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Abstract

Studying the Pt-Rh system and its behavior in gas atmospheres is useful for the understanding of
catalytic reactions. In this master project, preparation and characterization of Pt-Rh surfaces in UHV
and oxidizing conditions was performed. This was done in order to get a better understanding of the
nucleation, growth and alloying behavior of Pt-Rh surfaces, and to see how the variations in

nanostructured surfaces alter their oxidation behavior.

Preparation of Pt/Rh(111) surfaces was performed in our Reactor STM instrument, and surfaces were
characterized by means of LEED and STM at UHV. Varying preparation conditions like deposition
temperature (300 — 700 K), coverage (0.14 — 2.3 ML), post-annealing time and temperature, was shown
to dictate morphology, growth and degree of alloying. From these results, a synthesis strategy roadmap
for preparation of nanostructured Pt/Rh(111) surfaces was made. The Pt/Rh(111) roadmap was
compared to a similar roadmap for the inverse system (Rh/Pt(111)). The results indicated that choice of
substrate, Pt(111) or Rh(111), leads to significant differences in the nanostructure composition. To
expand on the results from the Rh/Pt(111) roadmap, Rh/Pt(111) surfaces with coverages in the range
0.4 — 1.2 ML were prepared and characterized by means of XPS in UHV. The XPS results indicated that
PA to higher temperatures (700-770 K) led to more subsurface diffusion of Rh and alloying compared
to lower PA temperatures (600 K), confirming results obtained in the initial Rh/Pt(111) roadmap.

To establish how different nanostructured alloys behave in oxidizing conditions, a selection of surfaces
(from bare Rh(111) to 2.3 ML Pt/Rh(111)) were exposed to low oxygen pressures (pO, = 1 x 10 mbar)
at 700 K. The surfaces were characterized by means of LEED and STM at UHV. For bare Rh(111) and
low Pt enrichement (0.14 ML), a Rh surface oxide was formed displaying a characteristic moiré pattern
over the entire surface. Increase in the Pt content led to a gradual loss of moiré pattern. For the 2.3 ML
Pt/Rh(111) surface, no surface oxide formed.

In addition, NAP-XPS measurements on Rh/Pt(111) surfaces were performed at 1 mbar O, and 600 K.
The surfaces had previously been post-annealed to different temperatures (600-770 K). XP spectra
revealed that formation of Rh surface oxide correlated with the degree of alloying with Pt(111), where
more alloying prevented oxidation. These results were in line with what had been observed in STM and
LEED for Pt/Rh(111) surfaces in low oxygen pressures. This led to the conclusion that amount of Rh
on the surface is what governs the degree of surface oxide formation. Depending on the choice of
substrate (Pt(111) or Rh(111)), the Rh content on the surface can be modified by either changing the

PA/deposition temperature, or by tuning the Pt coverage.
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1 Introduction

This MSc thesis describes preparation of bimetallic PtRh surfaces on Rh(111) and Pt(111) single crystals
at variable synthesis conditions. Obtained nanostructured surfaces are described with methods as
scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) in the pressure
range from ultra-high vacuum (UHV) to ambient pressure (AP), in gas atmospheres relevant for
ammonia oxidation. In the following a brief introduction to the background of the project is given,
followed by an overview of relevant literature available on the preparation and characterization of Pt or
Rh deposited on Pt(111) as well as Pt or Rh deposited on Rh(111), and on Pt-Rh surfaces in oxygen
atmospheres. In the end, the motivation behind the project is described.

1.1 Background

Catalysis plays a key role in most chemical industry- and energy related production processes, and more
than 90% of all chemical processes are activated catalytically using heterogeneous or homogeneous
catalysts [1]. Fundamental knowledge of the catalysts goes through understanding of the surface
phenomena. On the heterogeneous interface between the surface atoms on the solid catalyst and the
gas/liquid reactant molecules, products form via elementary reaction steps. Traditionally, mechanistic
insight into the catalytic processes is achieved by combining classic catalysis on real industrial catalysts
with surface science on model surfaces. However, a major issue is the huge gap in operative process
parameters as temperature and pressure together with the solid catalyst and instrumentation, and
approaches between the two disciplines. We often denote this as the materials-, pressure- and

temperature gap [2-5]; see illustration in Figure 1.1.

o
z A
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S 4= HP STM
- ** OPERANDO TEM
w
e 5
o ot 3D Model Catalyst &
(4 o 2D Model Catalys
a o T
@ 3
w -
B T UHV TEM
Py EEEE aasasassss UHV STM XPS ’
MATERIAL COMPLEXITY

- MATERIALS GAP

Figure 1.1: lllustration of the materials gap and pressure gap, where increased complexity of the material studied
decreases the materials gap, and increased pressure decreases the pressure gap. Different characterization

techniques are placed in the pressure range in which they are operated, as well as the complexity of the sample.
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Industrial catalysts are frequently ill defined, consisting of a porous support material (e.g. alumina) with
deposited alloyed metallic nanoparticles with heterogeneous element distribution, a wide size
distribution and with irregular shapes (facets). Such materials are difficult to use in surface-science
approaches and in single parameter materials studies. As a result, the model system approach was
developed [6] (p. 461). Model catalysts are well-defined two- or three-dimensional simplified versions
of the real catalysts, and they can be single-crystal surfaces, single crystal surfaces modified into alloyed
surfaces, or single crystals with oxidized surfaces and deposited nanoparticles [7-11]. Finally, well-
defined colloidal nanoparticles (size, shape and compositional control) deposited onto a support material
as a honeycomb or powders belong to the model systems [12]. Such model materials allow for exploring
effects when systematic tuning materials parameters as particle size, shape and composition. Model
catalysts are used to simplify fundamental studies, and results from such studies are extrapolated to give
a prediction of how the real-life, complex catalyst behave. With the development in the complexity of

the model systems, the scientists are moving in a direction of closing the materials gap.

Surface sensitive techniques and techniques with sub-atomic resolution, such as STM, XPS and
transmission electron microscopy (TEM), are typically operated at UHV and at ambient temperature or
temperatures below. Although the surface-science approach, with the use of model catalysts at lower
pressures has been ground-breaking in many aspects, a significant problem and limitation to the methods
was identified already in the 1980s [13]. The working conditions and structure of the real catalyst deviate
strongly from the simple model catalysts characterized in mild, often UHV conditions. In industry, the
pressure is in the several bar range and operating temperatures are high, and the catalysts are much more
complex in their structure. In other words, the active surface at real process conditions is likely to be
different from the one observed by the surface sensitive techniques in good vacuum. Consequently, our
interpretations of the active phase(s) might be misleading or wrong. The discrepancy between the UHV
conditions in the laboratory to the several bars used in industry is called the pressure gap [2]. However,
through the last decades a tremendous development in the instrumentation have taken place. XPS has
become operative in the mbar range (near-ambient pressure XPS (NAP-XPS)) whereas special versions
of STM and TEM can be operated beyond atmospheric pressure [1, 14]. A closer look on STM operating
at higher pressures and NAP-XPS is presented in section 2.3.1.5 and 2.3.2.4, respectively.

Finally, most commercial chemical processes are taking place above room temperature (RT) whereas
the surface sensitive techniques typically were designed for operation at RT and below. This is also a
real constraint, as we know all phases or structures have a defined thermal stability window, and we
might risk concluding on wrong active phases if the investigations not are carried out at realistic
temperatures; this is the so-called temperature gap [15]. Again, instrumental developments have taken
place. Currently we are able to investigate surfaces by means of STM and TEM up to around 1275 K in
dedicated systems [1, 16] , and NAP-XPS up to typically 875-975 K [17, 18].
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Despite there has been a tremendous development both in surface sensitive instrumentation and in the
development of highly well-defined nanostructured model surfaces, scientists working on the interface
between surface science, catalysis and materials science still need to push the limits to mimic the real

chemical processes outermost using surface sensitive tools.

Returning to the fact that more than 90% of all chemical processes are catalytically activated, it is easy
to pick examples of catalysis with huge impact for society. Ammonia oxidation is such a process, and
oxidation of ammonia give rise to three nitrogen based products [19, 20], as described in equations 1.1,
1.2 and 1.3 below.

4NHs(g) +502(g) — 4NO(g) + 6H20(Q) 11
4NH3(g) + 302(g) — 2N2(g) + 6H20(g) 1.2
4NHs(g) +402(g) — 2N20(g) + 6H.0(9) 1.3

Depending on process conditions, product selectivity and usage area is altered. If high temperatures
(1075-1275 K) are used over PtRh catalyst gauzes, NO formation is the favored product [19]. The
ammonia oxidation step is optimized for this reaction in the HNOs production (and N-based fertilizers).
In order to convert NO to HNOs, NO is oxidized homogeneously to NO; before converted to HNO; by

reaction with water [21].

However, if the ammonia oxidation is carried out at milder temperature conditions (475-775 K), N
formation is promoted (equation 1.2). This is utilized in NOx abatement processes. In NOx abatement,
NOX is first reduced by NHs to N2. In order to have full removal of NOx, an excess of NH3 has to be
added to the process stream. Excess NHs (in ppm range) is the subsequently oxidized to N, around 475-
775 K. Various catalytic systems are explored for this purpose [19], including PtRh nanoparticles [22,
23].

1.2 The Platinum — Rhodium System

The work presented in this MSc thesis is based on Pt-Rh surfaces, but to our knowledge no phase
diagram of the surface Pt-Rh alloy has been made. Therefore we use the phase diagram for bulk Pt-Rh
as our starting point. Both metals crystallize with the face-centered cubic (fcc) structure. The phase
diagram shown in Figure 1.2 present the expected phases as a function of temperature and ratio of Pt

and Rh. Above 1030 K, Pt and Rh form a solid solution [24]. An immiscibility dome occur at around



1030 K, and below this temperature the solid solution is expected to segregate into pure Rh and Pt
phases. The dashed line indicates that this is only based on calculations, and not proved experimentally.
Experimental results indicate that there is some short range order, and a study by Steiner et al. showed
no local decomposition of Rh and Pt [24]. As mentioned, the phase diagram is based on the expected
behavior of bulk Pt-Rh, and when going into the nano-size regime the behavior is not necessarily the
same. It has been shown that nanoparticles of Pt-Rh form a solid solution [25, 26].

2000 .
g 1600 F (P‘L Rh) -
o _ _
=2
oy i i
g " ~1030K
k] K. Tt (Rh)
g0 b o
|/ (PY) + (Rh) N
a0 | .
0 20 40 60 80 100

Atomic percent rhodium
Figure 1.2: Phase diagram of Pt and Rh. The dashed line indicates that an immiscibility dome is expected at 1030

K, where Pt and Rh segregate. Figure from [27].

1.3 Previous Work

In this section, some of the previous work done on characterization of four different metal on metal
systems will be introduced. These are pure Pt on Pt(111) and Rh on Rh(111), and bimetallic Rh on
Pt(111) and Pt on Rh(111). Literature describe the morphology and surface structures obtained when
evaporating metal on single metal surfaces, which heavily depend on deposition temperature and post-
annealing (PA) temperature. Studies of catalytic activity reveal that the oxide phase or a surface oxide
in some cases is the catalytic active component [28-30]. Hence, attention should also be given to the
different structures that form upon exposing the surfaces to oxygen at different pressures and
temperatures. Previous work done on oxidation of Pt(111) and Rh(111) and a description of the surface
structures obtained is included in this section. For a more detailed description on characteristics of

surfaces, both clean and adsorbate structures, see section 2.1.



1.3.1 Pton Pt(111)

The morphology of the obtained Pt layer(s) depends strongly on the substrate temperature, and presence
of impurities. In the origin of this dependency is mobility of Pt atoms on Pt(111), which is controlled
by a range of barriers for diffusion (terrace, corner, step, and intralayer diffusion) and dissociation (kink,
step, and dimer dissociation). Owing to the sixfold symmetry of a fcc (111) surface, the formation of a
hexagon-like island with a sixfold symmetry is expected. In such a hexagon-like island, two types of
steps can be distinguished: A and B steps, exhibiting (111) and (100) microfacets, respectively.

Comsa and co-authors showed how island shapes change in response to increase in surface temperature
during Pt deposition [31], [32]. Dendritic islands form at 205 K, at which surface mobility is restricted
and kinks cannot be healed (Figure 1.3 left). Higher temperature increases mobility, allowing for kinks
healing resulting in more compact, triangular and hexagonal shapes. A similar nucleation and growth
behavior has been reported for Ru/Pt(111) [33]. Interestingly, initially the triangular islands were
observed both at low and higher temperatures, while the hexagonal shape appeared at intermediate range
(around 455 K). The difference between high and low T triangles is in the type of steps they exhibit,

low temperature favored islands with A steps, and high temperatures — B steps [34, 35].

Compact, B < Compact, A
5x10-12 1x10-10 5%10-10 1x10° 2x10°

400 K
T control, at 10 > < p control, at 400 K

Figure 1.3: Temperature (left) and pressure (right) dependence of the morphology of Pt on Pt(111). At residual
UHYV pressure of CO 400 K deposition results in compact “A” triangles. Decreasing background CO pressure to
102 mbar (right) or increasing surface temperature above 455 K (left) results in lower CO surface coverage, and
as a result triangles with B steps appear. Adapted from [34], [36].

Later study of the transition from A-step-bound island to the B one, initially induced by increase in
temperature, was possible to achieve by varying UHV cleanliness [36]. Specially achieved UHV with
CO pressure of not more than 5x10-2 mbar, resulted in a triangular island with B steps at 400 K, contrary
to what was expected from temperature-dependent study (Figure 1.3 right). The key reason for this result
is preferential adsorption of CO on step atoms. At low temperature and regular UHV, CO will be present
at the surface, inducing preferential formation of A-steps. Removal of CO from the surface either by
maintaining better UHV or by desorbing it at higher temperatures will result in cleaner surface and

formation of B steps. The latter indeed was observed in the earlier experiments.



132 Rhon Pt(111)

A study performed by Zheng el al. [37] show the variety of morphologies obtained when depositing Rh
on a Pt(111) single crystal. The STM images obtained by varying temperature and coverage were
summarized in a synthesis roadmap shown in Figure 1.4. RT deposition of Rh on Pt(111) resulted in
multilayered triangular islands, which upon PA to temperatures in the range 450 - 750 K showed cluster
growth and transformation to hexagonal islands. Mixing of Rh and Pt and roughening occurred at the
step edges, and above 650 K flattening of islands occurred. It was found that PA to 600 K was necessary
for substantial mixing of Pt and Rh. In addition, direct deposition at temperatures in the range 300 - 700
K was performed. A mixed morphology was obtained at 400 K with single-layered triangles, two-
layered hexagons, and partially covered two-layered islands. Deposition in the temperature range 450 —
550 K resulted in larger single- and double-layered island with triangular shape, exhibiting both A- and
B-steps. It was indicated that PA resulted in more stable surfaces compared to direct high-temperature

deposition.

Room temperature deposition + Post-annealing

oU hexagons worms ~ domair

€ Mixing @ terraces

450-800 X ) 3 Rh »
oo (BRY A n— T
1 bPU [ py(ran) P(111) PH111

300-500 K 500-550 K

450K dep 400K dep + PA 700K
020 MLy

High temperature deposition + Post-annealing

Figure 1.4: Roadmap with STM images of Rh on Pt (111) surfaces showing route to prepare different surface

structures and alloys by varying temperature of deposition, coverage and PA. Image from [37].

Composition of the surfaces was examined using XPS. The Rh 3ds/, core level peak was observed at
306.9 eV, which was attributed to uncoordinated surface atoms. The ratio between the Rh 3ps2 and Pt
4f peak was used determine coverage. The ratio decreased upon PA, revealing subsurface diffusion of
Rh or enrichment of Pt at the surface.

For a Rh solute in a Pt host, computational modeling indicated no tendency for surface segregation [38].
In another study by Attard et al. [39], Rh films were evaporated onto Pt (111) electrodes, and showed a
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(1 x 1) overlayer for all coverages. Upon deposition at T < 400 K, the growth mode was a “pseudo-
Frank-van der Merwe”, similar to what is known as quasi-2D (Stranski-Krastanov) growth (see section
2.1.3). It also showed a temperature dependent growth of Rh on Pt (111), where substrate temperatures
above 400 K resulted in strong deviation from 2D growth by formation of bulk Rh microcrystallites.

1.3.3 Rhon Rh(111)

As with Pt, the deposition temperature of Rh on Rh(111) strongly influenced the obtained surface
morphology. Tsui et al. [40] published a study on nucleation and growth of epitaxial Rh(111) at high
coverages (10.1 ML) (Figure 1.5). Deposition was performed in the temperature range from 375 - 810
K, which showed a transition in morphology at 600 K. The surface features changed from dendritic to
compact. Although a transition was seen in the morphology, it was observed that 2D growth remained
both below and above the transition temperature. Formation of dendritic islands at lower temperatures
has also been reported for Co/Re(0001) [41] and Au/Ru(0001) [42].

Figure 1.5: STM images of 10.1 ML Rh/Rh(111) at a) 375 K, b) 450 K, ¢) 530 K, d) 680 K, ¢) 725 K, ) 810 K.
White bar correspond to 40 nm for a) — e), and 100 nm for f). A transition in morphology was observed at around

600 K, where surface structure changed from dendritic to compact. Images from [40].

Maca et al. [43] simulated the inter-layer diffusion of a Rh atom on Rh(111). The study concluded that
upon island growth, B-steps will grow faster and hence become shorter, and the resulting islands will
have an asymmetric shape with longer A-steps.



1.3.4 Pton Rh(111)

Duisberg et al. [44] studied epitaxial growth of Pt on Rh(111) at 700 K for coverages up to 3.3 ML.
Figure 1.6 show STM images of 0.9 and 0.1 ML coverage surfaces with the corresponding height profile.
It was shown that Pt forms a surface alloy with Rh by incorporating into the first monolayer, dominating
along step edges due to diffusion of Pt. The STM image of 0.9 ML surface reveal a disperse distribution
of Pt atoms on the Rh(111) surface. The study also showed that the apparent height of the Rh atoms was
higher than Pt atoms in the surface alloy, and that Pt on Rh(111) follow a 2D growth mode. This is in
contrast with results obtained by computational modelling indicating surface segregation for Pt in a
Rh(111) host [38].
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Figure 1.6: a) STM image of 0.9 ML Pt/Rh(111). White bar correspond to height profile below, indicating Rh
atoms located higher up than Pt. Scan size 20 x 12 nm. b) STM image of 0.1 ML Pt/Rh(111). White line
corresponds to height profile below. The brighter area below the white bar show area with alloyed PtRh at an
apparent height of 30 pm above Rh terrace. Scan size 100 X 40 nm. Images from [44].

1.3.5 Overview of Pt and Rh systems

An overview of the Pt or Rh on Pt(111) or Rh(111) systems are shown in Table 1.1 It includes the
various surface morphologies and growth modes obtained upon varying deposition temperature and

coverage (and CO pressure for Pt/Pt(111)). The characterization techniques used are also included.



Table 1.1: Overview of Pt or Rh deposited on Pt(111) and Rh(111), showing island shape and growth based on
deposition temperature and coverage. Characterization techniques used are included. A star (*) indicate CO
pressure, and is included under temperature column.

System Temp., K Coverag | Island Shape Growth Characterizat | Ref.
e, ML ion Tech.
Pt/Pt(111) 205 0.3 Dendritic 2D STM, TEAS Bott [31]
425 Triangular A step 3D
628 2D
425 0.8 3D
628 Quasi 2D
205 2.4 Dendritic Quasi 2D
425 Triangular 3D
628 Quasi 2D
Pt/Pt(111) 200 0.2 Dendritic 2D STM Michely
[34]
400 0.08 Triangular A step
455 0.14 Hexagonal
640 0.15 Triangular B step
Pt/Pt(111) 400 in 510712 | 0.15 Triangular B step 2D STM Kalff
™) mbar [36]
400 in 1x10710 Hexagonal
mbar
400 in Hexagonal
4.7x10710
mbar
400 in Triangular A step 3D
9.5x107%0
mbar
400 in Triangular A step
1.9x10-° mbar
300 5 Dendritic Quasi-2D
300 in Dendritic rough 3D
9.5x10710
mbar
400 Triangular Quasi-2D
400 in Triangular rough 3D
9.5x10710
mbar




Rh/Pt(111) 0.2 Triangular 3D STM, XPS, Zheng
LEED [37]
400 Mixed triangular and
hexagonal
450 - 500 Triangular
550 Triangular 2D
600 Hexagonal
700 No islands visible -
300 w/ PA 0.2 Hexagonal 3D
700
400 w/ PA
700
500 w/ PA
700
600 w/ PA 2D
700
550 0.7 Triangular 2D
300 w/ PA >0.9 Worms 3D
550
Rh/Pt(111) T<400 >3 - Quasi 2D Cyclic Attard
voltammetry, [39]
LEED and
AES
873 0.7 Microcrystalline bulk | 3D
Rh
Rh/Rh(111) | 375 10.1 Dendritic 2D STM, RT- Tsui [40]
450 RHEED
530
680 Compact
725
810
Pt/Rh(111) 700 0.1 No islands visible. 2D STM, AES, Duisberg
Formed surface alloy. UPS, PAX [44]
700 0.9 No islands. Disperse

distribution of

clusters.
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1.3.6 Oxygenon Pt (111)

A number of oxygen-induced structures form on Pt(111) (Figure 1.7). Gland et al. [45] showed that a
molecular phase can be found at temperatures below 160 K, while an atomic phase is found above this
temperature, and that oxides form in the temperature range 800 - 1100 K. The atomic phase saturates at
a coverage of 0.25 ML and forms a (2 x 2)-O overlayer with oxygen in fcc hollow sites [46-48].
Obtaining chemisorbed structures or oxides with higher coverages can be achieved through the use of
higher temperature and pressure [49], atomic oxygen [50, 51], ozone [52], or NO;[53-55]. It was found

that loss of the (2 x 2)-O structure to a subsurface oxide is reversible upon annealing [50].
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Figure 1.7: Overview of different oxygen induced species on Pt (111), starting with (2 x 2)-O at 0.25 ML, oxide

stripes at 0.5 ML, a surface oxide at 1.0 ML, and bulk-like oxide at 2.0 ML. Figure from [56].

N

From the saturated (2 x 2)-O phase at 0.25 ML and up to about 0.5 ML, the (2 x 2) low-energy electron
diffraction (LEED) pattern remains visible, and up to about 0.75 ML, oxygen is found to be chemisorbed
on Pt(111) occupying both fcc and hexagonal close-packed (hcp) hollow sites. STM images reveal that
chemisorbed oxygen above 0.25 ML form a (2 x 1)-O overlayer structure with domains of rotational
degeneracy of three [55]. Once the coverage reaches around 0.4 ML, a Pt oxide chain structure is seen
within the domains. Increased oxygen coverages up to about 0.75 ML results in oxide chains forming a
network of Y-shaped branches that evolves into a honeycomb structure, and thus oxidation of Pt happens
via an oxide chain structure. Upon dozing ozone on Pt(111), it was shown that around 1 ML, there was
a change from chemisorbed oxygen to Pt oxide structures on the surface [52]. Another study indicated
that around 0.75 ML Pt oxide particles starts to form on Pt(111) [51]. Another study reveal formation

of PtO; nanocluster after high temperature oxidation followed by cooling down in O, [57].
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A few studies using in-situ techniques to follow Pt(111) oxidation at near-ambient pressure conditions
gave different results. One study reported formation of a strongly distorted bulk-like a-PtO, oxide in
500 mbar O, at 520 — 880 K [58]. This was in contrast to a study reporting formation of an oxide at
similar temperatures, but much lower pressures, and that oxidation proceeded through formation of a
PtO-like surface oxide [56]. Our group has previously showed that Pt oxidizes in 1 mbar O; at 623 K,
and below this temperature chemisorbed structures are formed [59]. Fantauzzi et al. [60] reported that
prolonged exposure to O (t >4 h) was needed to form a stable surface oxide. A newer in-situ study
following the oxidation of Pt(111) under ambient conditions and beyond (1 — 5 bar of Oz at ~530 K)
reveal no formation of bulk-like a-PtO,, but formation of two other stable surface oxides [61]. In the
pressure range 1.0 - 5 bar O, a spoked-wheel superstructure formed (Figure 1.8) Above 2.2 bar O, a
lifted-row structure with close packed parallel lines formed in co-existence with the spoked-wheel

structure. Outside the high pressure regime, the two surface oxides were unstable.

E/’i

R "_"io‘ ‘,_,. 4

Figure 1.8: Structure of spoked-wheel surface oxide at 1 bar Oz at 529 K. a)-c) Scale bar corresponds to 4 nm. d)
Scale bar corresponds to 2 nm. e) Ball model of spoked wheel structure, where light blue corresponds to oxidized

Pt, and dark blue, grey and black to Pt surface. Orange corresponds to oxygen. Figure from [61].

1.3.7 Oxygen on Rh (111)

A variety of oxygen-induced structures can be observed on Rh(111) when varying the oxygen pressure
and temperature (Figure 1.9). The structure with the lowest coverage is a (2 x 2)-O overlayer (Figure
1.9 a)) with atomic oxygen in three fold hollow fcc sites and a coverage of 0.25 ML [62-65], similar to
what is observed on Pt(111) [47]. By increasing the O, pressure, a (2 x 1)-O chemisorbed structure
forms (Figure 1.9 b)) [63, 65, 66], with a coverage of 0.5 ML and all oxygen atoms in fcc sites. Dosing

O: at higher temperatures result in a (2v/3 x 2v/3)R30 chemisorbed structure (Figure 1.9 c)) [67].

Oxygen atoms are located in both fcc and hcp sites with a total coverage of 0.67 ML. The structure is
kinetically stabilized in the temperature range 400 - 700 K and at 1 x 10-* mbar oxygen. Above these
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conditions, a surface oxide forms, as will be described later. In co-existence with the (2v/3 x 2v/3)R30
structure, it is shown that a (2 x 2)-30 structure forms [67] (Figure 1.9 d)). This structure has a coverage
of 0.75 ML with all oxygen atoms in fcc sites, but has been shown to have a short lifetime [63].

©0infcc  ®Q0inhcp
Rh coord to:

()10 @20 @30

Figure 1.9: Oxygen-induced structure on Rh(111) starting with a) (2 x 2)-O structure, b) (2 x 1)-O structure, ¢)
(2v3 x 24/3)R30 structure, an d) (2 x 2)-30 structure. Adapted from [63].

Growth of an ultra-thin RhO; surface oxide with a (9 x 9) overlayer structure (Figure 1.10 a)) starts in
the temperature and pressure range 700-800 K and 2 x 10 — 1 x 10~ mbar [63, 68]. The growth is
initiated at step edges due to easier penetration of oxygen compared to the terraces. The surface oxide
on the hexagonal Rh(111) substrate result in a moiré pattern that can be seen by means of LEED and
STM (Figure 1.10 b-c)) [68-70]. Upon surface oxidation, STM images reveal formation of Rh ad islands

[63]. This is due to a decrease in Rh density for the surface oxide structure compared to bulk Rh.

e
Rhin:
@ oxide Oin:

@ interface @ surface
() bulk @ interface

Figure 1.10: Illustration of (9 x 9) RhO2 surface oxide on Rh(111). b) STM image revealing that surface oxide
forms a moiré pattern, where white dots show oxygen atoms and larger dots indicate moiré pattern. c) Moiré pattern
obtained by LEED. Adapted from [71] and [62].

Due to kinetic hindrance, the RhO- surface oxide is stable up to about 1 mbar O, [68]. To study the
oxidation of Rh(111), in-situ surface X-ray diffraction (SXRD) measurements were performed while
increasing pressure and temperature [63]. In 1 bar O, at 548 K, formation of a bulk-like oxide starts.
Temperature and pressure increase resulted in formation of a well-ordered Rh,O3 bulk oxide, taking the
corundum structure. It has also been shown that by using atomic oxygen it is possible to grow a bulk-
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like oxide film of Rh,Os terminated with a (0001) facet on Rh(111) [69], that can co-exist with the RhO,
surface oxide. A recent study by Farber et al. [70] showed that the thermodynamically stable oxygen
induced phases on Rh(111) after deposition of atomic oxygen are the (2 x 1)-O adsorbed structure and
the RhO. surface oxide. An overview of the expected oxygen-induced structures are depicted in Figure
1.11, both from density functional theory (DFT) calculations in a) and from experimental results in b).

a-DFT b - experiment
1000
Pure Rh
= o
@ 10 ° | Mixed g g
-g €  [bulkoxides
. ~ %
5 2 | Surface oxide
o 01 (@] v
8 vy v
o 0.01 . 'g
of
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Y (')
- e 0y
0.0001 S B

0 200 400 600 800 O 200 400 600 800
Temperature (°C)

Figure 1.11: Overview of the expected oxygen-induced species on Rh(111) at various pressures and temperatures
based on a) DFT calculations, b) experiments. Figure from [63].

A way of identifying the oxygen-induced structures on Rh(111) is by means of XPS. O 1s and Rh 3ds>
spectra of the various oxygen-induced structures is shown in Figure 1.12. The bulk Rh 3ds, component
is expected at a binding energy of approximately 307.1 — 307.3 eV [63, 67, 69, 71], while uncoordinated
Rh surface atoms are found at -0.52 eV relative to the bulk component [63]. Among the chemisorbed
structures, Rh can be coordinated to one, two or three oxygen atoms, which Gustafson et al. have
reported to give a component at 307.0 eV, 307.5 eV and 307.86 eV, respectively [63]. The (9 x 9)
surface oxide give rise to two new components corresponding to Rh in the oxide at +0.79 eV, and Rh in
the interface at -0.22 eV, relative to the bulk component [68]. The bulk-like Rh.05 (0001) surface show
presence of a component at +1.04 eV relative to bulk [69].
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Figure 1.12: Overview of XP spectra of O 1s and Rh 3ds, peak for oxygen-induced structures on Rh(111). Adapted
from [63].

1.3.8 Overview of Pt(111) and Rh(111) Exposed to Oxygen

An overview of the oxygen-induced structures on Pt(111) and Rh(111) is displayed in Table 1.2. The
oxygen coverage, overlayer structure, and temperature and pressure upon dosing is presented. If not
stated otherwise, molecular O; was used as oxygen source. In addition, the characterization techniques

used are listed.
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Table 1.2: Overview of oxygen-induced structures on Pt(111) and Rh(111). When other oxygen sources than

molecular O; is utilized, the source is stated under “Dosing Pressure” column.
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Coverage | Overlayer Dosing Dosing Characterizati
System Ref.
, ML Structure Temp., K Pressure on
Oz20n EELS, TDS,
- Molecular O <120 5L Gland [45]
Pt(111) UPS
0.25 (2x2)-0 150 — 500 5L
5x1077 Torr Joebstl
0.25 (2x2)-0 300 LEED
for 15 min [46]
) 103 Pa for
06-1 Chemisorbed 570 XPS, TPD Derry [49]
300s
5 L (Atomic XPS, CAICISS, | Parkinson
0.25 (2x2)-0 300
0) LEED [50]
Subsurface 50 L (Atomic
- ] 300
oxide 0)
AES, LEED,
. - Parker
0.75 Chemisorbed 400 UPS, HREELS,
(NO2) [53]
TPD
) - TDP, XPS, Weaver
<0.75 Chemisorbed 450 )
(Atomic O) EELS, LEED [51]
0.75-2.9 | Ptoxide 450
Pt oxide TPD, AES, )
12-24 ) 300 20 L (Ozone) Saliba [52]
particles LEED
025-0.4 | 2x1)-0 573 - TPD, STM Devarajan
Pt oxide chains
0.4-0.75 450 (NOy) [55]
on (2 x 1)-0
a-PtO2 1250 - 1350 5 x 107 mbar Krasnikov
- ~ | STM, LEED
nanocluster cooled to 300 | for 5—30 min [57]
Ellinger
2 a-PtO; 520 - 880 500 mbar SXRD, XRR
[58]
PtO surface )
05-11 ) 420 - 620 0.5 Torr XPS, XAS Miller [56]
oxide
2.1 a-PtO; 720 5Torr
) 1 mbar for 265 Fantauzzi
- Surface oxide 300 — 650 ) NAP-XPS
— 430 min [60]
Surface oxide van
- 530 1.0 - 5 bar STM
(spoked-wheel) Spronsen




Surface oxide

- ) 530 2.2 -5 bar [61]
(lifted-row)
O20n
0.25 (2% 2)-0 300 0.6L LEED Wong [64]
Rh(111)
Schwegma
0.25 (2% 2)-0 273 0.7L LEED
nn [62]
320 cooled to Marchini
0.25 (2% 2)-0 15L STM, LEED
60 [65]
0.5 (2% 1)-0 300 30L
Reimann
0.5 (2%x1)-0 - 20 L LEED, MPRI
[66]
400, or 550 1 x 103 mbar | HRCLS, STM, Kaohler
0.67 (2V3 x 2V3)R30
cooled to 400 | for 300 s DFT [67]
0.75 (2x2)-30
RhO; surface HRCLS, LEED, | Gustafson
- ) 700 1 x 10~% mbar
oxide STM, DFT [63]
RhO; surface 800 2x10%-10 HRCLS, LEED, | Gustafson
oxide mbar STM, DFT [68]
Bulk Rh,03 800 500 mbar
5 x 1077 mbar
RhO; surface HRCLS, LEED, | Blomberg
- ) 723 for 10 min
oxide STM, DFT [69]
(Atomic O)
o 5 % 107" mbar
Bulk oxide film
- 653 for 60 min
Rh,03(0001)
(Atomic O)
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1.4 Motivation

In the NAFUMA research group at Department of Chemistry, UiO, we have a long tradition in
synthesizing or grow new functional materials in form of coatings, powders (nm-um range) and single
crystals. The new materials are subsequently explored in terms of atomic arrangement, chemical and
physical properties to achieve fundamental insight with potential relevance for technology. The last few
years, the NAFUMA research group has also moved in a direction of taking use of surface sensitive
tools as STM and XPS as well as high resolution TEM, with the ambition to operate these techniques at
the conditions the materials are intended to be used at, for example within catalysis. Concretely, the
NAFUMA group invested in a Reactor STM in 2016, which can be operated up to 6 bar and 575 K, and
that is optimized to withstand the corrosive NHs-based chemistry. Further, for decades the NAFUMA
group have collaborated with Yara International and K. A. Rasmussen on ammonia-based chemistry,
and last years, the partners have focused on chemistry connected to ammonia oxidation for both
HNOs production and NOx abatement with funding via the SFI center iCSI (https://www.ntnu.edu/icsi).

In this MSc project, our motivation is to utilize surface sensitive techniques to understand the role of
how elemental mixing and morphology of bimetallic Pt-Rh alloyed surfaces affects interaction with
oxygen. In order to reach this goal we will focus on the two complementary mirror systems; Pt deposited
on Rh(111) and Rh deposited on Pt(111), and systematically collect lacking data from both systems to
gain new insight. We will combine STM, XPS and LEED, operated at UHV, with NAP-XPS and

Reactor STM operated in variable oxygen atmospheres (10~ mbar — 1 bar).

In the first part, we will apply a systematic approach for preparing surfaces with well-defined Pt-Rh
nanostructures by depositing Pt on a Rh(111) single crystal and create a synthesis strategy roadmap.
Preparation parameters as deposition temperature, post-annealing time and temperature as well as
coverage (ML Pt deposited) will be systematically varied in order to describe growth pattern and
morphology. Surfaces will be characterized utilizing LEED and STM at UHV. Obtained findings will
be correlated to the corresponding findings already reported for the inverse system, Rh deposited on
Pt(111) [37].

In the second part we aim to harvest and analyze XPS and NAP-XPS (in oxygen) data obtained at Hippie
MAX-IV for surfaces where Rh is deposited on Pt(111) following recipes already established and
published elsewhere [72]. The motivation behind this activity is to expand the reported synthesis
roadmap for the preparation of Rh/Pt(111) surfaces as well as achieving insight into differences in oxide

structures reached due to variable extent of Pt-Rh alloying.
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Finally, the third interesting aspects of this project is to clarify, by means of Reactor STM, how tuning
degree of Pt alloying of Pt/Rh(111), can alter oxidation of the surface and how oxygen pressure range
spanning over 6 orders of magnitude leads to different oxidation results. In particular, the findings will
be correlated to oxide structures reported for Rh(111) in low pressure oxygen (pO2 = 1 x 10-3), and the
spoked-wheel structure reported for Pt(111) at 530 K and pO2 =1 bar [61].
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2 Method and Theory

In this chapter, some of the relevant theory of surface structures and preparation of surfaces is described.
In addition experimental techniques used in this project are described in section 2.3.

2.1 Surface Structure

Solids like metals and oxides are typically crystalline, meaning that they have a periodic atomic
arrangement. A crystal structure can be described by its crystal lattice and a basis [73] (p. 4). A lattice
is a mathematical concept describing an infinite array of points, and the basis is a group placed on each
lattice point, typically an atom, a group of atoms or a molecule. The unit cell is defined as the smallest
repeating unit of the crystal structure, and is described by basis vectors a, b and c. A large group of
metals, including Pt and Rh, have a fcc (also known as cubic close-packed (ccp)) lattice. The fcc
structure has a stacking sequence of ABCABC (Figure 2.1 a)) and is one of two structures with the

densest packing of spheres [73] (p. 16). The other is the hcp with stacking sequence ABABAB.

Planes in a crystal are described by Miller indices, h, k and I [74] (p. 106). When written in brackets
(hKkI) they represent the set of all parallel planes. The values h, k and | correspond to the reciprocal values
of the fraction where the plane intersect with the unit cell edges, a, b and c, respectively. A Miller index
of 0 then corresponds to a plane parallel to the cell edge. For the fcc structure, the (111) plane is the
closest packed plane [73] (p. 16) (Figure 2.1 b)), and it is the most stable plane followed by (110) and
(100). On the fcc(111) surface, two types of straight steps can be found; A steps having (100)
microfacets, and B steps having (111) microfacets (Figure 2.1 ¢)) [75].

Figure 2.1 a) Top view of atoms stacked in the fcc (ccp) structure. b) (111) plane in the fcc unit cell. ¢) Top view

of (111) surface displaying A-step and B-step.
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A surface or an interface is defined as an area where there is an abrupt change in the system properties
[76] (p. 3). An abrupt change can indicate change in aggregation state, symmetry, crystal structure or
chemical composition. The interfaces considered here are solid-gas interfaces, where the solid is a
crystal with well-defined structure. For the outermost atoms of the solid, relaxation will occur resulting
in a slight change in spacing relative to the bulk phase [76] (p. 16). The bonding of the surface atoms
will differ from the bulk, which will alter the electronic and chemical properties at the surface [77] (p.
3). When discussing surface structures, we can make a division been structure of clean surfaces and of

surfaces with adsorbates [77] (p. 9), as will be discussed further in section 2.1.1 and 2.1.2.

2.1.1 Clean Surface Structure

To simplify the study of surfaces and their interactions with molecules, crystals are often cut along a
specific crystal plane. In our case, metal surfaces of Rh and Pt were cut in the (111) direction. However,
even the single-crystal surface will not have a completely flat closed-packed structure. Some defects
(increase in entropy) will naturally be incorporated to the surface in order to stabilize it [6] (p. 39). The
crystal surfaces are described with the terrace-ledge-kink-model (TLK) [78], and consist of step-like
discontinuities made up of terraces and steps-edges (ledges) with kinks, as illustrated in Figure 2.2. In
addition, point defects such as adatoms and vacancies can occur.

Terrace

Step Edge

Figure 2.2: lllustration of a clean crystal surface with step edges, kinks and terraces.

The atoms located at step edges and kinks experience different surroundings compared to atoms on
terraces, hence their electronic properties and chemical reactivity will differ [3] (p. 183) [77] (p. 14).
The atomic structure of a surface can dictate the rate of a reaction since step edges and kinks can act as
active sites in catalytic reactions [3] (p. 171). An example of this is the high reaction rate for the iron
(111) and (211) faces, compared to the (100), (210), and (110) faces due to presence of distinct sites in
the (111) and (211) surfaces [3] (p. 177). In addition, the surface will try to minimize the energy of the
defects by spreading out the electrons in a way that smoothens the step. This is known as Smoluchowski

smoothing [79].
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2.1.2 Adsorbate Structure

Upon exposing a clean crystal surface to air or by evaporation of a species, atoms will absorb to the
surface, which results in changes of the surface properties [63]. Depending on the bonding type between
the substrate and the adsorbed species, we distinguish between physisorption and chemisorption. In
physisorption there is no change in the electronic structure upon absorption, and weak bonds like van
der Waals interactions or hydrogen bonds occur. For chemisorption substantial changes in the electronic
structure occur and stronger bonds, typically metallic, covalent or ionic, form. O, adsorbs on most metals
by chemisorption, and due to the strong bonding to the substrate, the intra-molecular forces in O; are
weakened, and the oxygen molecule dissociate [63]. If the adsorbed species form a condensed phase on
the substrate, it is referred to as heterogeneous nucleation [76] (p. 294). The nucleation site of adsorbents
depend on several parameters such as deposition temperature and deposition rate. At higher
temperatures, the adatoms have increased mobility which allows them to diffuse to the low-energy sites.
High concentrations of impurities can lead to lower mobility, as these may act as pinning sites for the
adatoms [80].

The symmetry of the adsorbents relative to the underlying surface can be random, commensurate or
incommensurate [77] (p. 22-23). Wood’s notation is used to describe ordered absorbent structure relative
to the substrate structure. The substrate structure is defined by unit cell vectors a; and a2, and the unit
cell vectors of the two-dimensional overlayer is described relative to a; and a. If the unit cell of the
overlayer is rotated relative to the substrate, this is also indicated by including the rotation angle [81]
(p. 64-65). Figure 2.3 a) shows an example of a unit cell with a (2 x 2) reconstruction. If the surface
structure has a different structure than the substrate, it is often referred to as a superlattice [6] (p. 44).
As illustrated in Figure 2.3 b), adsorbed atoms on the (111) surface plane can be placed on an fcc or a
hcp site. If the adatom is placed on a hcp site, the adatom is placed right above the atom in the second
layer of the substrate, following an ABAB stacking. If the adsorbed atom is placed on a fcc sites, the

stacking sequence follows an ABC pattern [5].

Figure 2.3: a) Adsorbate in orange with (2 x 2) overlayer structure on the (111)-plane. b) Illlustration of hcp and

fcc site for an adsorbate on a (111) surface.
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2.1.3 Metal on Metal Surfaces

When depositing metal on a metal substrate, most metals form an (1 x 1) overlayer on the substrate [6]
(p. 60). The deposited metal structure matches that of the substrate structure and uses it as a template,
and this is referred to as epitaxial growth. Deposited metals can also form alloys under appropriate
conditions by interdiffusion. Interestingly the surface alloy phase can be ordered, while the

corresponding metals can have a lack of long-range ordering in the bulk phase [6] (p. 60).

The deposited metal will typically grow in one of three modes. The first one is two-dimensional (2D)
growth (or layer-by-layer growth, or Frank-van der Merwe growth) where each monoatomic layer will
be completed before a new layer starts to grow (Figure 2.4 a)). The second mode is the three-dimensional
(3D) island growth (or Volmer-Weber) growth where island formation occur from the start of deposition
(Figure 2.4 c)). The third growth mode is an intermediate mode between these two, called quasi-2D
growth (Stranski-Krastanov), where growth of a new layer will start before the preceding is fully grown
(Figure 2.4 b)) [6] (p. 60).

Figure 2.4: Growth modes for deposition of metal on a metal substrate. a) 2D growth, b) quasi-2D growth, c) 3D
growth.

2.2 Preparation of Surfaces

2.2.1 Cleaning of Single Crystals

As previously mentioned (section 1.1) single crystal surfaces are used as model catalysts to facilitate the
fundamental studies of how the catalyst behaves. For this, low contamination levels and well-ordered
surfaces are required. After production, the single crystal surface looks perfectly flat and clean at
macroscopic scale. However, the surface is still considered rough at microscopic scale and may have
high contamination levels. In order to obtain a properly clean and flat crystal surface, a number of cycles

of sputtering and annealing is performed.
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Sputtering is the process of bombarding the sample surface with energetic particles [82] (p. 1). It changes
the surface morphology by roding it and removing surface atoms. It has been shown that using noble
gas ions, such as Ar+, in the energy range from 100 eV to a few keV, smoothens out the surface. If the
energy of the ions is above a few keV, however, defects such as grain boundaries, pyramids, etch pits
and steps can be formed. Hence, the energy of the ions is an important parameter to obtain the right
surface structure [82] (p. 5).

After sputtering, the surface is annealed to flatten it out. The metal is heated up to a high temperature,
usually about 1/3 of the melting temperature. It is kept at the high temperature for a certain time, before
cooling down. It results in decrease in dislocation density, and hence releases lattice strain energy and
brings the crystal to a more perfect state [83]. These processes require high energy to overcome the
activation barrier for diffusion of atoms. Since the diffusion of atoms is facilitated by the high
temperature, impurity atoms will also more easily diffuse to the surface, which then can be sputtered
away in the subsequent sputtering cycle. In addition, introduction of oxygen at high temperature will

drive carbon species up which then are removed by reacting with the oxygen.

2.2.2 Deposition of Metal

Metal is deposited onto the single crystal surface by using an electron beam evaporator (EBE). EBE is
a type of physical vapor deposition (PVD) where metals are evaporated in vacuum and deposited on a
substrate [84]. An electron beam is formed by heating a tungsten filament, which then hit the target
material. The target material is typically in a crucible or the tip of a metal rod. Rods are typically used
for materials with high melting temperature [84]. The EBE can have multiple pockets, and some EBE
can be operated in a manner that several materials can be evaporated simultaneously. The energy transfer
from the electron beam to the target material results in evaporation of the metal. The metal vapor is
directed towards the substrate where it deposits to create a film. The system is simultaneously cooled
with water. [85] (p. 206-208)

2.2.3 Oxidation of Surfaces

As previously mentioned (section 1.1 and 1.3), many catalysts have an oxide as support material, or the
active component of the catalyst is an oxide. Hence it is useful to be able to form these oxide phases to
get a better understanding of the catalysts. In order to form a surface oxide on a single crystal, the surface
is exposed to increased partial pressures of oxygen through a leak valve. Higher temperature will
facilitate the process, but the required pressure and temperature depends on the material. An example is

formation of an Al,Os film on a NiAl single crystal. Mom and coworkers prepared and studied Re and
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Co-Re metallic nanoparticles on an Al,Os/NiAl support where the alumina film was grown through
oxidation cycles of NiAl to 5x10° mbar Ozat 600 K for 10 min [8]. This resulted in a 5 A thick Al,O3
film. Although Al;Osis an insulator, which would complicate the study for UHV techniques like STM
and XPS, the film thickness of only 5 A allows for sufficient electrical conductivity. One should be
aware of possible bulk oxide formation at high oxygen pressures or at high substrate temperatures [63].

2.3 Characterization

The main work of this thesis is centered on preparation of nanostructures and their characterization by
surface sensitive tool, such as STM and XPS. Therefore, these techniques are thoroughly described in
the following. In addition, a brief introduction to LEED and mass spectrometry (MS) is given.

2.3.1 Scanning Tunneling Microscopy

The primary characterization technique used in this thesis is scanning tunneling microscopy. The STM
was first introduced in 1982 by Binning, Rohrer, Gerber and Weibel [86]. They received a Nobel Prize
in physics for their pioneering work in 1986 [87], and STM has since then been a well-established

characterization technique in surface science.

2.3.1.1 Principles

The technique is based on tunneling of electrons. At the atomic scale an STM consists of an atomically
sharp metal probe that is scanned so close to a conducting surface that there is an overlap in wave
functions and electrons can tunnel across a potential barrier as shown in Figure 2.5 [88] (p. 12). By
applying a bias voltage V, between the sample and tip, the electrons will tunnel in one direction creating
a current referred to as the tunneling current I.. The outstanding high resolution of STM is a result of the
exponential dependency of the tunneling current I; onto distance d between tip and sample surface, given

by equation  2.1:

I < eV exp(kd) 21

Kk is a constant depending on the material of the surface. Small changes in the tip-sample distance
results in large changes in the tunneling current, which usually has a value between 10 pA and 10 nA
[89] (p. 167).
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TUNNELING
ELECTRONS

Figure 2.5: Principle of STM with an atomically sharp tip scanning above a sample surface at a small distance

allowing electron tunneling.

By changing the sign of the applied bias one can determine the direction of the electron flow [77] (p.
66). A negative sample bias will cause electrons to tunnel from the sample to the tip, while with a

positive sample bias tunneling will occur from the tip to the sample. This is illustrated in Figure 2.6.

NEGATIVE BIAS POSITIVE BIAS

a) b)

SAMPLE
TIP SAMPLE

Figure 2.6: Illustration of energy levels of sample and tip upon applying bias voltage. The sign of the voltage
determine the direction of the tunneling current indicated by the arrow. a) With negative sample bias electrons
tunnel from sample to tip. b) With positive sample bias electrons tunnel from tip to sample. Illustration based on
figure from [77] (p. 65).

By measuring the tunneling current as a function of movement in x and y direction one can map out the
local density of states (DOS) [88] (p. 12). Since the DOS is correlated to the position relative to nuclei,
the image will give position of atoms [77] (p. 66). Therefore, an STM image will also provide
topographical information of a sample, and show terraces, step edges and islands on a crystal surface.
Advances during the last decades have made it possible to achieve vertical and lateral resolution of
images in the sub-A range [90] (p. 563), [77] (p. 66).
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2.3.1.2 Instrumentation

A schematic illustration of the STM instrument and its main components is presented in Figure 2.7. As
previously mentioned, the STM instrument has an atomically sharp probe typically made of W or Pt-Ir
alloys with its apex facing the sample. The probe is attached to a scanner with a positioning system
consisting of three orthogonal piezoelectric tubes that contract and extend according to the scanning
voltage. This determines the position of the probe relative to the sample, and the scanner needs an
accuracy of 1 pm to obtain atomic resolution [89] (s. 165). Tunneling currents below the order of nA
can be detected by a current amplifier, and the signal from the current amplifier is processed in a
computer system to generate a STM image.

In order to obtain high resolution images the instrument need a vibration isolation system to remove
disturbance from its surroundings. Isolation is commonly done by mounting the instrument on springs
or air-damped feet. Sound isolation can be done by using an isolation box around the STM head. In
principle, the STM can work in both liquid and gas atmospheres, still the working environment should
be somewhat controlled. This is to avoid contaminations on sample and tip, surface oxidation or
temperature fluctuations that can cause structural contraction or elongation on atomic scale. Therefore,
most STMs operate in UHV with pumping systems, and at a controlled temperature. Low-temperature
scanning ensures less thermal drift, but to image surfaces under more realistic conditions, temperatures
at RT and above is preferred. [91] (p. 8-9), [89] (p. 165 — 168).
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Figure 2.7: A schematic illustration of the STM instrument with its main components. Illustration based on figure
from [92].
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2.3.1.3 Operational Modes

The STM can be operated in a number of modes. The most common mode for operating the STM is the
constant current mode [93] (s.302). Here the current is kept constant, while the distance between the tip
and the sample is varied to keep a fixed current value. A feedback loop is used to adjust the height of
the probe to maintain a constant tunneling current [91] (p. 8). This mode usually gives quite accurate
topographical images [89] (p. 168). The other imaging mode in STM is the constant height mode. In
this mode the tip scans at a constant height above the surface, while the current varies due to changes in
density of states. It allows for scanning at higher rates and is used to study dynamic processes. A
requirement when working in the constant height mode is to use atomically flat surfaces, since a step
edge will cause tip-sample distance to increase by several A. Also, the chance of crushing the tip is fairly
high, so precautions have to be taken [93] (p. 303). Intermediate speed for STM is typically 10 frame/s
with a pixel resolution of 100 x 100, while high-speed STM has a rate of 10 frame/s with a resolution
of 256 x 256 pixels [94]. To capture dynamic processes on STM, video-rate scanning can be performed,

where the scanning rate must be a minimum of 25 frames/s for 256 x 256 pixels.

The spectroscopic mode can be used to measure electronic structure, and is also known as scanning
tunneling spectroscopy (STS) [77] (p. 67). The STM image depend not only on the topography, but also
on the bias voltage applied. One can measure current | versus voltage U simultaneously as the position
on the surface to get images of the local density of states. The fourth mode is manipulation mode. In
this mode, atoms on the surface can be removed or relocated. In vertical manipulation, the adatom is
attached to the tip and pulled up from the surface, and then moved to another location through voltage
pulses. When performing lateral manipulation, the adatom stays on the surface while being moved by
the tip. [89] (p. 168-169).

2.3.1.4 Image Interpretation

Some obstacles can complicate the interpretation of STM images. Firstly, it is important to ensure that
the instrument is calibrated with respect to the length scale in both x-y and in z-direction. For calibration
in x-y direction, highly oriented pyrolytic graphite (HOPG) or order grids can be used. Calibration in z-
direction is slightly more challenging, and one of the preferred technique is to use single atomic stepped
gold samples, but also HOPG can be used here [88] (p. 47). STM images show the surface topography,
but since it is the density state that is probed, the images may be altered by the bias voltage. An example
of this is the effect of changing the sign of the bias voltage. An adsorbed oxygen atom on n-type GaAs
(111) may look like a protrusion or depression depending on the sign as shown in Figure 2.8 a)-b) [95].

Possible formation of Moiré patterns should be taken into account when studying surfaces with a film
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on the substrate with different structure or orientation. A Moiré pattern is formed when two periodic

structures are superimposed, creating a third pattern, shown in Figure 2.8 c).

Figure 2.8: STM image of oxygen vacancy on GaAs obtained at sample voltage of: a) -2.6 eV b) 1.5 eV. Image

from [95]. ¢) STM image of oxidized Pt/ Rh(111) displaying a moiré pattern due to formation of ultra-thin surface

oxide.

2.3.1.5 Scanning Tunneling Microscopy Operating at Ambient Conditions and Beyond

Both the pressure gap and the temperature gap described in section 1.1 indicate that there is a significant
discrepancy between how catalytic surfaces behave in UHV or at low pressures, compared to their
behavior under industrial conditions. A simple interpolation of results obtained at UHV is not sufficient
to get an accurate understanding of their properties. To overcome this problem development of surface
characterization techniques operating at ambient conditions and above, have gained much attention in
the recent years [1, 3]. Pushing the limits of the conditions in which the STM can operate allows us to
reveal new characteristics of the surfaces in more realistic conditions. Design of the instruments have
grown into two different directions, STM operating at high temperatures (HT-STM), and STM operating
at high pressures (HP-STM).

In principal, there are no issues with performing STM at high temperature or pressure conditions. Since
the tip-sample distance is only a few A, the vacuum gap between the two components remain even at
higher pressures. Still, STM working at either high pressures or high temperature present challenges
when it comes to obtain images of sufficient resolution. In addition, due to instrumental limitations it is
not possible to perform measurements with simultaneous high pressure and high temperature. The

Kalrez O-ring used to seal the high pressure cell does not have sufficient thermal resistance.

The main challenge when performing HT-STM measurements is thermal drift induced by contraction
and expansion of materials. Due to the macroscopic size of the elements in the STM, just a small
temperature variation will cause significant thermal drift on microscopic scale. This issue can be

overcome by using materials with low expansion coefficients. Some STMs have been designed to
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compensate for thermal drift, allowing for temperature change from 300 to 1200 K without requiring
mechanical adjustments of tip [96, 97]. Upon studying graphene growth at 1200 K, a spatial resolution
of 1 nm was achieved [97]. In addition, the piezo tube need to be below the Curie temperature to preserve
its piezo electric properties. This is achieved by mounting a radiation shield around the piezo tube [96,
98].

There are mainly two types of designs for HP-STM. The first design was developed by Mclintyre and
coworkers at Lawrence Berkeley Laboratory in 1992 [99]. It used a reaction cell with a volume of 2 L
with a quadrupole mass spectrometer (QMS) used to analyze the gases coming from the cell for
operando measurements. Other designs based on this were developed, all having the microscope inside
the high pressure reactor [100-102]. However, a large reactor volume allows for gas to easily absorb
onto and react with the reactor walls, as well as other components in the instrument. In addition, the
small surface area of sample to rector volume ratio is not optimal for operando measurements due to
very low conversion rates, creating a long response time [1] (p. 6). Further loss of resolution can occur
upon heating due to heat transport via the gas phase, which form convection flows where there are large

temperature differences between the sample and the piezo tube [1] (p. 7).

These obstacles were taken into account when developing the Reactor STM in Leiden in 1998 [103],
[1] (p. 6). The Reactor STM combine a STM instrument and a small flow reactor with a volume of only
0.5 mL place in a UHV chamber [104], and can be operated from RT to 600 K, and from UHV up to 6
bar, which makes it state of the art. Only the tip and its holder is located in the high pressure cell, as
seen in Figure 2.9. This allows for study of reaction rate while simultaneously observing the structural
changes in the STM images. The response time of 10 s or less make operando measurements possible
by analyzing the composition of gases leaving the cell with QMS or gas chromatography (GC). The
reactor is confined between the sample and the STM scanner, and sealed off with two Kalrez O-rings.
It has two gas channels; one for inlet connected to a gas system to control flow, mixing and pressure,
and one for outlet connected to a backpressure controller and a QMS. Heating of the sample is done
from the upper side. In addition, inert materials are used to avoid reaction of gases with instrumental
parts. These specifications meet the requirements to obtain atomic resolution of catalytic surfaces at
pressures of 1 bar and above, and at high temperatures of at least 400 K. The instrument used at UiO in
this MSc thesis is based on the design of the Reactor STM in Leiden.

31



sample ——
o-ring

gas channels
STM tip

o-ring

STM scanner

Figure 2.9: Reactor cell showing the small gas volume that is exposed to the sample, tip and tip holder. Also shown

are O-rings used to seal of the gas environment and gas inlet and outlet channels. Illustration from [104].

In addition, samples should be clean well-defined model catalysts. To ensure no exposure to air to
sample when transferring it from preparation stage to STM imaging, a UHV preparation chamber is
situated next to the STM chamber with easy transfer by a manipulator arm. Also, the sample preparation
chamber is combined with LEED and Auger electron spectroscopy (AES) for surface characterization,
and a separate chamber is dedicated to XPS, all of which require an UHV environment. A schematic
illustration of UHV systems with the three chambers is shown in Figure 2.10.

Figure 2.10: Schematic illustration of the Reactor STM showing the UHV chambers with preparation chamber
combined with LEED and AES on the left side, and the STM chamber to the right. Image from [105].

2.3.2 X-Ray Photoelectron Spectroscopy
2.3.2.1 Principles

X-ray photoelectron spectroscopy is a characterization technique used for chemical analysis of surfaces.

Most of the pioneering research done on XPS was performed by the Swedish Siegbahn group in the
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years following World War I1, and a comprehensive study of the technique was published in 1967 [106].
XPS is based on the photoelectric effect, which was first explained by Einstein in 1905 [107]. When a
photon of energy Av hits a material, electrons will absorb the photon energy and be excited and emitted
from the material with a kinetic energy Ex. These electrons are referred to as photoelectrons [89] p. 221,
and a schematic illustration of the process can be seen in Figure 2.11.

PHOTOELECTRON
Ex
VACUUM
¢
FERMI
2p Es
2s hv
1s K\F'

Figure 2.11: Schematic illustration of emission process of a photoelectron. The incoming X-ray hit an electron
from the 1s shell, which emitted out as a photoelectron. The photoelectron is denoted 1s. Illustration based on
figure from [89] (p. 222).

For the photoelectrons to be emitted, the energy of the photons must be above a certain value referred
to as the work function (¢), which is the minimum energy required to remove an electron from the Fermi
level out to vacuum. In addition, the photoelectrons will have a specific binding energy Egs, measured
from its shell to the Fermi level, which can be calculated from the kinetic energy value by equation 2.2
[89] p. 221:

EB:hV-EK—¢ 2.2

The characteristic binding energies make up the XPS spectra and are used for analysis of elements,
chemical and electronic properties of the sample. A process that may occur after photoelectron emission
is the formation of Auger electrons, which will also form peaks in the XPS spectra. As an X-ray hits an
electron in a low lying shell and excites it, a second electron from a higher lying shell will relax down
to the empty shell. But since the energy in the lower lying shells is higher, energy compensation has to
be made, and a third electron from a high lying shell will be excited and emitted out. This third electron
being sent out in order for the second electron to be allowed into the high energy state, is the Auger

electron, and the process can be seen in Figure 2.12 [89] (p. 222).
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AUGER ELECTRON

Figure 2.12: Schematic illustration of Auger emission process. In scheme 1 an electron from L; shell is excited
out from the photon, and in scheme 2 an L3 electron relaxes down, and an Auger electron from M shell is emitted
out to compensate for energy difference. The Auger electron is denoted LiL,3M. Illustration based on figure from
[89] (p. 192).

The strength of XPS in regards to surface science is the high surface sensitivity. Only electrons from the
very upper part of the sample, from 10 nm and below, escape the surface since electrons scatter very
strongly in matter [89] (p. 221) [1] (p. 33). In addition, the escape depth of the photoelectrons can be
tuned by adjusting the energy of the incident X-rays. Since higher photon energy results in higher Kinetic
energy for electrons (equation 2.2), deeper or shallower surface layers can be probed by employing
higher or lower photon energy. Importantly, with increasing kinetic energy the electron scattering cross

section decreases [1] (p. 33).

2.3.2.2 Instrumentation

The conventional instrument used for XPS analysis is called an electron spectrometer, and can combine
both XPS and AES analysis in a single chamber. An overview of the instrument can be seen in Figure
2.13. To prevent electrons from scattering with gaseous species on their path to the detector there is a
requirement for a UHV environment in the range 102 - 10"2° mbar [89] (p. 225). This is important since
high levels of gaseous species results in decrease of signal intensity and increase of background noise.
UHYV environment is also important to avoid gas molecules from absorbing onto the sample surface,
which is especially troublesome when performing surface chemical analysis. To ensure UHV, different
types of pumps are used, such as diffusion pumps, sputter ion pumps, and turbo molecular pumps. In
addition baking of the instrument to high temperature is necessary to ensure removal of internal gas
molecules [89] (p. 225-227).
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Figure 2.13: Schematic illustration showing electron spectrometer for both XPS and AES analysis. An X-ray
source sends photons towards sample surface, where photo- and auger electrons are ejected. Electrons are focused
by lenses before they enter the hemispherical energy analyzer which separated based on energy. Finally they are

detected by the electron detector. Illustration based on figure from [108] (p. 100).

The sample is placed on a sample stage inside the analysis chamber. The X-ray tube is also directed into
the analysis chamber. The X-ray tube is an important element of the spectrometer, where the X-rays are
produced by high-energy electrons hitting a metal anode, which typically is made out of Al or Mg. One
can find both monochromatic, where the continuous X-rays are filtered out and only photons with fixed
energy are used, as well as nonmonochromatic sources, where both characteristic lines and continuous
background is included. However, monochromatic X-ray sources provide spectrums with less
background noise. [89] (p. 227-229).

In order to focus the electrons coming of the surface sample and into the electron energy analyzer, a set
of electrostatic collection lenses are placed right after the specimen stage. To analyze the energy of the
incoming electrons, an electron energy analyzer consisting of two concentric hemispheres is used. The
hemispheres are biased, which allows only electron with a certain kinetic energy, referred to as “pass
energy”, to reach the electron detector [1] (p. 32). The electron detector is located at the end of the
hemispherical electron energy analyzer, and is typically a phosphor screen with camera or an electron
multiplier. [1] (p. 32).
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2.3.2.3 Analysis of X-ray Photoelectron Spectra

As with other spectroscopic techniques, an XPS spectra provides average information, not area specific.
Still, XPS is a surface sensitive technique, so the electrons reaching the detector are from the top part of
the sample (ca. 10 nm). By detecting the energy of the electrons, a spectra is formed. An example of an
XP (X-ray photoelectron) spectra is given in Figure 2.14, which is expressed by photoelectron intensity
versus binding energy (Es). There are mainly three peak types that make up the XP spectra;
photoelectrons from core-levels and photoelectrons from valence-levels, both labelled with the
corresponding orbital they originate from, and Auger electrons emitted by X-rays which are labelled
with letters from the shells involved in the Auger process. Another feature of the XPS spectra is the
background with its step-like shape that increases with binding energy. It usually arises from inelastic

scattering of photoelectrons, as well as from excitation of electrons caused by the continuous X-rays.

Intensity

320 3‘;6 3‘;2 308 304
Binding energy (eV)

Figure 2.14: Example of fitted XPS spectra from Rh on Pt(111). Spectra show photoelectron peaks from Rh 3d
and Pt 4d orbitals.

In addition, spectral features like shake-up satellites, multiplet splitting and plasmon loss can be
observed. Shake-up satellites arise when a photoelectron interact with a valence, which results in a small
loss of kinetic energy for the photoelectron and creates a small satellite peak close to the core-level peak.
Multiplet splitting may be seen in the core-level peaks when the compound has unpaired electron in the
valence-level. Plasmon loss peaks results from the kinetic energy loss of photoelectrons due to excitation
of phonons. They typically complicate the spectrum rather than providing useful information. [89] (p.
231-233)

2.3.2.3.1 Qualitative information
XPS is used for chemical analysis of surfaces, and can reveal elemental composition, as well as chemical

and electronic properties of the sample by identifying the peaks. Peak position can also be affected by

36



instrumental factors, and the binding energy needs to be calibrated before use. It should also be noted
that peak identification can be difficult in XPS due to presence of Auger peaks. Peaks from the core-
level electrons are used for elemental analysis by looking at the peak position and the corresponding
binding energy.

The peak position of an element is sensitive to its chemical environment, which will cause small peak
shifts referred to as chemical shifts. Chemical shifts are used to determine the chemical and electronic
structure, and the valence-level electrons with low binding energy are used for this. Oxidation state of
an element can be determined with chemical shifts. Higher oxidation state of an element results in a
shift to higher binding energies for the electron, hence a shift in the peak. This is because oxidation
involves removal of valence electrons, so the remaining electrons feel a stronger Coulombic interaction
with the nucleus, and thus have a higher binding energy. This information is very useful upon inspection
of possible oxidation of an element. An example is the oxidation of Rh, where formation of a RhO;
surface oxide results in a component shifted to +0.75 eV relative to the bulk species, and a component
at +1.04 eV corresponds to Rh,O3 bulk oxide [69]. Shifts can also cause peak overlap, which then need

to be resolve when doing data analysis.

A challenge with XPS is that investigating insulating materials, a positive charge build-up will occur on
the surface. This causes a change in surface potential, which will affect the peak position. To overcome
this issue, an electron flood gun is used. Mapping of elements can be done by using a monochromatic
X-ray gun to scan over the sample area, and images are formed. In addition, depth profiling is possible

by sputtering layer by layer with an ion gun. [89] (p. 235-243, 247).

2.3.2.3.2 Quantitative information

XPS can also provide quantitative information about the sample. By using the peak area and peak width,
the relative concentrations of different species can be determined. The expected accuracy is between 5-
10 %, but larger errors may occur due to e.g. inaccurate background subtraction and large variations in
concentration in the sample area analyzed [109]. The relative intensity of a photoelectron peak can be

expressed through equation 2.3 [89] (p. 246):

1/S; 23

Where X; is the atomic fraction of element i, |; is the peak area of element i, S; is the sensitivity factor
of element i, and the denominator is the sum of all contributions. The sensitivity factor is element
specific and can be determined experimentally. It also varies with instrument and sample surface, so

usually the sensitivity factor is measured for a standard sample in a specific instrument. [89] (p. 246).
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2.3.2.4 Ambient Pressure X-ray Photoelectron Spectroscopy

In order to perform experiments under more realistic conditions, development of the first ambient
pressure XPS (AP-XPS) was initiated by the Siegbahn group in 1973, who also developed the first XPS
[110]. They obtained spectra under liquid and gaseous environments, and developed the differential
pumping system. However, due to low count rate and poor signal-to-noise ratio, these early developed
AP-XPS instruments were not widely used [3]. Development of a new AP-XPS with improved design
was initiated in 2002 at Lawrence Berkeley National Library, and the use of high-flux synchrotron
radiation as X-ray source and a differential-pumped electrostatic lens system was implemented [3] (p.
200).

In recent years, AP-XPS has become a well-established technique world-wide. AP-XPS endstation have
been installed at most of the major synchrotron light source facilities [3], and as of 2019 around 30
synchrotrons and laboratory based instruments were in operation [111]. These include installations like
ALS (USA), Soleil (France), Alba (Spain), Bessy (Germany), MAX-IV (Sweden) and Photon Factory
(Japan). This is also reflected in the large increase of AP-XPS publications in recent years [14]. In this
MSc thesis the HIPPIE beamline at MAX-1V was used in the AP-XPS experiments.

The main motivation for developing XPS operating at higher pressures, is to close the pressure gap in
materials research. Most of the research done in surface science has been done in a UHV environment,
and results are often extrapolated and compared to results of in-situ UHV measurements and ex-situ
measurements at higher pressures [3] (p. 198). The reality, however, can be very different from the
extrapolated results, and there is a need for in-situ measurements at elevated pressures to get a more

correct understanding of reactions happening at ambient pressures.

As mentioned above, there are challenges to overcome when introducing a gaseous environment inside
the analysis chamber. Firstly, photoelectron scatter strongly with gas molecules, which reduces the
inelastic mean free path (IMFP) of the photoelectrons and hinders them from reaching the detector. The
IMFP is as short as 1 mm in 1.3 mbar of water vapor, while the electron path in the instrument is the
order of a meter [1] (p. 33). Another obstacle to overcome is discharging through the gas with high
voltage differences, as in the electrostatic lens system. This issue can be overcome by proper lens system

design and sufficient pumping [1] (p. 33).

As previously mentioned, the modern AP-XPS systems developed use a differential-pumped
electrostatic lens system in order to capture and focus the electron as quickly as possible, while
simultaneously pumping out the gas to avoid scattering events. In addition, the chamber consists of a

high pressure sample cell and the electron analyzer. The differential-pumping stages are separated by

38



millimeter sized apertures to minimize the gas flow, but allow electrons to pass through [1] (p. 35). The
improvements that have been achieved so far allow for experiments to be carried out at maximum
pressure of 13 mbar [1] (p. 34). Simultaneous detection of gas evolution with a MS allows for operando
measurements. By following changes in chemical state of components, and measured gas formed in MS,
catalytic processes can be monitored and understood while they are happening. Specifics of MS can be
found in section 2.3.4. A schematic of the AP-XPS system at Photon Factory with differential pumping

can be seen in Figure 2.15.
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Figure 2.15: Schematic of analysis chamber of XPS at Photon Factory with X-ray gun, high pressure sample

chamber, differential pumping system and electron energy analyzer. Image from [3].

2.3.3 Low-energy Electron Diffraction

2.3.3.1 Principles

In 1927, Davisson and Germer were the first to display a diffraction pattern upon firing low energy
electrons towards a nickel crystal [112]. This finding along with other similar experiments, provided a
direct observation the wave-like nature of electron. The relation between wavelength and momentum
was first formulated by de Broglie in 1924, and is shown in equation 2.4. Due to the wave-like nature

of electrons they can be used as probes to study crystal structures.

h 2.4

LEED was then developed further by Germer at Bell Telephone Laboratories in the USA [113]. The
concept of LEED is similar to that of X-ray diffraction, but the scattered electrons only arise from the
topmost atomic layers. The diffraction process can be understood by assuming an electron wave with

wave vector Ko scattering with a two-dimensional array of scattering sites, defined by lattice vectors a,
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b (a, b, ¢ for three-dimensional lattice). The interaction between the electron wave and the two-
dimensional lattice is simplified by considering the reciprocal lattice with lattice vectors a*, b*, c*. For
constructive interference of the scattered waves to occur, the change in wave vector of the electron upon

diffraction must coincide with the reciprocal lattice vector g as seen in equation 2.5:

(k- ko) =g =ha* +Kkb*+Ic* (h k[ =0, 1,2, ... 2.5

The amplitude of the wave vector does not change due to elastic scattering process, only the direction,
so k' = ko. The criterion for constructive interference can be illustrated by using the Ewald sphere, which
is a sphere with a radius 2mA-1 = kO constructed in the reciprocal lattice Since we are considering a two-
dimensional lattice, this means ¢ approaches infinity and c* approaches zero, the reciprocal lattice
consists of a series of rods in a two-dimensional array, as seen in Figure 2.16. If the reciprocal lattice
rods intersects with the Ewald sphere, the diffraction condition (k’- ko) = g is fulfilled and a diffraction
beam is observed. The detector screen where we see the diffraction pattern in LEED represents the
Ewald sphere. Since the scattered electron do not strictly come from one atomic layer, a combination of
a two- and three-dimensional effect is present. So for any wave number of the electron wave, the rods
are present, but their intensity will vary periodically [76] (p. 8-9).

INCIDENT BEAM
DIFFRACTED BEAM

| | | T ' | | \ |~ b*
a*

Figure 2.16: Schematic illustration of Ewald sphere showing reciprocal lattice in two-dimensions. The incident
beam scatter at origin, and constructive interference occur since diffraction condition of (ko-k’) = g is met.

INlustration based on figure from [76] (p. 10).

What distinguishes LEED from other diffraction techniques is the use of electrons in the low energy
regime for structural characterization. The energy of the electrons is in the order of 20-500 eV, resulting
in a de Broglie wavelength of 0.05-0.3nm [114]. This is in the interatomic spacing regime, which then

satisfies the diffraction condition. Since the penetration depth of the low energy electrons used in LEED
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is around 0.5 to 2 nm, compared to X-rays on the order of 10°nm [76] (p. 6), only electron coming from
the topmost atomic layers will escape the sample surface and give rise to the diffraction pattern [113].
This is what makes LEED an excellent tool for surface crystallography.

2.3.3.2 Instrumentation

Since low-energy electrons interact strongly with matter, it is necessary to have a UHV environment,
and a maximum pressure of 1x10” mbar is required. The main components of the LEED apparatus are
an electron gun, a specimen manipulator and a detector screen with grids, as shown in Figure 2.17 a).
Electrons are generated from a heated W filament cathode and accelerated to an anode, which has a
positive potential relative to the cathode. The electron beam is perpendicular to the sample surface, and
the electrons are diffracted with an angle depending on energy of the beam and the interatomic distance
in the material. There are several grids located in front of the hemispherical detector screen. The first
grid is grounded to capture backscattered electrons, while the second and third grids are biased to deflect
inelastically scattered electrons. The fourth grid is also grounded, and is used to shield the screen from
the field, since the screen is biased to high voltages to reaccelerate the elastically scattered electrons
[114]. Elastically scattered electrons are detected on the fluorescent screen where the diffraction pattern
can be observed, similar to what is shown in Figure 2.17 b).

a) | ELECTRON
GUN

DETECTOR
SCREEN
—— GRIDS
SAMPLE

Vv

Figure 2.17: a) Instrumentation of LEED with main components: electron gun, sample holder, grids and detector
screen. Illustration based on figure from [114]. b) Example of LEED diffraction pattern of 0.65 ML Pt/Rh(111)

obtained on detector screen at an energy of 197.7 eV.
2.3.3.3 Analysis
From the diffraction pattern, the crystal structure of the sample surface can be determined from spot

position. Information about size, symmetry and atomic positions can be extracted, as well as unit cell
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dimensions of absorbates with respect to the substrate unit cell. Construction of so-called I-E spectra
can be used to analyze the structure, where the spot intensity is plotted against the incident electron
beam energy [114]. Experimental curves can then be compared to theoretical curves to determine if the

structure is close to what is expected.

2.3.4 Mass Spectrometry

Mass spectrometry is used to determine the weight of a molecule and molecular fragments. By breaking
apart the molecules and measuring the weight of the constituents, some structural information can be
obtained as well [115] (p. 424-425). The spectrometer consists of three units: an ionization source, a
mass analyzer and a detector, as seen by Figure 2.18. The sample to be investigated is vaporized and
sent through the ionization source to ionize the sample gas molecules. This is done by bombarding them
with high-energy electrons. During this process, some of the ionized molecules can fragment into
smaller pieces. If these retain a charge, they will be detected. If they are neutralized however, they will
be not go through the mass analyzer. The ionized molecules then move through a strong magnetic field
that is curved. Depending on their mass-to-charge (m/z) ratio their trajectories will-bend to a certain
angle and be detected separately. Since most molecules have charge +1, the value of (m/z) often means
simply the mass [115] (p. 425).
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Figure 2.18. Schematic illustration of a mass spectrometer showing the ion source ionizing the molecules, which

are then curved by a magnetic field in the mass analyzer, and then detected. Illustration based on figure from [116].

In the mass spectrum, the intensity or relative abundance (m/z) is plotted against the mass-to-charge
ratio (m/z). The most intense peak in the spectrum is referred to as the base peak, while the peak of the
unfragmented ionized molecule is called the parent peak [115] (p. 426). MS is used in combination with
both STM and XPS to conduct operando measurements, and measure the gas product formed during a

reaction.
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3 Experimental

The experimental work described in this MSc thesis was performed using two different instrumental
set-ups. STM imaging and LEED were performed in a commercial Reactor STM at the University of
Oslo [117]. NAP-XPS was performed at the HIPPIE endstation at MAX-IV, Lund [118].

3.1 Sample preparation

3.1.1 Rh(111) and Pt/Rh(111) Sample Preparation and Oxidation in Reactor STM

For the STM imaging and LEED, a single crystal of Rh cut in the (111) direction with a base diameter
of 10 mm and height of 2 mm produced by Surface Preparation Laboratory (SPL, NL) was used. Sample
preparation was performed in the preparation chamber of the Reactor STM with a base pressure of 1 x
10-° mbar. Since the Rh(111) single crystal came directly from producer when this MSc work started,
repetitive cycles of sputtering and annealing was performed before the first imaging. Another fifteen
cycles were performed before evaporation of Pt. Sputtering was performed using a SPECS IQE 11/35
ion source. Ar* (5.0, Westfalen) sputtering was performed at 1.5 kV for 15 min, at a pressure of 1.6 -
1.8 x 10°mbar and a sample current of ~5pA. Subsequent annealing was performed in UHV at 1100 —
1130 K for 10 min. Every third cleaning cycle included oxidation in 1 x 10-" mbar O, (5.0, Westfalen)
at 923 K for 5 min followed by UHV annealing for 10 min. Prevac HEAT-PS3 power supply was used
to control sample heating, either in automatic or manual mode. Temperatures of 800 K and lower were
reached with radiative heating, and higher temperatures were reached using combined radiative and e-
beam mode. To ensure reproducible readout of sample temperature, a K-type thermocouple was used in
combination with a Micro-Epsilon TIM 1M IR thermal imaging camera. Emissivity value of 0.43 was
used for the polished Rh surface. Figure 3.1 a) show the Rh(111) single crystal during annealing.
Cleanness of surface was verified by means of LEED (Figure 3.1 b)) and STM (atomic resolution was

achieved, Figure 3.1 ¢)).

Figure 3.1: a) Visible camera image showing the Rh(111) single crystal during annealing. The crystal is mounted

on the sample holder and heated with a combination of radiative and e-beam heating. b) LEED of Rh(111) at
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250eV after repetitive cycles of cleaning. c) STM image taken at a sample bias of -0.05 V and tunneling current

of approximately 1 nA, showing clean Rh(111) after repetitive cycles of cleaning with atomic resolution.

Between experiments, the crystal was cleaned in three cycles, including oxidation during the second
cycle. After deposition of larger amounts of Pt on Rh(111) sputtering was kept for longer than 15 min,
with a sample current between 6 - 8 pA. Deposition of Pt (Goodfellow 99.95%) on Rh(111) was
performed in UHV using a SPECS four pocket electron beam evaporator EBE-4. The EBE-4 was
operated at a high voltage of 1.5 kV, a flux of 12 nA or 20 nA, resulting in a rate of approximately 0.04
ML/min. Deposition was performed at sample temperatures in the range 300 - 700 K for 5 - 100 min,
with heating performed in radiative mode. Subsequent PA was performed at 600 — 700 K for 5 — 10 min.
Oxidation was performed by exposing to surfaces to 1 x 10-2 mbar of O, for 20 min while keeping the
temperature at 700 K. To avoid contaminations from the hot cathode filaments used in the vacuum
gauges, they were shut off during oxidation and the pressure was monitored with the full range magnet

gauge. An overview of experiments performed and presented in Chapter 4 are shown in Table 3.1.

Table 3.1: Summary of sample preparation conditions and STM measurements. Thick horizontal line separates
metallic as-prepared (AP) and PA surfaces (above the line), and oxidized surface (below the line). A star (*)
indicate that the experiment was repeated more than once. Below the line STM images were taken for almost all

AP, PA and oxidized surfaces, where two stars (**) indicate that PA surface was not imaged.

Sample Evap. Evap. | Evap. | PA PA Oxygen Oxidation | Oxidation
Temp., | Time, | Flux, | Temp., Time, Pressure, | Temp., K | Time, min
K min nA K min mbar
Pt/Rh(111) | 335 5 12 700 5 - - -
Pt/Rh(111) | 385 5 12 - - - ; -
Pt/Rh(111) | 400 (*) |5 12 600 5 - - -
Pt/Rh(111) | 425(*) |5 12 600 5 - - -
Pt/Rh(111) | 450 5 12 600 5 - - -
Pt/Rh(111) | 475 5 12 - - - - -
Pt/Rh(111) | 500 5 12 600 5 - - -
Pt/Rh(111) | 600 5 12 600 + 5+5 - - -
650
Pt/Rh(111) | 425 30 12 600 5 - - -
Rh(111) - - - - - 1x103 | 700 20
PYRNh(111) | 425 5 12 700 (**) |10 1x 103 | 700 20
PYRNh(111) | 425 125 |12 700 (**) |10 1x 103 | 700 20
Pt/Rh(111) | 425 25 12 700 10 1x 108 700 20
Pt/Rh(111) | 425 80 12 700 20 1x 108 700 20
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Pt/Rh(111) | 475 5 12 - - 1000 300-485 | In-situ

Rh(111) | (¥ - - - - 1000 300-470 | In-situw/

heat tracing

3.1.2 Pt(111) and Rh/Pt(111) Sample Preparation for NAP-XPS

For NAP-XPS measurements, a Pt(111) single crystal (SPL) with a diameter of 10 mm was used. Sample
preparation was performed in the preparation chamber of the HIPPIE endstation at MAX-1V. The crystal
was cleaned in repetitive cycles of Ar* sputtering at an energy of 1 kV for 10 min followed by annealing
at 1150 K, both in O, (5 x 10" mbar for 2 min) and in UHV (5 min). Crystal quality in terms of cleanness
was verified by XPS. Rhodium (99.9%, Goodfellow) was subsequently deposited onto the Pt(111) single
crystal using the e-beam evaporator. The depositions were done at 360 K in UHV at a pressure less than
2 x 10-° mbar, using a flux of 0.08 ML/min for 4-15 min. Subsequent PA was performed for all surfaces.
Duration of PA was inversely proportional to temperature used, but in the range 5-20 min for 600-770
K, respectively.

3.2 Characterization

3.2.1 Scanning Tunneling Microscopy

Analysis by means of STM was performed to study the morphology of nanostructured Pt/Rh(111)
surfaces. All STM images were taken in the Reactor STM system at the University of Oslo, based on
the design of the Reactor STM built at Leiden University [104]. All UHV measurements were conducted
at RT, with a base pressure of 1 x 10-° mbar. To avoid mechanic noise interference turbomolecular
pumps were disabled prior measurements, and the instrument was pumped with ion pumps only. STM
was conducted with manually cut Ptsoltzo 0.25 mm diameter tips (Goodfellow). The CAMERA 4.3
software package was used for data recording. Images were recorded in constant current mode, with a
sample bias between -0.05 and -0.5 V for metallic surfaces, and -1.0 V for oxidized ones. The tunneling
current was typically 0.1 — 0.2 nA for large scale images, while 1 nA was used to obtain atomic
resolution. For in-situ measurements, a flow reactor of 0.5 mL sealed with a Kalrez ring was used. The
measurements were performed at a total pressure of 1 bar of Ar and/or O, (6.0 Praxair, now Nippon

gases), and temperatures from 300-485 K.
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Figure 3.2: a) Image of the Reactor STM instrument at the University of Oslo. The machine is suspended on

floating legs. The left chamber is the preparation chamber where cleaning, deposition and, LEED was performed.
To the left the manipulator is used for moving samples between library, preparation chamber, and STM chamber.
To the right is the STM chamber where scanning was performed. The gas cabinet with bottles is partially visible
on the right side of the image. b) Image of STM stage without the sample. The tip is located in the middle of the
circle on the bottom, and the sample is mounted above. Kalrez rings used for high pressure in-situ measurements

are stored in the carousel at the top.

3.2.2 Low-Energy Electron Diffraction

To check the cleanness, crystallinity and structure of the surfaces, LEED was performed using an
ErLEED from SPECS. The cathode current was set to 2.3 A and the fluorescent screen to 5000 V. Using
a remote controller the energy of the electron beam was tuned between 0 and 400 eV. LEED pattern at

various energy values were taken using a phone camera.

3.2.3 Near-Ambient Pressure X-ray Photoelectron Spectroscopy

All NAP-XPS experiments were carried out at the HIPPIE endstation of MAX-1V, Lund using an
ambient pressure cell (Lund design) capable of operation up to 30 mbar. During the in-situ
measurements at 1 mbar O; (5.0, Linde), the sample surface was heated to 600 K using laser. Spectra
were recorded with a beamline monochromator exit slit of 60 um. For O1s, pass energy of 100 eV was
used, while for Rh 3d Pt 4d 50 eV was used, and 20 eV for Pt 4f. More surface sensitive measurement
was performed at electron kinetic energy of 200 — 300 eV, and more bulk sensitive measurement at 500
— 600 eV. The Fermi level was used to calibrate the binding energy for all spectra, and was measured at

the same photon energy.
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Figure 3.3: Image of the HIPPIE endstation at MAX-1V. Preparation chamber is located to the left, and XPS
chamber is located to the right [119].

3.3 Data Analysis
3.3.1 Gwyddion

Analysis of STM images was performed in Gwyddion 2.55, a software for scanning probe microscopy
(SPM) data analysis [120]. For calculations of coverages and island size distributions, the steps shown
in Figure 3.4 were followed. Images were corrected for horizontal scars, polynomial background was
removed and row alignment was performed. In addition, to facilitate automatic island detection, the
image was cut in such a way that only islands residing on the same terrace were within the frame. Grains
were marked by height threshold, and from the distribution of grains the projected area was extracted.
The sum of projected area divided by the total area of the frame corresponded to the coverage, and the
distribution of island sizes could also be extracted from this data. For each experiment the coverage and

island size distribution were calculated for several frames, and an average is reported.
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Figure 3.4: Screenshot of Gwyddion program used for calculation of coverage and island size distributions. Image

299.1 nen, 94.1 nm): -82.4 pm = -8.239¢-011 m (0.1 nm, 872 nm): 67 p = 6663012 m 54 nm, 1244 n: -353 pm = -3.528e-011 m

1. show initial frame where green rectangle correspond to area seen in image 2. Tools with green circles are used
to remove scars, background and align rows before image is cut. All islands in image 2. are located on the same

terraces. Then tools marked with an orange circle are used to obtain masked image in 3.

3.3.2 WSxM
For analysis of height profiles, and to export the STM images for the thesis, the SPM analysis software
WSxM 5.0 was used [121].

3.3.3 WinSpec

Fitting of XPS spectrums was done in the least square curve-fitting program WinSpec 2.09, developed
at the LISE laboratory at the University of Namur, Belgium. Shirley background was subtracted from
all spectrums. Pt 4d and O 1s core levels were deconvoluted with mixed singlet peak shape, which is a
mix of Gaussian and Lorentzian functions. Deconvolution of Rh 3d and Pt 4f core levels were done with
asymmetric peak shape, which is similar to a Doniach-Sunjich line shape. The values for peak width
and mixing ratio were kept relatively constant. Error in peak position was estimated to be approximately
+0.1eV.
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4 Results

4.1 Low coverage Pt/Rh(111) surfaces

In this section we present the results from the preparation of various Pt/Rh(111) surfaces, whereof Pt
was deposited by e-beam evaporation at a rate of 0.04 ML/min on a clean Rh single crystal cut in the
(111) direction. The as-prepared surfaces had a coverage in the range 0.1 — 0.2 ML. Included to the
experiments is an evaluation of the reproducibility in the preparation of a specific nanostructured
Pt/Rh(111) surface. The results are summarized in a “synthesis strategy roadmap” describing how to

prepare well-defined Pt-Rh nanostructured surfaces.

In order to get a full overview how Rh(111) substrate temperature induces morphological transitions
occurring as a result of different surface mobility, deposition was done with step-wise increment in
temperature starting from RT going up to 600 K. Additional post-annealing in the range 600 - 700 K
was performed for most surfaces. Post-annealing was done in order to create new morphologies where
mixing of Rh and Pt and surface alloying was facilitated. This is desirable since ammonia oxidation
catalyst gauzes used in industry utilizes alloyed Pt-Rh [21]. Keeping the post-annealing temperature

constant also allows isolating how initial deposition temperature affects the final surface.

4.1.1 Morphology of Pt/Rh(111) As-Prepared at Room Temperature

Deposition of 0.2 ML Pt on Rh(111) at RT resulted in nucleation and growth of small dendritic islands
on terraces as can be seen in Figure 4.1 a). The height of the islands was 0.23 nm, corresponding to one
atomic layer of Pt on the Rh(111) as can be seen in Figure 4.1 b). This is in contrast to the two and three-
layered islands that Zheng et al. observed for 0.2 ML Rh/Pt(111) at 300 K [37]. The island size
distribution was narrow as Figure 4.1 c) and d) shows, with island diameters ranging from 1 - 6 nm. A
small amount of islands also nucleated along step edges, but there seemed to be no strong preference
for this. This was also reported for Pt/Pt(111) deposited at 205 K [31]. The low deposition temperatures
resulted in reduced mobility for adatoms, causing islands to nucleate where the adatoms first met the

surface.
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Figure 4.1: a) STM image of 0.2 ML Pt/Rh(111) deposited at RT at large scale showing terraces, step edges and
islands. Dotted line corresponds to height profile in b). b) Height profile across step edge and onto islands,
indicating monolayered islands. ¢) STM image at small scale of 0.2 ML Pt/Rh(111) deposited at RT, showing

islands with narrow size distribution. d) Distribution of Pt islands sizes where diameter is plotted against counts.

4.1.2 Morphology of Pt/Rh(111) As-Prepared at 335 K and Post-Annealed to 700 K

Deposition of Pt on Rh(111) was then performed at 335 K. At this temperature the islands formed were
dendritic (Figure 4.2 a)), similar to what was observed for Co/Re(0001) [41] and Au/Ru(0001) [42] at
300 K. By observing the larger islands, is was evident that islands followed three growth directions, and
all islands were pointing in the same direction. Pt nucleated both on terraces, as well as along step edges.
The average island size for Pt/Rh(111) at 335 K was significantly larger than for the islands grown at
RT, and the size range was also broader. Coverage calculations indicate that 0.2 ML of Pt was formed
on Rh(111). The height profile from Figure 4.2 b) shows a Rh step height of ca. 0.23 nm and Pt island

height of slightly below 0.2 nm, corresponding to a bit less than one atomic layer of Pt.

The surface prepared at 335 K was PA to 700 K. Figure 4.2 ¢) shows how all the Pt went sub-surface
and no islands were visible after annealing. This is similar to what is reported for Rh on Pt(111) [37],
where PA to high temperature led to coverage loss and Rh went subsurface at 700 K. The height profile
in Figure 4.2 d) shows a step edge height of ca. 0.21 nm for the Rh(111) surface.
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Figure 4.2: a) STM image showing 0.2 ML Pt/Rh(111) deposited at 335 K with dendritic islands. Dotted line
corresponds to height profile in b). b) Height profile across dendritic island and step edge indicating monoatomic
islands. ¢) STM image of 0.2 ML Pt/Rh(111) deposited at 335 K and PA to 700 K, all islands have gone subsurface.
Dotted line corresponds to height profile in d). d) Height profile across step edge for Pt/Rh(111) showing step

4.1.3 Morphology of Pt/Rh(111) As-Prepared at 385 K

Deposition of Pt on Rh(111) was performed at 385 K. A transition from dendritic to more compact
structures occured at around 385 K. A similar transition has been reported for Pt/Pt(111) [34]. The STM
images in Figure 4.3 a) and b) show uniform nucleation and growth of Pt on Rh(111) on terraces and
along step edges. Most of the islands had no defined shape, nor any clear facets. A few adopted a more
triangular shape, similar to what was observed for Pt/Pt(111) deposited at 400 K [34]. The islands were
smaller and had a narrower size distribution compared to the islands formed at 335 K. As shown by the
island size distribution in Figure 4.3 d), the diameter ranged from approximately 1 - 12 nm, and a total
coverage of 0.2 ML was calculated. As shown by the height profile in Figure 4.3 e), the islands were
monoatomic, indicating a 2D growth mode. In addition, the islands seemed to have a somewhat lamellar
domain structure as presented in Figure 4.3 c), with corresponding height profile in Figure 4.3 f). The
height profile indicates an interlinear distance of around 0.4 nm and a height of around 0.06 £+ 0.02 nm.

51



0.12 4

0.08 4

S
Height (nm)

o

>
Height (nm)

0.04 4

o — 0.00 4

0 2 4 6 8 10 12 14 16 18 0 10 20 30 40 5 60 70 00 05 10 15 20 25
Diameter (nm) Position (nm) Position (nm)

Figure 4.3: STM image 0.2 ML Pt/Rh(111) deposited at 385 K showing a) compact islands and step edges, b)
overview of terraces and step edge, with narrow size distribution of islands, and nucleation along step edge. Dotted
line corresponds to height profile in ). c) Lamellar domain structure inside a Pt island. Dotted line correspond to
height profile in f). d) Distribution of Pt islands sizes showing diameter vs counts. €) Height profile across Pt
islands and step edge. f) Height profile of lamellar domain structure showing a periodicity of ca. 0.4 nm and height
of 0.06+0.02 nm.

4.1.4 Morphology of Pt/Rh(111) As-Prepared at 400 K and Post-Annealed to 600 K

Pt deposited on Rh(111) at 400 K resulted in more compact and faceted islands (Figure 4.4 a). Some of
the islands were somewhat hexagonal, while most islands still had a slightly branched structure. Islands
nucleated and grew both on terraces and along step edges, with monoatomic height, as indicated by
height profile in Figure 4.4 b). This is in contrast to the Rh/Pt(111) system [37], where deposition of Rh
at 400 K vyielded both single- and double-layered islands. Compared to the islands formed at 385 K the
size distribution was broader, with island sizes in the range 2 - 14 nm in diameter (Figure 4.4 c)).
Coverage calculations yielded a coverage of 0.14 ML, which was less than for the lower temperature
surfaces. As observed on the Pt/Rh(111) surface at 385 K, the islands exhibited a lamellar domain
structure as can be seen in Figure 4.4 d), with height profile of the lamellar structure in Figure 4.4 e)
showing a line separation of around 0.4 nm and a height of 0.04 £ 0.02 nm.
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Figure 4.4: a) STM image of 0.14 ML Pt/Rh(111) deposited at 400 K, with overview of terraces, islands and step
edges. Dotted line corresponds to height profile in b). b) Height profile across step edge and island, indicating
monoatomic Pt islands. ¢) Size distribution of Pt islands, diameter is plotted against counts. d) STM image of
lamellar domain structure of Pt/Rh(111) at 400 K. Dotted line corresponds to height profile in e). e) Height profile
of lamellar structure showing a periodicity of ca. 0.4 nm and height of 0.04+0.02 nm.

Post-annealing to 600 K resulted in clear morphological changes. Pt islands became more compact with
hexagon-like shape and were larger compared to the as-prepared sample (Figure 4.5 a)). This is similar
to what was observed for the reverse system of Rh/Pt(111) at 400 K with PA to 700 K [37], where PA
led to a restructuring to a hexagonal island shape. Most of the islands had increased in size, resulting in
a broader size distribution (Figure 4.5 b)) with diameters in the range 2 - 20 nm. The step edges had
gone from being rough to being smoother, due to healing of kinks. The Pt coverage had remained

constant at ca. 0.14 ML, indicating no substantial subsurface diffusion at this temperature.
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Figure 4.5: a) STM image of 0.14 ML Pt/Rh(111) deposited at 400 K with PA to 600 K, showing terraces, islands
and step edges. b) Size distribution of island sizes showing a broader size distribution than for the as-prepared
sample. Diameter is plotted against counts.

4.1.5 Morphology of Pt/Rh(111) As-Prepared at 425 K and Post-Annealed to 600 K
and 700 K

Upon deposition of Pt on Rh(111) at 425 K, the resulting islands were hexagonal with nucleation
occurring both on terraces and along step edges as Figure 4.6 a) shows, with a calculated coverage of
0.19 ML. This is somewhat similar to Rh/Pt(111) at 400 K, where a mix of island morphologies was
obtained, including hexagons. Hexagonal islands was also reported for Pt/Pt(111) [34], but at a
temperature of 455 K. The apparent height of the steps was about 0.23 nm (Figure 4.6 b)). At this
temperature the islands grew in a 2D manner and some of the islands started to coalesce along certain
facets to form larger islands. This was in contrast to Pt on Pt(111) [31] and Rh/Pt(111) [37], where
islands showed a 3D growth mode at 425 K, and the onset for coalescence was reported to be at higher
temperatures [31].

There was a slight variation in island sizes, but they typically ranged from 3 - 25 nm in diameter and
they were overall larger than the islands obtained at 400 K and lower. The size distribution was also
broader as indicated by Figure 4.6 c). Figure 4.6 d) shows how the lamellar domain structure was clearly
seen at this temperature, and it is evident that the domain lines were parallel with the facets of the islands.
Height profile for the lamellar structure is shown in Figure 4.6 e). As with the previous surfaces, the
distance between lines was around 0.4 nm, but the height of lines was lower for this sample compared
to the others, measured to be around 0.02 nm. This experiment was repeated four times, and the surface
presented here was the first to be prepared. They will be compared in section 4.1.10 that elaborates on

reproducibility of surfaces.
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Figure 4.6: a) STM image of 0.19 ML Pt/Rh(111) at 425 K with islands, step edges and terraces. Dotted line
corresponds to height profile in b). b) Height profile across step edge and island indicating monoatomic islands.
c) Size distribution of islands with diameter plotted against counts. Indicates a broader size distribution, as well as
larger islands. d) STM image of lamellar structure inside Pt islands. Dotted line corresponds to height profile in
e). e) Height profile across lamellar structure, indicating interlinear distance of 0.4 nm, and a height of around 0.02

nm.

Upon post-annealing to 600 K, the islands became more rounded and smoothening along the step edges
occurred (Figure 4.7 a)), indicating higher stability of compact islands. The island diameters were in the
range 3 - 30 nm, indicating that some islands grew in size, and the size distribution was broader as seen
in Figure 4.7 b). The coverage, however, remained constant upon PA. The island growth could be a
result of further coalescence. This was similar to Rh/Pt(111) [37], where PA led to more rounding of
islands and increase in island size. The stability of an island shape and coverage was also manifested in
the lamellar structure, which remained visible upon PA (Figure 4.7 ¢)). Figure 4.7 d) shows the height
profile of the lamellar structure, with line width of approximately 0.4 nm, as previously obtained, and a
height of around 0.05 + 0.01 nm. This was higher than for the AP surface, but more similar to what was

observed for surfaces where Pt was deposited at lower temperatures.
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Figure 4.7: a) STM image of 0.19 ML Pt/Rh(111) at 425 K after PA to 600 K. Overview of terraces, islands and

step edges. b) Size distribution of islands with diameter plotted against count. c) STM image of lamellar domain

structure. Dotted line corresponds to height profile in d). d) Height profile for lamellar structure indicating
interlinear distance of 0.4 nm, and a height of around 0.05 + 0.01 nm.

To explore the effects of post-annealing to higher temperatures, a sample prepared at 425 K was post-
annealed to 700 K. As Figure 4.8 a) shows, further rounding of islands and smoothening of edges was
observed. But in contrast to the Pt/Rh(111) surface deposited at 335 K with PA to 700 K, Pt islands
remained on the surface, similar to what was reported for Rh/Pt(111) with PA to 750 [37]. The island
size was also increasing, with a very broad size distribution of 5 — 45 nm (Figure 4.8 b)). The lamellar

structure was not be observed on this surface.
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Figure 4.8: a) STM image of Pt/Rh(111) at 425 K after PA to 700 K, showing overview of islands, step edges and
terrace. b) Size distribution of islands with diameter plotted against counts, showing a broad size range than AP
or upon PA to 600 K.
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4.1.6 Morphology of Pt/Rh(111) As-Prepared at 450K and Post-Annealed to 600K

Upon increasing deposition temperature from 425 K to 450 K, a change in island shape from hexagonal
to triangular occurred as shown in Figure 4.9 a). A similar transition from hexagonal to triangular island
was reported for Pt/Pt(111) [34] and Ru/Pt (111) [33], revealing preference of growth along a certain
facet due to faster diffusion along one step edge compared to the other [34]. The nucleation and growth
of Pt/Rh(111) at 425 K mainly occurred on the terraces with some growth along step edges. The average
island size remained similar to what was observed at 425 K, from around 5 - 30 nm in diameter and a
coverage of approximately 0.19 ML. The height profile in Figure 4.9 b) indicate formation of
monoatomic Pt islands on Rh(111). Coalescence of islands, which was observed at 425 K, also occurred
at 450 K (Figure 4.9 a)). Also at this temperature, the lamellar structure inside the islands was present,
as seen in Figure 4.9 c). It had a periodicity of around 0.4 nm in width as previously seen, and a height
of 0.03 £ 0.01 nm (Figure 4.9 d)).
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Figure 4.9: a) STM image of 0.19 ML Pt/Rh(111) at 450 K with islands, step edges and terraces. Dotted line
corresponds to height profile in b). b) Height profile across step edge and island indicating monoatomic islands. c)
STM image of lamellar structure on Pt/Rh(111) at 450 K. Dotted line corresponds to height profile in d). d) Height
profile across lamellar structure, showing a distance between lines of ca. 0.4 nm and a height of around 0.03 + 0.01

nm.

Post-annealing of the surface to 600 K led to a transition in island morphology from triangular to more

round, with a lack of facets (Figure 4.10 a)). Pt residing along step edges was still visible, but the edges
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had gotten significantly smoother with healing of kinks. Both island size distribution and surface
coverage were in the same range as for the as-prepared surface. The lamellar domain structure was stable
upon post-annealing to 600 K, shown in Figure 4.10 b). The height profile for the lamellar structure is
presented in Figure 4.10 c), showing an interlinear distance of approximately 0.4 nm and a height of
around 0.03 £ 0.01 nm.
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Figure 4.10: a) Pt/Rh(111) at 450 K with PA 600 K. Overview of terraces, islands and step edges. b) Lamellar
domain structure remains upon PA. Dotted line corresponds to height profile in ¢). ¢) Height profile across lamellar

structure with a interlinear distance of approximately 0.4 nm and a height of around 0.03 £ 0.01 nm.

4.1.7 Morphology of Pt/Rh(111) As-Prepared at 475K

The islands obtained upon deposition of Pt at 475 K were truncated triangles, all pointing in the same
direction (Figure 4.11 a)). The islands were mostly located on the terraces. Some nucleation and growth
of Pt along step edges could be observed, but the high temperature ensured smooth edges with healing
of kinks. Coverage calculations gave approximately 0.09 ML, which was only half of what was obtained
at lower temperatures. We believe this to be an outlier. As the height profile in Figure 4.11 b) shows,
islands were monoatomic in height. The island size distribution was broad, with island diameters varying
from 8 - 40 nm. For the surface prepared at 475 K, the lamellar structure in the islands was observed,
and is depicted in Figure 4.11 c). Furthermore, the height profile across the lamellar structure in Figure
4.11 d) yields approximately the same values as previously obtained, with an interlinear distance of
around 0.4 nm and a height of 0.03 = 0.01 nm.
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Figure 4.11: a) STM image of Pt deposited on Rh(111) at 475 K, with overview of terraces, islands and step edges.
Dotted line corresponds to height profile in b). b) Height profile across step edge and island indicating monoatomic
Pt islands. ¢c) STM image of lamellar domain structure in Pt island. Dotted line correspond to height profile in d).
d) Height profile across lamellar structure, showing interlinear distance of approximately 0.4 nm and a height of

0.03 £0.01 nm.
4.1.8 Morphology of Pt/Rh(111) As-Prepared at 500K and Post-Annealed to 600 K

Deposition of Pt on Rh(111) at 500 K led to similar triangular islands as obtained at 450 K and 475 K
(Figure 4.12 a)). This was in contrast to Rh on Pt(111) [37] where an equilibrium hexagonal shape
formed at this temperature. The islands mainly nucleated and grew on terraces, with some step
decoration. No lamellar structure could be observed within the islands. It is uncertain whether it cannot
be observed simply due to poor tip quality, or if it actually does not form at this temperature. The islands
were quite large in size, ranging from 8 - 40 nm in diameter with a total coverage of approximately 0.17
ML, which was slightly lower than for lower temperatures (except 475 K). Unlike Rh on Pt(111) where
multilayered islands can be found [37], Pt on Rh(111) at 500 K only forms single layered islands as can
be seen in the height profile in Figure 4.12 b). As observed at 450 K, some of the islands coalesced

together to larger units, which can clearly be seen in Figure 4.12 a).

Upon post-annealing, the islands remained somewhat triangular, but got slightly more rounded at the
corners as can be seen in Figure 4.12 c). This is similar to what was obtained upon PA of 450 K surface.

The coverage remained at ca. 0.17 ML and the island size distribution was in the range 10 - 40 nm in
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diameter. The step edges got smoother, with healing of kinks. Although the lamellar domain structure
could not be observed in the as-prepared surface, it was visible in the post-annealed surface. Although
it was difficult to see in the images and the lines were blurry, the domain boundaries were visible, see
Figure 4.12 d). A possible explanation is that only the domain boundaries were formed on this surface,
and that the interior was flat, or it could simply be poor tip quality that enables us to observe the lines.
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Figure 4.12: a) STM image of 0.17 ML Pt/Rh(111) at 500 K. Overview of islands, terraces and step edges. Dotted

line corresponds to height profile in b). b) Height profile across islands and step edge indicating monoatomic
islands. ¢) STM image of 0.17 ML Pt/Rh(111) deposited at 500 K and PA to 600 K. d) STM image of lamellar

domain structure for PA surface. Lines cannot be seen, but domain boundaries are visible.

4.1.9 Morphology of Pt/Rh(111) As-Prepared at 600 K and Post-Annealed to 600K and
650 K

The highest deposition temperature used was 600 K. The island shape differed significantly from islands
obtained at lower temperatures. No defined structure nor faceting of island edges was observed at 600
K, but large, worm-like structures formed, as shown in Figure 4.13 a). In addition, the number of islands
on terraces had significantly been reduced and the coverage was around 0.07 ML. At this temperature
there was a strong preference for step decoration, also forming worm-like features. In the Rh/Pt(111)
system, Zheng et al. [37] explained that the reduction of Rh coverage on Pt(111) terraces was a result
of increased subsurface diffusion of Rh, and this effect may also have played a role in the Pt/Rh(111)
system. The height profile in Figure 4.13 b) shows that the islands formed were monoatomic in height.
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The lamellar domain structure could be observed in some parts of the islands as indicated by Figure 4.13
c), but it was not as visible as in the surfaces prepared at lower temperatures. However, some structuring
with a height of around 150 pm was observed on the Rh(111) terraces, and a linear structure was
observed in the background; see Figure 4.13 d) — e). The height profile for the lines is shown in Figure
4.13 f), which had an interlinear distance of approximately 0.4 nm and a height of around 0.07 nm,
somewhat similar to the values obtained for the lamellar domain structure. These lines, however, all

seemed to follow the same direction, and no clear domains were formed.
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Figure 4.13: a) STM image of 0.07 ML Pt/Rh(111) at 600 K, overview of islands, terraces and step edges. Dotted

line corresponds to height profile in ¢). b) STM image showing close-up of Pt island with arrows indicating small

domains of lamellar structure. ¢) Height profile across Pt island and two step edges. d) STM image of Pt island
with background structure on Rh(111) terrace. €) STM image of lines on Rh(111) terraces. Dotted line corresponds
to height profile in f). f) Height profile of linear structure on Rh(111) terrace showing periodicity of ca. 0.4 nm
and height of around 0.07 nm.

Post-annealing was performed at 600 K and STM images collected (see Figure 4.14 a)), then the same
surface was post-annealing a second time at 650 K before new STM images were collected (see Figure
4.14 b)). The first post-annealing led to rounding of islands, and smoothening of step edges, and the
second PA brought even further smoothing of edges and islands. The coverage seemed to remain at
around 0.07 ML and the island were in the range 15 - 50 nm in diameter. No clear lamellar domain
structure could be seen on these surfaces, neither could the linear background structure that was
observed in the AP surface.

61



Figure 4.14: STM images of PA surfaces of 0.07 ML Pt/Rh(111) deposited at 500 K. a) PA at 600 K. b) Same

surface as in a) after a second round of PA to 650 K.

4.1.10 Reproducibility in Surface Preparation Using the Reactor STM

As previously mentioned, the deposition of Pt on Rh(111) at 425 K was repeated four times. This was
done to check the reproducibility of surface preparation by using the Reactor STM, and to see if using
the same apparent conditions would produce the same morphology and surface coverage. Figure 4.15
a)-d) show the four surfaces prepared. The common feature for all surfaces was that islands formed were
not very dendritic, but rather compact. In addition, all surfaces showed nucleation and growth along step
edges. The main difference was the average island size, especially the surface prepared in November
2019 (Figure 4.15 b).

Overall, the surfaces prepared in May 2019, November 2019 and February 2020 (Figure 4.15 a) and c¢)-
d)), yielded similar surface morphologies with faceted, hexagon-like shaped islands, with some
nucleation and growth along step edges. Island sizes and coverage were in the same range for the May
2019 and November 2019 experiment, with diameters ranging from 5 - 25 nm, and coverages of 0.19
ML and 0.18 ML, respectively. The February 2020 had smaller islands, and a lower coverage of 0.14
ML. The surface from September 2019, shown in Figure 4.15 b) had larger, but fewer islands and more
branched structures. This is similar to what is typically observed for deposition at lower temperatures.
In addition, the step edges were much rougher. Differences in morphology can be explained by surface
cleanliness and quality of UHV during preparation, or possible inaccurate temperature readout due to
poor thermocouple connection. The only surface where the lamellar structure could be observed was the
one from May 20109.
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Figure 4.15: STM images of four surfaces prepared at the same conditions; Pt deposited on Rh(111) for 5 min at
425 K. Surface prepared in: a) May 2019, b) September 2019, ¢) November 2019, d) February 2020.

One of the challenges with these experiments is to obtain the exact same conditions when wanting to
reproduce an experiment. Changes in conditions such as pressure, contaminations on surface, and
temperature readout will alter the outcome of the experiment, and surfaces that supposedly should look
the same can end up a bit different. In addition, viewing fine details such as lamellar structure heavily
depend on tip quality. The variation in the surfaces prepared indicate that we are working in a
temperature range where there are transitions in surface morphology, and hence the surface structure
heavily depends on the real temperature used upon deposition. Although there are outliers we see that
there are many similarities between the surfaces, which allows us to conclude that it is possible to
reproduce the surfaces.

4.1.11 Synthesis Strategy Roadmap for Preparing Pt-Rh Surfaces

A “synthesis strategy roadmap” (Figure 4.16) was created to guide preparation of well-defined Pt-Rh
nanostructured surfaces. It indicates the preparation conditions used, and explores the effects of
deposition temperature and post-annealing. The results are also summarized in Table 4.1. As the
roadmap and the table indicates, the deposition temperature strongly influences the resulting island
morphology, including shape and size. It also affects the resulting coverage, as shown in Figure 4.17.
Post-annealing also shows a strong influence on the surface morphology. Effects of evaporation rates

and coverages were not explored when creating the roadmap.

63



Figure 4.16: Roadmap for Pt/Rh(111) surfaces. Deposition temperature strongly influences the obtained surface

morphology. PA also plays a crucial role in surface preparation.

Table 4.1: Summary of Pt/Rh (111) surfaces obtained by varying deposition temperature and post-annealing.

Deposition Island Shape, As- Island Size, Island Shape, PA | Island Size, PA to 600
Temp., K Prepared Diameter, nm | to 600 K K, Diameter, nm

RT Small branched 1-6 - -

335 Dendritic - - -

385 — 400 Branched compact 1-14 Hexagonal 2-20

425 Hexagonal 3-25 Hexagonal/Round | 3-30

450 — 500 Triangular 5-40 Hexagonal/Round | 10-40

T > 600 Worms 20-60 Worms/Round 15-50

As indicated by Figure 4.16 and Table 4.1, the island shape is strongly influenced by deposition

temperature, starting with dendritic islands at low temperature. In the temperature range 385 - 400 K the

islands become more compact, and a transition occur at around 425 K, resulting in well-defined, faceted

islands. These are retained until 600 K, where worm-like structures form. At all deposition temperatures,

Pt decoration along step edges was seen, and islands showed 2D growth. As indicated by Figure 4.17,

coverage decreases as deposition temperature increases. It should be noted that the amount of Pt
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nucleated along the step edges were not part of the calculated coverage. STM images indicate that there
is a increased tendency to nucleate here with increased coverage, explaining the apparent coverage drop
with temperature. Mobility increases with temperature, and hence diffusion of Pt to step edge before
nucleation might be energetically more favorable.

PA led to a reshaping of the islands, resulting in a mix of hexagonal and rounded islands. Cluster growth
occurred on all surfaces, but there was no apparent change in coverage, as indicated by Figure 4.17. The
lack of coverage loss for the compact islands upon PA reveals the high stability of the surfaces. A high
stability is important for operando studies so that reconstructions can be attributed to gas species present.
It could also be suggested that there is some alloying with Rh, where Rh diffused to the surface, as was
observed for the reverse system (Rh/Pt(111)) [37]. This process would not necessarily be observed by
STM, since the coverage loss of Pt would be replaced by increased Rh at surface. However, literature
have reported that surface segregation is excepted for Pt on Rh(111) [38], so we expect Pt to remain at
the surface and not go subsurface. XPS is needed to confirm this.
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Figure 4.17: Evolution of coverage (ML) with deposition temperature. Grey line corresponds to AP surfaces, and
red line to surfaces upon PA to 600 K. Graph indicate a gradual loss of surface coverage with increasing deposition

temperature, but PA does not seem to have an influence on coverage.

Although the compact islands were thermally stable, the dendritic islands formed at lower temperatures
were unstable upon PA. The dendritic islands formed at 335 K underwent complete subsurface diffusion
upon PA to 700 K, while the more faceted, compact Pt islands obtained upon deposition at 425 K, were
still visible after PA to 700 K. Hence in order to form thermally stable islands of Pt on Rh(111)
deposition should be performed at sufficiently high temperatures. Comparison of the surface prepared
by direct deposition at 600 K and of the surfaces PA to 600 K shows that the two preparation routes
yield very different structures. Direct deposition at 600 K led to worm-like structures, while the islands
obtained upon PA to 600 K were more faceted. Also islands PA to 700 K show strong deviation from

high temperature depositions.
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4.2 High Coverage Surfaces

In this section we describe the surface morphology of high coverage surfaces of Pt/Rh(111). This was
done in order to explore how increased Pt coverages on Rh(111) affected growth and morphology.
Deposition was performed at 425 K with a flux of approximately 0.030 £ 0.005 ML/min for all surfaces.
All surfaces (except 0.43 ML) were PA to view its effect on morphology. In addition, the high coverage
surfaces were used to study how increased Pt coverages on Rh(111) altered oxidation. The oxidized

surfaces are described in section 4.3. STM images of the AP and PA surfaces are shown in Figure 4.18.

425K 0.43 ML 0.65 ML 1.2 ML 2.3 ML

Figure 4.18: Overview of surfaces obtained by depositing Pt on Rh(111) at 425 K with coverages of 0.43, 0.65,

1.2 and 2.3 ML. Upper panel shows AP surfaces, and lower panel shows PA surfaces.

The coverage of the AP surfaces (upper part of Figure 4.18) was measured to 0.43 £ 0.03 ML, 0.65 ML
+0.05 ML, 1.2 £ 0.2 ML and 2.3 £ 0.3 ML. The 0.43 — 1.2 ML surfaces showed growth of mostly
hexagonal islands. On the 1.2 ML surface some islands also had a more triangular shape. A mix of island
shapes has also been reported for Rh/Pt(111) at 400 K [37] and Ru/Pt(111) at 523 K [33]. For the 2.3
ML surface, the islands formed on the 1t and 2" layer counted from the top were mostly triangular, all
pointing in the same directions. Some hexagonal islands and truncated triangles could also be seen. All
islands were monolayered on the 0.43 ML surface, while on the 0.65 ML surface some double-layered
islands started to form. This indicate a quasi-2D growth at 425 K, which is also seen for Pt/Pt(111) [31].
For both the 1.2 ML and 2.3 ML surfaces, a second layer started to grow before the preceding one was
completed, confirming a quasi-2D growth.

The 0.65, 1.2 and 2.3 ML surfaces were PA to 700, 600 and 700 K for 10, 5 and 20 min, respectively
(lower part of Figure 4.18). For all surfaces PA promoted lateral growth and coalescence of islands to
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large units. For the 0.65 ML surface, the coverage had decreased to 0.56 = 0.03 ML and the islands had
lost their defined shape, and the sharp facets had been replaced with more rounded island edges. In
addition, the step edges had gotten smoother. For the 1.2 ML surface, which was annealed to a lower
temperature and for a shorter time, the islands in the second layer were still present and the island shape
had remained hexagonal. For the 2.3 ML surfaces the Pt islands in the lower-lying layer had coalesced
further, completely covering the Rh(111) terraces. Some Pt islands were still visible on the 2.3 ML
surface, but had changed from a triangular to a hexagonal shape. As shown in Figure 4.19 a — b), some
of the islands were single layered and some were double layered, with the second layer completely
covering the first layer. Although the lamellar structure was not observed in any of the AP surfaces, it
was present for the 2.3 ML surface upon PA. The lamellar structure was observed only in a limited area
along a step edge (Figure 4.19 c)).
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Figure 4.19: a) STM image of PA 2.3 ML Pt/Rh(111), dotted line corresponds to height profile in b). b) Height

profile indicating single- and double-layered Pt islands. ¢) Lamellar structure observed on a limited area.

LEED of the AP and PA 0.65 ML surface in Figure 4.20 shows a hexagonal diffraction pattern with
bright, sharp spots, with no changes visible upon PA. This indicates that both surfaces are crystalline

with epitaxial grown Pt on Rh(111), which is representative for all surfaces described above.

AP PA

Figure 4.20: LEED of 0.65 ML Pt/Rh(111) for AP and PA surface taken at 70.9 and 69.6 eV, respectively.

Diffraction pattern indicate crystalline surface with epitaxial grown Pt on Rh(111).
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In order to study the influence of high deposition temperatures, 1.2 ML Pt was deposited on Rh(111) at

a substrate temperature of 700 K. Comparing 1.2 ML Pt/Rh(111) deposited at 425 K and 700 K (Figure

4.21) shows that there was a shift to a more 2D growth mode by increasing deposition temperature. On

the 700 K surface, no islands were visible and continuous Pt layers formed on the Rh(111) terraces.
700 K

1.2 ML 425 K
'.' R, o ;" /
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Figure 4.21: Comparison of AP 1.2 ML Pt/Rh(111) deposited at 425 K and 700 K to view influence of deposition

temperature. Higher temperature makes the growth mode change to more 2D.

In conclusion we observe that by keeping the deposition temperature constant, but increasing the
coverage the island morphology remains similar, and a quasi 2D-growth occurred for Pt/Rh(111) at 425
K. PA time and temperature, however, highly influence the amount of change on the surface. PA to 600
K for 5 min did not alter the surface considerably, while PA to 700 K for 10-20 min resulted in
significant morphological changes. The change when going from 600 to 700 K indicates that there is a
transition temperature in this range. The importance of temperature is also illustrated by changing the
deposition temperature from 425 to 700 K (Figure 4.21), where the 700 K surface resulted in a

completely different surface morphology than the 425 K surface.

4.3 Oxidation of Pt-Rh Surfaces

It is well-known that the catalytic activity of a material can be correlated to oxide species present on the
surface [30, 61, 63]. Therefore, it is interesting to study the behavior and morphological changes of
surfaces is oxygen atmospheres. In order to do this, we use a selection of the surfaces described in
section 4.1 and 4.2, and investigate the changes in surface structure and oxidation behavior when varying
the Pt coverage on Rh(111). Some of the surfaces were studied by means of UHV STM and LEED
(4.3.1), and others using Reactor STM operated at 1 bar (4.3.2).

4.3.1 Morphology of Oxidized Pt/Rh(111) Surfaces

A number of surfaces were exposed to an oxidizing environment before characterization in UHV by
means of STM and LEED. The surfaces studied were clean Rh(111) and 0.14, 0.43, 0.65 and 2.3 ML Pt
deposited on Rh(111) at 425 K. All surfaces had been PA to 700 K for 10 min (20 min for 2.3 ML
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surface). All surfaces were then oxidized in 1.0 x 10 mbar O, at 700 K for 20 min. A more detailed
description of the surfaces AP and PA is presented in section 4.1.5 and 4.2. The STM images in Figure
4.22 show the evolution of AP surfaces. The clean Rh(111) surface displayed large, flat terraces with
no sign of islands. Upon deposition of 0.14 — 0.65 ML Pt on Rh(111), monolayered hexagonal islands
formed, with some nucleation along step edges. Deposition of 2.3 ML Pt on Rh(111) indicated a quasi-
2D growth, with formation of triangular islands in the top-most layers.

Rh(111) 0.14 ML 0.43 ML

AP  065ML 2.3 ML

Figure 4.22: STM images of AP surfaces starting with clean Rh(111), and then Pt deposited on Rh(111) at 425 K
with gradual coverage increase from 0.14 ML up to 2.3 ML.

The evolution of LEED pattern for AP, PA and oxidized surfaces can be seen in Figure 4.23. The AP
surfaces displayed a hexagonal LEED pattern with sharp, bright spots indicating a clean and crystalline
surface. There was no evident change in the LEED pattern upon PA for any of the surfaces. However,
upon oxidation, the clean Rh(111) surface and the 0.14 — 0.65 ML Pt/Rh(111) surfaces displayed a moiré
pattern formed by two superimposed hexagonal structures. This indicates that a surface oxide formed
on the substrate. For the 2.3 ML surface, oxygen exposure did not result in formation of moiré pattern,
and the LEED pattern was similar to what was observed for AP and PA surface. This implies that the
surface oxide did not form on the 2.3 ML surface. Gustafson et al. [68], and multiple other studies [69,
70] reported formation of a ultra-thin RhO- surface oxide on Rh(111), which was obtained at the same
oxidation conditions used in this experiment. Upon formation of the reported surface oxide, the LEED
displayed an identical moiré pattern to the one observed for oxidized Rh(111) and 0.14 - 0.65 ML
Pt/Rh(111), shown in the lower panel of in Figure 4.23. The moiré pattern was also visible in STM
images. The high Pt content on the 2.3 ML surface suggests oxidation will happen via Pt, which is
reported to require higher oxygen pressures, temperature and/or exposure time [56, 57, 60].

69



Rh(111) 0.14 ML 0.43 ML 0.65 ML 2.3 ML

Figure 4.23: LEED of AP, PA and oxidized surfaces for clean Rh(111), and 0.14 — 2.3 ML Pt/Rh(111). All AP
and PA LEED patterns were similar. Upon oxidation, a moiré pattern was formed revealing presence of a surface

oxide. LEED of 2.3 ML surface after oxygen exposure did not display a moiré pattern.

The STM images in Figure 4.24 show the evolution of surface morphology upon oxidation. For 0.14 —
0.65 ML surfaces, oxidized surfaces revealed an increase in Pt island size. Islands had coalesced together
and lost some of the defined shape seen in the AP surfaces. Growth was both lateral and vertical, which
could be seen by formation of two-layered island. Lateral growth is expected to be initiated already upon
PA to 700 K (see section 4.2) [37].

< - 3 e P sk
OX 0.65 ML 2.3 ML
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Figure 4.24: STM images of 0 — 2.3 ML Pt/Rh(111) after oxidation revealing growth of islands, both vertically

and laterally. 2.3 ML surface did not change significantly compared to PA surface.
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Also on the Pt-free Rh(111) surface, oxidation resulted in vertical growth, and islands were observed.
This indicates that the vertical growth is a result of ad-island formation from excess Rh due to surface
oxide formation. The surface oxide has a lower density compared to bulk Rh, that will drive up some of
the Rh [63]. This is verified by the coverage increase for clean Rh(111) and for the 0.14 — 0.65 ML
Pt/Rh(111) surfaces (Figure 4.25 a)). For clean Rh(111), 0.22 ML of the Rh(111) surface was covered
by ad-islands. For the 0.14 ML surface, oxidation resulted in a coverage increased to 0.42 ML, with
approximately 0.008 ML located in the second layer. On 0.43 ML surface, the total coverage had
increased to 0.52 + 0.02 ML, with the second layer of the islands covering about 0.067 £ 0.003 ML of
the surface. After oxidation, the 0.65 ML surface had a coverage of 0.80 + 0.04 ML, with the second
layer covering approximately 0.081 + 0.007 ML of the surface.

The ad-island on clean Rh(111) mostly decorated the terraces and had irregular shapes. On the 0.14 ML
surface the ad-islands could be seen on terraces, along step edges, and on the Pt islands revealed by
formation of two-layered islands, which were not present on the AP surface. Also here the islands had
no clear shape. For the 0.43 and 0.65 ML surfaces, the lower-lying islands had lost their defined shape,
but for the 0.43 ML surface the second-layer islands were hexagonal. On the 2.3 ML surface, islands
had changed shape to more rounded, but there was not expected any ad-island due to the lack of surface
oxide formation, as observed by LEED. The 2.3 ML surface did however show presence of two-layered
islands, where the second layer completely covered the first layer, shown by the height profile in Figure
4.25h).
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Figure 4.25: a) Nominal v. total coverage of 0 — 0.65 ML surfaces after oxidation indicating coverage increase for
all four surfaces. b) Height profile of 2.3 ML Pt/Rh(111) after oxygen exposure showing presence of double-
layered islands.

The evolution of moiré pattern on the oxidized surfaces can be seen in Figure 4.26. For the clean Rh(111)
the moiré pattern covered the entire surface, both Rh(111) terraces and ad-islands. Upon deposition of

0.14 ML Pt, the moiré pattern still covered terraces and islands, both in the first and second island layer.

71



On the 0.43 ML surface, the amount of surface covered with moiré had significantly reduced and could
mainly be observed on the Rh(111) terrace between the islands, and some on the island edges. However,
no moiré was visible in second layer of islands. Following the trend of the 0.43 ML surface, the amount
of moiré had been reduced even further on the 0.65 ML surface. The moiré was now restricted to the
areas along islands edges, and there was no sign of moiré on the Rh(111) terraces between the islands.
The lack of moiré along the step edges can be caused by high Pt content due to diffusion, as was observed
by Duisberg et al. [43]. We see that with increasing Pt content, there is a consistent reduction of moiré
pattern visible in the STM images.

Rh(111) 0.14 ML 0.43 ML
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Figure 4.26: STM images showing the evolution of moiré on Rh(111), and 0.14, 0.43 and 0.65 ML Pt/Rh(111).
Increased Pt content led to a loss of moiré formed. From covering entire terraces and islands (clean Rh(111) and
0.14 ML), the moiré could only be found between islands and along island edges for the 0.43 ML surface, and

only on island edges for the 0.65 ML surface.

By exposing Rh-rich surfaces to low oxygen pressures (pO2 = 1 x 103 mbar) at 700 K, a surface oxide
displaying a moire pattern was formed, which was reported to be RhO; [68]. It was observed that
increased Pt content hindered RhO; growth, which could easily be seen through the loss of moiré pattern.
For the clean Rh(111) and 0.14 ML, moiré formed all over the surface, indicating significant enrichment
of Rh in the Pt islands for the 0.14 ML surface. For 0.43 and 0.65 ML surface, the amount of moiré was
significantely less. Previous literature report that Pt does not oxidize at the pressure and temperature
used in this experiment [59, 60], and hence we did not expected RhO; surface oxide to form on the 2.3
ML surface due to the high Pt content. This was confirmed by the lack of moiré pattern in the STM
image and LEED pattern. For all oxidized surfaces it was observed a coverage increase due to formation
of Rh ad-islands, as was expected due to the decrease of Rh density in the surface oxide compared to
bulk Rh [63]. Presence of moiré along island edges for the 0.43 and 0.65 ML surfaces suggests that the

Rh ad-islands formed here.

4.3.2 Morphology of Rh and Pt/Rh(111) in 1 bar Oz

Previous work has shown that Pt(111) easily oxidizes at 1 bar O,at 470 K [61, 122]. In order to compare

the behavior of Pt and Rh in an oxidizing atmosphere, clean Rh(111) was exposed to 1 bar O; in the
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temperature range RT — 470 K, while performing in-situ measurements with a Reactor STM. In order
to study the behavior of PtRh alloys, a surface of 0.09 ML Pt on Rh(111) was also studied in 1 bar O, at
RT - 485 K.

For Rh(111) in 1 bar O, at RT, STM images revealed no formation of surface oxide, nor any clear
chemisorbed oxygen structure, although they have been previously reported under these conditions [63].
By increasing the temperature a dotted structure appeared over the entire Rh(111) terraces, and it
appeared as though the surfaces became rougher. The dotted structure became more visible at 470 K.
To study oxidation of Pt with Rh, 0.09 ML Pt/Rh(111) was exposed to 1 bar O, The AP surface is
described in section 4.1.7. At RT no surface oxide or reconstructions was observed, and the Pt islands
remained visible. The surface was kept in 1 bar O;at RT overnight. The following day the temperature
was increased to 370 K, and the islands could still clearly be seen. The surface did not appear dotted nor
was there any sign of oxide formation or reconstructions. Temperature was then increased to 435 K,

which resulted in more blurry images, but the Pt islands were still visible.

1 bar O, RT 400 K 470 K

Rh(111)

Pt/Rh
(111)

Figure 4.27: STM images showing the evolution of surfaces while increasing temperature, and under exposure of
1 bar O2. Upper panel show clean Rh(111) where a dotted structure becomes more visible upon increasing
temperature. Lower panel show 0.09 ML Pt/Rh(111).

Further temperature increase to 485 K did not result in any surface oxide formation on either the Pt
islands, nor on the Rh(111) terraces, although Pt is expected to form a surface oxide in these conditions
[61]. The surface was kept at 485 K for a certain time, and Figure 4.28 shows the evolution of the surface
structure with time. As time passed, it became more difficult to observe the Pt islands on the terraces. It
is uncertain whether this is because of loss of tip quality due to high temperature combined with 1 bar
O, or if it is coverage loss due to subsurface diffusion of Pt.
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INCREASED EXPOSURE TIME

Figure 4.28: STM images showing change with time of Pt deposited on Rh(111) for 5 min at 475 K while being
exposed to 1 bar O, at 485 K.

We observe that at low Pt coverages, Pt/Rh(111) behave similarly as clean Rh(111) in 1 bar O, and in
the temperatures range RT — 485 K. Rh does not oxidize in these conditions, and although Pt is expected
to do so, we do not see any surface oxidation formation or restructuring. This may be attributed to
substantial Rh enrichment in the Pt islands, or a perturbation of the electronic structures due to
interaction between the two metals, which changes the oxidation properties.

4.4 Surface Structures of Rh/Pt(111) in Oxygen with Near-Ambient

Pressure X-ray Photoelectron Spectroscopy

In order to study the oxidation of PtRh alloys, several surfaces with increased Rh coverage were
prepared on Pt(111). Clean Pt(111) and Rh/Pt(111) with coverages of 0.4, 0.5 and 1.2 ML were studied
as-prepared and after post-annealing to cover surface composition from Pt-rich to Rh-rich. Near-ambient
pressure X-ray photoelectron spectroscopy was used to establish the influence of post-annealing
temperature on formation of chemisorbed structures and surface oxides in 1 mbar of O, at 600 K. Sample
preparation and NAP-XPS measurements were performed at the Hippie Beamline at MAX-IV in Lund.
Herein we use the abbreviation AP when referring to as-prepared, while XPS measurements performed

at near-ambient pressure are denoted as NAP.

4.4.1 Rh 3d Pt 4d for As-Prepared and Post-Annealed Surfaces

Deposition of Rh on Pt(111) was performed at 373 K, and the Rh 3d Pt 4d spectra were collected at a
photon energy of 910 eV. The three prepared surfaces had Rh coverages of 0.4 ML, 0.5 ML and 1.2
ML, as estimated by Ivashenko et al. [72]. Deconvolution of the Rh 3ds/, peak for all AP surfaces (Figure
4.29 a)) showed presence of two species; one component at 307.3 eV assigned to bulk Rh, and one

component at 306.9 eV assigned to uncoordinated surface atoms [63, 71]. The bulk component at 307.3
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eV is attributed to both subsurface Rh, and Rh residing below surface Rh in a multilayered island. All

the surfaces had a ratio of bulk Rh to uncoordinated surface atoms of approximately 1:1.
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Figure 4.29: a) XP spectra of Rh 3ds, showing AP Rh/Pt(111) surfaces with presence of both bulk Rh at 307.3 eV
and uncoordinated surface atoms at 306.9 eV: 0.4 ML (top), 0.5 ML (middle) and 1.2 ML (bottom). b) Comparison
of Rh 3d Pt 4d XP spectra of 0.4 ML Rh/Pt(111) surface AP (top) and PA (bottom). Rh 3d peaks decrease
significantly upon PA due to Rh subsurface diffusion and enrichment of Rh islands with Pt. ¢) Comparsion of Rh
3ds2 XP spectra for all post-annealed Rh/Pt(111) surfaces: 0.4 ML (top), 0.5 ML (middle) and 1.2 ML (bottom).
While all Rh films featured mainly surface species at 306.9 eV, a minor bulk component at 307.3 eV was found
for 0.4-0.5 ML.

In the roadmap for preparation of Rh/Pt(111) surfaces [37], it was shown that deposition of Rh on
Pt(111) at 373 K resulted in 3D growth. This deposition temperature was too low to overcome the
interlayer diffusion barrier that prevents 2D growth. This can explain the presence of the bulk
component in the XP spectra on both the 0.4 and 0.5 ML surface. Despite their submonolayer coverage,
formation of multilayered islands is likely, in which the bulk Rh signal can be attributed to the lower-
lying Rh layers. Additionally, small amounts of Rh diffusing subsurface during preparation can also

contribute to Rh bulk signal.

PA was performed to promote mixing of Pt and Rh. PA was performed at different temperatures for the
three surfaces: 770 K, 700 K and 600 K for the 0.4 ML, 0.5 ML and 1.2 ML surface, respectively. Zheng
et al. reported in their Rh/Pt(111) roadmap that post-annealing to 600 K was required to get sufficient
Pt and Rh mixing, and subsurface diffusion of Rh became more significant only above 750 K [37].
Hence we expect that upon PA of the 1.2 ML surface to 600 K, only flattening of islands occurs, and

not substantial alloying of Pt and Rh. The 0.4 ML and 0.5 ML were exposed to higher annealing
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temperatures, and we expect more subsurface diffusion of Rh for these surfaces. Figure 4.29 b) compares
AP and PA spectra for 0.4 ML surface, confirming that PA to 770 K resulted in a significant decrease
in Rh coverage. The Rh 3d peak signal had decreased substantially relative to the Pt 4d peak. In
particular a twofold decrease was found in the Pt 4ds;. to Rh 3ds/2 peak ratio, dropping from of 6:1 for
AP to 13.5:1 for PA. This results was representative for both the 0.4 ML and 0.5 ML surface.

Fit of the Rh 3ds, spectra for the 0.4 ML and 0.5 ML surfaces Pa to 700 — 770 K (upper part of Figure
4.29 c)) showed almost complete loss of bulk Rh (307.3 eV), leaving essentially Rh surface atoms
(306.9 eV). Only 4-5% of the Rh 3ds/, peak corresponded to bulk Rh for the 0.4 ML and 0.5 ML surface,
respectively. The coverages had been reduced from 0.4 ML and 0.5 ML, to 0.18 ML and 0.36 ML,
respectively, as determined by Ivashenko et al. [72]. The relatively high annealing temperatures used
for the 0.4 ML and 0.5 ML surfaces allowed for substantial Rh subsurface diffusion and Pt enrichement
of islands, resulting in Pt-Rh exchange and alloying. In addition, lateral growth and flattening of Rh
islands was expected, with a change from multi- to monolayered islands. Still, both surfaces showed
presence of bulk Rh in the XP spectra upon PA, which was attributed to subsurface Rh, indicating

mixing of Pt and Rh.

Fitting of the Rh 3ds/, spectra for the 1.2 ML surface upon PA (lower part of Figure 4.29 c)) showed
presence of only surface Rh atoms, and a small coverage loss upon PA to 1.0 ML, as determined by
Ivashenko et al. [72]. However, the low annealing temperature (600 K) suggests mostly flattening of
islands occurs, and no significant subsurface diffusion of Rh. This is reflected in the absence of bulk

signal originating from subsurface Rh.

4.4.2 Oxidation of Rh/Pt(111)

Oxidation of the post-annealed surfaces was performed by exposing to 1 mbar O, at 600 K. In-situ O 1s
spectra were collected at a photon energy of 1130 eV, and are shown in Figure 4.30 a). The O 1s spectra
of bare Pt(111) (top of Figure 4.30 a)) shows presence of only one component at 529.5 eV, which is
attributed to chemisorbed oxygen. This is in accordance with literature, where it is reported that
formation of oxide on Pt(111) requires higher oxygen pressures and temperatures [59, 61], or prolonged
exposure [60]. In the conditions employed, we expect the chemisorbed (2 x 2)-O structure to form. Pt
4f7, spectra collected at a photon energy of 675 eV (Figure 4.30 b)) confirmed this observation. The
spectra of the surface in UHV shows presence of bulk component at 70.9 eV and surface component at
70.6 eV, in accordance with literature [56, 123]. Upon exposure to oxygen, a new component at 71.1

eV is present, attributed to Pt coordinated to chemisorbed oxygen forming the (2 x 2)-O overlayer [56].
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The surface containing 0.4 ML Rh featured broadening of the main peak in O 1s spectra (second from
the top in Figure 4.30 a)), but fitting of the peak indicated presence of only one component at 529.5 eV
corresponding to chemisorbed oxygen. Although the oxidation conditions employed here are favoring
formation of Rh surface oxide, the absence of peak at 528.9 eV indicated that no surface oxide formed
on this surface, which was verified by the Rh 3d spectra described later. In the O 1s spectra a small peak
at around 531.2 eV was present for all surfaces, which Blomberg et al. [69] report as signal from —OH

group forming on the surface due to adsorption of H.
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Figure 4.30: a) NAP O 1s XP spectra of Pt(111) (top), 0.4 ML (2", 0.5 ML (3) and 1.2 ML (bottom) Rh/Pt(111)
exposed to 1 mbar O, at 600 K. Chemisorbed O at 529.5 eV, is shown in navy color. Purple and grey component
at528.9 eV and 529.8 eV, respectively corresponds to surface and subsurface O of the RhO; surface oxide. Orange
component at 531.2 eV corresponds to —OH group. b) Pt 4f;, spectra of clean Pt(111) AP (top) and in 1 mbar O,
at 600 K (bottom). Bulk Pt (70.9 eV) and uncoordinated surface Pt (70.6 eV) are present in the spectra of surface
in UHV. Upon exposure to O, an additional component corresponding to Pt coordinated to chemisorbed oxygen
is present at 71.1 eV. ¢) Rh 3ds,, spectra of 0.4 ML (top), 0.5 ML (middle) and 1.2 ML (bottom) Rh on Pt(111)
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exposed to 1 mbar O, at 600 K. Grey component at 306.9 eV correspond to surface Rh atoms. Orange component
at 307.2 eV corresponds to Rh bound to one O, blue peak at 307.6 eV corresponds to Rh bound to two O, and
green peak at 307.9 eV corresponds to Rh bound to three O. d) Schematic illustration of chemisorbed oxygen
structures (2 x 2), (2 x 1) and (V3 x 2\/3)R30, and surface oxide on Rh(111) surface. Orange Rh atoms are
coordinated to one O, purple to two O, and green to 3 O. Ratio for (2x1) is 1:1 for 10:20, and for (2V3 x 2V3)R30
is 3:6:3 for 10:20:30. Adapted from [72]. e) Distribution of Rh 3d components from XP spectra for 0.4, 0.5 and
1.2 ML surface AP, PA and oxidized. It should be noted that the 30 component and surface oxide is located at
same binding energy value, hence, both are green, the same applies for 10 and Rh at the interface between metal

and surface oxide.

The main peak in the O 1s spectra of 0.5 ML Rh (post-annealed to 700 K) was broader than that of 0.4
ML (second from bottom of Figure 4.30 a)). Therefore, the fitting of the spectra required three
components. As with the 0.4 ML surface, the largest component corresponded to chemisorbed oxygen.
In addition, two new components located at 529.8 eV and 528.9 eV were found, with a separation of
approximately 0.9 eV, similar to what has previously been reported as a trilayer surface oxide [68, 69].
The component at 528.9 eV corresponded to the top-most O atoms in the O-Rh-O trilayer, while the
component at 529.8 eV originates from to the interlayer O atoms. Estimated peak area suggested that

about 32.5% of the oxygen signal was attributed to surface oxide (from both top-most O and interlayer).

For the 1.2 ML surface, the main peak of the O 1s spectra (bottom of Figure 4.30 a)) was deconvoluted
into two components located at 529.8 eV and 528.9 eV, which both correspond to surface oxide. No
presence of chemisorbed species was found, suggesting that the entire surface is covered with the trilayer

surface oxide.

The Rh 3ds/, spectra were collected at a photon energy of 910 eV provided details of Rh oxidation state
for all surfaces (Figure 4.30 c)). For the 0.4 ML surface, the O 1s spectra indicated no presence of surface
oxide, which was confirmed by deconvolution of the Rh 3ds, peak. Fitting of the spectra showed
presence of four components, with the largest component at 306.9 eV, corresponding to uncoordinated
Rh surface atoms. Three new components at 307.9 eV, 307.6 eV and 307.2 eV were found during
exposure to O,. To help with the assignment of these components, various ordered chemisorbed oxygen
ad-layers on the Rh(111) surface were considered (see also section 1.3.7) [62-64, 66, 67]. As illustrated
in Figure 4.30 d), Rh can be coordinated to one, two or three oxygen atoms, which are denoted 10, 20
and 30, respectively [67]. Difference in coordination number will alter the chemical environment, and
hence the binding energy of the Rh atom will differ depending on the coordination. The binding energy
for the 30 species is expected around 307.9 eV, and due to absence of surface oxide in O1s spectra, the
component found at 307.9 eV in the 0.4 ML surface was assigned to 30. Further, the only component
expected at 307.6 eV is the 20 species. The final peak at 307.2 eV fits the range where we expect both

interface Rh and 10 species. From the O 1s spectra, no surface oxide was found, and hence the interface
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possibility was excluded and the peak was attributed to the O 1s species. The three peaks had an
01:02:03 ratio of 1:2:0.8. The only structure that has all three components present and has the expected
ratio of 1:2:1 is the (2\3 x 2V3)R30 chemisorbed structure. The observed and expected ratios do not
match perfectly. A few possibilities can help explaining this mismatch. The (2 x 1) or (2 x 2)-30
structures both contribute with 20 species (10:20 ratio of 1:1, and 10:20:30 ratio of 0:2.5:1,
respectively) and were reported to co-exist with the (2V3 x 23)R30 structure. Additionally, since the
islands of Rh on Pt(111) do not correspond exactely to ideal Rh(111) surface, defects in the (2V3 x
2v3)R30 structure can explain the lower 30 contribution.

From the O 1s spectra of the 0.5 ML surface, we expect both surface oxide and chemisorbed structures
to form. Fitting of the Rh 3d spectra revealed presence of the same four peaks as for the 0.4 ML, but
with different ratios. Uncoordinated Rh surface atoms were present at 306.9 eV, as well as the three
peaks at 307.9 eV, 307.6 eV and 307.2 eV, with a ratio of 0.9:2:1.7. Upon formation of the (2\/3 X
2V3)R30 chemisorbed structure, the peak at 307.9 eV (30) should have only half the intensity of the
peak at 307.6 eV (20). The mismatch in peak ratio suggests that not all of the signal at 307.9 eV is
attributed to 30. From the O 1s spectra it was found that approximately 24% of the oxygen belongs to
surface oxide, and the rest is chemisorbed oxygen. Subtracting the contribution from (23 x 243)R30
structure from the 30 peak area leaves 18% of Rh excess within the 307.9 eV peak. Combined O 1s and
Rh 3d spectra indicate that around 20% of the Rh coverage form the trilayer oxide, and the remaining
80% exhibit a chemisorbed (2V3 x 2v3)R30 structure.

As shown in the O 1s spectra, presence of surface oxide, and no chemisorbed oxygen, was suggested on
the 1.2 ML surface. This was confirmed by the Rh 3 ds; spectra, where peak fitting revealed a large
component at 307.9 eV, corresponding to Rh from the trilayer oxide structure. Another component was
found at 307.2 eV, which can be assigned to interface Rh. For bulk Rh(111), the Rh in the interlayer
between the surface oxide and the bulk Rh is expected to have a binding energy of approximately -0.25
eV relative to bulk component [68]. The position of the interface peak found in the 1.2 ML is -0.1 eV
from the bulk Rh found in the as-prepared spectra. This can be justified by differences in interface
formed at Rh(111) and Rh/Pt(111), where Pt-Rh are alloyed. In addition, a small component
corresponding to uncoordinated surface Rh atoms is present. An overview with the different amount of
species found for AP, PA and oxidized surface at the corresponding binding energy is included in Figure
4.30e).

In conclusion, we observe that upon PA of Rh/Pt(111) surfaces, multilayered islands will flatten out,
and mixing of Pt and Rh will occur. The impact of PA on alloying is the most pronounced at higher

temperatures, where substantial subsurface diffusion of Rh and enrichement of Rh islands with Pt are
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accelerated. Consequently, this will hinder growth of a Rh surface oxide, and only chemisorbed

structures will form on the highly alloyed Pt-Rh surfaces.
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5 Discussion

With focus on the experimental results obtained in this work, some few selected topics will be elaborated
more in depth. This study and literature show the ways for Pt-Rh surfaces preparation with respect to
substrate crystal (Pt/Rh). It was observed that the metal deposited (Rh or Pt), deposition temperature
and post-annealing dictate degree of alloying, morphology and growth. l.e., various nanostructured
surfaces are obtained, which in turn may affect interaction with reactant gas species (and formation of
products) when exposed to reactive gasses. We will compare and correlate our findings for Pt/Rh(111)
with the inverse system Rh/Pt(111). We discuss the behavior of Pt-Rh surfaces in various oxygen
atmospheres, studied by means of STM and (NAP)-XPS, and show how tuning the Rh and Pt content
on the surface alters the oxidation of surfaces. Lastly, we highlight how combining several
characterization techniques to study surface structures facilitates making valid conclusions. We also

discuss the strength of studying surfaces all the way from UHV to beyond ambient conditions.

5.1 Preparation of Pt-Rh Surfaces

As presented in section 4.1.11, one key activity in this MSc project was to provide an overview of routes
to prepare various Pt/Rh(1111) surfaces; to create a synthesis-strategy roadmap (Figure 4.16 in section
4.1.11). A corresponding roadmap for the reverse system of Rh/Pt(111) has been reported by our group
[37]. In order to summarize and correlate the results obtained in this thesis with those obtained by Zheng
et al. [37], the schematics presented in Figure 5.1 is made. Interestingly, it has been observed that the
choice of starting crystal, Rh(111) or Pt(111) has an impact on the morphology, growth mode and
alloying. The results also indicate that tuning parameters like substrate temperature during Pt/Rh
deposition, coverage and PA time and temperature, allows us to easily control the surface characteristics
like morphology of islands, island size and step decoration of Pt on Rh(111) and Rh on Pt(111). The
key trends observed are that increased deposition temperature leads to more compact, faceted and larger
islands, as well as more 2D growth. PA results in coverage loss and flattening of islands. Deposition
temperature, as well as PA time and temperature can also alter alloying of Rh and Pt. Literature describes
that we should expect different behavior in terms of mixing for Pt/Rh(111) and Rh/Pt(111) [38]. Surface
segregation is expected for Pt on Rh(111), while Rh on Pt(111) results in anti-segregation. Further,
diffusion of Rh into Pt(111) occurs faster than for Pt into Rh(111) [23]. These differences will have

implications on the interaction of surfaces with oxygen, as discussed below.

The main motivation behind the work discussed above is to get a better understanding of nucleation,
growth and alloying of Pt-Rh surfaces. Thereafter, this roadmap is provided as a tool for future work

where it is beneficial to tune preparation conditions to obtain specific nanostructured surfaces. These
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can in turn be used as guideline in the preparation of 2D model catalysts to correlate the dynamics
between the catalytic active surface, adsorbed species and the chemical reaction in question. Finally, it
should be pointed out that to the best of our knowledge, this is the first study which correlates the
preparation and morphology of the two inverse systems; Pt/Rh(111) and Rh/Pt(111).

Roadmap for preparation of
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Figure 5.1: Synthesis strategy roadmap for preparation of Pt-Rh surfaces, showing Pt on Rh(111) and Rh on
Pt(111). The roadmap illustrates the effect of deposition temperature on morphology, PA, and effect of coverage

increase on growth mode and morphology.

Morphology

By inspecting Figure 5.1, we see that the as-prepared surfaces of the two systems show significant
differences in morphology at low deposition temperatures (RT — 400 K). Pt/Rh(111) forms dendritic
and branched islands, similar to Co/Re(0001) [41], and Au/Ru(0001) [42]. For Rh/Pt(111) compact,
faceted islands are formed already at low deposition temperatures, similar to Pt/Pt(111) [31], and
Ru/Pt(111) [33]. This indicates a difference in diffusion barrier, where Rh has a higher mobility on
Pt(111) compared to the reverse system. Increased deposition temperature (425 K and above) led to
larger, more compact, faceted islands for both systems. Upon changing deposition temperature, a variety
of different islands morphologies were observed, similar to what has been observed for other systems
[31, 33, 34, 40-42]. Increased coverage did not alter the islands morphology (see Figure 4.18 in section
4.2), and it was observed that step decoration was more dominating for Pt/Rh(111) compared to
Rh/Pt(111). PA induced morphological changes on both systems, where islands coalesced and shape
changed to more hexagonal or rounded. Flattening of islands occurred for high coverage surfaces (see
Figure 4.18 in section 4.2). It was observed for Pt/Rh(111), PA at a lower temperature (600 K) for a

shorter amount of time induced significantly less restructuring than PA at a higher temperature (700 K),
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indicating that the PA temperature and time affected the degree of morphological changes. XPS results
of Rh/Pt(111) indicated morphological changes upon PA, where substantial loss of the bulk Rh
component suggested flattening of islands and presence of only single-layered islands. There is some
uncertainty whether the bulk signal actually arises from the lower-lying Rh layers, or if it comes from
subsurface Rh.

Another interesting morphological feature that was observed only on Pt/Rh(111) is the lamellar domain
structure (section 4.1). It formed on all ~0.2 ML surfaces prepared at deposition temperatures in the
range 385 — 600 K (except 500 K), and was retained upon PA, suggesting a high stability. Also on the
2.3 ML surface, it was observed on the lower-lying Pt layers (section 4.2). A possible reason for this
restructuring is the discrepancy in height for a single layer of Pt and Rh (0.23 nm and 0.22 nm,
respectively [37]). This can cause every other Pt atom row residing on Rh(111) to be slightly shifted
upwards due to lack of space, causing this lamellar domain structure. An illustration of the possible

model is presented in Figure 5.2. However, this model reminds to be confirmed by computational

modelling.
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Figure 5.2: a) STM image of lamellar structure on Pt/Rh(111) 600 K. Dotted line corresponds to height profile in
b). b) Height profile of lamellar structure. c) Possible model of the lamellar domains where every other Pt row on
Rh(111) is slightly shifted upwards due to differences in atomic radius. Turquoise circles illustrate Rh(111) terrace,
dark orange corresponds to lower Pt atoms, and light orange to upper Pt atoms. Taking into account the interlayer
spacing of Rh of 0.22 nm, 0.23 nm for Pt, the height difference indicated by the vertical line is estimated at 0.05
nm. This matches the height of lamellar structure. The horizontal line shows one period of the structure of 0.47

nm, corresponding quite well to experimental results of ~0.4 nm.

Growth mode

Another temperature dependent effect illustrated in Figure 5.1 is the growth mode. For Pt/Rh(111)
surfaces, only monolayered islands were observed at low coverage, and upon deposition of 0.65 ML
and above (see Figure 4.18 ) multi-layered islands formed, indicating a quasi-2D growth. For Rh/Pt(111)
[37], however, already at low coverages multilayered island formed. The 3D growth was retained until
around 600 K, where there was a switch to more 2D growth. The change from a quasi-2D growth to a
more pure 2D growth at higher temperatures (700 K and above) was also confirmed for Pt/Rh(111) (see
Figure 4.21 in section 4.2). This is consistent with a study by Duisberg et al. [44], where Pt/Rh(111)
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deposited at 700 K showed a 2D growth mode. This strong temperature-dependent growth mode, where
higher temperatures leads to a more 2D growth pattern has been associated with the onset for surface
alloy formation [33], and was observed for multiple other metal-on-metal systems including Pt/Pt(111)
[31, 34] and Ru/Pt(111) [33, 124]. Notably, for Pt/Pt(111) it has also been observed that higher CO
contamination levels led to more 3D growth [36]. Possible influence of gas contaminations on growth
mode in the Pt/Rh(111) system should be clarified before a final conclusion is made. XPS results
(section 4.4.1) of as-prepared Rh/Pt(111) surfaces show signal from both bulk and surface Rh, indicating
multi-layered islands form, with substantial amount of surface Rh, supporting the 3D growth mode
previously reported for Rh/Pt(111) [37].

Alloying

As previously mentioned, we expect Rh to mix with Pt(111) [38]. This was shown in the Rh/Pt(111)
synthesis strategy roadmap [37], where higher deposition temperatures (600 K) and PA resulted in a
coverage drop, and at 700 K and above complete subsurface diffusion and alloying with Pt. Our results
obtained from XP spectra of PA Rh/Pt(111) surfaces (section 4.4.1) confirm the literature. The
Rh/Pt(111) surfaces had undergone coverage losses, revealing subsurface diffusion of Rh and alloying
with Pt. The relative coverage loss was greatest for the surface that had been annealed to the highest
temperature (770 K), confirming that higher PA temperature led to more subsurface diffusion and
alloying of Pt and Rh. In addition, from XPS we observed that the binding energy values for Rh 3ds»
were slightly shifted to higher values compared to literature [67-69], which can be a result of alloying
with Pt. Multiple other metal-on-metal systems have shown that the alloying process starts to dominate
as deposition temperature is increased [31, 33, 41]. For the reverse system (Pt/Rh(111)), literature has
reported that segregation is expected [38]. Purely based on STM images of Pt/Rh(111) (section 4.1 and
4.2) it is difficult to conclude whether alloying occurs or not. However, we observe no coverage loss
upon PA to 600 K, and some upon PA to 700 K. This indicates some subsurface diffusion of Pt occurs
at 700 K, but it is uncertain whether Pt will mix with Rh, or form a segregated phase. This will be
elaborated on further in section 5.2 where we discuss oxidation of Pt-Rh surfaces, and use this as a tool

for distinguishing between pure Rh and PtRh alloyed areas.

5.2 Pt-Rh Surfaces in Oxygen Atmospheres

Another objective of this MSc work was to study the behavior of Pt-Rh surfaces in oxidative
atmospheres, and see how tuning Pt and Rh content and alloying altered the oxidation. Key findings are
summarized in Figure 5.3. The denominator for all the surfaces is that the requirement for surface
oxidation is presence of Rh at the surface. Depending on which system you start with (Pt/Rh(111) or
Rh/Pt(111)), there are different ways of manipulating the Rh content on the surface. On the left side of

Figure 5.3, i.e. when starting with Pt/Rh(111), increasing the Pt coverage alters surface composition and
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prevents oxidation. For the reverse system, Rh/Pt(111) (right side of Figure 5.3), we see that increased

PA temperature prevents surface oxidation due to increased alloying.

SURFAGE OXIDE CHEMISORBED
. 600 K in
700K in
1 % 10 mbar 0, 1 mbar 0,
Rh (111) Pt-Rh surfaces in O, atmosphere Pt (111)
300-470Kin Pt/Rh (111) 700 K in 600Kin Rh/Pt (111) 470Kin
1 bar O, 1 x 10 mbar O, 1 mbar O, 1 bar O,
1.2 ML
CHEMISORBED 0.09 ML PA 600 K SURFACE OXIDE
0-43 ML SURFACE OXIDE
0.5 ML
0.65 ML PA 700 K
2.3 ML 0.4 ML
CHEMISORBED PA 770 K
COVERAGE PA TEMPERATURE
CONTROL CONTROL

Figure 5.3. Summary of Pt-Rh surfaces in oxygen atmospheres. Temperature and oxygen pressure during oxidation
is indicated on the top, and the surface structures labelled indicate the dominating phase. The left arrow shows
oxidation of clean Rh(111), and the left down arrow (Pt/Rh(111)) indicates how controlling Pt coverage alters
oxidation. The right down arrow (Rh/Pt(111)) shows that controlling PA temperature governs surface structure

formed, and the right arrow shows oxidation behavior of clean Pt(111).

5.2.1 Low Oxygen Pressure (pO2 =1 x 10°— 1 mbar)

Behavior of the PtRh surfaces in oxygen atmospheres was studied by means of STM and LEED
(Pt/Rh(111) surfaces), and by XPS (Rh/Pt(111) surfaces). In agreement with literature [63, 68, 69],
growth of an ultra-thin RhO; surface oxide was achieved on clean Rh(111). This surface oxide displayed
a moiré pattern observed in STM images, as well as in LEED. Other late transition metals have also
showed growth of a two-dimensional surface oxide [125-127]. Pt is reported to oxidize at higher
temperatures and/or pressures compared to Rh [56, 59-61], and we do not expect moiré to form on
Pt(111) at the applied conditions. Hence, we used presence of moiré in STM images and LEED to guide

our conclusion on oxidation of PtRh alloys.

STM images revealed that increased Pt content resulted in a gradual loss of moiré pattern (see Figure
4.26 in section 4.3.1). Since the surface oxide only grew where there was substantial amounts of Rh, we
could use the oxidation procedure to identify where there was Pt enrichment simply by observing where
the moiré pattern did not form. Literature has reported that we expect segregation of Pt solute in a Rh

host [38]. The composition of the un-oxidized areas could be Pt segregated from Rh(111) forming a
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separate layer that passivates the surface from oxidizing, or a Pt enriched PtRh alloy. It is also uncertain
if the obtained composition is a result of annealing in UHV, or if the surface composition changes upon
oxidation, as has been reported for core-shell Rh@Pt nanoparticles (NPs) [128]. It should be noted that
the NPs were 8-11 nm in size, indicating that they are in the nanosize regime in all three dimensions,
suggesting a different electronic structure compared to our surfaces, which are considered bulk materials
in the xy-plane. Still, we should not exclude a possible compositional change upon oxidation for our
Pt/Rh(111) surfaces.

For the 0.14 ML surface, moiré formed over the entire surface (Figure 4.26 in section 4.3.1). From what
we know of oxidation behavior of Pt, it is highly unlikely that the observed islands mainly consist of Pt.
A significant amount of Rh must have replaced Pt so that oxidation became possible. Gustafson et al.
[63] reported that upon oxidation of Rh(111) excess Rh from the bulk formed Rh ad-islands, which have
the ability to oxidize. This allows us to distinguish between Pt islands and Rh ad-islands. Since the
islands on the 0.14 ML surface oxidized, we can conclude that they are predominately Rh ad-islands.
On the 0.43 and 0.65 ML surfaces, part of the rim around the islands were oxidized (Figure 5.4), leading
to the conclusion that there is Rh enrichment in these areas, and they are most likely due to formation
of Rh ad-islands. The interior of the islands did not oxidize, revealing a change in composition. The
exact composition of the inner part of the islands is not known, although we can speculate about a high

Pt content.

PN S jion —— X, OO gt

Figure 5.4: Moiré pattern highlighted in STM images of oxidized Pt/Rh(111) surfaces. a) 0.43 ML surface where

moiré form on island edges and on Rh(111) terraces. b) 0.65 ML surface where moiré only forms on island rims.

On the Rh(111) terraces surrounding the islands, less moiré formed as Pt coverage increased, seen in
Figure 5.4 a) (see Figure 4.26 in section 4.3.1). Around most Pt islands on the 0.43 ML surface there
was a border varying from a few nanometers to approximately 10 nm where moiré did not form (Figure
5.4 a)). This suggests that these areas contain an increased amount of Pt, or that alloying of Pt and Rh
has occurred, which prevented surface oxide formation. It can also be that Pt dissolved into Rh surfaces
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perturbs the electronic properties of the terraces. These results are in agreement with a previous study
[44], where it was shown that for Pt deposited on Rh(111) at 700 K, Pt diffuses to step edges, hence we
expect more Pt to be found in these areas. Increasing the coverage from 0.43 to 0.65 ML, we observe
that moiré no longer forms on the Rh(111) terraces between islands, suggesting there is a transition
region is this coverage range. A possible explanation is that above the transition coverage, the Rh(111)
terraces are so enriched with Pt that oxidation is prevented. Still, we do observe moiré on the island
rims, suggesting that nucleation and growth of Rh oxide is initiated along Pt islands, and if the terraces
have sufficiently low Pt content, it continues to grow in these areas. This suggests that the surface energy
for Rh around Pt islands is different from the surface energy of Rh in Rh(111) terraces, as a result of a
change in chemical environment. It is possible that it is easier for Rh around Pt islands to oxidize since
it is part of a nanostructure. It would be useful to reproduce these results to support the theory, which
would give information on the growth mechanism of surface oxide. It should be noted that there is a

possible discrepancy in oxidation mechanism for Pt/Rh(111) compared to clean Rh(111).

No moiré was observed for the 2.3 ML Pt/Rh(111) surface (Figure 4.24 in section 4.3.1). The surface
does not oxidize due to excessive amount of Pt. As previously mentioned, in a core-shell Rh@Pt NP the
surface composition undergoes a reversible change upon changing the conditions from oxidizing to
reducing [128]. Rh is capable of diffusing through Pt shell and segregates to the surface of the NP in
oxidative environments. We observe a different behavior for bulk Rh under a 2.3 ML Pt film,
corresponding to a thickness of approximately 0.5 nm. In contrast to the structure of a NP, the Pt film is
built up of continuous Pt layers where there might be higher barriers for surface diffusion, or perhaps
no diffusion channels like there are in NPs. Even though the thickness of the film might be the same,
the NPs are nanostructured in all three dimensions, while the Pt film on Rh(111) is only considered a
nanostructure in the z-direction, and in the xy-plane the film is a bulk structure. In addition, Rh in the
NP is regarded a nanostructure, while Rh in the 2.3 ML Pt/Rh(111) system is a single crystal of Rh with
bulk properties in all three dimensions. When going from a 0D nanostructure (NP) to a 2D nanostructure
(thin film), the electronic structure changes, which suggests a change in chemical properties and
different behaviors for the two systems. Another possibility is that Rh is indeed able to diffuse through

the Pt film, but the surface is so enriched with Pt that oxidation is prevented.

XPS results obtained by studying oxidation of the reverse system (Rh/Pt(111)) confirmed the STM
results (section 4.4.2). As reported in literature [37], and from the XP spectra of as-prepared and post-
annealed Rh/Pt(111) surfaces (described in section 4.4.1) it was shown that higher PA temperature leads
to increased alloying of Rh with Pt(111). Exposing the surfaces to an oxygen atmosphere revealed that
larger amounts of RhO; surface oxide formed on the surfaces that were annealed to lower temperatures.
Hence, PA temperature will determine the alloying of Rh with Pt(111), and increased alloying of Rh

with Pt(111) will hinder surface oxide formation. XP spectra of Pt 4f showed presence of only
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chemisorbed oxygen, and no formation of surface oxide, confirming literature [56, 59-61]. Two of the
Rh/Pt(111) surfaces studied had similar coverages, but were annealed to different temperatures around
700 — 775 K. The surface annealed to the highest temperature showed no presence of surface oxide,
while the other did. Based on this we can conclude that absence of surface oxide is mainly an effect of
PA temperature, not of coverage. We have also observed that even the smallest ad-islands of Rh/Rh(111)
can oxidize, which leads to the conclusion that islands size or coverages does not hinder oxidation.

5.2.2 High Oxygen Pressure (pO2 = 1 bar)

Clean Rh(111) was exposed to 1 bar O, at temperatures in the range 300 — 470 K in Reactor STM. No
surface oxide, nor any other reconstruction was visible in the STM images (Figure 4.27). From the phase
diagram in Figure 1.12 [63], these temperatures are not significantly high to grow a surface oxide. We
do, however, expect a chemisorbed oxygen structure to form under these conditions [63]. The absence
of reconstructions on the surface might be a result of poor resolution. Obtaining atomically resolved
images in the conditions of high pressures (1 bar) and elevated temperatures is a known challenge [1]
(p. 7), [129] (p. 205).

Pt(111), however, has been reported to oxidize in 1 bar O; at around 530 K [61], which reconstructs into
a spoked-wheel superstructure. These findings have been reproduced in our lab at 485 K [122]. At lower
temperatures, a disordered structure should form [61]. STM images of 0.09 ML Pt/Rh(111) obtained at
RT up to 435 K (Figure 4.27), indicated that no disordered structure formed on the Pt islands, nor was
any chemisorbed reconstruction seen on the Rh terraces. As temperature increased, STM image quality
decreased, which made it harder to see any fine details. Upon increasing the temperature to 485 K, no
spoked-wheel reconstruction within the Pt islands was observed. This result indeed confirms our
previous findings that combining Rh and Pt alters the oxidation process. From the absence of spoked-
wheel structure, we can conclude that presence of Rh is hindering oxidation of Pt. Still, this is somewhat
surprising considering that we expect Pt to segregate from Rh(111), and remain at the top of the surface
[38]. As previous mentioned, Rh in Rh@Pt NPs will diffuse to the top in oxidative environments to
form oxide structure [128]. Although the temperature used in that study was higher than 485 K, it still
shows that oxidative environments can alter the composition of a PtRh system. Our previous result
(section 4.3.1) shows that upon exposing 0.14 ML Pt/Rh(111) to low O, pressure at 700 K, surface oxide
formed across the entire surface. This indicated that Rh enrichment in Pt islands must have occurred.
For the 0.09 ML surface however, temperature was not significantly high to form surface oxide, but the
process of Rh enrichment in Pt islands might already have been initiated. By inspecting the STM images
of 0.09 ML Pt/Rh(111) it appears as though there is a loss of Pt islands with increased time (Figure
4.28). If this assumption is correct, it suggests that oxidative environments induces Pt subsurface

diffusion. However, it is difficult to conclude on this due to insufficient image quality.
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5.3 Combining Techniques and Using Realistic Conditions

An important aspect of the work presented in this MSc thesis is the strength of combining several
techniques to investigate surface structures. Combining techniques like STM, XPS, LEED and DFT
allows us to approach what is being investigated from several aspects, which makes it much easier to
arrive to the correct conclusions. DFT calculations, though only used via available published data,
allows us to view the thermodynamics of the system, while XPS addresses the chemical composition
and state. These findings can in turn be verified by means of STM and LEED, which are used for
structural characterization. This three-sided approach with computational modeling, compositional
characterization and structural characterization, illustrated in Figure 5.5, is needed in order to fully
understand the active surface. State-of-the-art work in this field also emphasizes the importance of
combining several techniques. We see from Gustafson et al. [63, 68], and Blomberg et al. [69] that DFT,
STM, XPS and LEED are combined to support findings. Similarly, in this MSc thesis a similar
complementary approach is adopted.

In this MSc thesis, main instrumental tool was STM. For structural characterization of model surfaces
STM is a highly suitable technique [130, 131], allowing for atomic scale observation of active sites such
as kinks, step edges and defects. STM combines the possibility to obtain electronic and topographical
information. However, image interpretation is often not straightforward, which is why many use DFT
to simulate the imaging. In this work, STM was used to investigate both morphology and growth by
altering conditions such as temperature, coverage, PA time and temperature. In addition, STM allows
us to infer about presence of pure metal, alloy, or oxide. In addition, LEED was used to verify surface
cleanness and crystallinity, and observe moiré pattern, which implicated formation of surface oxide.
XPS complemented these results by giving additional information on the chemical composition of the
surface. Although DFT was not used in this thesis, much of the previous work have used it as a tool to

support or complement experimental data.
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Figure 5.5: Combination of techniques (structural characterization, chemical analysis characterization and
computational modeling) provides an excellent pathway to study structure-performance relationship, which can

be correlated to real catalysts. Image of Pt-Rh gauze in the center from [21].

Another important aspect when studying surface structures is to minimize the materials- , temperature-
and pressure gap (described in 1.1). Major advances have been made over the last decades to allow for
study of surfaces under ambient conditions and beyond, as well as studying more complex structures.
Multiple studies on Pt(111) and Pt(110) in NO, Oz, CO and H: [61, 132-135] have shown the importance
of investigating surfaces in the bar-range (0.2 — 5 bar) by revealing discrepancies of the surface structure
when studying them under UHV or at low pressure, compared to near-ambient pressure and beyond.
The surfaces that restructure in in-situ or operando experiments will most likely also restructure in real
life. As mentioned, bimetallic Rn@Pt NPs undergo a reversible change in surface composition when
switching from oxidizing to reducing conditions [128], highlighting the importance of studying the

surface composition of Pt-Rh surfaces in catalytically relevant conditions.

In this work surfaces are explored in the pressure range from 1 x 10-3mbar to 1 bar in STM, and at 1
mbar in XPS, and in temperatures ranging from 300 — 770 K to capture the dynamics of the surfaces
structures. The results discussed above show the impact of high temperature and pressure beyond UHV
on the resulting surface structures, and illustrate that it is indeed necessary to study surface structures at

(near)-ambient pressure conditions to get an accurate understanding of the active surface.
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6 Conclusions

In order to get a better understanding of the nucleation, growth and alloying processes in the Pt-Rh
system, various Pt/Rh(111) surfaces were prepared and studied at UHV by means of STM and LEED.
Varying preparation conditions like deposition temperature, coverage, post-annealing temperature and
time showed strong influence on the morphology, growth and alloying. With increasing temperature
morphology of islands changed from dendritic, to compact triangles and hexagons, to worm-like
structures. In addition, it was shown that the growth mode changed with higher deposition temperatures;
from a quasi-2D growth to a more pure 2D growth. Post-annealing did not alter the Pt coverage, but the
island morphology changed to more rounded shapes. In addition, it was concluded that the various
nanostructures could be produced in a reproducible manner following the outlined protocols. For
systematic studies, this aspect is of key importance. A summary of the results were presented in a
“synthesis strategy roadmap”, which was made as a tool to guide preparation of well-defined Pt-Rh

nanostructures surfaces.

A complementary synthesis strategy roadmap for the inverse system (Rh/Pt(111)) has been previously
developed by our group [37], and therefore the results for the two systems were compared and discussed.
In addition, Rh/Pt(111) surfaces with various coverages (0.4 — 1.2 ML) were studied AP and PA by
means of XPS to support our previous results [37], and to extend our insight into the properties of Pt-
Rh surfaces. XPS confirmed the findings by Zheng et al. [37], stating that PA resulted in increased
alloying of Pt and Rh, in which higher PA temperatures lead to more mixing. In addition, XPS results
suggested a 3D growth mode, as was shown in the Rh/Pt(111) roadmap [37]. Overall, it was concluded
that the choice of starting substrate, Pt(111) or Rh(111), as well as deposition temperature and PA
conditions play a major role on the resulting surface in terms of morphology, growth and alloying. The
large variety of Pt-Rh surfaces provides a range of distinct Pt-Rh nanostructures to establish structure-

performance relationships.

In order to follow the oxidation behavior of Pt-Rh surfaces, various surfaces ranging from clean Rh(111)
to clean Pt(111) were studied in oxidative environments utilizing STM, LEED ex-situ at UHV, and in-
situ by Reactor STM and NAP-XPS. Oxidation was studied over a large pressure range, covering six
orders of magnitude from 10-3to 10 mbar. At low O, pressures (1 x 103 mbar) combined with high
temperature (700 K), Rh(111) and Rh(111) surfaces with various coverages of Pt were studied by means
of STM and LEED. A surface oxide formed on clean Rh(111), as has been reported by Gustafson et al.
[68], and by increasing the Pt content on Rh(111), surface oxidation was hindered. For Pt coverages up
to approximately 0.5 ML, significant parts of Rh(111) terraces formed a surface oxide. Above this

coverage, terrace oxidation was hindered, which is concluded to be a result of Pt enrichment.
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In-situ measurements in Reactor STM of bare Rh(111) and Pt/Rh(111) at high O, pressures (1 bar)
showed that temperature of 485 K and below are not high enough for the surface oxidation. Although
pure Pt is expected to oxidize in these conditions [61], Pt in Pt/Rh(111) did not oxide due to enrichment
of Pt islands with Rh with Pt islands, following the trend of bare Rh(111). It was similarly seen in the
inverse system (Rh/Pt(111) studied by means of NAP-XPS) that at 1 mbar O no surface oxide forms
on Pt(111), and enrichment of Pt (due to post-annealing) allows to diminish oxidation of Rh islands.

Overall, it was concluded that the amount of Rh located at the surface is what ultimately governs the
oxidation process of Pt-Rh surfaces. However, the ways of controlling the Rh content at the surface are
different depending on whether a Pt(111) or a Rh(111) single crystal is used. When starting with a
Rh(111) surface, one can simply control the amount of oxide by varying the Pt coverage. When starting
with Pt(111), the amount of Rh on the surface can be controlled by adjusting the deposition or post-

annealing temperature, as high temperatures favors alloying by Pt diffusion onto the surface.

The current project also demonstrate the importance of using complementary characterization
techniques such as XPS (chemical analysis), STM (morphology), LEED (surface structure) and DFT.
Combining these techniques with utilizing variable gas pressures to extract fine details is of importance
to control surface properties. Although DFT calculations were outside of the scope of the thesis,
important relevant literature was used for comparison [67, 68]. The broadened understanding of Pt-Rh
surfaces allows us to correlate the structure and catalytic performance, which is of particular interest
since important chemical processes such as ammonia oxidation and CO oxidation both rely on Pt-Rh

catalysts.
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7 Perspectives

Our results from preparation of a synthesis strategy roadmap for Pt/Rh(111) (section 4.1), higher
coverage Pt/Rh(111) surfaces (section 4.2), and the Rh/Pt(111) roadmap reported by Zheng et al. [37]
show the rich variation in surface structures achievable by tuning preparation conditions. In the
Pt/Rh(111) roadmap, the effects of deposition temperature and PA on morphology, growth and alloying
were mainly explored. In addition, the effect of Pt coverage was explored. Parameters which have not
been evaluated systematically are the deposition rate and the PA time. To develop a further
understanding of the Pt-Rh system, and to prepare even more well-defined Pt-Rh surfaces, the effects
of tuning these parameters should be explored.

When discussing oxidation of Pt/Rh(111) surfaces at low pressures (pO; = 1 x 103 — 1 mbar), it is
uncertain whether Pt forms an alloy with Rh, or if Pt is segregated and remains on the surface. We
believe it would be fruitful to perform XPS measurements during oxidation of Pt/Rh(111) with various
coverages, and with post-annealing to various temperatures. This would allow us to follow
compositional changes and get insight into the different oxygen-induced species formed, and the
stoichiometry of formed oxides. When studying the oxidized 0.43 and 0.65 ML Pt/Rh(111) surfaces, it
was observed as though 0.5 ML is a transition coverage, around which oxidation of Rh(111) terraces
changes behavior. To understand the oxidation mechanism for Pt/Rh(111) better, it would be useful to
study the oxidation of a series of surfaces with coverages close to 0.5 ML. NAP-XPS measurements for
Pt/Rh(111) were indeed planned in March 2020 at MAX-IV, Lund. The measurements will be re-
scheduled and completed later.

For comparison of oxidation of thick Pt on Rh(111) and bare Pt(111) (at high pressures pO, = 1 bar, at
470 K), it would be interesting to study the oxidation process for higher content of Pt on Rh(111), and
explore the onset for Pt oxidation by increasing Pt coverage. It would also be useful to study surfaces
both AP and PA to view differences in oxidation by altering alloying of Pt and Rh. For 0.09 ML
Pt/Rh(111) coverage of Pt dropped with time. It would be useful to explore this further, and investigate
if there is an actual coverage loss due to subsurface diffusion of Pt, whether it is reversible or it is a

scanning effect.

As highlighted in section 5.3, combining different approaches to understand surface structure makes it
easier to draw conclusions. In the work presented in this MSc thesis, no computational modeling was
performed. Currently, our group has excellent knowledge when it comes to surface sensitive techniques
such as XPS, STM and LEED, and on computational modelling on bulk- and nanomaterials in general.

However, we are currently not doing DFT calculations on surfaces, and this would be a natural extension

93



of our work. DFT modelling is useful to understand the thermodynamics of the system, and is an element
that could provide further insight into the behavior of Pt-Rh surfaces. It would allow us to draw
conclusions from the experimental results we already have obtained and to predict properties of other
bimetallic alloys.

Finally, we use characterization techniques that allow us to study surfaces at ambient conditions and
beyond (up to 6 bar and 575 K in the Reactor STM) so that we can study the surfaces at the conditions
they are used at in real life. Typically, the surfaces are utilized for catalysis. Therefore, the systematic
studies on preparation of surfaces and their behavior in oxidizing conditions should be expanded to
viewing the surfaces in real chemical processes; e.g. ammonia oxidation at mild conditions for NOx

abatement, which is a process studied in the NAFUMA group.
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8 Appendix

8.1 Other Pt/Rh(111) surfaces

Pt was deposited on Rh(111) at 425 K for 30 min followed by PA to 625 K. The surface is shown in
Figure 8.1 a)-b). HP measurement was performed with 1 bar O, while heating to 470 K. As indicated
by the STM images in Figure 8.1 ¢) - h) no clear surface reconstructions or oxide formation could be
observed at this pressure and temperature. The most striking change from the STM images collected in
UHV is the dotted structure, especially visible in Figure 8.1 d) and e). The dotted structure is also visible

inside the vacancy islands.

Figure 8.1: Pt deposited on Rh(111) for 30 min at 425K, followed by PA to 625 K in a) - b) UHV. ¢) — h) 1 bar O,
at 470 K.

Pt was deposited on Rh(111) at RT, first for 80 min, followed by 20 min. The coverage was estimated
to be 3 ML, and the resulting STM image of the AP surface can be seen in Figure 8.2 a)-b). The STM
images show 3D growth of Pt islands with a branched shape, and the number of layer-steps could be
counted to approximately 6, with some variation among the islands. PA was then performed at 625 K
for 10 min, and STM images the resulting surface is shown in Figure 8.2 c)-e). PA led to lateral growth
of the lower-lying layers and faceting of the upper multilayered islands.
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’ » : i
Figure 8.2: a) — b) 3 ML Pt deposited on Rh(111) at RT. ¢) — e 3 ML Pt deposited on Rh(111) at RT and PA to
625 K.

8.2 Rh/Pt(111)

Rh was deposited on Pt(111) at 400 K for 16 min. The surface was then PA to 725 K for 10 min, and
can be view in Figure 8.3 a). The surface was exposed to 1 bar of O,and heated to 470 K simultaneously
as scanning was performed. The resulting images (Figure 8.3 b-c)) indicate no major changes upon
introducing the surface to oxygen.

_ %

Figure 8.3: Rh/Pt(111) 8nA 16 min 400 K PA 725 K a) in UHV, b) in 1 bar of Oy, ¢) in 1 bar O, at a smaller scale.
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