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1 Introduction

By definition "a catalyst is a substance which affects the rate of a chemical reaction without

being part of its end products". This has been proposed by W. Ostwald, who was awarded

the Chemistry Nobel Prize in 1909 for his work on catalysis.[1, 2] In principle, a catalyst

lowers the activation energy barrier of a reaction and therein increases the reaction

rate, which reduces the external energy input required. Historically, the most notable

industrial heterogeneous catalyst application was the transformation of the abundant

N2 in air into NH3 in H2 atmosphere on an Osmium catalyst (nowadays an Iron oxide

based catalyst is employed, discovered by A. Mittasch[3]), which is a crucial process

for the production of fertilizers. The process has first been discovered in the laboratory

by F. Haber in 1909 and has later on been transferred to an industrial scale by C. Bosch

at the BASF company in 1913. Both scientists were awarded with the Chemistry Nobel

Prize in 1919 and 1935 respectively.[4] Nowadays, catalysts are of considerable interest

for economic and ecologic reasons. They are found in almost every industrial process

involving chemical production, furthermore they play an important role in the area of

energy conversion and storage.

In order to understand and to improve the activity of a catalyst and to lower the cost

of the materials used for heterogeneous catalysis on a rational basis, a fundamental

knowledge of the catalyst structure and the interplay between the reactants, reaction in-

termediates and products with the catalyst surface on an atomic / molecular scale level

is mandatory. Technically, supported metal catalysts, relevant for this work, consist of

single metal or alloy nanoparticles situated on a complex three dimensional (3–D) high

surface area carbon or oxide support, as shown schematically in Figure 1.1a. Based on

this model, the reactivity strongly depends on the structural and electronic properties of

the supported particles, which change with the size, morphology and the composition

of the particles, both in the surface and in the bulk, and can furthermore be influenced

by the interaction with the support. In some special cases the lattice components of

the support may even participate in the formation of the products.[5, 6] One approach

to disentangle all these effects involves investigations on well defined planar model

systems which lower and simplify the variety of catalytically relevant sites, a concept
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1 Introduction

that has already been proposed by Langmuir in 1922.[7] Figure 1.1b shows in the top

row a cross section of three catalyst examples with different structure (without support

material) and in the bottom row a cross section for a corresponding planar model sys-

tem. Experimentation on the latter structures became available with the introduction

of ultra high vacuum (UHV) techniques, providing an adsorbate free environment, re-

quired for the preparation of clean nanostructured surfaces and the possibility to apply

a large variety of surface sensitive techniques to investigate structural, electronic, and

chemical properties of the prepared surface structures.[8] The samples investigated are

in general single crystals with well defined surface orientation, that can be modified

with other metals. A detailed understanding of the structural properties on an atomic

scale level was achieved by, e.g., low energy electron diffraction (LEED) measurements

for ordered surface structures, where the characterization of disordered and more com-

plex three dimensional structures became available with the introduction of surface

probe techniques, such as atomic force microscopy (AFM) and scanning tunneling mi-

croscopy (STM). The latter was realized in 1981 by G. Binnig and H. Rohrer, who were

awarded the Physics Nobel Prize in 1986,[9, 10] since it presents until today one of the

most important technique for the characterization of nanostructured surfaces. One of

the pioneers in the field of fundamental model catalyst studies was G. Ertl, who was

honored with the Chemistry Nobel Prize in 2007 "for his studies of chemical processes on

solid surfaces"1 and has elucidated the mechanism of the ammonia synthesis based on

model catalyst studies on well defined surfaces.[11]

In this work, the focus is on the preparation and characterization of bimetallic surface

structures, since they show different and preferentially higher activities compared to

the single components.[12, 13] The structure formation and characterization of bimetal-

lic structures also finds enormous interest in other research fields such as material sci-

ence, corrosion, semiconductor industry, sensor techniques, etc.[14] Following is a list

of bimetallic combinations which are primarily used as basis for discussion in this the-

sis, highlighting their relevance in model catalyst studies and industrial application.

• AgPd – Used in the hydrogenation of acetylene traces in ethylene, where Ag re-

duces the adsorption strength of acetylene on the Pd, which otherwise would

transform acetylene to ethane. The purified ethylene is required for the produc-

tion of, e.g., polyethylene.[15–19]

• PtRu – Most intensively studied anode catalysts in proton exchange membrane

1"The Nobel Prize in Chemistry 2007". Nobelprize.org. Nobel Media AB 2014. Web. 7 Dec 2014.
http://www.nobelprize.org/nobel_ prizes/chemistry/laureates/2007/
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1 Introduction

Figure 1.1: a) Schematic illustration of a real catalyst with a complex 3–D high surface area
support and small metal nanoparticles. b) Top row from left to right: cross section of an al-
loy particle, a core shell particle with pure metal core and a core shell particle with an alloy
core. Bottom row: cross section of respective planar model catalysts with the same structures
depicted in the top row.

(PEM) fuel cells, operated with CO contaminated H2 feed gas or methanol. The

catalyst shows a high tolerance towards CO poisoning.[20]

• PtCu – Shaped as core shell particle (Pt rich shell and Pt poor core) it has recently

been proposed as cathode catalyst in PEM fuel cells, due to its higher activity for

the oxygen reduction reaction (ORR) compared to bare Pt. Furthermore, substitu-

tion of the expensive Pt metal by cheaper metals is of high economic interest.[21–

24]

• PtAu – The catalyst shows enhanced activity for the conversion of

hydrocarbons[25, 26] and the ORR.[27, 28] Nevertheless, in this work it is

used as simplified model system to correlate measured and computed catalytic

activities of surface alloys for the ORR, based on density functional theory (DFT)

computed binding energies of the reaction intermediates (adsorbed OH and

OOH).[29]

The nanostructured systems studied in this work are designed by a bottom-up ap-

proach, which means that the structures are formed by self assembly of deposited atoms

on the surface. These are divided into three different categories having different di-

mensionality, designed by structuring metal single crystals under UHV conditions: (i)

growth of metal particle arrays (0–D), (ii) metal-on-metal growth (1–D) and (iii) sur-

face alloys (2–D). Furthermore, technical improvements combining UHV with electro-

catalytic measurements are introduced, which are relevant to gain new fundamental

insights into the structure | activity relationship on UHV prepared model electrodes.

3



1 Introduction

This work is structured as follows. Chapter 2 gives a more detailed overview on the

model systems with different dimensionality introduced above, primarily focusing on

their relevance for model catalyst studies and the problems tackled in this thesis, con-

sidering also results of previous studies. In Chapter 3, first the role of using UHV in

combination with electrocatalytic studies is emphasized on in Section 3.1, second fun-

damental experimental and theoretical concepts for the design of well defined model

catalysts are described in Section 3.2, and third fundamental concepts on the relation-

ship between structural properties and chemical/catalytic properties of metals, espe-

cially in bimetallic systems, is discussed in Section 3.3. In Chapter 4, the new classifi-

cation of nanostructures with different dimensionality introduced above, is described

in more detail based on the modern concepts in model catalysis described in the previ-

ous chapter. The discussion is related to the results acquired in the time period of my

master thesis and this work in comparison with recent studies on similar model cata-

lysts. In Chapter 5 a detailed description of the experimental set-up follows, including

the design of a new electrochemical flow cell attached to the main UHV chamber and

the preparation and characterization procedures of the surface structures investigated.

Chapter 6 includes original publications, listing me as first author, discussing in detail

experimental and partly theoretical investigations on nanostructured electrodes with

different dimensionality. Additional second author publications are found in Refer-

ences [30–34]. The key findings of this work are summarized and concluded by final

remarks in Chapter 7 (the German version in Chapter 8).
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2 Objective

Real metal supported catalysts consist in general of metal particles situated in a com-

plex 3–D matrix of a support material. Their catalytic activity strongly depends on the

particle size, shape, composition of the bulk and of the surface, geometric arrangement

of the atoms within the surface plane and of the interaction of the particles with the

support. Each of these characteristics can be separately attributed to with well defined

nanostructured model catalysts and thus is a perfect approach to disentangle these ef-

fects. In this thesis, well defined planar nanostructured model surfaces are first pre-

pared under UHV conditions and characterized structurally, mainly by STM, to study

the mechanism of structure formation and gain detailed information on the structures

on an atomic scale. In combination with a newly designed electrochemical flow cell set

up, attached to the UHV system, an unambiguous structure | activity relationship can

be derived.

In order to discuss the structural and chemical properties of bimetallic systems, the

model catalysts investigated in this thesis are separated into three different classes of

dimensionality. They comprise well ordered particle arrays (0–D), linear bimetallic in-

terfaces (1–D) and surface alloys (2–D), which are described in detail in Chapter 4. Open

questions tackled in this thesis for the different model systems are described in in the

following:

• 0–D structures: Metal particles grown on a planar non-metallic support are rele-

vant model catalysts to investigate, e.g., particle size effects and particle-support

interactions. The first challenge is the search for a suitable substrate, which pro-

vides well defined nucleation centers for the growth of well ordered particle

arrays.[35] For further (electro–)catalytic measurements it is important to note,

that the grown particles show homogeneous properties, e.g. a narrow size dis-

tribution with similar composition, and that their activity is only related to the

particle itself and not to any edge effects resulting from the interface between

the particle and the support. Promising substrates are metal supported graphene

layers, first shown for Ir particle growth on graphene/Ir(111).[36] In this thesis,

5



2 Objective

the growth of Pt, Ru and bimetallic PtRu particles on graphene/Ru(0001) was

studied by STM under UHV conditions. These metals / metal combinations are

relevant for application in electrolysers (Pt particles) and PEM fuel cells (Pt parti-

cles - pure hydrogen fuel cells or bimetallic PtRu particles in direct methanol fuel

cells or PEM fuel cells operated with CO contaminated H2 feed gas). The sec-

ond challenge is the structural characterization of the bimetallic clusters in model

studies on supported metal clusters. By STM imaging (this work) only surface

structures can be imaged, however, in the case of nanopoparticles this technique

fails to image individual atoms by their chemical contrast due to the rough sur-

face, in comparison for example to surface alloys described below for 2–D model

systems. Other techniques such as energy-dispersive X-ray spectroscopy (EDX),

(scanning) transmission electron microscopy ((S)TEM), or X-ray photo electron

spectroscopy (XPS) would provide deeper insight, both in the bulk and on the

surface structures, but they also only provide nominal compositions and average

structures for all particles. An interesting approach to investigate the composition

of individual particles is provided by kinetic Monte Carlo (KMC) simulations.

The experimental and theoretical KMC studies on monometallic Pt and Ru parti-

cle growth are described in Section 6.1 and Reference [31]. They were mandatory

for the understanding of the growth of PtRu bimetallic particles, described in Sec-

tion 6.2 and Reference [32].

• 1–D structures: The rate of reactions on bimetallic surfaces following a bifunc-

tional mechanism,[37, 38] where each type of atom shows specific adsorption

properties of the different reactants / reaction intermediates, can be enhanced by

increasing the number of bimetallic interface sites. The influence of bimetallic in-

terfaces can be studied on single crystal surfaces, with monolayer high islands of a

guest metal. The formation of these structures under UHV conditions is very well

understood.[39–41] In this work, the electrocatalytic activity of Pt island modified

Ru(0001) surfaces is investigated, focusing on the electrocatalytic CO oxidation,

to get more insight on the widely accepted bifunctional mechanism proposed for

this reaction.[42] The results are discussed in detail in Sections 6.3 and 6.4.

• 2–D structures: Surface alloys of type AB/A (metals A and B mixed in the top-

most layer of single crystalline substrate A) have been investigated in detail in

former studies with respect to their structure formation and stability.[43] Recently

the catalytic activity for the ORR of surface alloys was predicted by DFT com-

puted adsorption energies of reaction intermediates formed during the reaction

6



2 Objective

(OHad and OOHad) on bimetallic surface alloys. The theoretical findings were

tested in this work for ORR measurements on under UHV conditions prepared

AuxPt1-x/Pt(111)[33] and PtxRu1-x/Ru(0001)[34] surface alloys.

In the case of surface alloys of type BC/A, only a few systematic studies on their

structure formation exist. The investigations primarily focus on high cohesive

metals as substrate A, e.g., Ru(0001), to prevent intermixing of the deposited met-

als with the bulk. For a better understanding of the alloy formation mechanism

of BC surface alloys on a foreign metal substrate surface A, alloy formation of

CuxPt1-x/Ru(00001) is investigated in Section 6.5. Furthermore due to the well

defined structures in this system, both in the topmost surface layer as well as in

the bulk (no bulk segregation of the guest metals), these BC/A type surface alloys

are perfectly suitable for future (electro-)catalytic studies, both in experiment an

theory.

A final crucial aspect to derive an unambiguous structure | activity relationship, is

related to the stability of the model electrodes in electrocatalytic environment. While

in studies employing "real" catalysts it is very common to test the catalyst stability dur-

ing or after the electrochemical treatment, e.g., by transmission electron microscopy

studies (TEM), no such reports exist for UHV prepared well defined bimetallic model

catalyst electrodes investigated on their electrocatalytic activity in a combined UHV

electrochemistry set-up. This problem has been tackled by the development of a new

experimental set-up, which allows for a detailed investigation of model electrodes by

STM both before and after the electrochemical investigations, as demonstrated on Pt

modified Ru(0001) electrodes in Sections 6.3 and 6.4.

7



3 Modern concepts in model catalysis

Designing a model catalyst requires fundamental knowledge on the experimental equip-

ment, the properties of structure formation, the interaction between the employed cata-

lyst materials and the interaction between surface structures and adsorbates (reactants,

reaction intermediates and products). In this chapter, first the experimental techniques

to prepare and investigate the model systems under well defined UHV conditions in

combination with an electrochemical flow cell are introduced in Section 3.1. Second, the

thermodynamic values and growth kinetics of nanostructure formation are described

in Section 3.2, and third, theoretical models describing the interaction of adsorbates

with the catalyst surface, relevant for a systematic understanding of the structure | ac-

tivity relationship, are introduced in Section 3.3. The main ideas of Section 3.2 and 3.3

are relevant for the classification of model systems in different types of dimensionality

further below in Chapter 4.

3.1 UHV and electrocatalysis – past, present and future

Investigation of model systems under UHV conditions, at the solid | vacuum interface,

allows for the preparation and characterization of well defined bimetallic nanostruc-

tures described in Section 3.2, different to those achieved for example for the prepa-

ration in solid | liquid environment, e.g., electrodeposition of metals on single crystal

surfaces. Furthermore investigations in UHV provide the conditions for the operation

of a huge variety of surface sensitive techniques involving charged particles, neutral

particles or electrons, which can not be applied at atmospheric pressure or in liquid

medium due to their small mean free path. The adsorbate free environment facilitates

the investigation on adsorbate free surfaces down to the atomic scale level by surface

probe techniques, such as AFM and STM.

The simplified model system with their well defined structures are a perfect basis of

comparison for combined experimental and theoretical studies. Initially, results on the

interaction between adsorbates and well defined model surfaces obtained under UHV

conditions have been (and are still) used to rationalize trends in the reactivity of more

8



3 Modern concepts in model catalysis

complex model catalyst systems or real catalysts investigated at the solid | gas or at the

solid | liquid interface. Since the experimental conditions (solid | liquid and solid | gas

vs. solid | vacuum interfaces) and the not well defined structures in more realistic sys-

tems are very different, such a comparison is not always reasonable and in some cases

fails utterly. To overcome this "pressure gap", the model electrodes should reflect the

same structural properties in different environment, which can be achieved by a trans-

fer of UHV prepared and investigated samples to a "micro reactor" under well defined

conditions. This approach also prevents contamination of the sample surfaces from ad-

sorbates in air, which can lead to irreversible restructuring of the electrode surface or

blocking of potentially active sites. Such a reactor can either be a high pressure (com-

pared to UHV) compartment or an electrochemical cell. Focusing on the latter, which is

relevant for this work, approaches to combine the two experimental techniques are dis-

cussed in detail by Hoster and Gasteiger,[44] describing different types of experimental

set-ups, as well as advantages and disadvantages of these so called transfer systems.

Besides the investigation of the electrocatalytic activity of nanostructured model elec-

trodes (preparation under UHV conditions or directly prepared in EC), the back trans-

fer from the EC into the UHV for further ex situ characterization, called electrode emer-

sion, can give insight on the adsorbate structures on the surfaces. This has for example

been shown for remaining CO and H2O on the model electrodes by LEED and TPD

after the electrochemical investigations.[45–47] There are, however, limitations of this

approach since first, upon emersion of the electrodes the concentration of the adsor-

bates in the electrolyte close to the electrode surface might change or the stabilization

of water close to the surface is different when the electrolyte is removed, and second,

the low pressure in the UHV chamber facilitates the desorption of adsorbates and thus

the adsorbate structures observed, e.g. by LEED, under UHV conditions do not neces-

sarily reflect the situation under reaction conditions.

Another crucial aspect that has to be considered is the electrode stability during the

(electro–)catalytic measurements. Only if the electrode surfaces are not subject to re-

structuring or dissolution in the (electro–)catalytic environment, under present exper-

imental conditions, an unambiguous interpretation of the catalytic / electrochemical

findings and adsorbate structures with the actual surface structure is possible. This is-

sue has been tackled in this thesis, by the characterization of model electrode surfaces

by STM after the electrochemical investigations and is discussed in detail in Sections 6.3

and 6.4. Such kind of measurements have so far been neglected in model catalyst stud-

ies combining UHV and (electro–)catalytic measurements.

9



3 Modern concepts in model catalysis

Even though this experimental approach allows direct correlation of surface struc-

tures with the reactivity measured in an electrochemical environment, further technical

developments are necessary to compare results obtained with the combined UHV-EC

set-up with pure electrocatalytic studies on more realistic systems. For this purpose, in

this thesis a new flow cell set-up attached to the main UHV chamber is introduced in

the experimental Section 5.1.3. In addition, the flow cell is connected to a second "mini"

UHV chamber equipped with a mass spectrometer (MS), called differential electroche-

mical mass spectrometry (DEMS).[48–51] Inside the flow cell, the electrolyte is sepa-

rated from the "mini" UHV chamber with a porous membrane and thus the low pres-

sure on the vacuum side allows volatile species to penetrate for an on line analysis,

comprising reactants, reaction intermediates and products. From such experiments

a more detailed insight into the reaction mechanism of complex electrochemical / –

catalytic reactions involving several possible reaction pathways can be gained. First

results recorded with this system are shown in follow up projects to this work, for

the hydrogen evolution reaction on Pt clusters on graphene/Ru(0001)[52] and for the

methanol electro-oxidation on Pt modified Ru(0001) electrodes[53].

3.2 Nanostructure formation under UHV conditions

Versatile nanostructured model catalysts are designed and characterized under UHV

conditions following a bottom up approach. This means in this case, that nanostruc-

tures are grown by metal deposition on a preferentially single crystalline substrate, with

defined surface orientation. The structure formation depends both on thermodynamic

values and growth kinetics, which are introduced in the following subsections.

3.2.1 Thermodynamic growth modes

Thermodynamically controlled structure formation upon deposition of metals on an

atomically flat single crystalline substrate is described by three thermodynamic growth

modes, illustrated in Figure 3.1.[41, 54, 55] These depend on the interaction between the

deposited metal and the support and rely on minimizing the surface free energy ∆γ.

The Frank-van der Merwe growth mode describes a pure layer-by-layer growth, while

for the Stranski-Krastanov growth mode first a single (or more) wetting layer(s) are

formed, followed by multilayer/cluster growth. Finally, for the Volmer-Weber growth

mode multilayer/cluster growth is already observed before the first deposit layer is

10



3 Modern concepts in model catalysis

complete. The growth modes depend on the surface free energy of the deposit γD, of

the substrate γS and on the interface energy γI . Besides the energetic differences be-

tween the materials, these parameters are strongly influenced by the strain induced by

the lattice mismatch between the deposit and the substrate material. The overall change

in surface energy is related via ∆γ = γS − γD − γI . When ∆γ is negative for consec-

utive layers of deposit material, Frank-van der Merwe growth mode occurs, while for

positive ∆γ, Volmer-Weber growth mode occurs. Stranski-Krastanov growth mode is

observed when the energetics in the system involved changes at a critical layer thick-

ness of deposit material.

As mentioned above, these growth modes are a pure thermodynamic description

of metal structure formation on a planar substrate, which means that they only occur

when the temperature during the growth is high enough that all kinetic barriers are

overcome. This will be the subject of discussion in the following subsections.

Figure 3.1: Schematic illustration of the three common thermodynamic growth modes.

3.2.2 Kinetic growth modes

The initial growth of islands/clusters and the time evolution of island/cluster densi-

ties on a uniform defect free surface is described by the homogeneous nucleation and

growth theory, discussed in detail in References [39–41, 56–61]. In brief, the growth

of nanostructures involves several processes such as adsorption, diffusion, nucleation

and desorption of deposits on and from a surface. For the following description, pure

2–D island formation and complete condensation are considered. The latter is a rea-

sonable assumption, since desorption of metal adatoms from a metal substrate can

mostly be neglected, since in the temperature range where nucleation and growth is

11
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normally studied, the thermal energy is too low to activate this process. Hence the de-

posited adatoms adsorb on the substrate, diffuse and nucleate with other adatoms to

form stable islands, when the number of atoms is i + 1. For the following discussion

detachment of atoms from stable islands is not allowed. Atom diffusion corresponds

to a hopping process on a potential energy surface (PES), where a diffusion energy bar-

rier Ed has to be overcome for each hopping step, shown in a schematic illustration

in Figure 3.2a exemplary for diffusion in 1–D. The diffusion rate D is expressed by

D = Do · exp (−Ed/kbT), with kb being the Boltzmann constant, T the sample tempera-

ture and Do a prefactor. The latter includes the attempt frequency (νo) to overcome the

diffusion energy barrier and is expressed for a random walker in 2–D via Do = 1/4νo.

In a simplified picture, a single adatom is considered as critical cluster (i = 1) and

when two adatoms meet on the surface, they form a stable and immobile dimer / is-

land (i + 1), which grows further by capture of diffusing adatoms. The change in is-

land/cluster density nx during the continuous deposition of adatoms depends on the

deposition rate F, deposition time t, D and the sample temperature T. At a certain

coverage θ, a saturation island density is reached, where the average island separation

corresponds to the mean free path of the diffusing adatoms, given by λ ≈
√

1/πnx ≈
(D/F)1/6. The connection between nx in the saturation regime, F and T is in this case

given by Equation 3.1.

nx = η(θ, i)
(

D
F

)−χ

exp
(

−Ei

(i + 1)kbT

)
, with χ =

i
i + 2

. (3.1)

In the simple case of i = 1, the binding energy Ei is by definition zero. Thus by intro-

ducing D in Equation 3.1, the latter is reduced to

nx = η(θ, i)
(

Do

F

)− 1
3

exp
(
−Ed

kbT

)− 1
3

. (3.2)

Hence, the energy barrier for diffusion can be determined from an Arrhenius plot,

based on experimentally measured island densities on a substrate, prepared at constant

deposition rate but varying sample temperature.[39–41, 61]

Assuming now a situation where the PES is locally perturbed or periodically varied,

as shown in the schematic illustratiosn in Figures 3.2b and 3.2c, respectively, the identi-

fication of Ed is not as straightforward as described above for homogeneous nucleation.

In this case, solving a set of more complex rate equations is required, which take into

12
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Figure 3.2: Schematic illustration of the 1–D motion of an adatom on a) a uniform PES, b) on a
surface with point defects (open circles) showing a locally perturbed PES, and c) on a surface
with a periodically varied PES. The arrows indicate the most favorable nucleation center for
island/cluster growth in b) and c).

account the local variation in Ed. This can be achieved by kinetic Monte Carlo (KMC)

simulations, where the Ed is kept constant and the adsorption energy on the substrate

Ea is varied or vice versa.[62] Without specifying the details of this theoretical approach,

the influence of a non-uniform PES, introduced in Figure 3.2b and 3.2c, is briefly dis-

cussed.

The locally perturbed PES shown in Figure 3.2b, is for example used to describe a

surface with (point) defects, which act as trap sites on diffusing adatoms (indicated by

an arrow). The energy barrier to hop on these sites is in general (much) smaller com-

pared to the barrier to leave the site. Hence, a diffusing adatom preferentially sticks

to these sites to form a stable island consisting of a single atom, which acts as nucle-

ation center for diffusing adatoms. This is different to homogeneous nucleation the-

ory, where islands are statistically formed by collision of diffusing adatoms anywhere

on the surface. The influence of trap sites on diffusing adatoms has been studied by

field-ion microscopy (FIM) on surface alloys[63–65] and their influence on the island

formation has been studied on surfaces with a periodic distribution of the defect sites

and is described in detail by the heterogeneous nucleation theory.[39–41, 61]

In some special cases the motion of an adatom is described by a periodically varied

PES shown in Figure 3.2c, which is for example observed in the case of metal sup-

ported graphene monolayers. In this case the energy barrier for the diffusing adatoms

strongly depends on their hopping direction. Thus hopping occurs with higher proba-

bility into the direction with the smaller diffusion barrier Ed, which, in this case, directs

the adatoms into the thermodynamically most favorable location with the highest ad-

sorption energy on the surface (indicated with an arrow). If the periodically varied PES

shows local minima, the adatoms are directed into the closest thermodynamically fa-

vorable site. Such a growth behavior has been demonstrated by kinetic Monte Carlo

simulations for Pt, Ru and bimetallic PtRu cluster formation on Ru(0001) supported

graphene and is described in detail in Section 6.1 and References [31, 32, 66].

13
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3.2.3 Structure formation

The models introduced above merely describe the dependence of F and T on the island

density nx, but do not necessarily provide information on the morphology or shape of

the islands/clusters. To describe these structural properties additional energy barriers

are required, e.g., (i) addressing the motion of atoms along island edges and around is-

land corners, or (ii) across step and interface sites of an existing island, which are often

larger compared to the diffusion barrier Ed. For (i), if the temperature is too low, diffus-

ing adatoms will hit and stick to a stable nucleation center to form fractal islands. This

process is called diffusion limited aggregation (DLA).[67, 68] At higher temperatures,

the adatoms are able to overcome the kinetic barriers for the island edge and island cor-

ner diffusion, to form compact and thermodynamically more stable structures, where

the number of edge and corner atoms are minimized. This is demonstrated later on in

Figure 4.4 for the growth of Pt islands on Ru(0001) in Section 4.0.2. For (ii), if an adatom

is deposited on top of an island, its motion could be confined to the area on top of the

island due to additional interlayer diffusion barriers at the step edges, induced by the

low coordinated atoms at the island edge.[69, 70] This leads to multilayer growth even

though wetting of the substrate layer would thermodynamically be more favorable (see

Section 3.2.1 above).

The fundamental concepts on nucleation, growth and structure formation are applied

in Section 6.3 to prepare Pt modified Ru(0001) surfaces with different island densities

and shapes to investigate the influence of the Pt–Ru step and Pt–Ru interface sites for

the electrooxidation of CO.

3.2.4 Growth of bimetallic structures

In this subsection key insights on the kinetics of bimetallic structure formation, such

as 2–D core–shell or mixed islands / clusters, supported on a (metallic) substrate are

briefly discussed.1 For more detailed information the reader is referred to reviews [71,

72]. Such bimetallic structures can be prepared by the following two techniques; (i)

co–deposition and (ii) sequential deposition of both metals. Both methods have their

assets and drawbacks in theoretical studies to investigate the growth kinetics as well as

the evaluation of the exact composition of the structures, especially when 3–D growth

(clustering) occurs in experimental studies.

For (i) co–deposition of the metals, in general mixed alloy structures are formed. The-

1Bimetallic surface alloys will be treated separately in the next Section.

14
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oretical investigations to determine the growth kinetics are rather challenging, since

the deposition rates F and the diffusion barriers Ed of the metals have to be treated si-

multaneously. Even though this has been investigated theoretically for the first time by

Anton and Harsdorff in 1977 for Ag–Au cluster growth on alkali halides,[73] only a few

fundamental studies on co–deposition have been investigated since then. From these

studies, however, no simple rules exist to predict the growth and structure formation

of the bimetallic structures prepared by this experimental procedure.

On the other hand, for (ii) sequential deposition, the growth of the two metals can be

treated independently. Deposition of the first metal for a specific time leads to the for-

mation of metal structures with a distinct island density nx, following the fundamental

rules of growth kinetics introduced in Section 3.2.2. The structures resulting from se-

quential deposition of the second metal depends on the diffusivity of the latter on the

surface. If the mean free path of the second metal at a specific deposition temperature is

larger compared to the average island separation of the initial deposit, all deposits will

attach to the existing structures and solely bimetallic structure formation is observed.

Vice versa, if the mean free path of the second metal is smaller compared to the aver-

age island separation of the first metal, both the formation of bimetallic and additional

monometallic structures in between the initial islands is observed.[72, 74]

Figure 3.3: a) STM image (500 nm × 500 nm) of Co islands on Ru(0001) surrounded by a Cu
brim, prepared by deposition of 0.12 ML Co at 50°C, flash annealed at 350°C and subsequent
deposition of 0.23 ML Cu. (Reprinted with permission from Reference [75], APS online ©1998)
b) STM image (130 nm × 130 nm) of bimetallic Pt@Ru clusters on graphene/Ru(0001) prepared
by deposition of 0.005 ML Ru and subsequently 0.07 ML Pt at RT.

Let us assume that all structures formed during subsequent deposition of the met-

als are of bimetallic nature. In that case it is still almost impossible to elucidate their

exact composition. This is demonstrated in the STM images for the growth of bimetal-

lic 2–D core–shell Cu–Co islands on Ru(0001)[75] in Figure 3.3a, in comparison with
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Pt–Ru cluster growth on Ru(0001) supported graphene in Figure 3.3b (The latter is de-

scribed in detail in Section 6.2 and Reference [32]). In the first case, 2–D islands are

formed, where the atoms in the darker Co islands can clearly be discerned from the

surrounded brighter Cu brim in the STM image (bright structures on top of Co islands

are second layer Cu islands). Thus the evaluation of the respective coverages and a

statistical analysis of potentially active sites at the bimetallic interface is rather simple

and straightforward (CuRu step and CuCo interface sites). In the second case, where

the influence of the substrate leads to the growth for 3–D cluster, it is, however, not

possible to elucidate the exact composition of the individual bimetallic clusters.

Both example systems have been investigated in theoretical studies with KMC sim-

ulations. For the 2–D core shell structures in Figure 3.3a, KMC simulations were not

necessary to gain more insight in the structural properties, since they are already di-

rectly accessible from the STM imaging. Nevertheless, they were a useful model sys-

tem to improve the theoretical understanding of island growth kinetics.[75] In contrast,

it is not possible to directly image the composition of the bimetallic cluster in Figure

3.3b. In this case, KMC simulations, based on the findings for monometallic Pt and Ru

cluster growth (Section 6.1), give insight into the amount of Pt and Ru in the bimetallic

clusters.[32]

3.2.5 Bimetallic surface alloy formation

The surfaces of alloys can be divided in three classes of materials, which are defined

by their structure in the topmost layer(s) of the respective metal combinations; (i) alloy

surfaces, which refer to the topmost layers of a bulk alloy, (ii) near surface alloys, in

which an alloy structure is situated below the surface, eventually including some inter-

mixing in the topmost layer and (iii) surface alloys, which refer to a single alloy layer

on a monometallic crystal, where intermixing preferentially takes place in the topmost

layer. For the following discussion only the surface alloy formation of both monolayer

AB and BC surface alloys on a substrate A is considered.2 In general AB surface alloys

supported on a metal A are prepared by deposition of a metal B on a substrate metal

A with subsequent annealing to elevated temperatures, illustrated in the top row of

Figure 3.4. For BC alloy formation on metal A, a metal C is deposited onto a metal B

pre-covered metal surface A, described previously, followed by an annealing step, as

2In the notation AB/A and BC/A used for the following discussion, AB an BC before the ´́ /`̀ refers to the
alloy combination and the A behind the ´́ /`̀ refers to the single crystal substrate. In general the latter
includes the surface orientation, e.g., PtAg/Pt(111), PtAg/Pt(100), etc.
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illustrated in the bottom row of Figure 3.4.

Figure 3.4: Schematic illustration for the preparation of AB and BC surface alloys on a substrate
metal A, by sequential deposition of the metals, followed by an annealing step at elevated tem-
perature.

General aspects of surface alloy formation, based on AB/A surface alloys. In gen-

eral, for the deposition of a metal B on a well prepared flat substrate A at room tem-

perature, metal growth proceeds via homogeneous nucleation described above in Sec-

tion 3.2.2. At elevated temperatures, surface alloy formation is evidently expected if

the respective metals are miscible in the bulk. It has, however, also been shown that

it is also possible to form surface alloys for metal combinations which are partially or

completely immiscible in the bulk, e.g., AgxCu1-x/Cu(111)[76], AuxNi1-x/Ni(110)[77]

or AgxPt1-x/Pt(111).[78, 79]

Energetically the intermixing of metal B with the substrate A depends among oth-

ers on their segregation and bulk mixing energies. Employing DFT based calculations,

Christensen et al. provide values for a large number of binary alloy systems.[80] From

these values general trends on the structure and stability of surface alloys can be pre-

dicted, which are visualized in surface energy curves in Figure 3.5, where the relative

surface energy is plotted vs. the concentration of the deposited metal B (xB). This leads

to four different classes of surface alloys. The straight lines describe the change in

surface energy for total phase separation between metal A and B in the surface, and

represents the weighted average of the surface energy of the pure bulk metal A and a

monolayer of B on A. The slope of the straight line represents the segregation energy.

If the segregation energy is negative (top row in Figure 3.5) the deposited metal tends

to stay in the topmost layer, where if it is positive (bottom row in Figure 3.5), bulk dif-

fusion is favored. The latter is in general always driven by entropy, due to the large

number of sites in the bulk. Hence, in surface alloys with a negative segregation energy

the bulk dissolution becomes less favorable and thus tend to be more stable compared
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to those with a positive segregation energy. The actual form of the surface energy curve

is described in this DFT model by a parabola. The difference between the line and the

parabola is the mixing energy of both metals. If the difference is negative (left column

in Figure 3.5), effective repulsive interactions are dominant between A and B, and a dis-

perse distribution of the atoms within the surface is expected, whereas if the difference

is positive (right column in Figure 3.5) attractive interactions are dominant between

atoms of the same type, which leads to phase separation. In general experimental re-

sults fit very well with the predicted behavior. In the few cases, where experimental

results deviate from the predictions.[30] One reason might be that the model neglects

structural relaxation processes, induced by the difference in the lattice constant of the

two types of atoms involved.

Figure 3.5: Examples for the four classes of expected surface alloys. Top row: negative segrega-
tion energy (negative slope), limited diffusion into the bulk. Bottom row: positive segregation
energy (positive slope), diffusion into the bulk is energetically favored. Left column: repulsive
B–B and A–A interactions, formation of a surface alloy. Right column: attractive B–B and A–A
interactions, phase separation. (Reprinted with permission from Reference [80], APS online
©1997)

The mechanism of the alloy formation has been proposed to occur by the following

two processes: (i) a vacancy mediated lateral diffusion of adatoms[81–89] or (ii) a place

exchange between the adatom and the surface atom[83, 87, 90, 90, 91]. The energy

barriers for these processes are in general lower than the segregation barriers into the

bulk.
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While theoretical investigations provide valuable information on the tendency of al-

loy formation (phase separation, random distribution or disperse distribution of the

atoms), the exact structure or distribution of the atoms within the surface alloy layer

can finally only be depicted in experiment on an atomic scale by STM imaging. Due to

the different electronic structure of the atoms within a surface alloy it is possible to dis-

tinguish both metals in the STM image ("chemical contrast").[92–99] A set of representa-

tive STM images of atomically resolved AuxPt1-x/Pt(111)[100], PtxRu1-x/Ru(0001)[101]

and CuxPd1-x/Ru(0001)[102] (BC on A system described further below) surface alloys

with similar composition (≈50:50) is shown in Figures 3.6a-c. The images reveal from

left to right phase–separation, random distribution and disperse distribution of the sur-

face atoms respectively, consistent with the trends predicted by the DFT calculations

described above.[80]

Figure 3.6: Atomically resolved STM images of surface alloys showing a) phase separation for
Au44Pt56/Pt(111)[100] (10 nm × 10 nm), b) random distribution in Pt53Ru47/Ru(0001)[101]
(7 nm × 7 nm) and c) disperse distribution in Cu48Pd52/Ru(0001)[103] (10 nm × 10 nm).
(a) Reprinted with permission from Reference [100], WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim ©2010, b) from Reference [101], RSC online ©2008, c) from Reference [103], APS on-
line ©2006)

From the STM images the ordering of the atoms within the surface alloy can be de-

scribed using the Warren-Cowley[104, 105] short range order coefficient (SRO) α (his-

torically introduced for bulk alloys). For a 2–D distribution of the atoms, the SRO is

given by α(r) = 1− (PAB/xB) and describes the probability to find an atom B (PAB)

in the distance r from atom A. xB is the surface concentration in B and r is the dis-

tance between A and B, described by the next neighboring spheres 1,
√

3, 2,
√

7, 3,... If

α(r) < 0, heterogeneous A–B bond formation is favored, leading to a disperse distribu-

tion of the atoms, and if α(r) > 0, homogeneous A–A, B–B bond formation is favored,

leading to a phase–separation of the atoms within the surface alloy. When α(r) = 0,

a random distribution of the surface atoms is obtained. The ordering of the surface
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atoms can also be expressed by the interactions between the atoms,[43, 106] described

by effective cluster interactions (ECI). In the following description only effective pair

interactions (EPI) are considered, given by V(r) = 1
2 (V

AA(r) + VBB(r)) − VAB(r).

The EPIs can be determined by a Metropolis Monte Carlo (MC) simulation[107] via a

simplex downhill algorithm,[108, 109] including temperature effects, aiming at maxi-

mum agreement between simulated and experimentally obtained SRO, given by ∆ =

∑r=1,
√

3,2,
√

7,3(Pexp
AB (r) − PMC

AB (r))2. If V(r) > 0, heterogeneous A–B bond formation is

favored, leading to a disperse distribution of the atoms, where for V(r) < 0, homo-

geneous A–A, B–B bond formation is favored, leading to a phase–separation of the

atoms. Random distribution of the atoms in the surface is described by V(r) = 0. This

procedure has been successfully applied to several surface alloys with different order-

ing parameters[30, 43, 100–102, 110–112] and the model describes remarkably well the

experimentally determined order of the atoms within surface alloys. For additional

information the reader is referred to References [43, 106, 113].

In general, a single set of EPIs is required to simulate the SRO in the entire concentra-

tion regime.[102] This procedure only fails if the energetics between the atoms change

with the concentration, e.g., for AgxPd1-x/Pd(111), where for low Ag contents phase

separation and for high Ag contents a disperse distribution of the atoms is observed.[30,

114] A possible explanation is that the energetics of the surface cannot be properly de-

scribed by pairwise interactions and instead contributions from higher order interac-

tions have to be taken into account.

Finally, from the distribution of the atoms determined from experiment or MC sim-

ulations, the abundance of catalytically relevant ensembles can be extracted, which are

required for a concise structure | activity relationship on an atomic / molecular scale

level, as described in Section 3.3.

Surface alloy formation for BC/A. In principle, BC/A surface alloy formation has only

been studied on high cohesive metals, especially on Ru(0001),[102, 103, 110, 115–124]

where bulk dissolution of deposited metals is kinetically hindered. Prerequisite for the

formation of a surface alloy confined to the topmost layer is, that the deposited metals

A and B do not mix with the underlying substrate at their respective alloy temperature.

This can be deduced from the respective bulk phase diagrams and from the above pre-

dictions on bulk segregation and mixing enthalpies (see above). The BC on A surface

alloys are prepared on the one hand by co–deposition of both metals on a hot substrate

or with a post annealing step after deposition at RT[123] and on the other hand by the

more common technique of subsequent deposition of the metals B and C, followed by
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an annealing step.[83, 102, 103, 110, 115, 116, 119, 125]

The surface alloy formation has been studied extensively on these systems;

PbSn/Ru(0001)[124] and PbSn/Rh(111)[126] forms at specific coverages ordered

superstructures, CuxPd1-x/Ru(0001)[102, 103] forms a surface alloy in the entire con-

centration regime with a tendency for disperse distribution of the atoms within

the surface alloy, also observed for two coverage in PdxAu1-x/Ru(0001)[110],

where in AgAu/Ru(0001)[115], AgCu/Ru(0001)[119], CuCo/Ru(0001)[83] or

AgCo/Ru(0001)[116–118] coverage dependent structure formation is observed,

showing both surface alloy formation as well as reconstruction patterns or a mixture

of both. The main reason for the surface alloy / monolayer structure formation is

the inevitable strain in the surface alloy induced by the lattice mismatch between

the deposited metals and the substrate. If both of the deposited metals have a larger

(smaller) lattice constant compared to the substrate, the surface alloy experiences

compressive strain (tensile strain), while if one metal has a larger and the other one a

smaller lattice constant compared to the substrate, the surface alloy experiences a shift

from tensile strain to expansive strain. For the latter, the variation in strain is assumed

to be linearly related to the composition of the metals and can be determined from

Vegard’s law.[127] Based on this model, theoretically there exists an optimum compo-

sition, where the atoms form a close packed structure on the surface, with an average

lattice constant that perfectly matches the substrates lattice constant, which would in

principle annihilate all strain components. In addition to strain, the following effects

have been proposed to be responsible for the structure and surface alloy formation;

(i) the binding strength of the deposited metals to the substrate, (ii) the tendency of

both metals to form a miscible bulk alloy, (iii) the gain in entropy upon mixing and (iv)

the energy gain due to strain relaxation in the alloy overlayer.[80, 117–119] Due to the

strong influence of the substrate it is possible to form surface alloys which are (to some

extent) immiscible in the bulk.[83, 87, 128]

The only binary alloy system on Ru(0001) that has been shown to form a coverage

dependent homogeneous surface alloy is PdxCu1-x/Ru(0001).[102, 103, 123] In this case

similar evaluations to determine the lateral distribution of the atoms and statistical

analysis of catalytically relevant ensembles are available as in the case for AB/A alloy

formation described above. For further (electro–)catalytic measurements it is manda-

tory that the surface shows a well defined structure. In Section 6.5, the surface al-

loy formation mechanism of PtxCu1-x/Ru(0001) is presented. Following the standard

preparation procedures for BC/A introduced above, the surface alloy tends to form a
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dislocation network on Ru(0001) and furthermore shows both mixed and phase sepa-

rated areas. Changing the deposition order and the temperature of the crystal during

metal deposition, leads to perfect 2–D mixing of Pt and Cu and the dislocation network

can almost completely be removed in a large concentration regime. This work provides

new insights on the alloy formation mechanism of BC/A surface alloys.

3.3 Structure | activity relationship

The reactivity of a catalyst depends on the activation barriers of adsorption, dissocia-

tion and desorption of the reactants, reaction intermediates and products on and from

a catalyst surface. The largest of these barriers for a specific reaction on a metal surface

determines the rate limiting step. According to the Sabatier principle, reaction interme-

diates should neither bind too strong nor too weak to the catalyst surface,[129] which

means that if the adsorbates bind too weakly to the catalyst surface, they might not be

able to dissociate or participate in a follow up reaction, where if they bind too strongly

they poison the catalyst surface, and thus further reactions are inhibited. This leads in

general to a volcano-like behavior of the reactivity when moving from left to right in

the periodic table of the elements for the transition metals, with a maximum in activ-

ity for intermediate binging strength of adsorbed species. This is exemplary shown in

Figure 3.7, for measured CO methanation activities on different supported transition

metals as a function of the reaction energy for dissociative CO chemisorption.[130]

In most cases the energy barriers do, however, not only depend on the chosen metal,

but are strongly influenced by the structural properties of a catalyst, such as parti-

cle size, surface morphology, surface and bulk composition, distribution of the atoms

within the surface plane and the interaction of the catalyst metal particles with the sup-

port material. This Section describes the influence of these structural properties on the

chemical properties of a single metal or a bimetallic catalyst, and in how far this af-

fects the adsorption behavior / reactivity for catalytic reactions. Examples, both from

experiment and theory, are given to support the theoretical models.

Particle shape effects: Generally, metal particles (not supported on a substrate) tend to

form compact structures with low index planes, e.g. for fcc metals (100) and (111) facets,

in order minimize the total surface free energy.[131, 132] To which extent the different

facets are present on a metal particle, depends on the respective surface free energies

of each preferred orientation.[131, 132] The growth of specific facets can be forced by

the variation of the experimental conditions during the particle preparation (temper-
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Figure 3.7: Measured CO methanation activities on different supported transition metals as
a function of the reaction energy for dissociative CO chemisorption. See Reference [130] for
details. Reprinted with permission from Reference [130], Elsevier online ©2004.

ature, time, metal precursor concentration, solvents) to form particles with preferen-

tial shape.[131–134] This provides insights on the electrochemical / –catalytic activities

on specific surface planes. The results from these studies can be compared and veri-

fied with theoretical and experimental studies, performed on metal single crystals with

specific surface orientation.

Particle size effect: Reducing the number of atoms within a metal particle first leads

to an increasing number of low coordinated sites (defect and kink sites) with respect to

faceted areas.[131, 135] The atoms in the defect sites show different activities compared

to the atoms in the low index surfaces, since they have a reduced coordination number.

Simplified model systems to investigate these low coordinated sites are for example

stepped single crystal surfaces with different orientation and terrace length.[136–138]

Decreasing the particle size leads to an increase or decrease of the reactivity, as shown

by several experimental and theoretical studies.[135, 139–143] For example, in a theo-

retical study on the ORR activity of transition metal particles, based on DFT computed

adsorption energies of reaction intermediates (O, OH and OOH) on planar and stepped

(111), (100) and (211) surfaces, it has been shown that for decreasing particles size (from

10 nm to 2.5 nm), e.g., the activity of Au increases and for Pt decreases.[142] In gen-

eral, reducing the number of atoms within a cluster somewhere below 100 atoms, a

loss of their metallic properties is observed with a non linear change in the activity,

dependent on the exact number of atoms.[135] This is called the non–scalable regime,

which can for example experimentally be investigated using size–selected clusters, in

gas phase experiments.[135, 141, 143] The effect has also been studied for size–selected

metal clusters deposited on a defect rich patterned substrate, with a very narrow size
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distribution,[144–148] for example by the temperature programmed reaction (TPR) of

the CO oxidation on Aun clusters (n = number of atoms) supported on defect rich

MgO(100)[149] or for the CO adsorption on Pdn clusters supported on Ni3Al(111) in-

vestigated with molecular beam relaxation spectroscopy (MBRS).[150]

Strain and vertical ligand effects: Deposition of a metal B on a metal A leads to a

change in the electronic structure of metal B, which originates from strain, induced by

the lattice mismatch between the substrate and the metal overlayer, and a vertical lig-

and effect induced by the interaction of the deposit with the underlying metal.[151, 152]

The change in electronic structure for strained surfaces is described by the d–band

model introduced by B. Hammer and J. Nørskov,[151] which is illustrated schemati-

cally in Figure 3.8. To the left, a partially filled d–band with its d-DOS (density of states)

is schematically illustrated as rectangle for an unstrained surface, where εd refers to the

d-band center. Tensile strain in the deposit metal leads to a narrowing of the d-band

(Figure 3.8 center). In order to maintain the d–filling, the d–band center has to shift up

in energy (Figure 3.8 right). Compressive strain on the other hand leads to a broaden-

ing of the d–band and thus to a down shift in energy of the d–band center. In addition

to the strain effect, a heterometal below the surface layer, present either as individual

atom, complete layer or as bulk material, leads to a hybridization of the d-states in

the top layer[153, 154] and a charge transfer between the metals, based on their elec-

tronegativity. This is called the vertical ligand effect. Both the strain and ligand effect

strongly influence the sorption and dissociation properties of adsorbates/molecules on

a surface. In this simplified model, these properties are linearly related to the shift in

the d–band center, which in turn is in the case of surface strain approximately linearly

related to the degree of strain.[155, 156]

Figure 3.8: Schematic illustration of the strain induced shift of the d–band center εd. Left: par-
tially filled d–band of a transition metal. Center: narrowing of the d–band due to tensile strain.
Right: up shift of the d–band center to maintain the d-filling.

Experimentally the influence of the vertical ligand effect induced by the substrate

on a metal overlayer has already been reported in the eighties in experimental studies

by J.W.A. Sachtler et al. on the cyclohexane dehydrogenation on Pt layers on Au(100)

and Au layers on Pt(100)[157], by K. Christmann et al. using pure CO and CO co-
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adsorbed with D2 as probe molecules on Cu layers on Ru(0001).[158, 159] as well as by

D.W. Goodman et al. using CO only as probe molecule on Cu layers on Ru(0001)[160]

Furthermore the influence of strain has been studied for the oxygen adsorption on a

Ru(0001) surface which is modified by subsurface Ar bubbles (inducing strain in the

topmost layers of the crystal).[161] From these experiments it is, however, not possi-

ble to disentangle the contribution of strain and ligand effects. A better insight was

obtained by a combined experimental and theoretical study on the CO adsorption on

Pt layers (1-8 ML) on Ru(0001), which shows that the electronic influence of the sub-

strate dominates over strain effects for the first three layers. For Pt layers > 4 ML only

strain effects remain active.[162] Under reaction conditions for the ORR on Pt layers

on Ru(0001), it could be shown that the substrate only affects the first Pt layer, which

shows a reduced activity compared to Pt(111),[34] while surfaces with Pt layers > 2 ML

the activity gets closer to Pt(111). In a recent theoretical study by T. Maark and A. Pe-

terson on the H adsorption on Pd layers supported on various transition metal surfaces

it has been shown that the strain effect changes systematically with the change in the

lattice mismatch, which is enhanced or reduced by the ligand effect. In other words, in

some systems the strain effect is the dominant effect whereas on others it is the vertical

ligand effect.[163]

Ensemble and horizontal ligand effects: On surface alloys or alloy surfaces (see Sec-

tion 3.2.5), the distribution of the atoms within the topmost layer plays a crucial role

for the activity and reactivity in catalytic reactions, since each adsorbate requires a cer-

tain ensemble of atoms for adsorption. This is the so called ensemble effect, which is

illustrated in Figure 3.9a exemplary for 2– and 3–fold sites, of pure mono– or mixed

bimetallic nature, where large (yellow and blue) circles represent the surface atoms

and the small balls (red) an adsorbate or adsorption site.[25, 164–168] Furthermore, the

adsorption strength on individual atoms depends on their chemical environment, il-

lustrated in Figure 3.9b. The presence of a metal B in the vicinity if a metal A induces

changes in their respective electronic structures, addressed to a ligand effect[169] and

further on called "horizontal" ligand effect, for a better distinction between the vertical

ligand effect. This leads to shifts in the d–band center, similar to the description of the

vertical ligand effect described above.

To study the influence of these ensemble and ligand effects on a catalytic reaction

or the sorption properties of probe molecules, an exact characterization by STM on

well–defined, homogeneous flat surface alloys (alloy surfaces) is necessary.[30, 43, 100–

102, 110–112] The ensemble effects are not linearly related to the composition of the al-
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Figure 3.9: Schematic illustration of the adsorption of a) a probe molecule/adsorbate (red circle)
on pure and mixed 2– and 3–fold ensembles and b) on an atom surrounded by an increasing
number of guest atoms.

loy, but depend strongly on the distribution of the atoms within the surface alloy (phase

separation, random distribution or disperse distribution of the atoms), described in de-

tail in Section 3.2.5. The ensemble effect is illustrated in the following on AuxPt1-x/Pt(111)

surface alloys, which shows a phase separation of the atoms.[33, 100] Figure 3.10a

shows a representative atomically resolved STM image of a Au51Pt49/Pt(111) surface

alloy, where the phase separation of both metals is clearly visible (Pt bright, Au dark

atoms). Figure 3.10b shows BCVs (only anodic scans) of Pt(111) and AuxPt1-x/Pt(111)

surface alloys with increasing Au content, recorded in 0.5 M HClO4 at 50 mV·s–1. The

region between 0.05 V and 0.40 V (0.60 V and 0.90 V) shows the hydrogen desorption

(OH adsorption) current densities. The evaluated charge in this potential range is plot-

ted in the inset of Figure 3.10b with open circles for the hydrogen desorption and with

filled dots for OHad. From the results in the inset, it is clear that the charge does not

decrease linearly with increasing Au content (straight line) but decreases with a third

order polynomial. From evaluation of the STM images it has been shown that the abun-

dance of Pt3 trimers also follows a third order polynomial as plotted with the dotted

line in Figure 3.10b-inset. Therefore, it can be concluded that adsorbed H (and OH)

requires a 3–fold hollow site. Such a nonlinear behavior has also been shown for other

systems, such as PtxRu1-x/Ru(0001).[170, 171]
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Figure 3.10: a) STM image (14 nm x 14 nm) of a Au51Pt49/Pt(111) surface alloy (bright atoms =
Pt, dark atoms = Au). b) BCV in 0.5 M HClO4 at 50 mV s–1 (anodic part only) for –2– Pt(111),
–N– Au03Pt97/Pt(111),–?– Au15Pt85/Pt(111), –�– Au24Pt76/Pt(111), – – Au51Pt49/Pt(111), –
#– Au72Pt28/Pt(111). The inset shows the charge displaced for hydrogen desorption (blue
open dots) and for hydroxyl adsorption (red filled dots) as function of the Au surface content.
(Reprinted with permission from Reference [33], Elsevier online ©2014)
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To derive an unambiguous structure | activity relationship, as discussed in Section 3.3,

well defined model systems with specific structural properties are required. Exper-

imentally they can be designed under UHV conditions based on the concepts of

nanostructure formation introduced in Section 3.2. For a better illustration of related

effects, the model systems investigated in this thesis are separated in three classes of

structural dimensionality, from 0–D to 2–D.1 In this classification, 0–D structures de-

scribe (nano)particle arrays, where the nanoparticles are considered as points on a pla-

nar substrate with homogeneous properties, 1–D structures result from line defects,

such as steps or linear bimetallic interfaces, and 2–D structures describe, e.g., surface

alloys. The individual structural properties, including a rational design of the model

electrodes, and their effect in (electro-)catalytic measurements are illustrated in the fol-

lowing subsections. For illustration I will use specific results obtained in relation to my

work, which are reported in a number of publications listing me as second author[31–

34], as well as results from my master thesis[30, 114] and from other (master/bachelor)

projects I was involved in as supervisor[52, 53, 172–177], as well as related studies to

this work reported in the literature. This chapter gives a a general overview on the state

of the art design model electrodes of different dimensionality prepared under UHV

conditions and in how far individual results obtained around my work are relevant in

a broader scope of model catalytic studies to gain a better understanding of fundamen-

tal structure related catalytic effects, combining the concepts introduced in Section 3.

The results of my thesis are presented and discussed in detail in Chapter 6. Finally, the

main results are put into a common perspective, also in relation to the general ideas

and concepts discussed in Chapters 4 and 6, in the concluding Chapter 7.

1This classification has been introduced by Prof. R.J. Behm (Ulm University, Ulm), Prof. A. Groß (Ulm
University, Ulm) and Prof. C. Wöll (KIT, Karlsruhe) in a project proposal (KFN-IV, B1) in the research
network "Functional nanostructures" of the State of Baden–Württemberg in 2011.
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4.0.1 0–D structures: metal particle arrays

In this work, 0–D structures refer to arrays of metal (nano)particles, which show ho-

mogeneous properties, such as a narrow size distribution (point islands) and similar

compositions,[35, 178–181] which can be prepraed under UHV conditions on a planar

(defect free) support, such as carbon (glassy carbon, HOPG), metal oxides or supported

carbon monolayers and oxide films. These model systems can be used to investigate,

e.g., particle size effects, introduced in Section 3.3. Furthermore, they are closely related

to real metal supported catalysts, which in general exhibit a complex 3–D structure with

metal nanoparticles dispersed on a high surface area carbon or oxide support material.

A promising substrate for the growth of well ordered arrays (relevant for catalytic

studies discussed below) of metal particles are metal supported carbon monolayers,

also referred to as metal supported graphene.[182–184] Prerequisite is the formation of

a defect free carbon monolayer with well defined adsorption sites, which is achieved for

a single graphene layer on Ru(0001)[185], Ir(111)[36] or Rh(111)[186]. On other metals

such as Pt(111), a large variety of graphene Moiré domains with different orientations

is observed.[173, 187] In this case, metal nucleation occurs primarily at the domain

boundaries,[173, 188, 189] which act as trap sites (described in Section 3.2.2). For the

following discussion, the formation of graphene is focused on Ru(0001) and the growth

of Pt, Ru and bimetallic PtRu clusters on graphene/Ru(0001) is illustrated, using results

obtained in this work, which are discussed in detail in Sections 6.1 and 6.2, as well as

in References [31, 32, 175] in combination with recent results published in this rather

"young" research field. The initial assumption, that this model system is suitable to

study particle size effects, is discussed using recent results on the activity of Pt clusters

supported on graphene/Ru(0001) in the hydrogen evolution reaction, studied in our

institute.[52, 175]

Graphene structure: Figure 4.1 shows a sequence of STM images of a homogeneous,

defect free graphene monolayer grown on Ru(0001) under UHV conditions, prepared

via chemical vapor deposition of ethylene at 1100 K sample temperature on the surface,

with increasing magnification (see also Section 5.2.2 for a detailed description of dif-

ferent preparation procedures). The large scale images in Figure 4.1a to 4.1b show the

distinct hexagonal Moiré structure of graphene/Ru(0001), stretching over the Ru(0001)

terraces. The Moiré pattern is a result of the lattice mismatch between the graphene and

the Ru(0001). The contrast variation in individual STM images is on the one hand due

to the electronic structure of the graphene on the metal support, and on the other hand
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due to a buckling of the graphene sheet on the Ru(0001) substrate.[185, 190, 191] The

unit cell of the Moiré pattern is marked by the parallelogram in the atomically resolved

STM image in Figure 4.1d. It has a lattice constant of 3 nm with a (25 × 25)graphene -

(23 × 23)Ru structure.[190, 192–194] Furthermore, three different regions are marked α,

β and γ, also referred to fcc, hcp and on–top regions, where the center of an individual

carbon hexagon of the graphene sheet is situated on top of a fcc, hcp or on-top site on

the Ru(0001) surface, respectively.[185, 195]

Figure 4.1: Graphene formation on Ru(0001) under UHV conditions via ethylene decomposition
at 1100 K depicted at different scales a) 130 nm × 130 nm, b) also shows on the right hand side
the bare Ru(0001) substrate, 100 nm× 100 nm nm, c) 20 nm× 20 nm, and d) on an atomic scale,
10 nm × 10 nm.

Metal cluster formation: Cluster formation of transition metals (TM) on

graphene/Ru(0001) depends on the interaction of the metal with the substrate (S),

which is strongest in the fcc low region.[196] Thus adatom diffusion into these fcc low

regions is thermodynamically favorable, based on the kinetic model described in Sec-

tion 3.2.2. Relating DFT computed adsorption energies of TM monomers on the sub-

strate (TM-S) in the fcc regions with TM-TM interaction in TM dimers and trimers, the

following trends for cluster growth have been elucidated: (i) for the deposition of met-

als with strong TM-S interactions, and where the TM-S interaction is larger than the

TM-TM interaction in dimers and trimers, the formation of well ordered particle arrays

is observed (e.g. Ni, Ru, Rh, Pt, and Ir). (ii) Larger clusters without preferential ad-
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sorption sites on the graphene layer are formed for deposited metals with intermediate

TM-S interactions, where the TM-TM interaction in the trimer is larger than the TM-S

interaction (e.g. Co and Fe). (iii) For the deposition of metals with a weak TM-S inter-

action, where the TM-TM interaction is comparable to the TM-S interaction, formation

of monolayer high islands is expected on the surface (e.g. Au and Ag).[196] The trends

predicted by this theoretical study agree well with experimental findings, except for

Pd.[74, 191, 195, 197] Finally, the cluster density on the surface (or the population of

preferential nucleation sites) depends on the diffusion barriers of the metal adatoms on

the Moiré superlattice.[32, 74, 196, 198, 199]

For subsequent (electro–)catalytic measurements, (i) each fcc low region on the Moiré

should preferably be populated by a single cluster, to prevent catalytic effects resulting

from different inter-particle distances,[200, 201] and (ii) the clusters should have identi-

cal shape and number of atoms, in order to study the influence of specific cluster sizes

on the catalytic activity. Considering only metals with a strong TM-S interaction, de-

position on graphene/Ru(0001) at RT, however, only leads to a partial population of

the fcc sites.[74, 195, 202] Reducing the temperature of the substrate during the metal

deposition reduces the mobility of the adatoms on the substrate and hence leads to an

increased cluster density,[39–41, 61] as shown for Pt deposition at 140 – 180 K, where a

population of 100% of the sites has been achieved.[195] If the experimental techniques

are not available to perform such low temperature experiments, the cluster density

can in general be increased by increasing the deposition rate (see Section 3.2.2).[39–

41, 61] Experimental studies on the growth of Pt and Ru clusters on graphene/Ru(0001)

showed, however, an independence or the deposition rate on the island density. This

is depicted in Figure 4.2, where the fraction of populated sites (filling fraction, FF) is

plotted vs. the deposition rate of Pt and Ru in Figure 4.2a and 4.2b, respectively.2 KMC

simulations presented in Section 6.1, could not reveal the origin of the unusual deposi-

tion rate dependence. A possible reason could be the diffusion of entire clusters during

the nucleation process, which has been shown to occur for the deposition of size se-

lected Pd19 clusters on graphene/Ru(0001) and graphene/Rh(111)[203] as well as in

annealing experiments of Pt clusters on graphene/Ir(111)[204]. This possibility has,

however, been neglected at the time when the KMC simulations were performed, due

to lack of experimental evidence for cluster diffusion on graphene/Ru(0001).

The preparation and structural characterization of well defined bimetallic parti-

2Results for Pt deposition on graphene/Ru(0001) have been measured by C.D. Lorenz, Ulm
University.[175]
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Figure 4.2: Influence of the deposition rate F on the FF for a) Pt and b) Ru cluster growth on
graphene/Ru(0001).

cles is as well relevant for further model studies, since mixed metals structures

show in general different and often a significantly higher activity than the individ-

ual components.[12, 13] Experimentally the structure formation of bimetallic structures

poses two problems; (i) when the metals involved show different diffusion properties

on the surface, pure and bimetallic cluster formation depends on the preparation proce-

dure (see Section 3.2.4) and (ii) the structural characterization, especially of the cluster

surface and its composition in the bulk is a challenging task. In this thesis, the growth

of bimetallic PtRu clusters on graphene/Ru(0001) has been investigated. Both metals

show a strong TM-S interaction and nucleate preferentially in the fcc low region. From

STM investigations, the composition of the clusters can, however, not be resolved. This

problem has been tackled by KMC simulations, described in Section 6.2 and Reference

[32] and using the general rules for bimetallic cluster growth, as described in detail in

Section 3.2.4.

Metal supported graphene monolayers are furthermore highly interesting substrates

to study the nucleation behavior of metal particles itself by KMC simulations, due to

the well defined periodicity of the substrate and thus well defined periodically varying

potential energy surface (see Section 3.2.2 and detailed discussion in Section 6.1).

(Electro-)catalytic activity: The main idea of this thesis, to prepare graphene/Ru(0001)

supported metal particles, is to investigate particle size effects, introduced in Sec-

tion 3.3, of particles smaller than 1 nm and which consist of less than 100 atoms. Despite

a number of studies on cluster growth on metal supported graphene layers investigated

in the literature (not only on graphene/Ru(0001)[191, 195, 202, 205, 206] but also on

other metal surfaces, e.g., graphene/Ir(111)[204, 207] or graphene/Rh(111)[186, 208])

and including the studies in this work in Sections 6.1 and 6.2, as well as References

[31, 32, 175]), there exist neither systematic electrochemical nor (electro-)catalytic stud-
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ies on these model systems, to elucidate related cluster size effects. The suitability

of these systems for such kind of studies is illustrated in the following, using re-

sults obtained around my work in two master theses I supervised, on the structural

properties of Pt clusters on graphene/Ru(0001) and their electroctalytic activity on the

HER.[52, 175]

First, a fundamental electrochemical study has been performed on the bare Ru(0001)

and the graphene covered Ru(0001) substrate, which are shown in comparison in Figure

4.3a.[52] Both samples were recorded in 0.5 M H2SO4 at 10 mV·s-1, between 0.02 V and

0.90 V (vs. RHE). The BCV of the Ru(0001) electrode shows a distinct oxidation peak in

the positive-going scan at around 0.64 V and two reduction peaks in the negative-going

scan located at 0.52 and 0.32 V, which are characteristic features of Ru(0001) redox pro-

cesses, in agreement with results published in previous studies[209–211] (a detailed de-

scription of the BCV is given in Sections 6.3 and 6.4). The BCV for graphene/Ru(0001)

(Figure 4.3a) shows almost no oxidation or reduction currents, in agreement with find-

ings in a previous study conducted in 0.1 M HClO4.[175]. A small peak is visible at

around 0.32 V, which is attributed to a small amount of defects in the graphene layer

exposing the underlying Ru(0001) substrate (2–3%, determined from a charge evalu-

ation). This clearly shows, that graphene/Ru(0001) is a suitable substrate for further

electrochemical/-catalytic investigations on supported metal particles, since it does not

show a catalytic activity by its own in the investigated potential window.

Figure 4.3b[52] shows the BCVs recorded in 0.5 M H2SO4 at 10 mV·s-1 of Pt clusters

of different size supported on graphene/Ru(0001) in comparison with polycrystalline

Pt (Ptpoly). All currents are normalized to the electrochemical surface area (ECSA) of Pt

in cm2. The cluster sizes are given as average height in number of layers. Pt clusters

on graphene/Ru(0001) always show a higher activity (larger current density) for the

HER compared to Ptpoly, except for the smallest Pt cluster. Furthermore, the activity

increases with decreasing cluster size, down to clusters of 3 layers height. The same

trend has been reported for larger Pt particles supported on glassy carbon with sizes

ranging from 1 nm to 6 nm.[52, 139] Clusters smaller than 3 layers, in contrast show

again a decrease in activity.

There are three different explanations that could rationalize the initial increase in ac-

tivity with decreasing clusters size and a decrease in activity for the smallest cluster

sizes. First, it has been shown that by decreasing the particle size the ratio of weakly

bonding hydrogen to the particle surface increases compared with strongly binding hy-

drogen, which leads to an increase in the activity for the HER.[139] This is consistent
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Figure 4.3: a) BCV of Ru(0001) and graphene/Ru(0001) in 0.5 M H2SO4 with a scan rate of
10 mV·s-1. b) BCVs of Ptpoly and Pt clusters with varying size on graphene/Ru(0001) (Only
cathodic scans are shown). The inset shows a magnification of the low potential region of the
HER. All currents are normalized to the ECSA of Pt in cm2. (Reprinted with permission from
Reference [52])

with theoretical predictions, which show a volcano-like behavior for the activity of the

HER in relation with the metal–hydrogen binding energy (EM−H).[212, 213] Since Pt is

located on the side of the volcano, where the EM−H is increasing, a decrease in EM−H

leads to an increase in activity. Upon reaching the top of the volcano, a decrease in

activity should be observed, which may be the case when the size of the Pt particles

is below a certain threshold. Second, with decreasing particle size, the next neighbor

distance between the atoms gets smaller, which leads to strain in the cluster.[214–218]

As described in Section 3.3, strained surfaces may change the adsorption properties

dramatically. There are however, to the best of my knowledge, no reports on the influ-

ence of strain in Pt particles on the hydrogen adsorption energy. Finally, the decrease

in activity for the smallest cluster size, could already be related to a particle size ef-

fect in the no scalable regime, which has been reported for various other model stud-

ies on 0–D structures.[139, 140, 142, 144, 147–150] These results clearly demonstrate

that the previously introduced bi- and monometallic Pt/Ru particles supported on

graphene/Ru(0001) are perfectly suited to study particle size effects. Further theoretical

and experimental studies are, however, required to gain a more detailed understanding

of the present electrocatalytic findings.

4.0.2 1–D structures: linear (bi)metallic interfaces

1–D structures are attributed to a linear arrangement of atoms, e.g., metal steps, or the

boundary between phases of two types of atoms. For monometallic systems, the lin-
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ear interface consists of monolayer high steps, as they are present on any metal single

crystal surface, with different densities depending on the crystallographic orientation

of the surface. To study the effect of these low-coordinated step sites, surfaces with var-

ied surface symmetry, showing well defined terrace lengths and thus densities of spe-

cific step sites, can be prepared experimentally. This does not necessarily require UHV

techniques.[219–223] The most common technique to prepare these surfaces nowadays

has been introduced by Clavilier,[220] in which a polycrystalline metal wire is annealed

in a hydrogen-oxygen flame to form a liquid metal sphere, which is recrystallized in a

single crystal bead. After polishing an orientation accuracy within 3’ is realized.[220]

Independent of the preparation procedure, the influence of the variation of the exposed

step sites in an electrochemical environment leads to a different sorption behavior for,

e.g., hydrogen or hydroxyls from the supporting electrolyte, but also to different re-

activities for example in the HER, ORR or CO oxidation.[136, 138, 224] Correlation of

the electrochemical / –catalytic properties of these high-Miller index single crystalline

surfaces with the ones for shape selected particles has contributed to bridge the gap be-

tween investigations on planar nanostructured model surfaces and catalysts employed

in more practical applications.[132, 134]

The following discussion is focused on well defined bimetallic 1–D structures pre-

pared under UHV conditions by deposition of a metal B on a substrate metal A. When

the substrate metal is homogeneously flat, islands are formed, whereas on a stepped

surface the metal deposit can attach to the step edges. In both cases, the structure for-

mation can be predicted by the nucleation and growth theory,[39–41, 61] introduced in

Section 3.2.2 and depends as discussed on experimental conditions such as deposition

rate, deposition time and sample temperature.

As an example of investigations on bimetallic 1–D structures, the influence of Pt is-

land modified Ru(0001) surfaces on the catalytic activity for the electrocatalytic bulk CO

electro oxidation in 0.5 M H2SO4 supporting electrolyte, is described in Section 6.3 and

6.4. The growth behavior of Pt on Ru(0001) has been studied extensively by Käsberger

et al.[225] Room temperature deposition of Pt on Ru(0001) leads to the formation of den-

dritic Pt islands, as depicted in Figure 4.4a. In this case, the 1–D structures are present

at the ascending steps of the Pt islands, forming bimetallic PtRu step sites (PtRustep),

and at the ascending Ru step edges, representing PtRu interface sites between attached

Pt and the Ru substrate (PtRuint). In this model system, the 1–D PtRustep sites are,

however, due to the initial dendritic structure of the Pt islands rather undefined, com-

plicated to resolve by STM imaging (even on an atomic scale level) and thus a statistical
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analysis is rather challenging, if not impossible. This problem can be overcome by an-

nealing the RT prepared surface to 650 K (it is important to keep the temperature below

the onset of surface alloy formation at 750 K[226]), which leads to the formation of ther-

modynamically more favorable hexagonally shaped islands, as shown in Figure 4.4b,

since at this temperature the kinetic barriers for corner and edge diffusion of Pt atoms

at the island brim are overcome, as discussed in Section 3.2.3. These surfaces, with the

annealed Pt islands, show in total a smaller amount of 1–D PtRustep sites compared to

the non-annealed surfaces, but the amount of similar 1–D PtRustep sites is larger and

thus much easier to be resolve and quantified by STM imaging.

Figure 4.4: STM images of Pt island modified Ru(0000) surfaces. a) 0.45 ML Pt deposited
ar 300 K, 200 nm × 200 nm, b) 0.30 ML Pt deposited at 300 K and post annealed at 650 K,
150 nm × 150 nm and c) 0.30 ML Pt deposited at 650 K, 150 nm × 150 nm.

In order to study the influence of these PtRustep sites on the catalytic activity, samples

with different island densities can be prepared. An extreme case in Figure 4.4c shows a

surface with a similar Pt coverage as in Figure 4.4b, but without small Pt islands on the

terraces. All Pt deposited forms monolayer high Pt islands along the Ru step edges. In

both cases the amount of Pt and the number of PtRuint sites does not change, whereas

the number of PtRustep sites is dramatically reduced. The influence of the variation of

the different bimetallic PtRu sites has been studied in this thesis on the activity of the

electro-catalytic CO oxidation. For this reaction Watanabe and Motoo proposed in 1975

a bifunctional mechanism[38], where Ru provides OH/O species at lower overpotential

compared to Pt, which then reacts with CO adsorbed on adjacent Pt sites. According to

this mechanism, the PtRu surfaces should become more active for an increasing number

of PtRu sites, which is discussed in detail in Chapters 6.3 and 6.4.

Another approach to study the influence of interface sites are model systems with

bimetallic 2–D core–shell islands supported on a metal substrate. They consists of

monolayer islands of metal B grown on a substrate metal A, which are surrounded

by a small brim of metal C,[71, 75] as shown in a schematic illustration in Figure 4.5.
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Increasing the island density of the deposited metal B from Figure 4.5a to Figure 4.5b,

leads to an increasing number of BCint sites. For the following discussion, we intro-

duce the abbreviation CbrimB/A for 2–D core–shell islands, where A is the substrate, B

islands on A and C deposited material attached to the islands B.

Figure 4.5: BC type 2–D core shell islands supported on a substrate metal A with a) a low density
in B and b) a high density in B.

Several studies have been carried out to characterize the structure formation of

2–D core shell islands, e.g., for CubrimCo/Ru(0001)[75], CobrimPt/Pt(111)[71, 227],

AlbrimNi/Ru(0001)[228], NibrimAl/Ru(0001)[228] and AubrimPt/Ru(0001)[176] (see also

Section 3.2.4). The preparation of these surfaces is challenging since intermixing of both

metals and multilayer formation has to be avoided. To the best of my knowledge, there

exist no (electro–)catalytic studies on these model systems, even though they provide

well defined local bimetallic structures, which are perfect for comparison with theoret-

ical studies.

4.0.3 2–D structures: surface alloys

The lateral distribution of atoms in a surface alloy (introduced in Section 3.2.5) is at-

tributed to a 2–D structure. Prerequisite for a 2–D model catalyst is the formation of

an atomically flat substrate, with a minimum of different adsorption / defect sites, a

homogeneous distribution of the atoms within the topmost surface layer on a macro-

scopic and on atomic scale (see Section 3.2.5). Whereas the structure formation of AB/A

surface alloys is well understood, BC/A surface alloys have rarely been explored. In

the following paragraphs, first general aspects for alloy formation on AB/A and BC/A

as well as the difference between the two systems are described. Second, the relevance

to study surface alloys, to elucidate the influence of ensemble and lateral/vertical lig-

and effects on the (electro-)catalytic activity, described in Section 3.3, is discussed using

exemplary results obtained in my master thesis and this work, and also results of recent
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studies published by our institute and other work groups, which will be mentioned in

the following discussion, respectively.

Structural properties: Possible AB/A type surface alloy formation can be pre-

dicted quite accurately from bulk phase diagrams and from DFT computed segre-

gation an mixing energies[80], described in detail in Section 3.2.5. Experimentally,

they are in general prepared by deposition of metal B on metal A with a subse-

quent annealing step at elevated temperatures as shown for, e.g., AgxPd1-x/Pd(111)[30,

114], AuxPt1-x/Pt(111)[100, 229], PdxRu1-x/Ru(0001)[111], AgxPt1-x/Pt(111)[112] and

PtxRu1-x/Ru(0001)[101, 122, 226, 230]. In some cases the intermixing of both species

leads to coverage dependent formation of dislocation lines and superstructures, as

shown for PtxCu1-x/Pt(111)[172, 231].

For the surface alloy formation of BC/A, in general inhomogeneous surface alloy

formation has been observed, e.g., for AgAu/Ru(0001)[115] or AgCu/Ru(0001)[119],

and only in a few cases homogeneous alloy formation has been observed, e.g., for

PdxAu1-x/Ru(0001)[110], AgxCo1-x/Ru(0001)[117, 118] or CuxPd1-x/Ru(0001)[102, 103].

Only the latter was subject of a systematic coverage dependent study to elucidate

the mixing behavior of the metals in the entire coverage regime, which also revealed

coverage dependent atomic ensemble distributions, relevant for further catalytic stud-

ies. The chemical properties of BC/A systems, have to the best of my knowledge

only been investigated in detail on CuxPd1-x/Ru(0001) surface alloys.[125] In Section

6.5 a systematic coverage dependent STM study on the alloy formation of PtCu on

Ru(0001) also reveals the formation of dislocation lines, as it occurs in the AB/A sys-

tem PtxCu1-x/Pt(111).[172, 231] The influence of the deposition order and deposition

temperature on structure the formation is discussed in detail.

Both AB/A and BC/A surface alloys have their assets and drawbacks for further

catalytic or theoretical investigations. In the first case (AB/A), it is possible to prepare

experimentally a surface alloy which is confined to the topmost layer only, but in gen-

eral bulk diffusion can not fully be avoided. Thus the underlying substrate is not well

defined and can influence the catalytic activity of the surface via vertical ligand effects

(see Section 3.3). In the second case (BC/A), with the right choice of the substrate and

the appropriate experimental conditions, bulk diffusion can be excluded completely.

However, the surface alloy generally shows holes, exposing the underlying substrate

and a small amount of bilayer alloy islands are formed, which differ in concentration of

the deposited metals compared to the first layer due to double segregation effects.[121]

The lateral distribution of the atoms determined from atomically resolved STM imag-
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ing can be used as input for further KMC simulations to predict surface structures in

the entire concentration regime, described in detail in Section 3.2.5. It has been shown

that in general the investigated homogeneous surface alloys show tendencies for ei-

ther phase separation, random distribution or more disperse distribution of the surface

atoms in the surface alloy. From these data, catalytically relevant ensemble and lig-

and statistics can be extracted, which in turn can be used to describe the chemical and

electrochemical properties of the respective surfaces.

Chemical properties of AgxPd1-x/Pd(111) surface alloys: In this Section, some fun-

damental effects of structural properties of surface alloys on its chemical properties

(introduced in Section 3.3), such as horizontal ligand effects, ensemble effects and the

influence of substitutional atoms situated in the crystal layers below the surface alloy,

are discussed in more detail. The discussion is based on an experimental study on the

formation of AgxPd1-x/Pd(111) surface alloys performed prior to this work in my mas-

ter thesis,[30, 114] and follow up studies3 on this system to elucidate its electronic and

chemical properties, both experimentally and theoretically.[232–234] During the forma-

tion of the AgxPd1-x/Pd(111) surface alloys, 15% of Ag (for the highest Ag coverage) is

lost into the Pd bulk, which leads to the formation of substitutional Ag atoms below the

surface. Structural analysis with SRO parameters (see Section 3.2.5) of the distribution

of the atoms in the surface alloy from atomically resolved STM images, reveals for Ag

contents < 40% a weak tendency for clustering and for Ag contents > 60% a weak pref-

erence for a disperse distribution of the surface atoms in the surface alloy.[30, 114] The

effect of this unusual ordering behavior, obtained from SRO evaluation, is very small

(in general surfaces exhibit clustering, random distribution or more disperse distribu-

tion of the atoms in the entire concentration regime) and therefore does not influence

the distribution of catalytically relevant ensembles. Thus the surface can be considered

as randomly distributed surface alloy, for the following discussion.

The chemical properties of this particular surface alloy system have been investigated

using CO adsorption as probe with XPS[232], TPD[232, 233], HREEL[232, 233] and pe-

riodic DFT calculations[234]. It has been shown that the adsorption of CO is dominated

by an ensemble effect. For low CO coverages, the CO has the highest binding energy

in the hollow site of a Pd trimer, followed by weaker binding on the bridge site in Pd

dimers and finally weakest binding on top of Pd monomers. With increasing Ag con-

tent, the amount of Pd trimers decreases rapidly (third order polynomial), which leads

to a decrease in intensity of the main TPD peak at ∼460 K and a new peak arises at

3In our institute and in collaboration with the Institute of Theoretical Chemistry at Ulm University
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∼ 385 K which is attributed to the population of bridge sites in Pd dimers. The latter

peak shifts to lower temperatures with increasing CO coverage at constant Pd coverage

and with decreasing Pd coverage at constant CO coverage. This is on the one hand

attributed to a small ligand effect, where the interaction between Pd atoms increases

the local reactivity (see Section 3.3). On the other hand, a decreasing number of Pd

atoms in the surface alloy leads to an increase in tensile strain in the surface (rNN(Pd) <

rNN(Ag)), which in turn increases the local reactivity (see Section 3.3). The main contri-

bution of the down–shift is, however, assumed to be due to the presence subsurface Ag

atoms, which dissolved into the bulk during the alloy formation process, as mentioned

above and leads to a weaker binding of adsorbed CO. At high CO coverages, CO ad-

sorbs on–top of the Pd atoms in Pd dimers, which leads to an additional weakening

of the binding of the adsorbed CO on the surface. Finally, from the experimental find-

ings it could be shown that Ag atoms provide a channel for the adsorption of CO on

these sites with further diffusion to the Pd sites, reflected in a higher sticking coefficient

of CO on AgPd alloys compared to the bare Pd surface. This phenomenon is called

spill–over effect. This work clearly indicates the necessity of a detailed experimental

analysis of surface alloys and structure formation on atomic scale, to compare reliably

local reactivities in DFT calculations and experimental findings.

Electrochemical/–catalytic properties of AB/A surface alloys: In some cases it is, how-

ever, experimentally rather challenging to investigate the local reactivity of adsorbates

(or reaction intermediates). A better insight is gained by comparison with theoretical

investigations. For example, for the ORR the following simplified reaction scheme has

been proposed by Rossmeisl et al.[235] (adsorbed species are marked with a star).

O2(g) + 4H+ + 4e- → HOO* + 3H+ + 3e-

→ H2O(l) + O* + 2H+ + 2e-

→ H2O(l) + HO* + H+ + e- → H2O(l).

(4.1)

The binding energies of the adsorbed intermediates OH and OOH (∆EOH and ∆EOOH

respectively), were found to be linearly related to the binding energy of oxygen ∆EO,

the so called scaling relations.[236] Thus a single descriptor, the binding energy of O

on the surface, is required to describe the adsorption behavior of the reaction interme-

diates (in this case ∆EO is defined with respect to gaseous water H2O ↔ H2 + O*). A

systematic study of DFT computed ∆EO values on bare metal surfaces as well as a large
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variety of bimetallic combinations are compiled in Reference [29]. The rate determin-

ing step depends either on the free energy ∆GOH(U0) or ∆GOOH(U0), where the higher

(more positive) value is believed to determine the rate determining step. ∆GOH(U0)

and ∆GOOH(U0) can as well be determined from the scaling relations.[235, 237] These

values can be used to simulate kinetic currents for the ORR on idealized bimetallic sur-

face alloys via jk = jlimit · exp(−∆G(U)/kT), with jlimt = 96 mA·cm-2, to predict changes

for the ORR activity of a surface alloy with varying metal composition.[235, 237]

To verify this theoretical approach experimentally, ORR measurements have been

performed on PtxRu1-x/Ru(0001) and PtxAu1-x/Pt(111) surface alloys. From atomically

resolved STM images the abundance of catalytically relevant ensemble distributions

has been derived, which were used as input parameters to simulate jk curves, accord-

ing to the theoretical approached introduced above. The differences and agreement

between theory and experiment are discussed in detail in References [33, 34], where I

was involved in.
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This Chapter is considered as an extended summary of the experimental sections from

the original publications and unpublished results presented in Chapter 6. First, the dif-

ferent parts of the experimental set-up for the preparation, structural characterization

and electrochemical/–catalytic investigation of model electrodes with nanostructured

surfaces are introduced in Section 5.1. Second, the preparation procedures of the differ-

ent nanostructured model electrodes, the data acquisition and the data evaluation are

described in detail in Section 5.2.

5.1 Experimental set-up

The experimental set-up consists of a main UHV chamber for model electrode prepa-

ration and structural characterization (primarily STM), which is described in detail

elsewhere[238] and will only be briefly introduced in Section 5.1.1, where changes made

to the original set-up are described. Attached to the main UHV chamber is a load lock

equipped with a transfer rod, which allows for a controlled transfer of the samples be-

tween the main UHV chamber and the load lock system. Furthermore, it can be used for

the transfer of new STM tips into the UHV chamber.[238] The load lock has been modi-

fied to attach an electrochemical flow cell for electrochemical/–catalytic measurements

described together with the electrochemical set-up in Section 5.1.2. The electrochemical

cell is connected to a second "mini" UHV chamber equipped with a QMS for combined

DEMS measurements described in Section 5.1.3.

5.1.1 UHV chamber for sample preparation and characterization

Main UHV chamber: The main UHV chamber with a base pressure of

pbase = 7·10-11 mbar for preparation and structural characterization is illustrated in Fig-

ure 5.1. The system is evacuated with a scroll pump (Varian SH–110) to generate a pre

vacuum of 5·10-3 mbar for a turbomolecular pre-pump (Pfeiffer Vacuum TMU 071P, 60

L/s), a main turbomolecular pump (Varian TV301, 280 L/s) and an ion getter pump
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(Leybold–Heraeus, IZ 270). The pressurein the chamber is measured with an ioniza-

tion gauge (Granville–Phillips, 350 Ionization Gauge). The UHV chamber is equipped

with a sputter gun (SPECS, IQE 11/35, 1), a LEED set-up (Omicron, SPECTRALEED, on

the back side of the main UHV chamber), an auger electron spectroscope (AES, Perkin

Elmer, 2), a QMS for residual gas analysis (Pfeiffer, QMA 120, 3) and dosing valves for

various gases (Ar, N2, H2, O2, Ethylene, ...). Furthermore, it has three positions to at-

tach metal evaporators (4, only one visible), listed in Table 5.1, including the evaporated

materials (high quality from Goodfellow). The position of the sample to face the prepa-

ration and characterization tools is adjusted with a manipulator (5), which positions

the sample in x, y, z direction and can be rotated by 240°. The samples are heated by

electron bombardment with an integrated filament, and high voltage connected to the

sample. Within the chamber the sample is transferred between the manipulator and the

STM (6) with a horizontal transfer rod (7). With a vertical wobble stick (8) the sample

are moved from the horizontal transfer rod into the STM or a sample carousel, which

may take up to six samples, a support for new STM tips and a tool to exchange the tips

in situ. The pocket size STM is home built, described in detail in the master thesis by

M. Roos[238] and is operated with an in–house programmed software described in the

master thesis by C. Schilling.[239]

Table 5.1: Metal evaporators for UHV application

Type Specification Metals
Knudsen cell Tectra WKC–3 Ag, Cu

Electron beam evaporator Omicron EFM–3 Pt, Ru

Temperature acquisition: For the majority of preparation steps (T > 75°C) the sam-

ple temperature is acquired with a pyrometer (a. Impac Infratherm IP 140, 75 – 550°C

or b. Impac Infratherm IGA 140, 300 – 2000 °C, depending on the temperature range

investigated). For temperatures < 75°C the temperature can be acquired during cool

down of the sample after flash annealing with a type K thermocouple attached to the

manipulator head, which, however, deviates from the actual temperature of the sam-

ple (in general lower compared to the sample temperature). For the growth of metal

clusters on graphene/Ru(0001) (see Section 5.2.3) the knowledge of the actual temper-

ature is, however, mandatory, since small variations lead to large differences in cluster

density. In general the most precise method to acquire the temperature of single crys-

tals prepared in UHV, is achieved by attaching the thermocouple directly to the crystal.

Due to technical constraints of the transfer system and a loose sample in its holder, it
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Figure 5.1: Main UHV chamber for sample preparation and characterization. See text for details.

is not possible to permanently attach a thermocouple to the sample. Therefore a type

K thermocouple has been attached to the electron beam evaporator on a flexible lever

to acquire the temperature during evaporation of the metals (especially for T < 75°C),

illustrated in Figure 5.2. Two thermocouple wires are guided through isolating ceramic

tubes (1) and beads (2), which are mounted on a high–quality stainless steel foil (3).

Their ends are spot welded to obtain a pointy end (4), which can easily be pushed in

the slit between the sample and its holder to get the thermocouple tip in contact with

the single crystal. The stainless steel foil acts as flexible lever, during the fine position-

ing of the sample in the evaporation beam and simultaneously maintaining contact to

the crystal. Since the thermocouple during temperature acquisition is situated on the

edge of the sample and not on the sample surface itself, contamination of the latter can

be excluded.

5.1.2 Load lock chamber – electrochemical set-up

Load lock: Figure 5.3 shows a (schematic) representation of the load lock chamber.

It consists of a "mini" UHV chamber attached to the main UHV chamber with a me-
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Figure 5.2: Modified EFM–3 with a type K thermocouple for temperature acquisition during
metal evaporation and a magnification of the thermocouple tip. See text for details.

chanical valve (1). A pressure of 5·10-8 mbar is obtained with a turbomolecular pump

(Pfeiffer, TMU 071P, 2) attached to a scroll pump (Varian SH–110, 3). The pump sys-

tem can be separated from the load lock with a mechanical gate valve (4), when the

load lock is flooded (in general with N2, to avoid contamination from air) separately

from the main UHV chamber with a venting valve (5). This allows for introducing and

exporting samples and new tips for the STM, which can be transferred to (and from)

the main UHV chamber with a magnetic transfer rod (6), when the entire UHV system

(load lock and main UHV chamber and open gate valve 1) is pumped.

For electrochemical characterization of the single crystal electrodes (described below)

a ceramic "sled" is attached to the transfer rod, which carries the nanostructured elec-

trodes between the load lock and the main UHV chamber. The electrochemical cell (7)

can be introduced through a mechanical valve (8) at the bottom side of the load lock.

The approaching cell is guided by two steel rods (9) attached to the mechanical valve.

From the top an electrical feed through (10) with a copper rod is attached. In combina-

tion with a linear shift and a port aligner, exact positioning of the copper rod is achieved

to contact and lock the working electrode (single crystal) on the electrochemical cell.

Electrochemical cell: The electrochemical cell is shown in Figure 5.4, with a top–view

in Figure 5.4a, a side–view in Figure 5.4b and a schematic illustration in Figure 5.4c.

The cell body (1) is made of Kel–FTM, which is supported on a stainless steel tube (2)

and fixed on a metal plate (3). The motion of the cell is guided by two steel rods (see

above) via two ball bearings attached to the metal plate, to approach the cell to the

sample (working electrode) in the load lock chamber. In the top–view representation

(Figure 5.4a), a grove is visible in the cell body (4), which supports an O–ring (5 - see

Figure 5.4c) made of a perfluoroelastomer (FPM, Arcuss GmbH) to separate the cell

body (1) from the sample (6) and seals the working electrode compartment, to prevent

leaking of electrolyte during the electrochemical measurement. Furthermore, a glass
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Figure 5.3: a) Illustration of the load lock. b) Schematic illustration of the load lock including
the electrochemical cell attached to the model electrode. A detailed view on the electrochemical
cell is illustrated in Figure 5.4. See text for details.

frit (7) is located in the center of the cell body, which separates the electrochemical cell

compartment from the counter electrode (8) made of a Au wire. The electrolyte enters

the cell via an inlet (9) and leaves the cell via an outlet (10). In between the electrolyte

passes the electrochemistry compartment and flows to a second compartment, which is

separated with a gas permeable membrane (11), which in turn is supported on a steel

frit, from a metal tube (2). The membrane leads to the QMS chamber described further

below in Section 5.1.3, which is required for DEMS measurements. Finally, the elec-

trolyte leaves the cell through the outlet (10), leading to the reference electrode, which

consists of a reversible hydrogen electrode (RHE). The direction of the electrolyte flow

is indicated by arrows in the schematic illustration in Figure 5.4c. The working elec-

trode (6) is pressed from the back side with a copper rod (12), used as electrical contact,

against the O–ring (5) on the cell body (1) to avoid leaking of the electrolyte during op-

eration. The potential of the cell is controlled by a potentiostat (Solartron Modulab ECS,

model Pstat 1MS/s – 2087A), which is operated using the Modulab ECS software (So-

lartron). To compensate internal resistances of the cell, a capacitor is plugged between

the counter and reference electrode, whose capacity is chosen depending on the scan

rate (in this case 33 µF for a scan rate of 10 mV·s-1 and 330 µF for 50 mV·s-1), to avoid

oscillations in the current traces. All measurements in this thesis have been carried out

in 0.5 M H2SO4, purged with N2 (5N) and prepared from ultra pure water (18.2 MΩ)

and H2SO4 (suprapure, Merck). The operation instructions of the electrochemical cell

can be found in the Appendix in Section 9.0.4.
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Figure 5.4: a) Top view and b) side view illustration of the electrochemical cell. c) Schematic
illustration of the electrochemical cell. The arrows indicate the electrolyte flow. See text for
details.

Current and future applications of the electrochemical set-up: The electrochemical

set-up has been used to investigate the CO oxidation on Pt modified Ru(0001) surfaces

presented in this thesis in Section 6.3 and 6.4. It has been further used to investigate the

hydrogen evolution reaction as well as the CO oxidation on graphene/Ru(0001) sup-

ported Pt particles[52] and the MeOH oxidation on Pt modified Ru(0001) surfaces[53].

A modified version of the set-up has been built by S. Beckord1, where the tube with

the membrane has been replaced by a metal rod with a Pt foil on top, acting as second

working electrode at constant potential to detect peroxides eventually formed during

the ORR, in the ORR on AgxPt1-x/Pt(111) surface alloys.

5.1.3 DEMS set-up

The "mini" UHV chamber equipped with a QMS for the DEMS measurements is

schematically illustrated in Figure 5.5. It consists of a "mini" UHV chamber with a QMS

(Pfeiffer–Vacuum, QMA 410, with yttritised Irridium cathodes, which are more resis-

tant against water vapor, 1), a cold cathode gauge for pressure measurement (Pfeiffer–

Vacuum, IKR 270, 2) and a turbomolecular pump (Pfeiffer–Vacuum, HiPace 300, 3).

Attached to the main chamber is a pre chamber (4) also pumped with a turbomolecular

pump (Pfeiffer–Vacuum, HiPace 80, 5), which is in principle only required later on in

operation mode (see Appendix Section 9.0.5). Both turbo molecular pumps are attached

to a flexible hose at their output and each of them is connected to a separation valve (6,

7), which is connected to a rotary vane pump (Pfeiffer–Vacuum, DUO 10 M, 8) via an oil

1Ulm University, Institute of Surface Chemistry and Catalysis.
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mist separator and zeolite trap (9). The pre chamber (4) is separated with a separation

valve (10) from a flexible hose (11), which is connected with the electrochemical cell

(12). The volume between this separation valve and the electrochemical cell is also con-

nected via a separation valve (13) to the rotary vane pump. In addition it is equipped

with a third separation valve (14) for venting the volume between the electrochemical

cell and the pre-chamber. In idle mode (no electrochemical measurements) the UHV

chamber is pumped with the rotary vane pump and the two turbo molecular pumps,

to maintain a vacuum of 5·10–9 mbar. The filament of the QMS is always turned on,

to assure a stable background signal of all the mass signals recorded with the QMS.

The operation instructions for DEMS measurements can be found in the Appendix in

Section 9.0.5.

Figure 5.5: Schematic illustration of the UHV chamber equipped with a QMS for DEMS mea-
surements. See text for details.

5.2 Sample preparation and characterization

In this section the preparation procedure, characterization and data evaluation of the

nanostructures discussed in Chapter 6 are described in detail. All nanostructured sur-

faces are based on a Ru(0001) single crystal (Mateck) as substrate. The crystal is hat

shaped where the single crystal surface has a diameter of 8 mm or 10 mm, placed in

a sample holder made of Tantalum. For details on the sample holder, the reader is

referred to References [113, 240].
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5.2.1 Ru(0001)

A clean Ru(0001) single crystal surface with an impurity level below the detection limit

of the AES is achieved by first sputtering for 30 min with Ar+ (HV = 0.7 kV, 4 µA·cm–2)

and subsequent exposure to seven cycles of dosing 10 L oxygen (1 L =̂ 1.33·10–6 mbar·s,

Tsample < 500 K ) and flash annealing (∼15 s) to 1650 K, to remove remaining carbon im-

purities. Finally the sample is flashed three times to 1600 K, with 15 min breaks in

between, to desorb remaining oxygen from oxygen dosing or CO from the previous

heating cycles, which had readsorbed during the cool down process after the previous

flash annealing cycles. A representative STM image of the morphology of an as pre-

pared Ru(0001) surface is shown in Figure 5.6a. It shows atomically flat terraces with

an average width of 50 – 200 nm and steps with monoatomic height. An atomically

resolved STM image in Figure 5.6b shows the distinct hexagonal arrangement of the

Ru atoms on the (0001) surface plane.

Figure 5.6: a) Morphology of an as prepared Ru(0001) surface with a size of 200 nm times 200 nm
and b) an atomically resolved image with a size of 5 nm times 5 nm .

5.2.2 Ru(0001) supported graphene monolayers

In general Ru(0001) supported graphene monolayers (graphene/Ru(0001)) can be pre-

pared by three different experimental approaches; (i) adsorption of hydrocarbons on

Ru(0001) at RT and subsequent annealing to elevated temperatures, (ii) decomposition

of hydrocarbons (on the surface) at elevated sample temperatures or (iii) segregation of

bulk carbon impurities to the sample surface upon annealing the single crystal.

For the first preparation method (mentioned above), exposing the sample to ethylene
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Figure 5.7: STM images with a size of 130 nm times 130 nm nm of a) an incomplete / defective
graphene layer on Ru(0001) prepared by deposition of ethylene at RT and subsequent annealing
to 1400 K, showing a Moiré pattern with different orientation, resulting in areas with higher
densities of on top sites and b) a perfect graphene layer on Ru(0001), stretching over several
Ru(0001) terraces, with a size of 130 nm times 130 nm . (The STM images have not been flattened
in the post process of data evaluation, for better visibility of the Moiré pattern on the individual
terraces.)

on Ru(0001) at RT and subsequent annealing to elevated temperatures (1000 K – 1400

K), leads to the decomposition of the adsorbed hydrogen rich ethylene and the forma-

tion of a partially graphene covered Ru(0001) surface. Repeated cycles of cooling the

sample to RT, adsorption of ethylene at RT and heating to elevated temperatures leads

to a completely covered surface by a carbon monolayer. This method, however, leads to

the growth of very defective graphene covered Ru(0001) surfaces as depicted in Figure

5.7a, with dislocation lines between different Moiré domains and even to the formation

of areas with different Moiré orientations and lattice constants. These surfaces are not

favorable for well defined metal particle growth as described in section 5.2.3, since the

dislocation lines introduce additional adsorption sites, which lead to a variation in the

local particle density, preventing long range ordered structure formation. In addition

it has been shown that defective graphene on Ru(0001) is not stable in electrochemical

environment and thus is not useful as substrate for electrocatalytic measurements.[52]

The second preparation method (mentioned above), dosing ethylene at low partial

pressures (pethylene = 5·10–9 mbar) on a Ru(0001) surface for 90 minutes at a sample

temperature of 1100 K and post annealing the sample for additional 15 minutes at

1100 K, leads to the formation of a well ordered defect free monolayer of graphene,

stretching over the Ru(0001) terraces as depicted in Figure 5.7b. Bright spots on the

terraces are possibly due to Ar bubbles in the Ru substrate below the graphene sheet,
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which induce a lifting of the topmost Ru layers, which in turn is visible in the graphene

layer.[161, 241, 242] Reducing the time of ethylene exposure, leads to the formation

of a partially graphene covered Ru(0001) surface. The absolute coverage on the sub-

strate, however, can not be determined by STM, since the graphene growth starts from

only a few nucleation centers on the entire sample, which can be further apart than

the scan range of the STM. Instead a macroscopic imaging techniques such as LEEM

would be necessary to determine the coverage.[243] Deviations from the chosen ethy-

lene pressure and sample temperature during the preparation leads to similar defect

rich structures depicted before in Figure 5.7a.

The last preparation method (not applied in this thesis, to avoid contamination of the

Ru(0001) crystal), requires a Ru(0001) sample rich in carbon impurities, as it is the case

for new untreated single crystals or obtained by enriching the Ru crystal with carbon

from ethylene at temperatures above 1300 K. Annealing such a sample to 1100 K leads

to segregation of carbon to the sample surface, due to the lower surface free energy of

graphene compared to Ru(0001). Depending on the carbon content in the sample bulk

it is also possible to obtain graphene multilayers on Ru(0001),[244] which is avoided

with the two other preparation techniques.

5.2.3 Monometallic Pt, Ru and bimetallic PtRu cluster growth on Ru(0001)
supported graphene monolayers

Monometallic cluster growth: The growth behavior of Pt (described in detail in Ref-

erence [175]) and Ru clusters, up to a total coverage of 0.15 ML, has been studied on

partially graphene covered Ru(0001) surfaces, prepared as described in section 5.2.2. Pt

and Ru clusters were grown on the graphene/Ru(0001) by deposition of the respective

metals with an electron beam evaporator (Omicron, EFM–3) at deposition rates in the

range of ∼0.01 ML/min to ∼0.1 ML/min (variation of the rate has no influence on the

cluster density as described in Section 4.0.1). Representative STM images of both Pt

and Ru cluster growth on the graphene covered area, respectively, are shown in Figure

5.8a (0.05 ML Ru deposited at RT). To image the particles on the surface the tunneling

parameters have to be chosen with care, since too high tunneling currents or too high

voltages may lead to the removal of the particles by the STM tip, as shown in Figure

5.8a in the area marked by a dashed circle.

Coverage evaluation: Exact evaluation of the metal coverage from the graphene sup-

ported clusters is not possible from the STM images, due to tip convolution[245] which
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makes these small structures appear larger than they are. Thus the coverage would be

overestimated. Since the Ru(0001) substrate is only partially covered by graphene, the

metal coverage could be determined from the amount of deposit on the graphene free

Ru(0001) substrate. For small metal coverages (<0.15 ML) and RT growth, the islands

are very small, as shown in the bottom left area of the STM image in Figure 5.8a. In

this case the coverage is also overestimated, due to tip convolution effects. Therefore

after structural characterization of the clusters, an additional heating step to 670 K was

applied, leading to more compact islands on the graphene free Ru area, as shown in

Figure 5.8b for Ru deposition (likewise for Pt deposition). There islands can be used

for determination of the coverage, with an accuracy of±0.01 ML (absolute error). If the

surface is fully covered with graphene, the metals are deposited at the same experimen-

tal conditions on a second single crystal surface in a subsequent experiment to evaluate

the coverage.[52]

Figure 5.8: Representative STM images (100 nm × 100 nm) of a) Ru deposition on a partially
graphene covered Ru(0001) surface. The circle shows a cluster, which has been removed by the
STM tip (scanning from the bottom to the top of the image) b) of an area of the graphene free
Ru(0001) surface after annealing to 670 K, showing large compact Ru islands.

Island density and cluster distribution: The island density is expressed as the frac-

tion of populated Moiré sites (see section 4.0.1), called filling fraction (FF). To quan-

tify the FF on the graphene, an in–house programmed software is used (introduced

in previous studies to evaluate the distribution of two types of atoms within a surface

alloy[113]). A hexagonal grid is placed on top of the hexagonal Moiré pattern, where

each intersection of the grid has a specific X and Y coordinate on the STM image. The

software records whether the site at the intersection of the grid is occupied by a cluster

or not. From the coordinates it is furthermore possible to determine the short range
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ordering of the clusters on the graphene (similar to the evaluation of the ordering of

atoms within a surface alloy described in previous studies[30, 100–102, 110–112] and in

Section 3.2.3). The ordering can be expressed by FFC(r), which describes the probabil-

ity that a Moiré site in distance r (given in next neighbor distances of adjacent Moiré

sites, corresponding to r = 1,
√

3, 2,
√

7, 3, ...) from the original site is occupied by a

cluster. The probability of finding a cluster in the distance r is finally given by the

Warren-Cowley SRO parameter[104, 105] α(r) = {FFC(r)/FF} − 1, originally applied

for bulk alloys. Values close to zero describe a random distribution of the clusters on

the surface and values <0 (>0) denote preferentially anticlustering (clustering). These

parameters were required to compare experimental results with kinetic Monte Carlo

simulated cluster distributions in Section 6.1.

Bimetallic cluster growth: To study the growth of bimetallic PtRu clusters the metals

are deposited subsequently on the sample surface. With this preparation procedure the

coverage can not be determined in between the two deposition steps due to the forma-

tion of small islands on the bare substrate, as described above. Even after deposition of

both metals and annealing at elevated temperatures to form compact islands only the

total coverage for both metals can be determined. Repeated measurements to deter-

mine the coverage of the individual metals have shown that the Ru evaporation rate is

almost constant (absolute error of ± 0.01 ML), whereas the Pt evaporator shows larger

variations. Thus the deposited amount of the individual metals can only be calculated

from the total coverage, by subtracting the expected amount of Ru deposited from the

total coverage.

Figure 5.9: a) Metal clusters on Graphene/Ru(0001) marked by an in–house programmed soft-
ware to collect their position and height. b) Height distribution of the metal clusters, where
yellow (right) bars reflect the height distribution without offset correction and red (right) bars
include the offset correction (see text for details). The inset shows the height distribution for the
sum of all n ± 0.5 layers (n = layer number).
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Cluster height evaluation: In order to evaluate the height distribution of the clusters,

in a first step respective STM images have been adjusted to the lowest graphene regions

on a terrace on a common level in a post process step by the evaluation software (hcp

regions are defined as the lowest level for STM imaging on the corrugated graphene

surface, see section 4.0.1). One approach to determine the height of the clusters is ob-

tained by collecting the height of individual particles, by placing profile lines over the

clusters, connecting the centers of two hcp low regions of the graphene. This proce-

dure, however, is rather slow and eventually the highest point of the cluster might be

missed, since it is not necessarily situated in the direction of the profile line. Therefore,

the software collects the all clusters on a single graphene terraces, where – similar to

a coverage evaluation of metals deposited on a bare metal substrate – every structure

higher than the corrugation of the graphene is collected, as shown in Figure 5.9a (white

patches). For each cluster the highest point within this area is recorded and is related

to the lowest point in the evaluated area. The height is translated in atomic layers with

respect to the Ru step height on Ru(0001) of 2.14 Å.[246] The respective height distri-

bution is visualized in Figure 5.9b with yellow (right) bars. Even though a discrete

height distribution with sharp peaks corresponding to a layer by layer growth of the

atoms within the cluster is expected, it appears to be quasi continuous and thus the

general approach to apply a Gaussian fit to the height distribution is not possible.[61]

Possible reasons therefore are (i) a non-uniform background due to the graphene corru-

gation, (ii) tip convolution, and (iii) different electronic structures of the metal clusters

on the graphene, depending on their number of atoms, which are imaged with different

chemical contrast in the STM images.[206, 247] Artifacts in the STM image (induced by

vibrations, noise, etc.) lead to over– or underestimation of the minimum height value

of the graphene recorded within the evaluated area, which leads to a shift of the height

distribution to higher or lower values for all particles heights on an evaluated terrace.

This problem has been accounted, by the addition/subtraction of an offset to the height

distribution, to adjust the distribution such that the center of the height distribution of

the individual layers fits to discrete layer values, shown in red (left) bars in Figure 5.9b.

Finally all heights between n ± 0.5 layers (n = layer number) are summed up, result-

ing in a discrete distribution of the heights shown in the inset in Figure 5.9b (with blue

bars). To improve the statistics of the height distribution at least four STM images with

a size of ∼150 nm × 150 nm are evaluated for each data point.

Temperature dependence: To study the temperature dependence of the cluster

growth on graphene/Ru(0001), Ru has been deposited on samples at temperatures be-
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Figure 5.10: STM images (100 nm × 100 nm) of Ru clusters grown on graphene/Ru(0001) at
a) 331 K, FF = 25% and b) 263 K, FF = 70%. c) Variation of the FF vs. 1000/T.

tween 331 K and 263 K. STM images representative, for the two extreme temperature

values are depicted in Figure 5.10a and 5.10b, showing a strong increase in the FF with

decreasing temperature (as expected from nucleation and growth theory[61, 248]). The

temperature dependence is shown in Figure 5.10c, where the variation of the FF is plot-

ted vs. 1000/T. From this experiment it becomes clear that the FF is very sensitive to the

sample temperature during the growth process and that minute changes in the sample

temperature during deposition lead to a strong variation in the FFs. E.g. increasing

the temperature by 10 K reduces the FF by 8% (absolute). To compare the experimen-

tal results with KMC simulations correct determination of the sample temperature is

therefore mandatory, where in our experiment the recorded temperature has an abso-

lute error of ±1 K.

5.2.4 PtxCu1-x/Ru(0001) surface alloys

Starting from a freshly prepared Ru(0001) surface described in section 5.2.1, the

PtxCu1–x/Ru(0001) surface alloys were prepared via different preparation procedures,

which are summarized in table 5.2. The alloy formation temperature for all preparation

procedures was kept at 750 K, to avoid intermixing of Pt with Ru(0001).[226] Still, the

intermixing of both metals is strongly influenced by the preparation procedure and the
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variation of the Pt content in the surface alloy, which is discussed in detail in Section 6.5.

Table 5.2: Different preparation procedures for PtxCu1-x/Ru(0001) surface alloy formation. x is
a value in ML with respect to the Ru(0001) substrate (x < 1 ML).

Preparation Step Procedure
(P1) 1 Evaporate x ML Pt (Cu) at RT (x < 1 ML)

2 Add (1.1 – x) ML Cu (Pt) at RT
3 Post anneal the sample for 30 min at 750 K.

(Surface alloy formation for ΘPt < 0.65 ML, weak intermix-
ing for ΘPt > 0.6 ML)

(P2) 1 Evaporate x ML Cu (temperature has to be below the des-
orption temperature of Cu)

2 Add (1.1 – x) ML Pt at 750 K
3 Post annealing for 15 min at 750 K

(Applied for high coverages does not provide a homoge-
neous surface alloy)

(P3) 1 Evaporate 0.05 ML Pt at RT
2 Add x ML Cu at RT.
3 Add (1.1 – 0.05 – x) ML of Pt at 750 K
4 Post annealing for 15 minutes at 750 K.

(Surface alloy formation for ΘPt < 0.65 ML, weak intermix-
ing for ΘPt > 0.65 ML)

5.2.5 Pt modified Ru(0001) surfaces

Pt modified Ru(0001) surfaces comprise Pt monolayer islands on Ru(0001)

(PtX–ML/Ru(0001)) and PtxRu1–x/Ru(0001) surface alloys. PtX–ML/Ru(0001) surfaces are

obtained by deposition of Pt from an electron beam evaporator (R = 0.05 ML·min-1)

on Ru(0001) at a sample temperature below the onset of surface alloy formation at

750 K.[226] Depending on the deposition/annealing temperature, different Pt nanon-

structures are obtained as described in Section 4.0.2 and Reference [225]. In this the-

sis, two different preparation methods have been employed to obtain two different

PtX–ML/Ru(0001) surfaces, which are investigated later on in an electrochemical/–cat-

alytic environment (see Section 6.3 and 6.4). First, upon deposition of Pt on a Ru(0001)

sample at RT, small dendrite Pt islands are formed, as it is shown above in Figure 4.4a.

Annealing the sample to 720 K for 10 s leads to the formation of hexagonally shaped

Pt islands, as shown in Figure 4.4b. For the second approach, Pt was deposited on

Ru(0001) at 720 K sample temperature, which leads to the formation of Pt monolayer

islands, attached only to the descending Ru step edge and stretching over the Ru terrace
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as shown in Figure 4.4c. Only on large terraces individual islands are observed.
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This chapter includes all publications, listing me as first author, which were published

during the time of my thesis. A list of all publications I was involved is in Chapter

9.0.5 and will briefly be introduced in the following paragraphs. The presented re-

sults cover investigations on structural and electrochemical properties of nanostruc-

tured electrodes with different dimensionality (0–D to 2–D) highlighted in Section 4.

Results on 0–D structures are discussed in Section 6.1 and 6.2, where the first part

describes monometallic Ru cluster growth on graphene/Ru(0001) and the second

part bimetallic PtRu cluster growth on graphene/Ru(0001). Further results on ther-

modynamically versus kinetically directed-assembly of Ru nanocluster formation on

graphene/Ru(0001) and atomistic modeling of the directed-assembly of bimetallic Pt-

Ru nanoclusters on graphene/Ru(0001) are described in References [31, 32].

Results on the structure | activity relationship of 1–D structures are discussed in

Section 6.3 and 6.4, highlighting the influence of electrode restructuring during electro-

chemical investigations on the catalytic activity of CO electrooxidation on Pt modified

Ru(0001) electrodes.

Results on 2–D structures cover in Section 6.5 the alloy formation mechanism of PtCu

on Ru(0001) representative for the alloy formation in BC/A systems. Further results

on AB/A alloy formation are described in References [30, 114] for AgxPd1–x/Pd(111)

surface alloys. Structure | activity relationships of 2–D structures are discussed for the

ORR on on AuxPt1–x/Pt (111)[33] and ORR on PtxRu1–x/Ru(0001)[34]. The latter system

includes also results on the activity of Pt film covered Ru(0001) surfaces on the ORR.

The experimental sections from the original publications have been merged and de-

scribed in more detail in the experimental part of the thesis (Section 5). The References

and Figures have been adapted to meet the layout of the thesis.
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6.1 Directed assembly of Ru nanoclusters on

Ru(0001)–supported graphene: STM studies and atomistic

modeling

This Section is adopted with permission from Reference [66] (APS online ©2012). My

contribution to this work are the measurement of the experimental results and I was

involved in the creative process of the publication. DFT calculations were performed

by X. Liu and C.-Z. Wang from the Ames Laboratory–USDOE, Iowa State University,

Ames, Iowa. Additional input on cluster distributions has been provided by L.D.

Roelofs from the Colgate University, Hamilton, New York.1 KMC simulations have

been performed by Y. Han and J.W. Evans from the Department of Physics and Astron-

omy, Institute of Physical Research and Technology, and Ames Laboratory–USDOE,

Iowa State University, Ames, Iowa.

6.1.1 Introduction

A single (mono-) layer of graphene (MLG) supported on transition metal substrates

generally displays a periodically modulated moiré structure due to lattice mismatch

with the substrate.[249, 250] Examples of such transition metal substrates include

Ir(111),[36, 204, 251, 252] Ru(0001),[185, 190–192, 195, 197, 205, 242, 243, 253, 254, 254–

264] and Rh(111).[186] Modulation of supported MLG offers the possibility for di-

rected assembly of metal nanoclusters (NCs) by vapor deposition of the metal onto the

graphene sheet. The formation of such NC arrays in turn has application for model cat-

alyst studies where control of not just the size, but ideally also the spatial arrangement

of metal NCs is desired. Demonstration of the directed-assembly concept for metal NCs

on supported MLG was provided initially for deposition of Ir on MLG/Ir(111),[36] and

subsequently for other metals on MLG/Ir(111).[204] Directed assembly has also been

achieved for deposition of various metals on MLG on other transition metal supports.

The latter include studies of the deposition of Pt,[195, 197, 205, 262] Ru,[191] Pd,[197]

and Rh[197] on MLG/Ru(0001), and of the deposition of Ni on MLG/Rh(111).[186]

Our interest here is in the formation of metal NCs on MLG/Ru(0001). Analysis

of this class of processes benefits from previous development of structure models

for MLG/Ru(0001). Such models, which are based on input from both experiment

[185, 190, 192, 243, 253–257, 265] and density functional theory (DFT) analysis,[253,

1Now Berea College, Berea, Kentucky
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257, 258] have provided a detailed characterization of the graphene moiré structure.

The experimentally determined area of the moiré cell is AM ∼ 7.794 nm2.[185] A

commonly employed structure model compatible with this AM value and which we

adopt for our atomistic simulations corresponds to a (12 × 12)C/(11 × 11)Ru moiré

cell.[185, 197, 253, 255, 257, 262] The area of the Ru(0001) surface unit cell is given by

ARu = 0.0634 nm2 (aRu = 0.2706, bRu = 0.428 nm). Thus, the area of the moiré cell in

units of A Ru satisfies A*M = AM/ARu = 122.9, which is in reasonable agreement with

the above structure model value of A*M = 121. Note that there are also other reasonable

choices for a MLG/Ru(0001) structure model.[190, 254, 255, 258]

The moiré cell for MLG/Ru(0001) is a parallelogram composed of an adjacent pair

of equal–sized upright and inverted equilateral triangles with a side length of LM ≈
2.98 nm.[191, 197, 254, 257] Three distinct regions in this moiré cell are characterized

as follows: atop regions (the vertices of triangles) where C–atom rings surround Ru

surface atoms, and hcp and fcc regions (the centers of inverted and upright triangles,

respectively, as shown in a schematic provided later in the text) where C–atom rings

surround the hcp and fcc hollow sites on Ru(0001). The atop locations are higher by ∼
0.15 nm than the hcp and fcc regions.[258]

A key feature for directed assembly of NCs for a variety of metals including Ru,[191]

Pt,[195, 197, 205, 262] and Rh[197] on MLG/Ru(0001) is that the fcc regions act as traps

directing the assembly of metal nanoclusters at these locations. This feature is of partic-

ular relevance in the current study. For contrast, we note that Co NCs nucleate in both

fcc and hcp regions,[263] and Au forms large 2D islands extending over multiple moiré

cells[197, 264] on MLG/Ru(0001).

The specific focus of this paper is on a detailed analysis of the directed nucleation

and growth of Ru NCs during Ru deposition at 309 K on MLG/Ru(0001). Related

analysis of the evolution on NC densities is limited in the previous literature,[36, 195,

197] and no appropriate atomistic–level modeling and simulation has been performed.

Analysis of NC diameter and height distributions is more common.[36, 186, 191, 197,

205] One might anticipate that the most insight into the underlying energetics should

come from analysis of the regime where only a fraction of moiré cells are occupied,

even after deposition of a significant coverage of Ru. In this regime, Ru atoms are

not simply trapped within the moiré cell where they were deposited. Rather, there

exists significant transport between moiré cells, which is a key factor in determining

the number, size, and spatial arrangement of NCs. It is appropriate to note that the

classic study of Ir NC on MLG/Ir(111)[36] corresponded to a regime where intercell
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transport was not significant on the timescale of deposition.

In Section 6.1.2, we describe the details of our scanning tunneling microscopy (STM)

experiments and present key STM images. Quantitative analysis of experimental re-

sults is presented in Section 6.1.3. We not only provide a systematic analysis of the

coverage dependence of the mean NC density and NC height distribution, but also

quantify the spatial arrangement and ordering of NCs. In Section 6.1.4, we develop our

atomistic lattice–gas model for NC formation, which accounts for the periodic modu-

lation of the supported graphene sheet. This model has broader applicability to metal

NC formation on MLG/Ru(0001), but here it is applied only for the Ru/MLG/Ru(0001)

system. Results for model behavior from kinetic Monte Carlo (KMC) simulation are

presented in Section 6.1.5, and a detailed comparison is made with the experiment.

Conclusions are provided in Section 6.1.6.

6.1.2 Experimental details and STM images

The experiments were performed in an ultra-high vacuum (UHV) system with a base

pressure of 1·10-10 mbar. Clean Ru(0001) surfaces were obtained by cycles of Ar+ sput-

tering (0.5 keV Ar+ , 4 µA cm-2, t = 15 min) and subsequent flashing to 1600 K. In

order to obtain a defect–free graphene overlayer, it is essential to remove any remain-

ing carbon impurities from the Ru sample by cycles of oxygen adsorption followed by

annealing at 1500 K. For this work, we grow only a partial graphene layer by exposing

the Ru(0001) to an ethylene pressure of 5·10-9 mbar at 1000 K for 15 min. The temper-

atures were measured with a pyrometer type IMPAC IGA140 (300–2000°C). Scanning

tunneling microscopy images were acquired in the constant current mode, with typical

tunnel currents/voltages of 40–100 pA/1–2 V (applied at the sample).

Ru is deposited onto the partially graphene-covered Ru(0001) surface with an elec-

tron beam evaporator (Omicron, EMF3). Ru nanoclusters form on the graphene–

covered parts of the surface [Fig. 6.1(a), top part], as well as on the uncovered parts

of the surface [Fig. 6.1(a), bottom part]. From the graphene–free areas of the Ru(0001)

surface, we determine the coverage (θ) of the evaporated Ru, with θ specified in mono-

layers (ML) with respect to the Ru(0001) surface. However, for deposition around 300

K, the Ru islands are very small [Fig. 6.1(a), bottom part]. Thus, due to tip convolution,

the coverage is always overestimated in STM measurements from these small struc-

tures. Therefore, before the coverage measurement, the surface is annealed at 670 K

after cluster formation for 1 min to allow for larger hexagonally shaped island forma-
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tion, as shown in Fig. 6.1(b). The temperature during evaporation was measured with

a type K thermocouple pushed against the Ru crystal.

Figure 6.1: (a) Interface between graphene and the bare Ru substrate. Cluster formation on the
graphene (top) and Ru island formation on the substrate (bottom), θ = 0.15 ML, FF = 45.5%;
100 × 50 nm2. (b) Hexagonally shaped Ru islands, formed on the bare Ru substrate after an-
nealing for 1 min at 700 K; 100 × 50 nm2. Sequence of STM images of Ru clusters grown on
MLG/Ru(0001): (c) θ = 0.005 ML, FF = 13.5%, 100 × 100 nm2; the dotted circles indicate some
small single–layer clusters highlighted in the inset; (d) θ = 0.01 ML, FF = 17.5%, 100 × 100 nm2;
(e) θ = 0.03, FF = 26.1%, 80 × 80 nm2; (f) θ = 0.05 ML, FF = 34.5%, 100 × 100 nm2; (g) θ = 0.15
ML, FF = 47.6%, 100 × 100 nm2.

As noted in Section 6.1.1, graphene growth on Ru(0001) has been studied

previously.[185, 190, 192, 242, 243, 253, 254, 254–261] The graphene layer starts growing

at the lower Ru step edge and forms mostly defect–free monolayer sheets extending

over several terraces.[185, 243] The arrows in Figs. 6.1(c) and 6.1(d) show defect sites,

which consist of dislocations within the graphene layer[185, 243] or impurities below

the graphene sheet. From images for higher Ru coverages, it is evident that these de-

fect sites are preferred nucleation sites for the Ru NCs. However, for the following

statistical analysis of NC nucleation, their effect is negligible since their density cor-

responds to only about one in 1000 moiré cells (or one in ∼ 100’000 of all the possible

adsorption sites). As also noted in Section 6.1.1 and illustrated in a Figure below, for de-

position around 300 K, Ru nanoclusters are only formed in the fcc region of a moiré unit

cell.[191] No preference for nucleation at or near step edges of the underlying Ru(0001)

surface could be observed [compare Figs. 6.1(c) and 6.1(d)].
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Results are reported here only for deposition of Ru at 309 K. Figures 6.1(c)–6.1(g)

show a sequence of STM images of Ru NC arrays corresponding to Ru coverages of

0.005, 0.01, 0.03, 0.05, and 0.15 ML, respectively. Fluxes were in the range of ∼ 0.01 to ∼
0.1 ML/min, but we note that additional experiments indicate a weak dependence on

flux.

At low θ, only a few clusters well separated from each other are found on the surface.

Some small one–layer–high NCs are only weakly resolved with STM within a moiré

unit cell. Examples of these are marked with dotted circles in Fig. 6.1(c), and one

example is enlarged in the inset. Other larger one–layer–high NCs are clearly visible

already at low θ. Increasing θ leads to an increase in the number of NCs on the moiré

template, as well as an increase in their size. Inspection of Fig. 6.1(e) suggests that some

of these larger NCs seem to form lines consisting of two to four clusters, a feature seen

more clearly for higher θ in Figs. 6.1(f) and 6.1(g). See Section 6.1.3 for further analysis.

Finally, we note that under our experimental conditions, at most, one Ru NC occupies

each graphene moiré cell (and the NC nucleate only in the fcc region). Thus, it is con-

venient to describe the NC density in terms of the fraction of occupied moiré sites. This

so–called filling factor (FF) notation[195] was used in previous studies.[36, 195, 204]

Sometimes FF is quoted as a percentage of occupied cells (rather than as a fraction), so

the maximum FF of 100% corresponds to a cluster density of 1/AM = 0.128 nm-2.

6.1.3 Analysis of experimental results

6.1.3.1 NC filling fraction and height distribution

In Fig. 6.2, we show the evolution of the filling factor FF with increasing coverage

θ for Ru deposition at 309 K from the coverages depicted in Figures 6.1(a)–6.1(g). The

absolute error in the FF is approximately 3% as determined by the standard deviation of

FF values between 3–6 STM images (with an average of ∼ 1000 moiré cells per image).

Small errors or uncertainties due to a variation of the substrate temperature (± 3 K)

during the evaporation, as well as due to any flux instability of the evaporator, are not

represented in this error assessment. Figure 6.2 also shows the dependence on θ of the

mean size sav of the NCs (measured in atoms). Data comes from six separate deposition

experiments for the coverages shown, as described in Section 6.1.2.

As noted above, the filling factor FF = FF(θ) is equivalent to a conventional NC

density N = N(θ). For example, one has that N(θ) = FF(θ)/(100 · A∗M) when

measuring FF as a % and island density as the number of NC per adsorption site
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Figure 6.2: Coverage dependence of filling factor, FF (in %), and mean NC size, sav (in atoms),
for Ru deposition at 309 K with fluxes ranging from∼ 0.01 to 0.1 ML/min. Experimental results
are denoted by symbols, and KMC simulations (described in Section 6.1.4 and 6.1.5) by smooth
curves. Simulation parameters are: Ed = 0.62 eV, δ = 0.28 eV, ∆ = 0.20 eV, δ * = 0.15 eV, F = 0.10
ML/min.

on the underlying Ru(0001) support. Note that island density N(θ) and mean size

sav = sav(θ) measured in atoms are not independent quantities. Rather, they are related

by sav(θ) = (θ − θ1)/N(θ), where θ is the total coverage and θ1 is the coverage of iso-

lated diffusing Ru adatoms which are not yet incorporated into NCs (both coverages

measured in ML as described above). Since typically θ1 � θ for high adatom diffusivity

(except for very low θ), one obtains the simple relation sav(θ) ≈ 12100 · θ/FF(θ) using

the model value for A∗M and FF as a %. However, we still show both FF and sav vs θ in

Fig. 6.2, as the possibly simple θ dependence of one quantity could elucidate the less

simple variation of the other. For example, Fig. 6.2 reveals a quasilinear variation of

the average NC size sav(θ) ≈ 8 + 195θ for 0.04 6 θ 6 0.2. This implies that FF has the

nonlinear form FF(θ) ≈ 12100θ/(8 + 195θ) over this θ range. We emphasize, however,

that for lower coverages, θ → 0+ where θ1 ∼ θ, one must have that FF(θ) → 0 and

sav(θ)→ 2 (as the smallest possible NCs are dimers).

We now comment on general expectations for the θ dependence of FF for metal NCs

on MLG supported on transition metal substrates. The general theory of nucleation of

NCs via deposition on surfaces[61, 248] suggests a short initial transient regime, where

the adatom density and thus the NC nucleation rate and FF grow strongly. This is

followed by a steady–state regime with a rough balance between the gain of adatoms

due to deposition and loss predominantly due to aggregation. Early in the steady–state

regime, strong nucleation of NCs persists, and FF continues to grow. Later, a higher

NC density can greatly reduce the adatom density. This in turn can effectively ter-
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minate nucleation resulting in a postnucleation growth regime with roughly constant

FF and a simple proportionality sav(θ) ∝ θ. One simple scenario for metal NCs on

MLG/Ru(0001) is that the growth regime could reflect the saturation of the FF at 100%.

From the (noisy) data in Fig. 6.2 for Ru NC on MLG/Ru(0001), it is tempting to

identify a crossover coverage θ∗ ∼ 0.1 ML for the onset of the growth regime. However,

our modeling described below does not find a clear crossover. By way of contrast, STM

studies for Ir NC on MGL/Ir(111) reveal that θ∗ ≈ 0.05 ML at 350 K[36] corresponding

to saturation of FF ≈ 100%. As an aside, the plot in Ref. [36] of FF in % and sav in

atoms for Ir/MLG/Ir(111) uses a common scale, just as in Fig. 6.2, allowing convenient

comparison of behavior in these systems. For Rh NC on MGL/Ru(0001), STM studies

reveal θ∗ ≈ 0.8 ML at 300 K[197] where FF ≈ 24%.

Figure 6.3 presents results for the dependence of the Ru NC height distribution on

the coverage θ of Ru deposited on MLG/Ru(0001) at 309 K (from the same experi-

ments used above in the analysis of FF). Specifically, we consider the filling factor FF(h)

measured as a percentage (%) of moiré cells populated with NC of a specific height h

measured in atomic layers. Thus, one has that FF = FF(h = 1) + FF(h = 2) + FF(h = 3) +

... The qualitative evolution is as expected with h = 1 NCs first dominating, then h = 2

NCs, then the populations of taller NCs dominating. One might anticipate that a stable

two–layer NC requires at least 7 Ru atoms (i.e. two bonded nearest neighbor atoms

in the second layer requiring a supporting base of 5 Ru atoms in the first layer). Our

simulation analysis indicates that observed behavior is consistent with this threshold

size for two–layer NCs. In Section 6.1.5, we also deduce threshold sizes for three–layer

and higher–layer NCs.

6.1.3.2 Analysis of short-range order in the NC array

Next, we provide a detailed characterization of the arrangement of NCs on the

Ru(0001)–supported graphene layer. We assess the populations or densities of vari-

ous local motifs of NCs, such as nearest neighbor (NN) pairs or dimers and various

configurations of trimers. We obtain the dimer density D from the total number of NN

dimers divided by the number of moiré cells and divided by the number of distinct

orientations (three for dimers). Thus, D corresponds to the probability that a pair of

NN moiré cells will be both populated by NCs. Consequently, D would equal (FF)2 for

a random distribution of NCs with FF measured as a fraction of filled cells. In addi-

tion, we consider the densities of linear trimers (LT), bent or elbow trimers (BT), and
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Figure 6.3: Coverage-dependence NC height distribution described by the filling factors FF(h
= 1,2,...) of NCs for various specific heights h (measured in layers). Experimental results are
denoted by symbols, and simulations (described later) by smooth curves.

triangular trimers (TT), also obtained as the total number of such species divided by the

number of moiré cells and also divided by the number of distinct orientations (three for

LTs, six for BTs, two for TTs). Thus, these quantities correspond to the probability that

a selected triple of moiré cells with the appropriate configuration are all occupied by

NCs. Thus, LT, BT, and TT would all correspond to (FF)3 for a random distribution of

NCs.

Results are shown in Fig. 6.4 for the probabilities for all these motifs vs FF measured

as a fraction (and also as a function of coverage θ in the insets). To a first approximation,

the dependence on FF might be characterized by

D ∼ (FF)2 and LT, BT, TT ∼ (FF)3. (6.1)

This behavior corresponds to a random distribution of NCs, although there are clear

deviations, as discussed in detail below. However, first, here we wish to draw attention

to the coverage dependence of FF illustrated in the insets and in particular to the near

proportionality

LT,BT, TT ∝ θ. (6.2)

To interpret this feature, consider the nucleation and growth of NCs with a critical

size i (above which clusters are stable). Standard nucleation theory implies that FF

∼ θi/(i+2) in the predominant quasisteady–state regime, where there is a rough balance
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Figure 6.4: Coverage dependence of the probability of: (a) NC dimers; and (b) linear, bent, and
triangular NC trimers in the Ru NC array. Experimental results are denoted by symbols, and
simulations (described later) by smooth curves.
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between gain of diffusing adatoms on the surface due to deposition and loss due to

aggregation.[61, 248] It follows that LT, BT, or TT ∼ (FF)3 ∼ θ3i/(i+2). Consequently, the

observed linear dependence corresponds to a critical size i = 1, as might be expected for

nucleation at∼ 300 K given the strength of Ru–Ru adatom interactions. The conclusion

that FF ∼ (θ)1/3 also explains the sublinear variation of D with θ. It should be noted

that usually critical size is assessed by considering flux dependence of the NC density

or the shape of the size distribution.[61] However, here, we have another possibility,

e.g. through analysis of trimer probabilities.

The feature that the dimer and trimer probabilities in Fig. 6.20 are below those ex-

pected for a random distribution of NCs reflects anticlustering of NCs. Anticlustering is

also a general feature of NC nucleation on unstructured surfaces,[61, 248] which should

extend to nucleation on structured substrates in the regime of interest here. Nanoclus-

ters act as sinks for diffusing adatoms. Consequently, the adatom density is reduced in

the vicinity of existing NCs and more specifically in this case in the moiré cells which

neighbor NCs. This, in turn, reduces the rate of NC nucleation in such neighboring

moiré cells and thus reduces the population of NCs nearby other NCs. One might

regard this feature as corresponding to an effective repulsion between NCs. More de-

tailed consideration indicates that the density of diffusing adatoms should be more

strongly depleted in a moiré cell adjacent two NCs, and thus the formation of a tri-

angular trimer from a dimer should be more strongly inhibited than the formation of

linear or bent trimers. Results in Fig. 6.20 are entirely consistent with this prediction. A

refined analysis would suggest a slight preference for linear over bent trimers, but this

appears to be a negligible effect.

One can quantify this behavior in terms of conditional filling fraction FF c where this

and other quantities are measured below as a fraction (rather than as a %). To define

this quantity, consider a neighboring pair of moiré cells. Suppose that one of these is

specified to be populated by an NC, then FFc gives the conditional probability that its

neighbor is populated by an NC. It follows that

FFc ≡ D/FF (so that D = FF · FFc). (6.3)

Note that FFc < FF (FFc > FF) corresponds to anticlustering (clustering). A Kirkwood–

type superposition approximation[266] or pair approximation[267] adapted for the

statistics of trimers predicts that
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LT ≈ BT≈ (D)2/FF = FF ·(FFc)2 but that

TT≈ (D)3/(FF)3 = (FF)3.
(6.4)

Consequently, TT is expected to be smaller within this approximation than LT or

BT (which are identical). These trends are entirely consistent with experimental ob-

servations. However, the Kirkwood approximation cannot capture with quantitative

precision the spatial correlations in the NC distribution (see Table 6.1). We shall see

that exactly the same type of discrepancy with the Kirkwood estimates arises in our

simulation results, a feature which supports the effectiveness of our modeling.

Table 6.1: Comparison of experimental trimer probabilities (TT = triangular, BT = bent/elbow,
LT = linear) with predictions from the Kirkwood approximation (which incorporates the exper-
imental dimer probabilities and FF values)

FF D TT TT BT LT BT, LT
(%) (exp) (exp) (Kirkwood) (exp) (exp) (Kirkwood)
17.5 0.029 0.0021 0.0044 0.0018 0.0031 0.0047
26.1 0.062 0.0078 0.0135 0.0085 0.0090 0.0148
34.5 0.11 0.0215 0.0320 0.0254 0.0260 0.0348
47.6 0.203 0.0697 0.0775 0.0789 0.0789 0.0866

Another feature apparent from the STM images is a propensity for the formation of

straight rows of neighboring NCs, at least for higher values of FF. Although perhaps

counterintuitive, this behavior is actually consistent with the above observations on

anticlustering of NCs. Insight into this behavior follows from two observations:

(i) For a scenario where most NCs are incorporated into long nonadjacent linear rows of

NCs, one obtains FFc (r = 1) = 1/3 independent of FF. Thus, when FF > 1/3, formation

of nonadjacent rows corresponds to anticlustering and should be expected given the

above discussion. For FF < 1/3, there should be no propensity for row formation.

(ii) For higher FFs where at least short segments of isolated rows have already formed,

consider the nucleation of nearby NCs. Cells along the edge of the row have two neigh-

boring NCs and thus a lower adatom density than cells at the end with one neighboring

NC. As a result, nucleation is inhibited along the sides relative to the end.

Both the above observations rely on the feature that the fcc moiré half cells form a

triangular grid with coordination number 6. Thus, the propensity for row formation

would be absent (or at least greatly reduced) for a square grid.

Extending the considerations of item (ii) above, there are three cells at the end of a
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row of NCs with a single neighboring NC, one aligned with the NC row, and the other

two at an angle of 60°all with a single neighboring NC. The adatom density in these

cells should be similar, but that in the aligned cell should be slightly higher. This in turn

should enhance the growth of linear rather than bent rows, recalling that nucleation is

very sensitive to adatom density.[61, 248]

We can also extend the above consideration of dimer statistics to more general fea-

tures of short–range order (SRO) associated with two–point spatial correlations in the

array of NCs. Specifically, extending the definition of FFc , we let FFc(r) denote the con-

ditional probability that a moiré cell is occupied by a NC, given that it is separated by r

from another cell, which is specified to be occupied. One determines distinct values for

separations r = |r| = 1,
√

3, 2,
√

7, 3,... measured in units of the nearest neighbor (NN)

cell separation. Then, the above conditional filling fraction is recovered from FFc = FFc

(r = 1). Traditional SRO parameter(s) are defined as

α(r) = {FFc(r)/FF} − 1

> 0(< 0)for clustering (anticlustering).
(6.5)

The experimental results are presented in Fig. 6.5 showing the variation of α(r) with

FF. The data correspond to anticlustering with α(r) < 0, although this feature quickly

weakens (i.e. spatial correlations become very small) for increasing r > 1.

Figure 6.5: Dependence on FF of two-point SRO parameters α(r)) in the Ru NC array corre-
sponding to r = |r| = 1,

√
3, 2,
√

7 and 3 (in units of the moiré cell lattice constant). Experimental
results are denoted by symbols, and simulations (described later) by smooth curves.

Finally, we offer some brief comments on the dependence of SRO on coverage or
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FF. There is little analysis of the coverage dependence of spatial correlations in classic

surface nucleation theory,[61, 248] and in any case this would be of limited use for

the current study. It is clear that α(r) → 0 (vanishing correlations), as FF → 0 (low

NC population), and as FF→ 1 (maximal population). Maximum amplitudes occur at

intermediate FF. Substantial noise in the experimental data precludes a clear picture, so

we defer further discussion until the following section on modeling.

6.1.4 Atomistic modeling: directed assembly of NCs

Our atomistic lattice–gas modeling for Ru NC formation on MLG/Ru(0001) assigns

the adsorption sites k for isolated diffusing Ru adatoms as a triangular lattice (coor-

dination number 6) corresponding to hollow sites in the center of the C rings of the

graphene sheet. Deposition of Ru occurs randomly on these sites at an experimen-

tally determined rate, and diffusion of isolated Ru adatoms occurs via hopping to one

of the six neighboring sites. Consistent with the (12 × 12)C/(11 × 11)Ru model for

MLG/Ru(0001), the key energetic parameters characterizing Ru adsorption vary with

a 12 × 12 periodicity, reflecting the moiré structure of the modulated graphene layer.

Given our focus on low coverages well below the coalescence regime, we adopt a con-

venient and efficient point island model which can accurately describe key aspects of

nucleation and growth in this regime.[268–270] This model tracks the size of each is-

land, but does not describe island structure, rather just treating each island as occupy-

ing a single site. In addition, we treat both nucleation and aggregation as irreversible

(two Ru atoms form a stable nucleus for an NC corresponding to a critical size of unity)

given the experimental evidence presented in Section 6.1.3 for critical size i = 1. Also,

all NCs of two or more Ru atoms are treated as immobile (but see discussion below of

postdeposition effects).

6.1.4.1 Benchmark model: Thermodynamically directed assembly of NCs

Now we describe in more detail our benchmark model in which directed assembly of

Ru NCs in the fcc regions is thermodynamically driven. We assume that the adsorption

energy Eads(k) for Ru adatoms at adsorption sites k varies periodically across the moiré

cell illustrated in Fig. 6.6(a). The strongest binding corresponds to a global minimum

Eads( f cc) of Eads occurring at the center of the fcc half–cell. Weaker binding at the center

of the hcp half–cell generally corresponds to a local minimum in Eads which is above

the fcc value by ∆. Binding can be even weaker along the linear fcc–hcp boundary with
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a saddle point in Eads occurring at the center of this boundary above the fcc value by

δ > ∆. The weakest binding, corresponding to a global maximum in Eads above the fcc

value by δ + δ∗, generally occurs at the atop sites of the moiré cell (when δ* > 0).

Figure 6.6: (a) Schematic of the graphene moiré unit cell; (b) 1D schematic of the binding energy
variation for an Ru adatom across the moiré cell for our benchmark model showing the coarse–
scale variation described by Ep(dashed curve) and fine–scale variation (oscillatory thin curve).
The 2D variation of Ep in the small triangle corresponding to 1/6 of the fcc half–moiré cell with
x and y axes shown is described by Ep = δ sin2[π

√
3x/LM] + δ∗ sin2[πy/LM]. Behavior in 1/6

of the hcp half–moiré cell is described by Ep = ∆ + (δ− ∆) sin2[π
√

3x/LM] + δ∗ sin2[πy/LM].

The above behavior is captured by expressing the adsorption energy in the form

Eads(k) = Eads( f cc) + Ep(k), where again k labels the adsorption sites and the energy

function Ep(k) > 0 describes the coarse–scale periodic variation of Eads across the moiré

cell.2 This coarse–scale energy variation is indicated in Fig. 6.6(b) by the dashed lines.

The three key energy parameters ∆, δ, and δ* are also indicated. The fine–scale variation

of the adsorption energy as the lateral adatom position varies continuously between

neighboring adsorption sites is also indicated in Fig. 6.6(b) by the oscillatory thin solid

curve.

The energetic input to the model is exclusively through specification of the activa-

tion barrier Eact(i → f ) to hop from an initial site i to an adjacent final site f . In our

benchmark model, we choose the form

Eact(i→ f ) = Ed + [Eads( f )− Eads(i)]/2

= Ed + [Ep( f )− Ep(i)]/2.
(6.6)

The parameter Ed corresponds to a constant average local diffusion barrier in the

sense that it gives the average of the barriers for forward and reverse hops between an

2Only values of Eads determined from this form at discrete triangular lattice of adsorption sites provide
input to the model.
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adjacent pair of sites. Actual barriers for hopping vary just slightly from Ed given the

slow variation of Ep. Roughly speaking, one can think of Eq. 6.6 as corresponding to

a fixed energy difference between the adsorption site energies Eads and the transition

state energies ETS. One can also regard Ed as the barrier which would apply in flat

regions of the modulated graphene sheet, and also plausibly Ed reflects the barrier for

Ru diffusion on an unsupported graphene sheet.

This specification in Eq. 6.6 of Eact is consistent with detailed balance given our pre-

scribed variation of the adsorption energy. This specification may be translated into the

detailed picture of fine–scale variation of the adsorption energy shown in Fig. 6.7. The

hopping rates are selected to have the Arrhenius form h(i → f ) = ν exp[−Eact(i →
f )/(kBT)] with a common prefactor ν = 1013/s.

Figure 6.7: Fine–scale variation of the potential energy surface in the benchmark model for an
Ru adatom hopping between neighboring adsorption sites i and f on MLG/Ru(0001)

A consequence of the choice in Eq. 6.6 is that the quasiequilibrium density of adatoms

(if NC nucleation is suppressed) would be maximized in the fcc regions as these have

the strongest binding. Since the local NC nucleation rate scales as the square of the

local adatom density (for i = 1), this rate is enhanced in those regions of higher density.

This explains the thermodynamically directed assembly of NCs. We caution that it

will be necessary to choose ∆ sufficiently large to avoid significant formation of NCs

in the hcp region. Finally, we discuss the ramifications of the choice in Eq. 6.6 for

long–range diffusive transport. For δ > ∆, the effective barrier to cross from the fcc

to the hcp region is Ee f f = Ed + δ with a saddle point in Eact at the midpoint of the

linear fcc–hcp boundary (see Fig. 6.6(b)). The effective additional barrier in the reverse

direction is E
′
e f f = Ed + δ−∆. The model describes biased diffusion on the surface with

a preference (i.e. higher rates) for hopping towards the center of the fcc and hcp regions

which are global or local minima of Eads. We expect the FF to be strongly dependent on

Ed and δ, but less so on δ*.
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6.1.4.2 Alternative energy variations for directed assembly

Generic continuum formalisms of directed assembly have considered behavior for four

distinct forms of the coarse–scale variation of two key energies: the adsorption energy

Eads and the energy at the transition state ETS for hopping between adjacent sites:[62] (i)

in-phase periodic variation of both Eads and ETS as in our benchmark model of Section

6.1.4.1; (ii) periodic variation of Eads and constant ETS; (iii) out–of–phase periodic vari-

ation of Eads and ETS; (iv) constant Eads and periodic variation of ETS. In the continuum

description, diffusion has the local barrier Eact = ETS − Eads (which is constant for case

(i) as in the model in Section 6.1.4.1, but there is also a drift term in cases with a gradient

in Eads. Our following discussion of the behavior of these various models extends the

characterization in Section 6.1.4.1 to note that the local NC nucleation rate is given by

the local hop rate or diffusion rate times the square of the local adatom density.

All of cases (i)–(iii) incorporate a thermodynamic driving force for directed assembly

with NCs at the minima of Eads, since at this location the quasi–equilibrium density of

adatoms is maximized. In case (ii), this tendency for directed assembly is reduced by

slower diffusion in the fcc regions, given the above observation that the nucleation rate

is reduced for slower diffusion. In case (iii), this reduction is even stronger and can

completely eliminate directed assembly or redirect assembly to the regions with the

highest diffusion barrier.

To elucidate the effect of variable diffusivity, it is most convenient to consider case

(iv), where the quasi–equilibrium adatom density is constant across the surface. Thus,

directed assembly is purely kinetically driven and occurs in regions of highest diffusion

rate (or lowest barrier). This is in some sense the opposite of case (i). Of interest is the

strength of directed assembly in case (iv) and whether the experimentally observed

behavior can be achieved for a reasonable choice of energetic parameters. To craft such

a model (iv), one can again utilize a coarse–scale periodic function Ep with a minimum

in the fcc region as shown in Fig. 6.6(b). Now the model input energetics involves a

barrier to hop from site i to neighboring site f with the distinct form Eact(i → f ) =

Eact( f → i) = Ed0 + [Ep( f ) + Ep(i)]/2, where Ed0 now corresponds to the minimum

diffusion barrier occurring just in the fcc region. The Arrhenius form of the hop rate is

consistent with detailed balance for constant Eads. We will briefly describe results for

this alternative model in Section 6.1.5.3.

Finally, one should ask which case best describes the actual behavior for

Ru/MLG/Ru(0001). The general expectation, supported by limited DFT analysis is
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that Eads varies with strongest binding in the fcc region.[191] While there is no compre-

hensive analysis for Ru/MLG/Ru(0001), a study of a related system[198] suggests that

there is some tendency for in–phase variation of Eads and ETS as in case (i). Thus, we

focus on this benchmark model below.

6.1.5 KMC simulation results

Analysis of the above models is achieved by KMC simulation, where one implements

random deposition of Ru atoms and hopping of Ru adatoms with probabilities pro-

portional to the physical rates for these processes. Again, nucleation of Ru NCs is

irreversible, occurring when two diffusing adatoms meet, and aggregation with Ru

NCs is also irreversible. Thus, these processes do not introduce extra rates, noting that

in the point–island model,[268] there is no need to describe periphery diffusion. One

complication is that an isolated Ru adatom in a half–moiré cell can undergo rapid cor-

related diffusion within a single half–cell (with high hop rates towards the center in the

benchmark model). This can significantly increase the computational expense of the

simulation, which can become prohibitive for smaller Ed. Results are presented for our

benchmark model incorporating thermodynamically driven assembly unless otherwise

stated.

6.1.5.1 KMC results for NC filling factor

Our initial goal is to determine whether experimentally observed values for filling fac-

tor (FF) can be obtained with a reasonable choice of energetics in our benchmark atom-

istic model. One previous DFT study[271] for Ru on freestanding graphene indicated

the strongest binding at the hollow site in the center of the C ring, as indicated above.

It also indicated weaker binding by 0.72 eV above a C atom, and by 0.75 eV above a

C–C bond. This implies a diffusion barrier of Ed = 0.72 eV for hopping between hollow

sites over C atoms. A subsequent study by this group reported a substantially higher

barrier closer to 1 eV.[272] However, simulation results for our model with Ed of 0.70

eV or above produced FF significantly larger than experiment (unless values for other

parameters were selected to be very low, which resulted in NC population of the hcp

regions). We find that reducing Ed to the range 0.58–0.65 eV yields good agreement for

reasonable values of other parameters. This apparent discrepancy prompted our own

DFT analysis for Ru adsorption and diffusion on freestanding graphene obtaining a

revised value of Ed = 0.62 eV consistent with estimates from KMC (see the Section 6.1.7.
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Simulations were performed varying model parameters and comparing results

against experiment. These indicate that it is possible to obtain a reasonable match to

the experimentally observed variation of FF vs θ, at the same time essentially exclu-

sively populating the fcc regions with NCs at 309 K.3 One such choice of parameters

using Ed = 0.62 eV which matches our DFT result is: δ = 0.28 eV, δ* = 0.15 eV, and ∆

= 0.20 eV. Figure 6.8 shows simulated NC distribution with these parameters for two

values of FF = 24% and 48%. Figure 6.2 compares behavior for FF vs θ for these param-

eters with experiment. An alternative parameter choice is motivated by the proposal of

Sutter et al.[191] that the Ru adsorption energy in both hcp and atop regions is weaker

than that in fcc regions by a similar amount of ∼ 0.4 eV. This motivates consideration

of choices with δ = ∆ and δ* = 0, and we find that selecting Ed = 0.58 eV and δ = ∆ =

0.40 eV also matches experiment. The plot of FF vs θ for this case is almost identical to

the above choice. Other possible choices are discussed in detail below.

Figure 6.8: Spatial arrangement and SRO of NCs from KMC simulation of the benchmark model
with Ed = 0.62 eV, δ = 0.28 eV, δ* = 0.15 eV, and ∆ = 0.20 eV at 309 K.

From our simulation analysis, in addition to reliable values for FF, we can readily

determine uncertainties in estimates of FF (given below in %) for measurements or

simulations with a finite (limited) system size. The relevant formulation derives from a

fluctuation–correlation relation[61] for the number M of NCs expected in a finite system

of L× L moiré cells:

〈(M− 〈M〉)2〉 ∼ c(θ) L2 so

〈(FF− 〈FF〉)2〉 ∼ 104 c(θ) L−2.
(6.7)

3Some moiré cells can contain only isolated Ru adatoms when deposition ends. These might aggregate
with existing NCs in nearby cells or nucleate new NCs (Ref. [36]). We find that such postdeposition
effects are negligible except for very low coverages.
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We find that c(θ) ≈ 0.028, 0.086, 0.045 for θ = 0.01, 0.05, 0.15 ML, respectively. Thus,

the uncertainty in FF estimated from a standard deviation σFF ≈ 100c1/2/L ∼ 0.2% is

small for a simulation in a 100 × 100 cell system. Our results come from averaging

Ntrial such simulations further reducing the uncertainty by a factor of (Ntrial)
−1/2.

As indicated above, there is not a unique choice of energetic parameters which alone

reasonably matches experiment. Thus, some relevant trends observed from extensive

simulations upon varying model parameters are reported below:

(i) Varying Ed and δ in opposite directions, roughly preserving Ee f f = Ed + δ, can

maintain the match with, for example, FF ≈ 48.1% at θ ≈ 0.15 ML in experiment. In

Table 6.2, we give two examples of this behavior, one for fixed ∆ = 0.2 eV and δ* = 0.15

eV, and the other for ∆ = δ and δ* = 0 (cf. Ref. [191]). However, constraining Ed to

around our DFT value limits the choice of the other parameters.

Table 6.2: Parameter choices matching FF ≈ 48.1% at θ 0.15 ML in experiment by varying Ed
and δ in opposite directions. All energies in eV.

∆ = 0.20 ∆ = δ
δ* = 0.15 δ* = 0

Ed 0.60 0.62 0.64 Ed 0.58 0.60 0.62 0.65 0.68
δ 0.34 0.28 0.22 δ 0.40 0.35 0.305 0.23 0.145

(ii) The sensitivity of FF to δ* and ∆ should be weaker than to δ (allowing one param-

eter to vary and holding the others fixed). Specifically, FF will increase strongly with δ,

as this increases the effective barrier to long–range transport Ee f f . The same is not true

for varying δ* and ∆. The weakest dependence of FF is with δ*, as changing δ* does

not affect the potential energy surface along the diffusion path, but presumably does

change the effective prefactor. These trends are confirmed in Table 6.3.

Table 6.3: Sensitivity analysis of FF (in %) to various energetic parameters varying parameters
one at a time about Ed = 0.62 eV, δ = 0.28 eV, δ* = 0.15 eV, and ∆ = 0.20 eV.

δ - 0.28 FF - 48.1 ∆ -0.15 FF - 48.1 δ* - 0.20 FF - 48.1
-0.03 - 9.2 -0.05 -3.0 -0.05 -2.7
-0.01 -3.2 -0.01 -0.6 -0.01 -0.9

+0.01 +3.5 +0.01 +0.5 +0.01 +0.3
+0.03 +10.0 +0.05 +4.8 +0.05 +0.9

We now provide some additional discussion of the more subtle aspects of the model

parameter dependence. First, consider the dependence of FF on ∆ keeping the other

parameters fixed. As ∆ increases, this reduces the residence time in hcp regions and
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thus enhances long–range mass transport. One might think that this would reduce

FF. However, the opposite trend occurs (see Table 6.3). Presumably for lower ∆, the

hcp regions act as a reservoir for Ru adatoms lowering their density in fcc regions and

thus lowering the nucleation rate in those regions which in turn lowers FF. Second, we

consider further behavior upon varying Ed and δ in opposite directions while keeping

FF fixed. Note that as Ed increases, the effective barrier Ee f f = Ed + δ must be made

smaller. Why? Increased Ed lowers the nucleation rate which must be compensated for

by enhancing long-range transport.

It should be noted, however, that for all of these parameter choices matching the

experimental FF, we expect the other basic features of the model behavior discussed

below (height distributions, short–range order, size distributions) to be fairly robust.

6.1.5.2 KMC results for NC size and height distributions

Next, we use our atomistic modeling to estimate the evolution of the NC height distri-

bution during deposition. It should be emphasized that our point-island modeling does

not explicitly describe the structure of the NCs, but rather only their sizes. Thus, some

additional hypothesis is needed to convert size to structure or height. We will assume

that there are reasonably well–resolved threshold sizes Sh→h+1 (measured in atoms) for

the transition from NC height h to h + 1 layers for h = 1, 2,... Thus, the picture is that

when an NC reaches a threshold size Sh→h+1, it quickly converts to the greater height

h + 1. Consider the extreme case with a very strong propensity for 3D NC formation,

but where a stable NC and requires at least one nearest neighbor pair of Ru atoms in

the top–most layer. Accounting for hcp stacking, one has S1→2 = 7, S2→3 = 17, S3→4 =

33, etc.4 However, the observed behavior does not match this choice.

From our atomistic point–island simulations, we can generate the complete NC size

distribution, FFs (the filling factor for NCs of s atoms), where one has that FF = ∑s>2

FFs. A scaled version of this distribution is shown in Fig. 6.9. This distribution has the

standard shape expected for irreversible NC formation.[61, 268, 269] It is significantly

broader than the Poisson distribution, which applies if there is no transport between

moiré cells,[36] and for which the width of the corresponding scaled distribution de-

creases with increasing mean NC size. Thus, given a selection of the Sh→h+1, we can

determine FF(h = 1) = ∑26s6S1→2 FFs , FF(h = 2) = ∑S1→26s6S2→3 FFs, etc. and their vari-

ation with θ for comparison with experiment. As indicated above, the smallest viable

4The smallest stable NC for h = 2 has five atoms in the first layer supporting two in the second. For h = 3,
10 in the first layer supportive in the second supporting two in the third, etc.
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choice of Sh→h+1 listed above is not consistent with experiment. However, we find that

a choice Sh→h+1 = 7, 26, 60, 80,... for h = 1, 2, 3, 4,... does provide a reasonable match

(see Fig. 6.3).

Figure 6.9: Scaled NC size distribution where the area under the scaled plot is unity (Ref. [61]).
The total number of NCs used to obtain this low–noise data is also indicated.

6.1.5.3 KMC results for NC short-range order

One advantage of our atomistic simulation model is that we can characterize not just

FF behavior as in Fig. 6.2, but also the spatial arrangement of NCs from analysis of

images like Fig. 6.8, for comparison with experiment. Specifically, we can analyze the

probabilities of dimer and various trimer configurations, as well as general two–point

SRO parameters. Simulation results track experimental behavior as shown in Figs. 6.3

and 6.4. It is instructive to also compare the probabilities of various trimers measured

directly from KMC simulations with the predictions from the Kirkwood approxima-

tion consistently using the dimer probability from simulations. Table 6.4 reveals that

the Kirkwood approximation correctly predicts qualitative trends but not quantitative

values with exactly the same type of discrepancy as was found in the analysis of the

experimental data. This supports the effectiveness of our model in capturing experi-

mental behavior.

Obtaining sufficiently precise results for this analysis is more challenging, as we are

interested in intrinsically small quantities like SRO parameters, or in comparing close

quantities such as D vs (FF)2 or various trimer probabilities. As a result, it was nec-

essary to average results from multiple simulations (Ntrial = 12) for a 100 × 100 moiré

cell system. To give some insight into these uncertainties, we mention that the standard
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Table 6.4: Comparison of trimer probabilities (TT = triangular, BT = bent/elbow, LT = linear)
from KMC with predictions of the Kirkwood approximation (based on dimer probability and
FF values from KMC)

Coverage FF D TT TT BT LT BT, LT
(ML) (%) (KMC) (KMC) (Kirkwood) (KMC) (KMC) (Kirkwood)
0.01 18.65 0.0326 0.0019 0.0054 0.00269 0.00284 0.00573
0.03 28.76 0.0769 0.0101 0.0191 0.01285 0.01303 0.02058
0.06 36.26 0.1222 0.0243 0.0383 0.02993 0.03038 0.04121
0.15 47.84 0.2147 0.0700 0.0903 0.08188 0.08192 0.09631

deviation in trimer probabilities for simulations in a 100 × 100 cell system varies from

σT ∼ 0.0003 for θ = 0.01 ML to σT ∼ 0.001 for θ = 0.05 ML to σT ∼ 0.001– 0.002 for θ

= 0.15 ML. However, discrimination of very small differences in probabilities for linear

and bent trimer configurations requires multiple trials. For the SRO parameters α(r),

the standard deviation for simulations in a 100 × 100 cell system are of the order σT ∼
0.002–0.004. Since these standard deviations vary like 1/L, the use of smaller STM im-

ages for extracting results produces significant uncertainties in experimental estimates.

However, our simulation analysis of the SRO behavior uses sufficient trials (Ntrial =

12) to effectively eliminate uncertainties and provide a clear picture of the variation of

SRO parameters with FF and of the decrease in the magnitude of these quantities with

increasing r (see Fig. 6.4).

Finally, we briefly comment further on the propensity for formation of NC rows at

higher values of FF, which is clear from both experimental and simulation images of

NC spatial distributions. Consider the quasisteady–state density for diffusing atoms

in the vicinity of the end of an already formed row of NCs (see Fig. 10). Solution of

the appropriate steady–state diffusion equation treating the NCs in the row as sinks for

diffusing atoms reveals that the adatom density is much lower on the edge fcc moiré

half cells (ej) than at the end bent (b) or straight (s) half cells. (In this analysis, it is

necessary to also impose a suitable effective outer boundary condition, or to include an

effective loss term, to account for adatom capture by other NCs.) The density at s is

slightly higher than at b. Thus, NC nucleation is relatively inhibited at ej, and enhanced

at b and s (slightly more at the latter).

6.1.5.4 Additional KMC results: Propensity for directed assembly

How great a thermodynamic driving force is required to direct assembly of NC almost

exclusively to the fcc regions? The benchmark model for thermodynamically directed
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Figure 6.10: Adatom diffusion and capture near the end of a row of NCs. The figure labels edge
(ej), end bent (b), and straight (s) fcc half–moiré cells.

assembly requires ∆ above ∼ 0.1 eV (i.e. adsorption in hcp regions is less favorable by

∼ 0.1 eV or above). For example, with the parameter choice Ed = 0.62 eV, δ = 0.28 eV, δ*

= 0.15 eV, which matches experiment for ∆ = 0.20 eV with FF = 48.1% at θ = 0.15 ML at

309 K, one finds that the fraction of NC in the hcp region or on the fcc–hcp boundary

increases to ∼ 1% upon lowering ∆ to 0.15 eV (where FF = 45.1%), and to ∼ 4% upon

lowering ∆ to 0.10 eV (where FF ≈ 43.5%). With the alternative choice Ed = 0.68 eV, δ* =

0, and ∆ = δ, the fraction of hcp or fcc–hcp boundary NC increases from ∼ 1.4% when

∆ ≈ 0.15 (with FF ≈ 48% matching experiment), to ∼ 6% (with FF ≈ 40%) when ∆ =

0.10 eV, to ∼ 26% (with FF ≈ 39%) when ∆ = 0.05 eV.

Finally, we briefly present some results from our alternative model for kinetically

directed assembly where Eads is constant. We choose the Ru adatom diffusion barrier

to smoothly increase from a minimum value of Ed0 in the center of the fcc half–cell to a

value of Ed + ε at the fcc–hcp boundary and to maintain this higher value throughout

the hcp half–cell. Specifically, we choose Eact(i → f ) = Eact( f → i) = Ed0 + [Ep( f ) +

Ep(i)]/2, where the parameters in Ep are now set to δ = ∆ = ε and δ* = 0. First, we

note that we can recover the experimentally observed FF = 48.1% at θ = 0.15 ML at 309

K for a range of Ed0 and ε varying these in opposite directions, e.g. Ed0 = 0.62, 0.65, 0.66,

0.67,... eV and ε = 0.26, 0.19, 0.16, 0.12,... eV, respectively. However, the fraction of NCs

nucleated in hcp or fcc–fcp boundary regions naturally increases (∼ 0%, 0.4%, 1%, 3%,

30%, respectively) with decreasing ε.

6.1.6 Conclusion

Key aspects of STM observations of Ru NC formation on Ru(0001)–supported mono-

layer graphene are described by fully atomistic modeling. This modeling incorporates

reasonable energetic parameters to describe adsorption and diffusion of Ru adatoms
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accounting for the coarse–scale periodic modulation due to the moiré structure. Specif-

ically, we can describe the increase in the number of NC (i.e. the filling factor) during

deposition, as well as that of the NC size and height distributions. Of particular in-

terest is a subtle spatial ordering including a propensity for row formation in the NC

array. This is also characterized in detail by considering both the populations of various

distinctive local motifs of NCs as well as traditional SRO parameters.

6.1.7 Appendix: DFT analysis for Ru on freestanding graphene

Our first-principles calculations are performed based on the density functional

theory (DFT) with generalized gradient approximation (GGA) in the form of

PBE (Perdew–Burke–Ernzerhof)[273] implemented in the Vienna ab initio simula-

tion package (VASP)[274–276] code, including spin polarization and dipole moment

corrections.[277] Valence electrons are treated explicitly and their interactions with

ionic cores are described by PAW[278, 279] (projector augmented wave) pseudopoten-

tials. The wave functions are expanded in a plane–wave basis set with an energy cutoff

of 600 eV.

The adatom/freestanding single–layer graphene system is modeled by one

adatom in a 4 × 4 parallelogram graphene supercell and with periodic boundary

conditions.[280, 281] The primitive cell of graphene is a parallelogram with two car-

bon atoms. The lattice constant obtained from the first–principles calculation is 2.46

Å, which agrees well with experimental value. The dimension of the supercell in the

direction orthogonal to the graphene sheet is 15 Å, which allows a vacuum region of

about 12 Å to separate the atoms in the supercell and their replicas. The calculations

are performed for adatoms positioned on graphene at the top of a carbon atom, labeled

top (T) site, at the middle of a carbon–carbon bond, labeled bridge (B) site, and at the

hexagonal center site, labeled hollow (H) site, respectively. A k–point sampling of 6 ×
6 × 1 Monkhorst–Pack grids in the first Brillouin zone of the supercell and a Gaussian

smearing with a width of σ = 0.05 eV are used in the calculations. All atoms in the

supercell are allowed to relax until the forces on each atom are smaller than 0.01 eV/Å.

The supercell dimensions are kept fixed during the relaxation.

The adsorption energy Eads is defined as the difference between the energy of the

relaxed adatom/graphene system and that of the isolated perfect graphene sheet and

an isolated adatom. To minimize the error in the adsorption energy calculations, the

energies of the isolated perfect graphene sheet and an isolated atom are also calculated
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using the same supercell, plane–wave basis, and k–point sampling as those in the cal-

culations for the adatom/graphene systems. We obtain Eads(H) = – 1.97 eV, Eads(T) = –

1.35 eV, and Eads(B) = – 1.21 eV.

In principle, the diffusion barriers should be obtained by examining the potential

energy surfaces for the adatoms on the substrate. However, in the case of adatoms on

graphene, the adsorption geometry is relatively simple due to the high symmetry of the

graphene lattice. Thus, the diffusion barrier Ed = 0.62 eV (in this case corresponding to

hopping between H sites over the T site) can be accurately evaluated by examining the

energy difference between the different adsorption sites.[280, 281]
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6.2 Growth of bimetallic PtRu clusters on Ru(0001) supported

monolayer graphene films

This Section is adopted with permission from Reference [74] (Wiley–VCH Verlag GmbH

& Co. KGaA, Weinheim ©2012).

6.2.1 Introduction

Model catalysts created by deposition of metal nanoparticles (NPs) on atomically flat

surfaces of chemically inert support materials, e.g., via physical vapor deposition,

have a long tradition in catalysis research because of their well defined structural

properties.[179, 180] In most cases, the size of the resulting metal NPs is of comparable

scale as that in realistic supported catalysts, supported on high surface area materials,

in the range of a few nanometers. From fundamental reasons it would be interesting,

however, to extend the range of accessible particle sizes to much lower values, bridging

the gap to cluster studies,[146, 149] with sizes in the range of 10 – 100 atoms, into the so-

called “non-scalable” regime. On typical smooth support materials such as single crys-

talline oxide or oxide film surfaces, or HOPG surfaces, particles of that size can be pro-

duced at low temperatures, but are not stable under reaction conditions. Another op-

tion discussed repeatedly is the use of templated substrates, where pre–structured sur-

faces provide a template which can stabilize even very small aggregates.[178, 282, 283]

From various reasons, the success and application of this approach was very limited.

Recently, a new kind of carbon system, consisting of a graphene monolayer supported

on metal single crystals surfaces emerged as interesting substrate for such kind of ap-

proach. These surfaces, which can be prepared by decomposition of hydrocarbons on

well defined metal surfaces at elevated temperatures, form a moiré structure which can

be used as template to grow well ordered arrays of metal clusters such as Ir, Pt, W on

gr/Ir(111),[204, 207] Pt, W, Rh on gr/Ru(0001),[175, 195, 202, 205] Ru on gr/Ru(0001)/X

(X = Al2O3, SiO2)[175] or Ni on gr/Rh(111).[284] The unit cell and the corrugation

of the adsorption potential depend sensitively on the respective substrate metal and

orientation.[185, 207, 284] The clusters nucleate on specific trap sites / areas within a

moiré unit cell, where an increased interaction between the graphene and the substrate

was postulated and confirmed in theoretical studies.[66, 191, 285] Depending on the

interaction of the evaporated metal with the subjacent substrate (graphene plus metal

substrate), more or less ordered cluster arrays can be achieved at room temperature
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(RT) for a given metal coverage.[175, 207, 284] For strongly interacting systems, these

arrays of nuclei form already at very low coverages, which lead to extremely small

particle sizes.

In the present study, we want use this approach to produce very small, but nev-

ertheless stable bimetallic particles. These have attracted considerable interest in the

past because of their specific catalytic properties, which often differ significantly from

those of the pure components.[286] Though the formation of bimetallic nanoparticles

has been investigated in a number of studies,[73, 287–289] much less is known on it

compared to the formation of monometallic particles, and studies on the formation of

very small bimetallic clusters with sizes around 100 atoms have not been reported at

all. Specifically, we are aiming at bimetallic PtRu clusters. PtRu nanoparticles are of

particular interest due to their high electrocatalytic activity for the oxidation of CO or

methanol, two fundamental electrocatalytic reactions in polymer electrolyte membrane

fuel cells.[38]

In the present work, we will study the formation of bimetallic PtRu clusters on

gr/Ru(0001) by scanning tunneling microscopy (STM), upon subsequent evaporation

of the respective metals. It has been demonstrated earlier that metals with a strong

interaction with the graphene/metal substrate, which are able to form well ordered

cluster arrays, can be used as seeds for weakly binding metals to form bimetallic clus-

ters, e.g., for Au and Fe seeded by Ir, Pt or W clusters on gr/Ir(111).[204] We test both

pre–deposition of Ru followed by Pt deposition and the reverse sequence for their suit-

ability to produce bimetallic small adclusters.

6.2.2 Monometallic Cluster Growth

The template for cluster formation is a Ru(0001) surface which is partially covered with

graphene (see Fig. 6.11a). In general, the graphene film covers areas of a few hundred

nm2, stretching defect free also over the step edges. The partially covered surface has

the advantage that on the one hand we can investigate the cluster formation on the

graphene, and on the other hand determine the deposited amount of material via the

larger islands formed on the bare Ru(0001) substrate. This is demonstrated for depo-

sition of 0.05 ML Pt at 307 K sample temperature (Fig. 6.11b), where the formation of

cluster arrays on the corrugated graphene layer shows up in the lower part of the STM

image and Pt island formation on the bare Ru(0001) appears in the upper part of the

image. These Pt islands are large enough to determine the Pt coverage. This is differ-
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ent for Ru deposition (sample temperature 309 K, respectively), where the Ru islands

formed on the bare Ru surface under these conditions are very small. This is demon-

strated for 0.07 ML Ru in Fig. 6.11c (upper part of the image). Due to tip broadening

effects, it is impossible to precisely determine the coverage by STM from these small

islands. Therefore, the Ru coverage was evaluated after determining the cluster dis-

tribution. Subsequent to these STM measurements, the surface was annealed at 670 K

for one minute to obtain larger hexagonally shaped island (the top part of Fig. 6.11d),

where the area could be easily integrated.

Figure 6.11: Partially graphene covered Ru(0001) surfaces with a) no clusters, (110 nm · 110 nm),
b) 0.05 ML Pt, (80 nm · 80 nm), c) 0.07 ML Ru, (70 nm · 70 nm) and d) 0.11 ML PtRu bimetallic
clusters annealed at 700 K (1 min, 70 nm · 70 nm)

For Pt as well as Ru cluster growth under present growth conditions, nucleation is

possible only in one of the two triangular half cells of the moiré structure (fcc site). The

respective area will be termed trap site henceforth, even though it may include more

than one Ru (or Pt) adsorption site. Correspondingly, there is only one cluster per moiré

cell at most. For deposition at RT, only part of the trap sites are occupied in the low

coverage regime investigated in this study (coverages < 0.15 ML metal loading). These

results agree well with previous findings of Pt cluster growth on gr/Ru(0001)[195, 202,
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205] and Ru cluster growth on gr/Ru(0001)/X (X = Al2O3, SiO2).[175]

The cluster density on the graphene layer can be described by the fraction of occupied

trap sites, which is denoted as filling factor (FF). The increase of the FF with increas-

ing Ru coverage is plotted in Fig. 6.12 (orange triangles) for 309 K sample temperature

during evaporation. The evolution of the FF with increasing coverage during Pt cluster

growth at 307 K sample temperature is indicated by (blue) squares. The dotted lines

are to guide the eye. The error of the FF is approximately ±3% (absolute), it was deter-

mined by the standard deviation of the FF between 3 – 6 STM images (in average 1000

moiré cells per image). Errors due to a variation of the substrate temperature during

the evaporation (±2 K) as well as variation in deposition time and flux stability of the

evaporator are not included in the error bars. The error for the coverage is 0.01 ML,

determined from the average of several STM images.

For both metals, the FF increases rapidly below 0.08 ML (region 1, “nucleation

regime”). Above that coverage, in the so called “growth regime” (region 2), the in-

crease of the FFs is slower and they seem to saturate at ∼50% for Ru and at ∼30% for

Pt under these deposition conditions and in the coverage regime investigated (≤0.15

ML). In that regime, further Ru (Pt) uptake proceeds predominantly via cluster growth.

At even higher coverages (not investigated here), the cluster density is expected to pass

through a maximum, where the clusters have grown sufficiently large to start coalesc-

ing with adjacent clusters, leading to a decrease in cluster density.[195, 207]

Figure 6.12: Evolution of the FF vs. coverage for Ru deposited at 309 K (triangles) and Pt at 305
K (squares). Dashed lines are to guide the eye. The vertical dotted line indicates the separation
into a nucleation regime (region 1) and a growth regime (region 2). (Points marked with greek
letters see text (section 6.2.3.3): α: ΘPt = 0.05 ML, FF = 21%; β: (ΘRu = ∼0.02 ML, FF = 21%; and
γ: ΘRu = ∼0.07 ML, FF = 41%). See text for details.

A detailed description of the Ru growth behavior on the templated gr/Ru(00001) sur-

87



6 Results and discussion

face, of the underlying mechanisms and the role of the important parameters including

surface diffusion barriers and adsorption energies of the Ru adatoms, is given in ref.

[66]. The higher density of Ru clusters compared to Pt clusters for a given coverage

can result from two factors, an energetic stabilization of the adatoms on the trap sites

in the moiré unit cell and/or an increased diffusion barriers on the template. Consid-

ering the comparable magnitude of the interaction between a Ru or a Pt adatom and a

gr/Ru(0001) surface, with Eads(Ru)≈ 2.6 eV and Eads(Pt)≈ 2.8 eV in the fcc region,[196]

we expect that differences in the diffusion barrier play a significant if not dominant role

for the higher cluster density of Ru. For a weaker stabilization on the trap sites and

lower Ed, larger monolayer islands are formed, which extend over several moiré unit

cells, as is the case for Au on gr/Ru(0001)[202] or on gr/Ir(111).[204] These factors also

explain why not all the moiré cells are occupied upon RT deposition. For Pt deposition

it could be shown that only at substrate temperatures between 120 K and 140 K Pt the

mobility of the adatoms is sufficiently low that cluster nucleation will occur on every

trap site.[195] From own temperature dependent measurements of Ru cluster growth,

occupation of each moiré unit cell is expected between 230 and 250 K.

Comparing the height of Pt and Ru clusters for the same coverage leads to similar

cluster height distributions on a relative scale (in atomic layers), with a similar form of

the height distribution, but different absolute values of the FF(h) at given layer heights.

For example, for 0.05 ML of Pt (Fig. 6.13c) and 0.05 ML of Ru (Fig. 6.14c), we primarily

find bi- and tri–layer clusters. Knowing that the cluster density of Pt at a specific cover-

age is lower compared with Ru, the resulting height distribution reflects the lower den-

sities of the respective cluster sizes. This also implies that the Ru clusters are smaller

in the lateral extension. By calculating the average number of atoms (SAV) per cluster

from the cluster density and the coverage, we find SAV (Ru0.05 ML) = 15 atoms and SAV

(Pt0.05 ML) = 36 atoms. The diameter of the clusters (dC) can be estimated by assum-

ing that the clusters grow in half spheres with a volume of VC = 2
3 · π · (

dC
2 )3. dC is

evaluated by setting VC equal to the volume VA of a cluster consisting of SAV atoms,

with a close packed structure and 74% space filling (VA = 100
74 · SAV · 4

3 · π · r3
i , where ri

is the atomic radius of Ru or Pt, respectively). This way we obtain a cluster diameter

dC = 2 · ri · ( 200·SAV
74 )1/3. For the clusters sizes mentioned above (SAV = 15 or 36 atoms),

cluster diameters of dC,Ru = 0.96 nm and dC,Pt = 1.26 nm are expected for 0.05 ML cov-

erage, respectively. This corresponds to a cluster base of four to five atoms. For 0.15

ML, the corresponding numbers are SAV(Ru0.15 ML) = 38 atoms and SAV(Pt0.15 ML) =

92 atoms, dC,Ru = 1.29 nm and dC,Pt = 1.73 nm. This is still significantly smaller than the
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3 nm periodicity of the graphene moiré lattice, and therefore coalescence of clusters is

not expected in the coverage regime investigated.

6.2.3 Bimetallic Clusters

6.2.3.1 Bimetallic Ru@Pt Clusters

Bimetallic Ru@Pt clusters were produced by first depositing Pt clusters, followed by

subsequent evaporation of a similar amount of Ru on that surface. The surfaces result-

ing after deposition of 0.05 ML Pt (Fig. 6.13a) and subsequent deposition of 0.06 ML

Ru (sample temperature 310 K) are illustrated in the STM images in Figs. 6.13a and

6.14b, respectively. Most evident, subsequent Ru deposition results in a pronounced

increase of the cluster density, from a FF of 21% (Pt only) to a FF of 41% (Pt and Ru), i.e.,

the cluster density almost doubles. Considering the almost identical amount of Pt and

Ru deposited, the mean cluster size has grown somewhat, but not strongly. Since tip

effects preclude precise measurements of the cluster width, this is tested best by eval-

uating the cluster height. The cluster height distribution is given by the FF of specific

heights, (FF(h) = 1, 2, 3, ...) where the height is given in terms of atomic layers. A plot

of the FF(h) versus the cluster height is given in Fig. 6.13c, first for Pt deposition only

(left, yellow bars) and then also after subsequent Ru deposition (right, red bars). For

0.05 ML of Pt, we obtain a narrow height distribution with primarily bi– and tri–layer

clusters. Adding 0.06 ML of Ru shows an increased number of both small (mono- and

bi-layer clusters) and taller (> 3 layers) clusters. Thus, the initial narrow height distri-

bution is broadened from 2 – 3 into 1 – 4 layered clusters. Most likely, the small clusters

are monometallic Ru clusters, which have nucleated on trap sites that had not been oc-

cupied by Pt clusters before, while the larger clusters refer to bimetallic clusters with a

Pt core, which have grown by attachment of Ru adatoms. Hence, at least under present

growth conditions, Pt is not a perfect seed for the formation of bimetallic clusters.

The structure and composition of the clusters and in particular of their surface can-

not be determined via STM. However, some predictions can be made based on findings

for surface intermixing in larger particles or for 2D surface alloy formation. Based on

controlled growth experiments of Ru on Pt(111),[290] intermixing of the two metals

will start beyond 373 K. Below that temperature, mono- and bilayer Ru islands are

formed, depending on their size. At higher temperatures, place exchange of Ru with

Pt in the surface layer occurs and at 773 K, bulk dissolution of Ru is kinetically feasi-

ble and entropically favored. However, for small metal particles, the temperature for
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Figure 6.13: a, b) Representative STM images of the graphene covered surface after a) deposition
of 0.05 ML Pt (FF = 21% (70 nm · 70 nm) and b) subsequent deposition of 0.06 ML Ru (ΘRu@Pt
= 0.11 ML, FF = 41% (70 nm cdot 70 nm). c) Height distribution of the Pt and Ru@Pt clusters:
FF(h) = 1, 2, 3, ...) vs. cluster height (h = 1, 2, 3, ...) in layers; left (yellow) bars Pt clusters (Fig.
6.13a), right (red) bars to Ru@Pt clusters (Fig. 6.13b).

surface intermixing may be significantly lower, as it has been shown for Co and Pd

deposited on an Al2O3 film.[291] While surface segregation of Pd in PdCo bulk alloys

(Pd50Co50 and Pd70Co30) has been suggested to start at 573 K,[292] Pd could already

be detected at RT in the surface layer in the Co@Pd clusters. Since the intermixing for

Ru on Pt(111) starts at 373 K, surface alloy formation on the bimetallic clusters at RT

is highly probable. Hence, growing Ru on Pt seeds is likely to result in at least some

surface intermixing rather than in a well defined core–shell structure.

6.2.3.2 Bimetallic Pt@Ru clusters

Next we focus on the reverse sequence, pre-deposition of Ru followed by Pt deposition.

The surfaces resulting after deposition of 0.05 ML Ru and after additional 0.06 ML Pt

(growth temperature 309 K) are illustrated in the STM images in Figs. 6.14a and 6.14b,

respectively. In this case, the initial cluster density is significantly higher, as expected
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from Fig. 6.12, showing a FF of 30%. After addition of 0.06 ML of Pt, the STM image

in Fig. 6.14b shows larger clusters and only a small increase in cluster density, given

by a FF of 34%. Hence, almost the entire Pt material added attaches to the existing Ru

clusters. The height distribution shown by the left (yellow) bars in Fig. 6.14c is similar

to that for pure Pt (Fig. 6.13c) at similar coverage, showing primarily bi– and trilayer

clusters, but with larger FFs in both cases. The height distribution of the bimetallic

clusters in Fig. 6.14c (right, red bars) is shifted to higher clusters, primarily with three

and four layers. Nevertheless, still a few mono– and bilayer clusters appear in the

height distribution. This may be due to two different reasons. First, there is a small,

but non–zero probability for new Pt clusters to form. Second, the existing monolayer

Ru clusters may attach single atoms at their edges, increasing their lateral dimension.

Energetically more favorable, however, would be to place the Pt atoms on top of the

Ru ’layer’, where they could bind to three Ru atoms instead of two at the edge. This is

also proposed as driving force to form multi–layered clusters. The composition of the

clusters will be discussed later on.

In a next step, we reduced the amount of Ru seed clusters for the formation of

bimetallic Pt@Ru clusters, adding approximately similar amounts of Pt to lower ini-

tial Ru coverages of 0.005, 0.01 and 0.03 ML. STM images of the resulting surfaces are

shown in Figs. 6.15a – c. The cluster density of these surfaces corresponds to FFs of

14%, 17% and 25%, respectively. STM images recorded after adding 0.059, 0.046 and

0.051 ML of Pt, respectively, are shown in Figs. 6.15d – f. In each STM image, we can

see that under these conditions, at rather low Ru cluster densities, it is significantly in-

creased upon addition of Pt to the initial Ru pre–covered surface, resulting in FFs of

26%, 23.5% and 28.5%, respectively. On the other hand, when the initial FF is in the

range of the saturation density for Pt cluster formation ( 30%), formation of new Pt

clusters is small (25%, Fig. 6.15c)) or even negligible (30%, Fig. 6.14) and almost all

additional Pt attaches to the Ru clusters. This is illustrated also in Fig. 6.16, where

we plotted the initial FFs obtained after Ru deposition (left, yellow bars) together with

those determined after subsequent Pt deposition (right, red bars). The bottom x–axis

indicates the initial amount of Ru in ML and the top x–axis the total coverage of Ru@Pt

(the sum of the initial amount of Ru and the added amount of Pt in MLs). The latter

coverage was determined from bimetallic PtRu islands formed on the bare Ru(0001)

after annealing at 670 K for 1 min.

For the deposition of Pt on Ru seeds, core–shell type structures are expected to be

formed at temperatures around 300 K. As mentioned before, it is not possible to elu-
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Figure 6.14: a, b) Representative STM images of the graphene covered surface after a) deposition
of 0.05 ML Ru (FF = 30% (70 nm · 70 nm) and b) subsequent deposition of 0.06 ML Pt (ΘPt@Ru =
0.11 ML, FF = 34% (70 nm · 70 nm). Height distribution of the Pt and Pt@Ru clusters: FF(h) = 1,
2, 3, ...) vs. cluster height (h = 1, 2, 3, ...) in layers; left (yellow) bars Pt clusters (Fig. 6.25a), right
(red) bars to Pt@Ru clusters (Fig. 6.25b).

cidate the different atoms types within the surface of the particles by STM. However,

comparing with Pt growth on Ru(0001),[293] where up to 750 K no intermixing of the

atoms in the surface layer has been observed, the barrier for surface exchange processes

is significantly higher. Hence, this structure is kinetically controlled rather than based

on energetics. Because of the higher binding energy of Pt–Ru compared to Pt–Pt, it is

likely that in a first step a Pt monolayer is formed around an existing Ru seed clus-

ter rather than local multilayer Pt aggregates at the edges of the Ru cluster.[101] This

resembles the behavior observed during CoPd particle formation on alumina films sup-

ported by NiAl(110), where a core–shell particle with Co core and a Pd shell is formed

upon deposition of Pd on Co seeds.[288, 291] Intermixing of Pt and Ru is only expected

if bimetallic Pt@Ru clusters are prepared at significantly higher temperatures.
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Figure 6.15: Representative STM images (100 nm · 100 nm) recorded after pre–deposition of
different very low Ru coverages (a, c, e) and subsequent deposition of ca. 0.05 ML Pt. a) ΘRu =
0.005 ML (FF = 14%), b) (a) + 0.058 ML Pt, FF = 26%, c) ΘRu = 0.01 ML (FF = 17%) , d) (c) + 0.046
ML Pt (FF = 23.5%), e) ΘRu = 0.03 ML (FF = 25%), f) (e) + 0.051 ML Pt (FF = 28.5%).
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Figure 6.16: Comparison of the FF of pure Ru growth to the final FF after deposition of Pt.
Yellow bars (left) denote the FF of pure Ru with the respective coverage on the bottom x–axis.
Red bars (right) correspond to the FF after Pt deposition on the Ru clusters. The total coverage
of mixed PtRu is found on the top x–axis. Letters 6.15a–f correspond to STM images in Fig. 6.15.
Letters 6.14a and 6.14b correspond to STM images in Fig. 6.14.

6.2.3.3 General aspects in Pt@Ru and Ru@Pt cluster growth

Bimetallic cluster formation: The mechanism for bimetallic cluster formation resembles

that for monometallic cluster growth, except that in addition to empty moiré trap sites

also clusters formed during pre–deposition act as (heterogeneous) nucleation centers.

Assuming that during deposition mobile adatoms impinging on the perimeter of an ex-

isting cluster are irreversibly captured, as expected from nucleation and growth theory

for a low value of the critical cluster,[248] this process is more efficient than nucleation

of new nuclei on empty moiré trap sites. Thus, a subsequently deposited metal will

attach with a higher probability to the existing clusters instead of forming new ones.

Since Pt has the higher mobility compared to Ru (see above), evaporating Pt on a

surface with pre–deposited Ru clusters leads to only small changes in the FF, if the Ru

coverage and cluster density are sufficiently high (see Figs. 6.14a, b). If, however, the

initial FF of Ru clusters is below the saturation density of Pt clusters, pure Pt clusters

can be formed in between the Ru clusters (see Fig. 6.15). In this case, the inter-cluster

distance of the Ru clusters is larger than the mean free path of Pt adatoms (reflected by

the saturation density). If Pt is evaporated prior to Ru, the Pt cluster density is always

lower than the saturation density for pure Ru cluster growth. In fact, the saturation

density of the Pt clusters lies in the range of FFs of the nucleation regime for pure

Ru cluster growth. Therefore, Ru cluster formation in between the Pt clusters is always

possible during Ru post-deposition, with the amount depending on the actual Pt cluster

density and thus on the Pt coverage.
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The FFs resulting from bimetallic cluster growth can be determined from the FF vs.

coverage curves in Fig. 6.12, as will be demonstrated for the data in Fig. 6.14. The FF

of 20% resulting after deposition of 0.05 ML of Pt (point α in Fig 6.12) acts as starting

point for the FF vs. coverage curve for Ru deposition, which corresponds to ∼0.01 ML

Ru coverage (point β in Fig 6.12). Adding 0.06 ML of Ru should then result in a cluster

density equivalent to that of ∼0.07 ML of Ru, with a FF of 41% (point γ in Fig 6.12),

which is exactly what results from our experiments (Fig. 6.14b). The same principle

can be applied for Pt@Ru deposition, if the FF of Ru is below the saturation density of

Pt cluster formation.

6.2.3.4 Cluster sizes:

The bimetallic Pt@Ru particles resulting for a total coverage of 0.11 ML have an aver-

age size of SAV = 38 atoms. Considering a mean atomic radius of ri = 0.137 nm (average

between rRu and rPt), this results in a diameter of 1.28 nm for a hemispherical shape.

Hence, these clusters are significantly smaller than bimetallic nanoparticles prepared

by other ways, including realistic catalysts or model systems.[294, 295] In those sys-

tems, typical particle sizes are of the order of 3 nm and more, which corresponds to an

average number of ∼1000 atoms. Hence, the stabilization of very small metal clusters

allows us to enter a particle size region with a very narrow size distribution, which

so far was essentially accessible only by cluster techniques, e.g., by deposition of mass

selected preformed clusters.[296] For catalytic or electrocatalytic measurements it is im-

portant to note that the much higher cluster density achieved by growth on this tem-

plated surface compared to those accessible by cluster deposition techniques results in

much higher reaction rates. Considering the problems associated with measurements

of the very low reaction rates of planar model systems with their very low active sur-

face areas, this is an extremely important point. Therefore, these systems are highly

interesting for model studies of (electro–)catalytic particle size effects on small clusters.

6.2.4 Conclusion

We have investigated the formation, distribution and particle size distribution of very

small bimetallic PtRu clusters supported on a graphene monolayer film on a Ru(0001)

substrate by STM. These particles with sizes around 35 atoms per cluster at the lowest

coverage represent an interesting model system for the study of particle size effects at

the transition to the non-scalable regime for materials class which is also of technical
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interest. Based on the STM measurements described above and by comparison with

literature data for larger bimetallic particles and metal-on-metal growth studies we ar-

rived at the following conclusions:

1. The two different deposit materials, while following the same nucleation behav-

ior on the templated surface, with i) nucleation only in the fcc half cell of the

moiré cells and with ii) an initial nucleation regime with constant formation of

new clusters followed by a growth regime with preferential cluster growth, dif-

fer significantly in the resulting cluster densities or filling factors during growth.

The higher density of Ru clusters is attributed to the lower mobility / higher sur-

face diffusion barriers of Ru adatoms on the templated surface compared to Pt

adatoms.

2. The distinct influence of the deposition order, Ru pre–deposition followed by

Pt deposition or Pt pre–deposition followed by Ru deposition, on cluster for-

mation and cluster composition can be explained from the coverage dependent

cluster densities of the respective pure metals. If the total cluster density of the

pre–deposited metal is below the saturation cluster density of the post-deposited

metal, significant amounts of new clusters will form upon deposition of the sec-

ond metal, in addition to growth of the existing structures. In this case, the par-

ticle size distribution (and equally the particle height distribution) is broadened.

If, on the other hand, the total cluster density of the pre–deposited metal is higher

than the saturation cluster density of the second metal, the latter will (predomi-

nantly) attach to existing seed clusters and form bimetallic clusters only. In this

case, particle size and particle height distribution shift to larger clusters with a

narrow distribution. Therefore, at RT Ru clusters can act as efficient seed clusters

for Pt post–deposition if the Ru is≥0.04 ML, where the Ru cluster density reaches

the saturation cluster density of Pt. For Ru pre–coverages <0.04 ML Pt will form

a mix of pure Pt and bimetallic Pt@Ru clusters. Ru post-deposition on a surface

covered with pre–deposited Pt clusters leads to the same phenomenon, with pure

Ru and bimetallic Ru@Pt clusters. Correspondingly, under present deposition

conditions, Pt does not act as efficient seed for the formation of bimetallic PtRu

clusters.

3. The Pt@Ru clusters are expected to have a kinetically controlled core–shell char-

acter, due to the high stability of Ru surfaces, e.g., Ru(0001), against intermixing

with Pt. For Ru@Pt clusters, intermixing at the interface feasible considering the
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behavior observed for Ru deposition on Pt surface, were intermixing is facile al-

ready at rather low temperatures (>373 K).
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6.3 Potential-induced surface restructuring – The need for

structural characterization in electrocatalysis research

This Section is adopted with permission from Reference [297] (Wiley–VCH Verlag

GmbH & Co. KGaA, Weinheim ©2014). The Supporting Information of the original

publication has been added to the end of this section.

6.3.1 Introduction

Model studies performed on single-crystal electrodes are indispensable for a detailed

mechanistic understanding of electrocatalytic reactions, since they allow measurements

on structurally well-defined (and tunable) surfaces and thus structure-reactivity corre-

lations can be mapped out.[99, 171, 298–302] Furthermore, they provide a perfect ba-

sis for comparison with theory. The prerequisite for the mechanistic interpretation,

however, is detailed knowledge of the actual surface structure, both before and, even

more importantly, during/after the electrocatalytic reaction. Even small structural re-

arrangements, which may be hardly detectable by electrochemical characterization,

for example by potential cycling in a supporting electrolyte, may significantly mod-

ify the electrocatalytic properties of the surface by providing (or destroying) highly

active sites.[303, 304] This is particularly important for electrode surfaces that tend to

be structurally or chemically unstable under reaction conditions.

6.3.2 Results and discussion

In the present communication we illustrate the necessity of proper structural charac-

terization of the electrode and of the structural changes induced by the electrochemi-

cal/electrocatalytic reaction for the unambiguous mechanistic interpretation of the elec-

trocatalytic reaction, using the oxidation of CO on bimetallic PtRu electrodes as an ex-

ample. PtRu electrodes/catalysts are among the most well known and most intensely

studied bimetallic systems in electrocatalysis[20] because of their high activity in the

oxidation of methanol and CO and, as a result of the latter, their high CO tolerance in

the oxidation of H2 feeds contaminated by trace impurities of CO. This makes them

highly attractive as anode catalysts in polymer electrolyte membrane fuel cells (PEM-

FCs) operated with CO-containing H2 feed gases and also in direct methanol fuel cells

(DMFCs).[305, 306] Already in 1975, the high activity of PtRu in these reactions was

explained by a bifunctional mechanism, where Ru atoms supply adsorbed OH at lower

98

http://dx.doi.org/doi:10.1002/anie.201404479
http://dx.doi.org/doi:10.1002/anie.201404479


6 Results and discussion

potential than Pt, which then reacts with CO adsorbed on adjacent Pt sites.[42]

Using scanning tunneling microscopy (STM) for structural characterization before

and after the electrochemical measurements, and a flow cell system for bulk CO electro-

oxidation measurements, we demonstrate that previous results obtained on single–

crystal PtRu model systems were strongly affected by restructuring processes during

the electrochemical/electrocatalytic measurements, and that the actual mechanism for

CO oxidation is significantly more complex than previously thought. The measure-

ments were performed in a novel combined ultrahigh–vacuum (UHV) STM electro-

chemistry (EC) system, which allowed STM measurements before and after the electro-

chemical measurements and controlled transfer between the UHV and the electroche-

mical cell. We investigated Pt-modified Ru(0001) electrodes with monolayer–thick is-

lands and PtRu monolayer surface alloys on Ru(0001) with similar Pt surface content,

which were prepared and characterized under UHV conditions prior to the electroche-

mical measurements.

Structural modifications will first be illustrated for the Pt-free Ru(0001) substrate.

Cyclic voltammograms (CVs) of a UHV prepared Ru(0001) electrode, recorded in 0.5 M

H2SO4, where the upper potential limit was stepwise increased, are displayed in Figure

6.17a. They largely resemble previously published data.[209–211] A distinct oxidation

peak at 0.64 V (P1, followed by a shoulder at higher potential) and two reduction peaks

at 0.52 V (P2) and 0.32 V (P3) are resolved. Coulometric analysis of the anodic and

cathodic potential scans (see inset) demonstrates the reversibility of the surface redox

processes. A detailed analysis of the CV and the minor changes apparent in peak posi-

tions, the shoulder of the reduction peak at 0.40 V and in the hydrogen region, can be

found in Section 6.3.4.

STM imaging indicates that prior to the electrochemical measurements, the freshly

prepared Ru(0001) surface has extended atomically smooth terraces separated by

mainly monolayer steps with straight edges (Figure 6.17b),while after potential cycling

up to 0.90 V, we find clear indications of step edge corrosion, with rough step edges

(Figure 6.17c). Comparable findings, with an onset of Ru(0001) oxidation at the step

edges, was also reported by Vukmirovic et al. from in situ STM measurements, together

with the formation of RuO2 clusters at higher potentials.[307]

From these images it is not clear whether the surface corrosion was limited to step

roughening (by transport on the surface) or whether it involves dissolution of surface

Ru atoms from the step edges into the electrolyte (and possible redeposition). It will

become more clear from images recorded on bimetallic surfaces with Pt deposits on top
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Figure 6.17: a) CV of Ru(0001) recorded at 50 mV·s–1 in 0.5 M H2SO4 with increased upper
potential limit. The insert shows the evolution of the charge under the oxidation peak P1 which
is equal to the sum of the charges under the reduction peaks P2+P3, and of the charge under
the peak P3 solely, which is correlated with the Pt–free Ru(0001) areas. b,c) (200 nm · 200 nm
STM images of b) a bare UHV prepared Ru(0001) electrode and of c) the same electrode after
repetitive potential cycling up to 0.90 V.

of the Ru(0001) substrate that the latter is much more likely (Figures 6.18 and 6.20).

It is important to realize that the increasing number of Ru step sites, clearly evident

from STM imaging (see Figure 6.17b, 6.17c), does not lead to an irreversible modifi-

cation of the adsorption/desorption current features in the CV (see Section 6.3.4 for

further information).

Figure 6.18: a) CV at 10 mV·s–1 and in 0.5 M H2SO4 of (black, dashed) Ru(0001), (blue dotted
line) ML0.32–MLPt/Ru(0001) and (red full line) ML0.40–MLPt/Ru(0001). The inset shows an STM
image (200 nm · 200 nm) of a Pt0.32–ML/Ru(0001) electrode directly after preparation. b, c) STM
images (200 nm · 200 nm) of the electrode after potential cycling up to b) 0.9 V and c) 1.05 V.

Comparable measurements were performed on Pt-monolayer-island-modified

Ru(0001) electrodes, using two different upper potential limits (0.9 V, 1.05 V). In Fig-

ures 6.18a we show the CV (up to 0.9 V, blue dotted line) of a bimetallic Pt/Ru(0001)

electrode with 0.32 monolayers (ML) of Pt deposited by physical vapor deposition in

UHV (see Section 6.3.4) and an STM image (inset) of the as-prepared surface. The STM

image reveals a Pt-monolayer-thick stripe attached to the Ru steps, which extends along

the lower Ru(0001) terrace. The CVs reveal a lower charge under the peak P3 compared
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to the bare Ru(0001) surface. Its charge (85 ± 2 µC·cm–2) is about 35% less than that of

pure Ru(0001), in good agreement with the Pt coverage determined from STM imaging.

The images (Figure 6.18) also show that Pt losses during the electrochemical treatment

are negligible. In contrast to Pt electrodeposition on Ru(0001), where a distinct hydro-

gen sorption region in the CV is observed,[308] we did not detect any features related

to hydrogen sorption on the Pt monolayer deposits. We attribute this to the fact that

H–Pt bonds on these sites are much weaker than those on bulk Pt surfaces.[170, 309]

The only indication for Pt on the surface, in addition to the change in charge in peak

P3, is the shift in the onset potential of the H2 evolution reaction by roughly 100 mV

observed for the Pt modified Ru(0001) surfaces. In contrast, the peak potentials for the

other electrochemical processes remain unchanged, which indicates that Pt does not

enhance the oxidation or reduction of the Ru(0001) surface.

Similar measurements performed on a 0.40 ML Pt modified Ru(0001) electrode after

potential cycling in supporting electrolyte up to 1.05 V (red full line, Figure 6.18a) ex-

hibit identical electrochemical characteristics. However, the lower charge under peak

P3 (86 ± 2 µC·cm–2), points now to a Pt-free Ru(0001) area of 0.70 ML, which is in good

agreement with the value determined from STM imaging after electrochemical mea-

surements. Thus, either Pt loss or restructuring into clusters occurred upon potential

cycling, which can however not be discerned by voltammetric measurements. Also for

the two bimetallic surfaces the CVs are essentially identical, except for the increase in

the peak P2 arising from the higher value of the upper potential limit.

Closer inspection of the STM images of the electrode surfaces after the electroche-

mical investigations (Figures 6.18b, 6.18c) shows large differences in their surface mor-

phologies. After potential cycling up to 0.9 V, the monolayer-thick Pt structures along

the Ru step edges remain intact and do not show any indication for Ru step edge cor-

rosion, implying a stabilization by the attached Pt layer. In contrast, after potential

cycling up to 1.05 V (Figure 6.18c), we find monolayer-deep holes along the former Ru

step edges (see white arrows), indicating that under these conditions the Pt-induced

stabilization no longer suffices to prevent corrosion of Ru step edges. From the smooth

appearance of the Pt islands it is apparent that the large holes between the Pt islands

and the newly formed Ru step arise from Ru removal. Furthermore, monolayer–deep

holes within the Pt islands indicate that these are also affected by corrosion (see Fig-

ure 6.18c). Since the corrosion of the Ru terraces along the steps does not increase the

exposed Ru area, the slight increase of the accessible Ru area upon cycling to high po-

tential (see charge evaluation above) must be due to hole formation in the Pt monolayer
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deposit. It is important to keep in mind that in contrast to the considerable structural

modifications detected by STM imaging, the CVs do not resolve any significant change

in the electrochemical properties of these bimetallic surfaces.

Figure 6.19: Potentiodynamic bulk CO oxidation in 0.5 M H2SO4 at 10 mV·s–1 on Ru(0001)
(black full line), Pt0.32–ML/Ru(0001) potential–cycled up to 0.90 V (blue dashed line),
Pt0.40–ML/Ru(0001) cycled up to 1.05 V (red, dotted line) and a Pt0.3Ru0.7/Ru(0001) surface alloy
potential–cycled up to 0.90 V (green dash–dotted line). Arrows indicate the positive going scan.
The inset shows the low potential region at the onset of CO oxidation at higher magnification
(anodic scans only).

Unequivocal effects of the potential-induced restructuring are visible, however, in the

I–E traces for potentiodynamic bulk CO oxidation in Figure6.19, which were recorded

on the Pt-modified Ru(0001) samples after potential cycling to 0.90 V (blue dashed line)

and 1.05 V (red dotted line), respectively. Here it is important to note that the surface

morphology during CO electrooxidation is identical to that observed after the preced-

ing potential cycling to the same upper potential limit; there are no indications for an

additional, reversible restructuring upon immersion and emersion. Although we show

the full cycle with its typical hysteresis, we will focus on the anodic scan in the fol-

lowing. Note also that Ru(0001) (black line) shows very little activity for CO electroox-

idation throughout the entire potential range investigated. On both electrodes, CO

oxidation is inhibited by CO ad poisoning below 0.50 V, in agreement with previous

findings.[170, 310, 311] The differences are particularly evident in the onset region be-

tween 0.50 V and 0.75 V (see Figure 6.19, inset).[312] For the non-restructured electrode

(blue dashed line), the reaction starts at about 0.60 V in an approximately exponential

way, while for the restructured surface cycled to 1.05 V (red dotted line) the onset of

the reaction is shifted by almost 100 mV to lower potentials. In the latter case, the oxi-

dation current first increases steeply, passes through a maximum at 0.67 V, and finally

joins the potential current trace of the non–restructured sample. Hence, the structural
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modification invisible in the CV but clearly evident in the STM images, has a drastic

effect in the CO oxidation behavior, leading to the appearance of a distinct prepeak.

For comparison, we also performed similar measurements on a Pt0.3Ru0.7/Ru(0001) )

monolayer surface alloy (green dash- dotted line) with an equivalent amount of surface

Pt, which was also prepared under UHV conditions. The onset potential of this surface

is similar to that of the restructured sample. In contrast to the restructured sample,

however, the current increases continuously, making this the most active surface for

potentials above 0.7 V.

Without knowing about the distinct restructuring of the Pt-island-modified Ru(0001)

surface during the electrochemical measurements from STM imaging and the forma-

tion of new (defect) sites, one would have concluded that the enhanced catalytic activ-

ity between 0.50 and 0.80 V originates from bimetallic interfaces present at the Ru step

with attached Pt and at the Pt island edges, which is exactly what would be expected

from a bifunctional mechanism predicted for this reaction.[42] This argument would

be further supported by the high activity of the PtRu/Ru(0001) surface alloy, which

has an even higher number of bifunctional PtRu sites, and this was indeed concluded

in former studies from the high activity of Pt-modified Ru electrodes in this potential

region.[170, 312] The data presented in Figures 6.18 and 6.19 show, however, that these

mechanistic conclusions are not correct, since for the non- restructured surface the ac-

tivity remains rather low in this potential region; in other words, the RuPt sites present

on these surfaces are not sufficient to cause a measurable increase in activity in this

potential region.

Since one might argue that the lack of activity on the non- restructured surface is

simply due to the low number of interface sites, as a result of the large size of the Pt is-

lands, we performed similar measurements on Pt–island–modified Ru(0001) electrodes

(with comparable Pt contents) where the number of PtRu sites is significantly higher,

due to a higher density of much smaller Pt monolayer islands (see Figure 6.20, inset). I–

E curves recorded after potential cycling to 0.90 V (Figure 6.20a, blue dashed line) show

an onset potential of 0.60 V and an approximately exponential increase of the oxidation

current, with little activity in the potential range between 0.50 V and 0.80 V. STM im-

ages recorded before and after electrochemical measurements (Figure 6.20a inset and

6.20b) reveal that similar to our previous observations (Figure 6.18) ) the Pt coverage

(0.29 ML) remains unchanged. Upon potential cycling to 1.05 V, the catalytic activity

between 0.50 V and 0.80 V increases dramatically (Figure 6.20a, red dotted), similar to

our findings for the large Pt islands in Figure 6.19. This correlates to a severe restruc-
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turing of the small Pt islands, forming clusters up to four layers high and a dramatic

increase in Pt-free Ru area, from 0.60 ML to 0.85 ML, which is illustrated in the STM

image in Figure 6.20c.

The above data clearly demonstrate that PtRu sites at the edges of the Pt monolayer

islands are not responsible for the strong enhancement of the CO oxidation activity

in the potential range 0.50 – 0.80 V reported in earlier studies. Instead, it originates

from the severe restructuring of the Pt- monolayer-modified Ru(0001) electrodes dur-

ing the electro- chemical treatment (or the formation of comparable structures upon in

situ electrodeposition),[310, 313] which evidently leads to highly active sites that have

not yet been identified by STM, but which must be different from the edge sites of the

monolayer Pt islands. The rather low activity of the non- restructured bimetallic sur-

face is illustrated also by the onset potential for bulk CO oxidation which is essentially

identical to that on Pt(111).[223]

Figure 6.20: a) Potentiodynamic bulk CO oxidation in 0.5 M H2SO4 at 10 mV·s–1 on Ru(0001)
(black, full line), Pt0.29–ML/Ru(0001) potential–cycled up to 0.90 V (blue, dashed line),
Pt0.39–ML/Ru(0001) cycled up to 1.05 V (red, dotted line) and a Pt0.3Ru0.7/Ru(0001) surface al-
loy potential–cycled up to 0.90 V (green, dash–dotted line). Arrows indicate the positive–going
scan. The inset shows the as prepared electrode with 0.28 ML Pt deposited on Ru(0001) (200 nm
· 200 nm). b, c) STM images (200 nm · 200 nm) of the electrodes after potential cycling up to
b) 0.90 V and c) 1.05 V.

6.3.3 Summary

In summary, using bulk CO oxidation on bimetallic PtRu model electrodes as an exam-

ple, we have clearly demonstrated the necessity for detailed structural characterization

of mono– and bimetallic model electrodes for an unambiguous mechanistic interpre-

tation and for the proper identification of active sites on an atomic scale. We further

demonstrated that potential-induced structural modifications of the bimetallic surface

during the electrochemical and electrocatalytic processes, which may not be resolved

in CVs because of the low concentration, can nevertheless severely modify or even
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dominate the catalytic behavior, an aspect which has been neglected in many previous

studies on model surfaces and should receive more attention in the future.

6.3.4 Appendix Angewandte

Detailed analysis of the CV of Ru(0001)

In the CVs of Ru(0001) recorded at 50 mV s-1 in 0.5 M H2SO4 (Figure 6.17 above)

the upper potential has been stepwise increased from 0.85 to 1.35 V. Depending on

the upper potential limit, small variations are observed in the current densities in the

hydrogen region, in the position of peak P2 and P3 and in the current densities of the

shoulder between P2 and P3.

Figure 6.21: CVs of Ru(0001) recorded at 10 mV·s-1 in 0.5 M H2SO4. The numbers indicate the
order in which the CVs have been recorded and therein the variation of the upper potential
limit. The insert shows a magnification of the shoulder between P2 and P3, indicated by a
square in the main figure.

To elucidate whether these changes are a result from surface restructuring, we intro-

duce for comparison in Figure 6.21 a series of CVs of Ru(0001) recorded at 10 mV s-1

in 0.5 M H2SO4, where the first CV was recorded with an upper potential limit fixed

at 0.90 V (labeled 1), which is then increased in 0.05 V steps up to 1.05 V (labeled 2-

4) and finally reduced to 0.85 V (labeled 5). The inset shows a magnification of the

shoulder between peaks P2 and P3. By increasing the upper potential limit from 0.90

V (1) to 1.05 V (4), peak P3 shifts by ca. 10 mV to lower potentials (from 0.30 V to 0.29

V) comparable to the 50 mV/s measurement introduced above in Figure 6.17. Upon

decreasing the upper potential limit to 0.85 V (5) the peak position shifts back to its

original position (0.30 V). The same behavior is found for peak P2. A closer inspection
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of the shoulder between peak P2 and P3 (see inset Figure 6.21) shows that by increasing

the upper potential limit from 0.90 V (1) to 1.05 V (4), a lower current density at 0.38 V

and a higher current density at 0.43 V are observed. By decreasing the upper potential

limit to 0.85 V (5), the current trace of the first potential cycle is restored, except that the

current density at 0.43 V is slightly lower compared to the 0.90 V measurement. Thus

we can conclude that the features observed in the shoulder are reversible upon poten-

tial cycling and are probably due to different oxygen coverages on the Ru(0001) surface

obtained by different upper potential limits. Subtle changes are also observed in the

hydrogen region between -0.02 V and 0.10 V with increasing upper potential limit from

0.90 to 1.05 V or 1.35 V, respectively, in both figures, which leads to a small decrease by

1 µA cm-2 of the current density at -0.02 V. The reason for this behavior could possibly

be addressed to the formation of additional step sites upon cycling to potentials larger

than 0.90 V, apparent in STM images shown in Figure 6.17c and 6.17d above. To draw

a final conclusion on the occurrence of these minor changes in the hydrogen sorption

region requires, however, further investigations on bare Ru(0001) electrodes.
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6.4 Electrochemical stability and restructuring and its impact

on the electro–oxidation of CO: Pt modified Ru(0001)

electrodes

This Section is adopted with permission from Reference [314] (Elsevier online ©2014).

6.4.1 Introduction

Supported PtRu catalysts are among the most well known and most intensely studied

bi-metallic catalysts in electrocatalysis, because of their high activity for the methanol

oxidation reaction and for the oxidation of CO or CO containing H2 (’CO tolerance’),

and the resulting applications as fuel cell anode catalysts in direct methanol oxidation

fuel cells (DMFCs) as well as in polymer electrolyte membrane fuel cells (PEMFCs)

operated by H2 feeds contaminated by CO trace impurities [20, 38, 42, 315–319]. To

understand and to improve the performance and CO tolerance of the complex, mainly

carbon supported bimetallic PtRu nanoparticle catalysts, a large variety of model stud-

ies has been performed using simpler and structurally better defined bimetallic model

systems, both in computational and experimental investigations, which aim at disen-

tangling the various catalytic effects related to particle size, particle composition and

surface structure, as well as electronic effects [20]. The experimental model studies

ranged from purely electrochemical studies using Pt (Ru) electrodes, which were sur-

face modified by in situ techniques with Ru (Pt), or massive PtRu bulk alloy electrodes

[42, 209, 308, 310, 312, 313, 320–331], via adsorption / desorption studies performed ei-

ther under ultra-high vacuum (UHV) conditions or in a gas atmosphere on structurally

very well defined bimetallic PtRu surfaces that were prepared and characterized under

UHV conditions [95, 101, 162, 225, 226, 230, 290, 293, 309, 332–346], to finally combined

electrochemical (EC) – UHV studies employing electrodes that have been prepared and

characterized ex situ, under UHV conditions, and were then transferred under con-

trolled conditions into an electrochemical cell [170, 171, 223, 325, 347–361] (for a review

see [20, 170, 223]). Although these enormous efforts resulted in detailed insights into the

effects of bimetallic electrocatalysis in general and PtRu electrocatalysis specifically, a

generally accepted mechanistic model, which is beyond the well accepted bi-functional

mechanism for CO oxidation and methanol oxidation [38, 42] and which explains the

improved electrocatalytic performance of PtRu nanoparticles catalysts in a semiquan-

titative way, is still missing. To our belief that is at least partly due to the unknown
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surface structure of these particles under reaction conditions.

Here we present results of a study on the bulk CO oxidation reaction at struc-

turally well defined bimetallic PtRu surfaces, where we combined ex situ sample

preparation (under UHV conditions) and atomic scale structural characterization by

scanning tunneling microscopy (STM) with electrochemical flow cell measurements.

First results were reported in [297]. The study is based on our extensive experi-

ence in the preparation and structural characterization of well defined PtRu sur-

faces [95, 101, 342] and the detailed evaluation of their chemisorption properties

[95, 226, 230, 293, 309, 339, 342, 344–346], and on previous combined UHV-STM - EC

studies, where we elucidated the adsorption properties of nanostructured PtRu elec-

trode surfaces in terms of the adsorption properties of specific atomic ensembles and

nanostructures [170, 171, 358, 360]. In the present study we replaced the electrochemi-

cal flow cell in the combined UHV–STM – EC set-up used in former studies [33, 34] by

a thin-layer flow cell, which allows us to perform electrocatalytic studies under con-

trolled mass transport conditions. Furthermore, we succeeded to characterize the re-

sulting electrode surfaces after the electrochemical treatment by high resolution STM

measurements under UHV conditions, which allows us to identify possible restructur-

ing processes induced by the electrochemical environment. This was employed to in-

vestigate the bulk CO oxidation on different PtRu surfaces, and in particular to identify

possible restructuring processes during the electrochemical measurements and their

impact on the CO oxidation reaction.

Before presenting our results, we will briefly summarize the main results of previous

studies on CO electro–oxidation on PtRu model systems. After first reports on the good

performance of bimetallic PtRu electrodes in the electro–oxidation of methanol and CO

by Entina and coworkers [315, 316], Watanabe and Motoo introduced in 1975 the bi-

functional mechanism to explain the improved performance of PtRu electrodes in these

reactions [38, 42], where OHad is supplied by water splitting on the strongly oxophyllic

Ru surface atoms and CO may adsorb on either Pt or Ru surface atoms (Pt–COad and

Ru–COad) and react with OHad in a Langmuir–Hinshelwood type mechanism. Later

studies on a sputtered or on an annealed PtRu bulk alloy came to the conclusion that

an increasing amount of Pt–Ru neighbors leads to higher activities [348, 350, 362, 363].

A variety of groups investigated the electrocatalytic performance of PtRu electrodes

prepared by using in situ deposition techniques such as immersion of the Ru (Pt) elec-

trodes into a Pt (Ru) containing solution [42, 209, 308, 310, 312, 313, 324–326, 329]. Here

it turned out, however, that these deposition procedures generally result in the forma-
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tion of structurally ill defined, three-dimensional structures, which offer a large variety

of different sites that may contribute to the high activity, such as bifunctional sites, un-

dercoordinated surface atoms, etc. [322, 364, 365].

More defined bimetallic PtRu model electrodes can be prepared by deposition of

Pt (Ru) via physical vapor deposition in UHV on single crystalline Ru (Pt) electrodes,

which was partly illustrated by subsequent STM characterization. For the electrochemi-

cal measurements, the nanostructured samples can be transferred in a controlled way,

without exposure to air, from the UHV conditions to an electrochemical cell, in order

to investigate their electrochemical/–catalytic behavior [44, 170, 366–368]. For Pt de-

position on Ru(0001), this allows for the controlled formation of a large variety of well

defined Pt nanostructures, ranging from monolayer islands with different coverage and

shapes, via multilayer structures to PtxRu1–x/Pt(0001) surface alloys with tunable sur-

face composition (prepared by annealing the Pt modified Ru surface) [101, 225, 369],

which are not accessible by other techniques such as immersion of electrodes in metal

containing solutions. On the other hand, for the deposition of Ru on Pt(111) surfaces

under UHV conditions, multilayer structures were observed which led to not well con-

trolled growth of monometallic (Ru) and, at not very high temperatures, also bimetal-

lic 3D structures [290, 338, 353, 355]. Hence, up to now there is no preparation pro-

cedure available that allows to prepare flat monolayer or multilayer Ru islands with

well defined structure on Pt(111) by these methods. These latter surfaces were never-

theless used for studying oxidation of methanol (methanol oxidation reaction - MOR)

[353, 354]. From adsorption/desorption studies on the various model catalysts un-

der UHV conditions (temperature programmed desorption, infrared spectroscopy, ...),

in combination with density functional theory (DFT) calculations, it has been shown

that adsorbates such as COad, Had, OHad are more weakly adsorbed on Pt monolay-

ers grown on Ru(0001) compared to Pt(111) and on PtxRu1–x/Ru(0001) surface alloys

[95, 162, 226, 230, 342], and similar findings were reported also for electrochemistry

studies employing these surfaces [170, 171, 358, 360].

Another crucial aspect is the stability of the model catalyst during electrochemical

measurements and under reaction conditions. This issue has been investigated to some

extent on monometallic single crystal electrodes [307, 370], but to the best of our knowl-

edge not on bimetallic model electrodes.
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6.4.2 Results

6.4.2.1 Ru(0001) electrodes

Voltammetric traces recorded on a freshly prepared Ru(0001) single crystal electrode

in contact with 0.5 M H2SO4 purged with N2 (base cyclic voltammogram (BCV), black

dashed line) or with CO (potentiodynamic bulk CO oxidation, red full line) are shown

in Fig. 6.22, (where 6.22a and 6.22b are independent measurements). In these poten-

tial scans, the upper potential limit was fixed to 0.90 V in Fig. 6.22a and to 1.05 V

in Fig. 6.22b. In both cases, the BCVs show an oxidation peak at 0.65 V (P1) in the

positive–going potential scan, with an onset at about 0.40 V, which was attributed to

Ru-OHad formation by Marinkovic and co-workers [210]. Increasing the upper poten-

tial limit from 0.90 V to 1.05 V extends the range beyond peak P1, with a continuous

oxidation current but no distinct new features in the positive–going scan. Evaluation

of the charge under the peak P1 up to 1.05 V gives 253 µC·cm-2, which corresponds to

a transfer of about one electron per surface Ru atom, in good agreement with results of

previous studies [209–211]. Upon increasing the electrode potential to beyond 1.05 V,

surface oxidation proceeds until oxygen evolution sets in at 1.35 V (not shown here, see

also [209–211]). In the negative–going potential scan, two reduction peaks appear, one

centered at 0.54 V (P2), with a shoulder at 0.45 V, and one at 0.32 V (P3). The charge un-

der peak P2 increases as the upper potential limit in the anodic scan is raised to higher

values, while the charge under the peak P3 remains constant at 135 µC·cm-2 (see also

[297]). The latter corresponds to approximately one half of an electron transferred per

surface Ru atom (e.g., upon desorption of 0.5 ML OHad. The absence of additional oxi-

dation/reduction peaks below 0.28 V in 0.5 M H2SO4, which contrasts the behavior in

0.5 M HClO4 electrolyte [210, 371], was attributed to adsorbed (bi)sulfate acting as site

blocking species [210, 372]. Hydrogen evolution is initiated at 0.10 V, without showing

distinct hydrogen sorption peaks before.

In total, the BCVs with their characteristic features agree very well with results of

earlier studies in the same electrolyte. This demonstrates the proper functioning of the

newly designed experimental set–up, which allows us to transfer electrodes prepared

under UHV conditions to an electrochemical thin-layer flow cell in a controlled atmo-

sphere.

In the presence of CO in the supporting 0.5 M H2SO4 electrolyte (CO–saturated elec-

trolyte), the Ru(0001) electrode is poisoned with adsorbed CO (COad) at low potentials

in the positive–going scan [310, 373, 374]. The COad layer prevents OH adsorption /
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Figure 6.22: Base cyclic voltammograms (black, dashed line) in comparison with potentiody-
namic bulk CO oxidation curves (red, full line) in 0.5 M H2SO4, (sweep rate 10 mV·s-1) between
a) –0.02 V and 0.90 V and b) –0.02 and 1.05 V. Refer to text for peak notations. Representative
STM images (200 nm · 200 nm) c) of an as prepared Ru(0001) electrode in UHV and d) after
electrochemical/-catalytic characterization including potential cycling to 1.05 V.
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surface oxidation at 0.40 V, which occurs in the absence of CO (see above). Oxida-

tion starts at 0.55 V and is at least partly attributed to CO oxidation, based on in situ

FTIR measurements [310] and preliminary differential electrochemical mass spectrom-

etry (DEMS) measurements, where CO2 formation was detected at 0.50 V [310, 374].

Interestingly, the onset potential for bulk CO electro–oxidation on Ru electrodes ap-

pears to be independent of the Ru surface structure, as evident by comparing, e.g., with

Ru(10-10) or with polycrystalline Ru [209, 310, 312]. Furthermore, it is not affected by

the presence of strongly adsorbing anions such as (bi)sulfate anions, which is demon-

strated, e.g., by comparison with results obtained in 0.1 M HClO4 [170, 311]. With

increasing potential, two overlapping peaks are resolved between 0.55 V and 0.90 V,

with their maxima located at 0.65 V (peak A) and 0.80 V (peak B), respectively.

In the negative–going scan, after passing the potential maximum at 0.90 V, an ox-

idation peak (A’) appears, with its maximum at 0.64 V. Peak A’ appears at a similar

potential as peak A in the positive–going scan. The origin of peaks A, B and A’ will

be discussed below after the description of the current traces during CO oxidation on

Ru(0001). Reduction currents start to appear at 0.55 V. Compared to the onset of the

surface reduction peak P2 (in CO free electrolyte), which starts at 0.62 V, this represents

a down-shift by ca. 70 mV, which is attributed to an overlap of CO oxidation currents

and surface oxide reduction. Below 0.55 V, four reduction peaks are resolved, at 0.49 V

(peak F), 0.40 V (peak G), 0.23 V (peak H) and 0.13 V (peak I). The total charge flowing

in the potential window covering these four peaks is equal to 87 µC·cm-2. The reduction

process is completed at 0.10 V, which represents a shift by 200 mV to lower potentials

compared to the BCV in pure supporting 0.5 M H2SO4 electrolyte. Obviously, the ad-

sorbed CO enhances the stability of the O(H) adlayer.

Increasing the positive potential limit to 1.05 V does not induce significant changes in

the general appearance of the I–E trace, except for the appearance of an additional peak

(C) in the positive–going scan with its maximum at 1.0 V. At potentials higher than 1.0

V, the current density decreases due to increasing surface oxidation, deactivating the Ru

surface for CO2 formation. The oxidation currents observed are related to both surface

and CO oxidation, which can, however, not be disentangled from these measurements.

In the negative–going scan, an additional peak B’ appears, with a maximum at 0.81

V. Similar to peaks A/A’, also peak B’ appears at the same potential as peak B in the

positive–going scan. Potential step experiments, which revealed a constant current af-

ter stepping to 0.80 V, indicate that these peaks contain at least contributions from CO

oxidation. The formation of distinct peaks A, B, C has been attributed to a change in
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the dominating surface process, where up to 0.80 V (A, B) primarily CO oxidation oc-

curs and at potentials larger 0.80 V (C), after removal of the surface site blocking COad,

O(H)ad formation is favored [311]. Peaks B and A reappear (as peaks B’ and A’) in the

negative–going scan, after partial removal of the O(H)ad layer, which allows the CO

oxidation to occur. The maximum current densities of the peaks B’ and A’ were found

to depend on the upper potential limit chosen for the positive–going potential scan,

in agreement with the findings in a previous study conducted on Ru(0001) in 0.1 M

HClO4 [311]. Also the charge in the four reduction peaks F – I is much larger than after

potential reversal at 0.90 V, amounting now to 233 µC·cm-2. Finally, also in this case the

reduction process is completed at 0.10 V (see above).

Similar voltammetric traces with identical peak positions were observed for bulk CO

oxidation in 0.1 M HClO4 electrolyte [311]. In that case, the sequence of reduction peaks

was explained by a potential dependent formation of different mixed (COad, OHad)

structures, containing different coverages of COad and OHad.

For both upper potential limits investigated, the total charge under the reduction

peaks is 33% lower than that obtained in 0.1 M HClO4 (with identical upper poten-

tial limits, see ref. [311]), which can tentatively be attributed to additional (bi)sulphate

adsorption in the present case. Finally, COad completely poisons the surface for hydro-

gen evolution in the potential window investigated (lower potential limit: –0.05 V), in

agreement with findings in a former study [375].

Upon cycling to 1.20 V (not shown), the electrode surface becomes fully oxi-

dized, which turns it inactive towards electrocatalytic CO oxidation in the subsequent

negative–going potential scan [310].

STM images acquired before the electrochemical treatment, on the freshly prepared

Ru(0001) electrode surface (Fig. 6.22c), and after the electrochemical measurements, in-

cluding potential cycling in base electrolyte to up to 0.90 V (Fig. 6.22d), reveal that the

originally straight and often parallel running monolayer steps have roughened consid-

erably. This increases significantly the amount of Ru step sites (Rustep). Furthermore,

a small amount of holes appears within the Ru terraces. The small number and size

of these features imply, however, that the corrosion processes on the terraces are rather

slow compared to the modification of the steps (step roughening). For higher upper

potential limits we assume that the corrosion effects increase. Such effects have been

reported previously in an in situ STM study in 0.5 M H2SO4, where the formation of

RuO2 clusters was observed for potentials higher than 1.17 V [307].

For the corrosion process in our experiments it is not clear whether the surface is sim-
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ply restructured in a pure surface process or whether it involves dissolution of oxidized

Ru into the electrolyte and subsequent re-deposition, most likely in the negative–going

scan, on the electrode. The latter process has been concluded in an electrochemical

quartz crystal microbalance (EQCM) study on electrodeposited Ru nanoparticles on a

Au electrode [376]. Interestingly, neither the redox processes in the BCV nor the cat-

alytic activity towards the CO electro–oxidation in the anodic scan seem to be influ-

enced by the structural changes induced in the surface by cycling the electrode to the

higher potential (1.05 V), at least not on a measurable scale, (no additional redox fea-

tures appear in BCV or CO electro–oxidation traces). This distinguishes the Ru(0001)

electrode from other single crystal noble metal electrodes such as Pd(111), Pt(111) or

Au(111), where an excursion to potentials even slightly beyond the onset of surface ox-

idation results in marked changes in the BCVs and also in the electrocatalytic properties

[377–381].

6.4.2.2 Pt modified Ru(0001) electrode surfaces

As-prepared electrodes

To identify the role of Pt surface modifications in the CO oxidation reaction, we

next investigated the reaction behavior of different Pt surface modified Ru(0001)

electrodes. The electrochemical properties of these electrodes were characterized in

the same way as before, by BCVs in the same supporting electrolyte (0.5 M H2SO4

solution). The BCVs show a diminution of the overall oxidation and reduction currents

with increasing Pt content. In the negative–going scan, the charge in peak P3 decreases

with the Pt coverage, indicating that this peak is associated with a process occurring on

the Pt free Ru(0001) area. Besides a shift of the onset of hydrogen evolution by about

100 mV to more anodic potentials, no additional features are observed in the BCVs,

independent of the upper potential limit, as described in more detail elsewhere [297].

Next we turn to the electrocatalytic properties of these surfaces in the CO oxidation

reaction. Potentiodynamic bulk CO oxidation on three different Pt island modified

Ru(0001) electrodes with monolayer high Pt islands (PtX–ML/Ru(0001), with x = 0.35

ML, 0.55 ML and 0.65 ML, ±0.02 ML) was first measured in the potential range up to

0.90 V (Fig. 6.23). For comparison we also include CO oxidation data obtained on a

Pt0.30Ru0.70/Ru(0001) monolayer surface alloy. Note that the upper potential limit in

the BCV measurements prior to bulk CO oxidation was also fixed at 0.90 V. For none of
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Figure 6.23: Current traces for the potentiodynamic bulk CO oxidation in CO saturated 0.5 M
H2SO4 (sweep rate 10 mV·s-1) on Ru(0001) (black, full line), Pt0.35–ML/Ru(0001) (blue, dotted
line labeled 1), Pt0.55–ML/Ru(0001) (green, medium dotted line labeled 2), Pt0.65–ML/Ru(0001)
(red, densely dotted line labeled 3) and Pt0.3Ru0.7/Ru(0001) surface alloy (purple, dashed-
dotted line). Scan directions for the Pt0.3Ru0.7/Ru(0001) surface alloy are marked with arrows,
for the PtX–ML/Ru(0001) surfaces positive- and negative–going scans are almost identical. The
inset shows an enlargement of the region around the onset potential for CO oxidation in the
positive–going scan.

these samples we observed any oxidation currents in the anodic scan below 0.50 V, due

to COad poisoning of the surface, as reported above for Ru(0001) electrodes. This agrees

fully with findings in former studies on Pt modified Ru model electrodes [170, 209, 310,

312]. For the Pt monolayer island modified samples, CO oxidation sets in at 0.60 V, and

the current increases approximately exponentially with increasing potential (for more

details see below). At 0.90 V the current density on the Pt0.35–ML/Ru(0001) surface is

one order of magnitude larger than that obtained on bare Ru(0001). The activity at

that potential was found to increase with increasing Pt monolayer island coverage. For

the Pt0.3Ru0.7/Ru(0001) surface alloy (dash–dotted purple line in Fig. 6.23), we find a

down-shift of the onset of the bulk CO oxidation compared to the Pt monolayer island

modified PtX–ML/Ru(0001) electrodes by ∼100 mV, with the reaction starting at 0.50 V

compared to ∼0.60 V, respectively. This surface also exhibits the highest activity at 0.90

V, with an about four times higher current density than that of a Pt0.35–ML/Ru(0001)

electrode with a comparable Pt surface content.

A closer inspection of the positive–going potential scans at potentials around the

onset of the reaction (see the magnified traces in the inset in Fig. 6.23) reveals that the

reaction current decreases in the potential range between the onset and about 0.77 V

with increasing Pt monolayer island coverage, and is even lower than that of the bare

Ru(0001) electrode at potentials below 0.64 V – 0.70 V, depending on the Pt coverage.

This latter result of a lower reaction current for the Pt monolayer modified Ru(0001)
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electrodes compared to pure Ru(0001), in the given potential regime, is in contrast

to previous mechanistic expectations, where in the simple picture of a bifunctional

mechanism for CO oxidation on a bimetallic PtRu electrode the reactivity was assumed

to be determined by the number of adjacent Pt and Ru sites [42, 347], and also in

contrast to findings in previous reports [170, 312]. Mechanistic implications will be

discussed in more detail in the next section.

Influence of potential cycling on the electrode activity

Next we will elucidate the influence of potential cycling in 0.5 M H2SO4 supporting

electrolyte on the CO oxidation activity, similar to the approach for CO oxidation on

Ru(0001). In Fig. 6.24 we compare the I-E curves obtained for potentiodynamic bulk

CO oxidation on two PtX–ML/Ru(0001) electrodes (Pt0.35–ML/Ru(0001) in Fig. 6.24a,

Pt0.65–ML/Ru(0001) in Fig. 6.24b) after 40 potential cycles up to 0.90 V in 0.5 M H2SO4

supporting electrolyte (full blue line in Fig. 6.24a and full red line in Fig. 6.24b) or after

40 potential cycles up to 1.05 V (dashed orange lines in both Figures), respectively.

Furthermore, we show data from another Pt0.35–ML/Ru(0001) electrode which has been

potential cycled up to 1.05 V in supporting electrolyte with only 30 cycles (dotted black

line, Fig. 6.24a). As described above for Fig. 6.23, adsorbed CO inhibits oxidation

reactions below 0.50 V.

Figure 6.24: I–E curves for the potentiodynamic bulk CO oxidation in CO saturated 0.5 M H2SO4
(sweep rate 10 mV·s-1) on a) Pt0.35–ML/Ru(0001) and b) Pt0.65–ML/Ru(0001) electrodes. Red and
blue full lines (color code as in Fig. 6.23) show electrodes potential cycled up to 0.90 V with 40
cycles in supporting electrolyte and orange dashed curves electrodes potential cycled up to 1.05
V with 40 cycles in supporting electrolyte. The black dotted current trace for the low coverage
(Pt0.35–ML/Ru(0001)) in a) corresponds to CO oxidation at an electrode cycled for 30 potentials
cycles in supporting electrolyte. Scan directions are marked with arrows. The insets show an
enlargement of the onset potential of the CO oxidation in the positive–going scan direction.
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Extending the upper potential limit of the potential cycles preceding CO oxidation to

1.05 V results in a distinct lowering of the onset potential for the reaction by ca. 50 mV

for both electrode surfaces investigated (see insets). In the potential region between 0.50

V and 0.90 V the CO oxidation current is clearly higher than for the samples potential

cycled only up to 0.90 V, forming a shoulder or a pronounced peak with a maximum at

∼0.67 V. The existence of an additional current peak or shoulder before the final expo-

nential current increase closely resembles the behavior of the PtRu electrodes described

in former studies, which had also been exposed to potential cycling with upper limits

exceeding 0.90 V [170, 312]. Most likely, cycling to 1.05 V induces structural changes on

the electrode surface which results in an enhanced CO oxidation activity of the PtRu

bimetallic electrodes (see below). As may be expected, these changes depend on the

number of cycles. After 30 cycles to 1.05 V (Fig. 6.24a black dotted line), the increase

in activity of the PtRu electrode with lower Pt coverage (Pt0.35–ML/Ru(0001)) in the po-

tential range between 0.50 and 0.90 V is significantly less pronounced than that after 40

cycles (see Fig. 6.24a, dashed orange line).

Interestingly, at 0.90 V the catalytic activity of the PtX–ML/Ru(0001) electrodes

appears to be independent of potential cycling, both of the number of potential cycles

and of the upper potential limit. The current densities remain at 220 µA·cm-2 and 600

µA·cm-2 for the Pt0.35–ML/Ru(0001) and Pt0.65–ML/Ru(0001) electrodes, respectively.

Thus, at this potential the activity of the PtX–ML/Ru(0001) electrodes appears to be

solely determined by the amount of surface Pt and not by the local structure. Beyond

0.90 V, the current density increases up to 1.0 V, and then starts to decrease again. This

latter decrease is tentatively attributed to oxidation of the electrode surface.

STM imaging of Pt modified Ru(0001) surfaces

In order to directly identify structural changes on the bimetallic PtRu surfaces

upon potential cycling in supporting H2SO4 electrolyte, we recorded comparative STM

images of the same samples before as well as after potential cycling, CO oxidation

measurements and subsequent sample emersion from the electrolyte. STM images

of the non–restructured PtX–ML/Ru(0001) electrode surfaces (after cycling to 0.9 V,

see above) are shown in Figs. 6.25a and 6.25b for the Pt0.35–ML/Ru(0001) and a

Pt0.65–ML/Ru0001) electrode respectively. The images clearly confirm the presence of

monolayer high Pt islands, which are mainly attached to ascending Ru steps and then

extend over the terraces (Pt deposition at 650 K). Here it is important to note that
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the Ru step edges, which form a Ru–Pt transition in the surface layer (PtRuint sites),

are straight and do not show any additional local structuring. Large, free standing

islands were only found on very broad terraces (see Fig. 6.25b), where the distance to

the Ru steps is larger than the mean free path for Pt island nucleation at the present

experimental conditions (substrate temperature, deposition rate). At high Pt coverages

(ΘPt > 0.5 ML), second layer Pt islands are found on large Pt monolayer high islands,

as shown in Fig. 6.25b. Overall, these structures closely resemble findings in earlier

STM studies [225].

Figure 6.25: STM images of Pt0.35–ML/Ru(0001) (top row, 200 nm · 200 nm) and
Pt0.65–ML/Ru(0001) (bottom row, 400 nm · 400 nm) a) and b) as prepared in UHV, c) and d)
after potential cycling up to 0.90 V in 0.5 M H2SO4 and e) and f) after potential cycling up to
1.05 V. STM images after electrochemical treatment are representative for measurements after
base voltammetry and bulk CO oxidation.

Figs. 6.25c and 6.25d show representative STM images recorded on the two Pt mod-

ified Ru(0001) electrodes after bulk CO electro–oxidation, where the upper potential

limit was fixed at 0.90 V. The higher noise of the images compared to those of the as

prepared surfaces is probably due to residues from the electrolyte left after emersion,

which were not fully desorbed upon evacuating the load lock chamber (Oad, COad are

known to be stable in UHV at room temperature [382, 383], OH and H2O decompose
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at temperatures larger than 190 K [384], leaving Oad, and (bi–)sulfates have not yet

been investigated in UHV to the best of our knowledge). For both surfaces, the overall

appearance of the Pt islands remained intact, i.e., the Pt monolayer islands were not

modified by potential cycling. Different from our findings for the bare Ru(0001) elec-

trodes, the Ru steps were not roughened by the electrochemical treatment. Only in rare

cases, as for the low Pt coverage surface in Fig. 6.25c, small holes between the Ru step

and the attached Pt islands are visible, which may be formed from a small amount of

impurities or non perfect attachment of the Pt deposit at the Ru steps, facilitating Ru

dissolution. In general one can conclude that Pt has a stabilizing effect on the Ru step

edges in the potential range up to 0.90 V compared to bare Ru(0001) electrodes (see

Figs. 6.22c and 6.22d).

Similar STM measurements, performed after potential cycling up to 1.05 V and sub-

sequent CO oxidation, revealed pronounced modifications of the surface structures, as

evident from the STM images in Figs. 6.25e and 6.25f. Under these conditions, the

attached Pt deposit does not seem to sufficiently stabilize the Ru step edges against cor-

rosion any more, leading to lengthy, monolayer deep holes between the Pt deposits and

the former Ru step edges, which must have been formed by dissolution of Ru. Interest-

ingly, the edges of the Pt deposits seem to conserve the original straight configuration,

while the new Ru step edges are much rougher. Furthermore, the Pt deposits show a

pronounced formation of monolayer holes and deposition of multilayer islands / clus-

ters in / on top of the Pt areas. Thus, also Pt itself becomes unstable upon cycling to

potentials larger than 0.90 V, which is also reasonable considering that surface oxidation

of Pt starts at around 0.90 V, leading to irreversible changes of the surface morphology

of single crystalline Pt electrodes [381].

The formation of multilayer structures can be explained by two principally different

mechanisms. In the first one, dissolution of Ru and Pt upon excursion to high positive

potentials is followed by a partial re–deposition of these species on the electrode surface

during potential cycling, specifically during the negative–going scan. Upon metal re-

deposition on the surface, local surface alloy formation at the perimeter or within the

multilayer structures of the Pt islands is highly probable. (It should be noted that this

can not be resolved by STM due to the roughness of the structures.) In the second

mechanism, the multilayer structures are created by a restructuring of the Pt monolayer

islands, e.g., via exchange processes on the surface and subsequent formation of metal

adatoms, but without loss of metal atoms into the electrolyte. Agglomeration of the

adatoms may lead to multilayer structures, as it was observed for Ru deposition on
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Pt monolayers [338]. Hence, in both cases it is not fully clear whether the multilayer

structures consist of the pure metals only or of both Pt and Ru, although we favor the

latter possibility.

The good agreement between the onset of surface restructuring upon potential cy-

cling and of the appearance of the enhanced CO oxidation activity in the potential re-

gion between 0.50 and 0.90 V when raising the upper potential limit to potentials above

0.90 V indicates that these two effects are correlated, i.e., the higher CO oxidation activ-

ity is correlated with the restructuring of the substrate. This will be discussed in more

detail in the following section.

6.4.3 Discussion

For the discussion we have summarized our main results on the bulk CO oxidation

reaction on well-defined Pt modified Ru(0001) electrodes in Fig. 6.26. The oxidation

currents in the potential region of the reaction onset in the positive–going potential

scan on the non–restructured (after potential cycling to 0.90 V) and on the restructured

PtX–ML/Ru(0001) surfaces (after potential cycling to 1.05 V), on the Pt0.3Ru0.7/Ru(0001)

surface alloy and on the bare Ru(0001) electrode are presented in Fig. 6.26a. Repre-

sentative cross-sections of the related bimetallic surfaces are displayed in Figs. 6.26b–e,

where possible catalytically active sites are depicted. In the following discussion we

will attempt to identify the most active structural elements of the PtRu electrodes for

CO oxidation, and thus establish a structure – reactivity correlation based on STM imag-

ing.

CO Oxidation on Ru(0001): Bulk CO oxidation on bare Ru(0001) is initiated at 0.55

V in 0.5 M H2SO4, identical to the findings in 0.1 M HClO4 [311]. Obviously, the more

strongly adsorbing (bi)sulfate anions do not modify the catalytic activity of Ru(0001).

Bare Ru(0001) shows the lowest activity (at potentials >0.65 V) for bulk CO oxidation

in 0.5 M H2SO4 compared to other more open Ru surfaces such as Ru(10-10) or poly-

crystalline Ru [209, 310]. The onset potential for the reaction, however, is indepen-

dent of the surface structure. Potential cycling of the bare Ru(0001) electrodes has been

shown above to lead to a corrosive roughening of the Ru step edges, which increases

the density of Rustep sites (Fig. 6.22c–d). This has no measurable effect, however, on the

catalytic activity for CO oxidation in the potential range investigated, indicating that

Rustep sites are not significantly more active than Ru(0001) terrace sites (see Fig. 6.26b)

under these conditions.
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Figure 6.26: a) Summary of the positive–going potentiodynamic bulk CO oxidation I–E curves
at the onset potential of CO oxidation from the non–restructured electrodes in Fig. 6.23
and restructured electrodes in Fig. 6.24, with Ru(0001) (black, full line), non–restructured
Pt0.35–ML/Ru(0001) (blue, dotted line labeled 1), non-reconstructed Pt0.55–ML/Ru(0001) (green,
medium dotted line labeled 2), non–restructured Pt0.65–ML/Ru(0001) (red, densely dotted line
labeled 3), Pt0.3Ru0.7/Ru(0001) surface alloy (purple, dashed-dotted line), 30 potential cycles re-
structured Pt0.35–ML/Ru(0001) (orange, short dashed line) and 40 potential cycles restructured
Pt0.35–ML/Ru(0001) (orange, short dashed line). b) to e) show cross sections of the electrodes
investigated with their catalytically relevant sites. In detail: b) bare Ru(0001) with Rustep and
Ru terrace sites, c) as prepared and non–restructured PtX–ML/Ru(0001) electrodes with PtRuint
and PtRustep sites, d) PtxRu1–x/Ru(0001) surface alloy electrodes with mixed PtRu sites and
e) restructured PtX–ML/Ru(0001) electrodes with pure metal (Pt, Ru) and mixed PtRu sites at
multilayer structures. See text for details on the individual sites.
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CO Oxidation on Pt monolayer island modified Ru(0001): Moving to Pt monolayer

island modified Ru(0001) electrodes, representative cross sections of an as prepared and

a non–restructured PtX–ML/Ru(0001) electrode are shown in Fig. 6.26c. Compared to

the bare Ru(0001) surface in Fig. 6.26b (see also the STM images in Fig. 6.25), the previ-

ous Rustep sites are decorated by a Pt monolayer brim, leading to the formation of in–

plane Pt–Ru interface sites (PtRuint). The latter extends from the former Ru(0001) steps

over the Ru terrace to form a new Pt step with undercoordinated Pt atoms (PtRustep

sites). The Pt free Ru(0001) area decreases with the amount of Pt monolayer deposit.

It is important to note that the amount of PtRuint and PtRustep sites remains essentially

constant with increasing Pt coverage. Since the current density for bulk CO oxidation

at 0.90 V increases with the Pt coverage (see Figs. 6.23 and 6.26a), this means that

under these conditions the activity of the Ru terrace sites must be by far lower than

that of the Pt monolayer island surface. Hence, in that case the reaction is dominated

by the latter surface. This is in good agreement with the catalytic behavior reported

previously for bulk CO oxidation on similar model electrodes in 0.1 M HClO4 [170].

Thus, the dominant reaction mechanism in this potential region can be described by a

Langmuir–Hinshelwood reaction mechanism, where COad reacts with OHad on the Pt

monolayer islands, similar to a proposal by Gilman for this reaction on bulk Pt [385].

The situation becomes more complicated, however, at lower potential, in the onset

regime of the reaction below ca. 0.65 V, where the activity of the PtX–ML/Ru(0001) elec-

trodes is lower than that of the Ru(0001) electrode (see Fig 6.26a). With increasing Pt

coverages the reaction current becomes lower in this potential range, and the oxidation

current is almost fully suppressed for high Pt coverages, which is opposite to the trend

observed at higher potentials (>0.75 V) as discussed above (higher activity with larger

Pt coverage).

This behavior is most easily explained by a mechanism where the reaction is domi-

nated by reaction processes on the remaining free Ru terraces. This is in good agree-

ment with our previous statement that the first oxidation peak A on bare Ru(0001),

centered at 0.65 V, is associated to COad oxidation on Ru terrace sites and not on Rustep

sites, since already at low Pt coverages these sites are no longer existent due to Pt at-

tachment. It should be emphasized that under these conditions the bimetallic interface

sites (PtRuint and PtRustep) do not enhance the initial catalytic activity of the surfaces,

which seems to be counter intuitive, since it is in contradiction with the well accepted

bifunctional mechanism for CO oxidation on bimetallic PtRu surfaces [20, 42, 362].

A clear increase of the catalytic activity of the Pt modified Ru(0001) model electrodes
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was obtained by forming a Pt0.3Ru0.7/Ru(0001) surface alloy (Fig. 6.26a), for reaction in

the entire potential range up to reaching transport limitations) or by restructuring the

PtX–ML/Ru(0001) surface (for reaction at potentials below 0.90 V, see Fig 6.26a, curves

marked 1–3). For the surface alloy, the onset for bulk CO oxidation is shifted by about

100 mV to lower potential compared to the non–restructured PtX–ML/Ru(0001 surfaces

(Fig. 6.26a). The structural difference between these surfaces (Figs. 6.26c, 6.26d) is pri-

marily the much larger number of Pt–Ru neighbors in the surface alloy, where Pt and Ru

surface atoms are randomly distributed [101]. This favors a reaction proceeding along

a bifunctional mechanism. On the other hand, we have shown above that the mere

presence of Pt–Ru neighbor sites (PtRuint and PtRustep sites) has no measurable effect

on the overall catalytic activity of the non–restructured PtX–ML/Ru(0001) electrodes, in-

dicating that the activity of the interface sites is not significantly higher than that of

the Pt monolayer island sites; they clearly do not dominate the reaction. Additional

contributions from electronic effects (electronic strain effects [217] or electronic ligand

effects [166, 386]), which are known to reduce the CO adsorption energy on both Pt and

Ru surface atoms in the PtxRu1–x/Ru(0001) surface alloys compared to bare Pt(111) and

Ru(0001) sites [95, 226, 230], can not be ruled out, but we also have no direct evidence

for them. Instead, according to our data in Fig. 6.26a, a lowering of the COad bind-

ing energy, as it is known for COad on the Pt monolayer islands compared to Pt(111),

does not seem to significantly affect the CO oxidation reaction, since the onset poten-

tials are, within the accuracy of the measurements, similar on the non–restructured

PtX–ML/Ru(0001) surfaces and on bulk Pt(111) [223].

The activity of the PtX–ML/Ru(0001) electrodes was found to increase significantly

upon potential induced restructuring in the potential range <0.90 V (see Figs. 6.25 and

6.26a), which results in a shoulder or even a distinct peak in the I–E curves centered

at 0.67 V. A similar shoulder or pre–peak in this potential range has been observed

also in other studies on Ru model catalysts with Pt island/cluster modified surfaces,

where the upper potential limit of 0.90 V was exceeded, e.g., on polycrystalline Ru

electrodes modified by electroless deposited Pt (CO saturated 0.5 M H2SO4) [312] or on

UHV prepared Ru(0001) electrodes with Pt monolayer islands in CO saturated 0.1 M

HClO4 [170]). The authors of those papers explained the higher activity in the potential

window between 0.50 V and 0.80 V by a higher activity of the Pt deposit edge sites to

split H2O at low potentials, leading to Had on Pt and OHad on Ru, followed by the

reaction between OHad and COad on Ru sites [170, 312]. This effect, however, is not

observed on the non–restructured electrodes in this study, which possess both PtRuint
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and PtRustep sites, that are at least not in this potential range (<0.90 V) catalytically

active for this reaction.

As described above, the onset potential for bulk CO oxidation on the surface al-

loy is shifted to significantly lower values, by ∼100 mV, than observed for the non–

restructured Pt monolayer island modified PtX–ML/Ru(0001) electrodes (see Fig 6.26a).

This and the distinct CO oxidation peak centered at ∼0.67 V, which is exhibited on the

restructured Pt monolayer island modified PtX–ML/Ru(0001) electrodes surfaces, while

on the surface alloys the current increases continuously, clearly demonstrate that i) the

catalytically active structural elements (sites) on the restructured PtX–ML/Ru(0001) elec-

trodes, which are likely to be associated with the multilayer nanostructures, and on

the Pt0.3Ru0.7/Ru(0001) surface alloy are different in nature, and that ii) the flat Pt free

Ru(0001) surface areas on the PtX–ML/Ru(0001) surfaces are not significantly alloyed (in

the topmost layer).

Furthermore, it should be noted that the pre–peak formed upon restructuring of the

Pt0.35–ML/Ru(0001) electrodes leads to an increase in activity even compared to the

Pt0.3Ru0.7/Ru(0001) surface alloy. The higher activity is limited, however, to a very

small potential regime (0.55 – 0.70 V), while at higher potentials the surface alloy is

significantly more active.

The results in this study can be compared with previous findings on CO oxidation at

bimetallic PtRu electrodes. Gaeisteiger et al. reported that a sputtered PtRu bulk alloy

[349] exhibits a higher activity for bulk CO oxidation than a sputtered Pt electrode in

the entire potential range investigated, and a higher activity than a sputtered Ru elec-

trode at potentials > 0.70 V. The high activity of the PtRu surface (compared to pure

Pt) was explained by a random distribution of the Pt and Ru atoms within the alloy

surface, which leads to a large number of PtRu neighbors [349]. Furthermore, these au-

thors observed that the sputtered PtRu bulk alloys were more active for pre–adsorbed

COad oxidation (’CO stripping’) than an annealed bulk alloy with similar Pt:Ru surface

composition, which they explained by a temperature induced phase separation on the

annealed alloy surface with a lower amount of PtRu neighbors compared to the sput-

tered PtRu surface [362, 363]. Later, Hoster and Behm reported that the sputtered bulk

alloys are significantly more active for bulk CO oxidation than a Pt0.5Ru0.5/Ru(0001)

surface alloy with comparable surface composition, as evidenced by a down–shift of

the I–E curve by almost 100 mV [170]. Based on these findings, in particular on the ob-

servation of a random distribution of surface atoms for monolayer PtxRu1–x/Ru(0001)

surface alloys [101], we assume that the higher activity of the annealed bulk alloys
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compared to surface alloys is due to vertical ligand effects induced by the different

substrate composition (pure Ru(0001) vs. PtRu bulk alloy). For the sputtered PtRu bulk

alloys, a high density of defect sites is likely to play an important role. We assume that

the potential-induced restructuring of the initially well defined PtX–ML/Ru(0001) elec-

trodes leads to local surface structures which are comparable to those on the sputtered

PtRu alloy surface. Therefore, we tentatively attribute the increased activity of the re-

structured PtX–ML/Ru(0001) electrodes in the potential range below 0.90 V compared

to the non–restructured PtX–ML/Ru(0001) electrodes to PtRu defect sites, which may be

present in PtRu multilayer structures. The exact nature of these sites is not known so

far, but it is likely that they differ significantly in their electronic properties from Ru

and Pt surface atoms present on the bare Ru(0001) areas, on the Pt monolayer islands,

and also from those in the PtxRu1–x/Ru(0001) surface alloy.

Furthermore, our results can be compared with findings reported for Pt modified

Ru(0001), Ru(10-10) and polycrystalline Ru electrodes prepared by immersion in a Pt

containing solution with or without potential control [308, 310, 312, 313, 326], which

results in the formation of three–dimensional Pt islands/clusters on the electrode sur-

face. For Pt deposits with 1–2 layers on Ru(10–10) [310], the activity was found to be

lower than that of bare Ru(10–10) at potentials below 0.70 V, but higher at potentials

above that value. This is the same trend as observed here for the non–restructured

PtX–ML/Ru(0001) electrodes, where only monolayer Pt structures are present on the

Ru(0001) surface. In contrast, using Pt modified Ru(10–10) [313] and polycrystalline Ru

[312] surfaces with Pt deposits of more than three layers height, these authors observed

a higher activity of these surfaces than for bare Ru substrates for both COad stripping

and bulk CO oxidation experiments at potentials below 0.60 V for COad stripping and

below 0.80 V for bulk CO oxidation, respectively. Pinheiro et al. [313] attributed the

increase in catalytic activity in a rather general way to strain effects induced by the

Ru(10–10) substrate on the Pt deposits as well as to a high number of defect sites on

the Pt structures. It should be noted that in the work by Rau et al. [312] the electrodes

were cycled at potentials >0.90 V, which can in addition lead to surface restructuring as

described above, which is supported also by their observation of a pre–peak in the CO

oxidation trace.

In total, we assume that the higher activity of the restructured PtX–ML/Ru(0001) elec-

trodes is due to specific, presumably bimetallic nanostructures which are formed upon

potential induced restructuring, very likely as part of the multilayer structures or at the

step edges of the (restructured) Pt monolayer islands. More work is required to design
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and investigate model electrodes, which will allow us to gain more information on the

exact nature of the active nanostructures on these surfaces.

6.4.4 Summary and conclusions

Aiming at a detailed understanding of the CO electro–oxidation reaction on bimetallic

PtRu surfaces and the influence of potential induced surface restructuring processes

during the electrochemical measurements on this reaction, we have investigated the

bulk CO oxidation reaction on structurally well defined, pure and Pt modified Ru(0001)

electrodes (Pt monolayer island modified Ru(0001) and PtxRu1–x/Ru(0001) surface al-

loys), which were prepared and characterized by STM under UHV conditions before

and after electrochemical measurements. From the combined STM and electrochemi-

cal / electrocatalytic flow cell measurements we arrived at the following conclusions

on the electrochemical stability and restructuring of these electrodes, on the impact of

structural modifications on the CO oxidation characteristics, and on the nature of the

active sites on the respective surfaces.

1. The Ru(0001) electrode shows clear modifications of its surface morphology and

defect structure already upon potential cycling with an upper potential limit of

0.90 V in 0.5 M H2SO4 supporting electrolyte, leading to a distinct roughening of

the Ru step edges. Presumably because of the low step density, these modifica-

tions have little influence on the current features in the base cyclic voltammogram

or on the catalytic activity towards CO electro–oxidation (anodic scan), at least

not on a scale experimentally accessible. At potentials close to the onset of CO

oxidation, the oxidation current is dominated by the Ru atoms within the (0001)

terraces.

2. Pt monolayer island modified Ru(0001) electrodes are stable against potential cy-

cling up to 0.90 V, due to stabilization of the Ru(0001) step edges by attached

Pt monolayer deposits. Stabilization of the Ru steps against corrosion by the at-

tached Pt monolayer deposits ceases when the electrodes are cycled to potential

higher than 0.90 V (1.05 V). This leads to pronounced surface restructuring, in-

cluding the formation of holes along the former Ru steps by Ru corrosion, for-

mation of holes within the Pt monolayer islands (Pt corrosion), and multilayer

island formation on top of the Pt islands, arising either from surface restructur-

ing or from re–deposition of dissolved Ru and possibly also of Pt upon potential

cycling.
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3. The activity of the Ru(0001) electrodes towards CO electro–oxidation is modified

by Pt monolayer deposits. At low potentials, just above the onset of CO oxidation

(ca. 0.60 V), Pt monolayer deposits lower the activity of the Ru(0001) electrodes

for non–restructured surfaces, and the activity decreases with increasing Pt cov-

erage. Hence, also on the Pt modified surface, the Ru terrace areas are most active

for CO oxidation in the low potential regime, similar to the behavior of the Pt

free Ru(0001) electrode. Under these conditions, neither PtRustep nor PtRuint sites

enhance the catalytic activity of the bimetallic PtRu electrodes in a measurable

way, in contradiction to a bifunctional mechanism. At higher potentials (>0.75

– 0.80 V), CO oxidation is dominated by the reaction on the Pt monolayer sites,

consistent with a Langmuir–Hinshelwood type reaction on these sites.

4. PtxRu1–x/Ru(0001) surface alloys show a significantly higher activity towards CO

electro–oxidation than the non–restructured Pt island modified Ru(0001) elec-

trodes with similar Pt content. This is tentatively attributed to the optimized

neighborhood of these surfaces, with a high number of PtRu pairs, which is op-

timal for a bifunctional Langmuir–Hinshelwood type mechanism, where Ru sur-

face atoms supply adsorbed hydroxyls at lower potential than Pt surface atoms.

5. The activity of the Pt monolayer island modified Ru(0001) surfaces for CO

electro–oxidation at potentials <0.90 V is significantly enhanced by potential in-

duced restructuring, which we tentatively attribute to the formation of mono-

or bimetallic multilayer structures, where the exact nature of the active sites is

not known. In the potential range 0.50 – 0.70 V, the activity of the restructured

PtX–ML/Ru(0001) electrodes can even be higher than that of PtxRu1–x/Ru(0001)

surface alloys with similar Pt surface content.

Overall, this work underlines the importance of carefully identifying and tracking

structural modifications of model electrodes during the electrochemical measurements

for the proper evaluation and mechanistic interpretation of local activities of specific

atomic-scale nanostructures in electrocatalytic processes. This is particularly important

for comparison with theory, where the calculations are generally based on the assump-

tion of specific structural elements.
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6.5 Kinetic limitations in surface alloy formation:

PtCu/Ru(0001)

The following Section has been submitted as manuscript to Surface Science

(May 10th 2015).

6.5.1 Introduction

The formation and structure of surface alloys (SAs) and near surface alloys (NSAs)

has attracted increasing interest in recent years, both from fundamental reasons, ex-

ploiting the better defined structural situation of two-dimensional (2–D) model sys-

tems as compared to bulk alloy surfaces,[387, 388] and because of their use as model

systems, e.g., for detailed studies of the (electro-)chemical and (electro-)catalytic prop-

erties of bimetallic surfaces and catalysts.[231, 389, 390] The structurally well-defined

2–D systems, with a homogeneous substrate underneath, considerably simplify the un-

derstanding of the physical and chemical properties of these bimetallic surfaces and

of their intermixing behaviour compared, e.g., to surfaces of bulk alloys, where the

unknown local composition of the underlying layers results in a much more complex

situation.

In the present paper we report results of a scanning tunnelling microscopy

(STM) study on the intermixing behaviour, structure and structure formation of

2–D PtCu surface alloys on a Ru(0001) substrate. These PtCu surfaces can be

considered and are planned to be used as model systems for studies of the sur-

face chemistry of bimetallic PtCu nanoparticles, which have been reported re-

cently as highly active for the electrocatalytic O2 reduction.[22] The bimetallic sur-

faces are prepared by deposition of submonolayer amounts of Pt and Cu on

a Ru(0001) substrate and thermal intermixing, using different preparation proce-

dures. Previous studies have shown for various examples that BC monolayer

surface alloys on a metal substrate A can be formed this way. Examples in-

clude PdCu/Ru(0001),[102, 103, 123, 125] PdAg/Ru(0001),[116] AgAu/Ru(0001),[115]

CoCu/Ru(0001),[83] AgCu/Ru(0001),[119] or PdAu/Ru(0001)[110]. Most of these

studies concentrated on the structure of these bimetallic surfaces, both on a larger scale

and on an atomic scale. A detailed, systematic and quantitative study of the homo-

geneity of the resulting surface alloys and of the distribution of the different species

in the surface layer as a function of composition, however, was reported so far only
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for PdCu/Ru(0001).[103] Considering that most of the above systems showed inhomo-

geneous surfaces, we are particularly interested in clarifying whether it is possible to

create homogeneous monolayer PtCu surface alloys, where homogeneity refers to both

structural homogeneity and chemical homogeneity, given by a homogeneous distribu-

tion of the components in the surface layer, or whether their formation is hindered or

even inhibited either by kinetic restrictions or from energetic / thermodynamic rea-

sons. Whether or not a surface alloy can be formed based on its energetics has been

calculated by Christensen et al. for a large number of bimetallic systems, based on den-

sity functional theory (DFT) computed segregation and mixing energies for bimetallic

systems.[80]

Prerequisite for the preparation of monolayer surface alloys is that the intermixing

temperatures are sufficiently low that intermixing is confined to the surface layer, i.e., to

lateral intermixing, and diffusion of the deposit material into the near surface regions of

the substrate is inhibited. On the other hand, the temperature for intermixing has to be

sufficiently high to reach complete 2–D intermixing in the surface layer. Previous alloy

formation studies on PtxCu1-x/Pt(111)[172, 231, 391, 392] or PtxCu1-x/Cu(111)[393], as

well as computed segregation and mixing energies based on DFT[80] had shown that in

these systems bulk alloy formation is activated at temperatures required for complete

2–D intermixing. Hence, monolayer surface alloys of these types are experimentally

not accessible. Therefore we selected PtxCu1-x/Ru(0001) surface alloys as model sys-

tems for studying the surface chemistry of PtCu surfaces, where we hope that lateral

intermixing is possible without diffusion of Pt and/or Cu into the near surface regions

of the Ru(0001) substrate and possible formation of ternary PtCuRu surface layers. In

the simplest experimental approach, monolayer surface alloys would be formed by se-

quential deposition of suitable amounts of the two components, followed by annealing

at the respective intermixing temperature. If a homogeneous distribution of the surface

atoms cannot be reached at the maximum temperatures possible for intermixing, it is

plausible to expect that the kinetics of intermixing can be improved by preparing sur-

faces which are highly disperse already before the intermixing step. Strategies along

this line will be tested.

In the case of Cu on Ru(0001), the choice of the maximum temperature for intermix-

ing is simple since both metals form an immiscible bulk alloy[394, 395] and no inter-

mixing of both metals in the topmost layer has been observed. Furthermore, anneal-

ing to 1000 K leads to the desorption of the Cu multilayers from the Ru(0001) sub-

strate, followed by the desorption of the monolayer at around 1250 K, as shown in
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earlier thermal desorption spectroscopy (TDS) studies.[160, 396, 397] Pt on the other

hand forms a miscible bulk alloy with Ru, where exchange with the Ru(0001) surface

atoms starts at around 750 K and full surface alloy formation is achieved by flash an-

nealing to 1350 K, investigated with STM.[101, 226] Thus the temperature limit for

PtxCu1-x/Ru(0001) alloy formation is 750 K. The absence of bulk intermixing during

surface alloy formation, contrasting the behaviour of PtxCu1-x/Pt(111)[172, 231, 391,

392] or PtxCu1-x/Cu(111)[393], would make this system also a promising candidate

for further theoretical studies, due to its well defined surface and subsurface struc-

ture/composition.

Before presenting the results of our study we will briefly summarize the main

features known about the growth behaviour of the two components Cu and Pt on

Ru(0001). Deposition of Cu at room temperature (RT) leads to the formation of both

dendritic and more compact monolayer islands, where part of them show triangularly

shaped dislocation line structures, which are distributed over the surface.[398–400] An-

nealing these islands at around 350 - 450 K leads in both cases to more compact pseudo-

morphic islands. The island density is rather low and Ostwald ripening starts already

at 450 K.[399] Annealing at around 600 K Cu causes complete dissolution of the Cu

monolayer islands and adatoms are sufficiently mobile to reach the nearest step edges,

even on large terraces individual Cu islands are rarely detected.[399]

Room temperature deposition of submonolayer amounts of Pt on Ru(0001) leads to

the formation of pseudomorphic, dendritic monolayer islands.[225] The island density

is much higher than that for Cu deposition at comparable deposition conditions,[399]

indicating that the barrier for Pt migration on Ru(0001) is much higher than that of

Cu. Subsequent annealing to 600 K initiates Ostwald ripening and the islands become

more compact, indicative of the onset of Pt mobility along the island edges and of Pt

detachment from the island edges.[225] Hence, Pt islands are also significantly more

stable towards dissolution compared to Cu.

Important to note for the present work is also that the lattice constants of Pt (rNN(Pt)

= 2.74 Å) and Cu (rNN(Cu) = 2.56 Å) are larger and smaller, respectively, than that of

Ru (rNN(Ru) = 2.66 Å), indicating that on a mesoscopic scale the PtCu surface alloy is

subject to compressive strain for high Pt coverages and to tensile strain for high Cu

coverages. This may further affect the formation of a homogeneous surface alloy. An

unstrained surface is expected for a Pt55Cu45/Ru(0001) surface alloy, based on Vegard’s

law.[127]

In the following we will, after a brief description of the experimental set-up and
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procedures, first characterize and discuss the structures formed upon sequential depo-

sition of the individual components at or close to RT. Next we characterize the mixed

surfaces resulting upon subsequent thermal intermixing of the surfaces prepared by se-

quential deposition of the metals; furthermore we test different preparation procedures

to improve the homogeneity of surface alloys with Pt contents > 65%, where the above

procedure resulted in inhomogeneous surfaces. In the last part we quantitatively anal-

yse the distribution of the surface atoms by statistical evaluation of atomic scale STM

images with chemical contrast and determination of the Warren-Cowley short range or-

der (SRO) parameters.[104, 105] Mechanisms for structure formation and intermixing

as well as the consequences of the present findings for the application of these surfaces

as model systems for studies of the surface chemistry of bimetallic PtCu surfaces on

Ru(0001) are discussed.

6.5.2 Results and discussion

6.5.2.1 Growth of bimetallic PtCu surfaces upon sequential deposition of Pt and Cu

The growth of submonolayer amounts of Pt and Cu on Ru(0001), respectively, and the

further structural evolution upon subsequent deposition of the respective second com-

ponent are illustrated in the STM images in Figure 6.27. Deposition of Pt on Ru(0001)

at close to RT leads to the formation of dendritic islands (Figure 6.27a), in agreement

with previous reports.[101, 225] The result of post-deposition of Cu on the Pt pre-

covered surfaces is depicted in Figure 6.27b. As expected from the higher mobility of Cu

adatoms on Ru(0001) compared to Pt adatoms (see Introduction), Cu is mainly found to

attach at the ascending step edges of the pre-formed Pt islands rather than nucleating

additional islands in between the Pt islands. In addition, it forms second layer struc-

tures (see inset in Figure 6.27b), due to Cu nucleation on top of the existing monolayer

islands, and here specifically on the Pt core of these islands. Depending on the amount

of post-deposited Cu the 2nd layer structures will first grow exclusively on the Pt core,

before they continue to grow also on the first layer Cu regions formed by Cu attachment

at the original Pt monolayer island. This means that Cu atoms impinging on the (mixed)

monolayer islands are trapped on the monolayer Pt island core, presumably due to a

stronger Cu(2L)-Pt(1L) interaction as compared to the Cu(2L)-Cu(1L) interaction (num-

bers in brackets (xL) refer to the respective film layer of the atoms on Ru(0001)). Fur-

thermore, intralayer transport of the 2nd layer Cu adatoms from Pt regions to Cu regions

of the underlying monolayer islands and interlayer transport from on top of the mono-
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layer islands to the Ru(0001) substrate may be hindered by additional diffusion barriers

at the interface between Pt and Cu in the monolayer islands[116] or at the island edges

(Ehrlich-Schwoebel barrier[69, 401]). These, however, cannot be derived or excluded

from our data. A stronger interaction of Cu(2L)-Pt(1L) compared to the Cu(2L)-Cu(1L)

interaction would be in good agreement with the stronger adsorption of, e.g., CO on

Pt1-ML/Ru(0001) than on Cu1-ML/Ru(0001).[95, 158, 162, 333, 346] In addition, this has

also been verified by recent DFT calculations.[402] A similar growth behaviour has been

reported for Cu deposition on a Pd pre-covered Ru(0001) surface, where 2nd layer Cu

islands nucleate and grow primarily on the Pd cores of the monolayer islands.[103]

Deposition of Cu on Ru(0001) during cool-down of the sample at T < 370 K leads

to the formation of rather large monolayer islands with distorted hexagonal shape, as

illustrated in Figure 6.27c. Considering the higher depositions temperature this agrees

well with findings in previous studies.[398–400] Upon post-deposition of Pt on that

surface, a large number of Pt islands is found in between the existing Cu islands on the

bare Ru(0001) substrate, much higher than the number of Cu monolayer islands, indica-

tive of nucleation and growth of Pt islands in these areas (Figure 6.27d). This can easily

be understood from the lower mobility of the Pt adatoms on Ru(0001) compared to Cu

adatoms (see Introduction). In addition, post-deposition of Pt results in the attachment

of Pt adatoms at the ascending steps of the Cu islands and 2nd layer island formation,

by nucleation and growth of Pt monolayer islands on top of the existing Cu islands. In

the latter case it is likely that the Pt adatoms exchange with the first layer Cu atoms,

considering the much higher Pt(1L)-Ru(0001) interaction compared to Cu(1L)-Ru(0001)

interaction. This would lead to bilayer structures which exhibit a mixed first layer and

second layer structures which are presumably Cu-rich. This will be discussed in more

detail in a forthcoming publication.[402]

For later comparison with PtCu films with low Pt concentrations we also investigated

the structure of Cu films deposited at temperatures close to RT. The structure of a pure

Cu monolayer film (1.1 ML Cu) grown on Ru(0001) (Cu1-ML/Ru(0001)) is shown in Fig-

ure 6.27e. The surface reveals a distinct dislocation pattern, consisting of irregularly

arranged triangular or distorted triangular dislocation lines. Such patterns had been

observed also in earlier studies for Cu deposition at lower temperatures, and had been

attributed to small areas with fcc stacking, which are separated from the surround-

ing areas with hcp stacking[403–405] by dislocation lines[398, 400, 406, 407]. A simi-

lar finding has been observed for Ni growth on Ru(0001), where Ni is also smaller in

size compared to Ru.[408] The amount of Cu exceeding the monolayer coverage forms

132



6 Results and discussion

Figure 6.27: STM images of a Ru(0001) surface after deposition of Cu and / or Pt at tempera-
tures < 370 K: a) upon deposition of 0.3 ML Pt at RT (100 nm × 100 nm) and b) after subsequent
deposition of 0.8 ML Cu at RT on the surface in a) (100 nm × 100 nm), the inset shows an
enlarged view of the island structures on the surface and resolves the Pt core (dark , marked
area) of the monolayer islands (Cu2L: second layer Cu island, 30 nm × 30 nm); c) upon depo-
sition of 0.3 ML Cu at T < 370 K, during cool-down after the last cleaning cycle of the substrate
(200 nm ×200 nm), and d) after subsequent deposition of 0.8 ML Pt at RT (200 nm × 200 nm).
The triangles mark triangularly shaped Cu islands prior to (c) and after (d) Pt post-deposition,
respectively, indicating that 2nd layer Pt grows on top of the initial Cu island. e) Cu monolayer
film (1.1 ML Cu) deposited at RT on a Ru(0001) substrate, showing a distinct pattern of trian-
gular dislocation line structures in the monolayer areas (100 nm × 200 nm). Second layer Cu
islands accommodate the Cu deposit exceeding the monolayer coverage. The contrast in the
monolayer and the bilayer islands has been enhanced by giving a separate color scale to each
film layer.
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irregular shaped 2nd layer islands, which arrange along the dislocation pattern of the

underlying first Cu layer. Upon annealing (not shown) at temperatures of 400 K[400] or

650 K[399], the dislocation lines disappear, underlining that the dislocation line struc-

ture is metastable and that the pseudomorphic adlayer represents the stable phase.

6.5.2.2 Surface confined 2–D alloy formation

Next we will present results describing the thermally activated formation of surface

confined 2–D alloys by sequential deposition of the metals at temperatures around RT

and subsequent thermal intermixing, following procedure P1. In order to avoid inter-

mixing of Pt with the Ru(0001) surface regions, we limited the annealing temperature

for surface alloy formation to 750 K.[226]

First we explore the alloy formation upon annealing the bimetallic surface at 750 K

for increasing time. In the STM image in Figure 6.28a we show exemplary the sur-

face alloy formation of a Ru(0001) surface covered initially by 0.50 ML Pt, followed by

post-deposition of 0.55 ML Cu and subsequent annealing at 750 K for two minutes. A

total coverage of slightly larger than 1 ML is chosen in order to ensure full coverage of

the Ru(0001) substrate by a mixed PtCu surface alloy after the annealing step. Never-

theless, despite of the excess of deposit material some monolayer deep holes are still

present on the annealed surface, exposing the bare Ru(0001) substrate. Considering the

stronger binding of both Cu and Pt to Ru(0001) compared to bonding of second layer

adatoms to a Cu or Pt monolayer, this must be due to kinetic limitations.

Closer inspection of that image (Figure 6.28a) reveals homogeneous flat areas ex-

hibiting a constant height, which appear lower than their neighbourhood (see the areas

marked by a dashed line), and more structured ’higher’ areas in between. Based on

atomically resolved STM images such as that in Figure 6.28b, the different areas can be

identified as pure Pt monolayer areas and mixed PtCu monolayer areas, respectively.

As mentioned in the experimental part, Pt appears brighter than Cu in atomic resolu-

tion STM images and darker under the tunnelling conditions of larger area imaging.

Clearly, the surface is far from forming a homogeneously mixed 2–D surface alloy. This

result is representative for very different compositions prepared by this preparation

procedure.

Further annealing of the surface for 5 minutes at 750 K still revealed non-alloyed

areas and only after additional 25 minutes these pure Pt areas completely disappeared.

This is illustrated in the large scale STM image in Figure 6.28c and in atomic resolution
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Figure 6.28: Sequence of STM images of a surface prepared by sequential deposition of first
0.55 ML Pt, then 0.50 ML Cu and subsequent annealing at 750 K. a) Large scale images recorded
after annealing for 2 min (55 nm × 55 nm). The surface shows flat areas (marked by dashed
lines) surrounded by more structured areas. b) Atomically resolved STM image (8 nm × 8 nm)
of that surface, showing a pure Pt area (bright atoms) coexistent with a mixed surface layer
(PtCu surface alloy). c) Large-scale STM image (55 nm × 55 nm) of the sample after post-
annealing for additional 30 min at 750 K. The dark areas in the surface alloy indicate holes in
the monolayer film. d) Atomically resolved STM image (8 nm × 8 nm) of the latter surface
showing a mixed PtCu surface alloy.

STM images (see Figure 6.28d). Thus, at an annealing temperature of 750 K the 2–D

intermixing is still kinetically hindered and slow. To ensure complete intermixing of

the metals, a total annealing time of 30 minutes is applied in the following experiments.

It should be noted that despite the extended annealing time we have no indications of

Pt exchange with the Ru(0001) substrate. Higher temperatures to increase the rate of

surface alloy formation have not been tested from the very same reason.

Overall, this procedure for surface alloy formation was found to work well and yield

homogeneously intermixed pseudomorphic surface alloys with no additional disloca-

tion structures for Pt concentrations in the range between 20% and 65% (0.2 < xPt < 0.65
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for PtxCu1-x/Ru(0001)). The distribution of the different species Pt and Cu in the result-

ing surface layer will be discussed in more detail later (Subsection 6.5.2.3). The situation

is different for Pt concentrations below 0.20 ML and above 0.65 ML, where the surfaces

resulting from this preparation procedure were found to be inhomogeneous. This will

be discussed in more detail in the following.

Low Pt surface concentrations (xPt < 0.20 ML):

The formation of a Pt10Cu90/Ru(0001) surface alloy by sequential deposition of the

metals (first Pt, then Cu) at RT and post-annealing at 750 K, following the prepa-

ration procedure P1, is illustrated in the STM image in Figure 6.29a (total coverage

Θ = 1.1 ML). Along the slow scan direction (top to bottom), different structures are re-

solved within the monolayer alloy (marked by "R" and "Q"), depending on the state of

the STM tip. In the regions marked by "R", the surface shows triangular patterns similar

to the structures observed in the Cu1-ML/Ru(0001) surfaces obtained upon RT deposi-

tion of Cu on Ru(0001) (see Figure 6.27e). Although we could not resolve whether

these lines are indeed related to a change from hcp to fcc stacking, we assume from

their similar appearance compared to the structures in the Cu monolayer films that

they also represent dislocation lines. The presence of these structures can be explained

in two different ways: Either the alloy formation temperature of 750 K is not suffi-

cient to remove the dislocation lines present in the RT deposited Cu film, or these

structures are formed during annealing, i.e., during thermal intermixing, and / or

subsequent cool-down. The first possibility appears unlikely in the light of the ear-

lier findings that annealing at 450 - 600 K removes the dislocation lines,[399, 400] and

presumably dissolves the Cu islands, therefore we favour the second one. The addi-

tional deposit material exceeding 1 ML is accommodated in compact, non-dendritic

bilayer islands (marked with a "2" in Figure 6.29a). Interestingly, these islands do

not show a periodic dislocation line pattern as it is observed for extended Cu bi-

layer areas,[398, 406, 409, 410] independent of the tunnelling conditions. In the re-

gions marked by "Q", the surface is more structured, as expected for surface alloy

formation. Attempts to record atomically resolved STM images with chemical con-

trast of the monolayer surface alloys were not successful. The tunnelling parameters

required for resolving the individual atoms (see experimental part) regularly led to

the destruction of the surface alloy (see, e.g., in the dashed circles in Figure 6.29b).

In these ’destroyed’ areas the surface shows local dislocation lines, furthermore, addi-

tional clusters are observed, which are presumably formed from either surface atoms or

tip atoms, or both. "Quasi" atomically resolved STM images in Figures 6.29c and 6.29d
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reveal the incorporation of Pt adatoms or small Pt clusters into the Cu monolayer film,

which are homogeneously distributed. Overall, this procedure results in surface al-

loys where the different atomic species seem to be homogeneously distributed over

the surface, but the homogeneity of the surface layer is perturbed by the presence of

the dislocation line structures. Since the chemical behaviour may be affected locally

by the dislocations, these surfaces are not well suited for evaluating the local chemical

properties of different bimetallic ensembles, as it had been successfully demonstrated

for other surface alloys such as PdxCu1-x/Ru(0001)[103], PdxRu1-x/Ru(0001)[111],

PtxRu1-x/Ru(0001)[101], PdxAg1-x/Pd(111)[30], or PtxAu1-x/Pt(111)[100, 113], because

of the additional modifications brought about by these dislocations.

Considering that the surface atoms are homogeneously distributed after this prepa-

ration procedure and that the inhomogeneities consist of dislocation lines, which are

most likely formed during cool-down of the mobile Cu-rich adlayer, we do not expect

that the homogeneity of the surface layer can be improved by using preparation pro-

cedures that lead to a more dispersed distribution of the deposit materials before the

annealing step (see below).

It should be noted that the dislocation lines were not observed any more upon in-

creasing the Pt content in the surface alloy to above 20%, as illustrated in Figure 6.29e

for a Pt22Cu78/Ru(0001) surface alloy. Most simply, the incorporation of the larger Pt

atoms into the Cu film leads to a relief of tensile strain in the surface alloy, and this

reduces the driving force for the formation of more closely packed structures present in

the dislocation lines.

High Coverages (xPt > 0.65 ML):

Following our approach for low and medium Pt contents, we will start by attempting to

prepare surface alloys in this composition range via the preparation procedure P1. We

will first present data for the case of Cu post-deposition on a partly Pt covered Ru(0001)

surface. The PtxCu1-x/Ru(0001) surface alloys resulting after the thermal intermixing

step (750 K annealing) typically reveal the coexistence of pure Pt areas coexisting with

mixed PtCu areas. This is illustrated in the large scale STM images in Figures 6.30a

and 6.30b as well as in the atomic scale images in Figures 6.30b to 6.30f, respectively

(ΘPt = 0.7 ML, ΘCu = 0.4 ML). Furthermore, line structures are visible on the surface,

marked by arrows in Figures 6.30a, 6.30b, 6.30d and 6.30e, which appear slightly higher

than their surrounding in atomically resolved images (Figures 6.30d and 6.30e). These

lines are not necessarily located in between pure Pt and mixed PtCu areas, but can also

be found in between two mixed areas. Overall, they are very different from the disloca-
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Figure 6.29: a) Large scale STM image (100 nm × 100 nm) of a Pt10Cu90/Ru(0001) surface alloy
prepared via P1, depicting the monolayer alloy as well as 2nd layer islands (marked by "2").
The contrast in the monolayer and the bilayer islands has been enhanced by giving a separate
color scale to each film layer. The image is divided in different areas, which were recorded
at different tip states and are indicated by "Q" and "R", respectively. In the areas marked "R"
the surface resolves the dislocation line structures, whereas these are not visible in the areas
marked by "Q". Instead, these areas show a more structured surface. b) Large scale STM image
of the same surface (100 nm× 100 nm) illustrating the perturbation of the surface after imaging
using the tunnelling parameters typical for atomic resolution imaging (see experimental part).
c), d) "Quasi" atomically resolved STM images illustrating the distribution of Pt surface atoms
and a change in contrast, with Pt atoms appearing bright in c) and dark in d) respectively
(8 nm × 8 nm, c) IT = 50.01 pA / UT = 70 mV, d) IT = 63 pA / UT = -1.2 V). f) Large scale
STM image (100 nm× 100 nm) of a homogeneously mixed Pt22Cu78/Ru(0001) surface alloy (an
atomically resolved STM image of this alloy is shown in Figure 6.34a).
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tion line patterns observed for low Pt contents in the surface alloys or in pure Cu mono-

layers / monolayer islands on Ru(0001) grown at RT. Careful evaluation of atomically

resolved STM images such as in Figures 6.30d and 6.30e does not resolve transitions

between fcc or hcp stacking at these lines (see white dotted line in Figure 6.30d), as ex-

pected for dislocation lines. Thus the nature of these line structures remains unclear so

far. Additional heating at 750 K for 30 minutes (total annealing time 60 min) did not im-

prove the homogeneity of the surface alloy, neither in the sense of a higher degree of in-

termixing (removal of pure Pt areas) nor by removal of the dislocation lines. The mixed

areas themselves exhibit comparable characteristics and a homogeneous distribution of

the respective atoms at different locations of the surface (Figure 6.30f), indicating that

they are not dominated by kinetic limitations but represent a stable phase.

Reversal of the evaporation order of the metals prior to the alloying step (Pt depo-

sition on a Cu pre-covered Ru(0001) surface) leads to slightly different surfaces, as il-

lustrated for deposition of ΘCu = 0.4 ML and ΘPt = 0.7 ML in Figure 6.31. The line

structures described above are still present in large scale STM images such as that in

Figure 6.31a (see also the contrast enhanced area). Similar as in the Figures 6.30d and

6.30e, they seem to be connected with dark structures, which in these cases correspond

to aggregated Cu atoms. In atomic scale STM images (Figures 6.31b and 6.31c) we only

detect the rows of dark atoms (see arrows), leaving the actual nature of these faint line

structure still unclear. In contrast to the results reported above for the reverse deposi-

tion order of the metals, the large scale STM images (Figure 6.31a) do not reveal pure

Pt areas any more. Nevertheless, these still exist, but they are much smaller than for

the previous deposition order and only visible in atomic resolution STM images (see

Figure 6.31d). An atomic scale STM image with the mixed PtCu area only is depicted in

Figure 6.31e. Hence, for surface alloys with Pt contents larger than 65%, the structural

properties of the surface alloy depend on the deposition sequence of the metals prior

to the annealing step.

The better intermixing in the case of Pt deposition on a partly Cu pre-covered surface

as compared to the reverse deposition order can at least partly be explained by place

exchange processes of Pt adatoms on Cu monolayer islands during Pt deposition,[81,

91] which are energetically favourable and were found to occur already at RT, while

the opposite process of place exchange of a Cu adatom on a Pt monolayer island is

energetically highly unfavourable. This will be topic of a combined experimental and

theoretical study.[402] Hence, the two metal species are more dispersed already before

the annealing step for Pt deposition on a partly Cu pre-covered Ru(0001) surface than
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Figure 6.30: Set of STM images of a surface prepared by sequential deposition of first 0.70 ML
Pt then 0.40 ML Cu and subsequent annealing at 750 K for 30 min. Large scale STM images in
a) (80 nm × 80 nm) and b) (30 nm × 30 nm), show both mixed and pure Pt areas (see labels).
In both images line structures are visible and marked by arrows. Atomically resolved STM
images in c) - f) show a pure Pt area surrounded by a mixed PtCu area in (c)(9 nm × 9 nm), the
faint line structure (marked by white arrows) in (d)(9 nm × 9 nm) and (e)(7 nm × 7 nm), and
a homogeneously mixed PtCu area with a surface alloy composition of Pt73Cu67/Ru(0001) in
(f)(7 nm × 7 nm). The dotted line in d) shows that the atoms on either side of the lines structure
occupy the same type of threefold hollow site (hcp or fcc) on the Ru(0001) substrate, confirming
that these line structures do not represent dislocation lines.
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Figure 6.31: Set of STM images of a surface prepared by sequential deposition of first 0.40 ML
Cu then 0.70 ML Pt, and subsequent annealing at 750 K for 30 min. The large scale STM
image in a) (70 nm × 70 nm) shows the inhomogeneously mixed surface with the line struc-
tures. Atomically resolved STM images (b) - e)) show local areas with increasing Cu contents
in (b)(7 nm × 3 nm) and in (c)(7 nm × 4 nm), a small pure Pt area surrounded by a mixed
PtCu area in (d)(10 nm × 10 nm), and a homogeneously mixed PtCu area with a surface alloy
composition of Pt69Cu31/Ru(0001) in (e)(7 nm × 7 nm).

for the reverse case, which explains the more homogeneous distribution after annealing

in the former case. It also indicates that the formation of pure Pt islands at this coverage

is at least partly due to kinetic limitations (see also below).

Because of the kinetic limitations in the 2–D intermixing process we explored two

different preparation procedures (P2 and P3), trying to increase the dispersion of the

metals already during deposition. Both include evaporation of Pt at elevated sample

temperatures on a Cu pre-covered Ru(0001) surface. The surfaces resulting from these

preparation procedures and the underlying physical reasons for the differences com-

pared to surfaces prepared along procedure P1 will be discussed in the following.

For the preparation procedure P2, a Ru(0001) surface pre-covered with a sub-
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monolayer of Cu is first heated to 750 K. Considering that this temperature is ca. 300 K

above the onset of Ostwald ripening of Cu islands (see introduction), which also in-

volves the detachment of Cu adatoms from the monolayer Cu island edges, we expect

that under these conditions the surface is covered by a 2–D gas or 2–D liquid of mobile

Cu adatoms, depending on the Cu coverage. Deposition of Pt on the Cu adatom cov-

ered substrate reduces the mean free path of the diffusing Pt adatoms, which in turn

allows for the nucleation and growth of highly dispersed Pt or PtCu nuclei in a matrix

of mobile Cu adatoms. Such processes have been reported also for the surface alloy

formation of Co and Ag on Ru(0001).[116] Hence, we expect this procedure to lead to a

better dispersion of the two species in the surface layer before the final annealing step

(15 min at 750 K). Therefore, interdiffusion of Cu adatoms into Pt monolayer islands

during the final annealing step is not required or only to a much smaller extent.

The structure of the resulting bimetallic surfaces is illustrated in the STM images in

Figure 6.32. In the large scale STM image in Figure 6.32a, the surface is covered by

a monolayer film and the amount of deposited material exceeding a full monolayer is

accommodated in bilayer islands on top of the monolayer surface alloy marked by ’3rd’,

which are located close to the Ru step edge. These island structures will be discussed

in more detail below. Closer inspection of the monolayer film (Figure 6.32b) shows a

structured appearance, indicative of a rather homogeneous surface alloy, which covers

most of the surface. The intermixing, however, is not completely uniform, as evident by

the dark area in the contrast enhanced square in Figure 6.32a (see black arrow). Since in

this image lower areas correspond to Pt or Pt-rich areas, we assign this to a Pt rich area.

Such areas were found to be mainly located at the ascending Ru(0001) steps. Similar

Pt-rich or pure Pt areas were detected also in atomically resolved STM images. This is

illustrated in the STM image in Figure 6.32c, which was recorded in the vicinity of the

bilayer structures (indicated by an arrow in the top right of the image).

In addition the STM images show slightly protruding lines (indicated by arrows),

which look similar to those observed on surfaces that were obtained via P1 at similar

Pt and Cu coverage (see Figures 6.30a and 6.30b) and are therefore assumed to be of

identical nature.

The preparation procedure 3 (P3) involves a different approach to reach a more dis-

perse distribution of the different atoms before the final annealing step. In this case,

small Pt islands, created by deposition of ca. 0.05 ML Pt at RT, shall serve as nucleation

sites for Cu and Pt adatoms upon deposition first of Cu (RT deposition) and subse-

quently of Pt, where the latter deposition step is performed with the sample heated
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Figure 6.32: Set of STM images recorded on a surface alloy prepared via preparation procedure
P2, with 0.9 ML Pt deposited at 750 K on a surface pre-covered with 0.2 ML Cu. a) Large
scale STM image (60 nm × 60 nm) including a bilayer island (3rd layer) on top of the extended
monolayer film close to a Ru step edge. The area in the square is shown with enhanced contrast,
to highlight the formation of a pure Pt area in this region (indicated by an arrow). b) Large
scale STM image (40 nm × 40 nm) recorded on the monolayer surface alloy on the terrace,
where arrows indicate the location of a faint line structure. c) Atomically resolved STM image
(5 nm × 5 nm) recorded on the monolayer surface in the vicinity of a bilayer island, which is
indicated by an arrow (right upper corner).

to 750 K, i.e., Pt is deposited into a matrix of mobile Cu adatoms (2–D liquid / 2–D

gas). This differs from P2 by the additional Pt islands serving as nucleation centres. In

Figures 6.33a and 6.33b we present STM images recorded on a Ru(0001) surface after de-

position of approximately 0.05 ML of Pt (Figure 6.33a) and after subsequent deposition

of 0.4 ML Cu, followed by annealing the surface for 10 min at 750 K (Figure 6.33b). Fig-

ure 6.33a confirms that Pt deposition under these conditions leads to homogeneously

distributed small Pt monolayer islands. Figure 6.33b demonstrates that after the an-

nealing step large monolayer islands are formed on the terraces. This is distinctly dif-

ferent from findings in a previous study, where a similar Cu adlayer, but without the

additional Pt islands, was found to largely attach to the ascending Ru(0001) steps.[399]

A closer look (at higher contrast) reveals that these Cu islands surround and include

the former Pt islands and that at least part of the Pt islands is intermixed with the sur-

rounding Cu monolayer (see inset in Figure 6.33b). The results demonstrate that the

Pt islands indeed act as nucleation centres, inducing the formation of Cu islands on

the terraces during cool-down, and that the Pt islands are still relatively stable against

dissolution at 750 K. It should be noted that the surface imaged in Figure 6.33b does

not represent the state of the surface during Pt deposition (at 750 K), but that after cool-

down. After Pt deposition at 750 K, the sample was annealed at that temperature for

additional 15 minutes.

A large scale STM image of a surface prepared via P3 is depicted in Figure 6.33c. The
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Figure 6.33: Set of STM images of the surface alloys resulting from preparation via P3 at differ-
ent stages of the preparation procedure. a) STM images of a surface with 0.05 ML Pt deposited
at RT on Ru(0001) (80 nm× 80 nm), and b) after subsequent deposition of 0.40 ML Cu at RT and
annealing at 750 K for 10 min (80 nm × 80 nm). The inset (20 nm × 20 nm) highlights the inter-
mixing of the metals within the islands. The large and atomic scale STM images in c) - h) depict
the surface after additional deposition of 0.65 ML Pt at 750 K, thus with a total amount of 0.7 ML
Pt and 0.4 ML Cu. The large scale image in c) (100 nm × 100 nm) shows several terraces with
bilayer islands (’3rd’) on the monolayer film (’1st’), that in d) (80 nm × 80 nm) resolves a line
structure (indicated by arrows) and an area with high Pt concentration (dashed circle) in the
monolayer film, indicative of an inhomogeneous monolayer structure. The atomically resolved
STM image in e) (8 nm × 8 nm) again resolves the faint line structure, the large scale STM im-
age in f) (50 nm × 50 nm) shows the coexistence of a pure Pt area next to a bilayer island and a
mixed area further away from the island on the terrace. The squares refer to higher resolution
images recorded in this area. g) "Quasi" atomically resolved STM image (20 nm × 20 nm) of the
mixed PtxCu1-x area and a pure Pt area close to a bilayer island. h) Atomically resolved STM
image (10 nm × 10 nm) of an almost pure Pt area near a bilayer island.
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surface consists of a monolayer surface alloy on the terraces and some bilayer structures

on top of the monolayer directly at the Ru step(s). Closer inspection of the flat mono-

layer surface alloy area on the terrace in the large scale STM image in Figure 6.33d and

in the atomic scale image in Figure 6.33e reveals faint lines (see white arrows) within

the surface alloy, similar to those that have been discussed above for surface alloys with

Pt contents of about 0.7 ML prepared via P1 or P2, respectively. Furthermore, also for

P3 prepared surfaces, larger scale STM images reveal regions with much higher Pt con-

tent, as illustrated in Figure 6.33d (area marked with a dotted circle). On the other hand,

statistical evaluation of several atomically resolved STM images in different regions of

the homogeneously mixed areas (and on other samples with different Pt content xPt

> 0.65 ML) did not show any variation of the composition within these areas. Hence,

also after preparation via procedure P3 the surface consists of homogeneously mixed

regions and Pt-rich or pure Pt areas. Overall, this result implies that in these surface

alloys (xPt > 0.65) the distribution of the surface atoms is not fully uniform.

A closer inspection of the STM images in the region close to the 2nd layer island in

Figure 6.33f reveals Pt rich areas close to that islands and mixed areas further away on

the terrace. The transition between the two structures is depicted in a ’quasi’ atomically

resolved STM image in Figure 6.33g. The Pt rich area is separately resolved also in Fig-

ure 6.33h. Interestingly, this image shows also a number of Cu atoms incorporated in

the Pt area. This result differs from the observation of the pure Pt areas on surfaces pre-

pared via P1, which do not show any incorporated Cu atoms (see Figure 6.30 and 6.31).

We tentatively explain this difference by the higher stability of the Pt islands formed

during deposition at RT during P1 against intermixing with Cu as compared to the in-

clusion of Cu adatoms during Pt deposition into a 2–D gas / 2–D liquid of mobile Cu

adatoms. The higher effective mobility of the Pt adatoms during the latter case as com-

pared to annealing the preformed Pt and Cu islands during P1 is held responsible also

for the preference of almost pure Pt areas to attach to the Ru step edges observed after

P2 and P3.

Overall, it turned out that with none of the different preparation procedures it was

possible to prepare fully homogeneous PtxCu1-x/Ru(0001) surface alloys for xPt > 0.65.

In all cases, Pt-rich areas were observed to coexist with homogeneously mixed areas,

and also additional line structures were observed in all cases. The surface alloys pre-

pared via sequential deposition at RT and subsequent annealing (P1) and those obtained

via P2 and P3 differ only insofar as the latter ones exhibit the characteristic bilayer is-

lands close to the Ru steps, which were not observed on P1 generated surfaces.
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These bilayer islands are only formed in the vicinity of Ru step edges, where also

Pt-rich or pure Pt areas were observed (see above). We speculate that the bilayer is-

lands are stabilized by an underlying Pt-rich monolayer phase. While this interpreta-

tion cannot be proven directly by STM imaging, it is supported by additional experi-

ments where after deposition of 0.7 ML Pt on top of a monolayer Cu covered Ru(0001)

surface and subsequent heating to 750 K bilayer islands were formed on top of a mono-

layer alloy film. As a result, we suggest that during the alloy formation process via P2

and P3, where the mobility of the Pt adatoms is higher than during RT deposition and

subsequent annealing at 750 K, due to the lower adatom density in the initial phases

of Pt deposition in P2 and P3, pure Pt areas or Pt-rich areas are formed at the Ru step

edge. These act as trap for mobile Cu adatoms in the second layer, which were cre-

ated by place exchange with Pt adatoms. Considering that such pure Pt areas or Pt-rich

areas are formed for all preparation procedures, we expect them to be stable under

present growth / intermixing conditions. In that case, the adlayer consists of 2 phases

for Pt concentrations xPt > 0.65, a mixed phase with Pt contents of 0.65 and a pure Pt

or Pt-rich phase. Under conditions of P2 or P3, the latter phase is stabilized by con-

densation at ascending Ru(0001) steps. This is topic of a combined experimental and

theoretical paper.[402] Finally it should be noted that similar effects, growth of bilayer

islands, has also been reported for other metal-on-metal growth systems such as Co on

Au(111)[411] or Ru on Pt(111)[290, 355]. Thermodynamically, the present case corre-

sponds to a Stranski-Krastanov growth mode.

6.5.2.3 Short-range order and homogeneity of the mixed surface phase

The short-range order and the homogeneity of the PtxCu1-x/Ru(0001) surface alloys in

the range 0.2 < xPt < 0.82 were determined quantitatively by statistical evaluation of

atomic resolution STM images with chemical contrast. Representative STM images of

PtxCu/Ru(0001) surface alloys with increasing Pt content (20% to 82% Pt content) are

presented in Figure 6.34. Figures 6.34a to 6.34g show surface alloys with Pt contents

< 65%, which as discussed are fully homogeneous. Figure 6.34h to 6.34l represent sim-

ilar images of the mixed areas of surface alloys with Pt content > 65% (in the mixed

phase), where the mixed phase coexists with a pure Pt or Pt-rich surface areas. The re-

spective preparation procedures (P1, P2 and P3) of the different surface alloys are given

in the Figure Caption. It is important to note that the differences in the Pt content in

different images of one surface were negligible. This underlines the homogeneity of
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the mixed phases formed at the different Pt contents. Atomically resolved STM images

recorded near a second layer island (see Figures 6.34b and 6.34c, respectively) demon-

strate that the Pt concentration close to the islands and in the 2nd layer islands is lower

than that in the homogeneous monolayer surface alloy. In those cases only the areas

with an apparently homogeneous surface alloy were included in the statistical evalu-

ation. On the other hand, the density and atomic distributions in the ’homogeneous’

part of the images closely resembled those observed in other images recorded on the

same surface.

Ordering of the atoms within the surface alloys can be quantified by the Warren-

Cowley short-range order (SRO) coefficient α.[104, 105] It has been introduced for bulk

alloys, but has been successfully applied on 2–D surface alloys of types AB on substrate

A[30, 94, 101, 111] and BC on A[102, 110]. In the case of a 2–D distribution of atoms, the

SRO coefficient is given by α(rNN) = 1− PAB(r)/xB, where PAB(r) is the probability to

find an atom B in a distance r from an atom A, normalized by the fraction of atoms B

in the surface xB. The distance r given in units of the nearest neighbour (NN) distance.

In that case, rNN is equal to 1,
√

3, 2,
√

7 and 3, respectively. The coefficient α(rNN)

is zero for a random distribution of the atoms in the surface, and positive/negative

for distributions with a preference for like/unlike neighbours. This method has been

introduced in more detail in former studies.[101, 102, 110].

The α(rNN) values resulting from the statistical evaluation of the images in Fig-

ure 6.34 and other comparable images of these surfaces (ca. 6000 atoms per Pt con-

centration) are shown in Figure 6.35 for a variety of different Pt concentrations. The

respective preparation procedures are marked at the top of the graph for the differ-

ent surface alloys. As indicated before, we evaluated several atomically resolved STM

images recorded at different locations of the sample for each Pt content, where the dif-

ferences between different images are reflected by the error bars (data points indicate

the mean value of those derived from different images evaluated).

First we focus on the distribution of the atoms of surface alloys with Pt concentra-

tions between 20% and 65%, which were found to be fully homogeneous and which do

not show any line structures or pure Pt areas, neither on large scale nor on atomic scale

STM images. Over the entire range the SRO parameters α(rNN) for rNN = 1,
√

7 and

3 are close to zero, characteristic for a random distribution of the atoms in the surface

alloy (except α(rNN = 1) for Pt contents < 30% Pt). For rNN =
√

3 the value is negative

for all Pt concentrations (α(rNN =
√

3) ≈ −0.05), describing a slight preference for un-

like neighbours at this distance, and for rNN = 2 it is positive for all Pt concentrations
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Figure 6.34: Representative, atomically resolved STM images of surface alloys with increas-
ing Pt content prepared via different preparation procedures (P1, P2 and P2, mentioned
for each image, Pt contents refer to the composition of the homogeneously mixed areas).
a) Pt22Cu78/Ru(0001), (P1, 8 nm × 8 nm); b) Pt26Cu74/Ru(0001) (P1, 8 nm × 8 nm);
c) Pt34Cu66/Ru(0001) (P1, 7 nm × 7 nm), showing a bilayer alloy in the right lower part;
d) Pt40Cu60/Ru(0001) (P3, 10 nm × 10 nm); e) Pt52Cu48/Ru(0001) (P1, 8 nm × 8 nm);
f) Pt54Cu46/Ru(0001) (P1, 8 nm × 8 nm); g) Pt57Cu43/Ru(0001) (P3, 9 nm × 9 nm);
h) Pt71Cu29/Ru(0001) (P2, 6 nm × 6 nm); i) Pt73Cu27/Ru(0001) (P3, 10 nm × 10 nm);
j) Pt76Cu24/Ru(0001) (P3, 5.5 nm × 5.5 nm); k) Pt77Cu23/Ru(0001) (P3, 8 nm × 8 nm);
l) Pt81Cu19/Ru(0001) (P2, 8 nm × 8 nm).
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Figure 6.35: SRO coefficients α(rNN) for all surfaces with Pt concentrations between 20% and
65%, which were found to be fully homogeneous and which do not show any additional line
structures or pure Pt areas, and for Pt concentrations > 65%, where the xPt contents were cal-
culated only from the mixed areas. The respective preparation procedures are indicated at the
top of the graph (rNN = 1, blue rhombus; rNN =

√
3, violet triangles; rNN = 2, green squares,

rNN =
√

7, red dots; rNN = 3, black crosses).

(α(rNN = 2) = −0.05), describing a similarly small preference for like neighbours at

this distance. Overall, the deviation from a statistical distribution is small, but signifi-

cant.

The data in the composition range of 20% to 65% Pt content in the surface alloy also

comprise two surfaces prepared via P3 (40% and 57% Pt). The SRO values do not differ

significantly from those obtained for P1 prepared surfaces, confirming the impression

gained from visual inspection that both preparation procedures lead to similar distri-

butions of the different species in the surface alloy. Furthermore, these findings also

support our previous conclusion that 2–D equilibrium is reached for these preparation

conditions. It should be noted that the equilibrium distribution does not reflect the

actual equilibrium at RT, where the STM images have been recorded, but rather the

equilibrium at an elevated temperature (’freezing temperature’) between the alloy tem-

perature and RT, where the mobility of the metal adatoms in the mixed phase becomes

too slow to maintain the equilibrium distribution during cool-down.

Compared with other surface alloys, the trend of the SRO coefficients of the

PtxCu1-x/Ru(0001) surface alloy with a Pt content between 20% and 65% is rather un-

usual. In most cases the SRO Coefficients were found to exhibit a common trend, which
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is characteristic for either a tendency for like or for unlike neighbours, or for a ran-

dom distribution, with the absolute values decreasing with increasing distance. Fur-

thermore, these characteristics were essentially maintained in the entire concentration

regime. This way, PtxRu1-x/Ru(0001)[101] showed characteristics typical for a random

distribution of the surface atoms, PdxRu1-x/Ru(0001)[111] and AuxPt1-x/Pt(111)[33,

113] exhibited a preference for like neighbours and PdxCu1-x/Ru(0001)[102, 103] a pref-

erence for unlike neighbours. In the present case of the PtxCu1-x/Ru(0001) surface al-

loys, however, the preferences change from a random distribution of the atoms in the

first neighbouring sphere to a preference for like neighbours in the second sphere, then

to a preference for heterogeneous neighbours in the third neighbouring sphere and fi-

nally back to a random distribution for the fourth and fifth neighbouring sphere. Over-

all, this indicates a tendency towards the formation of more complex mixed structures.

Since the same atom distribution is observed in several individual measurements in a

wide concentration range (20% to 65% Pt), the SRO values are considered to be repre-

sentative for this surface alloy.

For PtxCu1-x/Ru(0001) surface alloys with Pt concentrations larger than 65% (in the

mixed area), surface alloy formation was achieved via preparation procedures P2 or P3.

These surface alloys differ from the surface alloys with lower Pt content (20% - 65%)

not only by the appearance of the additional weak line structures and by the pure Pt /

Pt-rich areas close to the Ru step, but also in their distribution of surface species as given

by the SROs. For instance, for an alloy with 71% Pt prepared via P2 the α(rNN = 1) is

positive, reflecting a preference for like neighbours, while for a 60% Pt surface alloy pre-

pared via P1 it is around zero. Such a sudden change in SROs with increasing content of

one component had not been observed in previous studies on comparable monolayer

surface alloys, e.g., in PdxCu1-x/Ru(0001).[102] One might argue that the structures ob-

served and analysed for the different surface alloys are kinetically hindered metastable

structures and that depending on the Pt content kinetic limitations lead to very differ-

ent structures. But as discussed in the previous section, the rather similar structures

obtained for different preparation procedures indicate that the mixed structures indeed

represent equilibrium phases, both below and above 65% Pt content in the mixed struc-

ture. It is also possible and even likely, that the freezing temperature varies with Pt

content, but this would cause only rather subtle changes in the distribution of surface

species. Overall, we assume the change in SROs from xPt < 0.65 to xPt > 0.65 to be

realistic, although the physical reason for it is not yet clear.

Finally it should be noted that considering the inhomogeneities in the surface atom
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distribution caused by the formation of pure Pt or Pt-rich areas mainly at the Ru steps

or by the dislocation lines, the PtxCu1-x/Ru(0001) monolayer surface alloys are suitable

model systems for evaluating the (electro-)chemical / (electro-)catalytic properties of

specific bimetallic PtxCuy ensembles only in the Pt concentration range 0.20 < xPt < 0.65.

At lower or higher Pt concentrations, the measured (electro-)chemical and (electro-

)catalytic properties of the surface, which are determined as average of the entire sur-

face, contain contributions also from structurally different areas of the surface, where

the latter can hardly be separated. On the other hand, these model surfaces are struc-

turally much simpler and better defined than PtCu/Pt(111) or PtCu/Cu(111) model

systems, where surface intermixing goes along with Cu or Pt diffusion into subsurface

layers, respectively, leading to mixed compositions also of deeper layers, which will af-

fect the chemical properties of PtxCuy surface ensembles in a complex way. In that case

a quantitative evaluation is essentially impossible because of the variation in chemical

properties of PtxCuy surface ensembles with differing underlying neighbours. Thus,

despite of their limitations, PtxCu1-x/Ru(0001) monolayer surface alloys are still con-

sidered to be very useful model systems for the quantitative evaluation of the (electro-

)chemical and -catalytic properties of specific PtxCuy ensembles and comparison with

theoretical models.

6.5.3 Conclusion

We have investigated the structure and structure formation of PtxCu1-x/Ru(0001)

monolayer surface alloys, which are considered as structurally well-defined model

systems for studying the (electro-)chemical / (electro-)catalytic properties of bimetal-

lic PtCu surfaces and catalysts. Aiming at a homogeneously intermixed surface layer

without exchange between Ru(0001) substrate and deposit material, we employed dif-

ferent preparation procedures. Based on the results of extensive and systematic STM

measurement we arrived at the following conclusions:

1. We have successfully developed experimental procedures which allow the forma-

tion of intermixed monolayer PtxCu1-x surfaces without activating the exchange

with the underlying Ru(0001) substrate.

2. Depending on the Pt content, the resulting PtxCu1-x surface layers are homoge-

neously intermixed (0 < xPt < 0.65) or they coexist with pure Pt or Pt-rich surface

areas (0.65 < xPt < 0.82). Furthermore, the surfaces exhibit triangular dislocation
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structures at low Pt contents (xPt < 0.2) and faint line structures at high Pt con-

tents (xPt > 0.65). Both the resulting mixed areas and the additional structures are

largely independent of the preparation procedure. Only for sequential deposi-

tion of first Pt and then Cu and subsequent annealing at 750 K intermixing is less

complete, which is explained by the inability of Cu to exchange with pre-formed

Pt islands during post-deposition of Cu at RT, while for the reverse deposition

order exchange of Pt adatoms with pre-formed Cu monolayer islands seems to

be facile even at RT. Likewise, Pt deposition at 750 K on a partly Cu covered

Ru(0001) substrate leads to more disperse structures. The higher dispersion of

the Pt atoms before the intermixing step results in an improved homogeneity of

the mixed layer in the latter case.

3. The pure Pt or Pt-rich monolayer areas formed at high Pt contents

(0.65 < xPt < 0.82), which are mostly condensed at ascending steps of the Ru(0001)

substrate, act as trap sites for the growth of Cu-rich bilayer islands if the total

amount of deposited material exceeds 1 ML.

4. The distribution of the different species in the surface layer, characterized by sta-

tistical evaluation of atomic resolution STM images with chemical contrast and

calculation of Warren-Cowley short-range order coefficient, shows rather low val-

ues of the SRO coefficients, which vary between random distribution and slight

preferences for like and unlike neighbours, depending on the distance. In the

range of homogeneous mixed surface layers (0.20 < xPt < 0.65) these characteris-

tics are essentially independent of the Pt content and of the preparation proce-

dure. The latter indicates that this distribution reflects the 2–D thermodynamic

equilibrium of the surface alloy. Because of the structural inhomogeneities (dislo-

cation line structures) and the lack of atomic resolution in STM images, SRO coef-

ficients were not determined at xPt < 0.2. At higher Pt contents (0.65 < xPt < 0.82),

they differ significantly from the set determined in the range of intermediate Pt

contents, indicating that this range differs from the range of lower Pt contents

not only by the formation of pure Pt or Pt-rich areas, but also by different atomic

distributions in the monolayer surface alloy.

The detailed knowledge of the atomic distributions and hence of the abundance of

different pure and mixed atomic ensemble configurations in combination with the ho-

mogeneity of the surfaces at Pt surface concentrations between 0.20 and 0.65 makes

these bimetallic PtxCu1-x/Ru(0001) monolayer surface alloys interesting and highly
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suitable model systems for studies of the (electro-)chemical / (electro-)catalytic prop-

erties of PtCu electrodes / surfaces and catalysts, which aim at an atomic scale un-

derstanding of the on-going processes. This is of particular interest considering the

excellent performance of bimetallic PtCu catalysts in the electrocatalytic O2 reduction

reaction.
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In the present thesis, nanostructured and structurally well defined model electrodes

prepared under UHV conditions have been investigated with respect to three different

aspects. First, with respect to their structure formation under UHV conditions using

STM as main technique, second with respect to their electrochemical activity in the

electrocatalytic CO oxidation in a newly designed electrochemical flow cell set up

attached to the main UHV chamber, and third with respect to the electrode stability

under reaction conditions, tested with STM under UHV conditions after the (electro–)

catalytic investigation. The model nanostructures investigated were classified into

three types of structural dimensionality to disentangle the influence of individual

structural properties on the catalytic activity of a surface, as described in Section 4; For

this work, (i) 0–D structures describe well defined Pt, Ru and bimetallic PtRu cluster

arrays on Ru(0001) supported monolayer graphene with homogeneous properties, (ii)

1–D structures describe bimetallic interfaces on Pt modified Ru(0001) surfaces and (iii)

2–D structures describe well defined surface alloys of the type AB/A (PtxAu1-x/Pt(111)

and PtxRu1-x/Ru(0001)) and BC/A (PtxCu1-x/Ru(0001)). Depending on previous

studies reported in the literature on each class of material prior to the start of this

thesis (see Objective in Chapter 2), the investigations were either more focused on

the structure formation or on the electrocatalytic activity of the model electrodes

respectively. The major findings for 0–D, 1–D and 2–D structures investigated in this

thesis are summarized in the following paragraphs. The thesis is finally concluded by

final remarks at the end of this Chapter.

0–D Structures: metal cluster arrays

At the beginning of the thesis only the growth of Ir clusters on graphene/Ir(111)

has been reported in the literature,[36] for metal cluster growth on metal supported

graphene layers. In this work the growth behavior of Pt, Ru and bimetallic PtRu

clusters on graphene/Ru(0001) has been studied. In a first step, a defect free graphene

sheet on Ru(0001) has been prepared, showing a long-range Moiré pattern with

a periodic array of nucleation centers (fcc hollow sites). For RT deposition of Pt
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and Ru, only a fraction of the nucleation centers is populated with clusters. The

cluster density is lower for Pt compared to Ru for the same deposition conditions.

This has been attributed to the lower diffusion barrier of Pt compared to Ru on the

substrate. The cluster density can be increased by reducing the sample temperature

during the deposition of the metals. An attempt to increase the cluster density by

increasing the deposition rate shows an unusual rate independent behavior, which is

in contradiction to nucleation and growth theory and is still subject of investigation

by KMC simulations. Sequential deposition of the metals leads to the formation of

almost only bimetallic PtRu clusters, if the mean free distance between the clusters

grown in the first deposition step is smaller than the mean free diffusion distance

of the subsequently deposited metal at present experimental conditions. Otherwise

both mono- and bimetallic cluster growth is observed (pure Ru and bimetallic PtRu

clusters). From STM imaging it is not possible to resolve the mono- or bimetallic

character of the clusters. In collaboration with colleagues from Iowa State University

and Colgate University, the mono- and bimetallic cluster growth has been studied

employing KMC simulations. The experimental cluster densities as well as the lateral

distribution of the clusters have been reproduced and the composition of individual

clusters could be determined, which was not accessible experimentally. Finally these

simulations allow to determine the chemical composition of the clusters, which is

required for further electrocatalytic investigations. In a follow up project, Pt clusters

on graphene/Ru(0001) with sizes between 10 and 1 atomic layer (< 100 atoms), have

been tested with respect to their electrocatalytic activity for the HER. The activity

of the clusters (except for the smallest) exceeds the activity of polycrystalline Pt.

Furthermore, the activity of the clusters increases with decreasing cluster size, with

a maximum for three layers high clusters. Smaller clusters become less active. Thus

these measurements show that metal particles gown on metal supported graphene

layers, is a suitable model catalyst to study cluster size effects. Additional experimental

and theoretical studies are required to elucidate the actual active sites on these clusters.

1–D Structures: linear (bi)metallic interfaces

Several systems of bimetallic 1–D structures prepared under UHV conditions have

been investigated intensively before the beginning of the thesis, primarily focusing on

the structure formation. In this work Pt island modified Ru(0001) surfaces have been

investigated with respect to their structure formation by STM under UHV conditions

and subsequently with respect to their electrocatalytic activity for the CO electrooxi-
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dation in 0.5 M H2SO4, employing a newly designed electrochemical flow cell set-up

attached to the main UHV chamber. The surfaces consisted of monolayer high Pt is-

lands grown at elevated sample temperatures at the Ru step edges, stretching over the

lower Ru(0001) terrace. Increasing the amount of Pt, increases the exposed Pt area and

decreases the exposed Ru(0001) area, whereas the number of bimetallic interfaces at

the Ru step and the Pt step remain constant. Reducing the sample temperature during

the Pt growth, leads to the formation of small monolayer high Pt islands on Ru(0001),

which show an increased number of PtRu step sites, compared to islands attached to the

Ru step edges. The electrocatalytic investigations revealed that the increasing number

of bimetallic interface sites does not significantly enhance the catalytic activity of the

surface. This is somewhat contradictory to a bifunctional mechanism proposed for the

CO oxidation on bimetallic PtRu electrodes, where the presence of Ru aggregates in a

Pt catalyst should enhance the activity compared to pure Pt catalysts, since Ru provides

under reaction conditions oxide species (OHad or Oad) at lower overpotential compared

to pure Pt. A possible reason for the similar activity of surfaces with different amount

of bimetallic sites is attributed to the overall activity for the entire surface, which might

mask the actual activity of the bimetallic sites and thus it would be a hasty conclusion

that these sites are not active at all. In order to elucidate that the bimetallic PtRu sites

do not necessarily enhance the activity of a catalytic reaction, further (electro-)catalytic

investigations on model surfaces with bimetallic sites, different to those reported in this

thesis, as wells as different reactions need to be considered in future studies.

The stability of the 1–D nanostructured bimetallic PtRu electrodes, has been tested

by STM measurements under UHV conditions after the electrocatalytic measurements

in the newly designed attached flow cell set-up. So far such kind of measurements

have not been reported in former model catalyst studies on samples prepared under

UHV conditions, but is highly important to derive an unambiguous structure | activity

relationship. The previously discussed Pt island modified Ru(0001) surfaces have been

shown to be stable under reaction conditions up to 0.90 V. Increasing the upper poten-

tial limit above 0.90 V during the electrocatalytic reactions leads to severe restructuring

of the electrode surfaces, shown by STM measurements under UHV conditions after

the electrochemical investigation, especially on Pt islands, where 3–D Pt particles are

formed and the Ru substrate is exposed. The restructured surfaces give rise to an

increase in activity for the CO oxidation at lower overpotentials (< 0.90 V vs. RHE),

where the non-restructured surfaces are almost inactive. A higher activity for the CO

oxidation at equally low potentials (< 0.90 V) on Pt modified Ru electrodes, prepared
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by electrodeposition of Pt, has been reported in the literature in former studies, which

at that time has been attributed to the above mentioned bifunctional mechanism. From

the findings in this thesis, it is assumed that the defect rich Pt structures are primarily

responsible for the increased activity. Further investigations are, however, required to

design appropriate model catalyst surfaces, to resolve these structurally highly active

sites.

2–D Structures: surface alloys

The surface alloy formation mechanism of AB/A systems has been investigated in-

tensively in former experimental and theoretical studies. In the case of BC/A surface

alloys systematic studies are, however, rare. In this work a systematic coverage depen-

dent study on PtxCu1-x/Ru(0001) surface alloys has been performed. Using the general

approach to prepare BC/A surface alloys by subsequent deposition of the metals and

annealing of the sample at elevated temperature (in this case 750 K) leads to the for-

mation of dislocation lines and pure Pt areas within the PtCu surface alloy. The reason

for the inhomogeneous surface alloy formation is attributed to local fluctuations in the

PtCu composition and therein a different degree of tensile or compressive strain within

the surface alloy. Furthermore, the weak tendency for the dissolution of the Pt areas

within the Cu film, can be rationalized by the strong interaction of Pt with the Ru(0001)

substrate and the lateral interaction of the Pt atoms among each other in pure Pt ar-

eas, which leads to a kinetic hindrance for the lateral intermixing with Cu. This kinetic

hindrance can be partly overcome by tuning the experimental conditions (deposition

order and deposition temperature) to control the initial amount of pure Pt aggregates

on the surface. This leads finally to homogeneous alloy formation for intermediate Pt

coverages (20% to 65%). For low Pt contents (< 20%) a distinct reconstruction pattern is

observed and for high Pt contents (> 65%) the coexistence of pure Pt areas, inhomoge-

neously mixed areas and line structures is observed.

Several surface alloys of type AB/A, such as AuxPt1-x/Pt(111)[33] and

PtxRu1-x/Ru(0001)[34] surface alloys, are characterized in detail on the distribu-

tion of the surface atoms by atomically resolved STM imaging under UHV conditions.

They are a perfect model systems to study structural effects such as ensemble and

lateral ligand effects (described in Section 3.3) in an (electro-)catalytic environment.

Around this work, ORR measurements have been performed on AuxPt1-x/Pt(111) and

PtxRu1-x/Ru(0001) surface alloys.[29, 33, 34] The results were compared to simulated

ORR activities, based on DFT computed binding energies of reaction intermediates
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(OHad and OOHad) present in the ORR, taking into account experimentally determined

distributions of catalytically relevant ensembles derived from the atomically resolved

STM images.[29, 33, 34] It has been shown that DFT calculations, based on a single

descriptor, are rather accurate to predict trends in the activity of surface alloys with

respect to the ORR. Reliable results are, however, only obtained when the local

atomic structure of bimetallic surface alloys is precisely determined from experimental

studies. This is particularly true, when the atoms are not randomly distributed

in the surface alloy as in PtxRu1-x/Ru(0001), but show for example strong phase

separation as observed in AuxPt1-x/Pt(111). This emphasizes the importance of funda-

mental studies on surface alloy formation and characterization on an atomic scale level.

Final remarks

In total, first it has been shown that the preparation of model electrodes under UHV

conditions investigated by STM on an atomic scale, in combination with an electroche-

mical set-up (introduced in Section 3.1) is a powerful technique to elucidate the influ-

ence of structural effects on the catalytic activity, for structures that are otherwise not

accessible. Furthermore, the well defined model surfaces are highly relevant for com-

parison with existing and future theoretical studies, since in general these studies only

permit the investigation of local reactivities. In some cases this leads to rather accurate

predictions of catalyst activities, however, as described above, probing the local struc-

tures experimentally is indispensable to derive an unambiguous structure | activity

relationship.

Second, understanding the concepts of structure formation introduced in Section 3.2,

provides a rational approach for the design of nanostructures with different dimen-

sionality, introduced in Chapter 4. This approach is exemplary shown in this work by

using a Ru(0001) single crystal as common substrate to prepare nanostructures of differ-

ent dimensionality, e.g, the choice of the temperature for deposition of sub-monolayer

amounts of Pt on Ru(0001) leads at low temperatures to monolayer high island for-

mation (1–D model system, see Sections 6.3 and 6.4), where at high temperatures a

surface alloy is formed (2–D model system, see Reference [34]), and by modifying the

substrate with a graphene layer, the interaction of the deposited Pt atoms with the sub-

strate changes compared to Ru(0001), such that three–dimensional cluster growth (0–D

model system, see Section 6.2 and Reference [32]) is observed. Exploring new classes

of material, as in this thesis, and understanding the growth kinetics of structure forma-

tion, is finally important for the preparation of more complex nanostructured surfaces.
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Third, the classification of nanostructures in three types of dimensionality (Chap-

ter 4) is a reasonable approach to address the different concepts of a structure | activity

relationship introduced in Section 3.3.

Finally, based on the new concepts of structure formation and investigation of catalyt-

ically relevant model systems in a combined UHV-EC set-up introduced in this thesis,

a common basis to derive an unambiguous structure | activity relationship has been

set for future model catalytic studies on UHV prepared model electrodes.
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8 Zusammenfassung und Schlussbemerkung

In der vorliegenden Doktorarbeit wurden nanostrukturierte und strukturell wohl

definierte Modellelektroden unter UHV Bedingungen in Bezug auf drei unter-

schiedliche Aspekte untersucht. Erstens, in Bezug auf deren Strukturbildung unter

UHV Bedingungen, welche hauptsächlich mit STM untersucht wurde, zweitens,

in Bezug auf deren elektrokatalytische Aktivität für die CO Oxidation, die in einer

neuartigen elektrochemischen Flusszelle, kombiniert mit der UHV Hauptkammer

durchgeführt wurden, und drittens, in Bezug auf deren Elektrodenstabilität unter

Reaktionsbedingungen, die mittels STM Messungen im Anschluss an die elek-

trochemischen Messungen unter UHV Bedingungen untersucht wurde. Die hier

vorgestellten Modellsysteme wurden in drei Typen struktureller Dimensionalität klas-

sifiziert, um den Einfluss individueller struktureller Eigenschaften auf die katalytische

Aktivität einer Oberfläche zu ermitteln, wie es in Kapitel 4 beschrieben wurde. In

dieser Arbeit beschreiben; (i) 0–D Strukturen wohl definierte Pt, Ru und bimetallische

PtRu Cluster mit homogenen Eigenschaften die auf Ru(0001) geträgertem monolagen

Graphene gewachsen wurden, (ii) 1–D Strukturen bimetallische Grenzstrukturen an

Pt modifizierten Ru(0001) Oberflächen, und (iii) 2–D Strukturen wohl definierte Ober-

flächenlegierungen des Typs AB/A (PtxAu1-x/Pt(111) und PtxRu1-x/Ru(0001)) als auch

BC/A (PtxCu1-x/Ru(0001)). Abhängig vom Umfang der Studien zu den jeweiligen

Modellsystemen über die vor Beginn dieser Doktorarbeit in der Literatur berichtet

wurden (siehe Zielsetzung in Kapitel 2), wurde der Schwerpunkt entsprechend eher

auf die Untersuchung der Strukturbildung oder der elektrokatalytischen Eigenschaften

der jeweiligen Modellsysteme ausgerichtet. In den folgenden Abschnitten werden

die bedeutendsten Ergebnisse der in dieser Arbeit Untersuchten 0–D, 1–D und 2–D

Strukturen zusammengefasst. Die Doktorarbeit wird am Ende dieses Kapitels mit

einer Schlussbemerkung abgeschlossen.

0–D Strukturen: geträgerte Metall–Cluster

Zu Beginn dieser Doktorarbeit wurde lediglich über das Wachstum von Ir Clustern

auf Graphene/Ir(111) in der Literatur berichtet,[36] exemplarisch für Metallwachstum
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auf Metall geträgertem Graphene. In dieser Arbeit wurde das Wachstumsverhalten

von Pt, Ru und bimetallischen PtRu Clustern auf Graphene/Ru(0001) untersucht. In

einem ersten Schritt wurde eine Graphene Schicht frei von Defekten auf Ru(0001)

hergestellt, die eine Moiré Struktur mit einer periodischen Anordnung von Nukleation-

szentren (fcc Platz) aufzeigt. Nach Aufdampfen von Pt und Ru bei Raumtemperatur

wird nur ein Teil dieser Plätze mit Clustern besetzt. Bei ähnlichen Aufdampfbe-

dingungen ist die Clusterdichte für Pt geringer im Vergleich zu Ru. Dies wurde

einer geringeren Diffusionsbarriere von Pt im Gegensatz zu Ru auf der Oberfläche

zugewiesen. Die Clusterdichte kann erhöht werden, indem die Probentemperatur

während des Aufdampfen verringert wird. Ein Versuch die Clusterdichte durch

Erhöhen der Aufdampfrate zu variieren, zeigte ein untypisches ratenunabhängiges

Verhalten im Gegensatz zu dem generellen Wachstumsverhalten von Metallen auf

Oberflächen, was mit Hilfe der Nukleations- und Wachstumstheorie beschrieben

wird. Dieser Befund ist z.Z. noch Gegenstand von weiteren KMC Simulationen.

Sequentielles Aufdampfen der Metalle führt zur Bildung von nahezu ausschließlich

bimetallischen Clustern, wenn die mittlere Abstand zwischen den zuerst gewachsenen

Clustern im ersten Aufdampfschritt kleiner ist als die mittlere freie Weglänge des als

zweites aufgedampften Metalls bei entsprechenden experimentellen Bedingungen.

Im umgekehrten Fall ist sowohl mono- als auch bimetallisches Clusterwachstum zu

beobachten (reine Ru und bimetallische PtRu Cluster). Mittels STM Messungen ist

es nicht möglich den mono- oder bimetallischen Charakter der Cluster zu ermitteln.

In Zusammenarbeit mit Kollegen der Iowa State University und der Colgate Univer-

sity, wurde das mono- und bimetallische Clusterwachstum mit KMC Simulationen

untersucht. Mit diesem theoretischen Modell konnten die experimentell gemessenen

Clusterdichten als auch die laterale Verteilung der Cluster reproduziert werden und

die experimentell unzugängliche Zusammensetzung individueller Cluster bestimmt

werden. Diese Information ist für weiterführende elektrokatalytische Untersuchungen

relevant, um die gemessenen Aktivitäten den einzelnen Cluster zuordnen zu können.

In einem weiterführenden Projekt, wurden reine Pt Cluster auf Graphene/Ru(0001),

mit Clustergrößen zwischen 1 Lage und 10 Lagen (< 100 Atome), bezüglich ihrer

elektrokatalytischen Aktivität für die Wasserstoffentwicklung getestet. Die Aktivität

aller Cluster (bis auf die kleinsten) übersteigt der des polykristallinen Pt. Des Weiteren,

steigt die Aktivität der Cluster mit abnehmender Clustergröße, mit einem Maximum

für dreilagige Cluster. Kleinere Cluster zeigen wiederum eine geringer Aktivität. Diese

Messungen haben gezeigt, dass sich die in dieser Arbeit untersuchten 0–D Strukturen,
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Metall–Cluster auf Graphene/Ru(0001), als Modellsystem zur Untersuchung von

Partikelgrößeneffekt eignet. Zusätzliche experimentelle und theoretische Studien sind

jedoch nötig, um die eigentlichen aktiven Plätze zu identifizieren.

1–D Strukturen: lineare (bi)metallische Grenzflächen

Vor Beginn dieser Doktorarbeit wurde über eine Vielzahl an in UHV präparierten

bimetallischen 1–D Strukturen in der Literatur berichtet, die sich größtenteils mit deren

Strukturbildung befassten. In dieser Arbeit wurden Pt modifizierte Ru(0001) Ober-

flächen, bezüglich ihrer Strukturbildung mit STM Messungen unter UHV Bedingungen

charakterisiert und anschließend in Bezug auf ihre elektrokatalytische Aktivität für die

CO Oxidation in 0.5 M H2SO4 untersucht. Die Messungen wurden in einer an die UHV

Kammer eigens für diese Arbeit neu gestalteten elektrochemischen Flusszelle durchge-

führt. Die Oberflächen bestehen aus monolagen hohen Pt Inseln, die bei erhöhter Tem-

peratur an den Ru Stufenkanten gewachsen wurden und sich über die tieferliegende

Terrasse erstreckten. Eine Erhöhung der Pt Bedeckung hat zur Folge, dass sich die

freie Ru(0001) Fläche verringert, die Anzahl an bimetallische Grenzstrukturen an den

Ru Stufen und den Pt Stufen jedoch konstant bleibt. Durch Aufdampfen von Pt bei

geringerer Probentemperatur bilden sich kleine monolagen hohe Pt Inseln auf dem

Ru(0001), welche eine höhere Anzahl an PtRu Kantenplätzen besitzen, im Gegensatz

zu den bei höherer Temperatur gewachsenen Pt Inseln die sich ausschließlich an den

Ru Stufenkanten bilden. Die elektrokatalytischen Eigenschaften zeigen, dass eine er-

höhte Anzahl an bimetallischen PtRu Plätzen, nicht in einer signifikanten Erhöhung

der katalytischen Aktivität resultiert. Dies steht im Gegensatz zu einem für die CO

Oxidation vorgeschlagenen bifunktionalen Mechanismus, der besagt, dass die Anwe-

senheit von Ru in Pt Katalysatoren zu einer erhöhten Aktivität gegenüber reinen Pt

Katalysatoren zur Folge haben sollte, da Ru sauerstoffhaltige Spezies (OHad or Oad) bei

geringerem Potential als reines Pt zur Verfügung stellt. Eine mögliche Erklärung für

die ähnliche Aktivität von Oberflächen mit unterschiedlicher Anzahl an bimetallischen

Plätzen ist, dass die Aktivität der gesamten Oberfläche, die eigentliche Aktivität der

geringen Anzahl an bimetallische PtRu Plätzen verbergen. Es wäre daher voreilig zu

behaupten, dass diese Plätze in keiner Weise für diese Reaktion aktiv sind. Um sicher

zu Stellen, dass bimetallische PtRu Plätze nicht in jedem Fall zu einer Erhöhung der

katalytischen Aktivität führen, sind zusätzliche Messungen an Modelloberflächen mit

unterschiedlichen strukturellen Eigenschaften nötig. Zudem sollten zusätzliche Reak-

tionen berücksichtigt werden.
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Die Stabilität der 1–D nanostruktierten bimetallischen PtRu Proben wurde mittels

STM Messungen unter UHV Bedingungen nach den zuvor beschriebenen elektrokat-

alytischen Messungen in einer an die Kammer angeschlossenen neuartigen Flusszelle

untersucht. Entsprechende Messungen an UHV präparierten Proben sind derzeit nur

in dem in dieser Arbeit neu gestalteten experimentellen Aufbau realisierbar. Diese

sind unabdingbar um eine eindeutige Struktur- | Aktivtäts-beziehung herzustellen.

Die zuvor beschriebenen Pt Insel modifizierten Ru(0001) Oberflächen sind unter Reak-

tionsbedingungen bis zu einem Potential von 0.90 V stabil (Referenzpotential gegen

reversible Wasserstoffelektrode). Eine Erhöhung des Potentials größer 0.90 V während

der elektrokatalytischen Messungen hat eine Restrukturierung der Elektrodenober-

flächen zur Folge, was im Anschluss mittels STM Messungen unter UHV Bedingungen

gezeigt wurde. Dies ist besonders anhand der ursprünglichen Pt Inseln zu erkennen,

welche 3–D Pt Partikel auf dem Ru Substrat bilden. Die restrukturierten Proben

zeigen eine erhöhte Aktivität für die CO Oxidation bei kleinen Potentialen (< 0.90 V),

der Bereich in dem die nicht restrukturierten Proben kaum aktiv sind. Eine erhöhte

Aktivität für die CO Oxidation an Pt modifizierten Ru(0001) Oberflächen bei ähnlich

geringen Potentialen (< 0.90 V) wurde in früheren Studien in der Literatur gezeigt,

was seiner Zeit dem oben beschriebenen bifunktionalen Mechanismus zugeschrieben

wurde. Anhand der Ergebnisse in dieser Arbeit wird jedoch angenommen, dass

primär die defektreichen Pt Strukturen (3–D für die erhöhte Aktivität verantwortlich

sind. Weiterführende Messungen an wohl definierten Modellkatalysatoren sind jedoch

nötig, um die Struktur der aktiven Plätze näher zu beleuchten.

2–D Strukturen: Oberflächenlegierungen

Der Legierungsmechanismus von AB/A Systemen wurde in früheren experi-

mentellen und theoretischen Studien intensiv untersucht. Im Falle von BC/A Ober-

flächenlegierungen sind in der Literatur systematische Studien jedoch selten. In dieser

Arbeit wurde eine systematische bedeckungsabhängige Studie an PtxCu1-x/Ru(0001)

Oberflächenlegierungen durchgeführt. Der generell verwendete Ansatz um BC/A

Oberflächenlegierungen herzustellen, durch nacheinander Aufdampfen der Metalle

mit einem anschließenden Heizschritt (in diesem Fall 750 K), führt zur Bildung von

Versetzungslinien und reinen Pt Bereichen innerhalb der PtCu Oberflächenlegierung.

Der Grund für die Bildung einer inhomogenen Oberflächenlegierung liegt wahrschein-

lich in der lokalen Variation der PtCu Bedeckung, die zu einer unterschiedlich starken

lateralen Verspannung innerhalb der Oberflächenlegierung führt. Zusätzlich kann das
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Vorhandensein der reinen Pt Bereiche durch die starke Wechselwirkung des Pt mit dem

Ru(0001) Substrat als auch der lateralen Wechselwirkung der Pt Atome untereinander

zugeschrieben werden, was zu einer kinetischen Limitierung in der lateralen Durch-

mischung mit der Cu Schicht führt. Diese kinetische Limitierung kann Teilweise durch

Verändern der experimentellen Bedingungen (Reihenfolge der aufgedampften Metall

und Temperatur während des Aufdampfen) überwunden werden, wodurch die initiale

Anzahl an Pt–Pt Nachbarschaften variiert werden kann. Dies führt zumindest für mit-

tlere Pt Bedeckungen zu einer homogenen Legierungsbildung.

Mehrere Oberflächenlegierungen des Typs AB/A, wie bspw. AuxPt1-x/Pt(111)[33]

und PtxRu1-x/Ru(0001)[34] Oberflächenlegierungen, wurden im Detail auf die

Verteilung der Atome in der Oberfläche anhand von atomar aufgelösten STM

Bildern untersucht. Diese Oberflächenlegierungen bilden perfekte Modellsysteme

um strukturelle Effekte, wie Ensemble und laterale Ligandeneffekte (siehe Ab-

schnitt 3.3), in elektrochemischer Umgebung zu untersuchen. Im Rahmen dieser

Arbeit wurde die Sauerstoff-Reduktionsreaktion (ORR) an AuxPt1-x/Pt(111) und

PtxRu1-x/Ru(0001) Oberflächenlegierungen durchgeführt.[29, 33, 34] Die Ergebnisse

wurden mit simulierten Aktivitäten verglichen, die auf DFT berechneten Bindungsen-

ergien für ORR relevante Reaktionsintermediate (OHad and OOHad) basieren. Dabei

wurden die experimentell mittels STM bestimmten Verteilungen von katalytischen

relevanten Ensembles mit einbezogen.[29, 33, 34] Es konnte gezeigt werden, dass DFT

Rechnungen, basierend auf einem einzelnen Deskriptor, relativ genaue Vorhersagen

über katalytische Trends von Oberflächenlegierungen ermöglichen. Zuverlässige

Ergebnisse erhält man jedoch nur, wenn die lokale atomare Struktur der bimetallischen

Oberflächenlegierungen experimentell präzise bestimmt wurde. Dies ist besonders

dann von Bedeutung, wenn die Atome in der Oberfläche keiner Zufallsverteilung

aufweisen, wie für PtxRu1-x/Ru(0001), sondern bspw. eine Phasenseparation, wie

für AuxPt1-x/Pt(111). Dies unterstreicht die Vorgehensweise, Oberflächenstrukturen

experimentell zu untersuchen und auf atomarer Skala zu charakterisieren.

Schlussbemerkung

Zusammenfassend wurde zuerst gezeigt, dass die Präparation von atomar wohl

definierten Modellelektroden unter UHV Bedingungen und deren Charakterisierung

mittels STM auf der atomaren Skala, in Kombination mit einem elektrochemischen ex-

perimentellen Aufbau (eingeführt in Abschnitt 3.1) eine mächtige Messmethode ist, um

den Einfluss von strukturellen Effekten auf die katalytische Aktivität zu betrachten.
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Dies ermöglicht es, vor allem Strukturen zu untersuchen, die mit anderen Methoden

nicht zugänglich sind. Weiterhin sind Messungen an den wohl definierten Oberflächen

relevant für bestehende und weiterführende theoretische Studien, da diese Studien oft

nur die Untersuchung lokaler Reaktivitäten ermöglichen. In einigen Fällen führt dies

zu sehr exakten Ergebnissen. Wie jedoch jedoch oben beschrieben, ist es unerlässlich

lokale Strukturen experimentell zu ermitteln, um eine eindeutige Struktur | Aktivitäts-

beziehung abzuleiten.

Zweitens, mit dem Verständnis der Konzepte zur Strukturbildung, die in Ab-

schnitt 3.2 eingeführt wurden, konnte ein rationaler Ansatz zum Design von Nanos-

trukturen unterschiedlicher Dimensionalität in Kapitel 4 erarbeitet werden. Dies

wurde in dieser Arbeit anhand eines Ru(0001) Einkristalls gezeigt, auf dem Nanos-

trukturen unterschiedlicher Dimensionalität hergestellt wurden, bspw. durch Variation

der Temperatur während des Aufdampfens von sub-Monolagen Pt, was bei geringer

Aufdampftemperatur zur Bildung von monolagen Pt Inseln führt (1–D Modellsys-

tem, siehe Abschnitt 6.3 und 6.4)) und bei hoher Temperatur zur Bildung einer Obe-

flächenlegierung (2–D Modellsystem, siehe Referenz [34]), wo hingegen, wenn man

das Substrat mit einer Graphenemonolage modifiziert, die Wechselwirkung von Pt

mit dem Substrat derart verändert wird, dass sich 3–D Cluster bilden (0–D Modell-

system, siehe Abschnitt 6.2 und Referenz [32]). Die Untersuchung neuer Materialk-

lassen und das Verständnis der zu Grunde liegenden Kinetik der Strukturbildung,

ermöglicht schlussendlich die Präparation weitaus komplizierterer nanostrukturierter

Oberflächen, die für zukünftige Projekte relevant sind.

Drittens, die Klassifizierung der Nanostrukturen in drei Typen unterschiedlicher Di-

mensionaltät (Kapitel 4), ist ein sinnvoller Ansatz um die unterschiedlichen Konzepte

einer Struktur | Aktivitätsbeziehung zu diskutieren, wie sie in Abschnitt 3.3 eingeführt

wurde.

Schlussendlich, basierend auf den Konzepten der Strukturbildung und der Unter-

suchung katalytisch relevanter Modellsysteme in einem in dieser Arbeit eingeführten

kombinierten UHV-EC Aufbau, wurde eine gemeinsame Basis für eine eindeutige

Struktur | Aktivitätsbeziehung für weiterführende modelkatalytische Studien an UHV

präparierten Modellelektroden geschaffen.
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9.0.4 Operation of the electrochemical cell

Prior to the measurements on the nanostructured surfaces prepared under UHV condi-

tions, the functioning of the electrochemical set–up was tested outside the load lock by

investigating a ploycrystalline Pt sample, where attention has been paid that the result-

ing BCV is free from oxygen traces (resulting from bubbles in the tubings or not well

purged electrolyte), other impurities (resulting from dirty glass ware) and peaks are at

the correct position (e.g. peak shifts can appear when the second compartment has a

leak and the electrolyte has contact to the metal tube).

If the BCV meets these requirements, the Ptpoly sample is removed, leaving the elec-

trolyte in the tubings. The O–ring is replaced to avoid contamination with Pt traces in

the following measurement. The cell is attached to the guide bars below the load lock.

Next the nanostructured surfaces are transferred from UHV to the load lock and the

gate valves to the main chamber and to the turbomolecular pump from the load lock

are closed. In a next step the load lock is flooded with N2 (5N), the gate valve above the

electrochemical cell is opened and the cell is slowly approached to the sample surface

(the mirrors visible in the top view of the cell in Figure 5.4 help to guide the cell to the

sample.). Finally the sample is pressed with a copper rod on the cell and the electrolyte

is introduced into the system. Bubbles in the cell are removed with a syringe through

the counter electrode compartment.

After the electrochemical characterization the cell is removed at open circuit potential

from the sample surface, withdrawn from the load lock and the gate valve above the

cell is closed. The load lock is pumped until a base pressure of 5·10-8 mbar is reached.

The sample can the be transferred back to UHV for further investigations.

9.0.5 Operation instructions of the DEMS set–up

Launch procedure: As soon as the DEMS compartment in the electrochemical cell is

flooded with electrolyte, valves 6 and 7 are closed and valve 13 is opened to pump

the flexible hose between the electrochemical cell and the UHV chamber. After several
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minutes pumping valve 13 is closed and valves 6 and 7 are opened. The filament of the

QMS is turned off to prevent burning through from an eventually too strong increase

of the pressure (containing primarily water vapor). Valve 10 is slowly opened which is

accompanied by an increase of the pressure in the main chamber to 3·10–5 mbar. The

filament of the QMS is only turned on when this value is reached!

Shut down procedure: After the electrochemical/–catalytic investigation valve 10 is

closed. A base pressure of 5·10–9 mbar should be reached with overnight pumping. The

flexible hose (11) between the electrochemical cell is vented via valve 14. Not venting

the flexible hose can lead to irreversible damage of the membrane in the electroche-

mical cell, separating the electrolyte from the vacuum side.
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