figure 6.3.: LabVIEW interface for FAST measurements.

The main parameters defining the FAST measurement are the AC voltages in
X- and Y-direction, which specify the scan area. The frame rate in combination
with the number of pixels per image in X- and Y-direction determine the pixel
frequency for the A/D converter and the scan speed. The X- and Y-frequencies
correlate with the frame rate by the following relationships.

X-frequency frame rate x Y-dimension (6.1)

Y-frequency frame rate x 0.5 (6.2)

Live images are displayed in the LabVIEW GUI, after initializing the FAST
module, allowing an optimization of the scan parameters. Thus the user can choose
whether to see forward and backward images of the up motion or the up and down
images of the forward motion. There is an additional interlaced image displayed
with alternating X-rows of the two selected images and therefore twice the pixel
density in Y-direction. The latter facilitates the phase correction in X-direction.
The following options only alter the appearance of the three displayed images in
the LabVIEW program and do not change the raw data saved during the FAST
measurements. The color range can be scaled automatically or set manually. The
displayed data can be logarithmized digitally, when no logarithmic amplifier is used
and there is also an option for digital high pass filtering. Moreover, the images can
be corrected for the deformation resulting from the sinusoidal excitation voltage
in the fast scanning direction. The various preview image options also help to
adjust the amplitudes and phases of the driving voltages while scanning and define
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metadata, which are indispensable for the subsequent data treatment.

The magnitude and phase of the sinusoidal AC voltage added in Z-direction have
to be optimized for the slope correction in the fast scanning direction. Therefore
several algorithms are implemented in the LabVIEW program to help the user
optimizing the parameters for Z-phase and Z-amplitude, as listed in table 6.1. All
algorithms minimize the magnitude R of the digitally computed lock-in signal. It
can be chosen whether the first or second harmonic signal is taken into account.
The inclination for the slower motion in Y-direction is corrected automatically by
the feedback of the commercially variable temperature STM.

Table 6.1.: Optimization algorithms for the amplitude and phase settings in
Z-direction.

Name Description

Z phase rough Varies Z phase from 0° to 360° with 5° increments in time
intervals of 100 ms

Z amplitude rough Varies Z amplitude to a given maximum in steps of 0.01%
to the X amplitude in time intervals of 100 ms

7 phase fine Varies Z phase in the range of +2.5° around the current
value with 0.1° increments in time intervals of 100 ms

Z amplitude fine Varies Z amplitude in the range of £10% around the cur-
rent value with increments of 0.01% referred to X ampli-
tude in time intervals of 100 ms

After correcting the slope of the sample, the reversal point of the tip between
forward and backward motion has to be determined. This information is required,
because the tip motion follows the driving voltage with a delay, comparable to
a driven damped harmonic oscillator close to resonance. The saved data points
are always referenced to the driving voltage in X-direction. The number of pixels,
that have to be discarded from the beginning of the experiment, are written in the
metadata for the subsequent evaluation. This number is determined by comparing
the live preview of the forward and backward images. The raw data is saved in
the HDF5 file format, which is optimized for large multidimensional arrays of a
homogeneous type and allows the storage of user-defined metadata.

6.4. Data treatment

The FAST raw data is saved in the form of a simple one dimensional array with
consecutive intensity values, including metadata about the scan parameters in the
header. Data processing, extracting single images and creating videos is performed
with a self-written program in python (Version 2.7, Python Software Foundation).
The code uses the command line tools of the FFmpeg multimedia framework in the
back end with their video codec and container libraries. The program is focused
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on the compatibility of the three common operating systems: Microsoft Windows,
macOS and Linux. Equipped with an optional GUI, see figure 6.4, this program is
also executable for a wide range of users.

ece FAST data treatment
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Figure 6.4.: Python GUI for FAST data treatment.

6.4.1. Metadata & frequency analysis

The user can display the meta data of the file, containing the scanning parameters to
provide an overview. The meta data contains, inter alia, the AD converter sampling
rate, the samples per pixel, the number of frames and images, the beginning of the
first frame, the pixel dimensions in X and Y, the respective scanner frequencies and
amplitudes, as well as time and date. All operations performed during the data
treatment are saved automatically in a log file in the .txt format with the same
name chosen for the output of the video .mp4 file. After initialization, the program
deletes all data points until the start of the first forward up image. These pixels
have to be discarded, because the tip motion is lagging behind the phase of the
driving voltage in the fast X-direction, which is the reference for the data saving.
The cutting of the data until the first forward up image is performed automatically
with the present information in the meta data. Optionally, the user can manually
choose the first data point by pixel number or time.

Subsequently, the trimmed one dimensional array of data points can be analysed
with the help of discrete Fourier analysis, because all data points are equispaced
in time. Thus, internal and external frequencies, disturbing the measurement,
become apparent in a spectrum. These frequencies can optionally be filtered out
by eliminating contributions in the frequency domain prior to the inverse Fourier
transformation back to the original time domain.
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6.4.2. Image reconstruction

The one dimensional array of data points has to be rearranged to be depictable
and to enable further image processing. The trimmed raw data is still a vector
with consecutive upward (u) and downward (d) images, subdivided in alternating
rows of forward (fw) and backward (bw) motion. This datavector is now reshaped
into a three dimensional array in the form of [Ny, Nx, Nimgs|, where Ny and Nx
are the number of pixels for each of the Nimgs images, as illustrated in figure 6.5.
The images are arranged in the cyclic order fw/u, bw/u, fw/d and bw/d, which is
referred to a set of images in the following. The images still differ in the scanning
direction in which they were recorded. For that reason all bw images have to be
mirrored along the Y-axis and all d images along the X-axis. Finally all images
have now the same orientation.

3 | fw/u
[®)]
g |bw/u
G | fw/d
& |bwrd :
Datavector Nimgs
fw/u:0 bw/u:0 fw/u:1 fw/d:0 bw/d:0

y

N

Figure 6.5.: Illustration of the rearrangement of the FAST raw data to a three
dimensional array.

6.4.3. lllustration & filter options

Fine adjustments can be performed for each combination of fw/bw and u/d in
both X- and Y-direction by cutting data points at the rims of the images. Thus,
the smallest common area for the images can be obtained for movies containing
images of different scanning directions. In this case the frames are sometimes
slightly shifted with respect to each other due to small tip artefacts or inexact
phase corrections during the FAST measurement. Nonetheless, these corrections
rarely exceed one pixel per image, but have a huge impact on the smooth transition
of the moving images.

Various color maps of the matplotlib package can be chosen to present the data
in the best way possible, as illustrated in appendix A.l. To exclude outliers that
would lead to distorted images, the data points can be truncated either manually by
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choosing absolute minimum and maximum values or by percentages of the intensity
histogram for a lower and an upper boundary to be cut.

Although the images are now oriented in the same way, they are still distorted
in the fast scanning X-direction due to the sinusoidal driving voltage applied to the
scanner piezo, resulting in a tip motion comparable to a pendulum as depicted in
figure 6.6. Hence, the data points are equispaced in time, but not in space.

-1.0 -I...'.“....l....l..l
-1.0 —0.5 0.0 0.5 1.0

Figure 6.6.: Visualisation of the tip motion during FAST measurements.

For this reason, the sorted data points can be plotted by a meshgrid, which is a
two dimensional grid with coordinates that accounts for the sinusoidal tip motion
in the fast scanning direction. Even though the visualization via meshgrid is the
neatest solution for the untreated data, further processing is rather cumbersome
and the advantage of already existing python libraries can not be exploited to a
full extent. Therefore the data points can be fitted onto a regular grid in the
fast scanning direction, if further data treatment is wanted. The interpolation can
be performed with a linear/cubic function or the nearest data point. The default
option is the linear interpolation.

Another function implemented in the evaluation program is a filter introduced
by Savitzky and Golay [200]. Successive sub-sets of adjacent data points are fitted
with a low-degree polynomial. The smoothed signal is then extracted from the
central point of each sub-set. In the implemented option the number of pixels per
sub-set and the degree of the polynomial can be chosen.

Two dimensional fast Fourier transformation (FFT) leads to the corresponding
images in the reciprocal space. Periodic spatial features in the FAST measurements
become visible and can be further analysed. In addition, the inverse transformation
back in the real space can be exploited for interpolation by zero-filling. Although,
the zero-filling does not add any information, the apparent spatial resolution of the
images is improved. For edge detection also a gradient and a Laplace filter are
implemented by exploiting the inverse FFT.
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6.4.4. Image & movie creation

The output of the program can be either .mp4 movie or .png image files. Next to
the standard images, options can be chosen that increase the pixel density in the
slow scanning direction, as listed in table 6.2.

Table 6.2.: Image output options.

Combined images Description

fw/u

bw/u . .

fw/d Single image

bw/d

fw/u + bw/u Alternating rows of backward and forward
fw/d + bw/d image with the same slow scanning direction
fw/u + fw/d Alternating rows of up and down image with
bw/u + bw/d the same fast scanning direction

fw/u + bw/u + fw/d + bw/d  Alternating rows of a set of images

Multiple options are available for the movie creation. One possibility is to
include only images with the same scanning direction. The pixel density in the
slow Y-direction can be doubled by combining the fw and bw images of the u or
d motion. A combination of a full set of images leads to a quadruplication of this
pixel density. All of the options mentioned before have the same frame rate and
just increase the pixel density in the slow scanning Y-direction. The frame rate and
the pixel density in the slow Y-direction can be doubled by combining images with
alternating rows of fw and bw motion with the same slow scanning direction. There
is also an option to create a movie containing all 4 images of a stack. This does not
make sense in terms of the frame rate, because the fw and bw images are basically
measured at the same time, but is a helpful tool to analyze the data. Table 6.3 lists
all possible options.
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Table 6.3.: Video output options.

Used images Description #
fw/u

bw/u Only one image per set of images 1
fw/d y ge p g

bw/d

fw/u 4+ bw/u Alternating rows of backward and forward 1
fw/d + bw/d image with the same slow scanning direction
fw/u + bw/u + fw/d + bw/d  Alternating rows of a set of images 1

Alternating rows of backward and forward
for each slow scanning direction

fw/u + bw/u & fw/d + bw/d

fw/u & bw/u & fw/d & bw/d Movie including every image -

6.5. First FAST measurements with static surfaces

The h-BN/Rh(111) superstructure serves as a flat and symmetric surface with a
known, long range periodicity for the implementation of the FAST module. The
quasi constant height mode in the FAST measurements favours a flat surface. The
present symmetry is important to check for resonance frequencies disturbing the
tip motion, phase maladjustments and if amplitude corrections are necessary. The
large features are easier to detect, which helps during the implementation process.
Additionally, the well known long range h-BN superstructure on Rh(111) allows
to correlate the FAST settings with the image dimensions. Figure 6.7 illustrates a
typical FAST measurement of the beforehand mentioned surface with the scanning
parameters listed in table 6.4.

Table 6.4.: Scan parameters on h-BN/Rh(111).

Bias: 06V X amplitude: 1.00 V
Current: 1 nA Y amplitude: 0.75V
Pixel dimensions: 100 x 100 X frequency: 800 Hz
Samples per pixel: 625 Y frequency: 4 Hz
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Figure 6.7.: Raw data comparison of the 4 scanning directions with the FAST on
the h-BN/Rh(111) surface.

The hexagonal moiré superstructure can easily be identified in figure 6.7. The
overall image size is determined to be 14 x 14 nm?, based on the unit cell of
h-BN/Rh(111) with a periodicity of 3.2 nm [61]. The image is not distorted, which
can be checked by means of two dimensional FFT, shown in figure 6.8. The six
bright blue spots in hexagonal arrangement around the center represent the h-BN
lattice, whereas the red spot in the middle of the image can be ascribed to higher
frequency noise. The two brighter spots left and right of the center red point are a
result of a hysteresis in Z-direction, which is also recognizable in figure 6.7. The fw
images appear brighter and therefore the tip is closer to the sample surface than
in the bw motion. This can be explained by the evaluation program that takes all
data points into account to set the color range, independent of the scanning direc-
tion, in order to make all images comparable to each other. In this measurement
a small hysteresis in Z-direction is occurring, so that the tip is further away from
the sample surface in the bw motion compared to the fw motion. The hysteresis is
a result of a maladjustment in the Z-amplitude or an eigenfrequency of the setup.
The slow feedback of the conventional STM tries to correct the slope in the fast
scanning direction, causing the hysteresis. This shows the effectiveness of the si-
nusoidal driving voltages for the fast scanning movements, which are only faintly
visible in the two dimensional FFT.
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Figure 6.8.: 2D-FFT of the h-BN/Rh(111) surface measured with FAST.

As already described earlier in section 6.4, images of different scanning directions
can be combined in order to increase the pixel density in the slow Y-direction. The
four possible options are depicted in figure 6.9. The combination of the fw and
bw motion in the same slow scanning direction is reasonable, since the lines are
measured one after each other. No time resolution in terms of frames per second
is lost since for example the fw/u and the bw/u images are recorded basically at
the same time. However, the appearance of the images is enhanced by doubling
the pixels in Y-direction. Occasionally, the combination of the fw and bw images
of the same slow scanning directions is not reasonable with the raw data, because
the images are displaced slightly due to tip artefacts or a maladjustment of the
X-phase during the measurement. Therefore, the user can cut the images at the
rims to compensate for the offset, as already described in section 6.4.

This problem does not occur, when plotting alternating rows of the u and d im-
ages of the same fast scanning direction. This option is only reasonable to increase
the pixel density of a single image, since the time resolution in terms of frames per
second is reduced by a factor of two. The same occurs for the option to combine all
4 different scanning directions. Here, the number of pixels is quadrupled in the slow
scanning direction. Figure 6.9 illustrates 4 possible image combinations to increase
the pixel density.
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(a) fw/u + bw/u (b) fw/d + bw/d (c) fw/u + fw/d (d) all 4 scan directions

Figure 6.9.: Raw data combination of various scanning directions to increase the
pixel density on the h-BN/Rh(111) surface.

Since the FAST measurements are performed in quasi constant height mode and
at higher currents in the range of several 100 pA up to nA, in order to be able to
measure with the highest possible bandwidth of the standard STM preamplifier,
it has to be checked if it is still possible to measure protrusions like step edges or
nanoparticles with the add-on instrument. Therefore, a step edge on the h-BN/
Rh(111) surface is measured with the same FAST settings as listed in table 6.4 and
shown in figure 6.10. The step edge is clearly identifiable and also the troughs of
the h-BN/Rh(111) structure can still be seen on both terraces, despite of the use
of the logarithmic preamplifier.

(a) fw/u (b) bw/u () fw/d (d) bw/d

Figure 6.10.: Raw data comparison of the 4 scanning directions with the FAST on
the h-BN/Rh(111) surface including a step edge.

This finding gives rise to the question, if also small nanoparticles can be mea-
sured with the FAST module, without being affected by the tip in close vicinity and
at high scan speeds. Therefore, size-selected Pd;a clusters are deposited on h-BN/
Rh(111) and examined with the add on instrument. Figure 6.11 shows a FAST
measurement of two clusters on h-BN/Rh(111) with different apparent heights.
The bigger particle is most probably a result of Ostwald ripening processes occur-
ring on the h-BN/Rh(111) surface. Atom detachment is more favourable on the
present moiré structure than concerted motion due to the high binding energy of
the clusters. The nanoparticles remain stable on the surface and no mobility is
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induced by the high speed tip motion at close vicinity due to the settings with high
currents during the FAST measurements. This proves the possibility to examine
size-selected clusters with the FAST module.

Bias: -06'V

Current: 150 pA
Pixel dimensions: 50 x 50
Samples per pixel: 1250

X amplitude: 0.42 V
Y amplitude: 0.37 V
X frequency: 800 Hz
Y frequency: 8 Hz

Figure 6.11.: Raw data FAST image of a single and double layer high Pd cluster on
h-BN/Rh(111) with corresponding scanning parameters.

Additionally, a conventional STM measurement is performed on the same clus-
ters, which is shown in figure 6.12. The moiré superstructure shows a flat topog-
raphy with steep holes and a flat bottom. The measured depth depends on the
diameter of the troughs and therefore on the film quality. Thus, the cluster height
is determined by referencing the maximum of the particle to the rims of the h-BN/
Rh(111) surface. An upshift of 1.3 A in the height values is necessary to correct for
the depth of the h-BN holes [45], which is higher than the calculated depth of 0.6 A
using ab initio DFT [59]. The difference might be related to electronic effects. The
upshift corrected height of the two clusters is 1.8 A and 3.3 A. Even if the correction
of the cluster height is debatable, the difference in height of 1.5 A is reasonable and
close to the atomic radius of Pd. Those two clusters are undoubtedly one and two
atomic layers high.

l
ol

Figure 6.12.: Conventional STM image of a single and double layer high Pd cluster
on h-BN/Rh(111) [150 pA, -0.6 V, 10 x 10 nm?].

In the following, the maximum achievable resolution with the add-on instru-
ment is examined. Therefore, a clean Rh(111) single crystal surface is investigated
with the conventional variable temperature STM and the FAST module. Atomic
resolution is achievable in both cases, as shown in figures 6.13 and 6.14, illustrating
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the measurement results. These high resolution images could only be achieved by
a significant noise reduction of the conventional STM. Atomic resolution is now
also possible with the preamplifier set to a low amplification factor and a high
bandwidth of 80 kHz. The drift in the small STM image in figure 6.13b rules out
artefacts caused by external frequencies and is another proof for the validity of the
images.

(a) 100 x 75 nm?

Figure 6.13.: Atomic resolution on Rh(111) with the conventional STM [1 nA,
0.3 V].

Bias: 0.3V
Current: 1 nA
Pixel dimensions: 200 x 200
Samples per pixel: 312

X amplitude: 0.50 V
Y amplitude: 0.7V
X frequency: 801 Hz
Y frequency: 2 Hz

Figure 6.14.: Atomic resolution on Rh(111) with the FAST module with corre-
sponding scanning parameters.
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7. Mobility of Pd clusters on
h-BN/Rh(111)

The challenge to fully exploit the time resolution of the FAST module for the inves-
tigation of surface dynamics lies in the fact that the preparation of the surface to be
investigated takes time, as well as setting up the FAST measurement. Typically, one
can therefore well investigate reversible processes at thermodynamic equilibrium,
such as diffusion events. Ideal systems for this kind of investigations are confined
dynamics, such as the atom scale diffusion of small Pd clusters or atoms trapped
in the h-BN moiré troughs. However, as soon as irreversible processes come into
play, as for example the capture of diffusing species at defects, the surface becomes
inactive before the FAST measurements can be started. Irreversible processes can
be investigated as well by triggering the events in a controlled way. This can be a
change in temperature, but this takes again some time to settle thermal drift, the
dosage of reactive gases, as for example the growth of graphene on Rh(111) [46] or
Ni(111) [198, 199], or altering electrochemical potentials when working in liquids.

Since FAST measurements are performed at high frequencies, where the pream-
plifier works with lower amplification in order to increase the bandwidth, the tunnel-
ing currents have in general to be set to elevated values. Since this might influence
the observed surface processes, systematic experiments on tunneling current and
field dependencies have been performed as well.

7.1. Time resolved diffusion of a Pd particle trapped in a
h-BN/Rh(111) trough

Initial experiments with the FAST module focus on reversible dynamics. These
enable FAST measurements over a longer period of time compared to triggered
studies, that would allow only one experiment per cluster deposition.

To begin with, Pdj2/h-BN/Rh(111) is chosen as a model system. The moiré
superstructure creates rings of in-plane dipoles that can trap molecules and atoms
[66, 201]. Thus, ripening processes of the Pd clusters are suppressed to a large extent
and size-selectivity is preserved over a longer period of time. The objective is to
study the dynamics of nanoparticles, being trapped within the troughs of the h-BN/
Rh(111) moiré superstructure, with the enhanced time resolution of the FAST
module. Previous studies have shown that Pdg is stable on the before mentioned
surface at room temperature [45]. For this reason, the cluster size is further reduced
to Pdj2, which is known to diffuse on graphene/Rh(111). There are two Pdjs
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isomers, being one and two atomic layers high with distinct footprints. The most
stable isomer is the two layer high structure with a 7-atom hexagonally shaped
footprint. In general, the binding of the cluster to the support is dominated by the
number of atoms in the footprint [130, 51]. Therefore, the two layer isomer, which
should have a higher diffusivity due to a smaller footprint, is investigated in the
confined space of a h-BN/Rh(111) trough. Figure 7.1 shows a STM measurement
of the two Pdjs isomers on the superstructure. The mobility of the clusters are
supposed to be controllable via temperature.

1 2 layers

Counts

| |
0 0.2 0.4 0.6
Height [nm]

Figure 7.1.: STM measurement depicting the two Pd;2 isomers on h-BN/Rh(111)
[150 pA, -2.0 V, 30 x 30 nm?].

Experiments with the FAST module show no mobility of Pdjs in the troughs of
h-BN/Rh(111) at room temperature, as it is also the case for Pdg [45]. Further-
more, dynamics cannot be induced by heating up the sample to 375 K in the vari-
able temperature STM. However, a Pdjs cluster disintegrates during a FAST mea-
surement, leaving behind a smaller residue, which diffuses within a h-BN/Rh(111)
trough. The FAST sequence of the disintegration process is shown in figure 7.2
with the corresponding scan parameters listed in table 7.1.

Table 7.1.: Scan parameters for time resolved diffusion of a particle formed by de-
composition of Pdjs trapped in a h-BN/Rh(111) trough.

Bias: -06V X amplitude: 0.37V
Current: 150 pA Y amplitude: 0.37V
Pixel dimensions: 50 x 50 X frequency: 800 Hz
Samples per pixel: 1250 Y frequency: 8 Hz
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(a) 0 ms (b) 125 ms () 250 ms (d) 375 ms

Figure 7.2.: Disintegration sequence of a Pdo cluster during a FAST measurement.

First of all, the scan parameters are optimized. The current setpoint in the
FAST measurements should be chosen as low as possible to reduce potential in-
fluences on the particles motion, but the images should still have a high S/N.
Therefore, the current setpoint is varied in the range from 50 pA to 1 nA and the
changes in the S/N are illustrated in figure 7.3. Besides the altered current setpoint,
the parameters listed in table 7.1 are applied.

(e) 300 pA (f) 400 pA (g) 500 pA (h) 1 nA

Figure 7.3.: Comparison of FAST raw data images measured at varying current
setpoints of the particle formed by decomposition of Pdjs on h-BN/
Rh(111).

The noise level increases by lowering the current setpoint, in particular for the
contrast of the h-BN/Rh(111) moiré superstructure. This can be explained by the
operation of the FAST module in the quasi constant height mode. Apart from the
sinusoidal driving voltage in Z-direction, correcting the overall tilt of the surface
in X-direction, the Z-regulation is still controlled by the slow conventional STM.
Thus, the height adjustment is only performed several times per frame with the
FAST module, instead of every data point with a conventional STM electronics.
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As a consequence, the highest LDOS of the scan area defines the distance between
tip and surface. Therefore, the signal contribution of the support decreases at lower
current setpoints, because the tip is scanning at greater distances to the surface in
the quasi constant height mode. A reasonable S/N can be obtained for current
setpoints above 150 pA. The vast majority of the FAST data is measured with
current setpoints of 150 pA and 300 pA to reduce the risk of potential influences
of the fast scanning tip on the diffusion behaviour of the particle.

The next step is to find an optimum ratio of pixel density and frame rate, limited
by the 80 kHz bandwidth of the preamplifier. Two raw data images with 50 x 50
and 100 x 100 pixels and corresponding scan parameters are shown for comparison
in figure 7.4. It is obvious that there is no gain in information by the higher pixel
density in the raw data, instead the time resolution is reduced by a factor of two.
For this reason, a FAST setting with a rather low but sufficient pixel density for
the localization of the diffusing residue is chosen to enable a high frame rate.

Bias: -06'V

Current: 150 pA
Pixel dimensions: 50 x 50
Samples per pixel: 1250

X amplitude: 0.42 V
Y amplitude: 0.37 V
X frequency: 800 Hz
Y frequency: 8 Hz
Bias: -0.6' V
Current: 150 pA

Pixel dimensions: 100 x 100
Samples per pixel: 625

X amplitude: 0.42 V
Y amplitude: 0.37 V
X frequency: 800 Hz
Y frequency: 4 Hz

Figure 7.4.: Comparison of FAST raw data images with varying pixel densities of
the particle formed by decomposition of Pdj2 on h-BN/Rh(111).

The particles motion could be monitored over a time span of 3 hours and is
apparently trapped effectively within the trough of the h-BN/Rh(111) moiré su-
perstructure. This is an unique example for systematic studies on fast cluster
dynamics under an STM tip. An exemplary time series of 2.5 s in total with incre-
ments of 125 ms is illustrated in figure 7.5. The respective measurement parameters
are listed in table 7.1. The images in figure 7.5 are smoothed with a Savitzky-Golay
filter using a third order polynomial over 5 adjacent data points and subsequently
interpolated by a factor of two to increase the pixel density. Apparently, no specific
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sites are discernible for the particles motion.

(q) 2125 ms (r) 2250 ms (s) 2375 ms (t) 2500 ms

Figure 7.5.: Video footage of the intracellular motion of a particle formed by de-
composition of Pdjs on the h-BN/Rh(111) surface.
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In the following, the spatial distribution of the diffusing nanoparticle is anal-
ysed thoroughly. The residue is never observed in close proximity to the rim of
the trough. This finding can be explained by the repelling character of the rims
in the h-BN/Rh(111) moiré superstructure, which is also preventing the residue
from diffusing outside of the trough [66]. Moreover, the particle is rarely located
in the center of the moiré cell. This is in agreement with combined STM and
molecular dynamics (MD) studies on the Xe adsorption on h-BN/Rh(111), stating
a pronounced adsorption energy maximum close to the rim of the nanomesh pore
[68]. The preference for this off-center position is also found for the phthalocyanine
molecules HoPc and CuPc on h-BN/Rh(111) by means of STM and DFT calcula-
tions [202]. Furthermore, Mn atoms deposited on the moiré superstructure are as
well located in close proximity to the rims of the pores as shown in STM studies
[69].

An in-depth analysis of the particles geometric center per frame reveals a hexag-
onal pattern with lateral distances of ~2.5 A, as illustrated in figure 7.7a. The mea-
sured distance between the sites is comparable to the lattice constant of Pd(111)
with 2.75 A and the h-BN film with 2.50 A [57, 61, 59]. At first glance, the sixfold
symmetry can be explained by the hexagonal shape of the moiré trough, leading to
six preferential sites [202]. However, the orientation of the particles hexagonal pat-
tern is rotated by 30° with respect to the hexagonal moiré pattern and the boron
nitride lattice. A ball and stick model of the h-BN/Rh(111) nanomesh unit cell
is illustrated in figure 7.6b. Here, the centers of the h-BN/Rh(111) troughs are
located in the four corners of the unit cell. The rotation of the hexagonal pattern
by 30° in combination with the lateral distances of ~2.5 A lead to the assumption
that the geometric center of the particle is located on top of the six nitrogen atoms
surrounding the center of the h-BN/Rh(111) trough, as depicted in figure 7.6c.
However, DFT calculations state that Au atoms and clusters adsorb strongly on
top of the B atoms [201, 203]. Assuming a triangular shaped Pdj cluster (roughly
in line with the apparent size of the investigated cluster in the STM), a flat ar-
rangement with all three Pd atoms stabilized on top of B atoms leads exactly to a
configuration that is centered around N atom positions.
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(a) Contour map of the N atoms in the 3x3 (b) Ball and stick model of the h-BN/Rh(111)
nanomesh unit cell. unit cell with one metal layer. The colors

indicate the height of the B and N atoms.
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(c) Ball and stick model of a h-BN/Rh(111) trough with one metal layer and the locations of the
particles geometric center (orange crosses).

Figure 7.6.: Simulations of h-BN/Rh(111) indicating the relative orientation of the
atomic BN lattice with respect to the observed wire structure [59].

The uniform population in figure 7.7a leads to the assumption that all sites
are thermodynamically equivalent. For further data processing, the h-BN/Rh(111)
trough is partitioned into six compartments, facilitating an automated assignment
of the particle to the six hexagonally arranged preferential locations. Figure 7.7b
shows the temporal evolution of the nanoparticles position trapped in the moiré
superstructure.
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Figure 7.7.: Spatial and temporal analysis of the residues geometric center formed
by decomposition of Pdjz on h-BN/Rh(111) [300 pA, -0.6 V].

The apparent residence time of the particle is in the order of the frame rate.
Interestingly, a movement of the residue is only observed to adjacent sites. A closer
inspection of the diffusion behaviour in figure 7.7b reveals a hierarchical movement.
The particles motion can be divided into two different time scales: the diffusion
within site pairs in the order of the frame rate and between site pairs, which is
occuring less frequently. An investigation of the latter is realized by combining the
three distinct site pairs in figure 7.8a. The analysis of the particles motion between
the site pairs reveals a residence time of 14.63 £+ 1.85 frames.

Residence time
14.63 £+ 1.85 Frames

DO
o

Number of events
—_
(@)

0 | & ‘ -.‘ ........... ‘ ‘
0 20 40 60 80
Residence time [Frames]
(a) Assignment of the site pairs (b) Temporal analysis

Figure 7.8.: Spatial and temporal analysis of the residues geometric center formed
by decomposition of Pdj2 on h-BN/Rh(111) [300 pA, -0.6 V].
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In general, the Pd nanoparticles diffusion on the moiré superstructure can be
described as follows. The h-BN/Rh(111) trough possesses six thermodynamically
equivalent sites. The nanoparticles diffusion kinetics is explainable by two dis-
tinct activation barriers between these six locations. This may be induced by the
threefold symmetry of the BN-lattice. The sites of a pair are separated by a low
activation barrier, resulting in a residence time of the residue in the order of the
frame rate. However, the activation barrier for the nanoparticle to move between
the three site pairs is higher with a residence time of 14.63 + 1.85 frames. Thus,
the diffusion of the residue occurs on two different time scales.

The FAST measurements are performed at elevated current setpoints, which
allow for a high bandwidth preamplifier setting. As a consequence, the tip is oper-
ating in close proximity to the surface and could have an impact on the particles
motion. Potential disruptive influences of external factors are discussed in the fol-
lowing. Besides varying the bias and current setpoint, the parameters listed in
table 7.1 are applied. Changes would be hard to distinguish by considering all
diffusion events, as these are in the order of the frame rate. Therefore, a potential
change in the particles residence time between the three site pairs is investigated.
Figure 7.9 shows consecutive FAST measurements at the same current setpoint of
300 pA with varying bias settings of +0.5 V, -0.6 V and +1.0 V. No significant
influence on the particles diffusion behaviour is discernible. However, FAST mea-
surements at higher positive and negative bias voltages lead to increasingly fuzzy
images, making an automated assignment of the residues position unfeasible. Here,
an influence of the tip is observable similar for both signs. This finding at elevated
bias voltages leads to the assumption that the effect is most probably field-induced.
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Figure 7.9.: Residence times on the site pairs of the residues geometric center
formed by decomposition of Pdiz on h-BN/Rh(111) at various bias
settings.

Moreover, the current setpoint is varied during the FAST measurements, al-
tering the tip sample distance. Figure 7.10 illustrates the ascertained residence
times. All data show the same diffusion behaviour for the nanoparticle, except
figure 7.10a. It is worth noting, however, that the video at a current setpoint of
200 pA is shorter than the others and is therefore more prone to errors because of
a limited dataset. For this reason, it is assumed that the tip-cluster distance is not
an issue. In literature, tip enhanced diffusion is observed for tunnelling currents
above 10 nA [179].
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Figure 7.10.: Residence times on the site pairs of the residues geometric center
formed by decomposition of Pdjs at various current setpoints.

Furthermore, it is investigated if a preferred motion of the particle is induced in
the slow scanning direction of the FAST module. Therefore, the vertical displace-
ment of the residue is analysed between the up and down images and vice versa. No
preferred motion of the residue can be observed in the first two hours of the FAST
measurements, but interestingly a shift of ~1.5 pixels, corresponding to ~0.15 A,
becomes apparent after 2.5 hours. This effect is still remaining after going back to
the initial FAST settings, which leads to the assumption that the tip state can have
an influence in the particles motion. Figure 7.11 shows two exemplary datasets
before and after the appearance of the vertical displacement. Therefore, it should
be noted that a slight influence of the particles motion can be observed depending
on the tip state and FAST data should always be checked for tip interactions. The
previously shown studies on the particles diffusion behaviour do not contain data,
which show a vertical displacement depending on the slow scanning direction.
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Figure 7.11.: Investigation of the vertical displacement in the slow scan direction.

Finally, it can be concluded that the diffusion behaviour of the particle is not
altered at bias voltages in the range of +£1.0 V. FAST measurements at higher
positive and negative voltages lead to an increasingly fuzzy image appearance, which
is most probably field-induced. Furthermore, current setpoints up to 1 nA do not
have an influence on the motion of the particle. Thus, tip-sample distance is not an
issue. Nevertheless, the tip state can have a slight influence on the particle motion,
depending on the tip state.

7.2. Visualized circular motion of Pd atoms within
h-BN/Rh(111)

Encouraged by the diffusing decomposition product discussed in section 7.1, further
experiments focus on smaller nanoparticles than Pdjs, which turned out to be stable
on h-BN/Rh(111) up to 375 K. For this purpose, the cluster source is optimized for
smaller Pd cluster sizes down to single atoms. Therefore, the ion optics, the bender
and quadrupole mass filter settings are adjusted accordingly. A mass scan with
the new cluster source settings is shown in figure 7.12. Each intensity maximum
belongs to one specific cluster size, in this case Pd atoms to Pdg. The distinct
cluster sizes are baseline separated by the quadrupole mass filter settings, ensuring
the deposition of the nanoparticles in a size-selected manner. The laser evaporation
source intrinsically produces a huge number of Pd atoms, because the clusters are
formed by coalescence of atoms from a plasma. The other particle sizes are produced
in comparable yields. Soft-landing requires a control of the particles kinetic energy,
especially for small cluster sizes or atoms due to energy and momentum conservation
requirements [204, 205, 46]. The predicted displacement energy for B or N atoms
of the support is about 20 eV with electrons [76, 77] and 50 eV with Rb atoms [78].
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Figure 7.12.: Mass scan of cluster source optimized for small Pd clusters.

Pd atoms deposited on h-BN/Rh(111) at room temperature show a distribution
of cluster sizes in STM images, as shown in figure 7.13. Thus, ripening must have
occurred during the preparation period. The diffusion processes can be suppressed
by cooling the sample to liquid nitrogen temperatures during cluster deposition
and STM measurements, as illustrated in figure 7.14. These findings prove that
soft-landing down to Pd atoms is feasible, because their mobility is temperature
dependent. Therefore, one can conclude that the particles are not pinned to the
sample surface. Furthermore, knock-on damage of the h-BN film is unlikely, be-
cause of the rather long diffusion pathways of the particles during ripening at room
temperature.
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Figure 7.13.: STM measurement at 295 K with corresponding height histogram of
Pd atoms deposited on h-BN/Rh(111) [1 pA, -0.6 V, 100 x 100 nm?].
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Figure 7.14.: STM measurement at 118 K with corresponding height histogram of
Pd atoms deposited on h-BN/Rh(111) [1 pA, -0.6 V, 100 x 100 nm?]

Pdy and Pdjs clusters can be deposited in a size-selected manner on h-BN/
Rh(111) at room temperature and show no ripening behaviour in the height dis-
tributions. FAST measurements show that the clusters are also immobile in the
troughs of the moiré superstructure at room temperature and after heating up to
380 K.
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On the contrary, single Pd atoms show a pronounced ripening in STM measure-
ments at room temperature. Thus, diffusion processes must have already occurred
during the preparation period, which can be suppressed by cooling the sample down
to 118 K. The deposited cluster charges match the particle density at low temper-
ature, which leads to the assumption that the observed particles are indeed Pd
atoms. Furthermore, the cool-down of a room temperature sample to liquid nitro-
gen temperatures proves that the small species visible in the STM measurements
are in fact Pd atoms and not adsorbates resulting from the UHV background. Here,
the cluster distribution resembles the room temperature measurement. A mobility
of the deposited Pd atoms cannot be induced by dosage of Ds or CO during STM
measurements. Furthermore, the cluster height distribution remains unchanged
when dosing the gases in the preparation chamber during the cluster deposition.
Thus, the particles are either already saturated with adsorbates from the cluster
source background before entering the preparation chamber or unaffected by the
two gases.

However, the mobility of the Pd atoms, deposited at cool conditions, can be
controlled by the temperature in the STM. In a certain temperature regime, the
motion should take place inside of the repelling rims of the h-BN/Rh(111) moiré
superstructure, until the thermal energy is high enough and the Pd atoms can over-
come the potential barrier of the troughs. Figure 7.15 shows a STM measurement
at 168 K. Ring-like structures appear in the troughs of the h-BN/Rh(111) surface,
which in some cases also contain brighter spots.

Figure 7.15.: Pd;/h-BN/Rh(111) [50 pA, -0.6 V, 29 x 100 nm?, 168 K].

One explanation for this finding could be a bistable adsorption complex as found
for Mn, Co and Fe atoms on the moiré superstructure, which weakens the interaction
of the h-BN layer with the underlying metal substrate. A reversible switching
between the before mentioned ring state and the appearance of a conventional
adatom should be possible [69]. However, STM images show that the circular
structure remains within tip induced diffusion events in various moiré troughs at
low currents, as illustrated in figure 7.16. The observed mobility makes the before
mentioned ring state rather unlikely. Furthermore, the ring-like structure cannot
be a defect artefact, which would be immobile.
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Figure 7.16.: Tip-induced diffusion of the Pd atom ring structures on h-BN/Rh(111)
in conventional STM measurements [1 pA, -0.6 V, 30 x 30 nm?, 168 K].

Moreover, the present ring-like structure resembles combined STM and MD
studies of Xe adsorbed on h-BN/Rh(111). Dependent on the substrate temperature,
the Xe atoms can be either mobile in the troughs leading to apparent ring-like
structures in the comparatively slow STM measurements or static at 5 K forming
rings out of 12 Xe atoms [68]. This leads to the assumption that the motion of the
Pd atoms is too fast for the temporal resolution of the conventional STM, whereas
some Pd atoms remain immobile on the image, which are most probably trapped
in defects of the moiré superstructure.

FAST measurements are performed to overcome the limitations in time reso-
lution of the conventional variable temperature STM and to get a further insight
on the motion of the particle. Figure 7.17 shows a series of consecutive images
recorded with the FAST module. The measurement parameters are listed in ta-
ble 7.2. The assumed circular motion of the particles trapped in the troughs of
the h-BN/Rh(111) moiré superstructure can be confirmed due to the increased
temporal resolution of 125 ms with the add-on instrument.

Table 7.2.: Scan parameters for Pd atoms on h-BN/Rh(111).

Bias: 0.6 V X amplitude: 0.42V
Current: 200 pA Y amplitude: 0.37V
Pixel dimensions: 50 x 50 X frequency: 800 Hz
Samples per pixel: 1250 Y frequency: 8 Hz
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1375 ms

(n) 1750 ms (o) 1875 ms (p) 2000 ms

Figure 7.17.: Time resolved diffusion of a Pd atom in a h-BN/Rh(111) trough at
167 K [6 x 6 nm?].

The FAST measurements can provide the evidence that the apparent rings in
the conventional STM image are caused by a circular motion of the Pd atoms in the
troughs of the h-BN/Rh(111) moiré superstructure. However, the particle is still
observed in a C-shape. The fact that a full circle is never observed in single frame
of the FAST measurement, shows that the residence time of the particle is shorter
than frame rate with 125 ms. On the other hand, the residence time of the Pd atom
is at least one cycle in the slow scanning direction being 1.2 ms. The motion of the
Pd atom is anti-clockwise with an estimated angular frequency of 2 Hz, assuming
the particle is moving with a constant velocity. Though these numbers should be
treated with caution, as the apparent angular frequency of the particle could also be
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the beat frequency, if the temporal resolution of the FAST module is not sufficient.
Nevertheless, this observation is an excellent example of a possible application of
the FAST module.
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This study links structural dynamics of nanoparticles with their catalytic reactivity.
Therefore, a model system with supported size-selected clusters is chosen to enable
the combination of local and integral measurement techniques. This system consists
of truly monodisperse Pd nanoparticles that are soft-landed on h-BN/Rh(111). The
moiré superstructure guarantees that every cluster is confined by the same chemical
environment. Part of this dissertation is the implementation and characterization
of two measurement techniques in an existing UHV setup that allow studies on the
correlation of catalytic activity and dynamics on size-selected clusters.

The catalytic reactivity of the nanoparticles is investigated on the integral scale
via highly sensitive thermal desorption studies. For this purpose, the STM sample
holder with integrated heater is investigated in front of a modified Feulner cone
setup [41]. This particular design reduces background contributions and increases
the sensitivity of the device by guiding the desorbing molecules to the ionization
part of the mass spectrometer. The high sensitivity is indispensable for reactivity
studies with low atom coverages down to single-digit percentages of a monolayer of
truly monodisperse clusters on the small and highly complex STM sample holder.
Furthermore, an evaluation routine is established in chapter 4, which enables the
quantification of TPD spectra by calibration with the ion currents of the well-known
Rh(111)- (1 x1)-D and Rh(111)-(2 x 2)- CoH3 overlayers. Measurements on the
catalytic activity of Pd nanoparticles are described in chapter 5. Initially, the CO
oxidation is investigated with unselected Pdx~i9 clusters on h-BN/Rh(111). The
sensitivity of the modified Feulner cone setup is sufficient to detect the desorption
peak of C'80, at 380 K. The observed desorption behaviour is comparable to that
observed for CO oxidation experiments on Pd(111) [42]. Subsequent desorption
cycles lead to a gradual shift of the peak position to lower temperatures which is
in line with experiments on evaporated 2.5 nm Pd particles supported on alumina
[101]. Possible explanations for this behaviour are oxygen accumulation or the for-
mation of carbonaceous deposits from the background. The cluster ripening has
been investigated before and after the TPD measurements by STM. Indeed, the
clusters ripen upon heating to 600 K, but this ripening cannot be discriminated
from the one obtained in absence of the reactants. Moreover, co-adsorption ex-
periments with Dy and CyHy on the size-selected Pdjg/h-BN/Rh(111) system are
performed. Less than 0.15% clusters with respect to the Rh surface atoms are
present which ultimately prove the sensitivity of the modified TPD setup. The
hydrogenation reaction, occuring at 180 K, and the H-D exchange, occuring at
300 K, could be discriminated by monitoring the desorbing hydrocarbons. The
results are in accordance to literature on Pd nanoparticles evaporated on AlyO3/
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NiAl(110) [43, 44]. During consecutive TPD measurements the peaks evolve: The
signal intensity for the hydrogenation reaction decreases, whereas the desorption
yield of the H-D exchange increases. The ratio remains constant after several TPD
measurements. This can be explained by the lower number of highly coordinated
sites available for hydrogen ad-atoms due to the formation of carbonaceous deposits
[112]. Complementary STM measurements indicate a ripening of the Pd clusters,
even under these mild reaction conditions to 500 K. However, the sintering is not
induced by the presence of the adsorbates, as the cluster distribution appears as
after thermal annealing experiments [45, 46].

Next to integral measurements on the reactivity of Pd clusters, the underlying
processes have to be investigated on the local scale for a complete description of
catalytic activity. While maintaining atomic resolution, temporal resolutions up to
8 frames/s have been achieved routinely. With this time scale, many surface pro-
cesses with activation barriers between 0.3 and 0.7 eV can be accessed within the
temperature range between 150 K and 800 K that can be reached with a variable
temperature STM. For this purpose, the Omicron VI AFM has been equipped
within this thesis with an add-on instrument that allows to investigate the clus-
ter dynamics under reaction conditions. The implementation is described in detail
in chapter 6 and comprises, inter alia, hardware modifications of the conventional
STM electronics, a thorough eigenfrequency characterization of the microscope, a
LabVIEW based control software in combination with a sophisticated processing
routine for huge data sets. A quick switching between conventional STM and FAST
measurements can be performed on the fly. Initially, the add-on instrument is char-
acterized by measuring the static h-BN/Rh(111) surface with its well-known long
range periodicity. First measurements with stable single and double layer high Pd
clusters on the moiré superstructure show the potential of this technique to mea-
sure dynamics of nanoparticles even at the required critical current setpoints of
>150 pA. Additionally, the add-on instrument is capable of atomic resolution as
demonstrated on bare Rh(111). Chapter 7 focuses on the mobility of Pd nanopar-
ticles on h-BN/Rh(111), whose rings of in-plane dipoles can trap molecules and
atoms [66]. This spacial confinement protects particles from long range migra-
tion and trapping on defects and enables the investigation of equilibrium processes,
facilitating measurements with the FAST module. Two examples of longer time
series are discussed in detail, in particular the diffusion of small clusters and that of
atoms. While double layer high Pdjs clusters turned out to be still too immobile,
even at temperatures up to 375 K, mobile single layer high fragments could be
generated in situ, which diffuse within a moiré trough and could be monitored over
a time span of 3 hours with a time resolution of 125 ms. A thorough analysis of
the spatial distribution of the particles geometric center reveals a pronounced six
fold symmetry with lateral distances of 2.5 A that is rotated by 30° with respect
to the h-BN/Rh(111) nanomesh. An evaluation of the residence times indicates
the occurrence of diffusion events on two different time scales. The jump frequency
is much higher within three distinct pairs of the hexagonal arranged sites with a
residence time in the order of the frame rate. However, the diffusion between those
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three pairs is much slower with a residence time of about 15 frames. In addition,
the diffusion behaviour of the particle could be systematically analyzed. It is not
altered at current setpoints up to 1 nA and at bias voltages in the range of +1.0 V.
Higher positive and negative voltages lead to an increasingly fuzzy image appear-
ance, which is most probably field-induced. A second example focusses on the
mobility of Pd atoms in the troughs of the h-BN/Rh(111) nanomesh. These atoms
are highly mobile on the surface, as can be seen by a broad cluster size distribu-
tion at room temperature. The ripening processes can be suppressed by cooling
to 118 K during deposition and STM measurements. Ring-like structures appear
in conventional STM measurements after heating up to 168 K. Only the enhanced
temporal resolution of the FAST technique can reveal the circular motion of the
particles trapped in the troughs of the moiré superstructure.
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