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Chapter 1

Introduction

Whether it cures a disease, causes a colorful explosion in fireworks, or forms glittering
crystals, chemistry has the power to amaze. Much of this amazement is caused by the
seemingly incomprehensible relation between cause and effect when materials react.
In 1727, the early days of chemical research, a frustrated Hermann Boerhaave noted

[1]:

“For chemistry is no science form'd a priori; 'tis no production of the human mind,
framed by reasoning and deduction: it took its rise from a number of experiments
casually made, without any expectation of what follow'd; and was only reduced into an
art or system, by collecting and comparing the effects of such unpremeditated
experiments, and observing the uniform tendency thereof. So far, then, as a number of
experimenters agree to establish any undoubted truth; so far they may be consider'd as
constituting the theory of chemistry.”

Fortunately, the modern-day chemist can rely on extensive fundamental
understanding to explain the how and why of chemical reactions. However, predicting
chemistry is much more difficult than explaining it after the fact. In practice therefore,
chemical research remains highly empirical. This is particularly true in the search for
catalysts, compounds that accelerate a chemical reaction without being consumed
(except for some slow degradation). To find new catalysts, chemical companies mostly
use a brute-force approach, i.e. trial and error guided by the empirical trends from
previous trial-and-error studies. While this approach has proven fruitful for
optimizing the chemical processes that we employ today, the lack of fundamental
understanding of catalyst behavior hampers the introduction of new chemistry.

Now that society is more and more aware of the effects that humanity has on the
environment, there is a growing desire for a transition from fossil-oil-based chemistry
to sustainable chemistry. Such a transition requires a complete makeover of the
chemical industry, with many new industrial catalytic processes to be developed. The
current empirical approach for finding catalysts may therefore no longer suffice.
Hence, a vital next step in catalytic research is to increase our understanding from the
point where we can give an explanation of catalysis to the point where we can
formulate predictive guidelines.



1.1 Understanding a catalytic process

Any chemical reaction consists of one or more elementary bond breaking and/or bond
making steps, which rearrange the way the atoms in the reactant molecules are bound
to one another. Such a reaction can either consume or release energy. To calculate this
change in reaction energy, we use the chemical potential of each molecule in the
reaction, which describes its relative stability under the applied conditions of
temperature and concentration at which molecules of the same species are present in
the medium. Throughout this thesis, the chemical potential will be defined as:

LL:E+EZP—ST+]€BTZH(P)+CPT (1.1)

In equation 1.1, E is the electronic energy of the molecule at 0 K, Ezp is the molecule’s
vibration energy at 0 K, kp is Boltzmann’s constant, T is the temperature, S is the
entropy of the molecule, P is its (partial) pressure (for gases), and Cp is its heat
capacity. With this definition, the chemical potential of a molecule is the energy gained
from putting it together using electrons and ionic cores, and bringing it to a certain
temperature and pressure. The change in Gibbs free energy accompanying the
reactionwA+xB® yC+zDis:

AG, = yuc + zip — Wity — TR (1.2)

If this number is negative, the net forward reaction is thermodynamically favorable,
meaning that at some point it will occur. It does, however, not tell us anything about
the reaction kinetics. For example, the reaction of oxygen with the sugar, fat and
protein of the human body to form CO; and H;0 is thermodynamically favorable, but
fortunately extremely slow.

To go from one atomic arrangement to the other, the reactant molecules usually have
to be distorted into an unfavorable configuration before new bonds can be formed.
Such a distortion costs energy, thus creating a barrier for the reaction to occur (see
Figure 1.1). In the simplest approximation and for a reaction consisting of one
elementary step, the net reaction rate can be determined from the energy barrier and
reaction energy by:

r=[A] [B]kBTTe—AGa/kBT —[C]ID] sze_(AGa+AGT)/kBT .

In equation 1.3, [A], [B], [C], and [D] are the concentrations or partial pressures of
molecules A, B, C, and D, h is Planck’s constant and AG, is the activation barrier of the
reaction. For many uncatalyzed reactions, 4G, is very large compared to ksT, leading
to very low reaction rates. A catalyst lowers the reaction barrier by providing a
different reaction pathway (see Figure 1.1). Such a catalytic pathway typically consists
of the molecules binding to the catalyst, dissociating, forming new bonds, and



desorbing from the catalyst (see Figure 1.1). For a good catalyst, the binding strength
of the reactant and product molecules to the surface is balanced (Sabatier’s
principle)[2]. Strong binding makes it easy for the reactants to dissociate, but inhibits
the desorption step. Weak binding, on the other hand, insufficiently aids the
dissociation of the reactants.

-~

Energy

Extend of reaction
Figure 1.1: Illustration of the elementary steps in a chemical reaction. In the gas phase, a large
free energy barrier needs to be overcome for the reaction to proceed. A catalyst offers an
alternative pathway with lower energy barriers, thus speeding up the reaction.

In many cases, reactant molecules can bind to one another in several ways, yielding a
variety of products. For example, a mixture of CO and H; can produce methane [3],
methanol [4], ethanol [5], and alkanes [6]. To control which product is formed,
catalysts are tuned to selectively accelerate the reaction forming only one product.

Most industrial catalytic processes are examples of heterogeneous catalysis: gaseous
and/or liquid reactants interact with a solid catalyst. At the atomic level, the surface of
the catalyst is very inhomogeneous. Most catalysts consist of nanoparticles fixed on a
chemically robust oxide support such as Al,03, SiO, or TiO (see Figure 1.2). The
nanoparticles provide a variety of surface sites to bind the reactant molecules, each
with its own binding properties and hence catalytic activities. Even a simple, pure fcc
metallic nanoparticle, with only (111) and (100) type facets, has 5 different atomic
nearest-neighbor configurations, providing 12 different adsorption sites. The
nanostructuring of the support and the use of additives and promoters increase this
number drastically. Another addition to the complexity of catalysis is the fact that the
reaction rate on all the different binding sites depends on the temperature and the
concentration of reactants and products at the catalyst surface (see equation 1.3).



Hence, the mass and heat transport within the reactor also play a key role in the
overall behavior of the process. These considerations show that it is far from trivial to
couple cause and effect in catalytic research.

Reactants Catalysis on nanoparticles:
many adsorption sites

Catalyst:
supported nanoparticles

Products
Figure 1.2: Essence of the structure of an industrial catalyst. The reactor is filled with a porous
oxide material that supports the catalytic nanoparticles. The nanoparticles offer a variety of
adsorption sites to which the reactants can bind. The structural complexity of the catalyst,
together with its dynamic nature and the interplay with the mass and heat transfer in the
reactor, make the relation between cause and effect extremely complex in catalysis.

1.2 The role of surface science

To disentangle the many factors that determine how well a catalyst works, one needs
to be able to vary them independently, so that cause and effect are clear. For industrial
catalysts, full control over the structural and chemical properties is not feasible,
however. The surface science approach resolves this issue by using simplified model
catalysts, in which some of the structural complexity is eliminated. The aim of surface-
science experiments is to have a very high degree of control over all parameters in the
experiment and to have complete understanding of the surface chemistry at the
atomic level.

To allow for such control and understanding, surface science experiments are
traditionally performed on polished single crystals that expose predominantly one or
two atomic arrangements over their entire surface [7]. Furthermore, the gas
environment is controlled by working in ultrahigh vacuum (<10-¢ mbar), so that only
gases that are leaked into the system reach the sample surface. The additional
advantage of the vacuum is that the surface can be studied using refined techniques



that rely on the interaction of electrons, ions, or atoms with the sample. The simple
structure of the single-crystalline model catalyst allows for comparison to density
functional theory (DFT) calculations, which describe the (electronic) structure and
energetics of a limited number of atoms in great detail [8].

The bottom-up approach described above has allowed for a very good understanding
of fundamental adsorption/desorption phenomena. If one is interested in the details
of a specific catalytic process, however, single crystals in vacuum are too simplified to
be representative of industrial catalysis. Two main oversimplifications can be
identified: the materials gap and the pressure gap [9]. The materials gap originates
from the fact that the same type of adsorption site on a catalyst nanoparticle and a
single crystal may have very different properties. The electronic structure of a
supported nanoparticle deviates from that of bulk material because of its small size
and the interaction with the catalyst support [10,11]. Furthermore, some types of
adsorption sites that exist on a nanoparticle cannot be created on a single crystal. The
pressure gap further complicates matters due to the fact that the shape and surface
structure of nanoparticles can change at elevated pressures [12,13]. Such surface
reconstructions require the combination of a high driving force for adsorption and
sufficient atomic mobility, i.e. high temperature. This combination can often not be
achieved in vacuum.

To reconcile the fundamental experiments with industry, the modern trend in surface
science is to bridge the materials and pressure gaps step by step. For the materials
gap, this is typically achieved by the deposition of nanoparticles on single-crystalline
supports. Theoretical models follow this development, although the computational
cost limits the particle size that can be handled [11-15]. The effects of elevated
pressures and temperatures can be modeled by straightforward addition of entropy
terms (see equation 1.1), or in more detail using microkinetic modeling [16,17]. From
the experimental side, the main challenge to bridge the pressure gap is the
development of instrumentation that allows characterization of the catalyst's
structure while it is operating [9,18,19]. One could imagine performing measurements
in vacuum before and after using the catalyst. However, many of the reconstructions
occurring on catalysts are reversible and will therefore not be visible in such
measurements [9]. Hence, to gain proper understanding of how a catalyst works,
operando structural and chemical characterization of well-defined nanoparticle model
catalysts is essential.

1.3 In this thesis

In my PhD work, [ have studied aspects of both the materials and the pressure gap
using scanning tunneling microscopy (STM). This technique relies on measuring the
tunneling current between the (conductive) sample surface and a sharp metal wire
(the STM tip). The current decays from short circuit when tip and sample make



physical contact, to practically zero at a tip-sample distance of roughly 1 nm. Hence,
the tunneling current can be used to track the morphology of the sample surface with
atomic precision. A detailed treatment of STM can be found in Ref. [20].

Although STM is primarily used to study flat substrates, it can also be employed to
characterize supported nanoparticles. In Chapter 2, I have used the combination of
STM and X-ray photoelectron spectroscopy to investigate the nucleation and growth
of MoOy on Al;03/NiAl(110). The aim of this study is to find handles for controlled
preparation of complex model catalysts. Most work on such models has been
performed on pure metallic nanoparticles [21-24]. From these studies, a clear picture
has emerged of how the metal-support interaction influences the nucleation process.
In Chapter 2, I extend this type of analysis to metal oxide particles.

Using a special scanning tunneling microscope, the ReactorSTM [25], I have
performed measurements under high-temperature, high-pressure conditions. In
Chapter 3, I discuss the structure of MoS, nanoparticles on Au(111) during the
industrially important hydrodesulfurization reaction, in which sulfur is removed from
organic molecules:

R-SH + H; == R-H + H>S

Zooming in on the atomic level detail of catalysts during this reaction, I investigate
how the structure of the MoS; particles depends on the partial pressures of the
reactants/products. A comparison to DFT calculations shows to what extend the
reaction kinetics affect the MoS; structure.

In Chapter 4, I study the formation of Au surface oxides on WO3/Au(111) and
Re03/Au(111) inverse model catalysts. Such oxides could be important reaction
intermediates on Au-based oxidation catalysts, but their existence under reaction
conditions is questioned. Using the temperature dependence of the Au oxide coverage,
I show that Au oxides are thermodynamically favored over a wide range of conditions.

In the last Chapter of this thesis, I discuss how one can increase the information depth
from high-pressure STM by combining it with X-ray absorption spectroscopy (XAS). In
a proof-of-principle study, I show that our integrated STM-XAS set-up is able to
measure the X-ray-induced changes in the tunneling current, which opens the way to
obtaining local chemical information with nanometer spatial resolution.
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Chapter 2

Tuning the properties of molybdenum
oxide on Al203/NiAl(110): metal versus
oxide deposition

Model metal oxide nanoparticle catalysts are usually either prepared by the
deposition of metal oxide or by deposition of metal in an 0, background. From the
example of MoOy on Al;03/NiAl(110), we find that this choice can have profound
consequences for the structure of the resulting catalyst. We interpret our findings in
terms of the interaction between the deposited material and the support, which is
stronger for MoOx than for Mo. The observed difference between the two preparation
methods suggests that the Mo atoms are oxidized typically only after having attached
to a stable Mo or MoOy nucleus.

Published as:

Tuning the Properties of Molybdenum Oxide on Al,O,/NiAl(110): Metal Versus Oxide
Deposition

R.V. Mom, M.]. Rost, ].W.M. Frenken, [.M.N. Groot,
Journal of Physical Chemistry C 120 (2016), 19737-19743



2.1 Introduction

Mixed metal oxide catalysts are commonly used in the chemical industry for a wide
range of oxidation, reduction and isomerization reactions [1]. Due to their flexible
bonding behavior and variable oxidation state, the rational design of such catalysts
remains extremely challenging. The bottom-up approach of surface science allows one
to disentangle the multitude of effects that play a role in metal oxide catalysis.

Well-defined model catalysts are typically prepared in ultrahigh vacuum (UHV) by
physical vapor deposition of the active phase onto flat oxide single crystals [2-9] or
onto thin oxide films supported on single crystals [10-14]. For mixed metal oxide
catalysts, the most common procedure is the deposition of metal using electron-beam
evaporation in an oxygen background. Metal oxides that are volatile at elevated
temperature may also be evaporated directly onto the support, either from an oxide
powder source [3] or from an oxidized metal rod or wire[2].

The formation of the catalyst using the methods mentioned above usually starts with
some form of nucleation and particle growth of the deposited material. There are
several parameters that affect the nucleation process [15,16], such as the deposition
flux, the substrate temperature and the interactions between the deposited material
and the support. These provide handles to tune the model catalyst properties. For
supported metal clusters and nanoparticles, these parameters have been studied
extensively both theoretically [15,16] and experimentally [5,17,18]. It was shown that
a high flux and a strong metal-support interaction result in the formation of a high
density of small particles, while the combination of a low flux and a high temperature
yields fewer, yet larger particles. As, in general, the surface energy of metals is higher
than oxides, metals usually from three-dimensional particles on oxide surfaces
(Volmer-Weber type growth) [18,19]

The nucleation and growth stage of mixed metal oxide catalysts is much less studied
and shows much larger variation. In some cases, Volmer-Weber type growth is
observed, such as for VOy [12] and NbOx [14] on Al;03/NiAl(110). In other cases,
particles grow in two-dimensional islands [2], or they do not agglomerate beyond
oligomeric clusters [3,6]. Hence, particle sizes and densities may vary strongly, even
for similar deposition fluxes and temperatures, depending on the precise choices of
the supporting and the active phase oxides. Despite the differences in the nucleation
behavior of supported metals and oxides, the general aspects of the nucleation
theories developed for metals should also apply to oxides, particularly when
nucleation leads to sufficiently large particles to satisfy the capillary approximation
[20].

An aspect that has no analogue in the simple case of supported metals is the
possibility to deposit different starting materials for making the same metal-support
combination. Indeed, mixed metal oxide catalysts can be prepared from deposited
metal atoms but also from monomeric or even oligomeric oxide clusters. The large
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differences between these precursor materials may provide interesting opportunities
to tune the properties of the resulting catalyst.

Here, we use X-ray photoelectron spectroscopy (XPS) and scanning tunneling
microscopy (STM) to study the effect of the choice of deposited material on the
dispersion of MoOx on Al;03/NiAl(110). We have prepared model catalysts both
through the evaporation of MoOx and through the deposition of metallic Mo in an O;
environment. The resulting catalysts are compared to structures observed after the
deposition of metallic Mo on Al,03/NiAl(110). We find that MoOy prepared via Mo
deposition reflects the nucleation behavior of metallic Mo. The observations are
discussed in terms of nucleation theory and the timing of the oxidation of deposited
Mo atoms.

2.2 Methods

All experiments were carried out in a home-built UHV apparatus described in detail
elsewhere [21]. The system is equipped with a commercial photoelectron
spectrometer (SPECS Phoibos), a commercial e-beam evaporator (Oxford Applied
Research), standard sample preparation equipment and a scanning tunneling
microscope.

2.2.1 XPS analysis

All XPS experiments were carried out with the X-ray incidence angle at 54° off normal
and electron collection along the surface normal. Peak fitting was performed using the
Gaussian/Lorentzian curves implemented in the CasaXPS [22] software package. For
fitting of the Mo 3d spectra, peak positions where constrained to within 0.1 eV around
literature values [23] for Mo®*, Mo>*, Mo** and Mo?. All peak widths (FWHM) were
constrained to be equal. The spin-orbit-split peak pairs were forced to obey a 3:2 peak
area ratio. Fitting of the Ni 3p /Al 2p area was performed using one doublet for the Ni
signal and two for Al (Al9, Al3+). Again doublets were constrained in area (2:1) and
FWHM.

2.2.2 Sample preparation

The NiAl(110) sample (Surface Preparation Laboratory [24]) was cleaned by cycles of
1.5 keV Ar* bombardment and annealing at 1300 K. Growth of the alumina film was
accomplished through three cycles of oxidation at 550 K in a 5x10¢ mbar O
background (1x10-¢ mbar O in the last cycle) and subsequent UHV annealing at 1100
K (1050 K in the last cycle) [25]. The cleanliness of the film was checked by XPS and
STM.
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The MoO«/Al;,03/NiAl(110) catalysts were prepared using an electron-beam
evaporator. All depositions were carried out with the Al,03/NiAl(110) support at
room temperature. When depositing MoOy, the Mo evaporator rod temperature was
set at approximately 1200 K (as determined from the color of the rod), and an O
background of 5x10-¢ mbar was applied. Under these circumstances, volatile MoOy
species are generated on the rod [2]. The mild rod temperature ensures that no
metallic Mo evaporates (Pyap = 1.6x10-18 mbar [26]). Due to the relatively mild oxygen
background, we do not expect the formation of oligomeric (MoO3)n clusters, which are
the predominant gas phase species when MoOs; powder is evaporated [27]. We
confirmed this by performing a deposition experiment on Au(111), which shows less
on-surface oxidation. We observe predominantly Mo** and Mo5* in XPS. As the
formation of oligomeric (MoO3)n requires a high surface concentration of Moé* species
on the evaporation rod, we can conclude that this process is unlikely.

For the preparation using Mo as the deposited material, the rod temperature was set
at approximately 2000 K in an O2 background of 5x10-7 mbar. Under these conditions,
the net oxygen coverage on the rod will be low, while the flux of subliming Mo is high.
Hence, Mo should be deposited predominantly in metallic form and become oxidized
only after arrival on the Al,03/NiAl(110) support.

2.2.3 Particle statistics

Statistics on the number density, height and size of the particles were obtained using
the Gwyddion software package[28]. The package offers a variety of particle
recognition methods, which were crosschecked against each other to ensure
robustness of the results with respect to the specific procedure applied. Furthermore,
errors found in the automated particle recognition were corrected by hand. Using the
“Watershed” algorithm, apparent agglomerates were separated into the individual
particles. For the statistical analysis, only image segments without steps in the
substrate were used.

A combination of STM and XPS results was used to determine the Mo coverage on the
sample. The Mo 3d/(Al 2p + Ni 3p) ratio was determined from the XPS spectra for all
samples. Using a series of experiments where metallic Mo was sequentially deposited
on the support, we established a linear relation between the Mo 3d/(Al 2p + Ni 3p)
ratio and the coverage obtained from the STM images. To obtain the Mo coverage from
an STM image, we calculated the total volume of the particles in the image, with
thresholding as the particle detection method. Because STM overestimates the particle
height of metallic particles on Al,03/NiAl(110) by approximately 0.3 nm at the sample
bias used in this work (-2 V) [13], the recognition threshold was set at this value and
the volume was calculated with respect to the horizontal plane defined by the
threshold. STM also overestimates the lateral dimensions of the particles. Based on
simple geometrical models, one can establish that this results in a volume
overestimation between 2.1x and 17x for the particle sizes investigated here (see
supporting information). Assuming the tip radius to be of similar size as the particles,
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we have divided the total volume obtained by the thresholding method by 4. After
calibration of the XPS Mo 3d/(Al 2p+Ni 3p) ratio versus the STM coverage, a coverage
estimate could also be obtained for the MoOx samples. All coverages are expressed in
monolayers of the Mo(110) surface (1 ML corresponds to 1.43x1015 Mo atoms cm2).

2.3 Model for nucleation on Al,03/NiAl(110)

In contrast to standard nucleation theory, nucleation is strongly heterogeneous for
metal clusters on Al,03/NiAl(110). It is governed by three types of nucleation sites
[17]: the steps, domain boundaries and point defects of the alumina film. The first two
are found to be energetically preferred over the latter. However, depending on the
deposition parameters and the nature of the deposited material, atoms can become
trapped at the point defects before reaching the domain boundaries or steps. When
deposition is performed at low sample temperatures or in case of strong deposition
material-support interaction, nucleation may even occur almost exclusively at point
defects[10,17]. Hence, understanding of the nucleation at point defects is key to
understanding the overall nucleation behavior on Al,03/NiAl(110).

A rate equation model for point defect nucleation, showing excellent agreement with
experimental data, was put forward by Venables and Harding [15]. For mild sample
temperatures and pure point defect nucleation, the only important factor is the
average occupation of the defect sites by monomers. At very low temperatures, even a
single atom is stably bound at a defect site on the timescale relevant to nucleation. In
this regime, the particle density is fully determined by the point defect density and
will, therefore, be independent of the deposition flux and the nature of the deposited
material[17,18]. For metal particles at room temperature, a dimer is usually the
smallest stable cluster at point defects on oxide supports [15]. Hence, monomers hop
on and off the point defects, leading to not continuously occupied sites. Therefore, it is
possible to pass them and move on to other nucleation sites (steps and domain
boundaries). The fraction of point defects that is covered in this regime increases with
increasing deposition flux and increasing trapping energy. The latter is the energy
gained by adsorption of a deposited monomer at a point defect with respect to a
regular terrace site. An increase in diffusion rate will lower the fraction of occupied
point defects.

Both the diffusion rate and the trapping energy can be expected to depend on the
interaction strength between the deposited material and the support. Hence, the
interaction strength may be a useful parameter to understand trends as a function of
the choice of deposited material. For metals, the heat of formation of the highest metal
oxide is often used as an indicator for metal-support interactions. Indeed, the average
particle size and the particle density of metals deposited on Al,03/NiAl(110)[17] were
found to correlate with that energy.
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An important factor in the description above is the point defect density, for which an
STM or XPS characterization is unfortunately not available. However, electron
paramagnetic resonance [18] and cathodoluminescence [29] experiments have
proven their existence, and comparative nucleation studies have estimated their
density to be in the order of 1x10%3 cm2[30]. It was not established directly whether
this value is reproducible, yet from the trend observed for different metals on
Al;03/NiAl(110) produced in various labs[13,17,18,31], we infer that the point defect
density must be reproduced quite well. We rationalize this observation by the fact that
the point defects in Al,03/NiAl(110) originate from imperfections in the crystallinity
of the alumina film, and not from loss of oxygen during annealing, such as in the case
of Ti02(110)[32].

2.4 Results and discussion

With the description from Section 2.3 in mind, we will analyze the dispersion of MoOx
and Mo particles on Al,03/NiAl(110), prepared via the two different routes described
in Section 2.2.

2.4.1 Nucleation of metallic Mo and MoOy

In order to establish the nucleation characteristics of Mo atoms and MoOy species, a
series of experiments was conducted in which various amounts of Mo (without O
background) and MoOx (via MoOx deposition) were deposited onto the
Al;03/NiAl(110) support. Figure 2.1 compares the results of both procedures through
two STM images. It is clear that even at the qualitative level there are profound
differences.

Metallic Mo, like most metals on Al;03/NiAl(110), strongly decorates the step edges.
Furthermore, lines of particles are visible on the terraces, indicating that the domain
boundaries are also decorated. However, this effect is not as pronounced as for other
metals such as Pd and Rh [13,17,18,31]. The clear decoration of steps and domain
boundaries shows that the average occupation of the point defects was low during the
deposition, indicating a mild interaction between the deposited material and the
support. Still, the interaction is stronger than for many other metals, such as Pd, Rh
and Cu [13,17,18,31], as can be expected from the comparatively high heat of
formation of MoO3[33].

The MoOy particles have an entirely different dispersion. They show no clear
preference for steps or domain boundaries. This is similar to VO [12] and NbOy [14]
on Al;03/NiAl(110), and to metals on this substrate when deposited at 90 K [17]. The
lack of step edge/domain boundary decoration indicates that the interaction of MoO
with the Al;03/NiAl(110) support is much stronger than that of metallic Mo. Mo®* is
the dominant oxidation state found for the MoOy particles (see Supporting
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Information). This is a higher oxidation state than the Mo#* and Mo5* that is deposited
under these conditions (see Section 2.2), which can be taken as evidence for strong
on-surface oxidation during the deposition. Note that the deposition flux was larger
for Mo than for MoO. Hence, the intrinsic differences between the nucleation
behavior of Mo and MoOx may be even larger than those observed here.

- - - L

Figure 2.1: STM images of a) 0.069 ML metallic Mo, deposited at 1.1x10-2 ML/min, and b) 0.073
ML MoOy, deposited at 1.5x10-3 ML/min. Size: 80 nm x 80 nm, sample bias -2 V and tunneling
current 50 pA.

Figure 2.2 shows the observed particle height distributions for metallic Mo and MoOx,
and their dependence on the Mo coverage. Note that the observed height will in both
cases deviate from the actual topographic height, since STM probes the local density of
states rather than atomic positions. The alumina film has a semiconducting character.
When measuring on the terrace at mild sample voltage, the tunneling electrons
originate from the metallic NiAl(110) rather than from the alumina film [13,18]. For
this reason, the particle height of metal particles on Al,03/NiAl(110) is overestimated
when a bias voltage within the band gap of the alumina film is used. At -2 V, this
overestimation is approximately 0.3 nm [13].

The data of metallic molybdenum clearly evidence Volmer-Weber type growth also
observed for other metals on Al,03/NiAl(110) [10,13,17]. The comparatively low
particle height fits well with the relatively strong Mo-alumina interaction expected
based on the high heat of formation of M0o0O3 [33]. Notice that if one would correct for
the overestimation of the height, some of the particles are located inside the oxide
film. This is likely related to oxidation of some of the very small particles. When
sufficiently oxidized, MoOx particles typically display a bandgap 3% This may decrease
their observed height. Indeed, the XPS spectra indicate a small amount of oxidized Mo
(see Supporting Information). This oxidation could result from either transfer of
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Figure 2.2: Particle height data of 0.069 ML Mo (deposited at 1.1x10-2 ML/min) and 0.076 ML
MoOx (deposited at 1.5x10-3 ML/min) from STM images recorded at -2 V. a,b) Observed height
distributions, c) Peak positions of the height distributions as a function of coverage

electron density to the oxygen atoms of the alumina film, or from oxidation by the
residual gas background in the UHV system.

When interpreting the data from the MoOxdeposition in Figure 2.2b, one has to take
into account that both the alumina film and the MoOy particles themselves have a
semiconducting character [34]. The true particle height is therefore not immediately
clear. Indeed, when decreasing the sample bias to -1V, many particles ‘disappear’ from
the STM image. Nonetheless, the height information can be used to establish the
growth mode of MoOx. The width of the height distribution in Figure 2.2b can either be
caused by particles of varying height, or by particles bound in different ways to the
support, resulting in different semiconducting character. If the latter were correct, one
may expect that the observed particle height decreases with increasing coverage. The
reason for this is that the band gap of MoOx typically increases when its coordination
number increases [34]. This can be expected to occur when the particles grow. From
Figure 2.2c it is clear that the observed particle height increases rather than
decreases. Hence, MoOy also shows Volmer-Weber growth.
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Based on literature 133537, we expect that no mixing occurs between the MoOx
particles and the alumina film. First, MoOy/alumina catalysts are often heated in the
chemical industry, but the formation of mixed Mo-alumina oxides is not observed 35.
Second, Al;03/NiAl(110) appears less prone to the formation of mixed oxides than
other forms of alumina. Cobalt aluminates are commonly observed in the chemical
industry 35, but no compound formation was observed upon Co deposition on
Al;03/NiAl(110) 1336, even at elevated temperatures and in an oxygen environment.
Similarly, a theoretical study on vanadia deposition on Al;03/NiAl(110) concluded
that extreme conditions would be required for mixing reactions to occur 37.

In Figure 2.3a, the particle density of metallic Mo and MoOy is depicted as a function of
Mo coverage. The higher slope of MoOx can be explained by its stronger support
interaction. Such increased support interaction leads to a higher monomer occupation
of the point defects in the film, thus increasing the odds of forming a new nucleus with
respect to attaching to a pre-existing one. Again, the observed differences between
metallic and oxidic Mo may be decreased by the higher flux used for metallic Mo.

Figure 2.3b shows literature data of nucleation studies with V [10], VOx [12] and NbOx
[14] on Al;03/NiAl(110). For easy comparison to literature, we have chosen to express
all coverages in terms of monolayers of each metal’s (110) plane. The densities of
atoms per cm? can be obtained simply by multiplying the coverages by the atomic
densities of the corresponding (110) surfaces (1.43x1015 cm2 for Mo(110), 1.54x1015
cm2 for V(110) and 1.84x1015 cm2 for Nb(110)).
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Figure 2.3: Coverage dependence of the particle density. a) Metallic Mo deposited at 1.1x10-2 to
1.5x10-2 ML/min and MoOx deposited at 1.0x10-3 to 1.5x10-3 ML/min. b) Literature data for
metallic V deposited at #0.35 ML/min [10], VOx deposited at 0.36 ML/min [12] and NbOx
deposited at 2.8x10-2 ML/min [14]. All coverages are expressed in terms of the metal’s (110)
plane. All depositions were performed with the sample at room temperature.

When comparing to VO,, MoOx has a lower particle density, which leads to the
conclusion that the support-MoOy interaction is not strong enough to create a full
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coverage of MoOx monomers on the point defects during deposition. This means that
the nucleation density of MoOyx will be deposition flux dependent at room
temperature. As the flux in our experiments was roughly two orders of magnitude
lower than in the case of VO,, the observed differences in nucleation density may be
larger than in the case of equal flux. NbOy, which was deposited roughly one order of
magnitude faster than MoOy, behaves similar to MoOy. One can therefore expect that
the MoOy density on pristine Al,03/NiAl(110) should reach a plateau value at 2x1013
per cm?, similar to the cases of NbOy and VOx. Due to particle-catalyzed film growth
during O, exposure, which was also observed for other metals 121436  we could not
obtain data of sufficient quality at higher coverages to establish this.

Note that the plateau value of 2x1013 nuclei per cm? is higher than the literature value
of 1x1013 point defects per cm?2. This could be explained either by the existence of
point defects of a type that has thus far not been probed, or by partial homogeneous
nucleation. Since VO, and NbOy reach the same plateau level, it can be expected that
the former is the more likely explanation.

2.4.2 Preparation of MoOy via Mo

Based on the understanding of the nucleation properties of Mo and MoOx, we can
study the dispersion of MoOx prepared via deposition of metallic Mo in an O
background (on-surface oxidation). Figure 2.4 shows the result of this procedure at a
coverage of 0.21ML. Clearly, the step edges are strongly decorated, similar to the case
of Mo nucleation in the absence of an 0; background. Notice also, particularly in the
top-right side of the image, that lines of particles are visible on the terraces, indicating
decoration of the domain boundaries. Again, this strongly resembles the behavior of
metallic Mo.

The resemblance between the nucleation behavior of metallic Mo and MoOy prepared
via metallic Mo also extends to the particle density. At 0.21 ML, we found a density of
6.9x1012 per cm?, which clearly fits in the trend of metallic Mo, but is roughly half of
the value expected for MoOx nucleation.

The observations above can be explained by the timing of the on-surface oxidation of
molybdenum. When the newly arrived Mo atoms become oxidized only after diffusing
over the surface and attaching to a stable nucleus, their nucleation behavior will
reflect that of metallic Mo atoms. Indeed, the XPS spectra show that MoOy particles
prepared via Mo are less strongly oxidized than those prepared via MoOy evaporation
(see supporting information), thus showing that the process of Mo oxidation is
kinetically hindered at room temperature. When 0.10 ML of metallic Mo is deposited
onto the substrate without O background and subsequently exposed to oxygen, very
little oxidation occurs. Therefore, oxidation and particle growth must occur hand in
hand. Each newly arriving Mo atom is oxidized before its number of Mo neighbors
increases to such an extent that oxidation becomes kinetically inhibited.
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ML/min in 5x10-7 mbar Oz. Size: 80 nm x 80 nm, sample bias -2 V, tunneling current 50 pA

It should be noted at this point that the VO [12] and NbO,[14] catalysts we have been
comparing to were prepared by depositing metallic V and Nb in an oxygen
background. The vanadium data (see Figure 2.3b) show a clear difference in the
nucleation behavior of metal [10] and oxide, hence the vanadium atoms arriving on
the surface in an O, background were oxidized before attaching to a stable nucleus.
The difference in the behavior of Mo and V can be explained by the higher reactivity
towards oxygen of vanadium [33]. This results in a slower diffusion of vanadium on
the support, and possibly also in a higher sticking probability of oxygen. The higher
particle density of metallic vanadium versus metallic molybdenum (see Figure 2.3)
indeed seems to support such slower diffusion, but the difference in deposition flux
makes it inappropriate to compare these observations fully quantitatively.

Our results show that the timing of the oxidation during metal oxide particle growth
has a large influence on the resulting model catalyst. The origin of this is that isolated
metal oxide units often have a very different interaction with the support than metal
atoms. In the case of Mo, the interaction is clearly stronger for the oxide units than for
the metal atoms. In order to obtain small particles, one therefore should choose to
deposit MoOy directly onto the support. For large particles, one should rather deposit
metallic Mo in an oxygen background. Although not explored here, changing the O
pressure should allow one to continuously change the ratio of metallic Mo atoms and
isolated MoOyunits diffusing on the surface, thus providing a more continuous control
over the particle size.
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2.5 Conclusion

We have studied the nucleation behavior of metallic Mo and MoOx prepared either via
direct deposition of MoOy or via deposition of metallic Mo in an O; background. We
find that metallic molybdenum behaves similar to other reactive metals, showing
three-dimensional particles nucleating at the oxide film’s point defects as well as on
its domain boundaries and steps. The average particle size and nucleation density fit
well with the trends for other metals, based on their heat of highest oxide formation.

When MoOx is prepared by direct deposition of in situ generated MoO,, we find a much
stronger support interaction than in the case of metallic Mo, resulting in a higher
particle density and a domination of point defect nucleation. Nonetheless, we observe
that the particles grow in a three-dimensional mode.

When MoOy is prepared by deposition of metallic Mo in a 5x10-7 mbar O, background,
the nucleation behavior clearly reflects the behavior of the metal rather than the
oxide. This is explained by the timing of the oxidation of the molybdenum on the
surface. It is found that the Mo atoms arriving on the surface are typically oxidized
only after attaching to a stable nucleus.

We have thus established that the choice of evaporating material is a useful parameter
to tune model mixed metal oxide catalyst properties. As an outlook, we may expect
that changing the O, pressure should allow one to continuously change the ratio of
metallic Mo atoms and isolated MoOyunits diffusing on the surface, thus providing a
continuous control over the particle size.
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2.6 Mo coverage from STM images

To determine the Mo coverage in the STM images, we need to consider the
overestimation of both the height and lateral dimensions of the particles. For the
height overestimation we have used literature values (Ref. 13 in the main text), which
should be valid for all metallic particles. However, we have noted in the main text that
the small Mo particles are likely oxidized. The overestimation of the height of these
particles may therefore be smaller. The error made by this is small however, since the
oxidized particles are small and not very abundant, and therefore they contribute little
to the total volume.

For the estimation of the lateral overestimation we used two simple geometrical
models, depicted in Figure 2.5. In both cases a Mo particle is represented by a sphere
on top of the substrate. This represents a wetting angle of 180°, which is larger than
can be expected for a particle with some interaction with the substrate. Measurements
on Co and Pd particles revealed wetting angels between 110°-120° (Ref. 13 in the
main text). We have nonetheless chosen 180° in our model as it compensates for the
height overestimation observed in STM.

The model in Figure 2.5a depicts the tip as a cone, which is representative of a very
sharp STM tip. The minimal reasonable value of the tip cone angle « is 30°, when the
tip consists of a pyramid of close-packed layers. Assuming this, the particle will be
imaged with the profile:

dmeasured = + V12 — 2 fromr' =0 to r' = 1\/3r 2.1)

Aimeasured = 3 — /31" from r' = % 3rtor =+/3r and 2.2)

With r and r’ as indicated in S1a. The measured volume of the particle thus becomes:

17
Vmeasured = _7Tr3
6 (2.3)

And hence the lower bound of the volume overestimation is a factor 51/24 (x2.1).
The model in Figure 2.5b depicts the tip as a sphere, which is representative of a more
realistic or even blunt tip. In this case, the particle will be imaged with the profile:

Ameasured = (R + r)2 —r?+r—R (2.4)

With R, r and r’ as indicated in S1b. The measured particle volume is calculated by
4 2

Vmeasured = ZTr (r + 3R)
3 (2.5)

Hence, the volume is overestimated by a factor 1+3R/r, meaning that it depends on
the ratio of the tip radius with respect to the particle radius. To get an estimate for the
maximum volume overestimation, we note that the particle height/radius ratio is
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unlikely to be larger than 2. Mo particles of average size had a measured radius of 1.4
nm and a corresponding measured height of 0.9 nm. Taking into account the
maximum height/radius ratio and the height overestimation of 0.3 nm, these particles
had a minimal real radius of 0.3 nm. Thus, the maximal radial overestimation is 4.7x.
Using r’/r = 2 sqrt(Rr)/r , this implies a tip radius of 1.6 nm and hence a volume
overestimation of 17x.

In the considerations above we have not taken into account the decrease of the
overestimation due to the detection threshold that we put at 0.3 nm versus the
substrate. This means that we will be closer to the minimal overestimation than the
maximal one. For this reason, we assume the tip radius to be identical to the average
particle radius, such that the volume overestimation is 4x. Using this definition, we
have determined the Mo coverage from the STM images and compared this to the Mo
3d / (Al 2p + Ni 3p) ratio obtained from the XPS measurements, as shown in Figure
2.6. The linear fit of the graph was used for obtaining coverages based on XPS data for
the MoOy particles.

a)

Figure 2.5: Models for the calculation of the STM height profile of a nanoparticle using a) a
conical tip apex or b) a spherical tip apex. c) Resulting height profile of a), d) resulting height
profile of b).
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Figure 2.6: Calibration of the XPS Mo 3d / (Al 2p + Ni 3p) ratio versus the Mo coverage
obtained from STM. Dots represent the data, the straight line is a linear fit constrained with a 0
intercept.

2.7 XPS analysis
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Figure 2.7: Mo 3d spectra of Mo deposited on Al203/NiAl(110) at room temperature. a)
Deposition series with 0.028 ML (red), 0.049 ML (orange), 0.069 ML (green) and 0.10 ML Mo
(blue) b) Spectral decomposition of 0.049 ML Mo, showing a contribution of oxidized Mo.
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Figure 2.8: Mo 3d spectra of 0.21 ML MoOx prepared via deposition of Mo in 5x10-7mbar 02 at
room temperature. a) As deposited particles b) After annealing for 15 minutes in 1x10-6 mbar
02z at 500K. Spectral decomposition: Mo#*+ (blue), Mo>+ (purple), Mo6+ (red).
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Figure 2.9: Mo 3d spectrum of 0.082 ML MoOx prepared via deposition of MoOx (generated on a
Mo evaporation source held at approximately 1200 K in 5x10-6mbar O2) at room temperature.
Spectral decomposition: Mo#+ (blue), Mo5+ (purple), Moé+ (red).
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Chapter 3

In situ observations of an active MoS-
hydrodesulfurization model catalyst

The hydrodesulfurization process is used to remove harmful sulfur from oil to
produce clean hydrocarbons. Using high-pressure scanning tunneling microscopy, we
provide the first direct observations of a MoS; hydrodesulfurization catalyst under
reaction conditions. We show that the active edge sites of the catalyst nanoislands
adapt their sulfur, hydrogen, and hydrocarbon coverages depending on the gas
environment. By comparing these observations to density functional theory
calculations, we propose that the dominant edge structure during the desulfurization
of CH3SH contains a mixture of adsorbed sulfur and CH3SH. Counterintuitively, the
edge sulfur content is reduced by the presence of CH3SH. In contrast, our theoretical
analysis shows that a subtle lowering of the C-S bond-breaking barrier would result in
sulfur deposition that is able to push the edge sulfur coverage far above its
equilibrium value.
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3.1 Introduction

The hydrodesulfurization (HDS) process is used to remove environmentally harmful
sulfur from ~2.500 million tons of oil annually[1]. Thus, it is an essential step in the
production of clean fuels. To accomplish the removal of sulfur, the oil is mixed with
hydrogen at a pressure between 5 bar and 160 bar, with the temperature between
533 K and 653 K, producing H>S and clean hydrocarbons[2].

MoS;-based catalysts are widely used to drive the HDS reaction owing to their high
activity, stability and low cost[2]. While research into these catalysts started as early
as the 1920’s[3], the atomic-scale mechanism of the reaction is still under debate. Ex
situ microscopy data showed that MoS; is present as nanoislands that consist of one or
more layers of an S-Mo-S sandwich[4-10]. The edges of the islands serve as active
sites during catalysis[11-14]. Hence, mechanistic understanding of the HDS process
requires detailed knowledge of the properties of the edge sites.

In most cases, the MoS; islands exhibit a high degree of crystallinity, resulting in island
shapes close to the thermodynamically favored truncated triangle[4-8,15,16].
Consequently, two types of edge termination are mainly observed, usually referred to
as the Mo edge and the S edge, with the Mo edge being dominant. Ab initio
thermodynamics calculations predict that the sulfur coverage on both edge structures
depends on the gas environment[15,17-19]. The essential element is the balance
between the chemical potentials of hydrogen and sulfur atoms in the gas phase. In a
sulfur-rich feed, two S edge atoms per Mo edge atom (100% coverage) are predicted.
Excess hydrogen can lower this number, in the limit of pure H; even to zero (0%
coverage).

Experimental studies in several gas environments confirmed that the edge sulfur
coverage varies, depending on the balance between hydrogen and sulfur containing
species in the feed[15,20,21]. However, it remains extremely challenging to study a
minority species such as edge atoms under operando conditions. As a result, a
conclusive determination of the active site structure during HDS has so far not been
achieved.

Here, we present the first direct observations of the active MoS; edge structure under
reaction conditions. Using a special-purpose high-pressure scanning tunneling
microscope (STM), we have obtained atomically resolved images evidencing a mixed
hydrocarbon-sulfur edge structure during the desulfurization of CH3SH on a model
catalyst. We explain the observations by comparing the STM images with density
functional theory (DFT) calculations, also taking into account the role of the reaction
kinetics in determining the active site structure.
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3.2 Results and discussion

The combination of high pressures of corrosive gases and high temperature provides
a challenging environment for STM experiments. To meet this challenge, we have used
the ReactorSTM previously developed in our group[22]. At the heart of this system is a
0.5 ml flow reactor containing the STM tip. The reactor walls are defined by a cap
placed inside the scan piezo, the catalyst sample, the STM body, and polymer seals in
between these elements. Gas capillaries drilled in the STM body provide a connection
to a gas supply system that controls the composition, flow, and pressure of the gases
in the flow reactor.

3 = ~ . e 3 X 1 ‘ g 4
A - : s~ B ‘ -m P
Figure 3.1: STM images of a MoS2/Au(111) model catalyst and its stability under
desulfurization conditions. a) Catalyst after preparation in UHV. 16 x 16 nm2, Upias=-0.3 V, It =
320 pA. b) Clean Au surface imaged in 1 bar CH3SH at 523 K, showing the (1x1) Au lattice. 6 x 6
nm2, Ubias= -0.3 V, It = 550 pA. c) MoS2/Au(111) after 1 day in 1 bar of a 1:9 CH3SH/H2 mixture,
showing a sulfur overlayer on the Au(111) substrate. 20 x 20 nm?, Upias = -0.3 V, It = 645 pA.

To mimic realistic industrial conditions, the pressure can be raised up to 1 bar, while
the sample is heated up to 573 K using a filament located on the backside of the
sample. A key element in the design is that the scan piezo is not in contact with the
gases in the reactor. This geometry, in combination with a careful choice of chemically
resistant materials, allows for the use of highly corrosive gases such as H;S at elevated
temperatures. The use of Ptlr tips prevents tip degradation during the measurements,
albeit that frequent changes in imaging quality cannot be avoided. To combine the
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high-pressure experiments with more traditional ultrahigh vacuum (UHV) surface
preparation and characterization techniques, the flow reactor can be opened and
closed inside a UHV system, which contains a.o. an ion gun, an evaporation source, and
an X-ray photoelectron spectroscopy apparatus.

As a first step, we established a suitable model catalyst; one that is conductive to allow
for STM measurements and stable under HDS conditions. Following the successful
recipe of the Arhus group[4,15], we synthesized MoS; particles on a Au(111) substrate
(see Methods section), yielding crystalline islands with a predominantly triangular
shape (see Figure 3.1a). These islands were shown to nearly exclusively expose the
Mo edge[15], which we will focus on hereafter.

The stability of the model catalyst during HDS depends on the chosen conditions. To
allow for unambiguous identification of edge structures in STM, we chose the simple
CH3SH molecule as our organosulfur compound to be desulfurized. Like all thiols,
CH3SH readily adsorbs on gold surfaces[23]. However, at the temperature of our
catalytic experiments (523 K), only the (1x1) Au lattice is imaged, even in 1 bar CH3SH
(see Figure 3.1b). Over time, a sulfur overlayer is formed, resulting from
decomposition of CH3SH or H»S. As long as HS is not added to the reactor feed, this
process requires hours, making it too slow to interfere with the HDS catalysis on the
MoS; particles through sulfur spillover. However, the ‘encapsulation’ of the MoS;
particles by the sulfur overlayer on the Au substrate, depicted in Figure 3.1c, could
limit the accessibility of the active edge sites. To prevent this, we restricted the
duration of our HDS experiments to a few hours, after which a fresh model catalyst
was prepared.

As a next step, we characterized the appearance of the fully sulfided MoS, edge
structure obtained after preparation of the MoS; particles in 2x10-¢ mbar pure HS.
Using DFT calculations, Lauritsen et al. [15] identified the resulting edge structure as
the 100%S edge, which contains an S dimer on every Mo edge atom. Its appearance in
STM images is characterized by a periodicity of one lattice spacing along the edge and
by a registry shift of half a lattice spacing in the apparent position of the edge atoms
with respect to those on the basal plane. This shift is highlighted by the yellow line in
Figure 3.2a. Note from the ball model in Figure 3.2a that the apparent position of the
edge atoms in STM deviates from their geometrical position. This is a result of the fact
that the electronic states around the Fermi level, which are probed by STM, are mostly
located in between the edge atoms (see Figure 3.6a in the Supporting Information).

Our first step towards reaction conditions is to image the model catalyst in high H,
pressure and at high temperatures. Under these conditions, the appearance of the
edge sites changes (see Figure 3.2b), indicating that the edge sites have been reduced.
The registry shift of the “edge atoms” with respect to the basal plane atoms that was
apparent for the 100%S edge has been removed, while maintaining the periodicity
along the edge of one lattice spacing. The structure in Figure 3.2b was not dependent
on temperature within the range from 323 K to 523 K probed here. It should be noted
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100%S

Figure 3.2: MoS:2 edge structure in various gas environments. The bottom panels show the
original images, which were differentiated to highlight the atomic contrast. The top panels
depict the averaged edge unit cell obtained from the bottom panels. For a) and b), the ball
models represent the structures that could directly be identified from comparison to simulated
STM images (see Figure 3.6 in the Supporting Information). Blue: Mo, yellow: S. a) Catalyst after
preparation in 2x10-6 mbar Hz2S at 723 K, imaged in UHV at room temperature. 6.6 x 6.6 nm?2,
Ubias = -0.3 V, It = 560 pA. b) Catalyst imaged in 1 bar Hzat 323 K. 6.6 x 6.6 nm?, Upias=-0.3 V, It =
630 pA. c) Catalyst during the desulfurization of CH3SH in 1 bar 1:9 CH3SH/Hz2at 523 K. 3.8 x 3.8
nm?2, Upias = -0.3 V, [t = 400 pA.

however that at elevated temperatures STM may probe a time-averaged structure,
which could obscure diffusing S vacancies or adsorbed S and H atoms.

The edge structure without registry shift in Figure 3.2b was also observed after
deposition of Mo in H,S/H, mixtures[15] or dimethylsulfide[24]. It was interpreted as
the 50%S structure by comparison to simulated STM images. Our STM simulations
corroborate this assignment, although hydrogen adsorption cannot be excluded (see
Section 3.5 in the Supporting Information). We note that Bruix et al. did not find the
registry shift between the 100%S and the 50%S edge structures for MoSz/Au(111) in
their STM simulations[21]. However, none of the structures described in their work
matches the experimental observations of the reduced edge structure.

Having established our ability to observe changes in the MoS; edge structure under
high-pressure, high-temperature conditions, we are ready to study our model catalyst
in its active form during the desulfurization of CH3SH. Figure 3.2c shows the structure
observed in a 1 bar 1:9 CH3SH/H, mixture at 523 K. Before imaging, the flow reactor
was allowed to stabilize for more than 2 hours to ensure a steady state situation.
Figure 3.2c shows that the edge structure under hydrodesulfurization conditions has
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clearly changed with respect to the structure in pure hydrogen. Based on the apparent
registry of the edge atoms, one could assign the structure to an (almost) 100%S-
covered edge. An alternative explanation is the formation of CH3SH adsorption
structures.

To enable an unambiguous assignment of the edge structure observed during the
hydrodesulfurization of CH3SH, we consider the thermodynamic and kinetic aspects of
the catalytic process using DFT calculations. First, we assess the thermodynamic
stability of various edge structures in a gas environment that only consists of H, and
H>S. Figure 3.3 depicts the most stable edge structure for Au-supported MoS; as a
function of Apsand Apu. These quantities are directly related to the temperature, the
H,S pressure, and the H, pressure through Equations 3.5 and 3.6 in the Methods
section. The phase diagram in Figure 3.3 corroborates the observation that the MoS;
edge structure depends on the gas environment, showing large variations in both S
and H coverage. A quantitative comparison to earlier work shows an agreement to
within 0.15 eV for the relative stability of the 50%S and 100%S structures[15,18,19]
(see Table 3.1 in the Supporting Information). Remarkably however, we find a
preference for low-symmetry structures such as 38%S-x%H and 63%S-x%H over a
wide range of conditions. These structures were not taken into account in earlier
studies and therefore did not show up in the predicted phase diagrams.
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Figure 3.3: Ab initio thermodynamics phase diagram of the MoS: edge structures in Hz/H2S
mixtures for Au-supported MoSz. On the axes, Ausand Apun designate the entropic parts of the
chemical potentials of S and H atoms in the gas phase, respectively. These are directly related to
the temperature, the H2S pressure, and the Hz pressure (see Methods section). The
experimental conditions during catalyst preparation, in 1 bar hydrogen (assuming 1 ppm H2S
contamination), and during HDS (naive approximation) are indicated in blue. The ball models
represent side views of the structures present in the phase diagram. Note that the edges are
periodic in the left-right direction.
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The trends of the sulfur and hydrogen coverages in various gas environments can be
understood based on the variation in adsorption strength per H or S atom of the
various structures. Generally, one expects the adsorption strength per S or H atom to
decrease at higher S or H coverage. Hence, higher-coverage structures require a
higher chemical potential in order to form. This trend is indeed observed in the phase
diagram. However, the 75%S and 88%S structures do not appear. In this coverage
range, the registry of the S edge atoms changes with respect to the S atoms on the
basal plane, leading to unstable structures with strained bonds. For the hydrogenated
phases, 63%S-x%H shows a remarkably large range of stability. An explanation for
this comes from the comparison of the 50%S and 63%S structures in Figures 3.2b and
3.3. For the 50%S case, hydrogen adsorption induces buckling of the edge S atoms,
implying the presence of compressive stress. The buckling disappears upon the
adsorption of a sulfur atom (yielding the 63%S-50%H structure), implying a
stabilizing stress relief. For the small particles used in HDS, corner sites may provide
similar stress relief. It is therefore not a priori clear whether the 63%S-x%H
structures are similarly stable in such more realistic catalysts.

Using equations 3.5 and 3.6 (see Methods section), we have placed the experimental
conditions in the phase diagram of Au-supported MoS;. For the freshly prepared
particles, we have used an H»S pressure of 2x10-¢ mbar H,S and a temperature of 573
K for the calculation, even though imaging was performed in vacuum at room
temperature. We chose these conditions because the edge structure is not capable of
changing in vacuum at temperatures below 573 K[15,21]. As expected, the phase
diagram indicates the observed 100%S structure to be the most stable under these
conditions. For the reduction in 1 bar H,, we assumed an H;S contamination level of 1
ppm. Depending on the temperature, the phase diagram indicates an edge coverage of
38%S to 63%S, with hydrogen adsorption on most structures. Again, this is in good
agreement with the time-averaged 50%S-50%H structure observed with STM.

To represent the hydrodesulfurization experiment in the phase diagram, we need to
assume that the gas environment can be described solely in terms of H,S and H:
chemical potentials. This would be the case if the adsorption of hydrocarbons, e.g.
CHsSH, is ignored and the overall HDS reaction is either completely equilibrated or
slow with respect to the reactions of H, and H,S with the MoS; edges. From mass
spectroscopic product analysis, we know that in our case the conversion of CH3SH is
low due to the extremely low number of active sites on our planar model catalyst.
Even at an extremely high turnover frequency of 1000 s! per site, only approximately
1 mbar H»S would be generated. If we assume this upper limit and ignore CH3SH
adsorption, the chemical potential of sulfur in our HDS experiment is determined by
the temperature (523 K), the H,S pressure (~0.001 bar) and the H; pressure (0.9 bar),
as indicated in Figure 3.3. This would lead to a 63%S-50%H structure, which has a
slightly higher S coverage than the 50%S-50%H structure predicted in earlier studies
for these conditions[15,18]. It should be clear however that the 100%S structure is
not a likely candidate for the structure we observe in STM under reaction conditions.
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To investigate the possibility of CH3SH adsorption structures, we calculated the CH3SH
adsorption energy for several edge S and H coverages on Au-supported MoS; (see
Table 3.2 in the Supporting Information). While CH3SH can bind in all cases, only the
38%S-25%CH3SH structure in Figure 3.4 is thermodynamically more stable (AGform= -
0.08 eV) than the clean 63%S-50%H structure under our reaction conditions (Pcuzsu =
0.1 bar, Puzs = ~0.001 bar, Puz = 0.9 bar, 523 K). Hence, if Hz, H»S, and CH3SH would
equilibrate with our model catalyst, i.e. if the HDS reaction would be slow enough not
to affect this thermodynamic equilibrium, the 38%S-25%CH3SH structure should
prevail. For H3S pressures lower than the upper limit of 1 mbar we, the preference for
the 38%S-25%CH3SH is further increased. Figure 3.4b shows an STM simulation of the
38%S-25%CH3SH structure. Clearly, the edge atoms appear out of registry with the
basal plane S atoms, in agreement with the experimental observations. The irregular
appearance in Figure 3.4b will be time-averaged in the STM images at 523 K, because
of the fast adsorption/desorption kinetics of CH3SH (free energy barriers of 0.51 eV
and 0.87 eV, respectively).

a)

I's s TONL:

Figure 3.4: Thermodynamically preferred structure under the experimental desulfurization
conditions (Pcussu= 0.1 bar, Puzs = ~0.001 bar, Puz = 0.9 bar, 523 K). The green lines highlight
the registry shift of the edge atoms with respect to the basal plane S atoms, which was also
observed in the experiment. a) Ball model. b) Simulated STM image for Us = -0.3 V, using an
electron density contour value of 1x10-5 AU.

Since we have come close to industrial conditions in our HDS experiment, we expect
conversion of CH3zSH to CHa. Hence, the reaction should be in a steady state rather
than in the static equilibrium discussed in the previous paragraph. To model how this
affects the prevalent edge structure, we computed a reaction network linking a set of
reaction intermediates on Au-supported MoS; (see Figure 3.5). The catalytic cycles in
the network consist of three stages: the conversion of CH3zSH to CHa, leaving behind a
sulfur atom on the MoS; edge, the desorption of this sulfur atom as H:S, and the
adsorption of hydrogen. From Figure 3.5, it is clear that the conversion of CH3SH is
essentially a one-way reaction due to its high energy gain. In contrast, the
adsorption/desorption steps of Hz, H2S, and CH3SH are all reversible.
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Putting this in a simple steady state rate equation model we obtain:

CH3SHags — CHyg) + Saas

(3.1)

Sads + Hg(g) —+ CH3SH(9) — HQS(g) + CH3SHads (3.2)
[Sads] _ kl + k72PHQS

(CH3SH,uas) k2P, Pongsu (3.3)

Although highly simplified, this model provides some insight into the effect of CH3SH
conversion on the MoS; edge structure. When the conversion faces a high barrier, rate
constant k; will be low. In such a case, the edge structure should be close to the
equilibrium of Equation 3.2. In contrast, when the barrier for CH3SH conversion would
be lower than the H;/H,S adsorption/desorption barriers, one should expect that
adsorbed CH3SH would be largely replaced by sulfur atoms.
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Figure 3.5: Reaction network for CH3SH desulfurization on MoSz/Au(111). The activation free
energy barriers (AGa) indicated in the arrows were calculated based on the experimental
conditions (Pcussu = 0.1 bar, Puzs = ~0.001 bar, Puz = 0.9 bar, 523 K). The abundances of
intermediates in steady state conditions and in an equilibrium where the C-S bond breaking
step is disabled are designated by ss and eq, respectively. The steady state concentrations were
derived using transition state theory and rate equation modeling (see Methods section). “MT”
corresponds to methane thiol.

Figure 3.5 shows that the C-S bond breaking barriers are slightly higher than the H,S

desorption barriers. Because the rate constants have an exponential dependence on
the energy barrier, this translates into orders of magnitude difference in rate. Indeed,
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when we quantify the abundances of all reaction intermediates (see Methods section),
we still find an 80.6% abundance of the 38%S-CH3SH edge state, compared to 80.7%
under equilibrium conditions. Hence it appears that the structure observed in our HDS
experiment is the 38%S-CH3SH edge state.

In a more general view, our theoretical analysis identifies two mechanisms that can
steer the MoS; edge structure away from its equilibrium with H; and H,S during the
HDS reaction. First, the adsorption of organic molecules may favor different edge S
and H coverages. In our experiments, this leads to the counterintuitive observation
that the edge S content is reduced due to CH3SH adsorption: the 67%S-50%H
structure is favored in the absence of CH3SH adsorption, whereas the 38%S-
25%CH3SH structure is the most stable one when we do take CHzSH adsorption into
account. This effect is likely also present for industrially important reaction
intermediates such as reduced thiophenes, which adsorb strongly[25]. A second
mechanism is the deposition of sulfur via C-S bond scission. Although this appears to
have only a minor effect in our experiment, subtle changes in the barrier for C-S bond
breaking can have major consequences for the average edge structure. For instance, if
the C-S barrier in the network in Figure 3.4 were lowered by 0.3 eV, the 63%S-50%H
structure would become dominant. Hence, support effects, the presence of defects
such as corner sites, and the nature of the hydrocarbons that are desulfurized can all
cause large variations in the average structure of MoS; under reaction conditions.

3.3 Conclusion

Using a dedicated high-pressure scanning tunneling microscope, we have studied the
catalytically active edge structure of MoS; nanoparticles on Au(111) in mixtures of H,
H>S, and CH3SH at temperatures up to 523 K. In hydrogen, trace amounts of sulfur in
the feed are sufficient to maintain a sulfur coverage of 1 edge S atom per edge Mo
atom. Surprisingly, the edge is reduced during the hydrodesulfurization of CH3SH to
accommodate CH3SH adsorption. Due to the slow C-S bond scission on our model
catalyst, the system remains close to an equilibrium state. However, our theoretical
analysis indicates that small changes in the reaction rate or the reaction mechanism,
which could originate from support effects or from the presence of different
hydrocarbons, can have a major influence on the average MoS; edge structure. In
particular, for highly active MoS; catalysts one may expect that sulfur deposition by
the conversion of organosulfur compounds increases the edge S coverage under
hydrodesulfurization conditions, rather than to decrease it, as was found here. Hence,
we conclude that the prevalent structure of the active sites during
hydrodesulfurization catalysis on MoS; likely depends both on the precise type of
catalyst and the nature of the feedstock.
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3.4 Methods

3.4.1 Model catalyst preparation

Clean, atomically smooth Au(111) was prepared by cycles of 1 keV Ar* bombardment
and annealing at 900 K. MoS; particles were deposited by evaporation of Mo in 1x10-¢
mbar H,S, with the Au substrate at 423 K, followed by annealing at 723 K in 2x10-¢
mbar H:S.

3.4.2 High-pressure experiments.

All gas lines were flushed with argon for at least 30 minutes prior to each experiment.
To start the high-pressure exposure, the reactor was slowly pressurized in H; and
subsequently heated to the desired temperature. For the HDS experiments, CH3SH was
mixed in the reactor feed only after reaching 523 K. In order to minimize the thermal
drift in the microscope, the system was allowed an equilibration period of
approximately 90 minutes. To cope with the remaining drift, image acquisition times
of around 20 seconds per image were employed. As the noise level increased under
high-pressure, high-temperature conditions, a 3x3 pixel averaging was applied for
clarity.

3.4.3 Theoretical analysis.

All DFT calculations were carried out with the BAND program package[26-30], using
the PBE density functional[31], Grimme van der Waals corrections[32], and scalar
relativistic corrections. A triple-{ plus polarization basis set was used for the valence
orbitals, while the core orbitals were kept frozen in the same state as in the free
atoms. In general, default settings of the BAND program were used. The Self-
Consistent Field convergence criterion was set at 10-¢ Hartree atomic units, while the
geometrical optimization criterion was set at 10-2 Hartree per nanometer.

A (4x4) MoS; unit cell was employed, in the form of a stripe with periodicity in one
direction. The stripe contains both an S-type edge and an Mo-type edge. The S-type
edge was kept fully covered in all calculations (2 S edge atoms per Mo edge atom). The
length of the unit cell was kept at the value optimized for 50%S coverage: 1.248 nm.
For the calculations where the gold support was included, the Au(111) surface was
modeled by a 2 layer slab with a lattice parameter commensurate with the MoS;
stripe. The S-Mo-S-Au-Au stacking was chosen as A-B-A-B-C, with a S-Au layer spacing
of 0.442 nm. The number of k points chosen for sampling the Brillouin zone was 3
throughout.

Transition states were located as follows: for a chosen reaction coordinate (usually an
interatomic distance) total energies were computed for a range of fixed values (while
optimizing all other degrees of freedom). For the structure of highest energy a partial
hessian was calculated, including atoms at or close to the reaction site. The most
negative eigenvalue of this partial hessian was used to locate the saddle point. In most
cases the search had to be restarted several times by recomputing the partial hessian
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on the structure with the smallest gradient found so far. It was checked that the
partial hessian of the final structure had precisely one negative eigenvalue.

The reaction energies (AE:;) used in the computation of phase diagrams were
calculated per unit cell as:

AE, = Exosy 5.1, — Estos, — ©Eu,s — (3y — 2)En, (3.4)

In Equation 3.4, Ex denotes the total electronic energy obtained from DFT for the
respective structure. In order to calculate the free energy of an edge structure,
entropic corrections need to be applied:

P, 15} o
Aps = RTIn(52*) — T(Sg,s — St,) (3.5)
Apg = 5(RTIn(Pu,) — T'Sy,) (3.6)

The standard entropies (S°) in these equations were obtained from thermodynamic
tables[33]. Using the entropic corrections, one can compute the free energy change
involved in a reaction as:

AG’/’ = AE’I‘ - irA,uS - yA:U“H (3.7)

The structure with the lowest free energy per unit cell at a particular combination of
Ausand Apy values will be the phase present under those conditions. Note that with
this definition of the free energy, we assume that all solid phases have zero entropy
and that there is no change in heat capacity during the reaction.

To model the adsorption of CH3SH, we first calculated the adsorption energy:

AFuis = Enosy, s,y mT. — Eoss,s.1, — 2EumT (3.8)

In Equation 3.8, MT corresponds to CHzSH. The thermodynamic stability of the
adsorbed CH3SH structure was calculated as its formation free energy with respect to

the most stable phase in the absence of CH3zSH adsorption:

AGy = AEuqs — 2Apyr + AG,_n08y,5.H, — DG 082, Hin (3.9)
Appyr = RTIn(Pyr) — TSy (3.10)

In Equation 3.9, M0S,,ShHm is the most stable structure in the absence of CH3SH
adsorption.
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Finally, we performed a kinetic analysis using the free energy barriers that link the
reaction intermediates. Entropic corrections were again applied using equations 3.5,
3.6 and 3.10. Rate constants were calculated from the free energy barriers (AGa) using
transition state theory:

—AG,
- k]ZTe A

(3.11)
Here, we assume that there is no communication between adjacent unit cells. By

incorporating the pressure effect on the free energy in the calculation of k, all rates
take the form:

Tn = knOn (3.12)

When the reaction reaches steady state, all coverages will be fixed. Thus, we obtain a
set of linear equations, shown here for the example of an intermediate with two links
to other intermediates.

do
— =k 10n1 + k_pnOpi1 — (k_n_1) + k)0, =0
dt n=1 1= (ko) + ) (3.13)

By solving this set of equations, one obtains the steady state coverage of the various
intermediates.
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Chapter 3 - Supporting information

In situ observations of an active MoS-
hydrodesulfurization model catalyst
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3.5 Appearance of MoS: edge structures in scanning
tunneling microscopy

The electrons that make up the tunneling current in scanning tunneling microscopy
(STM) originate from states close to the Fermi level. As the local density of these states
is usually not evenly distributed over the atoms of the sample, the appearance of
structures in STM often does not directly reflect the atomic structure. The edges of
MoS; islands present a particularly pronounced case of such a discrepancy. Hence, in
order to interpret the STM images properly, it is necessary to compare them to
calculations of the local density of states using density functional theory (DFT). STM
images are usually modeled as contours of equal values of the local density of states
(LDOS) around the Fermi level. The LDOS around the Fermi level is typically obtained
by summation over all LDOS contributions at and around the Fermi level with a
Gaussian weighting (Tersoff-Hamann method[1,2]). Because the width of the Gaussian
is somewhat arbitrary, we have chosen instead to sum over the LDOS from the Fermi
level to the applied sample bias (-0.3 V), which does not require any other parameters.
The additional benefit of this method is that the states further from the Fermi level are
taken into account more appropriately.

Figure 3.6 shows simulated STM images of the 100%S, 50%S and 50%S-50%H
structures. From Figure 3.63, it is clear that the LDOS at the edge of the particle
strongly deviates from the atomic arrangement for the 100%S structure. Hence, in the
STM images for this structure the edge S atoms will appear not to follow the lattice of
the particles’ basal plane, even though in reality they do. The 50%S structure shows a
similar discrepancy between atomic structure and LDOS (see Figure 3.6b). However, a
small fraction of the LDOS remains located around the S edge atoms, resulting in the
red protrusions in the image. For a tip with a finite size however, the bright
protrusions will dominate the image. Hence, the edge atoms will appear to be in
registry with the basal plane S atoms.

For the case of the 50%S-50%H structure in Figure 3.6¢, the situation is less clear.
Some of the protrusions on the edge are in registry with the basal plane, while others
are not. At elevated temperatures, the H-atoms on the edge will diffuse at high rates,
because the diffusion barrier is only 0.56 eV (obtained for unsupported MoS,).
Therefore, a time average of Figure 3.6c would be observed in STM. In such a time
average, the brightest protrusion will typically dominate the observed structure due
to the exponential character of the tunneling current as a function of tip-surface
distance. In the case of the 50%S-50%H structure, the brightest protrusion appears in
registry with the basal plane. Therefore, the 50%S-50%H structure will appear similar
to the 50%S structure, although with significantly less corrugation along the edge.
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Figure 3.6: Simulated STM images of a) the 100%S structure, b) the 50%S structure and c) the
50%S-50%H structure, for Us = -0.3 V and at a countour value of 1x10-5 AU. The green lines
facilitate comparison of the registry of the edge protrusions with respect to the basal plane S
atoms.

As noted in the main text, Bruix et al. obtained a different result for the appearance of
the 50%S edge[3]. We identify two possible explanations. First, they used the Tersoff-
Hamann method for the calculation of the LDOS around the Fermi level. As pointed
out by Bollinger et al, who found a result in agreement with ours, the choice of the
Gaussian width is very sensitive in the particular case of MoS; due to its
semiconducting properties[2]. Hence, the discrepancy between the different authors
may be explained due to a different choice for this parameter. A second explanation
may be a different placement of MoS; on the Au support. If we remove the gold in our
calculations, the registry shift in the 50%S structure vanishes. Hence, the details of the
MoS;-Au interaction may be decisive in the obtained results.

3.6 Effect of the Au support on the relative stability of MoS:
edge structures

To assess the influence of the Au(111) support on the relative stability of MoS; edge
structures, phase diagrams were computed with and without Au(111) support, as
shown in Figure 3.7. Clearly, gold-supported MoS; favors higher edge sulfur coverage
than its unsupported counterpart. Nonetheless, Au(111) is considered a weakly
interacting support[4] since it does not significantly change the edge structures. In
contrast, oxide supports like TiO, and Al;03 are thought to make oxygen linkages at
the particle edges[4-6].
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Figure 3.7: Ab initio thermodynamics phase diagrams of the MoSz edge structure in Hz/H2S
mixtures. a) Unsupported MoSz. b) Au-supported MoSa.

3.7 Comparison of the calculations to literature

To establish the validity of our calculations, we compared our results to those
reported in the literature. We note that in all previously published phase diagrams,
the sulfur chemical potential was referenced against various sulfur structures. This
leads to a somewhat arbitrary offset with respect to our chemical potential. Based on
the conversion to pressure (ratio) at specific temperatures mentioned in the
respective articles, we estimate this offset to be -0.1 eV for Bollinger et al[2] and
Lauritsen et al.[7], -0.23 eV for Prodhomme et al.[8], and -4.15 eV for Cristol et al[9].
Using these offsets, we constructed the comparison in Table 3.1. From these results, it
is clear that the relative energies of various edge structures are reproduced relatively
well, independent of the differences in methods or unit cell.

Table 3.1: Relative stability of 50%S and 100%S structures

Authors AUH-508_, 508-50H AUH-508_, 508-50H AUs-50s_, 1008 AUs-50s_, 1008
unsupported Au supported unsupported Au supported

Present -0.37 eV -0.30 eV -0.02 eV -0.21eV

Bollinger et al.[2] -0.30 eV -0.11eV

Lauritsen et al.[7] -0.30 eV -0.33 eV

Prodhomme et al[8] BRIUREX2Y

Cristol et al.[9] 0.01 eV

3.8 CH3SH adsorption on MoS:

The adsorption energy of CH3SH on Au-supported MoS; was calculated for a coverage
of 1 molecule per 4 Mo edge atoms. For the calculation of the free energy of
adsorption, entropic contributions were included using the reaction conditions in the
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STM experiment (Pcuzsu = 0.1 bar, Puzs = ~0.001 bar, Py2 = 0.9 bar, 523 K). The
formation energy of the adsorption structures was referenced against the most stable
structure in the absence of CH3SH, namely 63%S-50%H.

Table 3.2: Energetics of CH3SH adsorption on MoS2
Structure

37%S
50%S-50%H
87%S
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Chapter 4

The growth and stability of Au surface
oxides on WO3/Au(111) and
Re0O3/Au(111) inverse model catalysts

Oxide-supported gold catalysts enable oxidation reactions at mild temperatures,
providing a unique set of pathways for green chemistry. To investigate whether Au
surface oxides may play a role in the catalysis, we studied their autocatalytic
formation and stability on W03/Au(111) and ReO3/Au(111) inverse model catalysts.
We find that Au surface oxides are thermodynamically stable over a wide range of
catalytically relevant conditions. The formation of the surface oxides requires initial
seeds of AuOy on our model catalysts, but proceeds autocatalically from there on, with
an 0 dissociation barrier that is mainly entropic.
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4.1 Introduction

Despite its reputation as an inert metal, oxide-supported gold has the unparalleled
ability to catalyze oxidation reactions at room temperature[1]. This gives Au-based
catalysts great potential for applications in a.0. automotive -catalysis[1], the
pharmaceutical industry[2], and biorefineries[3]. Nonetheless, commercialization of
Au catalysts has proven difficult due to their high cost and poor stability[4]. It is vital
therefore to capture the essence of the current-day Au catalysts as a design parameter
in future development.

The search for the essential features that give oxide-supported Au its tremendous
activity has shown that many factors can play a role, depending on the type of catalyst
and the employed conditions. Examples include the Au particle size[5-9], the presence
of cationic Au[10-15], the particle-support interaction[9,10,16], and the water
concentration in the feed[9,17,18].

To unravel the underlying principles that determine the importance of these factors, a
vast number of mechanistic studies has emerged, predominantly focused on the
oxidation of CO. It is generally agreed that CO adsorbs on the Au
particles[5,12,13,19,20]. Oxygen activation is often modeled as adsorption at the gold-
support perimeter in the form of molecular[21-24] or support lattice oxygen[25,26],
which subsequently reacts with CO. Such models are supported by the observation
that the CO oxidation activity scales linearly with the number of perimeter
sites[17,26].

However, there is increasing evidence suggesting that gold can play a more extensive
role in storing and dissociating oxygen. Fujitani et al.[17] showed that the linear
scaling with perimeter sites breaks down at slightly elevated temperatures for
Au/TiO; catalysts. Instead, the observed reactivity scaled with the total number of Au
surface sites, suggesting that oxygen is distributed over the entire surface of the Au
particles. Indeed, density functional theory (DFT) calculations indicate that the
formation of Au surface oxides on both the Au-gas[27-30] and Au-support
interface[12,13,31] are thermodynamically favorable in an oxygen atmosphere.
Furthermore, it was shown that Au surface oxides catalyze oxygen dissociation[32].
Spectroscopic studies confirm the existence of oxidized Au species in supported Au
catalysts[10,11,14,33,34], yet leave their nature and catalytic role unclear. Specifically,
it is unclear whether Au oxides are formed at the gas-Au interface or only at the Au-
support interface, where they may reside as mere spectator species.

Here, we investigate the autocatalytic formation and thermodynamic stability of Au
surface oxides at the gas-Au interface on W03/Au(111) and ReOs/Au(111) inverse
model catalysts. In contrast to practical catalysts, these inverted models have the
oxides present in nanoparticle form and gold as the support. This allows us to
specifically study surface oxides on the dominant surface orientation of Au
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nanoparticles, (111), and their interaction with oxide materials. Using scanning
tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS), we studied
Au oxide formation in O; pressures of 10-> mbar to 500 mbar at temperatures up to
423 K. We find that WOz and ReO3 have a minor effect on the behavior of AuOx. The
stability and reaction kinetics of the surface oxides are analyzed in terms of simple
thermodynamic considerations.

4.2 Methods

To study the WO3/Au(111) and ReO3/Au(111) catalysts both in ultrahigh vacuum
(UHV) and at elevated pressures, we used the ReactorSTM[35] developed in our
group. With its high-pressure flow cell inside a UHV system, it allows us to prepare
and characterize model catalysts in vacuum and subsequently expose the surface to a
controlled high-pressure environment without air exposure. When the reactor seal is
removed, the STM can be operated in UHV for vacuum studies. The system is also
equipped with a commercial photoelectron spectrometer (SPECS Phoibos) for XPS
analysis.

4.2.1 Model catalyst preparation

Clean, atomically smooth Au(111) was prepared by cycles of 1 keV Ar* bombardment
and annealing at 900 K. The cleanliness of the surface was confirmed by STM and XPS.
The WO3 and ReO3; were deposited on the support by reactive evaporation using an e-
beam evaporator (Oxford Applied Research). To accomplish this, a rod of the
respective metal was held at approximately 1100 K during exposure to 1x10-> mbar
0., creating volatile oxides (see Ref. [36] for more details on this method).

4.2.2 Generation of Au oxide precoverage

While O dissociation faces large energy barriers on Au(111)[37], Au surface oxides
readily form when strong oxidizing agents are used, such as electron stimulated
NO2[38] and ozone[39]. We chose to generate small amounts of atomic oxygen using a
thoriated iridium filament in 1x10-> mbar 0, At its working temperature of
approximately 1750 K, thoriated iridium provides a very low O; dissociation rate, thus
allowing for a controlled experiment were the vast majority of the surface oxide is
formed via O dissociation on AuOx seeds.

4.2.3 XPS analysis

XPS measurements were carried out in UHV with the X-ray incidence angle at 54° off
normal and electron collection along the surface normal. After a Tougaard background
subtraction, the Re 4f and O 1s spectra were fitted with the Gaussian/Lorentzian curves
implemented in the CasaXPS[40] software package. A Shirley background subtraction was
used for the Au 4f spectra. Re and O coverages, expressed in monolayers with the packing
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density of Au(111), were calculated based on the Re 4f/Au 4f and O 15/Au 4f intensity
ratios using:

0 [Re RSFAu74f 1

Re — 7 ° ' _
IAu RSFR6—4f 1 — e~d/A (4.1

o _ do RSFay 1
- Tay RSF’O,Lg 1 — e—di1/A (4.2)

In equations 4.1 and 4.2, 1, is the measured XPS intensity of the respective element, RSF,
the relative sensitivity factor of the probed transition[40], d,;, the Au(111) layer spacing,
and A the attenuation length of Au 4f photoelectrons in Au[41]. To establish the equations,
we have assumed that the Re and O atoms on the surface do not attenuate the Au 4f signal.
The last term in equations 4.1 and 4.2 gives the effective number of Au monolayers that is
probed in the Au 4f spectrum, thus compensating for the fact that XPS probes deeper than
the first layer of the Au(111) surface.

4.3 Results and discussion

We first investigated the structure of W03 and ReOzon a clean Au(111) sample. After
deposition at room temperature, WOz adopts an amorphous island structure (see
Figure 4.1a). Depending on the state of the STM tip, the apparent height of the islands
can be both positive and negative. ReO3 adopts the same structure as WOz (not
shown), which is not surprising in view of their chemical similarity. The persistence of
the herringbone reconstruction of the Au(111) substrate[42] during WO3; and ReO3
deposition, which is performed in 1x10-5> mbar O, shows that neither of these oxides
is able to catalyze the formation of Au oxides. As both W03 and ReO3 are well-known
oxidation catalysts, this is likely due to their inability to transfer oxygen atoms from
the oxide to the Au surface rather than to ineffective O, dissociation.

When the W03/Au(111) sample is annealed at 527 K, the oxide islands crystallize (see
Figure 4.1b). The structure consists of paired rows with a periodicity of 1.6 nm,
indicating a large unit cell. This is likely the result of a lattice mismatch between the
tungsten oxide and the Au(111) substrate. The amount of oxide on the surface was
strongly reduced during the annealing. Meanwhile dark stains appeared in the Au
terraces, indicating surface alloying (see Figure 4.1b and Figure 4.7 in the Supporting
Information). This highlights the reducible nature of WO3 when in contact with gold.
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Figure 4.1: WOs deposited on Au(111). a) As deposited at room temperature. 70 nm x 35 nm,
Us = 1.5 V, It = -120 pA. b) After annealing at 567 K. Notice the vague dark stains in the
herringbone reconstruction at the top of the image, which indicate surface alloying. 40 nm x 20
nm, Us=2V,[=-95 pA.

4.3.1 Disordered surface oxide

At room temperature, exposing WO3/Au(111) and ReO3/Au(111) to a 1x10-5 mbar
02/atomic O mixture generates disordered structures (see Figure 4.2). After 15
minutes of exposure, XPS indicates an oxygen coverage of 0.23 ML on a 0.012 ML
Re03/Au(111) sample. This should be considered as a lower bound due to X-ray
induced desorption (see Figure 4.8 in the Supporting Information). Similar to
observations after NO; or O3 dosing[38,39], the STM images in Figure 4.2 indicate a
highly corroded Au surface, implying that Au adatoms were recruited from the
terraces to be incorporated into a surface oxide. Both W03 and ReO3 dissolve into the
surface oxide, without clearly affecting its structure. This is corroborated by the
position of the O 1s peak (529.7 eV), which is unchanged with respect to pure
0/Au(111) prepared at room temperature[38].
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Figure 4.2: XPS and STM data of ReO3/Au(111) and WO3/Au(111) after exposure to 1x10-5
mbar 02/0 at room temperature. a) Background-subtracted XPS spectra of ReO3/Au(111) (red)
and clean Au(111) (blue). The intensities of the Au 4f spectra of clean Au(111) and
Re03/Au(111) where set equal at the 4f7/2 peak. b) STM image of ReO3/Au(111) 80 nm x 80 nm,
Us=-1V, It= 35 pA. c) STM image of WO3/Au(111) 80 nm x 80 nm, Us= -1V, It = 35 pA.

The Au 4f spectrum in 4.2 shows no sign of oxidized Au, which would appear as a
small shoulder on the higher binding energy side of the metallic Au peak. This is
similar to the case of sulfur adsorption on Au(111), where Au adatom incorporation
also leaves the Au oxidation state unchanged[38,43]. Hence, whether one assigns the
observed structure to a surface oxide or to an oxygen-induced reconstruction is a
matter of definition. It should however be clear that the structure observed in Figure

4.2 is distinctly different from the weak chemisorption of oxygen on the perfect
Au(111) surface[5,29].
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The observation that surface oxides at the Au-gas interface need not contain
detectably oxidized Au has important consequences for the interpretation of
spectroscopic data of Au catalysts. XPS or X-ray absorption spectra on Au transitions
alone may not tell the full story. Furthermore, the beam damage after exposure to
weak lab source X-rays suggests that the surface oxides may decompose abruptly
under synchrotron X-ray irradiation. For vibrational spectroscopy, it is also uncertain
whether the Au surface oxide has a sufficiently distinct chemical nature with respect
to bare Au to allow for resolved CO vibration peaks. These considerations highlight
the importance of direct observations on well-defined CO oxidation catalysts that
allow for unambiguous assignment of catalytic intermediates.

4.3.2 Surface oxide in 500 mbar O;

To investigate the behavior of the gold surface oxides under catalytically relevant
pressures, we exposed W0O3/Au(111) and ReO3/Au(111) catalysts with a small initial
Au oxide coverage to oxygen pressures up to 500 mbar. Figure 4.3a shows
Re03/Au(111) during exposure to 500 mbar O». The streaky appearance of the surface
indicates fast surface dynamics. This implies that there is no densely packed
crystalline surface oxide phase on the Au terraces, but rather disordered Au oxide
structures that can assemble and disassemble with high rates.

Over time, islands with rod shapes appear on the surface (see Figures 3 and S3 in the
Supporting Information), showing that the high-pressure conditions facilitate the
formation of a new phase with respect to the vacuum situation described in the
previous section. The islands crystallize further when left in vacuum after the high-
pressure exposure. Figures 3b and ¢ show the resulting structure, which appears to be
identical to the one observed on Au(111) after ozone treatment at 400K[39]. At room
temperature, such an ozone treatment yields a disordered structure similar to Figures
2b and c. Hence, the main effect induced by high pressure is the increase in mobility of
oxygen-containing species.

The preparation process of the initial AuOyx seeds prior to the high-pressure
experiment created vacancy islands in the Au terraces. These vacancy islands remain
when the surface is left in vacuum for 24 hours. However, during the high-pressure
exposure the density of vacancy islands clearly decreases within 2 hours (see Figures
4.9 and 4.10 in the Supporting Information). Meanwhile, the total area of the vacancy
islands appears to remain constant, although this was difficult to quantify due to the
streaky character of the images (standard deviation: +37%). We conclude that the
high-pressure conditions induce accelerated ripening.

The observation of a constant total vacancy island area suggests that the dynamic
species on the Au terraces do not contain Au adatoms. This is corroborated by the
observation that no new vacancy islands are formed, which did occur at lower O,
pressure at room temperature (see previous section). Since the rod shaped Au oxide
islands can only communicate with the vacancy islands and step edges via the
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dynamic species on the terraces, we conclude that the Au oxide islands also do not
contain Au adatoms.

Figure 4.3: Au surface oxide formed on ReO3/Au(111) in 500 mbar Oz at room temperature. a)
In situ image, 160 nm x 160 nm, Us= 2V, It= -120 pA. b) Image after crystallization in UHV for
17 hours, 80 nm x 80 nm, Us= 1V, It= -100 pA. c) High-resolution image of the structure in
panel b, 10 nm x 10 nm, Us= 0.42 V, It= -200 pA. The green rectangle indicates the observed unit
cell d) Proposed structure of the Au surface oxide. Left: cross sectional view, parallel to the
lifted Au rows. Right: top view, in which the lifted Au rows run from left to right. The unit cell is
indicated in blue, while green indicates the local unit cell that is primarily observed in the
experiment. Bulk Au, interface Au, oxidic Au, and O atoms are colored gold, orange, pink, and
red, respectively.

The Au oxide islands shown in Figure 4.3 have a 0.49+0.02 nm x 0.33+0.007 nm
rectangular unit cell with its short axis lying along the close-packed direction of the Au
surface. While the long axis of the unit cell fits well with the Au lattice, the short axis is
14% larger than the Au nearest neighbor distance. Due to this mismatch with the
Au(111) lattice, one may expect a buckling in the AuOy islands. On the large-scale
image in Figure 4.3b, no such buckling is observed. At the atomic scale in Figure 4.3c
however, it is clear that small sideways deviations from the perfect regular lattice
occur. The displacements do not appear to follow a completely regular pattern, which
could indicate that defects and island edges impose long-range stress in the islands.
The measured height of the islands was 0.14 nm, independent of the applied tip-
sample bias. This is well below the Au(111) step height of 0.23 nm, which is consistent
with the earlier indication that the surface oxide does not contain Au adatoms.
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Based on the geometrical arguments above, the Au surface oxide structures proposed
in the literature[27,30], and the similarity to the case of Pt(111)[44-47], we propose
the structure depicted in Figure 4.3d for the Au oxide islands. In this structure Au
atoms are lifted out of the terrace by 4 oxygen atoms, as was also observed in ab initio
molecular dynamics simulations[27]. Thus, oxide rows are formed, similar to those
predicted[44] and observed[46,47] on Pt(111). DFT calculations on a similar structure
on Pt(110) showed that the dense packing of oxygen atoms in the oxide rows creates
compressive stress, driving the rows to expand along the row direction[48]. This can
explain the lattice mismatch of 14% along the row direction observed in our
experiments.

The expansion of the Au oxide rows necessitates the expulsion of Au atoms. Based on
the observed island coverage, this would amount to 0.5-1% of a monolayer, which is
approximately half the vacancy island coverage. One may expect that part of the
adatoms are used to fill the vacancy islands, while the rest attaches to step edges. We
suggest that the decrease in vacancy island coverage lies within the 37% standard
deviation of the measurement.

4.3.3 Low coverage needle oxide

To test the stability of the Au surface oxide, we performed experiments at various
temperatures. At 423 K, a crystalline “needle”-shaped Au oxide with a modest
coverage is formed during the 1x10-> mbar 0,/0 exposure (see Figure 4.4). This result
was independent of the exposure time (see Section 4.8 in the Supporting Information),
from which we conclude that the needle phase is an equilibrium structure. The WO3
and ReO3 islands in Figure 4.4 were deposited at 500 K, resulting in a partially
crystalline island structure with a bright appearance.

a) WOs/Au(111), bl ReOs/Au(111) »
z / = ) &

3 . 2 e -
Figure 4.4: W03/Au(111) and ReOs/Au(111) after exposure to 1x10-5 mbar Oz mbar at 423 K.
a) W03/Au(111) 80 nm x 80 nm, Us= 1V, It=-125 pA. b) ReO3/Au(111) 80 nm x 80 nm, Us= 2V,
Ie=-130 pA.
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When left in vacuum at room temperature, the needle phase disappears within
approximately 24 hours (see Figure 4.5). This disappearance is not observed for the
disordered Au oxide, nor for the Au oxide islands. Hence, the barrier for desorption
must be lower for the needle structure, indicating that it is either less stable, or more
active in catalyzing O, adsorption/desorption.

The needles shown in Figure 4.4 follow the close-packed directions of the Au(111)
lattice and occur as single or double oxide rows. Similarly, for Pt(111) it was shown
that at intermediate coverage the oxide rows form a honeycomb network of single to
triple rows[46]. Their proposed structure was almost identical to those in the Au
oxide island structure. Therefore, it is tempting to interpret the needles as isolated or
paired rows of the island oxide structure. In this case however, there must be a
stabilizing force that prevents the oxide rows from assembling into islands. A possible
candidate for this would be stress relaxation in the Au surface. Figures 4.4 and 4.5
show that the herringbone reconstruction is lifted in the close vicinity of the oxide
needles, but remains elsewhere. Hence, it appears that the oxide needles can relief
compressive stress in the Au surface, similar to the herringbone reconstruction[42].
As a result, there is a driving force for the needles to remain isolated up to the
coverage where the herringbone reconstruction is fully lifted.

) 1 - o
Figure 4.5: Low coverage AuOx on W03/A(111) after exposure to 1x10-5 mbar Oz mbar at 423
Kand 18.5 h in vacuum, 80 nm x 80 nm, Us=2V, [t =-95 pA
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In Figure 4.4, it appears as if WOz and ReO3 have little effect on the Au needle oxide
other than disturbing its long-range order. At low AuOy coverage however, it becomes
clear that the Au surface oxide is stabilized in the vicinity of WOs. Figure 4.5 shows
that the locations of the two oxides correlate. The correlation is not perfect however,
indicating that the stabilization is subtle. Nonetheless, this result suggests that Au
oxides may form preferably on the Au-support perimeter in industrial Au catalysts, as
was also found in a DFT study on Au nanoparticles on TiO2[13].

4.3.4 Energetics of Au surface oxide

02/0 exposure at temperatures higher than 423 K did not result in oxide growth.
Under the assumption that the atomic oxygen did not significantly influence the
equilibrium oxygen coverage, one can use this transition temperature between
formation and absence of formation of the oxide to estimate the oxide formation
enthalpy. At the transition temperature, the free energy of formation is zero. This
means that the contributions of the enthalpy (AHags) and entropy (TASaas) of formation
cancel (see Figure 4.6a). Assuming that oxygen loses all entropy upon adsorption, -
ASags equals the gas phase entropy of oxygen (Soz(g). With this assumption, TASags = -
1.6 eV per O, molecule under the applied conditions[49]. Hence, we find a formation
enthalpy of the oxide of -1.6 eV per 02 molecule. This value is corroborated by
experiments from Deng et al.[32], who showed that oxygen can be adsorbed up to 0.4
ML on O-precovered Au(111) in 1x10-7 mbar O; at 400 K, which implies the same -1.6
eV formation enthalpy when analyzed using the above arguments. This validates our
assumption that the atomic oxygen present in the gas phase during our experiment
did not significantly affect the stability range of the Au surface oxide.

The formation enthalpy derived above can be used to determine the stability of
surface oxides as a function of temperature and pressure. The Au oxide coverage (8)
can be obtained as a function of temperature (T) and pressure (P) through a Langmuir
model[50]:

0 vVKP

emax B V KP —f- ]_ (4_3)
K — e_(AHads+TS%2(g))/kBT (44)

S%2(g) designates the standard entropy of gaseous O, given at standard pressure (P9, 1
bar). Note that we have included the temperature dependence of the standard entropy
of gas phase oxygen[49]. We have again assumed that oxygen loses all entropy upon
adsorption. Furthermore, we assume that the reaction enthalpy is independent of
temperature and coverage.) Figure 4.6b shows the resulting stability diagram. The
extrapolation of our vacuum results to catalytically relevant pressures shows that the
needle phase should be stable up to around 560 K for 1 mbar O; and even to 690 K in
1 bar. Hence, from the thermodynamic point of view Au surface oxides can be
expected over the whole range of relevant temperatures for Au-based oxidation
catalysis. However, reaction kinetics may play a vital role in determining the actual
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oxide coverage under catalytic conditions. Hence, our predictions should serve as a
starting point for further investigation.

a)
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Figure 4.6: a) Components of the free energy of adsorption/desorption. “TS” designates the

transition state. b) Stability diagram for the needle type Au surface oxide, based on equations
4.3, 4.4 and the experimentally derived adsorption enthalpy of -1.6 eV/02 molecule.

We should stress that the yellow regime in the diagram of Figure 4.6b presents a
conservative estimate for the range of thermodynamic stability of surface oxides on
Au(111). For the calculation of the reaction enthalpy, we have assumed that the
system was in equilibrium. Since the oxygen in the gas phase is at room temperature,
whereas the oxygen on the surface is at 423 K, we are actually underestimating the
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stability of the oxide somewhat. Furthermore, some oxygen may have been lost during
the cooling down of the crystal in vacuum. Moreover, if the assumption of negligible
entropy of the adsorbed oxygen was incorrect, one may expect the stability at
temperatures above 423 K to be improved, (while at lower temperatures the stability
is reduced). Finally, we should point out that there may be Au surface oxide phases
that are more stable than those reported here, but that would require the combination
of high temperature and high pressure to overcome the kinetic limitations of their
formation. Indeed, surface oxides with full coverage have been reported following
preparation at 1073 K in 1 bar O2[51]. As can be seen in Figure 4.6b, the needle phase
is not stable under those conditions. This signifies the need to perform high-pressure,
high-temperature experiments to further expand our understanding of the stability of
Au surface oxides.

The activation barrier for oxygen adsorption via gold oxide can be estimated from a
comparison between the oxide formation enthalpy and the desorption free energy
barrier (see Figure 4.6a). A value of 1.43 eV was obtained for the latter from
temperature programmed desorption (TPD) of oxygen, using the same assumptions
we employed above[32]. The desorption temperature in the TPD experiments is not
affected by pre-annealing up to 420 K[52], showing that the surface structure is close
to equilibrium during the TPD runs. Hence, the desorption barrier found in TPD and
the adsorption energy found in the present work relate to the same (equilibrated)
state. We can insert the values for the desorption barrier (AGges), the adsorption
energy (AHags), and the desorption temperature (TPD peak at 550 K) in the following
equation (see also Figure 4.6a):

AGdes = A-[—-[a,ct - AHadS - T(STS - QSoadS) (4.5)

From this, it follows that the enthalpy barrier for adsorption (AHac), is calculated as:

AHact = 55O(STS — 2SOads) —0.17 (4.6)

Again, we assume that Spags = 0. Thus, AHa only depends on the transition state
entropy (Sts). The first order kinetics observed in the TPD experiments[32,52] seem
to indicate that the transition state does not correspond to the associative desorption
of two oxygen atoms, but rather to the transition of an oxygen atom from the surface
oxide to another adsorption state. For such a bound state, one may expect a small
entropy (Sts). Since Sts is small, we conclude from Equation 4.6 that the enthalpy
barrier for adsorption is also small or negligible. Hence, the free energy barrier for
adsorption is mainly entropic. As a result, O, adsorption will be very efficient at mild
temperatures and elevated pressures.

Although it is clear that Au surface oxides exhibit a strongly autocatalytic growth, one

may wonder if a seed can be created on Au-reducible oxide catalysts under industrial
conditions. Oxide-supported Au catalysts efficiently dissociate O, on the oxide support
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or the Au-support perimeter, providing a source of atomic oxygen. It is unclear,
however, whether the atomic oxygen can be transferred to the Au particle. For Ca
contaminations in Au(111) this does appear to be possible, facilitating the formation
of AuOy using UHV O, exposure[53]. Similarly, traces of Ag are thought to aid in the
oxidation of Au in nanoporous gold catalysts[54,55]. On the other hand, the present
work shows that W03 and ReOs do not have the required properties to oxidize
Au(111), even though they are well-known oxidation catalysts. Biener et al. also did
not observe AuOy on a TiOx/Au(111) catalyst after O, exposure[56]. Thus, it seems
that specific atomic arrangements are necessary to enable Au surface oxide formation.

Finally, we discuss how the presence of Au surface oxides could affect the overall
reaction mechanism for Au-based oxidation catalysis. First, Au oxide provides an
alternative pathway for O; dissociation besides dissociation on the support or at the
Au-support perimeter. Whether or not this new pathway will be dominant, will
depend on the amount of Au oxide present and the activity of the other pathways,
which varies per type of catalyst. In the case where O; dissociation on Au oxide is not
the dominant pathway, or when Au oxide is more stable at the Au-support
perimeter[13], Au oxide will be predominantly located at the Au-support perimeter.
Under such conditions, the reactivity will scale with the number of perimeter sites as
was observed in several experiments[17,26]. Au oxide may also provide new sites for
the adsorption of CO, which is rather weak on clean gold[19]. Finally, the Au oxide
provides a low-energy[39] Mars van Krevelen type pathway for the reaction of CO
with oxygen atoms.

4.4 Conclusion

Our results provide new evidence that Au surface oxides at the gas-surface interface of
Au oxidation catalysts should be considered as a feasible reaction intermediate in a
wide range of relevant temperatures and pressures. The experimentally derived
formation enthalpy of -1.6 eV /0, molecule implies that surface oxides on Au(111) are
thermodynamically stable up to approximately 560 K in 1 mbar O and even up to 690
Kin 1 bar. The presence of W03 and ReO3 particles on the Au(111) substrate has little
effect on the Au surface oxide structure, although a small attractive interaction was
found.

While the Au surface oxides are stable even in low oxygen pressures, we find that W03
and ReOz are not able to facilitate their initial formation. When AuOy seeds are
provided however, Au surface oxide formation is facile. By comparison to literature
temperature programmed desorption results we find that the barrier for O
dissociation on Au oxides is modest and predominantly determined by entropic
contributions, implying that adsorption will be efficient at mild temperatures and
elevated pressures.
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Several types of surface oxide can be formed, depending on the employed conditions.
In vacuum at room temperature our 02/0 mixture yields a disordered, rough surface.
A similar exposure at 423 K yields a one-dimensional needle-type oxide. Experiments
at a catalytically relevant pressure of 500 mbar O, revealed a highly dynamic surface
where islands of a densely packed oxide develop. For the structure of this densely
packed phase, we propose a model containing parallel Au oxide chains, analogous to
those observed on Pt(111). The variety of observed Au oxide structures highlights
their flexible bonding nature, which implies that Au surface oxides are likely not only
stable on the (111) surface orientation, but also on other orientations present on Au
nanoparticles.
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4.5 Reduction and surface alloying of WO3 at elevated
temperature

To study the stability of WO3 on the Au(111) surface, we conducted a series of
experiments at elevated temperatures. Figure 4.7a and b show 0.03 ML W03/Au(111)
before and after annealing to 567 K in vacuum. Before annealing, we associate the
bright features with W03 and the dark lines with the needle type Au surface oxide,
similar to Figure 4.4 in the main text. After annealing, only 0.008 ML WOy is visible in

Figure 4.7: Surface alloying of WO3/Au(111) at elevated temperature. a) 0.03 ML WO3/Au(111)
prepared by WOs3 deposition at 567 K in 1x10-5 mbar Oz and cooling to 400 K in Oz, 80 nm x 80
nm, Us =2V, It=-135 pA. b) Sample in a) after annealing at 567 K in vacuum, 80 nm x 80 nm,
Us=2V,It=-110 pA. c) 0.2 ML WO3/Au(111) prepared by W deposition at room temperature,
followed by annealing in 1 bar Oz for 1 hour, 80 nm x 80 nm, Us =2 V, It = -90 pA. d) same as c),
after annealing at 653 K in 5x10-¢ mbar Oz, 160 nm x 160 nm, Us = -1V, [ = 30 pA
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the STM images (see Figure 4.7 b), even though sublimation is not expected at the
mild annealing temperature employed here. Alternatively, surface alloying of W with
the gold may have occurred. The dark stains in the fcc areas of the herringbone
reconstruction in Figure 4.7b suggest that a W-Au alloy is indeed formed. The surface
alloying process is even more pronounced in experiments with a higher WOs3
coverage, as shown in Figures 4.7c and d. The sample for this experiment was
prepared via the deposition of approximately 0.2 ML W metal and subsequent
oxidation in 1 bar Oz at 523 K for 1 hour. This results in the structure shown in Figure
4.7c. After annealing to 653 K in 5x10-¢ mbar O, no particles are visible on the surface
and the herringbone reconstruction is strongly modified (see Figure 4.71d). Again,
this points at the formation of a surface alloy. The larger amount of tungsten present
on the surface allows for a stronger modification of the herringbone reconstruction.
The observation that the surface alloying even occurs in the presence of oxygen shows
that the tungsten oxide is not only kinetically instable at high temperature in vacuum,
but also thermodynamically unstable at modest oxygen chemical potential (lo=-2.46
eV under the applied conditions).

4.6 X-ray beam induced desorption of surface oxides

Damage to adsorption structures due to (photo)electrons is a well-known
phenomenon in surface science. However, due to its comparatively low electron flux,
lab source X-ray photoelectron spectroscopy (XPS) is usually less prone to beam
damage effects. In our case, the X-ray beam spot on the sample had a diameter of
approximately 4 mm, inducing a sample current of 1.1 nA. Thus, in the 2.5 hours of X-
ray exposure that we needed for the experiment, only 0.35 photoelectron per Au
surface atom left the surface.

& > ~d
: - - g - -

Figure 4.8: 0.012 ML ReO3/Au(111) before (a) and after (b) XPS measurements. a) 80
nm, Us=-1V, [t =50 pA.b) 80 nm x 80 nm, Us=-1V, [t =50 pA
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Figure 4.8 shows that even under this very mild radiation load, substantial beam-
induced oxygen desorption occurs. This indicates that synchrotron measurements,
which employ a beam flux that is several orders of magnitude larger, need to be
performed with the greatest of care. In our case, the O 1s spectrum was recorded
within the first 45 minutes of the measurement. Nonetheless, one may expect that the
measured signal intensity was affected by the beam-induced desorption.

4.7 Evolution of WO3/Au(111) during pressure ramp to
500 mbar O:

The starting structure for the high-pressure experiment shown in this section was
formed by exposure of a WO3/Au(111) sample to 1x10> mbar 0/O at room
temperature, followed by annealing at 500 K to partially smoothen the surface. The
oxygen atmosphere was maintained until the sample temperature was back below
423K. The resulting surface structure contains modest amounts of AuOy, which we
associate with the bright features in Figure 4.9a. Furthermore, vacancy islands are
apparent.

Figure 4.9: Structural evolution of W03/Au(111) during high-pressure oxygen exposure at
room temperature. Panels a) and b): 80 nm x 80 nm, other panels: 160 nm x 160 nm. All frames
are recorded at Us = 2 Vand It = -170 pA. All indicated pressures refer to oxygen.
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Following the preparation, the surface was imaged at room temperature while the O,
pressure was increased from 106 mbar to 500 mbar. The lower bound, 10-¢ mbar, is
an estimate that corresponds to the situation where the reactor is only connected to
the UHV chamber via thin gas lines. Under these conditions, there is a poorly defined
vacuum inside the reactor. When the gas lines are switched from the mode in which
they connect to the UHV system to the mode in which they connect to the high-
pressure gas supply, the pressure jumps to approximately 1 mbar. Figure 4.9b shows
that the bright species from Figure 4.9a become less apparent after this pressure
increase. The surface morphology is maintained. While we further increased the
pressure, the images became streaky (see Figure 4.9c), indicating that there are
dynamic species present on the surface. The bright species disappear nearly
completely, which we interpret as their dissolution in the dynamic phase on the
terraces. Subsequently, islands with highly anisotropic shapes emerge, which we
associate with AuOx. The nucleation of these islands seems to occur at random
locations on the surface, without preference for steps or vacancy islands. Note that the
number of islands formed and the rate of their formation may have been affected by
the STM tip. The row of particles on the left-hand side in Figures 4.9e and 4.9f indicate
that atoms have been moved to the side of the imaging area. In other high-pressure
experiments, we noted that instabilities in the tunneling caused the formation of
vacancy islands. This again signifies the dynamic nature of the Au surface when
adsorbed oxygen is present. Images recorded immediately after moving to previously
unimaged areas ensured that the formation of the surface oxide islands occurs
everywhere on the surface. The images obtained in UHV after the high-pressure
exposure, described in the main text, corroborate this.
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Figure 4.10: Evolution of vacancy islands during the high-pressure experiment shown in Figure
4.9.

During the high-pressure experiment, it is clear that some vacancy islands grow in
size. Meanwhile, the number of vacancy islands clearly decreases, as shown in Figure
4.10a. Since the “center of mass” of the vacancy islands remains constant, we conclude
that Ostwald ripening occurs. In vacuum, the vacancy islands were stable. Hence, the
adsorbed oxygen at high-pressures must induce an increased mobility of vacancies
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over the terraces. Figure 4.10b shows that the total vacancy island area remains
constant during the experiment, although the measured values scatter around the
average with a standard deviation of 37%. This large scatter results from the
streakiness of the images, which hampers proper quantification. As noted in the main
text, a constant vancancy island density implies that gold adatoms are not part of the
dynamic phase on the terraces, because these would have filled the vacancies. In the
experiment shown in Figure 4.9, we did not observe the formation of new vacancy
islands, which indicates that no Au adatoms are required for the formation of the AuOy
islands.

4.8 Influence of the preparation conditions on the
structure and coverage of the needle phase Au oxide

The needle type oxide was generated via two methods. In the first, W03 or ReO3 was
deposited at 567 K in 1x10-> mbar O, after which the sample was allowed to cool
down over the course of several minutes to 423 K in 1x10-5 mbar 02/0. Figure 4.4 in
the main text shows the result of this procedure. We note however that the coverage
obtained is sensitive to the exact preparation conditions, as is evidenced by Figure
4.11a. The surface was prepared using the same procedure as in Figure 4.4 in the main
text, yet the observed Au oxide needle coverage is clearly lower. One may wonder
therefore whether the surface truly equilibrates during the cooling down to 400 K. To
resolve this, we prepared the needle phase via a second procedure. W03 was

o~ . £ 3
Figure 4.11: Influence of the preparation conditions on the Au needle oxide coverage. a)
WO03/Au(111) prepared through W03 deposition at 567 K, followed by cooling to 423 K in 1x10-
5 mbar 02/0. 80 nm x 80 nm, Us = 2V, It = -95 pA. b) WO3/Au(111) prepared through WOs
deposition at room temperature, followed by 15 minutes 1x10-5 mbar 02/0 exposure, 15
minutes annealing to 423 K in vacuum, and 15 minutes 1x10-5 mbar 02/0 exposure at 423 K. 80
nm x 80 nm, Us=1.5V, [t =-160 pA.
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deposited at room temperature in 1x10-5 mbar O, followed by 15 minutes of 1x10-5
mbar 02/0 exposure. After this, the surface was annealed at 423 K in vacuum for 15
minutes to smoothen the surface, followed by 15 minutes of 1x10-5 mbar 0:/0
exposure at 423 K to generate an equilibrium coverage of Au oxide needles. As can be
seen in Figure 4.11b, this results in an oxide needle coverage similar to that in Figure
4.4. Thus, we conclude that the surface in Figure 4.4 was equilibrated with the
conditions at 423 K. A possible explanation why we do not always reach equilibrium,
such as in Figure 4.11a, could be a variation in the distance between the filament and
the sample. The flux of atomic oxygen to the surface depends quadratically on the
filament-sample distance. Hence, variations in this distance may generate strong
variations in the amount of AuOx nuclei that are generated. As a result, the time
required to reach equilibrium will fluctuate. Another source of variation is the cooling
rate, which was not actively controlled in the experiments.
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Chapter 5

Simultaneous scanning tunneling
microscopy and synchrotron X-ray
measurements in a gas environment

A combined X-ray and scanning tunneling microscopy (STM) instrument is presented
that enables the local detection of X-ray absorption on surfaces in a gas environment.
To suppress the collection of ion currents generated in the gas phase, coaxially
shielded STM tips were used. The conductive outer shield of the coaxial tips can be
biased to deflect ions away from the tip core. In tunneling contact, the X-ray-induced
current is separated from the regular topographic tunneling current using a novel
high-speed separation scheme. We demonstrate the capabilities of the instrument by
measuring the local X-ray-induced current on Au(111) in 800 mbar Ar.
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5.1 Introduction

The synchrotron-based techniques developed over the last decades provide a
powerful toolbox for the study of interface phenomena. The weak interaction of X-rays
with matter makes these methods particularly suitable for operando studies, which
are indispensable in research areas such as catalysis [1], environmental science [2],
and film growth [3]. However, most X-ray techniques make use of a large beam spot
compared to the features studied, thereby averaging out possibly important structural
and chemical variations. For techniques that use a highly focused beam on the other
hand, finding the feature of interest can be a tedious process as searching based on
reciprocal-space images or absorption features is non-trivial.

Scanning probe microscopy can supplement X-ray measurements by providing local
structural information in real space. Inspired by this potential, several atomic force
microscopes (AFM) [4-9] and scanning tunneling microscopes (STM) [10-14] have
been installed on beamline end stations. In the AFM studies, it was shown that the
AFM tip can be used to align the X-ray beam with features of interest [6]. Once aligned,
the tip can be used for nano-manipulation or the application of local stress [15,16].

Using the combination of STM and X-rays, it was shown that the current collected by
the STM tip can be used to measure local X-ray absorption, with a spatial resolution as
small as 2 nm [11,17-19]. Thus, local chemical information can be obtained and
coupled to the local structure. This combination is highly desirable for the
understanding and design of materials and chemical processes.

So far, all synchrotron X-ray assisted STM (SXSTM) studies have been performed in
vacuum. Under these conditions, the signal collected by the tip consists of three
principal components: the photo-electron current, the regular topographic tunneling
current, and an X-ray-induced increase of the tunneling current. While both the photo-
electron current and the X-ray-induced increase of the tunneling current are related to
X-ray absorption, only the latter provides local information [11,17-19]. To improve
the ratio between this local signal and the photo-electron current, most SXSTM
experiments employ insulator-coated STM tips, leaving only the tip apex uncoated
[17,20-23]. This effectively reduces the number of photo-electrons that the tip
collects. Besides this background reduction, the X-ray-induced part of the tunneling
current needs to be separated from the regular tunneling current. Several
experimental schemes employing a beam chopper and lock-in amplification have been
developed for this purpose [11,24].

To use SXSTM in operando studies at elevated pressures, two challenges need to be
addressed: i) Inhibitively large ion currents are generated in the gas phase. We show
that insulator-coated tips are inadequate to suppress these. ii) Most interesting
systems for operando studies require elevated temperatures and have some degree of
roughness in their morphology. To cope with thermal drift and to follow the surface
morphology accurately, fast response in the height feedback is necessary. However,
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the current separation schemes for the regular and the X-ray-induced tunneling
current limit the height feedback in the STM to response frequencies below roughly 1
kHz.

Here, we describe an instrument that can perform SXSTM measurements in a gas
environment using hard X-rays, overcoming the barriers for performing operando
studies. Our methodology provides several novelties: i) A quick method for aligning
tip and beam with micrometer precision. ii) An electronics scheme to separate X-ray-
induced current and regular tunneling current that enables fast height feedback at
frequencies up to the chopper frequency. iii) A coaxially shielded STM tip and
mounting configuration that effectively suppresses the ion current background. As a
proof of concept, we have collected the local, X-ray-induced tunneling current on a
Au(111) sample at a gas pressure of 800 mbar.

5.2 Instrument design

5.2.1 High-pressure cell

The starting point for our experiments was the high-pressure scanning probe and
surface X-ray scattering instrument developed earlier in collaboration between our
group and the ID03 beamline staff at the ESRF [14], which we modified for the SXSTM
measurements. In short, this system consists of an ultrahigh vacuum (UHV) chamber
with a high-pressure cell on top (see Figure 5.1) [25]. The UHV chamber allows for
surface preparation by ion bombardment, annealing, controlled gas exposure, and
metal evaporation onto the sample. The high-pressure cell can be operated as a flow
reactor, providing a controlled gas atmosphere at pressures up to 1.1 bar. The cell is
exchangeable, allowing for a versatile combination of experiments.

In our recent work, we fitted a high-pressure scanning probe module on the system
[14,26]. Similar to the design of the ReactorSTM and ReactorAFM [27,28], it uses a
single piezo tube both for the coarse approach of the tip to the sample and for
generating the scanning motion. The coarse approach is achieved by a stick-slip
motion of the tip holder (slider) on two tracks. The piezo tube is separated from the
gas environment by a polyimide cap and a viton seal, as depicted in Figure 5.1b. In our
previous design, the reactor wall was a dome-shaped aluminum piece of 1 mm
thickness, providing homogeneous and satisfactory X-ray transmission over a large
range of angles at photon energies above 18 keV. While this made the system excellent
for surface X-ray diffraction measurements, the X-ray transmission was insufficient in
the lower energy range relevant to X-ray absorption spectroscopy.

To allow for measurements at energies down to 8 keV, we designed a new cell that
uses four thin, exchangeable windows (see Figure 5.1) sealed on both sides by viton O-
rings. In our first test measurements, we used a stack of three 75 pm thick Kapton
sheets for each window. In the energy range from 10 keV to 12 keV, the Kapton stack
provides an excellent X-ray transparency of 91% to 95% [29]. However, the
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permeability of Kapton towards gases [30] limits the base pressure of the UHV
chamber to the 10®¢ mbar range. Aluminum foil windows provide a lower
transmission (59% for 100 pm thick foil at 11 keV [29]), yet do not suffer from any gas
permeability. Beryllium windows were not preferred here for safety reasons, as the
reactor needs to be handled frequently for tip exchanges.

The reactor walls and the part of the microscope head that are exposed to gases are
gold coated. This prevents undesirable side reactions from occurring on these
surfaces. Furthermore, charge collected on the walls from photo-electrons and ions is
immediately neutralized. Charging of the native oxide of materials such as aluminum
and stainless steel may cause memory effects in the background signal of the SXSTM
measurements. This could adversely affect the reproducibility of the data.

a) b)

> i =a)
STM module ﬁ
I

high-pressure cell

piezo tube

slider on tracks

viton seal

/ X-ray window

{ X-ray path

UHV chamber STM tip

sample

Figure 5.1: Overview of the set-up. a) Assembly of ID03’s ReactorSXRD chamber [25], our new
high-pressure cell and the recently developed STM module [14]. b) Cross-section of the STM
module and high-pressure cell.

5.2.2 Coaxial tips and mounting scheme

In a gas environment, the X-ray-induced current collected by the STM tip behaves
differently as compared to the vacuum situation. Photo-electrons emerging from the
sample cause a cascade of ionization processes in the gas. This effect is particularly
pronounced for the high-energy Auger electrons produced during hard X-ray
absorption [31,32]. Furthermore, the plasma created in the gas environment helps the
charge transport to and from insulating surfaces [33-35]. Hence, when a beam
chopper is employed, this may generate oscillating electric fields that can couple into
the tunneling current. These effects cause a complex behavior of the background
signal in SXSTM measurements, making reproducibility of experiments difficult. It is
therefore essential to minimize the background current.

To achieve this reduction in background, we fabricated both insulator-coated and

coaxially shielded STM tips. The latter consist of a conductive core, an insulating
layer, and a conductive outer layer (shield), as shown in Figure 5.2. While the core is
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used for measuring the tunneling current, the shield layer neutralizes ions. Tips are
mounted such that the shield potential can be controlled independently with respect
to the tip core and the sample, thus creating an electric field that deflects ions away
from the tip core.

The insulator-coated tips were fabricated by a combination of SiO; sputter deposition
and focused ion beam milling similar to that reported in literature [20,22,23]. The
fabrication of coaxially shielded tips is less well established [17], hence we explored
several preparation methods. As core material, we have used an electrochemically
etched Ptosglroz wire (g 0.25mm, Goodfellow). Three different types of insulation layer
were tested: i) 100 nm SiO; prepared by atomic layer deposition (ALD) through 1100
cycles of bis(diethylamido)silane (Sigma-Aldrich SIBDEA) exposure and an O plasma
as co-reactant at 200 °C. ii) 1000 nm SiO; prepared by plasma-enhanced chemical
vapor deposition (PE-CVD) using a plasma of silane and O; at 300 °C. iii) Polymer
coating prepared by pushing the tip through a droplet of polyethylene-vinylacetate-
based glue gun wax at 80 °C, a method commonly used for electrochemical STM [36].

A

Figure 5.2: Scanning electron microscopy (SEM) images of coaxially shielded STM
tips. a,b) Ptoslro2 with Si02/Au coating. ¢,d) Ptoslro, with polymer/Au coating.
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In all three cases, >2 MQ core-shield insulation was accomplished with a success rate
of over 50%. For the ALD tips, the coating was very homogeneous but too fragile to
survive further assembly. For the PE-CVD tips, the insulation thickness was not
uniform over the tip due to inhomogeneities in the plasma that are common around
conducting three-dimensional objects inserted into the plasma. As a result, the coating
at the apex was 7.5 pm thick while the average was only 1 um. For the polymer-coated
tips, the coating thickness decreased from 1 mm halfway the tip to a few hundred
nanometer at the apex (see Figure 5.2).

The shield coating was applied by radiofrequency sputter deposition of a Ti seed layer
followed by 500 nm Au for the ALD and PE-CVD tips and 100 nm Au for the polymer
tips. Subsequently, the apex was shaped using focused ion beam milling. In this
process, the original tip apex was first cut off, followed by a donut-shaped ion milling
pattern around the new tip apex to remove the last ~1 um of the isolation and shield
layers, so that the core protrudes (see Figure 5.2). Using a finer donut shape, the apex
was sharpened.

The mounting configuration of the coaxial tips is depicted in Figure 5.3. Essential in
the design is that the core and shield of the tip have separate electrical connections.
Furthermore, the pick up of ion current by the tip holder needs to be minimized. To
achieve this, a gold-coated Kapton foil was attached to the tip using non-conductive
glue. Subsequently, the Au coating of the Kapton foil was connected to the shield of the
coaxial tip using Agar silver paint. Similarly, a thin Au-coated tungsten wire was
contacted to the Au coating of the Kapton through a puncture in the foil. This wire and
the tip core were mounted on the tip holder (slider), which consists of two electrically
isolated pieces of Au-coated machine steel. Each piece makes contact to one of the
tracks on the piezo motor. Shielded wires provide connections from to the two tracks
to outside of the reactor.

tip (CoaXial part) Figure 5.3: Mounting

. . configuration of the coaxial tip.
ion shield

tip (uncoated part)
slider

tracks

piezo tube
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After tip fabrication and mounting, a typical resistance of 2 GQ between tip core and
shield could be achieved, allowing for a shield bias of several volt with respect to the
core. Thus a strong electrical field between the tip shield and the sample can be
applied, deflecting both positive and negative charges before they can reach the tip
core.

5.2.3 Tip-beam alignment

All experiments were conducted at the ID03 beam line at the European Synchrotron
Radiation Facility (ESRF). The beam was focused to 25 pm x 25 pm using a toroidal
mirror. In the energy window employed, 10 keV to 13 keV, a flux of 1013 photons/s
was delivered to the sample in the reactor cell with Kapton windows. For the Al dome
reactor developed in our previous work [14], the flux on the sample was around 101!
photons/s.

In order to align the STM tip with the X-ray beam, the chamber was placed on a
hexapod, which in turn stands on a six-circle diffractometer. This allows translation in
X (horizontal, perpendicular to the beam), y (parallel to the beam), and z (vertical), as
well as tilting and rotation. We used the shadow of the STM tip on the Maxipix X-ray
detector [37] as a probe for the alignment. First, the tip was brought to within a few
micrometer from the sample surface. With the beam parallel to the sample surface, the
chamber height (z) was set such that half of the beam was blocked by the sample.
When the chamber is then translated in x, it passes through the configuration in which
the beam hits the tip, casting a shadow on the detector. Figure 5.4a depicts the
intensity of the beam spot on the detector recorded during such a chamber translation
scan. The minimum of this curve is located at the position where the tip maximally
blocks the beam, as is also evidenced by the tip shadow that can be seen in the X-ray
detector images (see Figure 5.4c) and the reflections from the sides of the tip. In order
to align in both lateral directions, the chamber was rotated by 90° and the same scan
was performed.

To confirm the accuracy of this method, a similar scan was performed with the X-rays
incident on the sample at 0.5°. In this case, the beam reflected from the sample is
recorded, which can also be blocked by the tip. Simultaneously, the photo-electron
current on the tip core was measured. As shown in Figure 5.4b, the mismatch between
the current maximum and the maximal beam blocking by the tip is only a few
micrometer. The origin of this slight mismatch is likely the asymmetry of the tip on the
scale of the beam spot, which is also apparent in Figure 5.4c.

5.2.4 Electronics scheme for separating the regular from the X-ray
induced tunneling current

To obtain the local X-ray absorption signal, the X-ray beam is chopped [11,24].
Without adjustments to the height-feedback mechanism, which uses the tip current as
an input, this would result in an oscillation of the tip height. In principle, the height
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Figure 5.4: Alignment of STM tip and X-ray beam (tip-sample distance: ~ 3 pm). a)
Transmission when moving the beam across the tip apex (beam parallel to sample). b) Tip
current and X-ray reflection intensity when moving the beam across the sample underneath the
tip (0.5° incidence). ¢) Beam spot on the detector when moving the beam across the tip. The
purple lines indicate an estimate of the tip apex profile.

signal can be lock-in amplified to find the local X-ray absorption signal. However, the
height signal has a logarithmic dependence on the tip current, making it relatively
insensitive to the X-ray induced signal.

An alternative was proposed by Wang et al. [24], who performed height feedback on
the tip current only after applying a low-pass filter. In this case the photo-induced
signal is obtained from the tip current before the low-pass filter using lock-in
amplification. In order to completely remove photo-induced effects from the height
feedback, the photo-current signal from the lock-in amplifier is scaled and subtracted
from the low-pass-filtered tunneling current. While this scheme allows for stable
tunneling, the height feedback is limited to frequencies of maximally 0.1 x chopper
frequency. The bandwidth of the high-gain preamplifiers used in STM restrict the
chopper frequency to roughly 10 kHz, leading to a maximal feedback frequency of 1
kHz. This is adequate for flat surfaces and slow data acquisition in environments with
low vibrational noise levels. However, more flexibility is desired for the nanoparticle
systems typically used in catalysis. Furthermore, the challenging boundary conditions
resulting from the integration of an STM in a reactor end-station impose limitations to
the vibrational noise reduction that can be achieved [14].
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Figure 5.5: a) High-speed separation scheme for the regular tunneling current and the X-ray-

induced current. b) Electronic circuit for the topo/photo separator, generating the input for the
STM control system without X-ray-induced contributions.

In order to perform faster height feedback, we have developed a new scheme to
separate the X-ray-induced current from the regular tunneling current. In essence, our
circuit switches the height feedback off during the “beam on” phase of the X-ray
chopper. This is accomplished by replacing the measured signal by the tunneling
current setpoint during this phase. To do this, the transistor-transistor logic (TTL)
signal from the beam chopper is fed into a delay generator, with which the phase and
the duty cycle of the TTL signal can be adjusted independent of the phase and duty
cycle of the chopper. Thus, the TTL phase can be matched to that observed in the tip
signal. Adjusting the TTL duty cycle to prolong the “feedback off” period can be useful
if the tip signal is not a perfect square wave, as is the case for our measurements in a
gas environment.

The modified TTL signal is used in a purpose-built circuit (Figure 5.5b), which
performs the following operation:

Output = Tip current + TTL x (Tunneling current setpoint - Tip current)
The output signal can be used for height feedback at frequencies up to the chopper
frequency. In principle, the X-ray-induced signal could be obtained in a similar

fashion. However, lock-in amplification of the tip signal provides a better signal-to-
noise ratio.
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We have first tested the acquisition scheme described above using the X-ray-induced
current measured with the tip out of tunneling contact. From the data in 5. 6, it is clear
that the X-ray-induced current is effectively removed from the regular signal. At high
chopper frequencies, the signal deviates from the ideal square wave. Nevertheless,
Figure 5.6b shows that the X-ray induced current can still be completely removed by
changing the duty cycle of the TTL signal, thus evidencing the robustness of our
scheme.

a) b)

1.5 T 1.5 T T T

Current (nA)
Current (nA)

0.0 L 0.0 L L .
0 2 4 0.0 0.1 0.2 0.3 0.4

t (ms) t (ms)

Figure 5.6: Test of the topo/photo current splitter using the X-ray-induced current with the tip
out of tunneling contact in 1 bar Oz. The blue and the red curves show the signal before and
after the separation circuit, respectively. a) Chopper at 1kHz b) Chopper at 10 kHz.

5.3 Performance

5.3.1 Current contributions from the gas environment

We have studied the SXSTM background currents generated by photo-electrons and
ions by comparing the currents measured with a coaxial tip out of tunneling contact
above a Au(111) surface in Ar, Oz and in a modest vacuum of approximately 1 mbar.
Although it is clear that many ionization events occur in the gas phase [31,32], it is not
evident how these translate into the detection of a net current. We observed that the
background current exhibits complex behavior, which is strongly dependent on many
parameters. For instance, the current measured on the tip core at large tip-sample
distances was clearly much higher in Ar than in O; (see Figure 5.7a). In contrast, at a
tip- sample distance of only a few micrometers, the current was slightly higher in O,
In general, the tip current was higher in a gas environment than in vacuum.
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Figure 5.7: Characteristics of the SXSTM background currents in a gas environment, recorded
with the tip out of tunneling contact. a) Background current on the tip in various environments
at a photon energy of 12.3 keV for a tip-sample distance of 0.8 mm and a sample bias of -1 V.
The Ar or Oz pressure was 800 mbar, while ‘vacuum’ corresponds to a residual pressure of
approximately 1 mbar. b) Au L3 edge absorption spectra from the fluorescence signal on the X-
ray detector (red) and the tip current (blue), recorded in 800 mbar Ar. ¢) Sample current (red)
and tip current (blue) in 500 mbar Oz with the beam chopped at 80 Hz in an uncoated reactor,
recorded with a SiO2/Mo tip without Au shield. d) Dependence of the background signal on the
sample bias, recorded in 800 mbar Ar.

From the Au L3 edge absorption spectrum in Figure 5.7b, it is clear that the tip current
follows the absorption coefficient, apart from a difference in background slope. This is
expected, as ion current collection is commonly used in conversion electron yield X-
ray absorption spectroscopy [32]. Similarly, when changing the beam intensity (data
not shown) the current-intensity relation only slightly deviates from linearity. In
contrast, severe signal distortions can be observed in time-dependent measurements,
when the beam is chopped. Figure 5.7c shows an example where the distortions occur
both in the sample current and in the tip current. The origin of these distortions is
likely related to charging and discharging of insulating surfaces in the reactor, which
is accelerated in the presence of a gas environment [33-35]. For the measurement in
Figure 5.7c, the Al dome reactor (with an insulating native oxide) was used, together
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with a SiOz-coated Mo tip without a conductive shield. Hence, charging/discharging
may also occur on the insulating coating of the tip, strongly coupling into the tunneling
current signal. This explains why the distortions are much more pronounced for the
tip than for the sample. X-ray absorption by the gas was not a major contributor to the
background currents, as was shown by measurements with the beam passing through
the reactor without hitting the sample.

Figure 5.7d shows that the background current of the tip depends on the applied
sample bias. For non-zero bias, the positively and negatively charged species
generated by ionization events in the gas phase are separated by the electric fields
between the sample, the tip and the reactor walls. The lack of precise symmetry in the
tip current may be related to the fact that a net positive current is injected into the gas
phase from the sample. As Figure 5.7a shows however, the current sign may also be
inverted for different gases, again underlining the complexity of the charge dynamics
in the background currents.

5.3.2 Background reduction using coaxial tips

To test the effectiveness of the coaxial STM tips described in Section 5.2.2, which
consist of a conductive core and shield separated by an insulation layer, we
simultaneously measured the current on the tip shield and on the core. As can be seen
in Figure 5.8a, the maximum shield current is two orders of magnitude higher than
that of the core. When the beam is placed more than 150 um away from the tip, the
core is completely insensitive towards the X-rays. In this situation, the electric field
between tip shield and sample is sufficient to deflect all ions and electrons so that they
cannot reach the tip core.

In many SXSTM studies, the STM tips were coated with an insulation layer only, not
with a conductive outer shield [20-23]. While this can be adequate in UHV, Figure 5.7c
shows that charging/discharging effects can cause signal distortions in a gas
environment. The details of the shape of the distortions depend strongly on the
precise beam-tip alignment and the gas environment, which makes it difficult to
reproduce results. Hence, it is essential to use STM tips with a conductive outer shield
for performing SXSTM measurements in a gas environment.

From Figure 5.6 it is clear that the coaxial tips provide the required improvement,
since the square wave signal is only mildly distorted. It should be noted, however, that
the magnitude of the background signal is still in the nA range and varies strongly
from tip to tip. The type of insulation layer is not the most important factor, as the
polymer-coated tips produced both the best and the worst background. Most likely,
the geometrical variation at the tip apex is a major contributor to the observed
differences between tips.

In addition to the fast signal distortions of the square wave, some Au/polymer-coated
tips showed a slowly increasing offset current, which builds up during several minutes
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after switching on the beam and can reach values of several hundred pA. The origin of
this offset current must be a slow charging effect, which we have not been able to
identify further. However, once the offset current has stabilized, it does not interfere
with the SXSTM measurements.

To further reduce the background current, we applied a bias voltage to the shield.
Figure 5.8b shows the effect of the bias on the X-ray-induced current received by the
tip core. The current was corrected for the leakage current baseline in the absence of
X-rays (2 GQ shield-core resistance). Clearly, a small positive bias of ~0.5 V on the
shield strongly reduces the background current. Surprisingly, at negative or larger
positive shield bias, the background is not effectively reduced or even amplified. This
could be due to surface conduction induced by ions landing on the exposed part of the
tip insulation layer, as this would increase the leakage current between shield and
core.
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Figure 5.8: Effectiveness of the background reduction. a) Tip core (blue) and shield current
(red) when scanning the beam across the tip in 1 bar Oz at a tip-sample distance of 10 pm.
Sample bias: -1V, tip shield bias: 0 V b) Tip core current versus tip shield bias in 800 mbar Ar.

5.3.3 Imaging

A requirement in SXSTM measurements is that the tip is sufficiently sharp to properly
image the surface: the height resolution should suffice to see atomic height steps and
the lateral resolution should be better than 2 nm in order to identify nanoparticles.
Figure 5.9 shows that atomic step resolution on Au(111) was indeed obtained with a
Au/polymer coaxial tip in a beam chopped at 10 kHz. Line scans at higher
magnification show that the Au(111) steps are imaged with a width of roughly 1 nm.
Hence, the tip is sufficiently sharp to meet the lateral resolution criterion.

However, interference is clearly visible in Figure 5.9, decreasing the practical lateral

resolution to approximately 5 nm. Nevertheless, spectral analysis of the tip current
signal showed that the 10 kHz chopping frequency was effectively removed by the
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topo/photo separator described in Section 5.2.4. Rather, the interference is caused by
vibrational and electronic sources coupling into the signal, which are also present in
regular STM mode without X-rays and the topo/photo separator. Because the STM
was originally designed for X-ray scattering experiments, which require precise
control over the incident angle and sample height, the STM could not easily be
equipped with a vibrational isolation stage [14]. Improvements to suppress the
interference are currently under development.

To get a lower bound estimate of the feedback responsivity, we scanned across a Au
step edge with a tip repositioning speed of 5000 nm/s. Because the lateral width of
the step edge feature is ~1 nm with the Au/polymer tip, the height feedback system
needs to respond with a frequency of minimally 5 kHz in order to prevent a collision
with the step edge. Since no tip-sample collisions occurred, it is clear that the
topo/photo current separator allows for height feedback frequencies that are
unfeasible with other separation schemes.

==
7

é‘ =
&

Figure 5.9: STM image of Au(111) recorded using a Au/polymer coaxial tip in a 12.1 keV beam
chopped at 10 kHz in 800 mbar Ar, showing atomic steps. The topo/photo current separator
was used to obtain the regular tunneling current, the input for the STM control system.
Scanning parameters: 640 nm x 640 nm, ~1 nA (excluding offset current), -1 V, tip speed 2500
nm/s.
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5.3.4 X-ray induced tunneling current enhancement

The most essential prerequisite in SXSTM measurements is the ability to measure the
X-ray induced increase in the tunneling current, which provides the local X-ray
absorption information [17,18]. To provide proof of this ability for our instrument, we
measured the X-ray-induced current as a function of the regular tunneling current.
Figure 5.10 shows the result as recorded on Au(111) in 800 mbar Ar. To obtain the
topographic current, the slowly varying X-ray-induced offset current was subtracted
from the tunneling current setpoint. The normalized photocurrent was obtained as (X-
ray induced current - ion current background)/ion current background, where the ion
current background was measured with the tip out of tunneling contact. As can be
seen in Figure 5.10, the photocurrent correlates with the regular tunneling signal. This
is expected, because the X-ray-induced modification of the tunneling current is
assumed to arise from hot secondary electrons [18,38]. Most of the hot electrons do
not have sufficient energy to escape from the sample into the vacuum, but they do
have a much higher tunneling probability to the tip than electrons at the Fermi level.
Still, this enhanced tunneling probability depends on the tip-sample distance, which
changes when the topographic tunneling current setpoint is changed. Thus, the clear
correlation between the photocurrent and the regular tunneling current provides a
proof-of-principle of our ability to performed SXSTM measurements in a gas
environment.

0.0 0.5 1.0 15
0.04 : : : : : 0.04
pree
5 o
g 0.03} J0.03
O
o
2
S 0.02f . J0.02
©
N .
T 001} J0.01
£
[,
O
z [ J
0.00 b _ . _ . _ J0.00
0.0 0.5 1.0 15

Regular tunneling current (nA)

Figure 5.10: X-ray-induced current versus regular tunneling current, recorded on Au(111) in
800 mbar Ar using the topo/photo splitter with the 12.1 keV X-rays chopped at 10 kHz. The
normalized photocurrent was obtained as (X-ray induced current-ion current background)/ion
current background, where the ion current background was measured with the tip out of
tunneling contact. Sample bias: -1V, tip shield bias: 0 V.
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5.4 Conclusion and outlook

We have developed an instrument suitable for performing local X-ray absorption
measurements by modification of a previously developed high-pressure STM and X-
ray scattering apparatus [14]. Several essential additions have been made in order to
reach the required sensitivity to measure the small X-ray-induced modification of the
tunneling current that carries the local X-ray absorption signal [17,18].

First, the STM is mounted on a new high-pressure cell with thin windows, providing
high X-ray transparency in the energy range of interest, from 8 keV to 25 keV.
Furthermore, we have shown that the beam shadow of the STM tip on a 2D X-ray
detector can be used to align tip and beam with a precision of a few micrometer. Our
measurements show that background currents from ions and photo-electrons cause
much more severe signal distortions in a gas environment than in vacuum,
particularly in the presence of insulating surfaces. We have therefore applied a Au
coating to the high-pressure cell and employed coaxially shielded STM tips. The
conductive outer layer of the coaxial tips can be biased to provide additional ion
deflection. To separate the regular, ‘topographic’ tunneling current from the X-ray-
induced current, a new high-speed electronics circuit was developed. Using these
technical implementations, the X-ray induced modification of the tunneling current
was measured on Au(111) in 800 mbar Ar. Combining our methodology with the
knowledge of the spatial and chemical resolution of SXSTM developed in the literature
[17,18], operando X-ray absorption measurements with nanometer spatial resolution
have now come within reach.
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Summary and outlook

The work in this thesis showcases how close, at present, we can approach the
catalysts and conditions in the chemical industry using high-pressure scanning
tunneling microscopy (STM), while maintaining atomic-level detail. Evidently, flat and
conductive model catalysts remain a requirement. However, the use of thin oxide films
onto which nanoparticles can be deposited does allow one to prepare model catalysts
that contain many of the characteristics of their industrial counterparts.

A key aspect in catalysis is to couple structural features to reactivity. Essential to
obtaining such structure-activity relationships is to have control over the model
catalyst structure. We investigated the example of the preparation of MoOx
nanoparticles on Al,03/NiAl(110). Two methods were used: direct deposition of MoOy
and the deposition of Mo in 5x10-7 mbar O,. Despite the fact that both methods yield
highly oxidized MoOy particles, MoO prepared via direct deposition of MoOy produces
smaller particles. We interpret this finding in terms of the interaction between the
deposited material and the support, which is stronger for MoOx than for Mo. The
observed difference between the two preparation methods suggests that the Mo
atoms are oxidized typically only after having attached to a stable Mo or MoOx nucleus.
This interpretation suggests that by increasing the O, pressure during the deposition
of Mo, one can make a continuous transition from low to high dispersion. Thus,
valuable size control may be obtained for the investigation of the size-activity relation
of MoO/Al,03 catalysts.

A major drawback of using a thin oxide film as support is that the film may not be
stable under high-pressure conditions, particularly at elevated temperature. The
MoOy/Al;03/NiAl(110) catalyst proved to be unstable towards H>S and O even in
ultrahigh vacuum, due to the catalytic effect of MoOy in the dissociation of H,S and O..
Hence, an important challenge for the future is to identify which model supports are
suitable for high-pressure studies. One promising direction could be the use of oxide
films deposited on noble metals such as FeOy on Pt(111) or Au(111), and MgO on
Ag(100), because the metal substrates in these cases are relatively inert. Alternatively,
conductive (doped) bulk oxides such as TiO; and a-Fe;03 could be employed, possibly
in combination with Al>03 or SiO; films.

Shifting the focus to realistic operating conditions, we studied the structure of MoS;
nano-islands on Au(111) during the hydrodesulfurization reaction, in which sulfur is
removed from organic molecules. While the Au support is clearly not representative of
the industrial alumina support, this study represents the first case in which a
nanoparticle catalyst is imaged with single atom resolution under working conditions.
Using our corrosion resistant high-pressure STM, we imaged the catalyst in H, and
during the desulfurization of CH3SH. The images show that the active edge sites of the
catalyst nano-islands adapt their sulfur, hydrogen, and hydrocarbon coverages
depending on the gas environment. By comparing the observations to density
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functional theory calculations, we propose that the dominant edge structure during
the desulfurization of CH3SH contains a mixture of adsorbed sulfur and CHsSH.
Counterintuitively, the edge sulfur content is reduced by the presence of CH3SH. In
contrast, our theoretical analysis shows that a subtle lowering of the C-S bond-
breaking barrier would result in sulfur deposition that is able to push the edge sulfur
coverage far above its equilibrium value.

Like all surface science studies, our investigation of the hydrodesulfurization reaction
only has a phenomenological comparability to industrial catalysis. However, high-
pressure, high-temperature studies increase the chance to observe relevant
phenomena, which also occur under industrial conditions. To further close the gap
between our experiments and industrial practice, future experiments could increase
the complexity of both the catalyst and the reactant feed. To improve the catalyst,
TiO2(110) may be used as a support and Co or Ni promoters could be added.
Especially the latter will have a profound effect on the reaction mechanism, as Co and
Ni are known to replace Mo at the active edge sites. To approach a more realistic feed,
heavier organosulfur molecules may be used, such as thiophenes. These molecules are
significantly more difficult to desulfurize than CH3SH, and hence are of greater
interest.

Improvement of the understanding of catalysis may especially benefit processes that
have not yet made it all the way to industrial use. Examples of such processes are
oxidation reactions on oxide-supported gold catalysts, which provide a unique set of
pathways for green chemistry. To investigate whether Au surface oxides may play a
role in the catalysis, we studied their autocatalytic formation and stability on
WO03/Au(111) and ReO3/Au(111) inverse model catalysts. We find that Au surface
oxides are thermodynamically stable over a wide range of catalytically relevant
conditions. The formation of the surface oxides requires initial seeds of AuOx on our
model catalysts, but proceeds autocatalytically from there on, with an O; dissociation
barrier that is mainly entropic. Thus, our data indicate that Au surface oxides at the
gas-surface interface of Au oxidation catalysts should be considered as a feasible
reaction intermediate.

Two key questions that remain are whether the initial seeds of AuOx can be generated
on oxide-supported Au nanoparticles under typical reaction conditions, and whether
the oxide formation rate balances out against the oxide consumption by the reactant
that is being oxidized. High-pressure STM observations on various types of oxide
nanoparticles on Au(111) during CO oxidation could provide the answer to these
questions, although such inverted catalysts may behave differently than the real
catalyst. Alternatively, one may image Au nanoparticles on TiO; or CeO;. Although
atomic resolution will not be achievable easily on the nanoparticles, changes in the
particle height could provide a good indication for the presence of AuOx. The presence
of an oxide will affect the surface free energy of the Au particles and hence their aspect
ratio.
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To further improve the possibilities of high-pressure STM, we have developed an
instrument that combines STM with synchrotron X-ray radiation, enabling chemical
sensitivity in the images. By using the tip as a local X-ray absorption detector, one
should be able to identify which type of atom is sitting where on the surface with
nanometer spatial resolution. When performed in situ, such measurements could
provide vital information on the distribution of promoters and reaction intermediates
over the catalyst. The local chemical contrast can be obtained by measuring the X-ray
induced increase in the tunnel current, which strongly depends on the proximity of X-
ray absorbing atoms to the tunnel junction. Because this signal is extremely small
compared to the ion currents generated in the gas phase, we used coaxially shielded
STM tips. The conductive outer shield of the coaxial tips can be biased to deflect ions
away from the tip core. In tunneling contact, the X-ray-induced current is separated
from the regular topographic tunneling current using a novel high-speed separation
scheme. Using these developments, we were able to detect the local X-ray-induced
current on Au(111) in 800 mbar Ar.

After this proof-of-principle for the instrument, the next step is to obtain chemical
contrast maps with high spatial resolution. Although the primary focus will initially be
technical, a wide range of interesting future studies is possible. For instance, it should
be possible to follow adsorbate-induced local changes in the chemical composition of
alloys. Another possibility would be to pinpoint the local oxidation state of a substrate
during its oxidation or reduction using the local white line absorption intensity.

Although by no means a plug-and-play technique, high-pressure STM has come to the
point where the main focus can be on science rather than instrument development.
The study of single crystals as well as more complex model catalysts shows that high
pressures induce changes in the structure and mechanism of nearly all catalytic
systems, which highlights the importance of the transition from vacuum to industrial
conditions. Despite the limitations imposed by the requirement of flat and conductive
samples, high-pressure STM allows for an unparalleled level of detail in its view on
catalysts and should therefore play a key role in operando catalysis research. By
combining it with X-rays or spectroscopic techniques, an even more complete picture
of model catalysts can be drawn.
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Samenvatting

Een van mijn eerste ervaringen met chemie had ik toen ik als kind een krijtje in een
bakje azijn gooide. Dit gaat stevig bruisen door de CO»-belletjes die vrijkomen. Twee
stoffen simpelweg bij elkaar brengen en er ontstaan spontaan belletjes, voor mij als
kind had het iets weg van magie. In de chemische industrie is het echter zelden zo
simpel. De meeste reacties starten namelijk niet vanzelf als je de reactanten bij elkaar
brengt. Op moleculair niveau bestaan reacties uit het overhevelen van atomen uit het
ene molecuul naar het andere. Om dat te kunnen doen, moeten de moleculen zich
meestal vervormen en dat kost energie. Bij kamertemperatuur hebben moleculen
vaak niet genoeg energie om over een dergelijke barriére heen te komen. De simpele
oplossing: stop de reactanten in een vat en maak dat heet. Zo kun je al heel wat chemie
doen. Je kunt bijvoorbeeld staal maken uit ijzererts en kolen. Vaak zijn echter wel erg
hoge temperaturen nodig, waardoor er veel energie verloren gaat bij het verhitten van
het reactorvat. Ook vindt veelal de verkeerde reactie plaats. Neem de productie van
waterstofperoxide (H202), beter bekend als bleekmiddel. Dit zou je kunnen maken
door waterstof (Hz) en zuurstof (0z) met elkaar te laten reageren. Als je deze gassen
echter mengt in een heet reactorvat, dan volgt een explosie waarbij water (H»0)
ontstaat in plaats van H305.

Om toch bij het gewenste product te komen maakt de chemische industrie gebruik van
katalysatoren, stoffen die een specifieke reactie versnellen zonder dat ze zelf
verbruikt worden. Zo’'n katalysator bindt de reactanten en vervormt ze, zodat ze
makkelijker kunnen reageren. In het geval van H;0;-productie gebeurt dit in twee
stappen. Eerst wordt H; in losse atomen gesplitst aan het oppervlak van een palladium
katalysator. De waterstofatomen worden vervolgens doorgegeven aan een tweede
katalysator, anthraquinoon, die ze op een Oz-molecuul kan zetten, zodat HO:
gevormd wordt.

Een goede katalysator bindt de reactanten precies sterk genoeg, zodat ze goed genoeg
vervormd zijn om te kunnen reageren, maar niet zo sterk dat ze aan de katalysator
blijven plakken. Dit lijkt een simpel criterium, maar het vinden van een goede
katalysator is nog altijd een hele opgave. Hoe sterk een katalysator bindt hangt
namelijk niet alleen af van welk materiaal hij gemaakt is, maar ook van zijn
oppervlaktestructuur. De palladiumkatalysator uit de vorige paragraaf bestaat uit heel
kleine brokjes, nanodeeltjes, die vastzitten op een dragermateriaal. Die brokjes
kunnen verschillende vormen aannemen, zoals een bal of een kubusvorm.
Palladiumatomen op de hoekpunten van zo’'n kubus binden waterstof heel anders dan
die op de vlakken. De palladiumkatalysator heeft dus verschillende soorten
bindingsplekken, waarvan sommige de reactie veel beter katalyseren dan andere. In
industriéle katalysatoren zitten niet alleen palladium en een drager, maar ook allerlei
additieven. Hierdoor is de structuur van zo’n katalysator nog complexer, en zijn er
honderden of zelfs duizenden verschillende bindingsplekken aanwezig. Om een betere
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katalysator te maken, moeten er zoveel mogelijk bindingsplekken van het goede soort
worden gemaakt. Zie maar eens uit te vinden welke soort dat is!

De chemische industrie lost de zoektocht naar betere katalysatoren op door
simpelweg heel veel potentiéle katalysatoren uit te proberen. Dit is een tijdrovend
proces. Neem het voorbeeld van de katalysator voor de verwijdering van zwavel uit
olie, noodzakelijk voor de productie van schone benzine. Het is al zo'n 90 jaar bekend
dat een gemengde kobalt-molybdeensulfide hier een goede katalysator voor is. Toch
worden er na al die jaren onderzoek nog altijd betere katalysatoren gevonden door de
structuur van het kobalt-molybdeensulfide verder te optimaliseren.

Ondanks de moeizame trial-and-errormethode om katalysatoren te vinden is de
chemische industrie erin geslaagd ons van hoge kwaliteit materialen, medicijnen en
energie te voorzien. Het wordt echter steeds duidelijker dat de huidige aardolie-
gebaseerde chemie niet houdbaar is op de lange termijn, wat ons noodzaakt om over
te stappen op groene chemie. Dit vergt enorme veranderingen in de chemische
industrie, waarin nieuwe katalytische processen zullen moeten worden ontwikkeld.
De trial-and-errormethode die de chemische industrie op dit moment gebruikt om
katalysatoren te vinden volstaat niet voor een vlotte overgang. Er zal daarom meer
gericht gezocht moeten worden op basis van kennis over hoe katalysatoren op
atomair niveau werken. Er wordt dan ook intensief onderzoek gedaan om zulk
atomair begrip te creéren. Dit proefschrift draagt daar een steentje aan bij.

ReactorSTM

Om te weten hoe een katalysator er op atomaire schaal uitziet heb je speciale
meettechnieken nodig. Hoewel er een heel scala van zulke technieken is ontwikkeld, is
de meest voor de hand liggende strategie om extreem ingezoomde plaatjes van
katalysatoren te maken. Met een gewone lichtmicroscoop kun je echter niet ver
genoeg inzoomen. Daarom zijn speciale microscopen ontwikkeld die op een andere
manier plaatjes maken. In mijn proefschrift heb ik gebruik gemaakt van zo'n type
microscoop, een zogenaamde rastertunnelmicroscoop (in het Engels scanning
tunneling microscopy, STM). Bij deze techniek Kkijk je niet naar de katalysator, maar
tast je het oppervlak af zoals een blinde braille leest. Dat gebeurt door middel van een
heel scherp naaldje, waarmee het tasten slechts door één atoom wordt gedaan. De
microscoop “voelt” het oppervlak door een heel klein stroompje dat tussen het
katalysatoroppervlak en het naaldje loopt. Door het oppervlak systematisch lijntje
voor lijntje af te tasten kunnen zo plaatjes worden gemaakt, waarin de posities van de
atomen van de katalysator zichtbaar zijn. Om een idee te geven hoe Kklein dit is: een
haar is zo’n 200.000 keer dikker dan een atoom.

Meestal worden STM-plaatjes bij lage temperatuur en in vacuiim gemaakt. Onder
zulke condities staat nagenoeg alles stil aan het katalysatoroppervlak, zodat er alle tijd
is om het oppervlak heel rustig en precies af te beelden. In de industrie werken
katalysatoren juist bij hoge druk en temperatuur. In de afgelopen decennia is duidelijk
geworden dat de katalysatordeeltjes hun oppervlaktestructuur kunnen aanpassen aan
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de gasomgeving. Daarom is het mogelijk dat plaatjes van katalysatoren die zijn
opgenomen bij lage druk en temperatuur een heel verkeerd beeld geven van hoe een
werkende katalysator eruit ziet.

Om ook katalysatoren in actie te kunnen vastleggen is in Leiden de ReactorSTM
ontwikkeld. Dit is een rastertunnelmicroscoop die in een Kklein reactorvat is
ingebouwd. Alleen onderdelen waarvoor het strikt noodzakelijk is zijn binnen de
reactor geplaatst, terwijl alle overige onderdelen juist zijn afgeschermd. Daardoor is
het mogelijk om bij hoge gasdruk en hoge temperatuur te meten. Voor mijn onderzoek
heb ik verdere aanpassingen gedaan waardoor het ook mogelijk is om in zeer
agressieve gassen te meten, zoals H;S (rotte-eierengas).

Modelkatalysatoren

Omdat de duizenden verschillende bindingsplekken in een industriéle katalysator niet
tegelijk bestudeerd kunnen worden, maakt men voor onderzoek op atomair niveau
gebruik van versimpelde modelkatalysatoren. Een goede modelkatalysator lijkt aan de
ene kant zoveel mogelijk op de industriéle versie, maar heeft aan de andere kant een
vereenvoudigde, goed gecontroleerde structuur. Het maken van zulke
modelkatalysatoren is daarom een kunst op zich. Voor Kkatalysatoren die uit
metaalnanodeeltjes bestaan hebben we die kunst behoorlijk onder controle. Voor
metaaloxides (bijvoorbeeld roest), die bestaan uit metaal- en zuurstofatomen, zijn we
echter nog minder ver. In Hoofdstuk 2 van dit proefschrift bestudeer ik twee
methodes om modelmetaaloxidekatalysatoren te maken. In de ene methode maak ik
metaaloxidenanodeeltjes door een dragermateriaal bloot te stellen aan
metaaloxidedamp. In de andere methode gebruik ik metaaldamp gemengd met een
heel klein beetje zuurstof (ongeveer een miljardste van de zuurstofdruk in lucht).
Hoewel deze methodes heel erg op elkaar lijken, levert de metaaldampmethode veel
grotere deeltjes op dan de metaaloxidedampmethode. Op deze manier is het dus
mogelijk om te kijken hoe de katalytische activiteit van de metaaloxidedeeltjes athangt
van de deeltjesgrootte.

Katalysatoren in actie bekijken

Met de ReactorSTM is het mogelijk om modelkatalysatoren zoals beschreven in de
vorige paragraaf te bekijken terwijl ze ‘in actie’ zijn. In Hoofdstuk 3 laat ik zien hoe het
mij als eerste ter wereld gelukt is om op deze manier individuele atomen in werkende
katalysatornanodeeltjes vast te leggen. Het proces dat ik bestudeerd heb is de
ontzwaveling van organische moleculen. Dit proces wordt gebruikt om aardolie
schoon te maken, zodat er bijvoorbeeld benzine van kan worden gemaakt. De
katalysator bestaat uit driehoekige MoS;-nanodeeltjes, die ik in mijn onderzoek op
een heel vlak stukje goud heb gelegd, zodat het mogelijk was de deeltjes met de STM af
te beelden. Op deze manier heb ik kunnen laten zien hoe de structuur van de MoS,-
eilanden afthangt van de gascompositie in de reactor. De verschillen bleken klein, maar
wel erg belangrijk. Alleen aan de randen van de deeltjes veranderen de hoeveelheden
geadsorbeerd zwavel, waterstof en organische moleculen. De randen zijn echter wel
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dé plekken die ertoe doen, omdat hier alle katalytische reacties plaatsvinden. De
kennis van de hoeveelheid adsorbaten op de randen van de MoS;-eilanden is
noodzakelijke informatie om te begrijpen hoe de katalysator de reactanten bindt. Tot
nu toe was het onmogelijk om deze informatie te verkrijgen, omdat er geen manier
was om de katalysator in het agressieve reactantenmengsel af te beelden.

In Hoofdstuk 4 kijk ik naar het oppervlak van een andere katalysator, namelijk goud.
Dit klinkt heel opmerkelijk, want goud staat bekend als een materiaal dat chemisch
niets doet. Als je goud tot nanodeeltjes verpoedert, blijkt het echter een fantastische
katalysator te zijn voor oxidatiereacties, waarin zuurstofatomen op moleculen worden
gezet. Hoe dat komt is nog niet duidelijk. Wel lijkt het erop dat het dragermateriaal
waarop de gouddeeltjes vastzitten samenwerkt met de gouddeeltjes in de reactie om
de Oz-moleculen te splitsen. De vraag die ik heb onderzocht, is of die gesplitste
zuurstofmoleculen op de katalysator opgeslagen kunnen worden in de vorm van
goudoxide (goudroest). Een blok goud roest natuurlijk niet, maar onder bepaalde
omstandigheden is het wel mogelijk om een dun oxidelaagje aan het oppervlak te
maken. In Hoofdstuk 4 laat ik zien dat dit oxidelaagje behoorlijk stabiel is, zelfs als er
maar heel weinig zuurstof beschikbaar is. De structuur van het oxidelaagje hangt af
van de temperatuur en de zuurstofdruk.

Nieuwe methode om katalysatoren in actie te bestuderen

Hoewel STM een extreem nuttige techniek is om de structuur van katalysatoren te
bepalen, is de techniek “chemisch blind”. Het is namelijk niet zomaar uit de plaatjes op
te maken om wat voor soort atomen het gaat. Om dergelijke chemische informatie te
verkrijgen wordt vaak rontgenabsorptiespectroscopie gebruikt. Net als bij zichtbaar
licht hebben stoffen ook voor rontgenstralen een kleur. Bij rontgenstralen is die kleur
heel specifiek voor wat voor soort atomen er in het materiaal zitten en wat hun
chemische toestand is. Rontgenabsorptiespectroscopie meet de “rontgenkleur” van de
katalysator, en bepaalt daarmee wat voor soort atomen erin zitten, hoeveel en in
welke chemische toestand ze zich bevinden. Echter, de techniek kan niet vertellen
waar de atomen zich in de katalysator bevinden.

In Hoofdstuk 5 laat ik zien hoe ik, in samenwerking met de wetenschappers van de
ID03-bundellijn van de European Synchrotron Radiation Facility (een heel intense
bron van rontgenstraling), de eerste stap gezet heb om een ReactorSTM te
combineren met rontgenabsorptiespectroscopie. Door het STM-naaldje te gebruiken
als lokale rontgenabsorptiedetector zou het mogelijk moeten worden om niet alleen te
bepalen waar atomen zich bevinden op het katalysatoroppervlak, maar ook wat voor
soort atomen het zijn en wat hun chemische toestand is. Voor metingen in vacuiim is
al aangetoond dat dit mogelijk is. In Hoofdstuk 5 laat ik zien welke aanpassingen nodig
zijn om ook bij hogere gasdruk te kunnen meten. Hoewel de ontwikkeling zich nog in
een vroeg stadium bevindt, toon ik de eerste proefmetingen.
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