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Abstract

This thesis deals with the electrocatalytic properties of two-dimensional metal-
organic coordination networks (2D-MOCNSs) self-assembled on electrode surfaces
and catalytic activity of 2D-MOCNSs is demonstrated for the first time. The low-coor-
dinated metal centers within these supramolecular structures resemble the catalyti-
cally active sites of metallo-enzymes. The activity of the metal centers is determined
by the type of the metal and the coordination environment; both parameters can be
carefully adjusted in 2D-MOCNSs.

In order to study and correlate electrocatalytic properties with the atomic struc-
ture of 2D-MOCNSs, a scanning tunnelling microscope operating in ultra-high vac-
uum (UHV) was combined with an electrochemical (EC) setup. Sample preparation
and scanning tunneling microscopy (STM) were conducted under UHV conditions.
By STM the composition and structure of the networks were controlled and char-
acterized prior to EC experiments. A transfer system between UHV and EC instru-
mentation was constructed to keep the sample at all times in a clean and controlled
environment.

It is demonstrated that the mechanism of the oxygen reduction reaction (ORR)
can be influenced by the type of the metal center in the network. The networks
formed by benzene-tricarboxylic acid (TMA) with either Fe or Mn atoms are struc-
turally identical, but their electrochemical signal differs significantly. Both networks
catalyze the reduction of O, to H,O, but on different pathways. These results empha-
size the key role of the unsaturated metal centers in the electrocatalytic reduction.

The electrocatalytic response in the ORR can also altered by the distinct coor-
dination environment; this is shown for Fe atoms nitrogen-coordinated by either
tetracyanoquinodimethane (TCNQ), bis-pyridyl-bipyrimidine (PBP) or phythalocya-
nine (Pc). Depending on the specific coordination environment formed by the dif-
ferent ligands the the final product (H,0O, or H,0) and the mechanism of the ORR is
changed.
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Abstract

In the last part of this thesis the two metal binding sites of 5,10,15,20-tetra(4-
pyridyl) porphyrin (TPyP) are used to selectively incorporate different metal centers
in a fixed organic environment and create homo- and hetero-bimetallic networks.
The coupling of the two metals centers promoted by the organic environment mod-
ifies the electrocatalytic response. The correct combination of two metal centers in
the right positioning makes an efficient catalyst. In the ORR the peak and onset po-
tential is varied depending on the metal combination. In the case of the oxygen evolu-
tion reaction a non-linearly increased catalytic activity by the cooperative bimetallic
effect is obtained.

The results presented in this thesis demonstrate the high potential of 2D-MOCNs
for heterogeneous catalytic chemical conversions. Engineering of the network struc-
ture and the distinct coordination environment of the metal centers offers the pos-
sibility to tune their catalytic activity. This opens up a new route for the design of a

new class of nanocatalyst materials.

Keywords: electrocatalysis, scanning tunneling microscopy, metal-organic coordina-
tion, molecular self-assembly, oxygen reduction, oxygen evolution, bimetallic
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Kurzfassung

Diese Arbeit befasst sich mit elektrokatalytischen Eigenschaften von selbst-assemb-
lierten zwei-dimensionalen metall-organischen Koordinations-Netzwerken (two-di-
mensional metal-organic coordination networks, 2D-MOCNSs) auf Elektroden Ober-
flichen und katalytische Wirkung von 2D-MOCNs wird zum Ersten mal gezeigt. Die
niedrig-koordinierten Metallzentren innerhalb dieser supramolekularen Strukturen
gleichen den katalytisch aktiven Zentren von Metalloenzymen. Die Aktivitdt der Me-
tallzentren wird durch die Art des Metalls und dessen Koordinationsumgebung be-
stimmt; beide Parameter konnen in 2D-MOCNSs sorgféltig angepasst werden.

Um die elektrokatalytischen Eigenschaften zu untersuchen und sie in Beziehung
mit der atomaren Struktur der 2D-MOCNSs zu setzen, wurde ein Rastertunnelmikro-
skop im Ultrahochvakuum (UHV) mit einem elektrochemischen (EC) Aufbau kombi-
niert. Probenpréiparation und Rastertunnelmikroskopie (scanning tunneling micros-
copy, STM) wurden unter UHV Bedingungen durchgefiihrt. Mittels STM wurden die
Zusammensetzung und die Struktur der Netzwerke vor den elektrochemischen Ex-
perimenten kontrolliert und charakterisiert. Ein Transfersystem zwischen UHV und
EC Bereich wurde konstruiert um die Probe jederzeit in einer sauberen und kontro-
lierten Umgebung zu halten.

Es wird gezeigt, dass der Mechanismus der Sauerstoffreduktionsreaktion (oxygen
reduction reaction, ORR) durch die Art des Metallzentrums in den Netzwerken be-
einflusst werden kann. Die von Benzoltricarbonsédure gebildeten Netzwerke mit ent-
weder Fe oder Mn Atomen sind strukturell identisch, aber ihre elektrochemischen Si-
gnale unterscheiden sich deutlich. beide Netzwerke katalysieren die Reduktion von
0, zu H,0, jedoch auf unterschiedlichen Reaktionswegen. Diese Ergebnisse heben
die Schliisselrolle der niedrig-koordinierten Metallzentren in der elektrokatalytischen
Reduktion hervor.

Das elektrokatalytische Verhalten in der ORR kann auch durch die Koordinations-
umgebung verdndert werden; dies wird fiir Fe Atomen, die entweder von Tetracya-
nochinodimethan (TCNQ), Bis-pyridyl-bipyrimidin (PBP) oder Phythalocyanin (Pc)
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Kurzfassung

koordinert werden, gezeigt. Abhdngig von den verschiedenen Koordinationsumge-
bungen der verschiedenen Liganden dndert sich das Endprodukt (H,O, oder H,O)
und der Mechanismus der ORR.

Im letzten Teil dieser Arbeit werden die zwei Metallbindungsstellen von 5,10,15,20-
tetra(4-pyridyl)porphyrin (TPyP) benutzt um selektiv verschiedene Metallzentren in
einer vorgegeben organischen Umgebung einzubinden und homo- und hetero-bi-
metallische Netzwerke zu erstellen. Die Wechselwirkung beider Metallzentren tiber
die organische Umgebung modifiziert das elektrokatalytische Verhalten. Die korrek-
te Kombination zweier Metallzentren in der richtigen Positionierung ergibt einen
effizienten Katalysator. In der ORR verdndert sich das Peak- und Anfangspotential
je nach Metallkombination. Im Falle der Sauerstoffentwicklungsreaktion wird eine
nichtlineare Erhohung der katalytischen Wirkung durch den kooperativen bimetalli-
schen Effekt erzielt

Die in dieser Arbeit prasentierten Ergebnisse zeigen das hohe Potential von 2D-
MOCNESs fiir heterogene katalytische chemische Konversionen. Anpassen der Netwerk-
struktur und der Koordinationsumgebung der Metallzentren bietet die Moglichkeit
ihre katalytische Wirkung einzustellen. Dies ertffnet einen neuen Weg fiir die Ent-
wicklung einer neuen Klasse von nanokatalytischen Materialen.

Schliisselworter: Elektrokatalyse, Rastertunnelmikroskopie, Metal-organisch Koor-
dination, molekulare Selbstassemblierung, Sauerstoff Reduktion, Sauerstoff Entwick-

lung, bimetallisch
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Abbreviations

BDA Biphenyl-4,4’-dicarboxylic acid

CE Counter Electrode

Cv Cyclic Voltammogram

DOS Density Of States

EC Electrochemical

EDL Electrical Double Layer

HOMO Highest Occupied Molecular Orbital

IHP Inner Helmholtz Plane

LDOS  Local Density Of States

LUMO Lowest Unoccupied Molecular Orbital
MOCN Metal-Organic Coordination Network
MOF Metal-Organic Framework

MPc Metallo-phthalocyanine (M = Fe, Co, Ni, Cu)
MTPP  Metallo-tetraphenylporphyrin (M = Co, Ni)
MTPyP Metallo-tetra(4-pyridyl)porphyrin (M = Fe, Co, Cu)
OER Oxygen Evolution Reaction

OHP Outer Helmholtz Plane

ORR Oxygen Reduction Reaction

PBP 5,5’-Bis(4-pyridyl) (2,2’-bipyrimidine)

RE Reference Electrode

STM Scanning Tunneling Microscopy

STS Scanning Tunnelling Spectroscopy

TCNQ 7,7,8,8-tetracyanoquinodimethane

TMA Benzene-1,3,5-tricarboxylic acid

UHV Ultra-High Vacuum

WE Working Electrode
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Introduction

The growing worldwide demand for energy and climate change became one of the
most important challenges attracting the common interest of science, engineering
and society. The majority of energy generated comes from burning fossil fuels, even
though it is environmentally unfriendly and there is a limited supply. Moreover the
efficiency is quite low and a large amount of energy is wasted during today’s stan-
dard energy conversion routes. New technologies are needed not only for energy
generation, but also for energy conversion and storage. Increasing the efficiency is
a major opportunity [I]. In this important field, electrochemistry provides a bridge
for efficient inter-conversion of chemical to electrical energy. Fuel cells are promis-
ing candidates, since they are not Carnot Cycle limited. However, fuel cells based
on the oxidation of hydrogen and reduction of oxygen need an electrocatalyst sur-
face, since they are not simple electrode reactions and show a strong dependence on
the nature of the of the electrode material [2]. In particular, the oxygen reduction
reaction (ORR) limits the efficiency and to find an effective, inexpensive and stable
catalyst replacing platinum is an ongoing challenge [3]. Another challenging prob-
lem is the production of hydrogen by electrochemical splitting of water; in this case,
the major limitation is the large overpotential required to proceed the oxygen evo-
lution reaction (OER) [4,/5]. The development of materials that can catalyze these
electrochemical reactions is highly important and oxygen electrochemistry will play

a crucial role in creating sustainable energy solutions for the future [6].

Nanotechnology allows controlled manipulation and characterization of matter at
the nanometer scale (atomic, molecular, and macromolecular scale) to produces
structures, devices, and systems with at least one novel/superior characteristic or
property. This highly interdisciplinary field, which includes chemistry, physics, ma-
terials science and biology, attracted wide interest from both fundamental and tech-

nological points of view and promises breakthroughs in many areas like advanced



Introduction

materials, sustainable energy, information technology, medicine and biotechnology.
Interfaces and surfaces are highly important in this development and thus surface
science play a major role. Scanning tunnelling microscopy (STM) with its unique
capability to image and manipulate individual molecules and atoms [7,/8], has be-
come a key tool in this regard. Furthermore scanning tunnelling spectroscopy (STS)
allows chemical and electronic information on the atomic scale to be obtained [9,10].
The application of the STM technique has be demonstrated by a vast amount of
studies comprising topology of supramolecular structures and molecular conforma-
tions [11H15], chiral specificity [16H18], pathways of chemical reactions [19-21] and
catalytic functionality [22H24].

The fabrication of nanostructures on surfaces is divided into the top-down and the
bottom-up conceptual approaches. Top-down fabrication comprises methods such
as lithography, writing or stamping [25]. The bottom-up approach utilizes self-or-
ganized growth and self-assembly at surfaces to build up complex systems [26]. The
principles applied in these processes originate from supramolecular chemistry; the
chemistry beyond the single molecule that allows the construction of complex func-
tional structures from relatively simple molecular building blocks by a hierarchical
assembly scheme [27,28]. The self-assembly of a particular system depends on the
structure and the functional groups of the building blocks that influence the spe-
cific interactions between them. On surfaces, one must also consider the interaction
between the molecular components and the surface, which can lead to electronic
modifications on both sides of the interface. Hence, concepts from solution-based
chemistry needs to be modified for the on-surface self-assembly of supramolecular
nanostructures. The non-covalent intermolecular interactions in the self-assembly
process comprise hydrogen bonding, metal coordination, van der Waals interactions,
electrostatic forces, etc. As these intermolecular forces are, in general, weaker than
covalent bonds, their benefit lies in their flexibility and reversibility. Annealing can
heal structural errors to obtain thermodynamic equilibrium.

One of the most widely used strategies to build up supramolecular architectures
is based on the coordination of metal atoms with organic ligands [27,129,30]. The
concepts of coordination chemistry were developed more than a century ago [31].
Nowadays it has evolved to be a powerful tool to engineer supramolecular coordi-
nation complexes and allowed synthesis of coordination structures with extraordi-
nary properties. Compared to hydrogen bonding, metal-ligand interactions are more

rigid, selective and directional, which makes them highly important for the rational
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crystal engineering in solid state chemistry. In order to mimic and understand en-
zymatic proteins containing transition metal complexes, a wide range of catalytic
metal-organic materials have been developed and theoretically studied [32,133]. Un-
der these aspects the investigation of metal-organic coordination structures on sur-
faces is of great interest, especially for catalytic applications. Furthermore, scanning
probe techniques grant direct access to structural information of coordination com-

plexes at surfaces.

The coordination of metal atoms or clusters with organic ligands allows the synthesis
of complex three-dimensional highly porous structures, called metal-organic frame-
works (MOFs). The high porosity of MOFs yields large internal surface areas that
facilitate their catalytic reactivity. The application of MOFs in organic catalysis has
been demonstrated for a vast amount of reactions [34H36]. In recent years the appli-
cation of MOFs in the electrochemical field has received growing interest; redox activ-
ity has been demonstrated for the metal and the ligand [37] and catalytic activity for
hydrogen evolution [38] and oxygen reduction was observed [39]. The low intrinsic
electrical conductivity of MOFs is an impediment in their application in electrochem-
istry. Just recently, MOFs with highly enhanced electrical conductivity has been de-
veloped [40,/41]. Charge transport can also induced by a redox hopping mechanism
in metallo-porphyrin based MOFs [42]. In another study, graphene sheets acted as
a conductive platform and a graphene-porphyrin MOF composite for ORR was syn-
thesized [43]. Two-dimensional metal-organic coordination networks (2D-MOCNSs),
on the other hand, are directly prepared on conductive surfaces, which makes them
readily accessible for electrochemical investigations. Moreover, unusual coordina-
tion configurations can also be achieved on surfaces.

2D-MOCN:Ss consist of arrays of organic ligands coordinated with metal atoms self-
assembled on surfaces and are prepared under well-controlled ultra-high vacuum
(UHV) conditions. A particular and unique feature of 2D-MOCNSs is the presence of
low-coordinated metal centers. Due to their similarity to catalytically active sites in
biological systems and classical inorganic catalyst [44,/45] they are considered to have
promising properties in catalysis. In metallo-enzymes, transition metal atoms are
embedded in an organic matrix to catalyze important processes like water oxidation,
oxygen reduction, photosynthesis and respiration [46,47]. The active site can com-
prise mono- or dinuclear centers of the same or different types of metal. Functional
groups of the amino acid side chains form a specific coordination environment, de-

termining the enzymes activity towards certain reactions [48H51]. Thus, it is possible
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to effectively mimic the active sites of enzymes by 2D-MOCNSs. The electronic struc-
ture and the chemical properties of the metal center in the network are determined
by the type of the metal and the coordination environment, which can be tuned by
the number and geometry of the coordinating molecular functional groups, the elec-
tron affinity of the organic molecules, and the supporting metal surface. The organic
ligands also ensure the separation of the reactive metal centers, similar to bulky pro-
tein chains that sufficiently separate the active sites, preventing site overlap and cat-
alytic deactivation [52]. This thesis provides a proof of concept that 2D-MOCNSs ex-
hibit catalytic activity and have a high potential for heterogeneous catalytic chemical

conversions.

Metal center

Figure 0.1: STM image of 2D-MOCN of Fe-biphenyl-dicarboxylic acid on Cu(100). The
main features of 2D-MOCN:Ss are indicated: organic ligand, metal center and cavity [53].
Zoom: coordination environment for Fe.

Figure[0.1] shows a STM image of a 2D-MOCN composed of biphenyl-4,4’-dicarbox-
ylic acid (BDA) and iron atoms on Cu(100) as an example. The extended and pe-
riodic 2D coordination polymer is formed by the coordination of the two terminal
carboxylate groups of BDA to iron dimers. The network presents open cavities where
the underlying substrate is exposed. Each network node consists of two coordina-
tively unsaturated Fe centers with each atom being threefold coordinated to carboxy-
late oxygen atoms. The hybridization of the metal centers with the surface is signifi-
cantly reduced due to the coordination; the electronic configurations for the Fe ions
is atomic-like as found for isolated metal-organic complexes, which is in contrast to

the metallic character of uncoordinated metal adatoms on surfaces [54].
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A wide variety of 2D-MOCNSs can be prepared; the organic ligand can be varied by
changing the molecular backbone and by several functional groups (carboxylic acid,
pyridyl, cyano and hydroxyl end groups), several metal centers (Mn, Fe, Co, Ni and
Cu) can be used, and different noble metal substrates like Au, Ag, Cu or highly or-
dered pyrolytic graphite are possible [26,55H57]. This allows engineering of the net-
work structure with complete control of the separation and coordination geometry

of the metal centers as well, as the size of the generated cavities [53}/58].

Until now the most explored application of 2D-MOCN:Ss is the accommodation of
guest molecules inside the generated cavities [15,59]. The aim of this thesis is to
explore the properties of the unique feature of MOCNs the low-coordinated metal
centers by electrochemical methods and to study their electrocatalytic activities for
the ORR and the OER. Initial experiments with oxygen adsorbed from the gas phase
demonstrate reactivity of the metal centers and indicate the high potential of 2D-
MOCN:Ss as tailor-made heterogeneous electrocatalysts [60]. Engineering of the net-
work structure and the specific coordination environment of the metal centers offers
the possibility to design surface confined MOCNs as novel catalytic materials for ap-

plications in energy conversion and fuel production.

Most fuel cells currently use platinum or its alloys as electrocatalysts for ORR. But Ptis
expensive and in limited supply. A lot of research effort is focused on replacing Pt by
catalysts composed of inexpensive and earth-abundant elements. The physical and
economic requirements of low-overpotential, long-term stability, pH working condi-
tions and being non-toxic, and so impose severe boundaries on the usable material

combinations.

In the field of non-precious-metal-based catalysts, nitrogen-coordinated Fe in a car-
bon matrix (referred to as Fe/N/C or Fe-N,/C) attracted great interest for ORR [61].
These materials can be prepared in an inert atmosphere by high-temperature py-
rolysis of either Fe-N, chelate complexes, or simple precursors consisting of an Fe
salt, a nitrogen source (aromatic and aliphatic ligands or other nitrogen-rich small
molecules) and a carbon support. In this way highly active or stable iron-based cat-
alysts have successfully been synthesized [62,163]. However, the structure and chem-
ical nature of the catalytically active sites are unclear [64H66] and their determina-
tion is an ongoing process [67H69]. This uncertainty and difficulty in analyzing and
controlling the exact structure of the active sites makes their further development
challenging. In 2D-MOCNSs coordinated transition metals are also present, but STM
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allows direct access to structural information of the network; the coordination envi-
ronment of the metal center is well-defined and can easily be tuned. The catalytic
activities of different nitrogen-coordinated Fe-based networks are compared in this
thesis, to study the effect of the distinct coordination environment formed by the
varying ligands.

Another approach demonstrated recently to enhance the catalytic activity is to cou-
ple two or more metals of different types [70-75], which includes enzymes, organic
catalyst such as siamese-twin porphyrins [76] or mixed porphyrins [77], core/shell
nanoparticles [78], well defined bimetallic surfaces [79], etc.. The combination of two
metal centers for catalytic purposes is well-known from metallo-enzymes, in which
redox active metal ions are connected by bridging organic ligands with carboxylate
or pyridine functionalities. The modular approach in the synthesis of 2D-MOCNs al-
lows one to combine different metals and the preparation of bimetallic networks has
been already shown [80,81]. Thus, the electrochemical investigation of MOCNSs can
also contribute in the field of bimetallic catalysis. The bottom-up synthesis proce-
dure enables positioning of redox centers in a well-defined geometric arrangement,
which, especially in inorganic catalysts, is hard to achieve. The two different metal
binding sites of a tetrapyridyl functionalized porphyrin are used in this thesis to cre-
ate homo- and hetero-bimetallic networks. It is demontrated, that the incorporation
of a second metal modifies the electrocatalytic response.

In this thesis a STM operating in UHV is combined with a suitable electrochemical
(EC) setup in order to study and correlate electrocatalytic properties with the atomic
structure of 2D-MOCNSs. For a direct combination of UHV and EC instrumentation,
an appropriate transfer system providing a clean and controlled transfer between
both environments was realized. Sample preparation and STM characterization were
conducted under UHV conditions. By STM the composition and structure of the
networks were controlled and characterized prior to EC experiments. This thesis
presents strategies to influence the catalytic activity of 2D-MOCNSs by the investiga-
tion of different 2D-MOCNSs. The thesis is organized as follows:

* Chapter[Ilgives a brief introduction into the theoretical background of the ex-
perimental techniques. The principles of STM are described and some basic
concepts and methods of electrochemistry are presented.
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* In Chapter2lthe experimental setup is described and experimental details, con-
cerning sample preparation and electrochemical experiments, are given.

* Chapter [3] comments on transfer systems for combined UHV-EC studies and
discusses the transfer system realized in this thesis. The transfer between UHV
and EC environment in both directions is demonstrated for a clean Au(111)

surface, and STM characterization of PBP-Fe after electrochemistry is shown.

* Chapter{]reports on the results of the TMA-Fe and TMA-Mn networks, point-
ing out the key role of the unsaturated metal centers and that the mechanism

of the ORR can be influenced by the type of the metal center in the network.

* In Chapter [ three different iron-based nitrogen-coordinated metal-organic
structures are compared: TCNQ-Fe, PBP-Fe and FePc. The specific coordina-
tion environments of the different ligands alters the electrocatalytic response
in the ORR.

e Chapter @ uses the two metal-binding sites of TPyP to selectively incorporate
different metals and create bimetallic networks. The cooperative bimetallic ef-
fect in the ORR and OER are demonstrated.

A final chapter summarizes the findings presented in this thesis and considerations

for experimental improvements for future experiments are given.






Chapter 1
Theoretical and Experimental Basics

This chapter gives a brief introduction into the theoretical background of the exper-
imental techniques employed in this thesis. Section [I.Il describes the principles of
scanning tunneling microscopy. In section[I.Zl some basic concepts and methods of
electrochemistry are presented.

1.1 Scanning Tunneling Microscopy

STM was invented by Binning and Rohrer in 1981 [82}/83] and is the ultimate tech-
nique to investigate in real space structural and electronic properties of (semi-)con-
ducting surfaces at the atomic scale at the air, vacuum or liquid interface. It is pos-
sible to obtain spectroscopic information (STS) [9,/10] and is a tool to manipulate
matter at the single atom level [8]. Many other scanning probe techniques evolved
from it later, including the atomic force microscope and scanning near field optical

microscope [84H86].

STM is based on tunneling, a quantum mechanical phenomenon; it allows electrons
to tunnel through an insulating barrier between two electrodes. The quantity of inter-
est is the tunneling current I, which flows between the electrodes, when they are bi-
ased at a voltage V. The tunneling current I depends strongly on the density of states
(DOS) of the electrodes, and thus carries information about the electronic structure
of both electrodes.



1. Theoretical and Experimental Basics

STM takes advantage of the strong distance dependency of the tunneling current and
uses a tip shaped electrode. This tip is moved in three dimensions relative to the
second electrode. The working principle is sketched in Figure [l.1l The tip, usually
a sharpened metallic wire, is placed a few A above the surface of the conductive (or
semi-conductive) sample. At this small distance the wavefunctions of tip and sample
overlap and by applying a bias, electrons can tunnel through the gap between tip and
sample. The tunneling current mainly flows through the last atoms at the very apex
of the tip, because it exponentially depends on the tip-sample distance s. This leads
to a high localization of the tunnel current and, consequently, to the high resolution
of STM.

piezodrive

feedback
control

Figure 1.1: Working principle of a STM operating in constant current mode. The tip is
scanned in the x-y plane above the surface and the feedback keeps the tunneling current
constant by regulating the z-piezo.

The precise movement of the tip (or sample) is controlled by applying voltage signals
to piezoelectric devices. During measuring the tip is scanned in the x-y plane above
the surface. In the constant height mode the tunneling current I is monitored as
function of the x-y-position of the tip. In the more common constant current mode,
an electronic feedback readjusts the height of the tip during scanning to keep the tun-
neling current constant [87]. In this case the z-displacement is recorded as function
of the lateral tip position. All STM images in this thesis are measured in the constant
current mode.

10



1.1. Scanning Tunneling Microscopy
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Figure 1.2: Potential energy diagram of tip and sample for a positively biased sample.
Electrons tunnel from occupied states of the tip into unoccupied states of the sample.

As already mentioned, the tunneling current depends on the local density of states
(LDOS) of tip and sample (p; and pj, respectively). With a positively biased sample
electrons tunnel from occupied states of the tip to unoccupied states of the sample
(Fig.[L.2). To calculate the tunneling current, the electronic structure of the tip is re-
quired, which is usually not possible to obtain. Tersoff and Hamann assumed
the tip to be a s-wavefunction and applied this approximation to Bardeen’s tunneling
theory [90], leading to [91}92]

I(V, T, x,y,8) f ps(E,x, ) p(E—eV)T(E,V,9)[f(E—eV,T) - f(E,T)dE,
(1.1)
with the lateral sample positions x and y, the tip-sample distance s, the Fermi dis-

tribution functions of tip and sample f(E —eV,T) and f(E,T) at an energy E and
temperature T and the applied bias V. The tunneling transmission factor 7(E, V, s) is

given by [92]

me
1(E,V,s) =exp|—2s F\/W5+Wt—213+ev , (1.2)

with the electron mass m, and the work functions of tip and sample W; and W.
At low bias voltages V <« W, W; the bias and energy dependence of the transmission

11
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factor can be disregarded and equation[I.Z can be simplified to

7(s) = exp (—23\/%\/W3+Wp). (1.3)

For low temperatures the Fermi distribution reduces to a step function, which yields
for equation (LIt

eV
I(V,x,y,8) x T(s)fpS(E,x,y)pt(E—eV)dE. (1.4)
0

This simple model is only valid for weak coupling between the electrodes and in the
case of low temperatures and low bias voltages, but it shows the exponential distance
dependency (7(s)) of the tunneling current and the contribution of the LDOS of tip
and sample (p; and p;). Thus, STM images are a convolution of the topography and
electronic structure of both tip and sample.

1.2 Electrochemistry

The origin of electrochemistry goes back to the experiments of Volta and Galvani
[93,94] at the end of the 18th century connecting, for the first time, chemistry and
electricity. Throughout the ages the meaning and scope of electrochemical science
has varied [95] and since the 1980s the field of electrochemistry has evolved substan-
tially. The textbook definition reads "Electrochemistry is the branch of chemistry con-
cerned with the interrelation of electrical and chemical effects. A large part of this field
deals with the study of chemical changes caused by the passage of an electric current
and the production of electrical energy by chemical reactions. In fact, the field of elec-
trochemistry encompasses a huge array of different phenomena..." [96]. Because of
the wide breadth of the electrochemical (EC) field this section will be limited to a few
underlying concepts and methods.

12



1.2. Electrochemistry

1.2.1 The Electrical Double Layer

Many EC experiments are carried out at the interface between chemical phases, typi-
cally an electronic conductor (the electrode) and an ionic conductor (the electrolyte).
The electrode usually is a metal and the electrolyte a liquid solution of a salt, acid or
base in water. At the interface, the properties of the two neighboring phases differ sig-
nificantly from those of the bulk. The processes at the interface are of central interest
and depend on the potential drop across the interface.

In general, the metal surface carries an excess charge, which is compensated by ions
of opposite charge on the solution side of the interface. This means there is an excess
or deficiency of electrons on the electrode surface and an excess of either cations or
anions in the solution in the vicinity of the electrode surface. This can be viewed as
a capacitor. The charge in the electrode resides in a surface region about 1 A thick.
In the solution the charge carrier concentration is lower than in a metal. Thus, the
charge in the solution extends over a larger region of space, typically 5-20 A thick. The
resulting charge distribution (two narrow regions of equal and opposite charge) is
known as the electrical double layer (EDL) and is a central issue in electrochemistry.

Figure[L.3]shows the structure and the potential distribution of the metal/electrolyte
interface schematically for the case of a positively charged metal surface. The solu-
tion side of the double layer consists of several layers. The layer closest to the surface
consists of ions that have partially lost their solvation shell and are in contact with
the surface. They are held in place by chemical interactions with the surface and are
referred to as "specifically adsorbed". They form the inner Helmholtz plane (IHP)
at a distance x;. Anions usually have a weak solvation shell and can absorb specifi-
cally. Most cations and some anions have a stronger solvation shell, which they retain
upon adsorption. Solvated ions can approach the surface only to a distance x,. Their
interaction with the surface is purely electrostatic, thus essentially independent of
the chemical properties of the ions. They are called "nonspecifically" adsorbed and
form the outer Helmholtz plane (OHP) at x,. From the OHP the diffuse layer extends
into the bulk of the solution. In this three-dimensional region the nonspecifically
adsorbed ions are distributed by an interplay of electrostatic interactions and ther-
mal motion. The thickness of the diffuse layer depends on the ionic strength of the

solution and the applied potential to the electrode.
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Figure 1.3: (a) Model of the metal-electrolyte interface (IHP: inner Helmholtz plane;
OHP: outer Helmbholtz plane). (b) Potential distribution across the electrical double layer
for nonspecifically adsorbed anions (solid line) and specifically adsorbed anions (dotted
line). Adapted from reference [97].

The potential profile across the double-layer region is shown in Figure [I.3b in the
absence (solid line) and presence (dotted line) of specific adsorbing ions. For only
nonspecifically adsorbing ions the potential drop between the metal surface and the
OHP is generally assumed to be linear, as for a plate capacitor. This potential does
not drop completely to the solution value ¢g, but only to some residual value ¢;.
Across the diffuse layer the potential drops in an almost exponential form to ¢g. In
the case of specifically adsorbed ions more charge is accumulated at the surface than
required by electrostatics. This overcharging leads to a steeper potential gradient and
the potential at the IHP ¢, drops below the solution value. For charge compensation

countercharge is brought into the double layer.

1.2.2 Electrochemical Cell

Experimentally, it is not possible to deal with an isolated interface, at least two elec-
trodes separated by one (or more) electrolyte phases are needed. This is the simplest
version of a socalled EC cell. In an EC cell either a chemical reaction generates an
electrical current (Galvanic cell) or an electrical current is driving a chemical reaction
(electrolytic cell). The overall reaction of an EC cell is split into two half-reactions,

14



1.2. Electrochemistry

reduction and oxidation at the cathode and anode, respectively. In contrast to "con-
ventional" oxidation-reduction reactions, in EC systems oxidation and reduction are

spatially separated and the actual exchange of electrons occurs at the electrodes.

Most EC experiments are performed in a three-electrode cell; the three electrodes are
called working electrode (WE), reference electrode (RE) and counter electrode (CE).
On the WE the processes and reactions under investigation take place. The current
flows between the WE and CE and the potential of the WE is measured with respect
to that of the RE. With only two electrodes (WE and CE) the potential between them
would include contributions from the CE/electrolyte interface and the electrolyte
itself. The third electrode allows separation of the potential and current measure-
ments and investigation of the current voltage characteristics of the WE only. The RE
is made up of phases with a fixed composition to establish a stable and well-known
potential as a reference point. This allows one to determine the potential of the WE
itself (with respect to the RE). To avoid in the potential measurement any overpoten-
tial contribution of the RE, no significant current must pass through it. This can be
achieved with a high impedance voltmeter, forcing all current to flow between the
WE and the CE. The CE is usually made of an inert material and does not participate
in the EC reaction. The precise control and measurement of the potential of WE vs.
RE and the current between WE and CE is realized with an instrument called poten-
tiostat. A schematic picture of a three-electrode cell connected to a potentiostat is
shown in Figure The potentiostat can be viewed as an active element driving

the required current through the WE in order to achieve the desired potential at any

Potentiostat

CV E,, vs.RE Le=1, CI)
WE

RE 1\ CE

Cell

Figure 1.4: Scheme of a three-electrode electrochemical cell and potentiostat. In a three-
electrode cell potential and current measurements are separated into a RE and a CE
loop. The potential of the working electrode (WE) is measured with respect to the ref-
erence electrode (RE). The input of the RE has a high-impedance forcing all current to
flow through the counter electrode (CE).
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time. The potentiostat allows one to perform different EC experiments, which are
classified according to the parameters held constant, controlled and measured.

1.2.3 Electrode Processes

At electrodes two type of process can occur. Adsorption/desorption and the for-
mation of the EDL are processes where no charge is transferred across the metal-
solution interface and are called nonfaradaic processes. Even though no charge
crosses the interface, external currents can flow, when the potential or solution com-
position changes (cf. charging of a capacitor). Processes where charges are trans-
ferred across the metal-solution interface are called faradaic processes. The electron
transfer causes oxidation or reduction to occur, which are reactions governed by Fara-
day’s law. Thus, the flowing current is directly proportional to the reaction rate. The
electrode potential allows the control of the rate and the direction of the interfacial

electron transfer.

1.2.4 Electrode Reactions

The potentials at which electron transfer occur are related to the standard potentials
EY of the specific chemical species in the system. The electrode potential under stan-

dard conditions of a given half-reaction
Ox+ ne” ==Red (1.5)

(where n is the number of transferred electrons) is called the standard potential of the
Ox/Red couple EJ . ..
normal hydrogen electrode, which has by definition an electrode potential of zero.

By convention these electrode potentials are referred to the

The Nernst equation describes the dependence of the equilibrium potential Eeq of
the Ox/Red electrode on the thermodynamic activities a; of the components:
RT aopx

—In
nF  dged

Eeq = EQyped (1.6)
with the universal gas constant R, the temperature T and the Faraday constant F.
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For practical reasons the thermodynamic activities can be replaced by concentra-
tions ¢; and equation[L.6ltransforms to give

/ RT C
Foq=E" + —In—=
nF  Cred

(1.7)

where E? is the experimental determined formal potential and can be described with
activity coefficients y; as
RT )/ Ox

EC=F'+ " "1In

. (1.8)
nF Y Red

EY varies from medium to medium, because the ionic strength affects the activity

coefficients.

The electroreduction and -oxidation of a species A in solution is schematically shown
in Figure[L.5l The energy of the electrons in the electrode can be raised or lowered by
bringing the electrode to more negative or positive potentials. For a sufficiently high
negative potential electrons can be transferred from the electrode into the lowest
unoccupied molecular orbital (LUMO) of A in the electrolyte. A is reduced to A~
and a reduction current flows. By definition the electrode where the reduction takes
place is called the cathode, which is why the current is also referred as cathodic. If
the potential is positive enough that electrons can be transferred from the highest
occupied molecular orbital (HOMO) of A to the electrode, A is oxidized to A*. In this
case, the electrode is referred as the anode and the current as anodic.

In most cases electrode reactions are multistage processes and the electron transfer
is only one step in the mechanism. Other steps, like mass transfer and chemical reac-
tions, which precede or follow the electron transfer, influence the electrode reaction
as well. The overall rate of a reaction (the current through the electrode) depends
on the rate constants of these processes. The rate constants of some processes (e. g.,
electron transfer at the electrode surface) depend on the applied potential. Informa-
tion about an electrode reaction are often obtained by measuring the current i as a

function of the potential E (i- E-curves).
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Figure 1.5: Representation of [(@)] reduction and [(b)| oxidation process of a species A in
solution. Depending on the electrode potential the electron can either transferred into
the lowest unoccupied molecular orbital (LUMO) or taken from the highest occupied
molecular orbital (HOMO). HOMO and LUMO correspond in an approximate way to the
standard potentials E%s of the A/A™ and A* /A couples, respectively.

1.2.5 Electrochemical Experiments

EC experiments are classified according to the parameters held constant, controlled
and measured. Only linear sweep voltammetry and cyclic voltammetry are discussed
here. These are techniques where the potential is constantly varied with time and
the resulting current i is recorded as a function of the potential. In both techniques
the potential is changed with a constant rate v = dE/d¢. In cyclic voltammetry the
potential is continuously ramped between an upper and lower value (Figure [L.6a).
The first ramp of cyclic voltammetry to the return potential E, is equivalent to linear
sweep voltammetry, where the potential is scanned once from an initial value to a
final one. The resulting i- E-curves of cyclic voltammetry are called cyclic voltammo-
grams (CVs). For linear sweep voltammetry the curves are called polarization curves.
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E

AT+e” —A

(a) (b)

Figure 1.6: Cyclic voltammetry of a simple electron transfer reaction, where a species
A in solution is oxidized to A"and subsequently reduced back to A.[(@) single potential
sweep and [(b)| resulting cyclic voltammogram (CV).

Figure shows the CV of a redox-active species A in solution. The starting poten-
tial is negative of EY, the formal potential of the A*/A couple. During scanning the
potential towards more positive values, first only a nonfaradaic current flows. When
the electrode potential E approaches EY, oxidation of A starts and a faradaic current
begins to flow (A — A" +e7). The resulting concentration gradient leads to diffu-
sion of A from the bulk towards the surface. As the potential continues to become
more positive, the surface concentration of A drops, which increases the flux to the
surface (and the current). As the potential passes EY the surface concentration of A
drops nearly to zero and mass transfer of A to the surface reaches a maximum rate.
The continued flux of A leads to an expansion of the depletion zone. Thus, the slope
of the concentration profile at the surface declines and the current decreases. The
result is a peak in the voltammogram (Fig[L.6b). After reaching the return potential
E, the sweeping direction is reversed. Now in the vicinity of the electrode is a large
concentration of the generated A*. During this backward scan of the potential the
EC balance at the surface becomes more and more favorable toward the neutral A
species. A" is reduced and a cathodic current flows (A* + e~ — A). Again a peak is

observed, essentially for the same reasons.

1.2.6 Electrocatalysis

EC reactions at a particular electrode material often either do not take place close
to the thermodynamic potential of the system or take place only at a very small rate.
Unlike homogeneous reactions, which have a constant rate at a given temperature,
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in heterogeneous electron-transfer reactions the rate constant is a function of the
applied potential. To drive the reaction at a measurable rate (flow of a faradaic cur-
rent) considerably higher electron energies (higher potentials) must be applied than
one would predict from thermodynamics. This additional potential needed to drive
a reaction at a certain rate is called the overpotential 7 and is the energy difference
between the electrode potential and its equilibrium value Eeq (the thermodynamic

requirement):

In electrocatalysis the overpotential is of central interest. By lowering the overpo-
tential the efficiency of a EC reaction can be greatly increased. The overpotential
strongly depends on the electrode material and its structure. By using different ma-
terials or modifying the electrode surface the reaction rate can be significantly in-
creased. If the surface itself is not consumed or irreversibly altered during the EC pro-
cess, the activating surface is termed a catalyst. The catalytic activity can be caused
by various effects, like an altered electronic structure of the electrode or an increased
interaction with a reactant or intermediate state. An electrocatalyst can also change
the pathway of a reaction.

Factors for a good electrocatalyst are a low overpotential (fast reaction kinetics) and
a high current density (high reaction rate). The activity of an electrode is always com-
pared to other systems; hence electrocatalysis is based on relative data. This is due
to the fact that it is not really feasible possible to speak of a non-catalyzed reaction,
because such a pathway would have to exist in the absence of an electrode surface.

1.2.7 Oxygen Reduction Reaction

The electrochemistry of oxygen is of great technological importance. Oxygen reduc-
tion takes place in fuel cells and batteries and oxygen evolution occurs in water elec-
trolysis. Both oxygen reduction and evolution are slow processes and require large
overpotentials, in the order of several 100 mV, to proceed, which makes any device
using one of these reactions inefficient. The development of effective, inexpensive
and stable catalyst is highly important for future energy conversion technologies.
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ORR is a multi-electron reaction with a complicated mechanism and two parallel re-
action pathways are observed. O, can either directly reduced to H,O or on an indirect
pathway via intermediate H,O,. The reduction may also stop at H,0,. A simplified
scheme of the ORR mechanism is shown in Figure[L.7] The direct and indirect path-
ways are competing processes and the rate constants k; of the different reactions
determine which pathway is dominating.

k (+4¢€)
k,(+2¢€) k, (+2 €)
Oz - Oz,ad HZOZ,ad HzO
k;
k,
Hzoz

Figure 1.7: Simplified mechanism of the oxygen reduction reaction. [98] The direct (k;:
4e” mechanism ) and indirect (k2 + k3: (2+2)e” mechanism) pathways are competing
processes.

The complete reduction of O, to H,O (OH™ in basic media) involves four electrons
(e7). In the direct pathway (k;) this occurs via a 4e” mechanism according to the

following equation:

0, +2H,0 +4e” — 40H" (1.10)

The stepwise reduction of O, to H,O in the indirect pathway (k, + k3) occurs via a
(2 +2)e” mechanism. O, is first reduced (k) to H,0, (HO, ™~ in basic media) ona2e~

pathway according to the following equation:

0, +H,0+2e” —HO, +OH™ (1.11)
The adsorbed hydrogen peroxide (H,0, ,4) can be chemically decomposed on the
electrode surface (k4)

desorbed into the electrolyte solution (ks), and/or further reduced to water (k3). The
reduction of H,0, to H,O (HO,™ to OH™ in basic media) occurs on a 2e”~ pathway
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according to the following reaction:

HO,” +H,0 +2e” —30H" (1.13)

In fuel cells the direct 4e~ pathway is highly preferred since it allows one to obtain
the maximum energy capacity. The indirect pathway leads to a lower energy conver-
sion efficiency and the intermediate H,O, can further convert to harmful free radical
species and causes the degradation of the catalytic sites. Pt and its alloys are known

to promote the 4e~ ORR pathway.
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Chapter 2
Experimental Setup and Details

This chapter is a description of the experimental setup used during this thesis. In
section [2.1] the experimental setup is presented. Experimental details are given in
section 2.2, concerning sample holder and sample preparation, as well as EC experi-

ments.

2.1 Experimental Setup

In this thesis all sample preparation and STM characterization was performed under
UHV conditions. The EC measurements were performed in an EC cell at ambient
pressure. To combine UHV and EC environment in one setup, a transfer chamber
was placed between the main UHV chamber and the EC cell, which allows one to
transfer the sample between both environments in a clean, controlled and effective
way. The transfer system will be further discussed in chapter 3l This section deals
with the experimental details of the complete setup.

An experiment starts with the sample preparation (section 2.2.2). Using STM, the
network formation is checked, the structure determined and the coverage analyzed.
Then, the sample is brought via the transfer chamber to the EC cell to perform the EC
measurements. Afterwards the sample is brought back to UHV through the transfer
chamber. STM then allows one to check for the stability of the networks and study

possible structural changes due to the EC measurements.
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Figure 2.1: Schematic drawing of the experimental setup. The EC cell, transfer, prepara-
tion and STM chamber are highlighted with different colors. To obtain high stability for
STM measurements three different damping stages are used (active and passive dampers
and spring suspensions).

The complete setup consists of two UHV chambers, the transfer chamber and the EC
cell. A schematic drawing is shown in Figure 2.1l Photographs of the system can be
seen in Figure[2.2l The preparation and STM chambers are kept under UHV condi-
tions at all times. The STM chamber is separated from the preparation chamber by a
gate valve to keep the pressure in the STM chamber always as low as possible, even
during sample preparation or sample transfer to the transfer chamber. The transfer
chamber is placed between the preparation chamber and the EC cell, separated from
each with a gate valve. The EC cell is located below the transfer chamber and allows

one to work in a controlled atmosphere.

The preparation chamber has a base pressure of around 3-1071% mbar. Several pump
types are attached; a turbomolecular, an ion getter and a titanium sublimation pump.
Furthermore, it is equipped with a quadrupole mass spectrometer to analyze residual
gases, an ion gun for sputtering and a sample storage. In addition, a load-lock allows
one to transfer samples and tips between ambient and UHV conditions. The sample
is attached to a manipulator, which can be rotated and moved up and down to bring
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(b)

Figure 2.2: Photographs of the experimental setup with false colors highlighting prepara-
tion chamber (red), STM chamber (green), transfer chamber (yellow) and EC cell (blue).

the sample to the different preparation positions. The molecule and metal evapora-
tors can be separated from the main chamber with small gate valves to exchange the
loaded materials without breaking the vacuum in the main chamber. The sample is
transferred with a wobble stick to the STM chamber.

The base pressure of the STM chamber is below 1-1071% mbar. Again, a combination
of turbomolecular, ion getter and titanium sublimation pump is used. The sample
faces upwards and placed in a basis hanging on four metal springs. The STM head
is lowered with a z-manipulator and placed above the sample. The STM head can
be positioned above any place of the sample surface. The coarse tip approach is
realized with a commercial linear z-piezomotor (attocube systems AG). Scanning is
performed at room temperature and conducted with a single tube scanner. Besides
the actual STM, the chamber also hosts a tip storage with seven slots, which allows
one to exchange the tip in-situ.

The sample is brought from UHV to the EC cell via the transfer chamber to keep it in
a clean and controlled environment at all times. The transfer chamber is pumped by
a turbomolecular pump and has a base pressure of around 2-10~8 mbar. The transfer
chamber can be either pumped down to UHV or filled with ultra pure argon gas to
atmospheric pressure without affecting the vacuum in the main UHV chamber. Us-
ing a wobble stick, the sample is placed on a linear z-manipulator, which transports

25



2. Experimental Setup and Details

it down to the EC cell.

The EC cell is a conventional three-electrode setup, with the sample as the working
electrode. A schematic drawing of the EC cell is shown in Figure[2.3l The cell is made
of glass and has four ground joints; for the reference and counter electrode, to fill the
cell with electrolyte and a device to bubble gases into the solution or maintain a gas
flow above it. Working methods from the Schlenk techniques are adapted to obtain
a controlled atmosphere in the cell. For this purpose, the cell is equipped with two
teflon taps; one to evacuate the cell and fill it with clean gases while the other serves
as an outlet. The sample faces down and the EC measurements are performed in
the hanging meniscus configuration [99,100]. To establish the hanging meniscus,
first the sample surface is wetted with a hanging droplet of water, then it is brought
in contact with the electrolyte surface. This procedure minimizes the risk of wetting
other parts of the sample or sample holder. To wet the sample surface a device (called
a drop-maker) with a specially shaped pipette is employed. After EC measurements
the sample surface is rinsed with another drop-maker with milliQ water. The sample
is brought back into UHV via the transfer chamber.

L
drop maker

to pump,

Argon in — Argon out
working
electrode L|—_|: |:' electrolyte
reference ci)uxtlrtez1
electroce electrode

Figure 2.3: Schematic drawing of the EC cell. Two more ground joints are omitted for
clarity. One is used to fill the cell with electrolyte, the other for a device to bubble gases
into the solution or maintain a gas flow above it.
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2.1.1 Mechanical Vibrations and Electrical Noise

A crucial part in STM is the isolation of the system against mechanical vibrations and
preventing of electrical noise. To reduce mechanical vibrations the turbomolecular
pumps are stopped during STM measurements. The ion getter pumps have no mov-
ing parts and stay switched on to maintain the UHV conditions of preparation and
STM chamber Also, all other sources of mechanical noise, e. g. the air ventilation of
the fume hoods in the laboratory, are shut down during this time if possible. The high
stability necessary for STM is obtained by three different damping stages (Fig.[2.1).

The whole setup is placed on an optical table, which is decoupled from the floor by
four active dampers. The UHV chambers are mounted on a frame, which sits on four
passive dampers. During STM measuring the passive dampers are filled with com-
pressed air to decouple the frame and optical table. The backing pump system is
placed on the optical table and the tubing to the turbomolecular pumps connects it
to the chambers. To reduce vibration transmission between this two damping stages
flexible metal tubes are used. Most of the electrical cabling to the chambers is guided
along a grid suspended from the ceiling to make the connections as flexible as possi-
ble. Rigid cables, such as from the titanium sublimation pump, are unplugged from
the chamber during STM measurements. The last damping stage is located inside the
STM chamber. Sample and STM head are placed on a basis, which is freely hanging

on four metal springs.

Prevention of electrical noise that couples to the tunneling current is another im-
portant task and proper grounding plays a major role. Therefore the whole setup is
separated from the ground of the power supply system during STM measuring and a

"clean ground" is provided for the used electronics.

All electronic equipment not necessary for STM is unplugged from the power supply
system during measuring (except the ion getter pump controllers). The water cool-
ing tubes are even removed, because they are grounding the setup in the MQ regime.
Cabling found to generate electronic noise (e.g. the cable from the metal evapora-
tor) is disconnected from the chamber. Isolation transformers are used to power the
STM electronics, the measuring computer and the ion getter pump controller, but
keep them separated from the power ground. The switch providing the network con-

nection for the computer is powered by an isolation transformer as well.

IThe transfer chamber remains under static vacuum during this time period.
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The whole setup is grounded via a cable running from a "clean ground" in the labo-
ratory to a copper plate serving as common ground. The copper plate is mounted on
the STM chamber and the current amplifier of the STM directly on this copper plate.
The STM electronics are grounded by the cables running to the STM chamber. The
ion getter pump controllers are directly connected to the copper plate with a cable
grounding them.

2.2 Experimental Details

2.2.1 Sample Holder

To fulfill the requirements for sample preparation, STM and EC measurements a spe-
cial sample holder was designed. A photograph and a schematic drawing of the sam-
ple holder are shown in Figure 2.4l The crystal is placed on a tantalum interface,
which can be heated from the back by electron bombardment in the preparation ma-
nipulator. The sapphire ring reduces heat transfer to the base plate and the thermo-
couple allows temperature reading. The crystal is well fixed in the sample holder for
high mechanical stability during STM. The crystal surface is the highest point of the
whole assembly, so that in the hanging-meniscus configuration no other parts get
wet.

Au cover foil
Mo press plate
Au crystal

Ta interface

sapphire ring

~ thermocouple

(a) (b)

Figure 2.4:[(@)| Photograph and|[(b)|schematic drawing of the sample holder.

A crucial point is the covering of the top parts with high-purity gold foil. During sput-
tering the ion beam also hits the sample holder itself, which can lead to deposition
of material from the sample holder to the side faces of the crystal. These contami-
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nations usually do not affect the surface, but in the hanging meniscus configuration
small parts of the side faces of the crystal are wetted, which may cause unexpected
effects in electrochemical experiments [99]. To avoid this unwanted sputter deposi-
tion of foreign metals, the molybdenum press plate and the screw heads are covered
with gold foil.

2.2.2 Sample Preparation

In this thesis all MOCNs have been prepared in-situ under UHV conditions on a sin-
gle crystal Au(111) surface. The sample preparation started with cleaning of the crys-
tal surface, then the molecules were deposited, followed by metal evaporation and
subsequent annealing. The substrate temperature during molecule and metal depo-
sition and annealing varied depending on the different molecules. Details are given
in the corresponding sections.

The single crystals (supplier: MaTecK GmbH and Surface Preparation Laboratory)
were hat shaped with a polished surface of 5 mm diameter. They were cleaned under
UHYV conditions by repeated cycles of sputtering with Ar* ions and subsequent an-
nealing. The ion beam for sputtering had an energy of 1 keV and an incidence angle
of 45°, resulting in a current on the sample of about 10 pA. The sample was sputtered
for 10 min at temperatures below 375 K. During annealing at 825 K for 10 min the
pressure usually was below 3-1079 mbar@ After an electrochemical experiment two
cleaning cycles were used to again obtain an atomically clean and flat surface with
regions with terrace widths of around 100 nm.

The molecules were deposited by an organic molecular beam epitaxy source (Dode-
con Nanotechnology GmbH) from a resistively heated quartz crucible. The sublima-
tion temperatures (Tsyp) are listed in table[2.1l The deposition rates varied from 0.01-
0.1 monolayer per minute. Before deposition the molecules were carefully degassed
10-20 K below the sublimation temperature.

Metal atoms were deposited by electron beam heated evaporators (EFM 3, Omicron
GmbH). Fe and Co were evaporated from a rod and Mn from flakes in a molybdenum
crucible. The flux was typically below 0.01 of a monolayer per minute. The metal

evaporators were degassed before use.

2During the first annealing after an electrochemical experiment the pressure was higher.
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Molecule Chemical Name Tsub Supplier

TMA Benzene-1,3,5-tricarboxylic acid 465 K Sigma-Aldrich

TCNQ 7,7,8,8- 385K Sigma-Aldrich
tetracyanoquinodimethane

PBP 5,5'-Bis(4-pyridyl) (2,2’ 470K synthesized"
bipyrimidine)

FePc Iron(II)-phthalocyanine 663 K Alfa Aesar

H,TPyP 5,10,15,20-Tetra(4-pyridyl)- 663 K | Frontier Scientific, Inc.
porphyrin

CuTPyP Copper(1I) 683 K | Frontier Scientific, Inc.
5,10,15,20-tetra(4-pyridyl)
porphyrin

FeTPyPCl | Iron(III) 748 K | Frontier Scientific, Inc.
5,10,15,20-tetra(4-pyridyl)
porphyrin chloride

CoTPyPCl | Cobalt(III) 683 K | Frontier Scientific, Inc.
5,10,15,20-tetra(4-pyridyl)
porphyrin chloride

Table 2.1: Sublimation temperatures Tgy;, of the different molecules used in this thesis.
"PBP was provided by the group of Professor Mario Ruben (Karlsruhe Institute of Tech-
nology, Institute of Nanotechnology, Karlsruhe, Germany).

2.2.3 Electrochemical Experiments

The EC experiments were performed in a conventional three-electrode cell using an
Autolab potentiostat (PGSTAT302N, Eco Chemie). Silver/silver chloride (3 M KCl)
was used as reference electrode. All potentials are referred to the Ag/AgCl/(3 M KCl)
reference electrode. Usually a coiled platinum wire served as counter electrode, but
in case of hydrogen peroxide addition a coiled gold wire was used. The 0.1 M sodium
hydroxide solution was prepared using NaOH pellets from Sigma-Aldrich (99.99 %
trace metals basis) and milliQ water (18.2 M(Q). Oxygen and Argon gases were of

N5.0 purity and were bubbled for 30 min into the solution to saturate in the solution.

All glassware was cleaned prior to first use in a two-step procedure. First the glass-
ware is soaked in a sodium hydroxide and potassium permanganate solution over
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2.2. Experimental Details

night. Permanganate is a strong oxidizing agent and reacts with organic contam-
inations, generating a brown precipitate (MnO,). After rinsing the glassware with
deionized water a solution of sulfuric acid and hydrogen peroxide is used to reduce
MnO, to water soluble Mn?*. This step takes around 1 h. Afterward the glassware is
thoroughly rinsed first with deionized, then milliQ water. After an electrochemical
experiment the glassware was rinsed with deionized and milliQ water.
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Chapter 3

Transfer between Ultra-High Vacuum
and Electrochemistry Environments

This chapter gives a brief introduction to the developed transfer system for combin-
ing UHV and electrochemistry environments (Section [3.1I). A detailed description
and discussion of the transfer system realized in this thesis is given in section
The transfer between UHV and EC environments in both directions is demonstrated
for a clean Au(111) surface (3.2.1) and the STM characterization of a metal-organic

coordination network after electrochemistry is shown (3.2.2).

3.1 Transfer systems

The combination of UHV and EC methods started in the late 1970s; on the one hand
to employ UHV analysis techniques on samples coming from a liquid environment,
on the other hand to study the EC behavior of well-defined UHV prepared samples.
EC techniques are powerful methods to study many phenomena at the solid-liquid
interface as they are very sensitive to any change in the interface composition, but
they do not, however, give direct information at the molecular or atomic level. There-
fore, EC studies were combined with surface-sensitive characterization techniques
in UHV to obtain structural information of the interface (LEED: low energy electron
diffraction) and to determine the chemical composition and the oxidation state of
surface components (XPS: x-ray photoelectron spectroscopy; AES: Auger electron

33



3. Transfer between Ultra-High Vacuum and Electrochemistry Environments

spectroscopy). Working in UHV also offered the advantage of rigorously control over
the sample preparation by means of sputtering-annealing cycles and by LEED, XPS
and AES. This allowed one to electrochemically study well-defined and tailored sin-

gle crystal surfaces serving as model electrodes.

The first samples were simply transferred in air, which lead to uncontrolled surface
contamination or post-oxidation. Since the 1980s, fully controlled UHV-based trans-
fer systems were developed in order to keep the sample at all times in a clean and con-
trolled environment. Depending on the requirements of different systems and em-
ployed techniques, as well as the geometry of the UHV chamber, several approaches
and various designs exist [99,101]. Instead of venting the main UHV chamber, prefer-
ably the sample is brought into an external compartment, that can be filled with ultra
pure gases without affecting the vacuum in the main UHV chamber. This external
compartment is called an antechamber or transfer chamber. The EC experiments
can be performed within the vented antechamber, using special designed EC cells
introduced via a gate valve either from below or from the side. Another possibility is

to have the EC cell outside the transfer chamber.

3.2 Transfer System realized in this Thesis

We followed designs where the EC cell is located outside the transfer chamber or,
more precisely, underneath it [I02H104]. This configuration with the EC cell outside
the transfer chamber offers many advantages. From the EC point of view it is the best
option: As the design of the cell is much closer to conventional cells, one can work
with the usual volumes of liquid in a well-established configuration. It offers more
flexibility in the cell design and different cells depending on the type of experiments
can be realized (e.g. double walled cells for temperature control of the solution).
Additionally, it allows easy visual control of the hanging meniscus and the cell can
be easily removed for thoroughly cleaning. In the case that other parts of the sample
or sample holders are wetted by the electrolyte, it is quite simple to take the sample
out of the manipulator for rinsing with milliQ water and to introduce it back into the
system. In our cell design, reference and counter electrode are inserted into the EC
cell through ground joints, which allows to exchange them within a few seconds.
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3.2. Transfer System realized in this Thesis

Figure[3.Ilshows a schematic drawing of the transfer system realized in this thesis. A
photograph of the setup can be seen in Figure The transfer chamber is at the
same horizontal level as the the preparation chamber and placed directly next to
it. With the wobble stick the sample can transferred between the two manipulators
in the transfer and preparation chambers. With the z-manipulator in the transfer
chamber the sample can be brought down to the EC cell, which is located below the
transfer chamber. The complete sequence, to bring a sample controlled out of UHV,
perform an EC experiment and bring the sample back to UHV is described in the

following.

z-manipulator

transfer preparation
chamber chamber |, iatable

z-manipulator

gate valve

big turbo pump

to backing <[

pump
wobble stick
Argon inlet system

r N\

valve 1
gate

needle valve 2 valves

flexible valve
tube : EC cell
to small turbo + =
membrane pump electrolyte ‘En_'

Figure 3.1: Schematic drawing of the transfer system realized in this thesis. Several
valves are used in the Ar inlet system to have maximum control of the whole transfer
process.

Argon line

The starting point is a sample in the preparation chamber and the transfer chamber
is at its base pressure of around 2-10~® mbar. All valves are closed, besides the one be-
tween the transfer chamber and the turbo pump. The EC cell is prepared in advance;
firstitis pumped, then filled with Ar, subsequently the electrolyte is introduced and a
stable and controlled atmosphere maintained. Thus, electrochemistry can be started
directly after the transfer.
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3. Transfer between Ultra-High Vacuum and Electrochemistry Environments

Before the sample is brought to the transfer chamber the Ar inlet system is pumped
by opening valve 2 to an external pumping statio and the needle valve. It should
be pumped for at least several minutes, but preferably longer. Then, the gate valve
to the preparation chamber is opened, the sample grabbed with the wobble stick,
brought to the transfer chamber and the gate valve immediately closed again. The
time period where this valve is open is very short (less than 30 seconds), therefore
the effect on the vacuum in the preparation chamber is really little. After that the
needle valve is closed (in the closed position it still allows a small flow through it),
valve 1 to the transfer chamber is opened and valve 2 to the extra pumping station is
closed. The Ar line is slowly opened and as soon as an Ar flow starts, the gate valve to
the turbo is closed. Then the needle valve is fully opened to increase the Ar flux and it
takes 7-8 minutes to bring the transfer chamber to atmospheric pressure. After that
the gate valve to the EC cell is opened and the sample lowered into it. During EC
experiments a slight Ar overpressure is applied to the transfer chamber and the EC
cell to prevent air contamination.

The sequence of how the different valves are opened and closed has several aims.
One reason is to purge the inlet system by pumping it and to reduce pressure dif-
ferences when valves are opened to prevent potential damage on them. The main
objective is to keep the transfer chamber pumped by the big turbo pump for as long
as possible to ensure the cleanliness. Just before the Ar line is opened the big turbo
pump is still pumping the transfer chamber and a situation is obtained with differen-
tial pressure stages and a stepwise reduction of the diameter of the intake system to
the Ar line. The valve to the turbo is not closed until the Ar flow to the chambers sets
in.

The complete sequence to bring a sample out of UHV to the EC cell is rather com-
plicated and one needs to take care to follow the right order. However, it allows full
control over of the whole process and ensures high cleanliness of the transfer. It takes
only about 10 minutes from the sample being in UHV to the start of the EC experi-
ment, which is a sufficient time period for our requirements. The longest step is the
actual filling of the chamber, limited by the maximum flow through the needle valve.
It was intentionally chosen to be small for a slow filling process in order to have max-
imum control, especially in the beginning. If one would like to speed up the filling
an additional bypass valve allowing a higher flow could be used.

I This pumping station is completely separated from the backing pumps system of the UHV cham-
bers.
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3.2. Transfer System realized in this Thesis

After the EC experiment the sample surface is rinsed with milliQ water, the sample
brought back in the transfer chamber and the gate valve to the EC cell closed. After
closing the Ar line, valve 2 is opened and the transfer chamber is pumped with the
membrane pump and then the small turbo is started. In an early design the valves
1 and 2 and the connectors between them had a quite small diameter (6 mm outer
diameter) and it took 15-20 minutes before the pressure in the transfer chamber was
low enough to open the gate valve to the big turbo pump. The valves and connec-
tions in between were changed and valve 1 has now a CF16 flange and valve 2 a KF16
flange, allowing a much faster initial pump down. With the new valves the pressure
in the transfer chamber is below 1-10~! mbar within a few minutes allowing one to
open the gate valve to the big turbo and close valve 1 between the chamber and the
inlet system. It takes around 1 h until the pressure is below 1-107% mbar and the
sample can be transferred back to the preparation chamber. Again, the gate valve
to the preparation chamber is only opened for as short a time as possible. Directly
after the transfer the pressure is slightly higher in the preparation chamber, but re-
covers within 5-10 minutes. The effect on the pressure in the preparation chamber is
smaller with lower pressures in the transfer chamber before transferring the sample
back, and thus it is preferred to wait a bit longer than the minimum time of 1 h to
obtain a better pressure in the transfer chamber.

In our design, the gate valve between transfer chamber and EC cell has to stay open
during the EC experiments, because the manipulator arm is blocking it. Water vapor
from the electrolyte enters the transfer chamber and adsorbs on the inside walls. Dur-
ing pumping down, of the transfer chamber, this water slowly desorbs and it takes
several hours to reach again the 1078 mbar range, the value before transferring the
sample out of UHV. However, after around 1 h the pressure is already low enough
to transfer the sample back, without affecting the pressure in the preparation cham-
ber significantly. It is possible to realize a faster transfer by using two transfer cham-
bers [104], but we wanted to keep the design more simple. A possibility to accelerate
the pump-down of the existing system could be the implementation of a cryopump
to pump more efficiently the water vapor. Hwever, the effect may be small as the

water molecules still need to desorb from the inside walls and hit the cryopanel.

The Ar inlet system is also used for a secondary purpose. An additional valve (omitted
in the drawing in Figure3.1lfor clarity) is goes the EC cell and used for the preparation
of the EC cell. It allows to pump the cell and fill it with Ar to obtain a controlled

atmosphere in it. Another valve is omitted as well, which leads to an outlet to prevent
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3. Transfer between Ultra-High Vacuum and Electrochemistry Environments

to high overpressures on the transfer chamber. Furthermore the transfer chamber is
equipped with a pressure burst disc as an additional precaution.

Usually STM measurements are performed directly before the EC experiments and
therefore in the daily lab routine first the backing pump system and the turbo pumps
of the UHV chambers are started. During STM, the transfer chamber is under static
vacuum and it takes some time until the pressure is low enough to transfer the sample
out of the preparation chamber. This time is used for all preparing steps before the
actual transfer. In our design the time period between retracting the STM tip and
starting the EC experiment is less than 1 h and most of this time the sample is still
under UHV.

The transfer system realized in this thesis provides a clean and controlled transfer of
samples between UHV and EC environment in a reasonable time period. To demon-
strate the efficacy and cleanliness of the process STM and EC measurements of a
bare Au(111) surface were performed and typical results were obtained. STM mea-
surements of MOCNs after EC experiments were more difficult to perform, but could
be shown for the PBP-Fe network.

3.2.1 Test System Au(111)

The transfer system was tested with a clean Au(111) surface, because it is a rather
simple system, easy to prepare, well-known in STM and electrochemistry, and one
gets typically results, serving as "fingerprints", in both. In addition it allows one to
work in a wide potential window, which is why we used it as substrate for the two-

dimensional metal-organic coordination networks.

Figure[3.2is a STM image of a clean Au(111) surface after Ar* sputtering and anneal-
ing, showing the typical thermally induced herringbone reconstruction obtained in
UHV and ambient conditions [105,/106]. The double rows are a result of an average
compression of the surface layer by 4 % in one of the three close-packed [1 1 0] caus-
ing a 22 x /3 reconstruction. Sets of these corrugation lines change periodically their

orientation in a zig-zag pattern by +120°, generating the herringbone superstructure.

The clean Au(111) sample was brought from UHV through the transfer chamber to
the electrochemical cell to perform electrochemical experiments. Figure[3.3lshows a
cyclic voltammogram (CV) of the sample in deaerated 0.05 M H, SO, in the potential
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3.2. Transfer System realized in this Thesis

Figure 3.2: STM image of the clean Au(111) surface showing the typical thermally in-
duced herringbone reconstruction obtained in UHV.

window from -0.1 V to 1.5 V. It shows the characteristic profile of an Au(111) surface
with the oxidation above 1.2 V and the reduction around 0.9 V [107]. This CV serves
as "fingerprint" of a clean Au(111) surface, just like the herringbone in STM. The CV
is sensitive towards contaminations, but no additional current features can be seen.
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Figure 3.3: Cyclic voltammogram of Au(111) showing the oxidation/reduction of the sur-
face in deaerated 0.05 M H,SO,, scan rate 50 mV s

Figure [3.4] shows a CV of the sample in a smaller potential window. The upper po-
tential is reduced to a value before the oxidation of the surfaces occurs, thus only the
double layer is present. The anodic/cathodic peaks between 0.1-0.4 V correspond
to the lifting/recovering of the reconstruction and around 0.8-0.9 V a disorder/order
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3. Transfer between Ultra-High Vacuum and Electrochemistry Environments

transition takes place within the layer of adsorbed (hydrogen-) sulfate ions [108]. At
negative potentials the reconstruction is still present, but during the anodic scan the
reconstruction is lifted between 0.2-0.4 V. In the cathodic scan the reconstruction is
recovered around 0.2 V. This potential-induced reconstruction differs from the initial
thermally induced reconstruction and can be seen in Figure[3.5
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Figure 3.4: Cyclic voltammogram of Au(111) in the double layer region in deaerated
0.05 M H,S0,, scan rate 50 mV s’l. The peaks between 0.1-0.4 V correspond to the lift-
ing/recovering of the reconstruction and around 0.8-0.9 V a disorder/order transition
takes place within the layer of adsorbed (hydrogen-) sulfate ions.

After lifting and recovering the reconstruction the sample is retracted under potential
control, at a potential where the reconstruction is present. The surface is rinsed with
milliQ water and the sample transferred back to UHV. Figure[3.5lshows an STM image
of the Au(111) after the EC experiment. The double rows run no longer in a regular
zigzag pattern as in the case of the initial thermally induced reconstruction (Fig.[3.2).
The pattern of the potential-induced reconstruction is more irregular and the double
rows tend to align with the step edges. In the STM no contamination of the surface
can be seen after the EC experiment. The STM image is a bit more noisy than before;
the step edges are diffuse and horizontal lines in the fast scan direction appear. This
could be due to adsorbed mobile water molecules.
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3.2. Transfer System realized in this Thesis

Figure 3.5: STM image of the Au(111) surface after the electrochemical experiments
showing a potential-induced reconstruction.

The STM image in Figure presents the successful UHV preparation of a clean
Au(111) surface with the typical thermally induced herringbone reconstruction. A
clean transfer to the EC environment is demonstrated by the characteristic CVs in
Figure and 3.4l The STM image in Figure shows the Au(111) surface with a

potential-induced reconstruction, presenting a successful transfer back to UHV after
electrochemistry.
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3. Transfer between Ultra-High Vacuum and Electrochemistry Environments

3.2.2 STM of PBP-Fe after Electrochemistry

STM characterization of the PBP-Fe network on Au(111) was performed after electro-
chemistry. Details of the network are given in section 5.2

In the EC experiment the electrocatalytic activity of the network towards oxygen re-
duction was studied. The measurements were performed in oxygen saturated 0.1 M
NaOH solution. After the EC experiment the sample was removed from the EC cell
under potential control at 0.15 V, rinsed with milliQ water and transferred back to
UHYV in the preparation chamber. Before the STM measurements it was heated to
remove most of the residual adsorbates originating from the electrolyte and then

cooled down before introducing it in the STM chamber.

Figure 3.6: STM image of the PBP-Fe network on Au(111) after the electrochemical ex-
periments.

Figure[3.6lshows a large scale STM image of PBP-Fe after EC experiment and is highly
representative of the condition of the system. Some agglomerates are present, which
are associated with residual adsorbates from the electrolyte. The important point is
the presence of long-range two dimensional network domains after the EC experi-
ments. Figure 3.7 compares the structure of the network before the EC experiment
to the structure obtained afterwards. The original UHV prepared structure and the
one after the liquid environment are nearly identical. This shows that the network
not only survives alkaline media but also an electrocatalytic reaction with oxygen.
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(a) before electrochemistry (b) after electrochemistry

Figure 3.7: STM images of the PBP-Fe network on Au(111) showing the network struc-
ture[(@)|before and[(b) after the electrochemical experiments.
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Chapter 4

Influence on the Catalytic Activity by
the Type of the Metal Center

In the first part of this chapter the preparation and STM characterization of a 2D-
MOCN composed of benzene-tricarboxylic acid (TMA) and Fe atoms on Au(111) is
presented. For this TMA-Fe network, the electrocatalytic activity towards ORR in al-
kaline media is demonstrated. In the second part the influence on the catalytic activ-
ity by the type of the metal center is shown. By replacing Fe with Mn the mechanism
of the reduction can be changed

4.1 TMA-Fe

The network presented in this section consists of TMA and Fe atoms self-assembled
on Au(111). Fe atoms coordinated by carboxyl groups were selected to mimic both
biological and inorganic catalysts for ORR [60,109]. TMA was chosen because two-di-
mensional networks of it were previously studied on different single crystal surfaces
by STM in UHV and liquid environment [110-114].

The chemical structure of TMA is shown in Figure [4.Tal and a ball-and-stick model
in Figure 4.1bl TMA adsorbs on Au(111) lying flat with the aromatic ring oriented
parallel to the surface and individual molecules appear as triangular features in the

IThis chapter is based on the paper "Bio-inspired nanocatalysts for the oxygen reduction reaction"
given in the publications list.
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STM images. The carboxyl groups are located at the corners of the triangles and form
intermolecular hydrogen bonds to the neighboring TMA molecules. The result is a

porous network with a honeycomb structure, which is shown in Figure4.1c

HO__O

OH o

(a) (b) (@

Figure 4.1: [(@)] chemical structure and [(b) ball-and-stick model of TMA. [(C)] STM image
of the honeycomb structure of TMA on Au(111).

To create TMA-Fe networks first TMA was evaporated on the surface held at room
temperature and then Fe atoms were deposited on top of the molecular layer. The
sample was subsequently annealed to 525 K, favoring deprotonation and binding of
the carboxylate groups to the deposited Fe atoms [115]. In contrast, pure TMA layers

cannot be annealed higher than 353 K because of desorption of the molecule.

A STM image of the TMA-Fe network on Au(111) is shown in Figure The motif
clearly has changed after the incorporation of the Fe atoms; the molecules align in
rows with alternating directions. Through comparison to similar system, a structural
model has been adapted. The proposed model is overlayed with the high-resolution
STM image in Figure[4.2bl Particular regions between the double rows appear brighter
and are assigned as the positions of the Fe atoms (cyan circles in Fig. [4.2b). Coor-
dination chains are created where, in each segment, metal dimers are coordinated
to four molecules. TMA-Fe networks on other substrates show different arrange-
ments [16,[115,[116]. Here the metal dimers are bridged by two carboxylate groups
and each metal atom is coordinated by three oxygen atoms. Adjacent coordination
chains are potentially interlinked by carboxyl hydrogen bonds, which require only
partial deprotonation of TMA.
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4.1. TMA-Fe

Figure 4.2: [@)] STM image of TMA-Fe network on Au(111). [(b)] High-resolution STM
image of TMA-Fe superimposed with the proposed model (cyan circles represent iron
atoms).

Linear sweep voltammetry experiments in O, saturated 0.1 M NaOH solution were
performed to explore the ability of the networks to reduce O, in alkaline media. Fig-
ure [4.3]shows the polarization curves for different samples acquired under the same
conditions. On bare Au(111) (Fig.[4.3lgray line), a weak shoulder around -0.2 V can be
seen corresponding to the reduction of O, to H,0O, [117,[118]. The reduction occurs
on a 2e” pathway according to equation[T.T1l

The polarization curve of TMA-Fe (Fig.[4.3]red line) shows a different behavior com-
pared to bare Au(111). The shoulder at -0.2 V has an onset shifted around 0.05 V
to lower overpotentials and has a much higher current density (inset Fig.[4.3). More
striking is the presence of a second peak around —0.8 V with a large current density. By
comparison other Fe-containing systems [119], the second shoulder can be assigned
to the electroreduction of H,0, to H,O according to equation .13

To test this hypothesis, H,0, is added to the solution. In Figure[4.3] the polarization
curve of TMA-Fe in presence of 10 mM H,0, (red dotted line) is shown. Two well
defined waves at —0.2 and —0.8 V are present, thus confirming the hypothesis. The
increase in the current density by adding H, O, can be traced back to an increase of
the surface concentration of O, due to disproportionation of H,O, in alkaline media

120].
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Figure 4.3: Polarization curves in O, saturated 0.1 M NaOH solution for different sam-
ples, scan rate 50 mV s’!. The inset shows the different onset potentials.

The ability of Fe to reduce O, is widely explored in the literature, and several mech-
anisms were identified yielding H,O, or H,O as the final product [119,121-H123]. We
propose that the first wave around -0.2 V in the polarization curve of TMA-Fe is re-
lated to reduction of O, to H,0, mediated by both exposed Au surface areas and oxy-
gen atoms present in the network. In fact, the polarization curve of of pure TMA on
Au(111) (Fig.[d.3green line) shows a small enhancement of the current density com-
pared with bare Au(111). In UHV conditions the Fe centers in the network assume
an oxidation state close to Fe(II) [54;[124], and Fe(II) can readily bind O,. However,
we do not expect the Fe atoms to participate in the reaction because in the potential
window of the first wave between -0.2 and -0.4 V, we assume trivalent metal centers
present in the network. It is well established that Fe(III) is not favored as an active site
for O, reduction [122]. Analyzing the second wave, we consider that Fe(II) species
become predominant at potentials more negative than —0.6/-0.7 V. At this potential,
Fe(II) can bind both O, and H,0, to form OHOH adducts. The strong bonding of
H,0, to Fe(Il) prevents it from leaving as a two-electron reduction product and pro-
vides a path for final reduction to H,O. The presence of Fe in the TMA networks
explains the second wave, and a mechanism combining equations [L.11l and [I.13]is
proposed. Blank experiments using the same amount of Fe contained in the net-
works deposited on Au(111) at room temperature show a similar behaviour as TMA-
Fe networks but with substantially reduced catalytic activity (Fig. 4.3 blue dashed
line). The Fe is present as small clusters at the elbow sites of the Au(111) herringbone

reconstruction.
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4.2 TMA-Mn

To study the influence of the metal centers on the catalytic activity Fe was replaced
in the network by Mn. The TMA-Mn networks were prepared in the same way as the
TMA-Fe except that Mn instead of Fe was evaporated. The structure of the TMA-Mn
network, shown in Figure[4.4] is indistinguishable from TMA-Fe. The high-resolution
STM image in Figure is superimposed with the same model as for TMA-Fe (cf.

Fig.[4.2D).

(a) (b)

Figure 4.4:[(@)]STM image of TMA-Mn network on Au(111). [(b)|High-resolution STM im-
age of TMA-Mn superimposed with the proposed model (purple circles represent man-
ganese atoms).

Despite the structural similarity, the electrochemical signal differs significantly be-
tween both networks, showing the key role of the unsaturated metal centers in the
electrocatalytic reduction of O,. Figure[d.5shows the polarization curve for TMA-Mn
(orange line) in O, saturated 0.1 M NaOH solution. The first wave is better defined,
shifted to a lower potential of -0.15 V and presents a higher current density. Addition-
ally the onset potential is shifted around 0.1 V (compared to Au(111)) to even lower
overpotentials (inset Fig.[4.5). Moreover, the wave at —0.8 V found in TMA-Fe ORR
polarization curve is not present for the TMA-Mn network. A possible reason could
be that the potential reduction of small amounts of the generated H,O, is obscured
by the onset of the hydrogen evolution reaction. However, adding H,O, to the so-
lution does not produce any change in the shape of the polarization curve (Fig.
orange dotted line), indicating that no H,O,electroreduction occurs. Again we find
an increase in the current density by adding H, O, due to disproportionation of H, O,
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in alkaline media [120], as in the case of TMA-Fe. Hence, we conclude that TMA-
Mn reduces O, directly to H,O through a 4e~ pathway ,according to equation
It is important to point out that Mn oxides catalyze the O, reduction mainly via a
(2+2)e” pathway [125], while Mn coordination compounds directly reduce O, to
H,O via a 4e” mechanism [126]. Similar to Fe on Au(111), the polarization curves for
Mn clusters on Au(111) (Fig. [4.5]violet line) show a similar profile as TMA-Mn with
clearly lower catalytic current density. This result emphasizes the importance of the
complexation of the metal atoms and hints at the tremendous potential of this ap-
proach. The chemical activity of the metal centers is determined by both the nature
of the metal ion and its coordination shell. In addition, the ligation separates the

unsaturated metal atoms preventing catalytic deactivation [52].
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Figure 4.5: Polarization curves in O, saturated 0.1 M NaOH solution for different sam-
ples, scan rate 50 mV s !. The inset shows the different onset potentials.

4.3 Conclusions

Catalytic activity of UHV prepared 2D-MOCNs was demonstrated for the first time.
TMA-Fe and TMA-Mn on Au(111) catalyze the complete O, reduction towards H,O
and moreover that the mechanism can be influenced by the choice of the metal cen-
ter. While TMA-Fe exhibit an indirect (2+2)e” pathway with intermediate H,O,,
TMA-Mn reduces O, directly to H,O on a 4e~ pathway. This provides a proof of
concept that surface-engineered metal-organic complexes and networks that dis-
play structural resemblance to enzyme active sites have a high potential for hetero-
geneous catalytic chemical conversions.
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Chapter 5

Ligand Effect on the Electrocatalytic

Response

In this chapter the electrocatalytic response in the ORR of single Fe atoms coordi-
nated by either tetracyanoquinodimethane (TCNQ), bis-pyridyl-bipyrimidine (PBP)
or phythalocyanine (Pc) on Au(111) is presented. Linear sweep voltammetry exper-
iments in alkaline media demonstrate that the final product and the mechanism of
the reduction of O, can be changed by the specific coordination environment of Fe.
In all three cases the coordination environment of Fe is formed by nitrogen atoms,
but different ligands with distinct functional groups are used

5.1 TCNQ-Fe

The chemical structure of TCNQ and a ball-and-stick model is shown in Figure 5.11
TCNQ was evaporated on the Au(111) surface held at room temperature. The mol-
ecules physisorb on Au(111) ina flat lying geometry with the aromatic ring parallel
to the surface and form highly ordered self-assembled domains by intermolecular
C=N-..H-C hydrogen bonds [127]. A STM image of the molecular phase is shown in
Figure 5.2l

IParts of this chapter are based on the paper "Bio-inspired nanocatalysts for the oxygen reduction
reaction" given in the publications list.
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Figure 5.1: Chemical structure of 7,7,8,8-tetracyanoquinodimethane and [(b)] ball-
and-stick model.

Figure 5.2: STM image of the self-assembled molecular layer of TCNQ on Au(111).

TCNQ is well known to from coordination structures with different metal atoms in
3D [128H130] and 2D [131H133]. Fe atoms were deposited on top of the molecular
layer with the substrate held at room temperature and subsequently the sample was
annealed to 353 K. A STM image of the resulting TCNQ-Fe network is shown in Fig-
ure(5.3al In the observed network the stoichiometry of TCNQ:Fe is 1:1 and the struc-
ture is similar to networks of TCNQ with Mn or Ni on Au(111) [133]. Each TNCQ
molecule binds with the cyano groups to four Fe atoms and each Fe atom is four-
fold coordinated by cyano groups. The proposed model is overlayed with the high-
resolution STM image in Figure 5.3bl

The ability of this network to reduce O, in alkaline media was explored by performing
linear sweep voltammetry experiments in O, saturated 0.1 M NaOH solution. The
obtained polarization curves are shown in Figure 5.4l As discussed in Section [4.1]
for bare Au(111) (Fig. 5.4 gray line) a weak shoulder around -0.2 V can be seen, cor-
responding to the reduction of O, to H,0, on a 2e~ pathway (Eq. [LL.I1) [117,118].
TCNQ-Fe (Fig. 5.4l red line) shows a similar profile as bare Au(111) with the same
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5.1. TCNQ-Fe

(a) (b)

Figure 5.3: [(@)] STM image of TCNQ-Fe on Au(111). [(b)] High-resolution STM image of
TCNQ-Fe superimposed with the proposed model (cyan circles represent iron atoms).

onset potential (inset Fig.[5.4). The current density is somewhat higher, showing a
slightly increased catalytic activity. Unlike TMA-Fe (Sec.[4.1) and PBP-Fe (Sec.
no second peak is observed, which leads to the conclusion that no reduction of the
generated H,O, occurs in the examined potential window. Thus TCNQ-Fe reduces
0, to H,0, on a 2e” pathway according to equation[L.11l

0.0 - .
05} .
E 1ok 1 —Au(111)
Ti: i ~ 0.0 - I B I = — TCNQ—Fe
= -15F 5 /é _
g -0z . g

—20} E
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1 1 1 1 1
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Figure 5.4: Polarization curves in O, saturated 0.1 M NaOH solution for TCNQ-Fe, scan
rate 50 mV s'!. The inset shows the onset potential.

In enzymatic ORR catalysts nature uses molecules with electron donating functional
groups that prevent the formation and release of detrimental partially reduced oxy-
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5. Ligand Effect on the Electrocatalytic Response

gen by-products and intermediates [134]. The cyano groups of TCNQ, in contrast,
are strong electron withdrawing groups and TCNQ is a well-known electron accep-
tor. Charge transfer from the metal center to TCNQ is observed for the TCNQ-Ni
network on Au(111) [133]. In the TCNQ-Fe network the cyano groups withdraw so
much electron density from the Fe centers, that Fe(III) is most likely the dominant
species even at negative potentials. As discussed in section [4.1] Fe(III) is not favored
as an active site for O, reduction [122]. H,O, binds weakly to Fe(IlI) and leaves as the
two-electron reduction product [122]. In contrast to TMA-Fe and PBP-Fe no path
for final reduction to H, O is provided and, thus, the second wave in the polarization

curve is absent.

5.2 PBP-Fe

The chemical structure and a ball-and-stick model of PBP is shown in Figure 5.5l 2D
metal-organic networks of PBP have been reported on Ag and Cu surfaces but not on
Au(111) [135]. PBP was evaporated on the Au(111) surface held at room temperature.
A STM image of the molecular phase of PBP on Au(111) is shown in Figure On
Au(111), PBP adsorbs in a flat geometry with the aromatic rings parallel to the surface.
A lamellar structure is observed with the molecules oriented parallel and aligned in
rows. The pyrimidine groups are adjacent to each other and the pyridyl end groups
form hydrogen bonds resulting in a skewed structure. The molecular tilt results in a
closer proximity and better alignment of the N-functional groups. Similar structures
were observed with the pyridyl benzoic acid molecule assembled on Ag(111) [18] and
PBP on Ag(100) [135].

e /e
(b)

(@)
Figure 5.5: [(@)] Chemical structure of 5,5’-bis(4-pyridyl) (2,2’-bipyrimidine) and [(b)| ball-

and-stick model.

The sample was heated up to 413 K and then Fe atoms were deposited on top of
the molecular layer at elevated temperature. The incorporation of Fe leads to a net-
work structure, which is comparable to the networks formed on Cu and Ag surfaces
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5.2. PBP-Fe

Figure 5.6: STM image of the self-assembled molecular layer of PBP on Au(111).

using Cu adatoms [135]. Figure 5.7a shows a STM image of PBP-Fe on Au(111). A
high-resolution STM image and the proposed model are presented in Figure[5.7bl In
this network, each molecule coordinates to four Fe adatoms via the pyrimidine and
pyridyl groups fully saturating the molecule’s binding sites. Hence, each Fe adatom
binds to three nitrogen atoms of the two central pyrimidine units of a PBP molecule
and to the pyridyl moiety of a neighbouring PBP ligand.

Figure 5.7:[(@)] STM image of PBP-Fe on Au(111).[(b)|High-resolution STM image of PBP—
Fe superimposed with the proposed model (cyan circles represent iron atoms).

The polarization curve for PBP-Fe in a O, saturated 0.1 M NaOH solution is shown
in Figure The electrocatalytic response differs from bare Au(111) and TCNQ-Fe
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Figure 5.8: Polarization curves in O, saturated 0.1 M NaOH solution for PBP-Fe, scan
rate 50 mV s™!. The inset shows the different onset potentials.

(Fig.[5.4); the current density is higher, the onset of the shoulder at -0.2 V is shifted
around 0.05 V to lower overpotentials (inset Fig. and a second peak around -
0.85 V is present. This profile is similar to TMA-Fe (Fig.4.3) but with a somewhat
larger catalytic current. By comparison with the TMA-Fe and other Fe-containing
systems [119], the second shoulder can be assigned to the electroreduction of H, O,
to H,O according to equation .13l Hence we conclude PBP-Fe catalyzes the com-
plete reduction of O, to H,O via an indirect (2 + 2)e” mechanism with intermediate
H,0, combining equations[I.1Tland .13l

Compared to TCNQ the pyrimidine and pyridyl groups of PBP provide much more
electron density to the Fe atoms. However, we assume in the potential window of the
first wave trivalent metal centers present in the network. At potential more negative
than -0.65/-0.75 V the Fe(II) species become predominant. The strong bonding of
H,0, to Fe(Il) prevents it from leaving as a two-electron reduction product and pro-
vides a path for final reduction to H, O. This behavior is really similar to TMA-Fe (Sec-
tion[4.1I), but the position of the second peak is shifted to more negative potentials
for PBP-Fe (-0.85 V) compared to TMA-Fe (-0.80 V). This could be a result of the dis-
tinct coordination environment shifting the Fe(II)/ (III) redox potential towards more

negative potentials.

STM images of the PBP-Fe network after the electrochemical experiments are shown
in section3.2.2] A nearly identical structure was found after the liquid environment
compared to the UHV-prepared network (Fig.3.7).
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5.3. FePc

5.3 FePc

The chemical structure and a ball-and-stick model of iron(II) phthalocyanine (FePc)
is shown in Figure FePc was evaporated onto the Au(111) surface held at room
temperature and subsequently annealed to 353 K. The resulting FePc monolayer on
Au(111) is shown in Figure FePc adsorbs flat lying on the surface and individ-
ual molecules are imaged by STM as a four-lobed shape with a protrusion at the
center, corresponding to the aromatic macrocycle and central metal atom, respec-
tively. At monolayer coverage, FePc forms a densely packed ordered layer with an al-
most quadratic unit cell on Au(111) (Fig. [136H138]. In Figure[5.10ala domain
boundary between two orientation-domains in the FePc monolayer can be seen. In
Figure5.10b/the STM image is overlayed with the model.

N
S < N
%\ N] Ni \é
\N 7/
N Fe N

N / N\ /
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\

(a) (b)

Figure 5.9: [(@)] Chemical structure and [(b)] ball-and-stick model of iron(II) phthalocya-
nine.

Figure [5.11] shows the polarization curve for FePc in an O, saturated 0.1 M NaOH
solution, which also shows a different behavior compared to bare Au(111), TCNQ-Fe
and PBP-Fe. The first wave is much more defined, shifted to a lower potential of —
0.06 V and presents a higher current density. The onset potential of the first wave is
shifted around 0.08 V (compared to Au(111)) to lower overpotentials. Like in the case
of TMA-Mn (Sec.[4.2) we assign this peak to the direct reduction of O, to H,O0 on a
4e~ mechanism according to equation[L.LT0l FePc is well known to catalyze the ORR
in alkaline media via a 4e~ pathway on different supports [139-142].
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5. Ligand Effect on the Electrocatalytic Response

Figure 5.10:[(@)] STM image of FePc on Au(111). [(b)] High-resolution STM image of FePc
superimposed with model.
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Figure 5.11: Polarization curves in oxygen saturated 0.1 M NaOH solution for FePc, scan
rate 50 mV sl

FePc shows the highest catalytic activity and the lowest onset potential, compared to
TCNQ-Fe and PBP-Fe. This could be due to a much higher electron density on the Fe
centers provided by the n-electron rich macrocycle favoring the catalytic active Fe(II)
species. The Fe(IlI) /Fe(Il) transition for FePc is very close to the onset potential of O,
reduction [143,(144]. In PBP-Fe and FePc different functional groups are utilized; in
PBP-Fe pyridyl and pyrimidine (pyridyl related) groups coordinate Fe, in FePc the
metal atoms are embedded in a porphyrazin ring. Pyridinic and porphyrazin-type
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species are both important coordination groups in the formation of active sites in
Fe/N/C materials [66]. Porphyrazines form a square planar coordination environ-
ment. For pyridinic species in Fe/N/C materials also a fourfold planar coordination
geometry is proposed and the direct 4e~ ORR pathway is observed in alkaline me-
dia [69,145,[146]. In contrast PBP-Fe has a threefold coordination environment and
shows a (2 +2)e™ pathway. This might be a result of the different ligand geometries;
the ligand field can alter the energetic arrangement of the d-orbitals of the Fe cen-
ters [147], which could modify the interaction with oxygen and reaction intermedi-
ates. To evaluate this geometric aspect, a MOCN with a fourfold pyridinic coordina-
tion environment for Fe could be studied. Moreover, density functional theory (DFT)
calculations are needed to get further insight in the electronic configuration of the
metal centers and to evaluate binding energies with oxygen and reaction intermedi-

ates.

5.4 Conclusions

The electrocatalytic response in the ORR for three iron-based two-dimensional metal-
organic structures on Au(111) was shown. The differences in the electrocatalytic ac-
tivity might be a result of the electron density on the Fe centers in the distinct coordi-
nation environment and its geometry. TCNQ is a strong electron acceptor and with-
draws electron density from the Fe atoms. For TCNQ-Fe, only the reduction towards
H,O, on a 2e~ pathway is observed. In PBP-Fe and FePc the coordinating groups
provide much more electron density to the Fe centers and the complete reduction to
H, 0 is observed. PBP-Fe catalyzes the reduction of O, via an indirect (2 +2)e” path-
way with intermediate H,O,, while FePc catalyzes directly to H,O by a 4e™ pathway.
The n-electron rich macrocycle favors the catalytic active Fe(II) species. For the cat-
alytic activity also the geometry of the coordination environment might play a role,
since the ligand field can alter the energetic arrangement of the d-orbitals of the Fe

centers.

These results emphasize how the catalytic activity can be influenced by the specific
coordination environment of the Fe atoms. In all three cases, Fe is coordinated to
nitrogen atoms, but the distinct ligands, functional groups and coordination geom-
etry change the final product and the mechanism of the reduction. This shows the
power of our approach; engineering of the metal-organic complexes and networks
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by choosing different ligands and functional groups allows the complete control of
the coordination environment and, by this, the tuning of the catalytic activity of the
embedded metal centers.
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Chapter 6
Cooperative Bimetallic Effect

In this chapter the two metal-binding sites of 5,10,15,20-tetra(4-pyridyl) porphyrin
(TPyP) are used to selectively incorporate different metal centers in a fixed organic
environment and create homo- and hetero-bimetallic networks. In section [6.1] the
STM characterization of the prepared samples is shown. The effect on the ORR from
combining different metals is presented in section A non-lineary increased cat-
alytic activity towards the evolution of oxygen is demonstrated in section[6.3

6.1 Scanning tunneling microscopy

The samples were prepared by sublimation of TPyP containing either no or one metal
atom (M!) in the porphyrin macrocycle onto Au(111) with the sample held at 520 K
(Figure and[6.3). A chlorine ligand is present at the central metal in the cases of
Fe and Co. At this substrate temperature, the chlorine atom on FeTPyP and CoTPyP
likely detaches from the molecule and desorbs, converting M(III) into catalytically
active M(II) [148]. The second metal (M?) was sublimed in an additional step and is
coordinated by the pyridyl groups in a four-fold geometry (Figure[6.1a). This method
allows the preparation of highly ordered layers of M! TPyP(-M?) and provides control
over the exact position of the different metal centers within the network.

IParts of this chapter are based on the paper "Driving the oxygen evolution reaction by nonlinear
cooperativety in bimetallic coordination networks" given in the publications list.
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Figure 6.1: [(@)] Chemical structure of 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP) with
the two different metal binding sites and [(b)| ball-and-stick model of the free-base por-
phyrin (H,TPyP).

The chemical structure of TPyP with the two different metal binding sites and a ball-
and-stick model of the free-base porphyrin (H,TPyP) is shown in Figure STM
images of H,TPyP on Au(111) (Figl6.2) were initially used to analyze the changes due
to the presence of the central and then periphery metal centers M! (Fig.[6.3) and M?
(Fig. respectively.

Figure shows an STM image of a highly ordered layer of H,TPyP on Au(111).
H,TPyP absorbs with the porphyrin macrocycle parallel to the surface and the pyridyl
groups are rotated out of the porphyrin plane [149]. The porphyrin core is clearly
visible with a depression in the center due to the absence of a central metal atom,
and the four terminal pyridyl groups appear as bright protrusions in a rectangular
arrangement. These intramolecular features make it possible to determine the ori-
entation of the molecules, allowing the development of a meaningful model, which
is overlayed with the STM picture in Figuré6.2bl The molecules arrange in rows
whereby adjacent rows are slightly shifted with respect to each other forming an

oblique lattice. Neighboring molecules are rotated by 90° against each other.
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6.1. Scanning tunneling microscopy

(b)

Figure 6.2: [(@)] STM image of H,TPyP on Au(111). [(®)] High-resolution STM image of
H, TPyP superimposed with the proposed model.

STM images of FeTPyP, CoTPyP and CuTPyP adsorbed on Au(111) are shown in Fig-
ure[6.3]and slight differences in the metallo-porphyrin monolayers compared to the
metal free porphyrin are apparent. The presence of M! does not affect the molec-
ular packing on the surface, which is similarly reported for TPyP and FeTPyP on
Ag(111) [150]. The dark depression within the macrocycle of H, TPyP is replaced by a
bright protrusion for FeTPyP and CoTPyP (Fig. and[6.3c), which is attributed to
the central metal atom M. The tunneling enhancement through the half-filled metal
d,, orbital is known for cobalt tetraphenylporphyrin (CoTPP) and for FePc and
CoPc [152,[153]. In the case of CuTPyP (Figl6.3€) the metal center can be imaged as a
depression in STM, which is also reported for CuPc [153], NiPc [152] and NiTPP [151]
and due to the filled d > orbital of Cu and Ni.
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=

(e) CuTPyP (f) CuTPyP

Figure 6.3: STM images of highly ordered layers of M' TPyP on Au(111). [(b)} [(d)] and [()]
superimposed with the proposed model. Fe (cyan), Co (magenta), Cu (yellow).
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6.1. Scanning tunneling microscopy

After incorporation of the second metal M? the molecular packing slightly changes.
The second metal is coordinated by four pyridyl groups between the molecules, which
leads to a rectangular arrangement of the molecular rows. The position of M? can be
revealed with a modified tip (Figl6.4a). The STM image in Figure is overlayed
with the proposed model. All bimetallic networks (M!TPyP-M?) with different metal
combinations show the same arrangement of the molecules, which is shown in the
STM pictures in Figure[6.5 and indicats the negligible influence of the type of metal
on the self-assembly process.

(a) CoTPyP-Fe (b) CoTPyP-Fe

Figure 6.4: [(a)] STM image of CoTPyP-Fe on Au(111) with a modified tip revealing the
position of M2. [(b)] High-resolution STM image of CoTPyP-Fe superimposed with the
proposed model. Color legend: Fe (cyan), Co (magenta).

Distances between metal centers were found to be 14.5 A for M'-M! and M2-M?, and
10.4 A for M!-M?. In biological catalyst systems and analogues inorganic catalysts,
the distances between bimetallic centers varying from 2 to 20 A, enabling coopera-
tive effects in catalysis through geometric proximity or changes in the coordination
sphere [154,[155]. In the following, the catalytic properties towards ORR and OER of
the 2D bimetallic structures are investigated with focus on the influence of the com-
bination of two different metal centers.
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6. Cooperative Bimetallic Effect

(e) CuTPyP-Fe (f) CuTPyP-Co

Figure 6.5: STM images of highly ordered homo- and hetero-bimetallic networks
M!TPyP-M? on Au(111) showing all the same arrangement of molecules.
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6.2. Oxygen Reduction Reaction

6.2 Oxygen Reduction Reaction

The catalytic activities towards the ORR of the different molecular networks were
studied. Figure[6.6lshows the polarization curves in oxygen saturated 0.1 M NaOH so-
lution. For bare Au(111) (Fig.[6.6 gray line) a weak shoulder around -0.2 V can be seen
corresponding to the reduction of O, to H, O, [117,118]. The polarization curve of the
metal-free porphyrin H, TPyP (Fig.[6.6ldashed line) and CuTPyP (Fig.[6.6ka green line)
have similar profiles to the Au(111) case, but for H,TPyP it is shifted towards more
negative potentials. All other networks show an enhanced catalytic activity. The po-
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Figure 6.6: Polarization curves in oxygen saturated 0.1 M NaOH solution for different
networks, scan rate 50 mV s,

67



6. Cooperative Bimetallic Effect

larization curve of FeTPyP (Figl6.6b blue line) has a broad peak around —-0.26 V and
the lowest onset potential of all samples. In case of CoTPyP (Fig. [6.6c red line) the
peak is much more defined and located at a lower overpotential (-0.18 V), but com-
pared to FeTPyP the onset is shifted to a larger overpotential. The presence of a sec-
ond metal alters the peak position and the onset potential. The maximum change in
the onset potential is below 0.05 V, whereas the peak potential is varied in a range of
around 0.15 V. The incorporation of Fe as the second metal leads to an adverse shift of
the peak position towards more negative potentials. Compared to FeTPyP in the po-
larization curve of FeTPyP-Fe (Fig. yellow line) and CuTPyP-Fe (Fig. violet
line) the peak potential and the onset potential are shifted to higher overpotentials.
Co as the second metal, on the other hand, leads for FeTPyP-Co (Fig. magenta
line) and CuTPyP-Co (Fig. orange line) to a beneficial shift of the peak position
towards lower overpotentials and the onset potential is only slightly higher compared
to FeTPyP. The effect of the second metal for CoTPyP is comparatively small. The
onset potentials of CoTPyP-Fe (Fig. [6.6c cyan line) and CoTPyP-Co (Fig. [6.6c dark
green line) are negligibly lower or higher compared to CoTPyP. The peak position of
CoTPyP-Co is almost equal to CoTPyP, but for CoTPyP-Fe it is slightly more negative
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Figure 6.7: Comparison of the peak potential Ep (black squares) and onset potential
Eonset (red circles) for different samples extracted from Figure CuTPyP is omitted
since it showed a clearly different catalytic behavior.
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6.2. Oxygen Reduction Reaction

For easier comparison of the catalytic activities, the peak potential and the onset
potential of the different samples are extracted from Figure and presented in
Figure The samples are ordered from most to least negative peak potentials.
FeTPyP-Fe and CuTPyP-Fe shows the lowest catalytic activity, with the most negative
peak position and highest onset potential. FeTPyP shows the lowest onset potential,
but the peak potential has a higher overpotential than the Co containing samples.
The catalytic activities of CoTPyP-Co and CoTPyP are nearly identical and slightly
superior to CoTPyP-Fe, which has a somewhat higher peak potential. The best cat-
alytic activities are observed for FeTPyP-Co and CuTPyP-Co. FeTPyP—Co has a peak
potential similar to CoTPyP and the second lowest onset potential. The onset poten-
tial of CuTPyP-Co is only slightly higher and has the smallest peak potential of all

samples. Sorting by increasing catalytic activity leads to the sequence:

Fe/CuTPyP-Fe < FeTPyP < CoTPyP-Fe < CoTPyP(-Co) < Fe/CuTPyP-Co

This allows one to draw several conclusions; Incorporation of Fe as the second metal
leads to a reduced catalytic activity (Except for CuTPyP-Fe compared to CuTPyP).
Using Co is advantageous for ORR, since all Co containing samples show a higher
catalytic activity than Co free samples. The position of the metal within the networks
plays an important role; even though CoTPyP shows a better catalytic activity than
FeTPyP the best performance is observed for hetero-bimetallic networks (FeTPyP-
Co and CuTPyP-Co) where Co is located in the peripheral positions and not within
the central macrocycle. This is a remarkable result since FeTPyP and CuTPyP (with-
out Co in the peripheral positions) have comparatively low catalytic activities. CoT-
PyP and CoTPyP-Co, on the other hand, show almost identical catalytic properties.
It is not one metal alone that makes an efficient catalyst, but rather the correct metal
combination in the right positioning is enhancing the catalytic activity. It is note-
worthy that the combination Fe-Co and Cu—Co show the best catalytic activity, but
exchanging Co with Fe leads to the combination with the lowest performance (Fe-
Fe and Cu-Fe). The important role of the exact positioning within the networks be-
comes evident by comparing CoTPyP-Fe with FeTPyP-Co; this permutation modifies

the peak position and the onset potential.

The catalytic activity of Co- [156H160] and Fe-porphyrins [161H163] towards the ORR
is well known and is influenced by the substituents at the porphyrin ring and the
substrate. Furthermore the catalytic activity towards the ORR of FeTPyP and CoT-
PyP can be enhanced by pyridyl-N coordination to Ru- or Os-complexes [164H166].
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6. Cooperative Bimetallic Effect

The activation is ascribed to 7m-backbonding of the pyridyl groups to the Ru or Os
complexes, which transfers electron density to the porphyrin ring and modulates its
electron transfer capability. Enhanced electrocatalytic oxygen reduction was also re-
ported for a Co-porphyrin bonding with two pyridyl groups to Pt-complexes [167]
and for FeTPyPCl coordinating with pyridyl-N to transition metal ions [168]. Even
though the experimental conditions of the latter study are completely different FeT-
PyPCl and the transition metal ions are absorbed from solution on the basal plane of
highly oriented pyrolytic graphite and the ORR is performed in 0.1 M perchloric acid
similarities to our results can be found. Coordination of FeTPyP to Fe leads to a small
decrease in the catalytic activity, whereas coordination to Co shifts the peak position
to lower overpotentials and enhances the catalytic activity [168]. These observations
are in accordance with our results. The enhanced catalytic activity is ascribed by an
electronic interaction between the metal center in the porphyrin and the additional
peripheral metal through the coordination bonds and the conjugated bonds in the
porphyrin. From biological and synthetic bimetallic systems the synergistic effect
of two proximate metal ions is known [70]. In our case, the electronic structure of
the metal centers is also influenced by the surface trans effect, which modifies their
ability to stabilize different reaction intermediates [169]. Insight into the electronic
structure could be obtained by XPS measurements. In addition, theoretical calcula-
tions are needed for a better understanding of the complex interplay between metal

centers and their effect on redox and catalytic properties.
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6.3 Oxygen Evolution Reaction

The catalytic activities towards the OER of the different molecular networks were
studied. Figure shows the anodic branch of cyclic voltammetry experiments in
argon saturated 0.1 M NaOH solution. For bare Au(111) (Fig. gray line) and the
metal-fee H,TPyP monolayer (Fig. 6.8 dashed line) no catalytic activity is observed.
The metallo-porphyrins show different behaviors; CuTPyP (Fig. green line) shows
no catalytic activity, but FeTPyP and CoTPyP (Figl6.8b blue and Figl6.8c red line, re-
spectively) show an increase in the current density above 0.65 V is associated with
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Figure 6.8: Anodic branch of cyclic voltammetry experiments in argon saturated 0.1 M
NaOH solution for different networks, scan rate 50 mV s™!.
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the evolution of oxygen [170]. The incorporation of Fe as the second metal in the
structures leads to noticeable higher catalytic activities. The polarization curves of
FeTPyP-Fe and CoTPyP-Fe (Fig. yellow and Fig.[6.8c cyan line, respectively) are
shifted to lower overpotentials and a larger slope leads to a larger current density at
0.75 V compared to single metals FeTPyP and CoTPyP. It is remarkable that CuTPyP-
Fe (Fig. violet line) shows a really similar profile like FeTPyP-Fe and CoTPyP-Fe,
even though no catalytic activity was observed for CuTPyP. These results are in agree-
ment with the predicted enhancement of electrocatalytic activities due to a coopera-
tive effect of a second metal in the structure [71,[72]. Taking advantage of the versatil-
ity of our preparation method, we prepared the same bimetallic networks with Co as
the second metal. The onset potentials of CuTPyP-Co, FeTPyP-Co and CoTPyP-Co
(Fig.[6.8a orange, Fig. magenta, and Fig.[6.8c dark green line) are likewise shifted
to lower overpotentials with increased current densities at 0.75 V compared with the
M !TPyP—Fe networks.

For easier comparison of the catalytic activities, the current density at 0.75 V and
the onset potential of the different samples are extracted from Figure and pre-
sented in Figure The current density as a measure of catalytic activity has its

lowest value (=0.5 mA cm™2) for the two monometallic networks with Fe or Co incor-
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Figure 6.9: Comparison of current density at 0.75 V (black squares) and onset potentials
(red circles) for different samples extracted from Figure CuTPyP is omitted since it
showed no catalytic activity.
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porated in the TPyP macrocycle. An increase in activity is observed for the bimetallic
networks, beginning with CuTPyP-Fe and ending with FeTPyP-Co with the highest
activity (=3 mA cm2). The inverse trend is observed for the onset potential, which
is highest for the monometallic networks and smallest for FeTPyP-Co. These two
parameters showcase the superiority of the bimetallic network FeTPyP-Co over the
other networks, leading to an increased O, production (current density) and faster re-
action kinetics (onset potential). It is noteworthy that the exact position of the metal
centers within the network crucially influence its catalytic properties. The networks
in which Co is coordinated by the pyridine groups of M!TPyP outperform the net-
works with Fe as secondary metal atom. However, FeTPyP-Co is a better catalyst
than CoTPyP-Co, while CoTPyP-Fe outperforms FeTPyP-Fe. The increased activity
can thus not solely be traced back to the monodisperse Co on the surface, but its

combination with the metal in the macrocycle makes the efficient catalyst.

Direct evidence that water splitting takes place is the presence of a cathodic peak
in the cyclic voltammetry curves, shown in Figure This peak located around
-0.25 V corresponds to the reduction of O,, whose origin rests in the previous OER
during the anodic scan. No O, is present in solution prior to OER in the Ar saturated
solution. The area of the peak around —0.3 V for each network (Table[6.1) is thus a di-
rect measure of the O, produced during OER. The values are in complete agreement
with the catalytic activity presented in Figure[6.9/following the sequence of increasing

catalytic activity:
M!TPyP < M!TPyP-Fe < M!TPyP-Co

Adding Fe as the secondary metal to the FeTPyP and CoTPyP networks increases the
amount of generated O, by a factor of about 13 and 4, respectively. Adding Co to
both networks increases O, generation by factors of 86 and 20. The amount of gen-
erated O, by CuTPyP-Fe and CuTPyP-Co cannot be compared to the corresponding
monometallic network since CuTPyP showed no catalytic activity. Taking FeTPyP as
reference leads to increased O, generation by factors of about 11 and 45 for CuTPyP-
Fe and CuTPyP—-Co, respectively. The number of catalytically active sites, assuming
each metal atom on the surface contributes as redox center, increases two-fold af-
ter addition of the second metal. The increased catalytic activity is thus not merely
a consequence of the increased number of catalytic centers, but stems from more
fundamental properties such as changes in the electronic structure of the metals in
mono- vs. bimetallic networks [71}[72].
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Figure 6.10: Cyclic voltammetry in argon saturated 0.1 M NaOH solution for all molec-
ular networks, scan rate 50 mV s’!. The Oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) are highlighted. Inset: Zoomed cathodic branch.

The major components contributing to the catalytic activity are the Fe and Co metal
centers, since the metal-free H, TPyP and CuTPyP monolayers show the same current-
potential behavior as the bare Au(111) surface and no catalytic activity. The d° con-
figuration of Cu(Il) hinders the binding of hydroxide as an axial ligand and thus OER
will not occur at copper ion porphyrins [170]. The better catalytic activity of CoTPyP
with respect to FeTPyP is in agreement with literature [144}[170] and has its origins
in the similar orbital energy of Co and oxygen, generating a strong interaction of the
Co centers with the oxygen of the hydroxide ions [170]. For the bimetallic networks
two distinctive trends are observed: (i) all bimetallic networks present a substantial
increase in the catalytic activity compared with the single metal networks, and (ii)
bimetallic networks containing Co coordinated in the peripheral positions show the
best performance. In particular, the hetero-bimetallic network FeTPyP-Co outper-
forms all other networks. The synergistic effect of two proximate metal ions is widely
observed in both biological and synthetic bimetallic systems [70]. The second obser-
vation might be due to an optimal adjustment of the oxidation state of Co suitable
for efficient OER, favoring improved interactions with reaction intermediates. This
adjustment of the oxidation state is governed by (i) by the coordination environment,
i. e. the pyridine nitrogen, (ii) by the neighboring metal within the molecular macro-
cycle, and (iii) by the interaction with the surface. The extended r-electron system of
TPyP might be able to promote weak coupling of the two metal centers, and the sur-
face trans effect will influence the electronic structure of the metal centers and their
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Network o, relative to | relative to
(nmol/cm™) || FeTPyP | CoTPyP

FeTPyP 0.037 1

CoTPyP 0.138 4 1
CuTPyP-Fe 0.409 11 3
FeTPyP-Fe 0.501 13 4
CoTPyP-Fe 0.539 14 4
CuTPyP-Co 1.690 45 12
CoTPyP-Co 2.823 76 20
FeTPyP-Co 3.193 86 23

Table 6.1: Amount of electrochemically evolved O, during OER for each network. Num-
bers are calculated from the area of the reduction peak at —0.25 V in Figure[6.10lconsider-
ing a full reduction of O, (4e~ mechanism) and normalizing to the electrochemical area
of the Au(111) surface.

ability to stabilize different reaction intermediates [169]. Organic scaffold-induced
cooperative effects on the active metal centers are also observed in the functional
activation in enzymes galactose oxidase and hydrogenases [171-4180]. Geometric fac-
tors favor the adequate accommodation of the two metal centers in an appropriate
distance [154] allowing the adsorption, desorption and/or weakening of the bond
to be broken, and electronic effects through an electron density redistribution in
both metal centers promoted by the organic environment [169] can lead to a specific
charge state in the active sites, which facilitate the (de)stabilization of the reaction
intermediates. For these results, this means that additional experiments and a theo-
retical treatment are needed for a complete understanding of the complex interplay

between metal centers and its effect on redox and catalytic properties.

6.4 Conclusions

The preparation of two-dimensional homo- and hetero-bimetallic has been shown
and their influence on the catalytic activity towards the ORR and OER was studied.
The right metal combination leads to an increased catalytic activity and the exact
positioning within the network plays an important role. A non-linearly increased cat-
alytic activity towards the evolution of oxygen compared to monometallic networks
has been demonstrated. The hetero-bimetallic network FeTPyP-Co showed high cat-
alytic activity for both reactions.
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6. Cooperative Bimetallic Effect

The combinatorial approach allows for the exact positioning of different metal cen-
ters at defined positions within the network, tuning the catalytic properties of this
material. This unprecedented regular distribution of single-atom catalytic homo
and/or hetero metal centers opens the way towards a class of catalysts that will grant
insight into the interplay of different metals, as Fe, Co, and Cu can be replaced by
many different types of atoms. Electronic coupling through the organic framework
can be addressed through tailoring the porphyrin’s functional groups or by switching
to other organic molecules altogether, and changing the supporting substrate offers
yet another parameter for adjusting catalytic activity. We expect that this approach
will yield valuable new insight into bi- and multimetallic catalysts.
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In view of the growing worldwide demand for energy and climate change, novel cat-
alytic materials for applications in energy conversion and fuel production are needed.
In metallo-enzymes, transition metal atoms are embedded in an organic matrix to
catalyze important processes. These catalytically active sites can be effectively mim-
icked in 2D-MOCN:Ss self-assembled on electrode surfaces. The activity of the metal
centers is determined by their type of the metal and their coordination environment.
Both parameters can be carefully adjusted in 2D-MOCNSs by combining several tran-

sition metals with different organic ligands with varying functional groups.

In the present thesis, electrocatalytic properties of 2D-MOCNSs were studied and the
catalytic activity of 2D-MOCNs was demonstrated for the first time. Several MOCNSs
with different metals and various ligands were prepared and electrochemically inves-

tigated to study their influence on the catalytic activity.

In order to study and correlate electrocatalytic properties with the atomic structure
of 2D-MOCNSs, a STM operating in UHV was combined with an EC setup. Sample
preparation and STM characterization were conducted under UHV conditions. By
STM, the composition and structure of the networks were controlled and character-
ized prior to electrochemical experiments. A transfer system between UHV and EC
instrumentation was constructed to keep the sample in a clean and controlled envi-
ronment at all times. In the realized system the design of the EC cell is quite close
to conventional cells, which allows one to work with the usual volumes of liquid in a
well-established configuration. Moreover, the system gives one maximum control of
the transfer between UHV and EC environments and vice versa. To demonstrate the
efficacy and cleanliness of the transfer, STM and EC measurements of a bare Au(111)
surface were performed and typical results were obtained in both. In addition, STM
measurements after EC experiments were shown for the PBP-Fe network.
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The mechanism of the ORR can be influenced by the type of the metal center in the
network. The catalytic activity towards ORR in alkaline media was demonstrated
for the TMA-Fe network. It catalyzes the reduction of O, to H,O via an indirect
(2+2)e” pathway with an H,O, intermediate. The key role of the unsaturated metal
centers in the electrocatalytic reduction of O, becomes evident when going from Fe-
to Mn-based MOCNs. The structure of the TMA-Mn network is identical to that of
TMA-Fe, but the EC behavior differs significantly; TMA-Mn reduces O, directly to
H,O through a 4e™ pathway. Control experiments using the same amount of metal
adatoms contained in the networks show a similar behavior as the corresponding
networks but with substantially reduced catalytic activity. This result emphasizes
the importance of the complexation of the metal atoms; the chemical activity of the
metal centers is determined by both the nature of the metal ion and its coordination
shell. In addition, the ligation separates the unsaturated metal atoms preventing cat-
alytic deactivation.

To study the effect of the coordination environment, three different Fe-based nitro-
gen-coordinated metal-organic structures were compared: TCNQ-Fe, PBP-Fe and
FePc. The distinct coordination environment of the Fe in each network influences
the final product and the mechanism of the ORR. TCNQ-Fe catalyzes the reduction
of O, only to H,0, on a 2e” pathway. For PBP-Fe and FePc the complete reduction
to H,O is observed. PBP-Fe catalyzes the reduction of O, via an indirect (2 +2)e”
pathway with intermediate H,O,, while FePc catalyzes directly to H,O by a 4e™ path-
way. The differences in the electrocatalytic response might be a result of the electron
density on the Fe centers within the metal-organic structures. TCNQ withdraws sig-
nificant electron density from the Fe centers, such that Fe(III) is most likely the dom-
inant species. Fe(IIl) is not favored as an active site for O, reduction and H, 0, leaves
as the two-electron reduction product. In the case of PBP-Fe, the Fe(Il) species be-
come predominant at potentials more negative than —0.65/-0.75 V. The strong bond-
ing of H, O, to Fe(II) prevents it from leaving as a two-electron reduction product and
provides a path for final reduction to H,O. In FePc, the n-electron rich macrocycle
favors the catalytic active Fe(II) species and the Fe(III)/Fe(II) transition is positively
shifted to less negative potentials very close to the onset potential of O, reduction.
Also, the geometry of the coordination environment might play a role for the catalytic
activity, since the ligand field can alter the energetic arrangement of the d-orbitals of
the Fe centers, modifying their interaction with oxygen and reaction intermediates.
In FePc the Fe atoms is coordinated by four N atoms, while PBP-Fe has a threefold
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coordination environment.

In the last part of this thesis, the two metal binding sites of TPyP were used to selec-
tively incorporate different metal centers in a fixed organic environment and create
homo- and hetero-bimetallic networks. The influence of the second metal on the
catalytic activity towards the ORR and OER was studied. For the ORR, the incorpo-
ration of Fe in the peripheral position leads to an decrease in the catalytic activity
compared to the single metal networks, with the exception of CuTPyP-Fe which out-
performs CuTPyP. The incorporation of Co, on the contrary, enhances the catalytic
activity, except for CoTPyP-Co, which shows almost identical catalytic properties
like CoTPyP. The best performance is observed for the hetero-bimetallic networks
FeTPyP-Co and CuTPyP-Co. The correct combination of two metal centers in the
right positions makes an efficient catalyst. In the case of the OER, two distinctive
trends are observed (i) all bimetallic networks present a substantial increase in the
catalytic activity compared to single metal networks, and (ii) bimetallic networks con-
taining Co coordinated in the peripheral positions show the best performances. In
particular, the hetero-bimetallic network FeTPyP-Co outperforms all other networks;

the amount of generated O, is increased by a factor of 86 compared to FeTPyP.

To summarize, it was demonstrated that the mechanism and the final product of the
ORR can be influenced by the choice of the metal center and by altering the coordi-
nation environment. Moreover, coupling of two metals centers promoted by the or-
ganic environment modifies the electrocatalytic response. A non-linearly increased
catalytic activity towards the evolution of oxygen has been observed, demonstrating

the cooperative bimetallic effect.

The presented results give rise for several future investigations. As mentioned differ-
ent before ligand geometries can change the energetic arrangement of the d-orbitals
of the metal centers [147]. A threefold coordination environment could show a dif-
ferent catalytic activity than a fourfold. To study this geometric aspect, different net-
works could be prepared in which the metal center is coordinated each to a different
number of the same functional group. These investigations may also contribute in
the determination of the active sites of pyrolyzed Fe-N,./C materials. As the subscript
x indicates, the number of coordinating N is unknown. One proposed structure of
the active site consists of pyridinic species coordinating Fe in a fourfold planar ge-

ometry [145]. A similar coordination geometry can be obtained in MOCN:Ss.
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In the case of the bimetallic networks, the electronic coupling through the organic
framework can be studied through tailoring the porphyrin’s functional groups. By re-
placing the pyridyl groups with the more strongly 7-accepting 4-cyanophenyl groups,
a stronger coupling of the two metal centers could be obtained [164]. The extent
to which electron density from n-backbonding is transmitted to the porphyrin ring
is also influenced by the angle between the planes of the porphyrin ring and the 4-
cyanophenyl rings attached to it. Increasing the angle by methylation of the phenyl
ring at the 2 and 6 positions leads to a reduced electron transfer and, therefore, lower
catalytic activity [164]. For tetraphenylporphyrin it is known that annealing on more
reactive substrates, like Cu(111) and Ag(111), can lead to a dehydrogenation and for-
mation of new C-C bonds between the phenyl rings and the porphyrin ring, which
results in a highly conjugated flat configuration [181,[182]. In case of TPyP-based
bimetallic networks this planar geometry could lead to a stronger interaction be-
tween the two metal center. Another approach would be to switch to other organic
molecules. Phthalocyanines are related macrocycles, which have a flat configuration
and a fully conjugated m-electron system. With the addition of suitable functional

groups they can also used as building blocks for bimetallic networks.

The EC experiments in this thesis were performed in a three-electrode conventional
EC cell. For a deeper understanding of the electron transfer characteristics and to
overcome kinetic limitations in the EC measurements, the development and imple-
mentation of a flow-cell system in the experimental setup is necessary. Working with
hydrodynamic methods allows one to obtain kinetic data and gain further insight
in the processes and mechanism of the reactions. By measuring the mass-transfer
limited currents for different flow rates the number of transferred electrons and rate

constants can be obtained.

A vast number of alternative networks can be prepared by using different organic
ligands with varying functional groups and combining them with several transition
metals. Changing the supporting substrate offers another parameter for adjusting
catalytic activity. Furthermore, the electrochemical investigations can be extended
to other important reactions, like CO, reduction, which generate valuable hydrocar-
bons. For a more targeted design of new networks a better understanding of the un-
derlying effects influencing the catalytic activity is necessary and additional experi-
mental and theoretical treatments are needed. The electronic structure and state of
the metal centers could be investigated by X-ray absorption spectroscopy and XPS.

DFT based calculations could be performed to obtain further insight into the elec-
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tronic structure and to evaluate binding energies of the metal centers with reaction
intermediates. These considerations could help to develop networks with further im-

proved properties.

In conclusion, the results presented in this thesis demonstrate that 2D-MOCNs with
structural resemblance to enzyme active sites have a high potential for heteroge-
neous catalytic chemical conversions. Engineering of the network structure and the
distinct coordination environment of the metal centers offers the possibility to tune
their catalytic activity and to create tailor-made 2D-MOCN:s for specific applications.
This opens up a new route for the design of a new class of nanocatalyst materials.
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