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Unterschrift

iii
In dieser Dissertation wurden mithilfe oberﬂächenphysikalischer und elektrochemischer Methoden Metalloxide in wässriger Lösung untersucht. Die Stabilität
und Aktivität von Modellsystemen wurde auf atomarer Ebene behandelt.

Der

Fokus lag insbesondere auf Rastersondenmikroskopie unter Umgebungsdruck und
in Flüssigkeit.

Einkristalline Oberﬂächen wurden im Ultrahochvakuum (UHV)

präpariert und mit Rastertunnelmikroskopie (engl. Scanning Tunneling Microscopy,
STM), Niederenergetischer Elektronenbeugung (engl. Low Energy Electron Diﬀraction, LEED), Röntgenphotoelektronenspektroskopie (engl. X-Ray Photoelectron
Spectroscopy, XPS) und niederenergetischer Ionenstreuung charakterisiert.

In

ﬂüssigen Elektrolyten wurden die elektrochemischen Eigenschaften der Einkristalloberﬂächen mit zyklischer Voltammetrie und elektrochemischer Impedanzspektroskopie und ihre atomare Struktur mit elektrochemischer Rastertunnelmikroskopie
untersucht. Nach den elektrochemischen Messungen wurden die Oberﬂächen bei
Umgebungsbedingungen mit Rasterkraftmikroskopie und im UHV mit STM, LEED
und XPS charakterisiert.
Dabei wurden Proben mit zunehmender Komplexität und technologischer Relevanz herangezogen. Eingangs wurde die potentialabhängige Adsorption von Iodionen auf der Edelmetalloberﬂäche, Au(111), in saurer Lösung untersucht. Weitere Stabilitätsuntersuchungen in saurer Lösung erfolgten auf den Oberﬂächen von
isolierendem, zweidimensionalem hexagonalen Bornitirid, gewachsen auf Rh(111)
und einem Oxid mit breiter Bandlücke, Titandioxid TiO2 (110). Ferner zeigte
sich, dass die (001) und (110) Oberﬂächen von Magnetit Fe3 O4 , einem metallischen
Eisenoxid, in neutraler bis stark alkalischer Lösung stabil sind. Weiters ist die
Stabilität dieser Oberﬂächen auch während Elektrolyse in alkalischer Lösung als
Anodenmaterial gegeben. Die Aktivität der unterschiedlichen atomaren Strukturen
wurde verglichen. Aufbauend auf diesen Erkenntnissen wurde nickeldotiertes Fe3 O4
(001) als Modellsystem für die Sauerstoﬀevolution in alkalischer Lösung untersucht.
Die Auﬂösung von Wolfram in wässriger Lösung und die darauﬀolgende Adsorption von hydratisiertem Wolframoxid wurde auf allen oben erwähnten Einkristalloberﬂächen festgestellt. Als STM-Spitzenmaterial, alternativ zu Wolfram, werden
Platiniridiumlegierung und reines Iridium vorgeschlagen.
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Abstract
This thesis is an electrochemical surface science study of oxides in aqueous solution.
Stability and activity of model systems is studied at the atomic scale, with a focus
on scanning probe microscopy in ambient atmosphere and liquid.
Single crystal surfaces are prepared in ultra high vacuum and characterised with
scanning tunneling microscopy (STM), low-energy electron diﬀraction (LEED), Xray photoelectron spectroscopy (XPS) and low-energy ion spectroscopy (LEIS). Electrochemical methods include cyclic voltammetry (CV) and impedance spectroscopy.
Stability in liquid electrolyte is studied with electrochemical STM (EC-STM). The
surfaces are post characterised by atomic force microscopy (AFM) at ambient conditions and STM, LEED and XPS in UHV.
Complexity and technological relevance of the studied model systems is continuously increased with time and learning curve. The potential dependent adsorption
of iodine adsorbed on noble metal Au(111) surfaces is studied in acidic solution.
Further stability measurements in acidic solution include two-dimensional hexagonal
boron nitride grown on Rh(111) and wide-band gap semiconductor oxide TiO2 (110).
Metallic iron oxide magnetite Fe3 O4 single crystal surfaces (001) and (111) are shown
to be stable from neutral to alkaline solutions. Based on these ﬁndings, Fe3 O4 (001)
doped with Ni is used as a model system for the oxygen evolution reaction (OER)
in alkaline media.
Tungsten dissolution and subsequent hydrated tungsten oxide adsorption is studied on all of the studied single crystal surfaces and alternatives for the use of tungsten
tips are presented, including PtIr alloys and pure Ir as tip material.
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Riva for teaching me many skills useful to a surface scientist and to Rainer Gärtner and Herbert Schmidt for turning designs into real life objects. Special thanks
also to Jan Balajka, Iris Dorner and David Rath for their collaboration on titanium
dioxide. Many thanks to Gareth Parkinson, Florian Kraushofer and Zdeněk Jakub
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1 Introduction
1.1 Motivation
Since the ﬁrst high-accuracy measurements of atmospheric CO2 concentration [1],
numbers of publications in the ﬁeld of climate change science have increased exponentially [2]. The results showed clear evidence of an eﬀect of human activities on
the chemical composition of the global atmosphere [3].
One observed result was the depletion of the ozone layer due to hydrochloroﬂuorocarbons (HCFC). In a global collaborative eﬀort, this trend was reversed by banning
HCFC’s and adopting non-problematic alternatives. This was a landmark example
of policy and science teaming up to deal with a threat of global proportions [4].
In a next step, the trend of rising greenhouse gases, like CO2 have to be reversed
to limit the rise in global temperatures.
Promisingly, regenerative substitutes for fossil fuels are on the rise. Moore’s law,
which describes the doubling of density of transistors on integrated circuits for every
two years, applies just as well to other technologies today [5].
In the last ﬁve decades, prices for solar modules declined on average by 20.2%
per each doubling of capacity. Consequently, a solar module is now 99.6% cheaper
compared to 1976. The prices for electricity from solar PV declined even faster, by
36% and similar learning rates are also observed for other renewables like oﬀshore
and onshore wind [6].
In most major countries already today, renewable power schemes oﬀer the cheapest
electricity in history with the technology cheaper than coal and gas [7]. Therefore, in
the coming decades, electricity grids are expected to be run exclusively by renewable
electricity sources (inland wind, oﬀshore wind, and photovoltaics).
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The ﬂuctuating nature of these energy sources, however, poses great challenges,

because energy storage solutions are required to compensate for downtimes in production and give relief to increasingly strained electricity grids.
Fortunately, in some countries, even solar plus batteries are already cheaper than
fossil power today [8], and the cost of electrochemical energy storage solutions will
continue to decrease [9]. The rapid cost decrease of renewables and storage accelerates decarbonization [10] with electrochemical storage (batteries and fuel cells)
expected to cost-eﬀectively run the electricity grid within the next decades [11],
given that costs continue to decrease as a result of further technological advancements and continued learning rates.
Water electrolysis, besides batteries, is a promising technology for the storage of
surplus electric energy via its conversion to chemical energy in the form of hydrogen.
This hydrogen, converted back to electricity via fuel cells, could stabilise the
electricity grid, or power electric motors, and replace fossil fuel powered internal
combustion engines in cars, trucks, ships and planes.
Furthermore, it can also replace hydrogen in industrial processes, currently produced from fossil fuels. Today, 70 million tons of hydrogen are produced per year for
direct use, mainly for oil reﬁning, ammonia- methanol- and steel production. The
use of 6 % of global natural gas production and 2 % of global coal production for
hydrogen production result in 830 million tons of carbon dioxide emissions per year
[12].
An alternative to electricity-driven electrolysis would be direct, photo-driven water splitting and in the next step, artiﬁcial photosynthesis, where solar energy is
stored directly in the form of more complex, carbon containing, energy rich chemicals [13].
Fig.1.1 sketches this approach in a simpliﬁed way.
During photosynthesis, water and carbon dioxide is transformed into oxygen and
carbohydrates using exclusively the energy of the sun. In the earth’s carbon cycle,
CO2 is repeatedly reused, which stabilises the climate by continuously extracting it
from the atmosphere.
Mimicking the photosynthetic function of green plants and algae is, however, a

1.2 Surface science
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Figure 1.1: Cartoon of the Horizon 2020 A-LEAF project (732840-A-LEAF)

major technological challenge. During this thesis we joined the A-LEAF project, a
European consortium of 13 institutions located in 8 European countries (Horizon
2020, 732840-A-LEAF). The goal of the collaboration is the realisation of an artiﬁcial
photosynthesis platform. Within this framework, our group uses the surface science
approach to determine experimentally and theoretically the main parameters for
optimisation of some of the chemical transformations in the artiﬁcial photosynthetic
leaf.

1.2 Surface science
The fundamental reactions of many (photo)-electrochemical processes occur at the
so called ”solid-gas” and ”solid-liquid”-interface. The universal aspect for both is
the surface of the solid. A fundamental understanding of the processes, governing
chemical reactions at the surface is the basis for further technological advancements.
A useful approach has been to reduce the level of complexity using model systems
[14],[15].
In surface science one studies properties of well deﬁned single crystals or thin
ﬁlm surfaces under idealised conditions. Many surface sensitive methods, including
Low Energy Electron diﬀraction (LEED), Low Energy Ion scattering (LEIS) or XRay Photoelectron Spectroscopy (XPS) require ultra high vacuum (UHV) or gas
pressures far below ambient.
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When the surface structure is well understood, complexity is increased by bringing

the surface in contact with gases and liquids at increased temperature.
Some methods exist which allow surface characterisation, on the atomic scale, not
only in UHV but also at elevated pressures and temperatures and even in liquids
under potential control. One of those methods are scanning probe techniques like
Scanning Tunneling Microscopy (STM, Nobel Prize 1986, [16]) and Atomic Force
Microscopy (AFM).
The 2007 Nobel Prize in Chemistry was awarded to Gerhard Ertl, who could,
with the surface science approach, successfully explain a range of chemical processes
on solid surfaces [17].
In the Institute of Applied Physics, the surface science group has a decades long
history of investigating oxides and the oxidation of metals with the surface science
approach. Focussing initially mainly on UHV methods, the scope of interest was
recently broadened towards the electriﬁed solid-liquid interface. For this purpose, a
new wet chemical electrochemistry laboratory was set up. The overarching aspect of
the lab and subsequently of this thesis is scanning probe microscopy under ambient
conditions and in liquids.

1.3 Studied Materials
During the thesis, the complexity and technological relevance of the investigated
materials was continuously increased.
Noble Metal: Gold (Au) The foundation for the ﬁeld of physical electrochemistry
and electrochemical surface science at the atomic level was laid with studies on noble
metal single crystals. Experiments have focused on adsorption of molecules,[18],[19]
underpotential deposition of metals [20] and electro-oxidation of metal electrodes,
[21],[22] as well as the activity and stability of bimetallic systems [23],[24]. Building on that foundation, ﬁrst experiments in this lab focused on already established
knowledge, in this case adsorption of sulfate and iodine on Au(111) (Sec.4.1). Here
one can calibrate the experimental setup and establish fundamentals of electrochem-
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ical surface science.
2D-crystal: Hexagonal boron nitride (h-BN) Highly oriented pyrolytic graphite
(HOPG) is usually the ﬁrst material measured by a student when starting with
ambient scanning tunneling microscopy. By cleaving with scotch tape, an inert,
ﬂat surface can be prepared easily. Similarly, the ﬁrst two dimensional crystal,
graphene, was made by cleaving HOPG until only one layer of graphite remains.
The groundbreaking experiments on graphene, which were awarded with the Nobel
prize in 2010, opened the door for other 2D crystals to be investigated [25]. The
insulating counterpart to graphene is hexagonal boron nitride (h-BN). In this thesis,
in Sec.4.2, h-BN grown on Rh(111) is studied. The electronic structure of metal
supports terminated with h-BN resembles the electronic decoupling characteristics
of NaCl used in UHV for orbital imaging of single molecules[26]. This is especially
interesting for electrochemical measurements, as NaCl is not stable in liquids. But hBN’s stability in liquids and under potential control makes it possible to transfer the
concept of molecular templating and orbital imaging, from UHV to the solid-liquid
interface.
Photoactive Semiconductor: Titanium dioxide (TiO2 ) Under ambient conditions, almost every metal reacts with oxygen and gets oxidised. Oxygen is therefore
not surprisingly the most abundant element in the crust of the earth [27]. Oxides
span the full range of physical and chemical properties, from superconductors to
insulators, from oxides which are highly active catalysts to others which are inert
and protective to metals against corrosion [28].
TiO2 for example, is a wide band gap semiconductor with a 3.2 eV band gap.
With respect to the A-LEAF project, its applications in photocatalysis and direct
solar water splitting are one of the most obvious motivations, to study this material
[29],[30].
The photoactive properties of TiO2 are also one of the reasons for its use in sun
screens or photo-assisted degradation of organic molecules. Sunlight or UV-Light
in combination with TiO2 enables puriﬁcation of wastewater, disinfection and selfcleaning coatings on surfaces. It is also used in heterogeneous catalysis, as a gas
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sensor, for optical coatings or as a white pigment in most paints and many cosmetic
products. It is biocompatible, which makes it ideal for use in bone implants[28].
In neural computing novel integrated memristive networks are built from oxides
including TiO2 [31],[32].
The atomic scale mechanisms behind those applications, that often happen at
the solid/liquid interface are of special interest. Most of the work on TiO2 single
crystals is done in UHV while most of the work in liquids is done with more or less
well-deﬁned powders [33]. Here, in Sec.4.3.4, experiments are extended to electriﬁed
solid-liquid interface on single crystals.
Metallic Oxide: Magnetite (Fe3 O4 ) One of the bottlenecks in many electrochemical processes, such as electrolysis or photosynthesis is the oxygen evolution reaction
(OER). A reason is slow kinetics at the anode surface. At highly oxidising conditions, such as during OER, all metals are oxidised. This can lead to electrochemical
roughening or dissolution of well-deﬁned single-crystal surfaces and subsequently to
a loss of atomic-level control.
The anode in the A-LEAF device will be operated in alkaline media. There are
many promising catalysts. Especially the iron group (iron, cobalt and nickel) are
highly active, abundant and stable under working conditions in alkaline media [34].
Although neither iron nor nickel oxides and hydroxides are very active OER catalysts, the combination of Ni/Fe containing oxo-hydroxides show excellent activity.
The reaction mechanism and active sites in these systems and the synergistic role
of Fe and Ni is yet unexplained, however.
In Sec.4.4.6, the investigations are expanded to well-deﬁned metal-oxide model
surfaces, which are expected to be intrinsically more stable than metals in an oxidising environment.
In this work we chose magnetite (Fe3 O4 ), a metallic oxide, as a model system for
the OER in alkaline media. It belongs to the family of spinels, which are of great
interest for OER [35]. Especially the reconstructed Fe3 O4 (001) surface provides welldeﬁned sites for the adsorption or incorporation of various metal atoms including
Ni or Co, [36],[37]. A model system, which closely mimics the most active catalysts
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today can be prepared with atomic-scale control. It is therefore an ideal template
for the investigation of the OER on bimetallic model Ni/Fe oxides and hydroxides .
An unexpected molecule, Tungsten Oxide (WO3 )3

All of the above mentioned

materials were also measured in situ with EC-STM. One of the most widely used
tip materials in UHV is tungsten due to its low cost, ease of etching and high
hardness. However, in water containing electrolyte, tungsten oxidises and the oxide
tends to dissolve. The resulting hydrated (WO3 )3 clusters, which are photoactive
in the visible light spectrum, could then be observed on all substrates, which is
also reported in this thesis. Of course, this can be avoided by using a diﬀerent tip
material. Usually, this material is PtIr alloy. Achieving atomic resolution is more
diﬃcult, however, as this alloy is softer and more active than tungsten. As a third
alternative, tips can be etched from pure Ir-wires which also has a similar hardness
as tungsten.

2 Experimental Methods
2.1 Ultra High Vacuum - based Methods
2.1.1 Low Energy Electron Diﬀraction (LEED)
Low-energy electron diﬀraction provides reciprocal-space information of surface
structures. The de Broglie wavelength λe of an electron with kinetic energy Ekin
is
h
λe = √
≈
2me Ekin

150
A
Ekin (eV)

(2.1)

with the Planck constant h = 6.6 · 10−35 m2 kg·s−1 and the mass of the electron me .
The length of the wave vector ke is
ke =

2π
λe

(2.2)

For electrons with Ekin in the range of 30-500 eV used for low energy electron
diﬀraction (LEED), their wavelength of 2.2-0.5 A is in the order of the interatomic
distances of the atomic lattice. This satisﬁes the diﬀraction condition. The mean
free path of the electrons is in the order of only a few atomic layers. Most elastic
collisions occur on the topmost layers of the surface. LEED is therefore a surface
sensitive technique [38]. The principles of a LEED-setup are shown in Fig.2.1.
From an electron source, a collimated, mono-energetic beam of electrons is directed
towards an atomically well-deﬁned surface. The angular interference pattern of
the elastically scattered electrons is observed with a spherical, position sensitive,
ﬂuorescent screen detector. Inelastically scattered electrons are ﬁltered out with a

2.1 Ultra High Vacuum - based Methods
a)

9
b)

Fluorescent screen

3,0

Grid

2,0

Ghk
k||

1,0

Sample
Electron source

0,0

k

ke

1,0
2,0
3,0

Ewald Sphere

Figure 2.1: a) In real space, a beam of low-energy electrons is irradiated from an
electron source onto a sample surface. The electrons are diﬀracted from the periodic surface structure and accelerated towards a ﬂuorescent screen at which the
diﬀraction pattern is visualized. A retarding grid ﬁlters out inelastically scattered
electrons. b) In reciprocal space, lattice rods of the periodic surface structure intersect with the Ewald-sphere. Adapted from [39].

retarding ﬁeld analyser consisting of multiple hemispherical grids, concentric with
the screen. The diﬀraction spots only represent the periodicity of the surface plane
(xy-plane) and a few layers below. In the z-direction parallel to the incident electron
beam, the spots extend to lattice truncation rods of varying intensity. The wave
vector ke of the incident electron beam terminates at the reciprocal lattice origin.
The LEED spots are observed, where the rods intersect with the Ewald-sphere with
radius |ke | and the Laue condition
k|| − k||e = Ghk = ha∗ + kb∗

(2.3)

is satisﬁed. a∗ and b∗ are the translation vectors of the lattice in reciprocal space
||

and ke and k|| are the components of incident and reﬂected wave vector, parallel to
the surface [40].
The diﬀraction pattern on the ﬂuorescent screen is recorded with a video camera.
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2.1.2 X-Ray Photoelectron Spectroscopy (XPS)
X-Ray photoelectron spectroscopy is a method to analyse the chemical composition
of surfaces, based on the photoelectric eﬀect. Electrons with binding energy EB can
absorb a photon with energy hν and leave the solid with kinetic energy Ekin,S .
Ekin,S = hν − EB − ΦS

(2.4)

The photon energy has to be suﬃcient to overcome the binding energy EB of the
material and in the case of solids the work function ΦS of the material. The electron
can be detected with a hemispherical analyser with work function ΦA and applied
voltage U. The measured kinetic energy Ekin,A of the photoelectron is then
Ekin,A = hν − EB − eU − ΦA

(2.5)

with ΦA = EV,A − EF,A the diﬀerence between vacuum energy and Fermi energy
of the analyzer [40]. This is visualised in Fig.:2.2. The characteristic X-rays are

hν
EV,S

ΦS

EF,S

EKin,A

EKin,S

ΦA
eU

EV,A
EF,A

EB

Photon
Core
level

Sample

Vacuum

Analyzer

Figure 2.2: Energy level diagram for X-Ray induced electron emission and detection
in an hemispherical Analyzer. Adapted from [39].

generated with Al or Mg anodes, which emit photons with characteristic energies of
1486 eV and 1253 eV, respectively. The photons penetrate the sample several µm
deep, however, due to the low inelastic mean free path of the emitted electrons only
the top most layer electrons can escape the surface. This makes the technique highly
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surface sensitive. The information depth can be tuned by altering the emission
angle. At higher emission angle, so called grazing exit measurements, the electrons
mean free path allows only the top layer electrons to be detected. The chemical
composition of adsorbed species can be studied. When measured with emission
perpendicular to the sample, bulk states are measured predominantly.
The excited electrons, which escape without electron loss, contribute to the characteristic peaks of the spectrum. Inelastically scattered electrons undergo energy
loss and contribute to the background. Usually the counts of electrons are given
as a function of binding energy. The origin of the spectrum is calibrated to be
at the binding energy of the electrons at the Fermi edge. An ionisation in a core
a)

Photo electron

b)

Auger electron

EV,S
EF,S
L2,3 or 2p
L1 or 2s
Photon
K or 1s

Figure 2.3: a) X-Ray induced photo electron generation. b) The resulting vacancy
in the K shell is ﬁlled with a higher energy L2,3 shell electron. The surplus energy is
taken up by a KL2,3 L2,3 -Auger electron which is ejected from atom. Adapted from
[41].

level is usually followed by a re-arrangement of the electronic structure. Electrons
from higher energy recombine with core level holes. A common relaxation product,
besides X-ray ﬂuorescence, are X-ray induced Auger electrons. An example for an
Auger electron formation is shown in Fig.2.3. In this example, a K shell vacancy is
ﬁlled by an electron from a higher level L2,3 electron. Due to the principle of conservation of energy, another electron, in this case also from the L2,3 shell is ejected
from the atom, which is called KL2,3 L2,3 -electron [42].
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2.1.3 Ion Scattering Spectroscopy (ISS, LEIS)
Ion scattering spectroscopy (ISS, or Low-energy ion scattering (LEIS)) provides
information on the atomic composition of the outer surface layer, by determining
the masses of the surface atoms. Ions with well-deﬁned energy E0 (1-3 kV) and mass
m1 (here He+ , often also Ne+ or Na+ ) are used as projectiles. The incident ions are
scattered elastically from the surface atoms with mass m2 . At the binary collision
event, the incident ion transfers energy to the target atom and scatters with the
energy Es [43]

Es = 

cos (θ) ±

m2
m1

1+

m2
m1

2

− sin (θ)

2


 · E0

(2.6)

The positive sign applies to m2 /m1 ≥ 1 and both positive and negative signs are
solutions if 1 ≥ m2 /m1 ≥ | sin (θ)|. This is derived from the conservation laws
of energy and momentum. At the scattering angle θ the energy distribution of
the scattered ions is analysed with a hemispherical analyser. The energy spectra
directly reﬂect the elemental composition of the surface [44]. When the scattering
cross section and the ion fraction of the backscattered particles is known, the mass
of the target atoms can be derived. The high neutralisation probability of the
ions, penetrating deeper layers makes this technique extremely surface sensitive. A
disadvantage is the destructive nature of the ion beam, which can alter the surface
after prolonged measurements.

2.1.4 Scanning Tunneling Microscopy (STM)
Scanning tunneling microscopy is a technique which can be employed in UHV and
at the solid-liquid interface. It enables real-space imaging, spectroscopy and manipulation of conductive surfaces with potentially atomic resolution [45]. The technique
is based on the quantum mechanical tunnelling eﬀect [46] which describes the phenomenon that particles can tunnel through potential barriers, where they would
classically be reﬂected.
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Tunneling mechanism The tunneling mechanism is illustrated in Fig.2.4. It is
derived from the time-independent Schrödinger equation.
−

2

2me

∇2 ψ(r) = (EF − V (z))ψ(r)

(2.7)

The electron, with mass me , is described by the wave function ψ(r) which has to
satisfy the Schrödinger equation. For electrons near the Fermi-edge, the height of
the potential barrier between tip and surface is the work function Φ = V − EF ,
with the barrier height V equal to the Vacuum Energy EV . For the case of sample
EV
V

ΦT
EF,T

eU
EF,S
Tip

Vacuum

Sample

Figure 2.4: Energy level diagram for an electron, tunneling through an energy barrier. At the metallic tip (grey), the solution for the electron’s wave function is a
traveling wave function (blue wave). The electron can enter the barrier and for small
distances the electron has an exponentially decaying non-zero probability to be at
the other side of the barrier in the sample surface (red). Adapted from Ref.[45]

and tip electrically connected, but without applied voltage U, the Fermi levels are
aligned and the potential barrier is symmetric and rectangular. In the regions of
tip and sample with V=0, the one dimensional solution for the wave function of the
electron is a traveling wave function
√
ψT,S (z) ∝ exp (±ikz)

with

k=

2mEF

(2.8)

The solution for the wave function in the vacuum region is an exponential decay
ψV ∝ exp (−κz)

with

κ=

√
2mφ

(2.9)
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The tunneling current I is proportional to the probability |ψ(z)|2 of the electron
being in position z
I ∝ |ψ(z)|2 ∝ exp (−2κz)

(2.10)

Which is exponentially decaying but non zero for small distances z. The electrons
have a certain probability to tunnel through the barrier, equal in both directions.
The net current is zero. When a voltage U is applied between tip and sample,
electrons in states with energy EF,T − eU ≤ E ≤ EF,T can tunnel through the gap
and ﬁll empty states of the sample.
Tersoﬀ and Hamann [47] applied Bardeen’s Transfer Hamiltonian Formalism [48]
to ﬁrst-order time-dependent perturbation theory to calculate the tunneling current
IT in a STM with the assumptions of small voltage (U≈10 meV). For metal-metal
tunneling and a simple spherical tip with radius R the tunneling current becomes
IT =

2πe

[1 − f (ES + eU )]|MT,S |2 δ(ET − ES )

(2.11)

T,S

with ET and ES the energy of tip and sample states and the Fermi function f (E)
and applied potential U. The delta function δ(ET − ES ) ensures elastic tunneling.
The tunneling matrix element
MT,S =

2

2m

(ψT∗ ∇ψS − ψS∗ ∇ψT ) dS

(2.12)

is the surface integral of the wavefunctions ψT and ψS of tip and sample on a
separation surface between the two. The physical meaning of the matrix element is
the interaction energy due to the overlap of the two unperturbed states [45]. For
the tip current
IT ∝ U · ρS (EF ) · exp (−2κz)

(2.13)

depends linearly on the applied voltage U and the density of states at the Fermi
edge ρS (EF ) and exponentially on the distance z between tip and sample. This

2.1 Ultra High Vacuum - based Methods

15

exponential dependence makes the technique extremely sensitive to the electronic
structure of the surface.
In the simple case of metals and one dimension, the tunneling current changes
one order of magnitude for every A change in tip-sample distance [45],[49].
a)

b)

Piezo
Motion
UHV
p=10-10mbar

x,y-scan
x z
y

z-value

Piezo
Controller
FA

IT

z

Tip atom

CA

Sample atom

Sample

Display

current input

Tunneling voltage

R

Figure 2.5: a) zoom in, showing the STM tip (grey) in close proximity z to the sample
surface (red). b) zoom out, Schematic of a STM setup in UHV. Voltage wave forms,
applied to x and y piezos make the tip raster scan over a surface. The tunneling
current ITunnel is induced by applying a voltage between tip and sample. The z-piezo
is controlled by a feedback loop, consisting of current ampliﬁer CA and feedback
ampliﬁer FA. The voltage of the z-piezo is displayed on a screen, transformed to a
topographic representation of local height of the surface. Adapted from Ref. [45],[39]

Experimental realization The ﬁrst STM was built by Binning and Roher at IBM
in Rüschlikon (Switzerland) [50], who were awarded the Nobel prize for Physics in
1986 for their invention. The basic principle is shown in Fig. 2.5. The tunneling current is measured between a ﬂat surface and an atomically sharp metal tip
(Sec.:3.5). The tip is brought in close proximity to the surface (Δz ≈ 0.5 − 1 nm)
using piezo-electric actuators. A voltage U is applied, which induces the resulting
tunneling current. The current ampliﬁer converts the tunneling current to a voltage,
which is then compared to a reference voltage, which is the ground in UHV. The
ampliﬁed signal is recorded and used as an output signal for a feedback loop which
controls the z-position of the tip. The tip position in xy-direction is modiﬁed with
piezoelectric motors by applying a saw-tooth voltage which makes the tip raster
scan over the surface to map a user deﬁned area of the surface [45].
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2.2 Electrochemical Methods
This section gives a short introduction to the fundamentals of electrochemistry derived from fundamental thermodynamic principles, based on the notation by Girault [51], where an extensive, detailed account is given. Starting from the deﬁnition of chemical potential µ, the basic principles of electrochemical reactions at the
solid/liquid interface, on which this thesis is focused, are derived. Based on these
fundamentals, the basics of electrochemical cells are explained and the measurement
techniques cyclic voltammetry and impedance spectroscopy are introduced. The
combination of scanning probe microscopy with electrochemistry is then introduced
in the end of this section.

2.2.1 Electrochemical Potential of Ions
Thermodynamic Deﬁnition The chemical potential µ of a species i is deﬁned
as the increase of internal energy U due to the addition of n moles. The number
of particles in one mole of this species is deﬁned by the Avogadro constant NA
(NA = 6.02214086 · 1023 mole−1 )
µi =

∂U
∂ni

(2.14)
V,S,nj=i

Here, U is the internal energy of a system, and its diﬀerential is deﬁned as
dU = −pdV + T dS +

µi dni

(2.15)

i

The Gibbs energy G is a function of the internal energy
G = U + pV − T S

(2.16)

and the diﬀerential of the Gibbs energy with the diﬀerential of the internal energy
dU Eq.2.15 gives
dG = V dp − SdT +

µi dni
i

(2.17)
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The chemical potential is then a function of the Gibbs energy which can be measured
experimentally.
∂G
∂ni

µi =

(2.18)
T,p,nj=i

The chemical potential µi is equal to the work (except the volume work) which must
be supplied to transfer one mole of species i from vacuum to a phase while keeping
T and p constant.
For a chemical reaction
aA + bB + cC ⇌ xX + yY + zZ

(2.19)

The Gibbs energy is the linear combination of the chemical potentials of products
and reactants
equ

νi µ i −

ΔG =

νi µi = 0

(2.20)

reactants

product

with νi the stoicheometric coeﬃcients. The Gibbs energy of a chemical equilibrium
is zero.
Chemical potential in the gas phase For an ideal gas, where molecules do not
interact with each other, the ideal gas law states that
pV = nRT

(2.21)

where R = 8.34151 J·mol−1 ·K−1 is the universal gas constant. Here, the standard
chemical potential µ−◦ (T ) for a given temperature T is given with respect to the
deﬁned standard pressure p−◦ = 1bar. By integration
µ(T ) − µ−◦ (T ) =

p
◦
p−

V dp =

p
◦
p−

RT
dp
p

(2.22)
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the chemical potential for a given pressure p is linked to the standard chemical
potential by
µ(T ) = µ−◦ (T ) + RT ln

p
p−◦

(2.23)

For a non-ideal gas, the energy of interaction between the molecules is added via
the term RT ln φ
µ(T ) = µ−◦ (T ) + RT ln

p
p−◦

+ RT ln φ = µ−◦ (T ) + RT ln

f
p−◦

(2.24)

where f = φp is the so called fugacity and φ is the dimensionless fugacity coeﬃcient.
For an ideal mixture of gases the chemical potential of the constituent i is
◦
µi (T ) = µ−
i (T ) + RT ln

pi
p−◦

◦
= µ−
i (T ) + RT ln

p
p−◦

+ RT ln yi

(2.25)

with partial pressure pi of the constituent i and yi the mole fraction in the gas phase.
Chemical potential in the liquid phase In the case of equilibrium between a liquid
phase and its vapour, the chemical potentials of all the constituents are the same in
both phases and the constituents obey Raoult’s law
pi = xi p∗i

(2.26)

with xi being the mole fraction in the liquid
xi =

ni
;
ntot

N

N

ni = ntot ;
i=1

xi = 1

(2.27)

i=1

and p∗i the saturation vapour pressure of the pure liquid. Similar to the ideal gas,
a solution is deﬁned as ideal if the chemical potentials of its constituents can be
written as a function of the mole fraction xi .
◦ ,ideal
µi (T ) = µ−
(T ) + RT ln (xi )
i

(2.28)
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With the equality of the chemical potentials between vapour and liquid phase the
chemical potential of an ideal solution is
◦ ,ideal
◦
µ−
(T ) = µ−
i (T ) + RT ln
i

p∗i
p−◦

(2.29)

An example used in this work is the ideal dilute solution. In a binary mixture A-B
where the quantity of A is much greater then B, A is named the solvent and B the
solute. For an ideal dilute solution, the replacement of A by B or vice versa does
not change the properties of the solution.
Chemical potential of a solute For an ideal dilute solution, the solute molecules
do not interact with each other and with xA → 1 the solvent obeys Raoult’s law. If
the concentration of B becomes relevant, then, similar to the case of non-ideal gases
(Eq.2.24), a correction term RT ln γb for the interaction of the solute molecules with
each other is added
−
◦ ,ideal dil
◦ ,ideal dil
µB = µB
(T ) + RT ln aB = µ−
(T ) + RT ln xB + RT ln γB
B

(2.30)

Now, the product xB γB = aB is called the activity with γB the activity coeﬃcient.
In this work in most cases the solute is a salt and the interaction is predominantly
electrostatic.
Molar concentration In chemistry, the molar concentration (independent of temperature) of a solute is often given with respect to the volume V of the phase which
is called molarity cB (in moles/litre)
cB =

nB
V

(2.31)

If the moles of the solute are given with respect to the mass of the solvent the scale
is called molality mB (in moles/kg)
mB =

nB
nB
cB
=
=
n A MA
(nA MA + nB MB ) − nB MB
d − cB MB

(2.32)
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with the molar masses of solvent and solute Mi (kg·mol−1 ) and the density of the
solution d (kg·l−1 ).
The standard chemical potential in the molarity scale is a function of the standard
molarity c−◦ of 1 mol·l−1 and the molar volume VmA of solvent
◦ ,c
−
◦ ,ideal dil
µ−
(T ) + RT ln VmA c−◦
B (T ) = µB

(2.33)

and the chemical potential in the molarity scale is
◦ ,c
c
µB (T ) = µ−
B (T ) + RT ln γB

cB
c−◦

(2.34)

with the activity coeﬃcient
γBc =

xA d 0 γ B
d − cB MB

(2.35)

where d0 is deﬁned as the density of the pure solvent. For simplicity further on only
the molarity scale is used as a scale and the chemical potential is written in the
widely used form
◦
−
◦
µB (T ) = µ−
B (T ) + RT ln(γB cB ) = µB (T ) + RT ln aB

(2.36)

Where the activity aB is used as the logarithmic term in the normalised, dimensionless form, relative to the molarity scale.
Electrochemical potential For charged species the work zi F φ to bring one mole
of ions from vacuum towards a charged phase is added to the chemical potential.
The electrochemical potential µ̃i is then
◦
−
◦
µ̃i = µ−
i + RT ln ai + zi F φ = µi + RT ln ai + zi F χ + zi F ψ

(2.37)
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zi F gives the charge of one mole of ions with F being the Faraday constant which
is deﬁned by
F = NA · e = 96485 C · mol−1

(2.38)

with the elemental charge e = 1.6028 · 10−19 C. The inner potential φ is the sum of
the surface potential χ and the outer potential ψ. The work zi F φ is comprised of an
electrostatic term related to the crossing of ions through a layer of oriented interfacial
dipoles (zi F χ) towards the phase, and the charge of the phase itself (zi F ψ).
Applying this work to the change of internal energy from Eq.2.15 the electrical
work associated to the addition of charges to a phase with an inner potential φ is
added, which is the product of the inner potential and the variation of charge of
added species dqi
dU = −pdV + T dS +

µi dni +
i

= −pdV + T dS +

φdqi
i

(µi + zi F φ)dni = −pdV + T dS +
i

µ̃i dni

(2.39)

i

with this, the ﬁnal general deﬁnition of the electrochemical potential, which is the
work needed to move one mole of ions from a vacuum into a charged phase, at
constant pressure and temperature, is
µ̃i =

∂G
∂ni

(2.40)
T,p,nj=i

The electrochemical potential is a virtual quantity which can not be measured, as it
is impossible to add ions into a phase without changing its charge, but as a virtual
quantity it is a useful mathematical tool.

2.2.2 Redox-reactions
For reactions where electrons are transferred, so called redox-reactions, similar to
chemical reactions (Eq.(2.19) and (2.20)) the electron is being considered a species
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in its own right. Considering a redox-reaction at a metal electrode M in solution S
OxS + ne−M ⇋ RedS

(2.41)

The superscripts S and M refer to the location of the species. In this case reduced
(Red) and oxidised species (Ox) are in solution S, and the electron e− is transferred
to the species from the metal M. The number of electrons exchanged during the

Ox

Diffusion
Migration

ze-

Convection

reaction is n = zOx − zRed . This redox-reaction is sketched in Fig.2.6. The oxidation

Red

Metal electrode

Solution

Figure 2.6: Sketch of an redox reaction at a metal electrode

describes the increase in oxidation state and loss of electrons of a species during
reaction. The anodic current Ia is the number of electrons transferred from the
reduced species Red to the electrode
Ia = nF Aka cR (0)

(2.42)

The reduction is the decrease of oxidation state and gain of electrons of the oxidised
species from the electrode. The cathodic current Ic is
Ic = −nF Akc cO (0)

(2.43)

Both depend on the electrode area A and the electrochemical rate constants, which
are ka and kc for oxidation and reduction respectively. The product of rate constant
k (m · s−1 ) and molar concentration c (moles·l−1 ) gives the mass ﬂux. In practice,
the current density j = I/A (mA/cm2 ) is presented for better comparison between
experiments. At equilibrium, the rate of reduction and oxidation is equal ka cR (0) =
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kc cO (0).
With the assumptions of fast mass transfer in comparison to the kinetics of electron transfer reaction, and equal concentration of redox-species in solution and at
the electrode
cO (0) = cO (∞) = cR (∞) = c

(2.44)

In transition state theory, the so called standard rate constant k −◦ is
k −◦ = κ

kT
h

−
◦

e−ΔGact /RT

(2.45)

Here, κ is the proportionality constant, kB is the Boltzmann constant and h is the
Planck-constant. At equilibrium. with Eq.: (2.20) the electrochemical Gibbs energy
ΔG̃ for the reaction at the surface is zero
S
ΔG̃ = µ̃SRed − (nµ̃M
e− + µ̃Ox ) = 0

(2.46)

and by inserting Eq.(2.37)
◦ ,S
S
S
M
µ−
− n µM
−
e− − F φ
Red + RT ln aRed + zRed F φ
◦ ,S
S
S
− µ−
= 0 (2.47)
Ox + RT ln aOx + zOx F φ

which is
◦ ,S
−
◦ ,S
−
◦ ,M
nF (φM − φS ) = (µ−
Ox − µRed + nµe− ) + RT ln

= −ΔG−◦ + RT ln

aSOx
aSRed

= −ΔG

aSOx
aSRed

(2.48)
(2.49)

with the Galvani potential (φM − φS ) and F (φM − φS ) the electrical work required
to transfer one mole of elementary charge from electrode to solution. The redox
equilibrium constant is deﬁned as
Ke =

aSRed
= exp
aSOx

−ΔG−◦
RT

exp

−nF (φM − φS )
RT

(2.50)
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which depends on the inner potential between electrode and solution.
Standard redox potential, Nernst equation Historically, the logarithmic relation
of the potential diﬀerence between two electrodes was discovered by Nernst before
the concept of chemical potential was introduced. The so called Nernst equation is
−
◦
E = VWE − VRE = EOx/Red

+
SHE

RT
ln
nF

aSOx
aSRed

(2.51)

with the potentials V of working electrode WE and the so-called reference electrode
RE. By convention, the origin of the scale is deﬁned by the potential of the standard
hydrogen electrode (SHE). See Sec.2.2.5

2.2.3 Mass Transport
When gradients of chemical potential and electrical potential occur, the general
expression for the diﬀusion ﬂux vector Ji of species i is
Ji = −ci ũi gradµi − zi F ci ũi gradφ

(2.52)

ũi is called the electrochemical mobility (m2 ·V−1 ·s−1 ). In absence of thermal and
mechanical agitation, Fick’s ﬁrst law for diﬀusion states that diﬀusion is a process
driven by concentration gradients and that the diﬀusion ﬂux J, which is the norm
of the diﬀusion ﬂux vector, is directly proportional to the concentration gradient
Ji = −Di

∂ci
∂x

(2.53)

Here, Di are the diﬀusion coeﬃcients (cm2 ·s−1 ). At the solid | liquid interface, the
stagnant layer of solution is called the diﬀusion layer.
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2.2.4 Electrochemical Kinetics
By increasing the electrode potential by (E −Eeq ) the cathodic and anodic activation
energies become
ΔGa = ΔGeq
a − αnF (E − Eeq )

(2.54)

ΔGc = ΔGeq
c + (1 − α)nF (E − Eeq )

(2.55)

with the charge transfer coeﬃcient α

Gibbs Energy

Oxidation

ΔGa

ΔGeq
a

ΔGeq
c
ΔGc

nF (E − Eeq )

Reaction coordinate

Figure 2.7: Activation barrier for an oxidation reaction and the inﬂuence of the
working electrode polarisation. Adapted from [51].
This is illustrated in Fig.2.7. The equilibrium potential is deﬁned by the Nernst
equation Eq.(2.56)
Eeq = E −◦ +

RT
ln
nF

cOx (∞)
cRed (∞)

(2.56)

The cathodic and anodic rate constants are then a function of the electrode potential
ka = ka0 exp (αnF E/RT )

(2.57)

kc = kc0 exp (−(1 − α)nF E/RT )

(2.58)

26

2 Experimental Methods

One can describe the current as a function of the applied potential perturbation
(with respect to the equilibrium potential), called overpotential

η = E − Eeq

(2.59)

The total current can then be given as a function of overpotential η, generated to
displace the equilibrium
I = I0

cRed (0)
cOx (0)
exp (αnF η/RT ) −
exp (−(1 − α)nF η/RT )
cRed (∞)
cOx (∞)

(2.60)

with the exchange current I0 .
I0 = nF Ak −◦ [cRed (∞)]1−α [cOx (∞)]α

(2.61)

Here, the standard rate constant
k −◦ = ka0 exp αnF E −◦ /RT = kc0 exp −(1 − α)nF E −◦ /RT

(2.62)

links the two rate constants ka0 and kc0 with the assumption of symmetrical activation
barrier.
Assuming further, that the concentration at the electrode remains equal to the
concentration in solution (i.e. inﬁnitely rapid mass transfer) and constant concentration in solution (i.e. large volume), the Butler-Volmer equation is obtained

I = I0 [exp (αnF η/RT )− exp ((1 − α)nF η/RT )]

(2.63)

Anodic and cathodic currents are displayed in red and blue respectively. This is
illustrated in Fig.2.8a) with exchange current density j = I/A as the sum of cathodic
and anodic exchange current density (black). Fig.2.8b) shows another representation
of the Butler-Volmer equation. Here, the logarithm of the absolute value of j as a
function of overpotential is plotted. The so called ”Tafel-plot” allows graphical
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Figure 2.8: a) Illustration of the Butler-Volmer equation, polarisation curve of a
kinetically controlled electrochemical reaction (n=1, α=0.5, T =298 K), anodic current density (red), cathodic current density (blue) and total current (black). (b-c)
Tafel plots of the Butler-Volmer equation.

extrapolation of the tafel slopes to η = 0 V which allows to calculate the value of
the charge transfer coeﬃcients. Fig.2.8c) shows an alternative Tafel plot, where η is
plotted as a function of log |j|. The obtained Tafel-slopes can be used to evaluate the
rate determining steps in the reaction [52]. (See also Fig.2.11and Sec.4.4.9, where
the stability of Fe3 O4 (001) and Fe3 O4 (110) during OER is investigated.

2.2.5 Reference electrodes
The Galvani potential of a half cell reaction can not be measured directly. Therefore it is indirectly measured with an high impedance voltmeter against a reference
electrode. At the reference electrode, a redox-reaction, which is not disturbed by
currents passing through the circuit, ensures a stable electrode potential. Crucial
for the stability of the electrode potential is a constant concentration of all redoxspecies.
Standard hydrogen electrode SHE By convention, the arbitrary origin of the
electrode potential scale is determined by the standard hydrogen electrode. With
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the reactions
n
H2 ⇌ nH + + ne−
2
Ox + ne− ⇌ Red

at the reference electrode

(2.64)

at the working electrode

(2.65)

To keep the proton activity constant, hydrogen is bubbled through an acid solution
with pH zero over a platinized platinum electrode, while the fugacity of the hydrogen
gas is kept at standard pressure at 1 bar (=100kPa). The acid solution is separated
from the working electrode solution by an ion conducting salt bridge, keeping their
inner potentials equal.
Absolute standard redox potential It is useful to relate the standard redox potential of the half cell reaction to the absolute value of the Fermi level. The deﬁnition
−
◦
EOx/Red

abs

= −αeM− /F + (ψ M − ψ S ) =

−
◦
relates the work F EOx/Red

abs

1 −◦,G
−
◦ ,S
αH
µ
/F
+ −
2 H2

(2.66)

, necessary to transfer an electron from the Fermi

level of the metal to the surface of the electrolyte with the work of extraction of the
electron of the non-charged metal −αeM− and the Volta potential diﬀerence between
metal and electrolyte containing the redox pair (ψ M − ψ S ). The absolute standard
redox potential can then be calculated with the standard chemical potential of the
◦ ,G
gaseous hydrogen molecule 21 µ−
H2 /F via the ionisation energy of the hydrogen atom,

the covalent bond energy of the hydrogen molecule and the standard potential of
the aqueous proton
Hg+ + e−
g ⇌ Hg
1
Hg ⇌ H2,g
2
+
Hg+ ⇌ Haq

ΔG−◦ = −13.613 eV

(2.67)

ΔG−◦ = −2.107 eV

(2.68)

−αeM− ∼
= −11.276 eV

(2.69)
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which gives
−
◦
EH
+/ 1 H
2
2

abs

= [−11.276 − (−13.613 − 2.107)] = 4.44 ± 0.05 V

(2.70)

The scales relate to each other [51],[53]
−
◦
EOx/Red

abs

−
◦
∼
= EOx/Red

SHE

+ 4.44 ± 0.05 V

(2.71)

Reversible Hydrogen Electrode RHE In practice, the SHE is not used in the
laboratory in a daily routine, due to its complicated setup, prone to measurement
errors. A much more easy-to-use setup is the reversible hydrogen electrode. Similar
to the SHE, the redox reaction
H2 ⇌ 2H + + 2e−

(2.72)

occurs at a platinum electrode. Now the platinum electrode is immersed directly
into the solution where the redox reaction at the working electrode occurs. The
platinum electrode is sealed within a glass cavity, which is ﬁlled with and immersed
in the electrolyte. Prior to a measurement, a hydrogen bubble is electrolytically
generated at the platinum electrode. The hydrogen bubble then ﬁlls the top half of
the cavity. In contrast to the SHE, the electrode potential depends on the proton
activity of the solution. The measured potential therefore depends on the pH. It
relates to the SHE via
−
◦
E = EH
+/ 1 H
2
2

SHE

+

RT
ln aH + = 0V − 0.059V · pH
F

(2.73)

Ag/AgCl reference electrode The silver / silver chloride electrode is a practical
reference electrode to use. A silver wire is immersed in a saturated KCl solution.
On the silver wire, a thin layer of silver chloride is electrolytically generated. The
electrode potential is determined by the equilibrium of the metal Ag and its poorly

30

2 Experimental Methods

soluble salt AgCl
Ag+,S + e−,M ⇌ AgM

(2.74)

AgM + Cl−,S ⇌ AgClM + e−,M

(2.75)

This can be simpliﬁed to
Ag+,S + Cl−,S ⇌ AgClM

(2.76)

The reaction is mainly governed by the Cl− concentration in the solution. The socalled solubility product or equilibrium constant of the limited dissolution of the
AgCl is
KS =

aAg+ · aCl−
= aAg+ · aCl− = 1.77 · 1010
aAgCl

(2.77)

This gives the standard redox potential
−
◦
EAgCl/Ag

SHE

−
◦
= EAg
+ /Ag

SHE

+

RT
ln KS = 0.799V − 0.577V = 0.222V (2.78)
F

for the Ag/AgCl couple. The solution can be separated from the WE solution
via a liquid junction like a glass frit. Here Cl− ions can leak into the WE solution.
Additionally, the electrode has to be stored in KCl when not used to replenish leaked
Cl− . Recently, leak-free conducting membranes have been introduced to overcome
these issues. Cl− ions can not permeate through the membrane. It can be stored in
water, which can be useful. For impedance measurements at high frequencies, phase
shifts due to these membranes can occur. This can be overcome by coupling the
reference electrode in parallel with a 100nF capacitor in series with a quasi reference
electrode (Au or Pt wire or a Glassy carbon rod). [54]
Ohmic drop Ideally, the reference electrode is placed between the counter electrode
and the working electrode, as close to the WE as possible. In practice, the solution
resistance RS between WE and RE results in the so-called ohmic drop. The applied
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Figure 2.9: a) Sketch of a three-electrode electrochemical cell with potentiostatic/galvanostatic control of the working electrode. Working electrode (WE), reference electrode (RE) and counter electrode (CE) are immersed in electrolyte. Current ﬂows
via electronic conduction in the circuit, and ionic conduction in the electrolyte and
transfer of charge between electrodes and electrolyte via electrochemical reactions.
b) Block diagram of the Potentiostat/Galvanostat. Digital-to-analog converter Ei ,
Summation Point (Σ), Control Ampliﬁer (CA), Low current follower (LF), High
Current Shunt Resistor (HCR) connected to the electrochemical cell (blue circle).
Adapted from [51],[55]

potential to the WE has to be corrected for this term with
Eapplied = Emeasured + IRS

(2.79)

with the current I ﬂowing between WE and CE. RS can be directly measured with
impedance spectroscopy, see Sec.(2.2.8)

2.2.6 Electrochemical Cell, Potentiostat/Galvanostat
An electrochemical cell for measuring half cell potentials consists in its most basic
form of a three-electrode setup with a Working electrode (WE), a reference electrode
(RE) and a counter electrode (CE). The setup is shown in Fig.(2.9). In galvanostatic mode, the current ﬂow is controlled, in potentiostatic mode, the potential is
controlled. The potentiostat applies the electrode potential, which is the diﬀerence
between WE and RE, by passing a current between WE and CE via the Control

32

2 Experimental Methods

Ampliﬁer (CA). The value of the current is measured by a Low Current Follower
(LCF) or a High Current Shunt Resistor (HCF). The potential diﬀerence between
WE and RE is measured with a Diﬀerential Ampliﬁer (DA). The Working electrode is connected to the DA with the Sense (S) connector. The high impedance
between WE and RE prohibits high current from ﬂowing through the RE, which
would disturb the RE electrochemical equilibrium potential. The signals are fed
into the Summation Point (Σ) and the potential between RE and WE is compared.
Together with the digital-to-analog converter (Ein this gives the input for the CA
and the desired applied potential is adjusted by passing a current through WE and
CE [55]. The nature of the current is electronic conduction in the circuit, ionic conduction in the electrolyte and transfer of charge between electrodes and electrolyte
via electrochemical reactions.

2.2.7 Cyclic Voltammetry (CV)
In cyclic voltammetry, a potential signal in excess of the equilibrium potential, predicted by the Nernst equation, is applied to an electrochemical cell. The resulting
current signal is measured. The potential is varied between two limits with a triangular wave potential ramp, shown in Fig.2.10a). Starting from an initial potential
Ei which is usually the equilibrium potential, the initial scan direction can be upwards or downwards resulting in an oxidation/reduction reaction and a subsequent
reduction/oxidation reaction in the reverse scan direction, shown in Fig.2.10b. The
potential signal as a function of time (t) is then
E(t) = Ei ± νt

(2.80)

ν is the sweep rate/scan rate (mV/s). The area under the CV is proportional to
the the transferred charge. The current increases with increasing scan rate ν as the
charge is transferred faster (Fig.2.10 (black and green curve).
Convection determines mass transport in solution. The shape of a voltammogram
is determined by many factors, with convection being one of the most important
ones. The initial oxidation reaction in Fig.2.10 is a result of the initial positive

2.2 Electrochemical Methods

33

ze-

Ox
Red

ze-

Ox
Red

Figure 2.10: Cyclic voltammogram of a redox reaction in solution within the stability
region of water. a) Applied potential signal and b) Faradaic current response. Green
dashed line as a result of stirred solution with constant diﬀusion layer thickness and
resulting current limit. Green and black curve as a result of unstirred solution with
time-dependent decrease of diﬀusion layer thickness and subsequent current peak.

potential ramp. If the reaction is limited by the diﬀusion of the reduced species
Red (yellow circle), the anodic current density ja is proportional to the arrival ﬂux
of reduced species at the electrode and therefore also proportional to the departure
ﬂux of the oxidised species Ox (green circle) away from the electrode

ja = nF DR

∂cR (x)
∂x

x=0

= −nF DO

∂cO (x)
∂x

(2.81)
x=0

For stirred solutions (usually done with rotating disc electrode setups) or microelectrodes, the thickness of the diﬀusion layer δ remains constant. The faradaic
current is then inversely proportional to the thickness of the diﬀusion layer.
ja = nF DR

cR (∞) − cR (0)
δR

= −nF DO

cO (∞) − cO (0)
δO

(2.82)

The concentrations on both sides of the diﬀusion layer are determined by the Nernst
equation. Eq.2.81 determines the current at the electrode (x=0) and on the other
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side convection keeps the concentration constant to the solution concentration (x =
∞). The current increases from a background residual current and reaches a limit,
shown in the green dashed line in Fig.2.10b.
In the absence of convection, (Fig.2.10b, green and black line), the diﬀusion layer
increases with time and the resulting voltammogram has a peak current instead of
a limiting current.
When no oxidation/reduction takes place, only capacitive currents are measured.
Water gets oxidised at the anode and reduced at the cathode at suﬃciently high
potential perturbations, shown in Fig.2.11. The water concentration at the electrode
thermodynamic stability region of water

current density j (mA/cm2)

hydrogen evolution
reaction (HER)

Oxygen evolution
reaction (OER)

2H2 O+2e− →H2 +2OH− (alkaline)
2H+ +2e− →H2

(acidic)
(alkaline) 4OH− →O2 +2H2 O+4e−
(acidic)

2H2 O→O2 +4H+ +4e−

ηHER

ηOER
0

1.23
Potential vs RHE (V)

Figure 2.11: Cyclic voltammogram outside the thermodynamic stability region of
water (black). Oxidation of water or oxygen evolution reaction (OER) in red, reduction of water or hydrogen evolution reaction (HER) in blue.
remains almost constant and is therefore equal to the concentration in solution.
Here the Butler-Volmer equation (Eq. 2.63) can be applied. See also for comparison
Fig.2.8 and Sec.4.4.9, where the stability of magnetite single crystal surfaces during
OER is investigated. In Sec. 4.5, the overpotential of magnetite for OER, ηOER is
lowered by doping the single crystal surface with Ni.

2.2.8 Electrochemical Impedance Spectroscopy
To diﬀerentiate the kinetics of an electrode reaction from experimental side eﬀect,
such as the ohmic drop, which resembles the response of kinetically slow systems,
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an excitation function covering a large time domain can be used. One of these
techniques is electrochemical impedance spectroscopy. In this case, the electrode
potential excitation function is a sine wave with only small potential perturbation
in the order of mV, which is applied to the system under investigation in a broad
frequency range. Due to the small perturbation, the current response to the small
linear perturbation is also linear and is tracked with a frequency response analyzer
(FRA).
The excitation of the system by an applied sinusoidal potential can be written
with Eulers relationship exp jφ = cos φ + j sin φ as
Et = E0 exp (jωt)

(2.83)

Where the potential E0 at time t depends on the amplitude E0 and the radial
frequency ω = 2πf with f the chosen frequency. The current response is then
linearly related to the voltage amplitude, and exhibits the phase shift φ
It = I0 exp (j(ωt − φ))

(2.84)

The impedance Z is the complex generalisation of the resistance R for AC-circuits
and Ohm’s law then is
Z(ω) =

Et
= |Z| exp (jφ) = |Z|(cos φ + j · sin φ)
It

(2.85)

with the magnitude |Z|. The inverse of the impedance is the admittance
Y (ω) =

1
Z(ω)

which is useful for calculating equivalent circuits.

(2.86)
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Circuit Elements
Resistor For a Resistor the impedance is simply the Resistance R and no phase
shift occurs.
ZR = R

(2.87)

Common pure resistances are e.g. the solution resistance RS or the polarisation
resistance RP for corrosion reactions, or the charge transfer resistance Rct .

R

Figure 2.12: Schematic of a Resistor R for an equivalent circuit

Inductor For an Inductor L the impedance is
ZL = jωL

(2.88)

Inductance usually does not appear in electrochemical systems, but is a common
artefact from wires connecting the cell with the potentiostat.

L

Figure 2.13: Schematic of an Inductor L for an equivalent circuit

Capacitor For an Capacitor C the impedance is
ZC =

1
jωC

The most prominent example is the double layer capacitance CD .

(2.89)
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C

Figure 2.14: Schematic of an Capacitor C for an equivalent circuit

Warburg Impedance The Warburg Impedance combines the two concentration
impedances of both redox-species together
RCT ka0 exp(αnF E/RT ) kc0 exp(−(1 − α)nF E/RT )
√
√
ZW = √
+
jω
DR
DO

(2.90)

Here Di are the diﬀusion coeﬃcients from Eq.:(2.53). With the charge transfer
resistance
RCT =

RT
nF I0

(2.91)

and the exchange current I0 from Eq.(2.61), this can be simpliﬁed to
ZW

√
1
1
RT
σ 2
√
+√
= 2 2 √
=√
n F A jω
jω
DR
DO

(2.92)

1
1
RT
√ √
+√
DR
DO
n2 F 2 A 2

(2.93)

With
σ=

√
Most potentiostats give the value Q0 = 1/( 2 · σ) and the Warburg impedance
becomes
ZW =

1
√

Q0 jω

(2.94)

Constant Phase Element For a Constant Phase Element CPE the impedance is
ZCP E =

1
Q0 (jω)n

(2.95)
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W

Figure 2.15: Schematic of a Warburg impedance for an equivalent circuit

The origin of its name comes from the constant phase angle which is independent
of the frequency with the value −90 · n. The exponent n can be varied from 0 to
1 and can become equivalent to other fundamental circuit elements. By comparing Eq.(2.95) with Eq. (2.87), (2.89) and (2.94) the equivalence for the diﬀerent
parameters can be deduced, which is shown in Tab.(2.1).

CPE

Figure 2.16: Schematic of a Constant Phase Element for an equivalent circuit

Equivalent Circuit Element
Resistor
Capacitor
Warburg Impedance

n
0
1
0.5

Constant phase element parameters
Q0
R
C
Q0

Table 2.1: Equivalence of constant phase element with other equivalent circuit elements

Randles-Ershler Circuit Model This equivalent circuit models the simple case of
a redox pair in solution in the presence of a planar electrode. Two currents can be
distinguished. On the one strand the capacitive current induced by the adsorbed
species on the charged planar surface is modelled with the double layer capacitance
CD . The Faradaic current contribution on the circuit strand in parallel to CD is
linked to the electron transfer of the reaction. For the reaction the so-called charge
transfer resistance Rct is connected in series to the Warburg impedance W, which
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Figure 2.17: (a) Sketch of diﬀusion of oxidants (green) with a positive charge towards
a planar, negatively charged electrode. Reduction of oxidants by accepting electrons
from the electrode and subsequent diﬀusion (yellow) away from the electrode to
the bulk solution. IHP (inner Helmholtz-plane) and OHP (outer Helmholtz-plane)
formed through speciﬁc adsorption of water and cation adsorption. (b) Schematic of
the Randles-Ershler equivalent circuit which models the system in (a) for comparison
with the physical components. CD , double layer capacitance; Rct , charge transfer
resistance; W, Warburg impedance; RS , solution resistance. Adapted from [56],[57]

represents the diﬀusion of the redox species to and from the planar surface. The
solution resistance RS is connected in series to the capacitive and Faradaic elements.
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2.2.9 Electrochemical STM (EC-STM)
The basic principle for STM in liquid is the same as in UHV. The tunneling barrier
changes between sample and tip, as the barrier height is not equal to the vacuum
level anymore. This allows for measurements with much smaller tunneling bias. In
a)

b)
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Figure 2.18: Schematic of an electrochemical STM, (compare to Fig.2.5) a) insulated
tip, water molecules (black circle with arrow indicating dipole moments), Cations
(green circle) and anions (red yellow circle. b) zoom out, Schematic of a 4-electrode
EC-STM setup with Reference Electrode (dark blue), Counter Electrode (Black)
in a cell pressed with O-Rings onto the sample. Cell ﬁlled with electrolyte (bright
blue).

electrochemical STM, both sample surface and tip are in contact with an ion conducting electrolyte. The higher complexity of the setup is illustrated in Fig. 2.18.
A cell which holds the electrolyte is pressed with O-Rings onto the sample. The
entire tip surface in contact with the electrolyte would act as an electrode for redox reactions. The resulting Faradaic currents would be many orders of magnitude
higher than the tunneling current. The tip is therefore coated with an insulating
polymer, leaving only the topmost part uncoated (Sec.:3.4.4). The zero potential,
which in UHV was the ground potential, is now measured against a reference electrode. Potential of tip and sample is controlled independently from each other with
a Bi-potentiostat. This four-electrode setup allows in-situ measurements or even
in-operando measurements of the electrode surface during reaction conditions.
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2.2.10 Atomic Force Microscopy (AFM)
Soon after the invention of the STM, which is limited to conducting surfaces, the
atomic force microscope (AFM) was introduced by Binnig, Quate and Gerber [58].
By measuring the atomic forces between a tip and a sample instead of the tunneling
current, this technique can also be employed to insulating surfaces. The tip is
attached to a ﬂexible cantilever scanned over a surface with piezoelectric actuators.
Hard-core repulsion, van der Waals force, ionic bonds and covalent bonds govern the
interaction between tip and sample. They are well-described by the Morse potential
energy function.
E = U0 e−2β(R−Re ) − 2e−β(R−Re )

(2.96)

with the dissociation energy U0 , a constant β, the equilibrium internuclear distance
Re which is an empirical parameter and the Internuclear distance R. It is a combination of a short-range exponential repulsion term and a long-range exponential
attractive term. In Fig. 2.19a) the potential curve as a function of distance between
sample and tip atom is shown.
b)
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Figure 2.19: AFM fundamentals. a) Morse potential energy as a function of distance
between sample and tip. b) Sketch of an AFM setup used in this thesis.
Attractive atomic forces at long distances and repulsive forces at short distances
between tip and sample bend the cantilever. The deﬂection of the cantilever is
measured. A method to detect the cantilever bending, used in this work, is shown
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in Fig.2.19b). The back side of the cantilever is coated with a reﬂective material. A
laser is focused on the reﬂective surface and the reﬂection of the laser is measured
with a split diode. One can distinguish two main modes of operation
Static mode In static mode (or contact mode) the z-position of the cantilever is
only changed by atomic interaction forces. When brought close to the surface with
piezoelectric actuators, due to the Pauli-exclusion principle, repulsive forces between
tip and sample bend the cantilever. The deﬂection of the cantilever is then measured
with a deﬂection sensor and the signal is then used via a feedback loop to drive the
z-piezo to keep the force constant. The forces are in the range of 10−9 -10−10 N which
can damage the sample surface.
Dynamic mode In dynamic mode (also called non-contact mode, acoustic mode or
AC mode) the cantilever is oscillating close to its resonant frequency, actuated by an
external piezo. The vibration is detected via a deﬂection sensor. The weak attractive
interaction forces between tip and sample cause a shift in resonance frequency f0 . In
dynamic mode, the frequency shift signal f0 + Δf is ampliﬁed and compared with a
reference value. The again ampliﬁed diﬀerence value Δf is then used via a feedback
loop to drive the z-piezo to keep the frequency constant.

3 Experimental Setup
3.1 UHV-Chamber ”Omega”
a

b

Figure 3.1: a) Photograph of the Omega UHV Chamber. b) Detailed photograph of
an electrochemical cell (Version 1, Glass cell) attached to the Omega chamber.

Most of the UHV experiments reported here were conducted in an ”Omicron
Compact lab UHV system”, internally called the ”Omega Chamber”. It consists of
a main chamber and a quick transfer chamber for inserting samples or alternatively
with an electrochemical cell attached. Fig.3.1a) shows a photograph of the Omega
Chamber.
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Main chamber pressure The main chamber base pressure of pMain = 1 · 10−11
mbar is established with a four-pump conﬁguration. A dual-stage rotary vane pump
(Pfeiﬀer, Duo 5M) backs a turbomolecular pump (Pfeiﬀer, TPU 240). Additional
pumping is provided by an ion pump (Varian, VacIon Plus 150 StarCell) and a
triple-ﬁlament titanium sublimation pump (VG, TSP ST22).
The pressure in the main chamber is measured with a nude Bayard-Alpert hot
cathode vacuum gauge (Varian, UHV-24) and an analog Pirani gauge (Varian, 801)
in the roughing line between rotary and turbomolecular pump.
Transfer chamber pressure The base pressure in the transfer chamber of
pTransfer = 5 · 10−8 is established with a three-pump conﬁguration.
A second rotary vane pump backs a turbomolecular pump (Varian,Macrotorr).
During transfers, both pumps are separated from the transfer chamber by a gate
valve and the TMP is kept running at full speed to avoid impurities from entering
the transfer chamber through a stopped TMP. Before opening, the transfer chamber
is vented with high purity argon (Air Liquide, 99.999% purity, additionally puriﬁed
with an in-line sorption ﬁlter SAES, MC50-902).
After insertion of samples, the transfer chamber is evacuated with a liquid nitrogen
cooled cryosorption pump (Ultek, Perkin Elmer). After quickly reaching a pressure
of 10−2 mbar, the gate valve is opened to the TMP (which still rotates at full speed).
The sample can be transferred to the main chamber when the pressure in the transfer
chamber reaches p< 1 · 10−6 mbar. For dry samples this only takes 10 minutes, but
for wet samples up to 30 minutes. Electrochemical cell version 2 and 3 are therefore
positioned in a third vacuum chamber, which can be separately pumped to rough
vacuum, increasing pumping speed further.
Sample preparation In the UHV chamber, samples were cleaned by sputtering
with a focused beam of Ar ions (1 keV, SPECS IQE 12/28 ion source). Typically,
sputtering for 15-25 min is followed by annealing for 20-30 min at T= 600°C 850°C in UHV or other atmospheres, e.g. 10−6 mbar O2 , depending on samples.
This procedure is repeated until a clean surface with desired surface morphology is
reached.

3.1 UHV-Chamber ”Omega”
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Sample Analysis
STM The Omega chamber is equipped with an UHV STM-1 from Omicron operating at room temperature, controlled via RHK electronics (R9). The tip is electrically
on ground. Bias voltage is applied to the sample. STM tips are made from an electrochemically etched tungsten wire and spot-welded to a stainless steel tip holder
for insertion or conditioning via sputtering.
XPS XPS spectra are usually acquired in normal (0° from the surface normal) or
grazing emission (70° from the surface normal).
Either Mg Kα or Al Kα radiation (not monochromatic) was used for excitation
of photoelectrons, provided from a dual-anode X-ray source (VG, XR3E2-341), operated by a high-voltage power supply (SPECS, XRC 1000).
Emitted Photoelectrons are collected with a hemispherical analyser (SPECS,
Phoibos 100, Release 5) equipped with a multichannel detector (MCD-5) with ﬁve
channel electron multipliers, operated with SPECS software (HSA 3500).
Detailed spectra were typically acquired at 20 eV pass energy for better energy
resolution, while 60 eV pass energy was used for most overview scans for better
sensitivity. Detailed scans of low-level impurities, such as carbon were often taken
at 40 eV pass energy as a compromise between sensitivity and resolution.
The work function of the analyzer was calibrated with the Fermi edge of Pt
corresponding to zero binding energy.
The gain and oﬀset of the energy scale was calibrated using sputtered, polycrystalline Au and Cu foils mounted on one sample plate and measuring Cu 2p3/2 at
933.6 eV and Au 4f7/2 at 84.0 eV. Independence of peak position on pass energy was
calibrated with the Ag 3d5/2 368.3 eV transition of a sputtered silver foil.
LEIS He+ ions for low energy ion spectroscopy measurements were generated with
the ion source also used for Ar+ -sputtering. All data presented here were measured
with a He+ energy of 1225 eV at a chamber pressure of 5 · 10−8 mbar, which resulted
in a sample current of 5-10 nA. The scattering angle between the forward direction
of the ion beam and the analyser was 137°. The kinetic energy of the scattered
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ions were detected with the same hemispherical analyser also used for XPS (retard
energy of the Ions 110 eV, analyser entrance slit fully opened).
LEED Electrons for low energy electron spectroscopy are generated with a LaB6
ﬁlament. The scattered electrons are detected with rear-view LEED optics (Omicron, SPECTALEED, control unit NGL 10). A monochrome CMOS camera (DMK
33GX174e) mounted inside a dark box was used for acquiring images. For every image an additional dark frame image (zero screen voltage) and ﬂat ﬁeld image (image
of a polycrystalline sample holder) at equal beam energy were taken. With these
two additional images, LEED data can be corrected for inhomogeneous illumination,
screen and camera artefacts.

3.2 Electrochemical cell
One goal of this project was the design of an electrochemical cell, which could be
mounted to the ”Omega” chamber. Besides a clean transfer a good cell design should
also provide the basis for useful electrochemical measurements like cyclic voltammetry and impedance spectroscopy. During this project, the cell design was constantly
improved. A short overview shall be given and the motivation for changing existing
cell designs shall be discussed.
Version 1, ”Glass cell” Fig.3.1b) shows a photograph of the ﬁrst cell design used
in the group. The cell is made from borosilicate glass. Diﬀerent glass parts are
joined together by interchangable-Tapper-Glass-Joints and openings for electrodes
and gas-lines are sealed with GL-caps. Advantages are the versatility of the cell.
Disadvantages however are the bulky dimensions and the many connections, which
made it impossible to seal it properly from the lab atmosphere. All glassware had
to be boiled in 20% nitric acid and rinsed with MilliQ-water, which evidently was
done in air. Carbon contamination was therefore always an issue. Another problem was the transfer arm for the sample, which could not hold the sample well
in its ”hanging meniscus”-conﬁguration. Another problem in general for ”hanging
meniscus”-conﬁgurations is creeping of electrolyte to the unpolished sides of the sin-
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gle crystal. This introduces unwanted contributions from the side of the sample to
the cyclic voltammogram signal.
Version 2, ”standing meniscus cell” The ﬁrst cell designed within this thesis
was the so-called ”standing meniscus cell”. Similar setups are also used for electrochemical surface X-ray scattering (EC-SXS) [59] [60] [61] [62]. Fig.3.2 shows a
rendering of the cell and Fig.3.4b) a photograph of the cell inside its test chamber.
It is made from Kel-F with a glassy carbon rod acting as counter electrode and
a

b
Electrolyte Column

Leak Free
Ag/AgCl Reference
Electrode
Kel-F Cell

Glassy Carbon
Quasi Reference
Electrode
assy Carbon
Counter Electrode

Electrolyte
Standing Meniscus

✄☎

6 mm

Sample

Figure 3.2: Rendering of electrochemical cell Version 2, ”standing meniscus-EC-cell”

a leak free Ag/AgCl reference electrode in parallel with an 100 nF capacitor and
another glassy carbon rod in series acting as quasi reference electrode for impedance
measurements. The potentials were calibrated with a reversible hydrogen electrode
(Gaskatel, Hydroﬂex) before and after experiments to ensure the potential stability
of the system.
The drop size is manipulated by compressing the electrolyte column with a needle
valve made from PFA (Swagelock).
The advantage of this cell design is the cleanliness of the system. Only electrolyte
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is in contact with the sample surface. Creep of electrolyte to the sides of the sample
is usually also not an issue.
Disadvantages however are the instability of the ”standing meniscus” over longer
time periods of several hours. Especially impedance measurement series with varying
potentials can last several hours. A change in wetted surface area was often observed.
The system is also not suited for cyclic voltammograms with high currents, e.g. OER
with bubble formation, as the bubbles also change the standing meniscus size and
subsequently the wetted surface area. On the other hand, one can see the bubbles
or changes in electrolyte colour for dissolution experiments.
Another issue was the position of the electrodes (reference electrode not placed
between counter and working electrode) and the non-symmetrical geometry of the
electrolyte column. This became only apparent when analysing impedance data.
Version 3, ”O-Ring cell” For cyclic voltammograms at high currents (I>5
mA/cm2 ) and impedance spectroscopy a new cell was designed. This cell was made
from perﬂuoroalkoxy alkane (PFA), which is an interesting material for microﬂuidic applications. It combines all advantageous properties of teﬂon with additional
thermoplastic properties. This makes very small and simple cell designs possible.
[63]
A rendering of the ”O-Ring cell” is shown in Fig.3.3 and a photograph of the
cell in the test-chamber is shown in Fig.3.4c). In the new cell, electrodes are positioned optimally with the counter electrode in the center and the reference electrodes
between counter and working electrode.
The sample is pressed against an O-ring (Kalrez), which seals the sample to the
cell.
Electrolyte- inlet and outlet tubes are also made from PFA, which are ﬁtted to the
cell with PEEK ﬁttings (VacuTight,UPP-938X). This connection could be made permanent by welding the PFA-parts together. This would also improve gas tightness.
This setup is compatible with an electrochemical AFM+Mass spectrometry-setup
recently installed in our institute by the group of Markus Valtiner. The electrolyte
channels can be optionally ﬁlled with water, electrolyte or puriﬁed argon or oxygen.
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Figure 3.3: Rendering of electrochemical cell Version 3, ”O-Ring-EC-cell
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Figure 3.4: a) Lab-Bench Test-Chamber for EC-Cell Version 2 + 3. b) EC-cell
Version 2 (”standing meniscus cell”). c) EC-cell Version 3 (”O-ring cell”).
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3.3 Ambient Scanning Probe Microscope
SPM measurements in ambient conditions and electrolyte were performed with an
Agilent 5500 SPM system. The control system includes a high-speed computer, SPM
controller, changeable AFM and STM heads, Head Electronics Box, Bipotentiostat
and a break-out box for trouble shooting. The STM/AFM heads are mounted to
an environmental chamber. The environmental chamber is connected to an Argon
gas line and can be purged with high purity Argon (Air Liquide, 99.999% purity,
additionally puriﬁed with an in-line sorption ﬁlter SAES, MC50-902) The whole
environmental chamber is placed inside a vibration isolation chamber (box), which
isolates the SPM from air turbulence and acoustic noise.
The whole box is further reinforced with steel beams to suppress vibrations from
the box itself. In addition, the whole box is suspended on four bungee-cords, which
decouples the SPM from the building for reduced vibrational noise.

3.3.1 Ambient AFM
All ambient AFM experiments presented here were carried out in air or in Ar in
acoustic mode using Olympus Si cantilevers with a 1.7 N·m–1 force constant. The
scanner was calibrated using a calibration grid provided by the manufacturer. Ambient AFM was especially useful to obtain large scale surface morphology information
in the µm range. EC-STM was used for imaging in situ with atomic resolution.

3.3.2 Electrochemical STM
EC-STM was performed using coated, electrochemically etched W, PtIr or Ir tips.
The tip preparation procedure is described in Sec.3.4. A Pt wire, ﬂame-annealed
before use, acted as a counter electrode. As reference electrode, either a ﬂame
annealed Pt wire, a PdH-quasi reference electrode [64] or a leak free Ag/AgClelectrode (d=0.5mm, Innovative Instruments) was used.
The cylindrical EC-STM cell holding the electrolyte was made from Kel-F. After
sample preparation, the cell was sealed to the sample with an O-Ring (Kalrez) and
pressed together with a spring mechanism. All glassware and Kel-F parts were
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cleaned prior to every experiment by boiling in 20% nitric acid and subsequent
rinsing with MilliQ-water.

3.4 EC-STM-Tip preparation
3.4.1 W-tip etching
Electrochemical scanning tunnelling microscopy is one of the main experimental
tools to study surfaces in real space on the atomic scale at the solid liquid interface.
Tungsten is the most widely used tip material in UHV, due to its low cost, ease of
etching and high hardness (Hardness 7.5 [65]).
Glass-coated Tungsten micro-electrodes were originally developed for resolving
single neurone action potentials in physiological studies. [66]. Later used as ﬁeld
ion tips [67], many methods for the preparation of atomically sharp tips for STM
have been reported since [68], [69].
In the early days of EC-STM, W-tips were used to measure mostly strong adsorbing molecules on noble metal single crystals such as iodene/Pt(111) [70],[71],
iodine/Au(111) [72], or the Cu(111)/electrolyte interface [73],[74]. A disadvantage
of W-tips is dissolution in aqueous media, which can become an issue, depending on
the system under investigation.
For the preparation of EC-STM tips, we etched a Tungsten wire (Advent UK,
d=0.25mm, 99.95%, annealed). Fig. 3.5a) shows sketch of the etching setup. A
lamella of 2M NaOH electrolyte is formed on a Pt-wire-loop by dipping it in an
electrolyte ﬁlled beaker. In this two-electrode setup, the Pt wire acts as the counter
electrode and the W-wire, which pierces through the electrolyte lamella, acts as the
working electrode. By applying an 2.5 V, 50 Hz AC voltage, the W-wire is etched
radial symmetrically inwards at the solid/electrolyte interface.
The electrochemical reaction in alkaline media at the electrodes are [75]
Oxidation:
−
8OH− + W (s) → WO2−
4 (aq) + 6e + 4H2 O

(3.1)
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Pt electrode
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Electrolyte
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Teflon base

Figure 3.5: W-tip etching setup. a) Sketch of the etching setup; a Pt wire acts
as the counter electrode. The d = 0.25mm W-wire pierces through a 2M NaOH
electrolyte lamella. The lamella is established by dipping the Pt-ring into a reservoir
of electrolyte. b) Photograph of the etching process. By applying an 2.5 V, 50 Hz AC
voltage, the W-wire is etched radial symmetrically inwards at the solid/electrolyte
interface. Small bubbles emerge around the wire. They travel outwards to the
platinum ring, form bigger bubbles and burst. c) After 5-6 min etching the wire is
thinned enough so that the lower part of the wire is ripped oﬀ by its own weight
force. This part is caught in a cylinder, made from Teﬂon, and used as the STM
tip.

Reduction:
4H2 O + 4e− → 2H2 + 4OH−

(3.2)

−
4OH− + W (s) → WO2−
4 (aq) + 2H2 + 2e

(3.3)

Combined:

Small bubbles emerge around the wire. They travel outwards to the platinum
ring, form bigger bubbles and burst, which can be seen in the photograph in Fig.
3.5b). The WO2−
4 species are soluble in electrolyte, see also Sec.3.4.1. After 5-6 min
etching the wire is thinned enough so that the lower part of the wire is ripped oﬀ by
its own weight, shown in 3.5c). The tip is caught in a cylinder made from Teﬂon and
then thoroughly rinsed with MilliQ-Water and coated with an insulating polymer,
described in section 3.4.4
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W dissolution in acidic electrolyte
When measuring with tungsten tips in electrolyte, tungsten dissolution and subsequent adsorption of the dissolution products can occur. This was observed on several
systems, including I− /Au(111) (Sec.4.1.4), h-BN/Rh(111) (Sec.4.2.3), TiO2 (110)
(Sec.4.3.4) and Fe3 O4 (001) (Sec.4.4.6).
An explanation for the origin of tungsten oxide molecules, found on the investigated sample surfaces shall be given here. The adsorption mechanisms of the
molecules on diﬀerent substrates will be discussed in the corresponding sections.
Therefore, a better understanding of the electrochemistry of tungsten is necessary.
The etching procedure of tungsten tips in alkaline solution has been discussed already in Sec.3.4.1. In the experiments on I− /Au(111), TiO2 and hBN/Rh(111) were
done in acidic solution (pH 1). The behaviour of tungsten in acidic solution will
therefore be discussed in this section.
Fig. 3.6(a) shows the triangular potential wave with scan rate 50 mV s−1 applied
to a 0.25mm diameter polycrystalline W wire in 0.1M HClO4 after an equilibration
time of 600 seconds or more. The obtained cyclic voltammograms are shown in Fig.
3.6(b). The corresponding ﬁrst and second cycles are shown as blue and yellow solid
traces. Progressively shorter equilibration times between repeated measurements
(from 500 to 100 s as indicated), yield the blue to yellow dashed lines. Only the
respective ﬁrst cycles diﬀer, each second cycle overlaps with the initial second cycle.
After two cycles, the open circuit potential was measured. Fig.3.6(c) shows the
OCP response after the ﬁrst two CVs as solid black line. Blue markers along this
trace indicate times when the dashed repeat CVs (in panel b) were recorded. In Fig.
3.6(d), a Pourbaix diagram of W (calculated for an analytical tungsten concentration
in solution of 10−4 M) is shown.[75] Dashed parallel lines delimit the thermodynamic
stability region of water. The nominal pH-potential region where the W wire was
cycled is indicated with a blue line.
The stability region of metallic W lies outside that of water, the area delimited by
the dashed parallel lines. This means that tungsten is thermodynamically unstable
under all experimental conditions in aqueous solution. Anodisation promotes the
formation of a surface oxide.
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Figure 3.6: a) Triangular potential energy curve applied to a 0.25 mm diameter W
wire in 0.1M HClO4 . b) Current response (cyclic voltammograms) to the applied
potential in a) after equilibration for 600s. Scan rate, 50 mV/s. First scan (blue)
and subsequent second scan (yellow). Repeated measurements after shorter equilibration time (500-100 s) are shown with dashed (blue to yellow) lines. c) Open
circuit potential recorded immediately after the second cycle (solid yellow in b)).
Blue markers along the trace indicate times after which the dashed repeat CVs in
(b) were recorded. d) Pourbaix diagram of W (calculated for an analytical tungsten
concentration in solution of 10−4 M)[75]. Dashed black lines indicate the thermodynamic stability region of water. The blue vertical line indicates the potential region
at pH 1 where the voltammograms in (b) were recorded.
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A high anodic current in the ﬁrst cycle with three peaks, starting at 0.25 V vs.
NHE is attributed to oxide formation on the surface [76].
0 → +4
W + 2H2 O → WO2 + 4H+ + 4e−

(3.4)

2WO2 + H2 O → W2 O5 + 2H+ + 2e−

(3.5)

W2 O5 + H2 O → 2WO3 + 2H+ + 2e−

(3.6)

+4 → +5

+5 → +6

A small cathodic peak at 0.3V is related to hydrogen intercalation into the tungsten oxide ﬁlm on the wire [77]. The insulating character of the oxide leads to the
subsequent absence of current in the second scan (solid yellow). This behaviour
makes tungsten one of the so-called ”valve metals” which are distinguished by their
ability to form highly protective oxide ﬁlms upon anodic polarisation in many aqueous media [78].
The insulating oxide ﬁlm dissolves at open circuit potential within 500 seconds
after oxidation. Complete dissolution of the oxide ﬁlm enables further oxidation as
shown with the blue dashed line. Shorter waiting time results in less oxide dissolution
and subsequently less new oxide formation in the following anodisation cycle (blue
to green to yellow dashed lines after 500s to 100s equilibration time). From the
Pourbaix diagram it is apparent that oxidation is thermodynamically favourable
also at open circuit potential.
In Fig.3.7 the formation of oxide with insulating properties, subsequent dissolution
of the oxide, and further oxidation and adsorption of dissolved oxide on a substrate
is illustrated as a sketch.
A detailed study combining surface-enhanced Raman scattering and electrochemical impedance measurements concluded that the surface oxide formed on W metal
consists of a compact, anhydrous inner layer and an outer, hydrated layer.[79] In
acidic solutions, dissolution of the hydrated layer has been shown to be the ratedetermining step. Once in solution, the exact tungsten species that prevails is
governed by complex solution equilibria,([75], [80], [81], [82]) but inside the stability
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Figure 3.7: Sketch to illustrate W-oxide formation and dissolution in liquid. a)
metallic W in solution b) spontaneous formation of insulating W-oxide on the surface, c) subsequent dissolution of W-oxide into solution, d) further oxidation of W
and possible adsorption of W-oxide clusters on the substrate

region of water, all of these contain W in the +6 form. On the basis of the Pourbaix diagram at pH values below 2, the main product formed is tungsten(VI) oxide,
WO3 , which forms tungstic acid on hydration:[75]
WO3 (surface) + 2H2 O ↔ WO3 · 2H2 O(aq) ↔ H2 WO4 · H2 O(aq)

(3.7)

The presence of oxygen in the electrolyte may enhance this process but is not a
precondition. Dissolved oxygen generates a mixed potential[83] that will be higher
according to oxygen concentration and so oxidation of the metal is promoted. However, even if EC-STM is performed in an inert atmosphere (e.g., Ar), which often
leads to improved image contrast,[84] the formation of soluble tungsten compounds
is not prevented. In practice, the tip potential is chosen by minimising the Faradaic
leakage current through the tip before approach to the surface. The potential regions
where the tip is usually operated lie outside the stability region of water. The fact
that no substantial hydrogen evolution takes place at the tip indicates a signiﬁcant
over-potential and sluggish electrochemical kinetics, whereas the Pourbaix diagram
is limited to thermodynamics.
A recent study, based on direct high-resolution transmission electron microscopy
of crystalline regions in precipitated tungstic acid [85], identiﬁed a corner-sharing
WO5 (H2 O) octahedron as the fundamental building block, condensed into triangular
units of formula W3 O6 (OH)6 (H2 O)3 , Fig.4.27. Simpliﬁcation of this formula shows
its equivalence with H2 WO4 ·H2 O in Eq.3.7. The proposed structure is consistent
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with infrared and Raman studies on tungstic acid solutions and gels [85], and with
in situ Raman studies of anodically oxidized W [79].

3.4.2 PtIr-Tips
As W-tips dissolve in electrochemical environments, Pt/Ir tips are used for their high
chemical stability and inertness. Pt is a very soft material (Hardness 3.5) and Ir
(Hardness 6.5) is added to increase stiﬀness to prevent mechanical deformation.[65]
Similar to Tungsten tips, PtIr tip-etching methods were developed in the 1960s
for the preparation of microelectrodes to detect single neuron action potentials.
Methods for etching Pt or PtIr include etching in CaCl2 [86],[87] and KOH/KSCN
or NaOH/NaCN solutions. Both methods have been tested [88],[89], but methods
with cyanide resulted in better outcome.
In the early days [90], [91], Pt0.7 Ir0.3 wires were etched with 10V AC in NaCN/NaOH solutions and coated with molten glass. The cyanide salt was employed to
provide complexation of Pt and Ir ions in order to hasten electrochemical dissolution
of the tip. NaOH or KOH are added to prevent the formation of hydrogen cyanide
HCN in the presence of OH− [92]. An electrolysing current is applied from an 10
Volts ac source but diﬀerent voltages and frequencies lead to similar results [93].
The groups of Baltruschat and Wandelt in Bonn reﬁned the procedure to etch
PtIr wires with KOH/KSCN solutions. [94],[95],[96],[97],[98],[99]. This method was
employed and reﬁned here.
The pseudohalides CN and SCN are strongly speciﬁc, often irreversibly adsorbing anions, paralleling their great capacity to form metal complexes [100]. KSCN
(similar to KCN) is a complexing agent for Pt and Ir, forming, [Pt(SCN)6 ]2− [101],
and Ir(SCN)3−
respectively [76],[101]. This is likely the basis for electrochemical
6
etching of PtIr Tips where a mixture of linkage isomeres, like Ir[(NCS)n (SCN)6−n ]3−
(n=0-5) are the product of the etching procedure , resulting in a yellowish solution,
Fig.3.8 and [102], [103]
Thiocyanate is adsorbed on the electrode surface throughout the double layer
region and hinders hydrogen adsorption and oxide formation.[104],[105]
SCN− ions can adsorb on Pt via either the nitrogen atom or the sulfur atom. The
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Figure 3.8: PtIr and Ir tip etching setup. a) Photograph of the setup, b) Sketch of the
setup: 7mm of a 0.25-mm-diameter Platinum/Iridium or Ir wire is protected with a
13 mm long teﬂon tube and immersed in aqueous 2M KOH/4M KSCN electrolyte.
On the bottom of the teﬂon tube an air bubble shields the bottom part of the wire.
Only a lamella of electrolyte on the teﬂon tube edge is in contact with the wire
where the etching occours. Between the wire and a Ta loop, a DC voltage of 2 V
is applied, superimposed with a square AC voltage of 10 Vpp , and a frequency of 1
kHz. After prolonged etching (5 min for PtIr and 25 min for Ir), the teﬂon shielded
wire is thinned enough so that it is ripped oﬀ by its own weight and caught in a
teﬂon base.

former species are dominant at negative potentials, while the latter species are the
main adsorbates at more positive potentials [106],[104]. A graphical visualisation of
the tip etching setup is given in Fig. 3.8.
The tips are electrochemically etched from a 0.25-mm-diameter platinum/iridium
wire (alloy of Pt 80% and Ir 20%, Advent Research Materials Ldt.) in an aqueous
2M KOH /4M KSCN solution. A tantalum wire loop (0.8 mm thick, 1 cm diameter)
acts as a counter electrode. A 13 mm long Teﬂon tube, immersed in the electrolyte
protects 7mm of the PtIr wire. The so formed air bubble at the bottom shields the
bottom part of the wire. The top part of the teﬂon tube is immersed so far into the
solution that only a very small unprotected area of the wire above the teﬂon shielding is exposed to the electrolyte. The etching occurs at this electrolyte/wire/air
interface. Between the PtIr-wire and the Ta loop, a DC voltage of 2 V is applied,
superimposed with a square AC voltage of 10 Vpp , and a frequency of 1 kHz. After
prolonged etching of ca. 5 min, the teﬂon shielded wire is thinned enough so that
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Figure 3.9: Potential-pH equilibrium diagram (Pourbaix diagram) for the system
iridium-water, adapted from [76] Dashed lines indicate the stability region of water.

it is ripped oﬀ by its own weight. It is caught in a teﬂon base. After removal of the
teﬂon tube with razor blades and tweezers, the tip is rinsed with MilliQ-water and
ready for coating.

3.4.3 Ir-Tips
Fig.3.9 shows the Pourbaix-diagram for Ir. It is a very noble metal, and its metallic
stability region covers the majority of that of water, indicated by dashed lines.
Iridium is stable in the presence of aqueous solutions of all pH’s, free from complexing
substances like KSCN and KOCN. Its stability exceeds that of Pt, e.g, at room
temperature it is unaﬀected by water or aqueous solutions of caustic alkalis; acids
and oxidising agents (including aqua regia). It therefore is used as an anode material
as it is not even attacked in the presence of any chlorine liberated by electrolysis.
On heating in air or oxygen, iridium is tarnished owing to superﬁcial oxidation
to IrO2 ; at temperatures above about 1130°C the oxide decomposes, and the metal
becomes shiny once again [76].
Apart from its extraordinary chemical stability, its hardness (6.5 [65]), which is
close to that of W (7.5 [65]) makes it a very interesting material as alternative to
W and PtIr for EC-STM tips.
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The Tip-etching procedure used for etching of PtIr-tips (Sec.3.4.2) works well or
even better for pure Ir. According to Juodkazyte et al. the oxidation and reduction
of iridium (Ir/Ir(OH)3 in oxygen free and Ir/IrO2 ·nH2 O in oxygen containing solutions) should be a reversible process, [107]. EC-STM measurements on well-deﬁned
single crystal surfaces conﬁrm a metallic region in solution with electrochemical
oxidation/reduction cycles roughening the surface [108]. In agreement with the
Pourbaix-diagram in Fig.3.9, the oxide of tetravalent iridium IrO2 , should be insoluble in acid solutions, and should be soluble in alkaline oxidising solutions. The
process for tip etching in air therefore likely involves the following steps
0→+4
Ir + (n+2)H2 O ↔ IrO2 · nH2 O + 4H+ + 4e−

(3.8)

+
−
IrO2 + 2H2 O ↔ IrO−2
4 (aq) + 4H + 2e

(3.9)

+4→+6

In the presence of KSCN the reaction pathway could be diﬀerent. Given the
structure of the octahedral thiocyanate complex [Ir(—SCN)6 ]3− [109] with Ir(III)-S
coordination [110].
Iridium is poisoned by SCN [111]. Dissolution might be similar to dissolution of
Ag with SCN [112]. SCN strongly binds to the solid with electron transfer and at
high concentrations reacts with additional SCN− (aq) to higher-order soluble iridium
thiocyanate complexes
Ir(s) + xSCN− (aq) → [Ir(SCN)x ]x−3 (aq) + (x − 3)e−

0≤x≤6

(3.10)

In Fig.3.10, SEM images, taken with 5kV beam energy, show the typical appearance of etched Pt0.8 Ir0.2 -tips (Fig.3.10(a-c) and pure Ir-tips (Fig.3.10(d-f) with
increasing magniﬁcation from left to right. The PtIr tip etched surface appears very
rough, most likely due to non-uniform etching processes at Ir and Pt interfaces. In
contrast to that, the Ir etched surface is smooth and uniform and appears optically
shiny through an optical microscope (not shown).
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Figure 3.10: SEM images (HV=5kV) of STM tips made from (a-c) Pt0.8 Ir0.2 and
(d-f) Ir wires, electrochemically etched in KOH/KSCN solution.

3.4.4 Tip-coating
A bare tip without insulation would act as a normal electrode, where Faradaic
current would exceed the tunneling current by many orders of magnitude. Fig.3.11
illustrates the tip coating setup for insulating the tips. Tips are either coated with
hot glue (W-tips) or Apiezon Wax (PtIr and Ir tips). A small piece of polymer is
placed on a Pt-plate with a small slid. Upon heating to ca. 150°C the polymer
melts and forms a drop. The tip is then quickly moved upwards with micrometer
screws through the slid in the Pt-plate and pierces through the polymer drop, which
quickly cools down. Only the most anterior tip remains uncovered due to its high
curvature. Approximately 7mm of wire is coated. Excess polymer at the bottom is
removed with a scalpel blade and the tip is inspected with an optical microscope.
In Fig.3.12, photographs, taken through an optical microscope, show the typical
appearance of hot-glue-coated W-tips and Apiezon-coated Pt0.8 Ir0.2 -tips.
When the tip does not appear over coated, a meaningful quality check for
insulation-quality is in-situ measurement of faradaic currents, which should not exceed a few pA.
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Figure 3.11: Tip Coating setup, Tip coating polymers are either hot glue (Marianne
hobby, C2316-20), for W-tips or Apiezon Wax for PtIr and Ir tips. a) A tip is placed
underneath a slit in a Pt-plate with a drill bit holder. Tip and plate position can be
adjusted with micrometer screws. A small piece of polymer is placed on the plate
slit and subsequently heated with a heating module to 150°C. b)-d) Upon melting of
the polymer the tip is quickly moved upwards through the slid and pierces through
the polymer drop, which quickly cools down. Approximately 7 mm of wire is coated.
e) the Pt-plate is retracted and the tip can be removed.

a

b

0.25 mm

Figure 3.12: Photograph taken through an optical microscope of a) hot-glue-coated
W-tip and b) Apiezon-coated Pt0.8 Ir0.2 -tip

4 Results
4.1 Noble Metal: Gold (Au)
4.1.1 Introduction
Gold (Au) has always been one of the most desired elements in human culture. It
is no surprise that also the surface scientist enjoys working with it. The reasons
are similar. Gold occurs naturally in almost pure form. Impurities are usually not
an issue. It is very soft, which makes it easy to work with. It has the highest
malleability and ductility of all elements in the periodic table.
Au single crystals can be either prepared in UHV by sputtering and annealing (and then transferred to an electrochemical cell) or with the very cheap
and convenient ﬂame annealing and quenching method, introduced by Clavilier
[113],[114],[14],[115],[116]. Its inertness makes it an ideal system to study basic
principles of surface science, be it electrochemical or UHV techniques.
Almost every stone has been turned when it comes to speciﬁc anion adsorption
on Au single crystal surfaces at the metal-electrolyte interface. The ﬁndings have
been reviewed by O. Magnussen almost two decades ago [100].
Here we measure anions such as sulphate and iodine, adsorbed on Au(111) for
several reasons:
• establishing fundamentals of electrochemical STM
• STM-scanner calibration
• Bi-potentiostat and reference electrode calibration
A short overview is given in the next sections. Sample preparation is brieﬂy described in Sec.4.1.2. EC-STM calibration with iodine/Au in Sec.4.1.3
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A small additional contribution to the extensive literature results also shall be
made, shown in Sec.4.1.4. During some of the EC-STM practice runs and calibration
experiments with tungsten tips, we saw adsorption and clustering of species on iodine
adlayers on Au(111). These species are likely hydrated (WO3 )3 molecules originating
from the EC-STM W-tip. To our knowledge, hydrated tungsten oxide adsorption
on iodine adlayers on Au(111) has not yet been reported.

4.1.2 Au(111) Surface Preparation
Fig.4.1 shows voltammograms of a ﬂame annealed, well-deﬁned Au(111) electrode
in electrolyte containing sulfate ions. In Fig.4.1a) anions adsorb on the surface,
resulting in sharp peaks. These peaks are interpreted as phase transitions in the
anion adlayer [100].
Initially, starting at 0.25 V vs. Ag/AgCl the Au(111) reconstruction is lifted by
the anions followed by a broad peak around 0.45 V related to sulfate adsorption. A
sharp spike at 0.75 V corresponds to the formation of an ordered sulfate adlayer.
Fig.4.1b) shows a voltammogram of the same surface in electrolyte, which was not
purged with Ar and which is still saturated with oxygen (blue curve). The cathodic
oxygen reduction reaction at the surface gives currents an order of magnitude higher
than the adsorption processes at the surface. To check the quality of the electrolyte
with respect to dissolved oxygen, the surface is initially cycled in a potential range
between -0.2 and 0 V. In this purely capacitive region the surface reconstruction is
not yet lifted. A symmetric capacitive current is indicative of a O2 free electrolyte.
At higher potentials above 1V, Au(111) gets oxidised, resulting in high anodic
currents, shown in the orange curve in Fig.4.1c). In the cathodic cycle some of
the oxidised gold is reduced again, as seen in the cathodic peak. By surface area
determination under the cathodic and anodic peaks, the ﬂow of cathodic and anodic
charges can be compared. The cathodic charge transferred is usually 3% smaller than
the anodic charge. Roughly 3% of oxidised gold dissolves into the electrolyte before
it can be reduced again. This eﬀect is used for so-called ”electrochemical polishing”
of gold, shown in Fig.4.2.
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Figure 4.1: CV of Au(111) in 01.M H2 SO4 vs Ag/AgCl measured in the standing
meniscus cell. a) Flame annealed Au(111) surfaces show characteristic peaks related
to lifting of reconstruction of the surface and sulfate adsorption. b) O2 reduction
contributes to high cathodic currents (blue line). By purging with Ar, O2 can
be removed from the electrolyte. Indicator of oxygen free electrolyte is a small,
symmetric capacitive region between -0.2 and 0 V vs. Ag/AgCl. By ﬁxing the
potential in this region, the reconstruction on the surface stays intact. c) Above
1V, Au gets oxidised and reduced in the back scan direction. The area under the
reduction peak is about 3% smaller than the oxidation peak area. Some of the
oxidised Au dissolves into the electrolyte and can therefore not be reduced again.
This eﬀect is used for electrochemical polishing of the surface.
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Figure 4.2: Au(111) single crystal surface preparation. AFM images, taken in air.
a) As purchased crystals show scratches from polishing debris. b) Electrochemical
etching removes the ﬁrst layers of dirt and oxide. Flame annealing only partially
heals the surface. Polishing debris, in this case, Al nanoparticles, remain on the
surface and cause step pinning. These particles cannot be removed by sputtering. d)
Electropolishing etches the surface preferentially around the Al particles and leaves
a ”Swiss cheese”- like surface. e) The particles are still present after subsequent
ﬂame annealing. f) Manual polishing with a wetted micro-cloth removes the Al
particles eﬃciently. g) Flame annealing with a butane ﬂame is not suﬃcient to heal
deep pits. h) Annealing in a furnace can also be a source of particles. i-j) A series of
manual polishing after annealing and electropolishing leads to a particle free surface
with large terraces.
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Au(111) single crystals are often polished with alumina nanoparticles. This can
result in Al2 O3 particles embedded in the soft Au surface. These particles subsequently cause step pinning upon annealing. Alumina particles are also hard to
remove by Ar+ sputtering. In XPS and EDX spectra their signature overlaps with
Au peaks. They are also hardly detected by STM in UHV as the surface is scanned
in small areas in the nm2 range and the surface coverage of the polishing debris is
usually low. However, by scanning larger areas in the µm2 range with AFM, shown
in Fig.4.2 (c,e,g,i) the particles are revealed immediately. The eﬀect on the surface
is signiﬁcant. Step pinning at these particles causes long range step bunching, which
can even result in terraces with diﬀerent surface orientations than desired.
To remove polishing debris from Au single crystals, a procedure has been developed, outlined in Fig.4.2. The particles can be removed by cycles of electropolishing,
annealing and manual polishing with wetted micro-cloths, repeated until most of the
alumina particles are removed.

4.1.3 EC-STM Calibration with Iodide/Au(111)
For our EC-STM calibration we use one of the halides, iodine I− adsorbed on
Au(111).
The halides Cl− , Br− and I− form ordered adlayer structures on fcc metals like
Au, Ag, Cu, Pt, Rh and Ni. These structures have been extensively studied in the
early beginnings of electrochemical surface science. The many EC-STM, AFM, SXS
and calorimetry studies have been reviewed by Magnussen [100] where a detailed
overview is given.
In-situ STM studies of ordered I− adlayer structures on Au(111) have been either
conducted in pure KI [72] or NaI [117] solutions or in combination with supporting
electrolyte like HClO4 [118], [119],[120]. This is complemented here by measuring
in 5mM H2 SO4 + 1mM KI solution.
Fig.4.3a) shows a ball model of the ordered adlayer structures of iodine I− on
Au(111). The corresponding structure in reciprocal space is shown below in Fig.4.3b)
Only above a certain critical potential, corresponding to a regime of high anion
coverages (Θ ≥ 1/3 ML), halide ions form ordered adlayer structures.
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Figure 4.3: a) Real space: Ball model of ordered adlayer structures of iodine I−
on Au(111) as a result of electrocompression by sample potential increase. Real
fundamental unit vectors of Au(111) lattice in green - and I− adlattice in black.
Direction of compression shown with blue arrows. b) Corresponding structures in
reciprocal space. Fundamental reciprocal unit vectors of Au(111) in green and of I−
in black. FFT maxima of Au(111) as open green circles and of I− adlattice as black
ﬁlled circles. Moiré structures as a result of lattice mismatch shown as small green
ﬁlled circles.
√
√
• ( 3 × 3) R30°
√
√
Initially iodine forms a commensurate ( 3 × 3) R30° structure. This phase
is observed in UHV by LEED and STM [121]. In acidic electrolyte by in situ
STM the structure is only observed in a small potential region [117],[118],[122].
The absence of this structure in synchrotron SXS studies suggests that this
structure only exists as a short range order phase [123],[100].
• c(p ×

√
3)

Increasing the potential further results in an uniaxial compression along the
√
[11̄0] direction resulting in an incommensurate centred rectangular c(p × 3)
structure. The lattice spacing decreases in the range 3 > p > 2.3. This p
range corresponds to an interval of adlayer coverage from (0.333 < Θ < 0.435
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ML)
• rotated hexagonal
Finally a completely incommensurate adlattice is attained in the rotatedhexagonal phase
This potential-induced compression of the adlattice is termed electrocompression
[100]. Corresponding EC-STM images are shown in row 1 of Fig.4.3. Row 2 shows
corresponding FFT images and row 3 detailed average features. The structures are
observed on an Au(111) crystal in 1mM H2 SO4 + 1mM KI measured with a tungsten
tip.
A cyclic voltammogram of this system with corresponding Iodide structures on
Au(111) is shown in Fig.4.4.4). This CV was obtained with the EC-STM Bipotentiostat.
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Figure 4.4: Row 1) EC-STM images of Iodide adsorbed on Au(111) as a function of
sample potential. Measured in 1mM H2 SO4 + 1mM KI with a tungsten tip. Row
2) Corresponding FFT and row 3) feature average images. 4) CV taken with the
EC-STM Bi-potentiostat with ﬂame annealed Pt CE and RE. Potentials converted
to Ag/AgCl.
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4.1.4 WO3 on Iodene/Au(111)
Introduction In Sec.3.4.1 we have already shown that tungsten tips can readily
dissolve in all aqueous solutions. When oxides and nitrides are observed directly in
situ in aqueous solutions with tungsten tips, adsorption of tungsten oxide clusters is
always an issue. This will be shown in the following chapters. However, in literature,
even though tungsten tips are a common tip material, the dissolution of tungsten
tips and subsequent adsorption of tungsten oxide clusters on substrates has never
been reported. At least, results have never been interpreted with this idea in mind.
The following chapter will show results, which are similar to results published earlier,
however with a new explanation.
c (2.51×√ 3)

a

5 nm

150723_152246

b

0.16 V, 2.14 nA

√
Figure 4.5: a) EC-STM, agglomerated adsorbates on c(2.51 × 3) ordered
I− /Au(111) adlayer measured with a tungsten tip in 5mM H2 SO4 + 1mM KI,
Vsample = 0.06V vs Ag/AgCl, b) high pass ﬁltered image a)

Results Fig.4.5a) shows an ordered I− /Au(111) adlayer measured with a tungsten
tip in 5mM H2 SO4 + 1mM KI, Vsample = 0.06V vs Ag/AgCl. The same image,
but high pass ﬁltered is shown in Fig. 4.5b). The inset in a) shows an FFT of a),
√
indicating a c(2.51 × 3) adlayer structure. In addition, weakly bound adsorbates
agglomerate, forming chains on the surface. Fig.4.6a) shows another region of the
surface, taken with almost identical scanning parameters. Two terraces are imaged.
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a

b highpass filtered

c

d

5 nm

150723_163100

rotated hexagonal

c (2.51×√ 3)

0.16 V, 2.2 nA

Figure 4.6: a) EC-STM, agglomerated adsorbates on ordered I− /Au(111) adlayer
measured with a tungsten tip in 5mM H2 SO4 + 1mM KI, Vsample = 0.06V vs
Ag/AgCl, b) high pass ﬁltered image a), c) FFT of the top terrace next to adsorbates
(in the [11̄0] direction) indicating a rotated hexagonal iodine adlayer d) FFT of the
√
bottom terrace next to adsorbates indicating a c(2.51 × 3) iodine adlayer.

The high pass ﬁltered image in b) for better contrast reveals again the adsorbates
weakly bound to the surface. However, two diﬀerent iodine conﬁgurations can be
distinguished on the two terraces. This is highlighted by arrows and corresponding
FFT images taken at the individual regions. On the top terrace, (FFT in Fig.4.6c)),
a Moiré-structure with a rotated hexagonal symmetry is measured in close proximity
to the adsorbates in the [11̄0] direction.

√
On the bottom terrace, (FFT in Fig.4.6d)), the c(2.51 × 3) iodine adlayer struc-

ture is observed again with agglomerated adsorbates on the close packed iodine
adlattice.
After a tip change, the resolution increases and the agglomerates appear less
blurry. Fig.4.7(a-b) show the new appearance of the agglomerated adsorbates on
√
the c(2.51× 3) iodine surface. In between the agglomerated adsorbates and in close
proximity toward the [11̄0] direction. Some symmetry can be observed. Fig.4.7(c-g)
shows feature averages of common formations seen in a), (c+d) show two triangular conﬁgurations with mirror symmetry and (e-g) show chains with rotational
symmetry by 120°.
The features have a nearest neighbour distance of d = 0.86 nm or 3 times the
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Figure 4.7: a) EC-STM, agglomerated adsorbates on ordered I− /Au(111) c(2.51 ×
√
3) adlayer measured with a tungsten tip in 5mM H2 SO4 + 1mM KI, Vsample =
0.06V vs Ag/AgCl, Moiré patterns of rotated hexagonal structures in between the
adsorbates and to the right toward the [11̄0] direction. b) High pass ﬁltered image
a), (c-g) feature average images of common formations seen in a), (c+d) show mirror
symmetry and (e-g) show rotational symmetry by 120°.

nearest neighbour distance of Gold in Au(111).
Discussion It is not the ﬁrst time that these additional features on I− /Au(111)
surface were observed. Gao and Weaver [118] reported almost identical features
when measuring Au(111) with tungsten tips in 0.1M HClO4 + 0.5 mM KI.
They interpreted their results as adsorption of polyiodide species, dominated by
I-I bonds, which could have formed as a result of oxidation of solution iodide. These
claims were further backed by surface enhanced Raman spectra. However, they
admitted that the features were observed at potentials, (0.2 - 0.4V vs SCE) which
are below detectable steady state anodic currents where solution iodide commences.
This is at similar potentials as in these experiments presented here. Given the
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√
c(2.51 × 3) adlayer one would not expect any anodic oxidation at these potentials.
One should note that these features were not observed when measured with Ir-tips
in air [121], or with PtIr in KI solution [122],[72].
An alternative explanation might be an additional second, predominantly electrostatically bound (i.e., charged) halide species on top of the chemisorbed (largely
discharged) halides in the ordered adlayer. Due to the high anion density in the
ordered adlayer phase, this second type of halide would have to reside at defects or
on top of the ordered layer. This was the conclusion from reﬂectivity measurements
of Au(111)-I by Ocko et al., which was supportive of a second iodide adlayer with a
coverage that is about 5% of that in the underlying ordered layer [123],[100]. However the agglomerates were only observed locally, not evenly distributed everywhere
on the surface.
As a third explanation, the tungsten tip shall be discussed as the origin of the
adsorbates. The dimensions of a hydrated (WO3 )3 -cluster as shown in Fig. 4.3 is in
good agreement with the observed dimensions and conﬁgurations.
The positions of the features do not align with the adjacent c(2.51 ×

√
3) iodine

structure. However, the two diﬀerent geometries observed are 30° rotated to a
√
√
commensurate iodine I− ( 3 × 3)R30° adlayer on Au(111) and align with the
Au(111) surface.
Fig.4.3(a + c) show again the feature average images of the two observed conﬁgurations. (b + d) depict the proposed corresponding ball models of hydrated (WO3 )3
√
√
clusters adsorbed on I− ( 3 × 3)R30° adlayer on Au(111) .
The yellow circles represent Au-atoms, the white circles I− in three fold hollow
sites and the transparent blue circles with a hexagon represent the hydrated (WO3 )3 .
Hydrated (WO3 )3 can form hydrogen bridge bonds with either of the two hydroxylated in plane oxygen atoms from one tungsten atom. This can result in binding
to a maximum of three other clusters. The result is a triangular arrangement of
four features shown in Fig.4.3(b). This arrangement has mirror symmetry, shown
in 4.7(c-d)
Alternatively, two hydroxylated oxygens from two tungsten atoms can bind to a
second (180° rotated) cluster, which leaves the third tungsten atom with two hy-

4.1 Noble Metal: Gold (Au)

75
b

c

d

0.86 nm

a

Au

I-

hydrated (WO 3 )3

Figure 4.8: Feature average of EC-STM images (a + c) and corresponding ball
√
√
models (b + d) of hydrated (WO3 )3 clusters adsorbed on iodine I− ( 3 × 3)R30°
adlayer on Au(111).

droxylated oxygen atoms to bind to a third cluster in the same way as in Fig.4.3(b).
This results in a chain like conﬁguration shown in Fig.4.3(d). This conﬁguration
has hexagonal symmetry and can be rotated 120° as shown in 4.7(e-g).
√
√
The underlying commensurate iodine ( 3 × 3)R30° structure is now decom√
pressed with respect to the adjacent c(2.51 × 3) structure. This results in further
compression of the adjacent iodine ions in close proximity of the adjacent features,
but only in the [11̄0] direction. This explains the rotated hexagonal structures shown
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in Figs.4.6 and 4.7.
When one studies early EC-STM experiments of halides on fcc metals, the high
tunnelling currents applied become apparent. The images by Gao et al [118] with
tungsten oxide adsorbates were taken at much lower currents than the rest of their
images. However, even these currents were not lower than 10 nA. Some of the
images with no clusters were even measured with 20 nA, not uncommon for these
kinds of measurements at the time. These high currents could also be a reason for
the absence of any similar ﬁndings in the past, as the weakly adsorbing clusters were
simply scraped oﬀ the surface by the tip, and just ﬂoating in solution.
Finally, these ﬁndings would be in good agreement with similar observations on
TiO2 (110), Fe3 O4 (001) and h-BN/Rh(111) presented in the following chapters.
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4.2 2D-crystal: Hexagonal Boron Nitride (h-BN)
4.2.1 Introduction
Two-dimensional (2D) hexagonal boron nitride crystals (h-BN monolayers) consist
of boron (B) and nitrogen (N) atoms in a 1:1 stoichiometry arranged in an sp2 bonded honeycomb lattice. The diﬀerence in electronegativity between the two
elements triggers a considerable charge transfer from B to N. This induces an ionic
character which leads to a 6 eV band gap in h-BN. It can therefore be considered as
the insulating equivalent to graphene. Furthermore h-BN features a low dielectric
constant, large breakdown voltage, low defect density, an absence of dangling bonds,
high chemical and thermal stability, and high thermal conductivity [124].
In addition to exfoliation, h-BN monolayers can be grown on various transition
metal supports via chemical vapour deposition (often borazine) in UHV. The hBN support interaction can be tuned by choice of the substrates symmetry, lattice
constant, electronic structure and surface composition. The result can be a moirésuperstructure, depending on the lattice mismatch and the rotational alignment
of the atomic lattice and the metal support. Examples include homogeneous (hBN/Ni(111) [125], h-BN/Co(0001) [126]), 1D-nanostructured (h-BN/Cr(110) [127],
h-BN/Mo(110) [128], h-BN/Fe(110) [129]) and 2D-nanostructured (h-BN/Cu(111)
[130], h-BN/Pt(111) [131], h-BN/Ir(111) [132], h-BN/Rh(111) [133],[134], hBN/Ru(0001) [135]) systems. For the latter four 2D-honeycomb structures, the morphology of h-BN on the lattice mismatched substrates changes gradually as a function of increasing chemical bonding in the row Pt(111)-Ir(111)-Rh(111)-Ru(0001)
from nearly ﬂat for Pt(111) to highly corrugated monolayer for Ru(0001) [136].
The wide scope of interesting properties of h-BN monolayers gives rise to a range
of applications, which are featured in several detailed reviews [137],[138],[139].
h-BN/Rh(111) ”nanomesh” Decomposition of borazine (HBNH)3 precursor
molecules on a hot rhodium(111) surface leads to spontaneous formation of a highly
regular, hexagonal boron nitride honeycomb moiré-superstructure. The h-BN adlattice has a periodicity of 3.22 nm due to a coincidence lattice of (13×13) h-BN
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units on (12×12) Rh lattice spacings.
The h-BN-metal separation varies between 2.17 Å and 2.72 Å with strongly and
weakly interacting areas [124]. The ”moirons” or ”pores”, surrounded by so-called
”wire”-regions have a diameter of about 2 nm [140]. Due to its mesh-like appearance
the name ”nanomesh” was coined [134].
In this work we use the h-BN/Rh(111) nanomesh as a template for adsorption of
molecules. This application has been widely used in UHV to study a broad range
of molecules. The tuning of the electronic structure of metal supports terminated
with h-BN has some very important advantages [124],[141]:
• electronic decoupling
• site selective adsorption
• tip gated charging
• intercalation and subsequent tuning of the corrugation
In UHV, adsorption of (metal-)organic molecules, relevant in molecular electronics,
heterogeneous catalysis, sensing or light harvesting were studied on h-BN superstructures. Examples are fullerenes [133], porphyrins [142], phthalocyanine [143],
single molecular magnets (SMMs)[144],[145] or polycyclic aromatic hydrocarbons
[146].
h-BN grown on Rh(111)[133] is chemically stable in water and various aqueous
solutions [134] and also stable under potential control in acidic solutions [147]. Furthermore it has been shown, that by electrochemical hydrogen intercalation in solution, the corrugated monolayer can be reversibly changed to a ﬂat state, reversibly
switching stiction and adhesion [148].
The insulating character of the h-BN-monolayer on Rh(111) resembles the electronic decoupling characteristics of NaCl used in UHV for orbital imaging of single
molecules[26]. However, NaCl is not stable in liquids. But h-BN’s stability in liquids
and under potential control makes it possible, to transfer the concept of molecular
templating and orbital imaging, from UHV to the solid-liquid interface. The ﬁrst
steps in this direction are outlined in the following section.
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In an attempt to image organic molecules on h-BN/Rh(111) in liquid, we discovered the (WO3 )3 cluster, originating from the tungsten tip, to be an ideal candidate
for further investigations.
As recently as 2005, Wang et al. proposed the (WO3 )3 cluster investigated here
as the ﬁrst example of d-orbital σ-aromaticity [149], based on photoelectron spectroscopy and DFT calculations.
Originating from the W-tip, (WO3 )3 clusters adsorb strongly in the nanomesh
pores. We show the ﬁrst direct observation of the delocalised orbital resulting from
overlapping W-d-orbitals in this inorganic d-aromatic cluster.
The ﬁndings, which are outlined in this section, complemented the experiments
with (WO3 )3 clusters on I− /Au(111), TiO2 (110) and Fe3 O4 (001), and helped to
understand the origin and mechanisms of adsorption of these molecules on our substrates.
The ﬁndings were submitted for publication [150]. At present, this paper is under
resubmission after positive review.

4.2.2 h-BN/Rh(111) Surface Preparation
Hexagonal Boron nitride (h-BN) on Rh(111) was grown at the Physik Institute
of the Universität Zürich by Dr. Adrian Hemmi. A dedicated apparatus [151]
allows to grow h-BN on four-inch wafers. A 40-nm yttria-stabilised zirconia (YSZ)
diﬀusion barrier is grown on Si(111) wafer. The YSZ is covered by a 150-nm thick
single-crystalline rhodium ﬁlm with the (111) facet exposed. On this surface the
2D crystalline boron nitride layer forms in a self-terminating process with borazine
(h-BNH)3 as a precursor at a substrate temperature above 750 °C. Fig.4.9(a) shows
the threefold geometry of the rhodium ﬁlm substrate and hole-like features with a
diameter of about 0.25 µm with a density of 5 holes/4 µm2 . Fig.4.9(b) shows a
higher resolution STM image, which indicates a complete h-BN layer. These images
were taken in Zürich[151]. From these wafers, 1×1 cm2 samples were cut in a clean
room and protected by a UV cured polymer ﬁlm. This protection layer protects the
sample for several months, and samples can be shipped to other laboratories. For
EC-STM measurements in Vienna, the protective ﬁlm was peeled oﬀ seconds before
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Figure 4.9: Room temperature STM images a) show the threefold geometry of the
rhodium ﬁlm substrate and hole-like features with a diameter of about 0.25 µm with
a density of 5 holes/4 µm2 . b) Higher resolution STM image indicates a complete
h-BN layer. a)-b) from Ref. [151]. c) Ambient AFM images taken in Vienna of a
sample after EC-STM measurements indicating the same appearance as the freshly
prepared ﬁlms. d) For better contrast the image of c) high pass ﬁltered.

use and the electrochemical cell on the sample was assembled in air and quickly
ﬁlled with electrolyte (0.1M HClO4 ). Fig.4.9(c) shows ambient AFM images taken
in Vienna of a sample after EC-STM measurements. The same appearance as the
freshly prepared ﬁlms is clearly visible. For better contrast the image of c) is high
pass ﬁltered and shown in Fig.4.9(d).

4.2.3 WO3 from Solution on h-BN/Rh(111)
Fig.4.10 shows EC-STM images of h-BN/Rh(111) in 0.1 M HClO4 , after imaging
for several hours with a tungsten tip. The large-scale image in Figure 4.10(a) shows
several Rh(111) terraces intersecting at the expected angles of 60°, separated by
monoatomic steps. The nanomesh itself is indirectly visible as the low-contrast
“pores” are occupied by triangular features. They are dispersed randomly within
each pore. All features within the pores on one terrace appear of uniform contrast,
clearly separated by the darker “wire” regions in between neighbouring pores. In
the center bottom a ghost image of a triangular terrace indicates the presence of a
double tip. When imaged with higher resolution as in Fig.4.10(b), the double tip
contribution vanishes. A fast Fourier transform (FFT) of this image, Fig.4.10(c)
conﬁrms the regular hexagonal superstructure of the boron nitride nanomesh with
a (3.2 ± 0.1)-nm lattice constant.
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Figure 4.10: (a,b) EC-STM images of h-BN/Rh(111) nanomesh in 0.1 M HClO4 , with
triangular (WO3 )3 clusters adsorbed in the pores. Substrate potential Es =+0.31 V
vs NHE (c) FFT of image (b). (d) Orientation of adsorbed clusters relative to the
nanomesh’s rhombic unit cell. Only two orientations, indicated with red and blue
triangles, are experimentally observed. (e) Number of clusters per pore, indicating a
binomial distribution, error bars indicate one standard deviation (f) XPS spectrum
of the W 4f region for clean h-BN/Rh(111) (black trace) and WO3 /h-BN/Rh(111)
(red trace).

The clusters in the pores assume one out of two orientations, which mutually show
mirror symmetry, Fig.4.10(d). They are denoted as up-oriented (blue triangle) and
down-oriented (red triangle). Each of the clusters has two edges parallel to each of
the rhombic unit cell’s axes, and intermediate orientations are not observed.
Fig.4.10(e) shows the distribution of a number of (WO3 )3 clusters per pore. For
this distribution, ﬁve images (taken at diﬀerent positions on the sample) were corrected in contrast and undistorted via a FFT grid measurement[152]. All pores were
numbered and clusters within each pore counted (N=126 pores). Broken up clusters and clusters with unidentiﬁable orientation were also counted and represented
in the error margins. The number of triangular clusters varies from one to nine, with
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the most likely number per pore equal to ﬁve, and can be described by a binomial
distribution:
B(k|p, n) =

n k
p (1 − p)n−k
k

(4.1)

which, for n = 9 and p = 0.54, yields P = 0.87 in Pearson’s χ2 ﬁt test.
The W 4f XPS signal was measured following transfer of the sample to UHV.
Fig.4.10(f) shows the W 4f7/2 and W 4f5/2 signal in red. For comparison, a blank
experiment was conducted by measuring a h-BN/Rh(111) sample (black signal),
which was exposed to electrolyte, but which was not measured with STM and a
tungsten tip. For the sample shown in Fig.4.10, binding energies are determined as
36.7 ± 0.1 eV (W 4f5/2 ) and 34.5± 0.1 eV (W 4f7/2 ) (purple ﬁt).
These values are consistent with the nominal composition WO3 , that is, with W
in the oxidation state +VI. Literature results for UHV-deposited (WO3 )3 clusters
on various substrates (TiO2 (110)[153], Pt(111)[154], FeO/Pt(111)[155], Cu(110)(2x1)O[156]) indicate a thickness-dependent binding energy that decreases from 38.0
± 0.1 eV and 35.8 ± 0.1 eV for multilayer coverage to 36.7 ± 0.1 eV and 34.6 ± 0.1 eV
for submonolayer coverage on all substrates, in accordance with our measurements
with a submonolayer coverage. It should be noted that on h-BN in electrolyte,
most of the triangular clusters stay intact and separated from each other, whereas
in the above mentioned experiments in UHV the clusters either dissociate or cluster
together. This is also the case for (WO3 )3 clusters from solution on TiO2 (110),
discussed in Sec.4.3.4. There, (WO3 )3 clusters merge together and bind strongly
to the substrate via a multistep dehydration mechanism, distinct from the results
obtained on h-BN. The self-assembly process of the tungsten oxide clusters in the
pores, and their dynamic behaviour after saturation, was followed by overlaying a
sequence of four undistorted images. The process is best observed when shown as a
movie in Ref.[157]. For the printed version of this thesis the individual frames are
also shown in Fig.4.11.
The initially empty pores in Fig.4.11(a) ﬁll up quickly (within the 8 minutes it
took for acquisition of the ﬁrst 4 frames) to the distribution shown in Fig.4.10(e).

4.2 2D-crystal: Hexagonal Boron Nitride (h-BN)
a

b

3.2 nm

83

c

d

150813_125704

0.52 V, 3.5 nA

150813_125913

150813_130122

150813_130331

Figure 4.11: Progressive adsorption of W3 O9 clusters in initially vacant pores of the
boron nitride nanomesh surface, shown in time-lapse images. Because recording of
these images commences as soon as tunnelling is established, strong eﬀects of noise
are still present. See as movie in Ref.[157].
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Figure 4.12: Dynamic behaviour of clusters on the surface after almost complete ﬁllup of pores. Yellow circle: Final ﬁll-up of a pore, blue circle: clusters still arriving
and binding to the surface, green circle: Clusters changing their orientation and
rearrangement. The two images are an excerpt of a movie shown in Ref.[158]

No stable clusters are observed on the wire regions that separate the pores. Once
the pores are ﬁlled, minor changes are still occurring. For observation, a sequence
of ﬁve, consecutive images was undistorted and overlaid shown in Ref.[158]. The
second and ﬁfth image of this sequence is shown in Fig.4.12 and some changes are
highlighted with coloured circles to guide the eye. Some pores are still in the process
of ﬁlling up (yellow circle), some additional triangles appear (blue circle) and some
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Figure 4.13: Original EC-STM image (left) and averages over 1 ≤ n ≤ 49 cluster
images (right); the quality of the average image increases with the square root of n
images overlaid.

clusters change their orientation and rearrange (green circle).
Average experimental cluster image The best possible image, with the highest
level of sub-molecular detail, is achieved by averaging over individual images of
the molecule, as this procedure ampliﬁes common features and attenuates random
noise that occurs during the physical imaging process. Fig.4.13 shows part of this
averaging process executed with Michael Schmid’s STM feature ﬁnder plugin for
imageJ [159]. After an image has been undistorted, the feature ﬁnder plugin is used
to select a feature. The plugin identiﬁes similar features with an accuracy chosen
by the user. It then overlays the identiﬁed features and creates an average image
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Figure 4.14: (a) High-resolution EC-STM image of W3 O9 /h-BN/Rh(111) in 0.1 M
HClO4 , substrate potential Es = +0.31 V vs NHE; (b) Averaged experimental ECSTM image of the cluster in the nanomesh pore. (c) Simulated STM image obtained
within the Tersoﬀ–Hamann approximation, using a sample bias of +1 V. Calculated
density of states (DOS) of (d) the occupied molecular orbitals in the energy range
between Ef - 3.5 eV and Ef , and (e) of the unoccupied molecular orbitals in the
energy range between Ef and Ef + 1 eV, revealing the 3-W-atom bond as directly
visualised in panel (b). Calculations performed by Tiziana Musso & Marcella Iannuzzi.

of all features overlaid. The quality of the average image increases with the square
root of n images overlaid.
Even though the high-resolution image shown in Fig.4.14(b) is achieved by averaging over 258 snapshots, the prominent features of the structure - in particular
its threefold symmetry and the lobed substructure - are already apparent after only
two snapshots have been averaged.
For the averaged cluster image displayed in Fig.4.14(b), the data from the timelapse sequence ([158]) were used. From each of the ﬁve frames in this movie, symmetric clusters pointing upwards and downwards were chosen by template matching,
obtained for both conﬁgurations. The resulting ﬁve averaged clusters pointing upwards, and, after 180° rotation, the ﬁve averaged clusters pointing downwards, were
again averaged for the ﬁnal cluster in Fig.4.14(b), representing the average over a
total of 258 cluster images.
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Figure 4.15: Contribution of h-BN monolayer to orbital imaging of (WO3 )3 . (a)
Side view of the (WO3 )3 cluster adsorbed at the centre of the h-BN/Rh(111) pore
through the formation of three W–O–B bonds. Rh silver, B bronze, N blue, O red,
W magenta. (b) corresponding 2D integrated charge density diﬀerence of the cluster
adsorbed on the nanomesh, plotted along the supercell’s z-axis. Red shaded areas
indicate accumulation of electrons and blue areas depletion. (c,d) top view of the
(WO3 )3 cluster and corresponding density of states (DOS) projected on the wavefunctions of all atoms of the (WO3 )3 cluster (black trace) and exclusively on the W
atoms (purple trace). (e,f) Electronic isosurface and DOS of the (WO3 )3 cluster on
freestanding h-BN and (g,h) on Rh(111) without h-BN.

This high resolution, at room temperature and in the presence of electrolyte implies a high stability of the imaged system. This is typically only encountered in
close-packed self-assembled monolayers or when kinetic trapping occurs.
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Theory The h-BN/Rh(111) substrate is theoretically well understood using DFT
simulations [134],[160]. In the past, the group of Marcella Iannuzzi extensively
studied its interaction in UHV with atoms [161],[162], molecules [163],[164],[165]
or the wetting of water on h-BN/Rh(111) [166]. These ﬁndings were applied to
understand the interaction of (WO3 )3 clusters with the nanomesh in liquid.
For all DFT simulations, by Tiziana Musso in the group of Marcella Iannuzzi, the CP2K/QUICKSTEP package was used [160].

The norm-conserving

Goedecker-Teter-Hutter (GTH) pseudo-potentials [167] and the Perdew-BurkeErnzerhof (PBE) [168] exchange correlation functional were employed. Polarised
double-zeta valence short range Molopt basis sets (DZVP)[169] were applied for all
elements, while the short-range [2s1p2d] basis set was used for Rh. Dispersion interactions were accounted for using the [164],[168],[170] PBE-rVV10 functional. The
nanomesh unit cell is composed of a 13 x 13 h-BN layer on top of a 12 x 12 Rh slab.
Periodic boundary conditions are applied throughout. The adsorption energies were
calculated by taking as reference the energy of the optimised W3 O9 cluster in vacuum and the energy of the optimised bare nanomesh. Negative adsorption energies
indicate thermodynamic stability.
Using these DFT calculations, hydroxylated and non-hydroxylated versions of the
W3 O9 cluster in vacuum were optimised after adsorption at diﬀerent nanomesh sites,
including pore, pore edge, and wire.
The most favourable conﬁguration is found by placing the non-hydroxylated cluster in the centre of the pore, where it forms three W–O–B bonds with the surface
and is centred on a N-atom, Fig.4.15(a,b). All other structures are higher in energy,
which explains why, experimentally, only two equivalent conﬁgurations are observed,
Fig.4.10(d).
The analysis of the electronic structure of the optimised cluster provides insight
into the origin of the STM contrast obtained.
Fig.4.14(d) and Fig.4.14(e) show isosurfaces of the density of states (DOS) generated by occupied and unoccupied orbitals of the adsorbed cluster around the Fermi
energy, respectively. The projected density of states, Fig.4.14(c), conﬁrms that
these imaged orbitals are mainly of W-d type, with smaller contributions from O-p.
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The characteristic lobed shape with threefold symmetry, shown in Fig.4.14(b), is
matched closely by the unoccupied orbital isosurface, Fig.4.14(e). This is further
exempliﬁed by a simulated STM image, Fig.4.14(c), where the experimental bias
conditions (tip negative) generate a good resemblance with the experimental image.
Together, these results provide evidence for orbital imaging under electrochemical
conditions.
Three further ﬁndings, both experimental and theoretical, provide additional evidence that the imaged species is the d-aromatic cluster [W3 O9 ]2− , featuring a delocalised 3-centre-2-electron bond between the three W-atoms:
First, under ex situ conditions (i.e., after emersion), the XPS results indicate W
in a reduced state, in qualitative agreement with the fractional oxidation state of
+16/3 expected for W atoms in [W3 O9 ]2− .
Secondly, Fig.4.15(d) shows the plane- averaged electron density diﬀerence given
by Δn(z) = nsub|cluster −nsub −ncluster (with nsub|cluster the total electron density of the
cluster on the h-BN/Rh(111) substrate and nsub and ncluster those of non-interacting
substrate and cluster, respectively). It indicates the accumulation of electrons on
the cluster and the depletion at the h-BN level.
Finally, the calculated W–O–W angle in the immobilised cluster approaches
closely the equilibrium value in the gas phase for the aromatic cluster [W3 O9 ]2− ,
whose intramolecular angles are known to vary with the charge state.
In order to further demonstrate the crucial role of the h-BN layer as an atomically
thin insulator in enabling orbital imaging, additional calculations were performed
by Tiziana Musso.
Figs.4.15(c,d,e,f) show the structure and projected density of states (PDOS) of the
(WO3 )3 cluster on the nanomesh substrate after removal of either the Rh(111) substrate or the h-BN layer. Whenever h-BN is present, the near-fully detailed PDOS
and electronic isosurface as found in the native cluster are preserved, irrespective of
its exact binding mode to the surface.
By contrast, direct adsorption of the cluster on the bare Rh(111) surface leads
to severe distortion of the cluster’s molecular orbitals (Fig.4.15(g,h), because of
hybridisation with the electronic states of the metal and self-hybridisation.
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Summary and outlook The chapter presents ﬁrst evidence of orbital imaging at
room temperature under electrochemical conditions, by experimentally conﬁrming
the lobed triangular shape of the delocalised 3-centre orbital in [W3 O9 ]2− . For true
orbital imaging as it is understood in UHV, one would have to measure at suﬃciently
high positive and negative tip-sample bias to distinguish HOMO-and LUMO states.
This is not possible with this setup as the electrochemical stability of the W-tip
and water (hydrogen intercalation unter the h-BN-nanomesh at reducing conditions
and oxidation of h-BN at oxidizing conditions) allow to measure only in a limited
voltage regime. However, further promising studies have been conducted together
with Mandana Azmi. Here, the concept of the electrochemical evaporator was used
[171]. (WO3 )3 clusters can generated (on purpose) in situ electrochemically from a
tungsten wire and subsequently be measured with PtIr or Ir tips in an ionic liquid.
The stability region of this setup is suﬃciently large for true electrochemical imaging.
The results will be presented elsewhere by my successors.
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4.3 Photoactive Semiconductor: Titanium Dioxide
TiO2
4.3.1 Introduction
The wide range of applications of titania would go beyond the scope of any publication. But an attempt to give a very short overview shall be made nevertheless. With
respect to the A-LEAF project, its applications in photocatalysis and direct solar
water splitting are the most obvious motivations to study this material [29],[30].
Other applications which also exploit the photoactive properties of TiO2 are its use
in sun screens or photo-assisted degradation of organic molecules. sunlight or UVLight in combination with TiO2 enables puriﬁcation of wastewater, disinfection and
self-cleaning coatings on surfaces. Furthermore it is used in heterogeneous catalysis,
as a gas sensor, for optical coatings or simply as a white pigment in most paints
and many cosmetic products. In medicine, one takes advantage of its biocompatibility for bone implants[28]. In neural computing one can build novel integrated
memristive networks [31],[32].
TiO2 is a wide band gap semiconductor with a 3.2 eV band gap. By introduction
of oxygen vacancies through sputtering and annealing in UHV, the bulk crystal can
be made conductive [172], a prerequisite for most surface science techniques.
Titanium dioxide minerals occur in three diﬀerent crystallographic structures;
rutile, anatase, and brookite with rutile being the thermodynamically most stable
phase. Its (110) face has the lowest surface energy and its most stable form, i.e.
with a (1 × 1) termination is considered to be a prototypical model system in the
surface science of metal oxides. [173]
In many of the above mentioned applications, TiO2 is immersed in water or liquid
electrolytes. The atomic scale mechanisms that happen at the solid/liquid interface
are therefore of special interest to the material and surface science community. Most
of the work on single crystals is done in UHV while most of the work in liquids
is done with more or less well-deﬁned powders [33]. Surface science reports on
single crystals in electrolyte are rare, also due to the fact that most surface science

4.3 Photoactive Semiconductor: Titanium Dioxide TiO2

91

Figure 4.16: Schematic view of rutile TiO2 (110) exposed to aqueous solution. The
charge-determining species are protonated bridging oxygen (Ti2 OH+ , top left) and
terminal hydroxyl (Ti−OH− ) groups. The neutral water molecules adsorb along the
5-fold coordinated Ti4+ atoms (turquoise) [171].

techniques require UHV or HV. Successful attempts to overcome these challenges
have already been made with bulk water on single crystals [174],[175].
In the following section, EC-STM data of TiO2 (110) in electrolyte is shown. Fig.
4.16 shows a ball-stick model of the surface under investigation, when in contact
with aqueous solution. The arrangement of the water molecules and its dissociation
products is still subject of discussion, and EC-STM data could give more insights
into this subject.
The surface was measured with PtIr tips and W tips. The latter dissolves in
electrolyte and the products of the dissolution adsorb strongly on the substrate,
while with PtIr the surface stays clean. With some tricks and patience, the (1×1)
termination can also be seen on TiO2 (110) when immersed in electrolyte. Some
of the results presented here are published in Ref.[171]. This chapter focusses on
the (110) surface of rutile TiO2 . Unpublished Photo-electrochemical surface science
experiments on TiO2 (011) were done together with David Rath and are documented
in his project-report [176].
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4.3.2 Rutile TiO2 Surface Preparation
(i) Experimental details
Rutile TiO2 (110) samples (either rectangular or hat-shaped, miscut < 0.1°) were
purchased from SurfaceNet GmbH. Ammonia 25%, nitric acid 65% and hydrogen
peroxide 30%, all pro analysi, were purchased from Merck and used without further
puriﬁcation. Ultrapure water (MilliQ, Millipore, 18.2 MΩ·cm, ≤3 ppb TOC) was
used throughout. All operations were carried out in standard borosilicate 50-mL
round-bottom ﬂasks that were cleaned by boiling in 20% nitric acid and copiously
rinsed with ultrapure water before use; the glassware curvature prevents scratching
of the polished oxide surfaces irrespective of their position in the ﬂask. For ultrasonication, a heated Branson 3510-MTH bath was used. During oxidative alkaline
cleaning, accurate temperature control was achieved by placing the ﬂask in a circulating thermostat with temperature stability better than 0.5 °C under magnetic
stirring of the ﬂask contents.
Following thermal annealing, samples were mounted on Omicron sample holders
made from Nicrofer® 6025 HT, by spot-welding clips made from the same material.
The alkaline oxidative cleaning (3:1 by volume NH3 25% : H2 O2 30%) cannot be
performed directly on oxide samples mounted on standard Omicron Nicrofer® 6025
HT sample plates, as Fe leaches from the sample plates and contaminates the surface.
For electrochemical STM measurements after wet-chemical cleaning, mounting of
the EC-STM-cell took place under ultrapure water and ﬂame-annealed ceramic tools
were used to minimise contamination by airborne compounds and particles.
(ii) Removal of polishing debris
Preliminary experiments according to the published protocol by Ahmed et al.
[177], followed by AFM characterisation, revealed that polishing debris (typically
alumina or diamond) was not removed by ultrasonication in common solvents,
Fig.4.17b. For this step to be eﬃcient, it is essential that a dispersing agent such as
a detergent or other amphiphilic molecule be used. Excellent results were obtained
with a commercially available neutral detergent (e.g. Merck Extran M02; 2 % v/v in
water; pH ca. 8), heated to 50 °C in a single ultrasonication step (typically 30 min),
followed by extensive rinsing with ultrapure water, Fig.4.17c. The monoatomic steps
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Figure 4.17: Ambient AFM images of rutile TiO2 (110) (a) as-purchased, (b) after
ultrasonication in acetone and ethanol, with polishing debris remaining, and (c) after
ultrasonication in a neutral detergent solution, producing a particle-free surface.
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Figure 4.18: Ambient AFM images of rutile TiO2 (110) after thermal annealing in
an 80:20 Ar/O2 atmosphere (1 bar) at (a) 700°C, (b) 800°C, (c) 900°C, d)1000°C,
producing atomically smooth terraces with smooth step edges. AFM height proﬁle
extracted along the yellow line in d) step size of 0.32 nm and terrace width of 90120 nm gives a measured 0.13° miscut which is in accordance with the 0.1° miscut
speciﬁed by the manufacturer.

are already recognisable, even though the step edges are highly irregular following
mechanical polishing. None of the oxide samples we investigated showed any indication of cavitation damage at the mesoscopic or macroscopic level, a problem
that may occur with metal crystals and thin ﬁlms on non-metallic substrates like
h-BN/Rh(111), which delaminates.
(iii) Annealing in O2
Equilibrium-shape terraces, with 90-120 nm width and 0.32 nm height, determined by the crystal miscut, were obtained by annealing in a 20:80 oxygen:argon
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Figure 4.19: Photographs of rutile TiO2 (110) (a) before and (b) after reduction in
UHV by sputtering/annealing cycles

atmosphere in a quartz tube furnace Fig.4.18. The measured 0.13° miscut is in
accordance with the 0.1° miscut speciﬁed by the manufacturer.
(iv) Sputtering and annealing in UHV
Stoichiometric, transparent TiO2 single crystals are too insulating for most measurement techniques like STM, XPS and LEED in UHV and EC-STM in liquids. A
photograph in Fig.4.19(a) shows the non conductive, transparent sample. Increased
conductivity to enable STM observation was achieved by reduction via sputtering
the sample for 20 min with 1kV Ar+ ions and subsequent annealing to 750 °C in
UHV for 30 min, resulting in oxygen vacancies and a blue colour proportional to
their defect density [178]. Fig.4.19(b) shows the same sample as in 4.19(a) after
reduction and blue, non transparent appearance.
(iii) Oxidative cleaning in alkaline piranha solution
Adsorption of common laboratory atmosphere contaminants on oxide surfaces is
hard to avoid [175],[179], and the main reason why a simple, fast, reproducible and
non-invasive cleaning procedure is essential for experiments under ambient conditions. Recontamination of UHV-prepared surfaces is an important concern. The
same is true for wet chemical preparation methods that produce dry samples as the
ﬁnal result [177].
The removal of organic adsorbates from oxide surfaces can be accomplished by
exposure to a reactive environment, ideally resulting in a quantitative oxidation of

4.3 Photoactive Semiconductor: Titanium Dioxide TiO2

95

the contaminants while at the same time not provoking any etching of the surface
itself. Cleaning with HF [180], [181], [182], [183], [184], imposes serious health risks
and therefore requires extensive safety arrangements. Alternatively, we opted for
an alkaliﬁed solution of hydrogen peroxide. This reaction only generates oxygen
gas and water. The mixture, colloquially called alkaline piranha solution or piranha
etch, requires temperatures above ambient for the reaction to proceed, but is then
capable of oxidising phenolic and other robust compounds [185]. The active species
responsible for the oxidation is probably the highly reactive hydroxyl radical (• OH).
As it has been shown that alkaline peroxide solutions are capable of etching rutile
surfaces [186], we optimised the reaction conditions to tune the reaction towards
contaminant removal and not surface etching.
The best results (clean surface + minimal etching) were obtained by placing the
rutile sample in a freshly-prepared mixture of the two reactants at room temperature,
and ramping the temperature under magnetic stirring to 65 °C. Higher temperatures
lead to a more marked etching of the surface [186]. After a total exposure time of
8 minutes, the ﬂask contents were rinsed with MilliQ water. After the cleaning, the
sample was kept in MilliQ water to avoid further contamination.
Although not highly accurate (this requires dynamic measurements [148]) static
contact angle estimations provide a quick qualitative indication of hydrophilicity
and hence surface cleanliness [179].
Fig.4.20 shows photographs of the rutile TiO2 (110) sample before and after exposure to the laboratory atmosphere for several hours and immediately after alkaline
oxidative cleaning. In the latter case, a water droplet wets the surface completely.
Such a measurement, however, involves at least partial exposure of the sample to
air. As the measurement increases the risk of recontamination, it was not performed
routinely. After alkaline piranha cleaning, the sample is usually kept in ultrapure
water, and for EC-STM the cell is mounted on the sample in water with ﬂame
annealed ceramic tweezers.
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Figure 4.20: Photographs of an Milli-Q water drop on the mounted rutile TiO2 (110)
sample (a) before (contact angle 45°) and (b) after alkaline piranha cleaning (contact
angle 0°).

4.3.3 EC-STM with PtIr tips
For EC-STM measurements, the sample is kept in MilliQ-Water after alkaline piranha cleaning. The EC-STM cell + O-Ring is mounted on the still wet sample and
quickly ﬁlled with electrolyte to avoid any direct contact with Air. The assembled
cell is then placed in an environmental chamber with Ar-atmosphere.
Fig. 4.21(a) shows a typical overview image of rutile TiO2 (110) in 0.1M HClO4 ,
measured with a PtIr tip. The tip was prepared as described in Sec.3.4.2. The sample was prepared as described in Sec.4.3.2, except for annealing in a furnace. With
this setup, the surface can be imaged for several days without signiﬁcant contamination. In fact, these images were taken on the third day of the experiment, where
the surface was immersed in liquid the whole time. Apart from few impurities seen
in Fig. 4.21(b), the surface stayed clean. Large terraces and monatomic steps are
easily discerned. Large-scale variations in contrast, almost hole-like and in diﬀerent
sizes, are interspersed throughout the terraces. Typically, these features are also
seen with UHV-STM at UHV-prepared surfaces. Their origin has been discussed
controversially in literature [187], [188] and is likely an artefact of implanted Ar due
to sputtering in UHV (Fig. 4.3.2). Here, they signiﬁcantly inﬂuence the tip and
often the PtIr tip loses contact when scanned over these dark features. Nevertheless,
the atomic structure can be resolved as shown in Figs.4.21(b-c).
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Figure 4.21: EC-STM images of rutile TiO2 (110) in 0.1 M HClO4 measured with
a PtIr tip. (a) Overview, (b-c) high resolution image, (d) Fast Fourier transform
(FFT) of (c) indicating a (1 × 1) bulk-truncated surface.

The images (albeit with lower resolution) match the appearance of this surface in
UHV [28], i.e. a bulk-truncated (1 × 1) structure with alternating bright and dark
rows along the [001] direction (Fig.4.21(d), FFT of (c)). In UHV, the bright rows
are assigned to 5-fold coordinated Ti4+ ions, and the contrast ensues from high local
density of empty states[189], making them appear higher than neighbouring bridging
oxygen rows. In aqueous solution, these Ti rows likely become fully hydrated and
thus also physically higher [190]. We did not observe the (1 × 2) structure recently
reported for the same substrate in pure water [174], which was ascribed to water
structuring at the solid-liquid interface. These experiments were in part also subject
of the Master-Thesis by Iris Dorner and more experimental details are documented
there [64].

4.3.4 EC-STM with W tips
When working with tungsten tips in electrolyte, tungsten dissolution occurs as shown
in Sec.3.4.1. In experiments presented in this section, adsorption of hydrated tungsten oxide clusters was observed on TiO2 (110). Initially however, tip-assisted removal of the clusters is possible, which enables imaging of the clean TiO2 (110)
surface with atomic resolution.
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Tip-assisted surface cleaning in solution
When TiO2 (110) is measured with a tungsten tip in 0.1 M HClO4 , bright, cloudlike features appear on the surface, which are not seen when measured with STM in
UHV or EC-STM with PtIr tips. A typical overview image is shown in Fig.4.22(a).
Cloud-like features are covering the whole surface. However, initially, these features
a

b

0.5 nA

100 nm

160121_160328

3.61 V, 0.1 nA

160121_161455

1.61 V, 0.1 nA

Figure 4.22: In situ tip-assisted nanopatterning of WOx /TiO2 (110) in 0.1M HClO4 .
The central square area of 200 × 200 nm2 was scanned with Iset = 0.5 nA, followed
by zoom-out to 300 × 300 nm2 and imaging with Iset = 0.1 nA. STM sample bias
+1.61 V. Left, initial surface; right, nanopatterned central area. Substrate potential
vs NHE +1.22 V.

are not very stable on the surface. In the ﬁrst few hours of an experiment, the
features can be manipulated with the tip. Fig.4.22(b) shows the same area as in
Fig.4.22 (a), after a 200 × 200 nm2 section of the image was imaged with 5 times
higher tunnelling current (0.5 nA instead of 0.1 nA), keeping all other parameters
constant. Immediately after scanning this area, the original 300 × 300 nm2 area was
imaged using the original tunnelling conditions to observe the eﬀect. In the smaller
square (yellow dashed), the number density of clouds decreases to a few percent of
the initial coverage following passage of the EC-STM tip. We call this procedure
tip-assisted cleaning or nanopatterning[191].
The tip-assisted cleaning, however, was no longer possible after >3 h of contact
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between the substrate and the bright features (even using higher tunnelling currents; see, for instance, Fig.4.23(e), unless hydrogen was generated at the surface
electrolytically.
a

b

c

[110]

[001]
40 nm

160121_172157

1.58 V, 0.5 nA

3 nm

160121_180701

1.58 V, 0.5 nA

e

df

2 nm

160121_181224

1.58 V, 0.47 nA 30 nm

f

160120_204143

1.83 V, 0.2 nA

40 nm

160121_212918

2.27 V, 2 nA

Figure 4.23: EC-STM images of rutile TiO2 (110) in 0.1 M HClO4 , (a, b) after
nanopatterning an area with the tip as in Fig.4.22 , indicating a (1 × 1) bulktruncated surface, (c) Fast Fourier transform (FFT) of the full high-resolution image
in b. d) after a few minutes scanning image b), e) after scanning for 30-60 min, and
f) after scanning for several hours. STM sample bias (Vbias = ES - Etip ) and set
point current as indicated; substrate potential ES vs NHE: (a, b, d) +1.19 V; e)
+1.70 V; f) +1.95 V.

Fig.4.22a) shows a typical EC-STM image of rutile TiO2 (110) in 0.1M perchloric
acid imaged with a tungsten tip after nanopatterning with high currents (>0.5nA).
Again, the monoatomic steps and large terraces are seen. With even higher resolution, compared to the measurements with PtIr tips, the atomic structure is revealed
in Fig.4.22(b). Alternating bright and dark rows along the [001] direction. Bright
rows, assigned to 5-fold coordinated Ti4+ ions, and dark rows assigned to neighbouring bridging oxygen rows. Again, the bulk-truncated (1 × 1) structure is conﬁrmed
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by FFT in Fig. 4.22(c). The large-scale variations in contrast are also seen, but
they impair imaging less when compared to imaging with (more reactive) PtIr tips.
Prolonged (>30 min) EC-STM observation, Figs.4.22(d-f), reveals the gradual
reappearance of the elongated, bright features on the TiO2 surface. The apparent
height of these additional features is of the order of 0.3 nm, which suggests a monolayer species. The image further indicates that the adsorbates arrange in a pattern
whose long axis is perpendicular to the [001] direction of the substrate, whereas a
closer examination suggests that some substructure with a certain degree of registry
with the substrate lattice may exist. Fig.4.22(e) shows that, eventually, uniform
submonolayer coverage is obtained.
Post-characterisation in UHV
a

b

c

d

[110]

[001]
20 nm

1919

0.86 V, 0.09 nA

3 nm

1927

1.21 V, 0.09 nA

Figure 4.24: UHV-STM images (a-b) of the WOx -covered rutile TiO2 (110) sample
after extraction from the electrolyte. c) High pass ﬁltered image and d) FFT of
b) conﬁrming 1×1 surface termination of TiO2 (110) underlying WOx -adsorbates
(white clouds).(Images taken by Jan Balajka)

For further examination, the sample was removed from the electrolyte, rinsed
with ultrapure water to remove perchloric acid, and transferred to UHV. Atomic
resolution of the substrate with STM was again obtained, Figs.4.24(a-c). The bright
adsorbates are seen to persist on the surface. For better contrast, Fig.4.24(b) is high
pass ﬁltered. The bright clouds along the [11̄0] direction appear to have a similar
substructure as observed with EC-STM. FFT of these images (d) conﬁrms again the
(1 × 1) structure of TiO2 (110).
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Figure 4.25: XPS overview spectrum of WO3 -covered rutile TiO2 (110) after extraction from the electrolyte, rinsing with ultrapure water and transfer to UHV. Count
rate of blue curve adjusted.

A XPS overview (Mg Kα, 20eV pass energy, normal exit) of the W 4d-region,
Fig.4.25, shows the unchanged TiO2 substrate and a clear signature of tungsten
after EC-STM measurements (blue) when compared to a UHV prepared surface
(black, 11× sputtered/annealed). Due to Carbon-contamination acquired during
ambient-to-UHV transfer the count rate is slightly decreased. Therefore, for better
comparison, the count rate was adjusted by a factor of two. A small Cu signal was
also present on the sample after UHV cleaning and was probably a contamination
in the crystal. Due to overlap between the W 4f-region and the Ti 3p peak (between
34 and 40 eV) the W 4d-region at ca. 250eV is used to identify the chemical nature
of the adsorbates.
Detailed XPS signals from the W4d region 4.26 show clear peaks of W4d5/2 at
247.4 ±0.1 eV and W4d3/2 at 259.6 ±0.1 eV (blue curve). This is in good agreement
with W4d5/2 signals measured on WO3 [192]. The shift of 4.4 ±0.1 eV compared
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Figure 4.26: Detailed XPS spectrum of the W 4d region of a UHV prepared surface
after 11 sputter/annealing cycles (black) and a WO3 -covered rutile TiO2 (110) surface after EC-STM measurements with a tungsten tip and subsequent rinsing with
MilliQ-water (blue). Fitted W 4d3/2 and W 4d5/2 peaks in blue, Ar 2p1/2 and Ar
2p3/2 in green.

to metallic Tungsten was also observed when WO3 is deposited on TiO2 (110) in
UHV [153]. This indicates an oxidation state of +VI. The intensity of the W peaks
is consistent with submonolayer, but uniform, coverage, as the XPS setup used
averages the signal from several mm2 of the sample; highly local WO3 deposition
would not yield similar XPS intensity.
As this surface was primarily cleaned wet-chemically (Sec.4.3.2) before EC-STM
measurements, the Ar 2p signals (green curve in 4.26) contributing to the blue curve
are rather small. In contrast, the Ar 2p signals on a Ar-sputtered surface (Fig.4.3.2
black, 11× sputter/annealing cycles) are signiﬁcant. The inﬂuence of subsurface
Ar on TiO2 was observed before [187],[188] and inﬂuences EC-STM measurements
signiﬁcantly, when using a PtIr-tip (Fig. 4.21).
WO3 -Adsorption Mechanism
All experimental evidence presented, together with the thermodynamics of tungsten
and its oxides in aqueous solution, is consistent with the spontaneous formation
of tungsten oxide at the EC-STM tip, followed by dissolution of the oxide in the

4.3 Photoactive Semiconductor: Titanium Dioxide TiO2

103

electrolyte (Sec.3.4.1) and adsorption at the oxide substrate.
In order to elucidate the mechanism of tungsten oxide adsorption, we consider the
rutile (110) surface, featuring rows of 5-fold coordinated Ti4+ ions that alternate
with rows of bridging oxygens [28]. If water is dosed on this surface, the molecules
bind to the initially 5-fold coordinated Ti4+ ions in the surface, thereby resolving
their undercoordination [193]. The extent to which the water dissociates on this
surface in a vacuum is the subject of controversy; recent UHV results indicate a very
slight preference for molecular water and a sizeable activation barrier for dissociation
[194]. By contrast, in electrolyte solutions, autodissociation of water and extensive
hydrogen bonding within the liquid support eﬃcient channels for the redistribution
of protons, for instance, through the Grotthuss mechanism. For the rutile (110)
surface, two processes are relevant for its acid–base behavior, ([195],[196],[197],[198])
• Protonation/deprotonation of bridging oxygens:
Ti2 OH+ ↔ Ti2 O + H+

Ka,1

(4.2)

• Dissociation of the water bound to the 5-fold coordinated Ti4+ ions:
Ti−OH2 ↔ Ti−OH− + H+

Ka,2

(4.3)

We take here the view that, since the coordinated water molecule is a neutral
species, its adduct with the surface Ti can be considered neutral, too.
In Eqs. 3.7 , 4.2 and 4.3 , Ka,1 and Ka,2 are the relevant dissociation constants.
Since the ratio between the number of coordinated water molecules on the fully hydrated surface and the bridging oxygen atoms is 1:1, internal acid–base equilibration
of the surface is possible by combining Eqs. 4.2 and 4.3:

Ti−OH2 + Ti2 O ↔ Ti−OH− + Ti2 OH+

(4.4)

Because the overall charge at the surface remains zero during this equilibration,
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this situation corresponds to the point of zero charge (PZC), at which the surface can
be considered in its “zwitterionic state”, by analogy with the acid–base behaviour
of amino acids close to their isoelectric point. The PZC of oxides as a pH-driven
property should not be confused with the potential of zero charge of free-electron
metals, which is the unique electric potential value where the immersed electrode
carries neither positive nor negative excess charge;
The acid–base equilibria of oxide surfaces are decisive for much of their chemical
properties,[199] including stability of colloids, and as such also of practical importance. The PZC of titania is rather insensitive to crystallographic structure or choice
of experimental method [200].
The PZC is related to the two acid dissociation equilibria 4.2 and 4.3 by PZC =
(pKa,1 + pKa,2 )/2, and can be determined from electrokinetic measurements and
acid–base titrations.
The individual protonation constants, however, are not experimentally accessible, and substantial theoretical eﬀorts have been invested to estimate them at
pKa,1 = −1 up to 5 and pKa,2 = 8 − 9 from ﬁrst-principles and electric double layer
considerations.([195], [196], [198], [201])
Most experiments based on titration are obtained with powders and TiO2 is one
of the most studied oxides in this respect. The surface properties of a powder can
be considered as a combination of the properties of individual faces represented in
that powder. The diﬀerence in the properties of particular faces can be responsible
for the discrepancies in the PZC between samples. For TiO2 the PZC fall in the
range of 5.2-6.8 [202].
Several eﬀorts have been made to characterise surface charging of individual faces
of rutile TiO2 [33]. Potentiometric titrations of Rutile suspensions dominated by
the (110) face showed a PZC of 5.4 ± 0.2 [203]. In contrast, the PZC of single
crystal rutile TiO2 (110) samples was 4.8 ± 0.3[204]. This discrepancy could also
be a result of diﬀerences in surface preparation [205]. Both results were, however,
theoretically validated with the same reﬁned MUSIC model by small variations of
the Ti-O bond length [201]. As to which point carbon contamination plays a role
in these experiments remains open in the light of recent ﬁndings in our group [175].
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Apart from the variation of PZC obtained from experiments and theory, at pH 1
(0.1 M HClO4 ), the rutile TiO2 (110) is extensively protonated and therefore overall
positively charged.
With reference to Fig. 4.16, where we assume a contamination-free surface, due
to our preparation methods, the positive charge is located at the coordinated water
neutral and the protonated bridging oxygens.
For tungsten oxide in solution PZC data obtained from titration methods is rare
[202]. For WO3 the isoelectric point is highly acidic ∼ 0.5-1.5 [206] and PZC is
reported to be as low as ∼0.4 [207]. This would imply that the tungsten(VI) oxide
species occur in anionic form at all pH values encountered here.
Combining all data, we propose the electrostatic interaction between these oppositely charged species as the ﬁrst step in the mechanism for the formation of
self-limited linear WO3 adsorbates. Along similar lines, an electrostatic mechanism
has been successfully considered for adsorption of small oligopeptides on negatively
charged hydroxylated rutile surfaces [208].
• Step 1: electrostatics-driven nucleation of WO3 (negative) on protonated rutile
(positive):

[Ti2 OH+ ]n (surface) + (HWO4 − )3 (aq) ↔ [Ti2 O + H+ ]n [(HWO4 − )3 ]

(4.5)

The elongated bright features seen in STM, Figs.4.23(d-e) and 4.24(a-b), of
virtually uniform width of 1.3 ± 0.1 nm, are reminiscent of the one-dimensional
oligomeric tungsten oxide chains that form on oxidized copper surfaces [156]
in a vacuum. In the present case, we propose that, following nucleation of
hydrated WO3 adsorbates, 1D growth takes place by adsorption of further
HWO−
4 units followed by condensation.
• Step 2: growth of polyanionic adsorbates by on-surface condensation of an
integer number m triangular (HWO−
4 )3 subunits (written out here for one
condensation reaction between every pair of triangles):
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a

b

Figure 4.27: (a) Possible structure of triangular W3 O6 (OH)6 (H2 O)3 units (adapted
from ref 43; W violet, O red, H white). Neighbouring units may oligomerize by splitting oﬀ water. (b) Proposed mechanism for the formation of 1D WO3 oligomers on
oxide substrates. Triangles represent the (negatively charged) tungsten oxide units,
and the TiO2 (110) surface is schematically represented by its partially protonated
bridging O rows.

[Ti2 OH+ ]n [HWO4 − )3 ](surface) + (m − 1)(HWO4 − )3 (aq) ↔

(4.6)

[Ti2 OH+ ]n [H2 O(HW3 O11 3− )m ](surface) + (m − 1)H2 O

(4.7)

Step 1 and 2 are further illustrated in Fig. 4.27. As the oligomerization
proceeds, the charge density of the surface decreases because of the changing
composition, by one unit charge per added HWO−
4 , eventually terminating
growth. This self-limiting, overall electrostatic mechanism explains why no
multilayers are formed.
• Step 3: Initially, the adsorbates are easily removed with the STM tip but
become more strongly bound over time. Illustrated in Fig. 4.28, this may
indicate the eventual formation of a covalent Ti–O–W bond by condensation:

[Ti−OH2 ][HWO4 − ] ↔ [Ti−WO3 H− ] + H2 O

(4.8)

Electrochemical hydrogen evolution at the rutile surface leads to a local increase of pH, which may cause hydrolysis of this bond and, again, increases
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+
Figure 4.28: Sketch of a) Adsorption of (WO4 )−
and subsequent on3 on Ti2 OH
surface condensation reaction

mobility of the adsorbates.

Conclusion We have demonstrated that reduced conducting TiO2 (110) can be wet
chemically prepared for EC-STM measurements and imaged with atomic resolution.
The images taken with PtIr tips in acidic electrolyte, match the appearance of
TiO2 (110) in UHV [28], i.e. a bulk-truncated (1 × 1) structure with alternating
bright and dark rows along the [001] direction.
Using tungsten tips unavoidably leads to the generation of soluble tungsten oxides. In electrochemical surface science of oxides as an emerging ﬁeld, and of other
highly adsorptive materials, W tips therefore can be used as an “electrochemical
evaporator”. Under pH conditions where the oxide substrate under study and the
dissolved tungsten oxide carry opposite charges, progressive but self-limiting adsorption of low-dimensional tungsten oxide oligomers can be observed. Only after
several hours, these molecules bind strongly to the substrate after a condensation
reaction. Initially these molecules can be removed by the tip and the underlying
bulk-truncated (1 × 1) structure can be observed.
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4.4 Metallic Oxide: Magnetite Fe3O4
4.4.1 Introduction
This chapter is based on published [171],[13],[209] and unpublished results, obtained mainly within the European Union-supported Horizon 2020 A-LEAF project
(732840-A-LEAF)
Motivation In all processes, where water is electrochemically split, the oxygen
evolution reaction i.e. 2H2 O → 4H+ + O2 + 4e− in acidic media or 4OH− →
2H2 O + O2 + 4e− in alkaline media is one of the bottlenecks due to slow kinetics at
the anode surface.
In acidic media, rather expensive noble metals, such as Ru, Pt, or Ir show promising OER activity and stability. Here, the electrodes are separated by proton exchange membranes/polymer electrolyte membranes (PEM). In alkaline media, however, inexpensive, earth-abundant metals and their alloys show comparable or even
better catalytic performance and stability than noble metals [210].
Alkaline electrolysis has long been considered ineﬃcient compared to acidic electrolysis. Recent results, however, suggest that alkaline cells with NiFe- based catalysts could be more eﬃcient with respect to acidic systems, if thinner, hydroxide
conducting PEMs would be used than those typically employed in current systems.
[211], [212] There are many promising catalysts in alkaline media, and the search
for the best one is ongoing. Especially the iron group (iron, cobalt and nickel) show
up to one order of magnitude better catalytic performance than, e.g., IrOx control
ﬁlms.[213] Although neither Iron nor Nickel Oxides and hydroxides are very active
OER catalysts, the combination of Ni/Fe containing oxo-hydroxides show excellent
activity. In a recent review [34] the optimum range of Fe concentration in Ni (oxo)
hydroxide was determined to be 10-50%. The reaction mechanism and active sites
in these systems remain hidden and the synergistic role of Fe and Ni is yet unexplained, however. Strategies to identify the catalytically active sites have yet to be
provided. Until now it was not possible to assess to which extent factors such as the
Fe and Ni oxidation states are important.
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With this motivation, a model system for the OER reaction in alkaline media,
which closely mimics the highly active Fe/Ni oxo-hydroxide catalysts is developed
within the framework of this thesis and in close collaboration with the A-LEAF
consortium. Requirements for such a model system are numerous. It should
• have a well understood surface structure
• closely mimic the system on which the reaction under investigation occurs
• be electrically conductive (a requirement for most measurement techniques in
UHV and liquid but also vital for good electrocatalytic activity)
• be stable under operating conditions
Model systems To obtain a detailed understanding of the mechanisms governing chemical reactions on surfaces, a useful approach has been to reduce the level
of complexity using model systems [14],[214],[15]. Studies on noble-metal singlecrystal samples have laid the foundation for the ﬁeld of physical electrochemistry
and electrochemical surface science at the atomic level. Atomically well-deﬁned
metallic surfaces can be reproducibly prepared either in UHV, by ﬂame annealing
in air, or by annealing in controlled atmospheres; early studies have investigated
surface phenomena within the stability region of water. Experiments have focused
on adsorption of molecules,[18],[19] underpotential deposition of metals [20] and
electro-oxidation of metal electrodes, [21],[22] as well as the activity and stability of
bimetallic systems [23],[24]. Building on that foundation, ﬁrst experiments in this
thesis were also conducted on metallic single crystals, in this case Au(111). The
adsorption of sulfate, iodine and hydrated tungsten oxide molecules on Au(111) is
shown in Sec.4.1. However, in highly oxidising conditions, such as during OER,
all metals are oxidised. This can lead to electrochemical roughening or dissolution of well-deﬁned single-crystal surfaces and thus to a loss of atomic-level control
[215],[216]. It is therefore reasonable to expand such investigations to well-deﬁned
metal-oxide model surfaces, which are expected to be intrinsically more stable than
metals in an oxidising environment.
One approach is to grow well-deﬁned oxide thin ﬁlms on metal substrates. This is
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particularly useful when the oxides under investigation are nonconductive, or when
bulk single crystals (of suﬃcient size) are not available. One example in this thesis is
hexagonal boron nitride grown on Rh(111), presented in Sec.4.2. Fe3 O4 (111)([217])
and FeO(111) thin ﬁlms grown on Pt(111) have been shown to be stable systems
for CO and H2 reduction, and show good stability in liquid water.([218]) Cobalt
oxide is another promising material for OER in alkaline media. Interestingly, Co3 O4
nano-rods and nano-cubes exposing (001) and (110) surfaces, respectively, diﬀered
in reactivity.([219]) Whether this is due to diﬀerent surface reactivity or other parameters remains to be seen. Pioneering electrochemical studies of UHV-prepared
Co3 O4 thin ﬁlms [220] have demonstrated a stability region in phosphate buﬀer at
pH 10 at potentials between 0.33-1.33 V vs RHE ; [220] but the report was focused
on the (111) facet.
The alternative to thin ﬁlm growth is to study bulk single crystals. TiO2 , the
wide-bandgap semiconductor investigated in chapter 4.3, is one of the most popular
model systems in UHV surface science.
Another popular single-crystalline model system is the wide-bandgap semiconductor ZnO(0001) [221]. Its stability region in electrolyte has been identiﬁed as a pH
range from 5.5 to 11, and slow dissolution below pH 5.5 has been shown directly by
in situ EC-AFM [222]. The search for a stable model system under realistic OER
conditions, namely highly alkaline media (pH > 13) is ongoing.
Magnetite Fe3 O4

This work investigates magnetite (Fe3 O4 ) as a model system

for the OER in alkaline media. Fe3 O4 belongs to the family of spinels, which are of
great interest for OER [35]. It is conductive at room temperature [223] and methods
to prepare homogeneous surface terminations on various low-index facets of single
crystals are well established in UHV [224].
The Fe3 O4 (110) surface reconstructs with a (1×3) periodicity due to regularly
spaced (111) nano-facets, which have a lower surface energy than a (110) termination
[225],[226].

√ √
The Fe3 O4 (001) surface exhibits a ( 2 × 2)R45° reconstruction originating from

the ordering of subsurface iron vacancies and interstitials [227]. The reconstructed
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Figure 4.29: Stability test procedure

Fe3 O4 (001) surface provides well-deﬁned sites for the adsorption or incorporation
of various metal atoms including Ni or Co, [36],[37] oﬀering an ideal template for
the investigation of the OER on bimetallic model Ni/Fe oxides and hydroxides with
atomic-scale control. This would then also allow to compare experimental results
with theoretical calculations for OER on this well-deﬁned model system [228]. With
this in mind, it is imperative to ﬁrst test the stability and reactivity of the Fe3 O4
oxide substrate itself under reaction conditions.
Pourbaix diagrams for the iron-water system at room temperature indicate the
tendency of Fe3 O4 to be oxidised to Fe2 O3 in solutions with pH > 12.5, and at
potentials required for water oxidation [76]. However, all cations in the four out√
√
ermost layers of the reconstructed Fe3 O4 (001)-( 2 × 2)R45° surface already have
an Fe3+ -like character,([227]) which may aid to its stability in alkaline media.
Stability measurements In a step by step approach, outlined in Fig.4.29, the
UHV-prepared surfaces were brought to their new environment, the solid liquid
interface and ultimately, under potential control, OER is measured.
Beginning with a brief introduction into the surface preparation methods of clean
Fe3 O4 surfaces (Sec.4.4.2,Sec.4.4.3),the complexity of experiments is gradually increased.
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As carbon contamination plays a major role in most experiments outside the UHV
chamber, the eﬀect of air exposure on the Fe3 O4 (001) surface is investigated. 4.4.5.
In the next step, in Sec.4.4.7, the stability of Fe3 O4 (001) and (110) is studied in
the pH range 7-14. It was also tested if stability is aﬀected when the samples are
subjected to cyclic voltammetry under OER conditions at pH 14, which is already
the electrolyte of interest for our artiﬁcial photosynthesis project.
Sec.4.4.9 then focuses on reactivity, in particular whether the atomic structure of
undoped Fe3 O4 aﬀects reactivity by comparing the (001) with the (110) surface.
The ﬁrst results are promising. It is shown that the surface morphology remains
unchanged after electrolyte exposure, and that the nanostructure of the surfaces
also appears unaﬀected under OER conditions in 1 M NaOH, pH 14, as judged by
ambient AFM. Comparing the onset for OER, the (110) facet appears more reactive
than (001).
Fe3 O4 is thus a suitable substrate for the next studies into fundamental aspects
of the OER.

4.4.2 Magnetite Fe3 O4 (001) Surface Preparation
Fe3 O4 (001) single crystal samples were purchased from Surface Preparation Laboratory and SurfaceNet GmbH. For experiments with liquids, top hat shape samples
proved to be superior to ﬂat samples. The samples were either rectangularly shaped
(base = 10 × 6 × 1mm3 , top = 6 × 6 × 2mm3 ) or cylindrically (base d=9 mm, h =
1 mm, top d = 6mm h=2mm). All samples had a miscut ≤0.1°. The crystals were
mounted on Nicrofer® (6025HT) sample plates with Nicrofer® clips or wires.
To obtain well-deﬁned surface morphologies the surfaces were prepared in the
Omega-UHV chamber by sputtering with 1 keV Ar+ ions and subsequent annealing
in UHV or O2 (pO2 = 1 · 10−6 mbar). Both preparation methods led to the same
√ √
Fe3 O4 ( 2× 2)R45° reconstruction. Representative LEED patterns and atomically
resolved STM images acquired in UHV are shown Figs.4.30 a) and b).
The macroscopic appearance can be tuned by annealing in O2 .

4.4 Metallic Oxide: Magnetite Fe3 O4
a

STM

10 nm

c

AFM

0043

b

113

170904_140132

(001)
(√2x√2)R45
°

(1x1)

88 eV

LEED

1 µm

171129_194151

Figure 4.30: Fe3 O4 (001) surface preparation. a) STM and b) LEED taken in UHV
√
√
indicating a ( 2 × 2)R45° surface reconstruction. c) Ambient air AFM images
(high-pass ﬁltered to enhance the visibility of monatomic steps). Top: Sputter/anneal cycles in UHV and annealing in O2 (T = 650 °C in pO2 = 5·106 ) result in a
smooth surface morphology. Bottom: Sputter/anneal cycles in UHV without annealing in O2 does not level out the roughness of the crystal, resulting in a rough
surface morphology. d) Line proﬁles of the smooth (red) and rough surface (green).
(e) Line proﬁle of a monatomic step in c) and (f) line proﬁle of a monatomic step
in (a).

Smooth surface morphology A Fe3 O4 (001) surface with smooth surface morphology was prepared by annealing in 10−6 mbar O2 for 20-60 min after at least every
four cycles of sputtering and annealing in UHV. This procedure was repeated ﬁve
times, amounting to a total of 25 sputtering/annealing cycles. The ambient AFM
image in Fig.4.30c,top) shows the surface after removing the crystal from the UHV
chamber. Micrometer-wide terraces are observed, separated by step bunches comprising 10-14 steps (see the red line proﬁle in Fig.4.30d). Between the step bunches,
a few monatomic steps are apparent (blue line proﬁle, Fig.4.30e). The measured
monatomic step height of 0.21 nm agrees with STM measurements (blue line proﬁle,
Fig.4.30f) and is consistent with the inter-planar spacing of a Fe3 O4 (001) surface.
Rough surface morphology A rough surface morphology of Fe3 O4 (001) was obtained with ﬁve cycles of Ar+ sputtering, each time followed by annealing in
UHV. When the sample is prepared without exposure to O2 , annealing does not
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Figure 4.31: The Fe3 O4 (110) surface was prepared by cycles of sputtering with 1
keV Ar+ ions and annealing at T = 850 °C in UHV. (a) STM and (b) LEED in
UHV showing the characteristic periodic arrangement of the (1 × 3) reconstruction
exposing (111) nano-facets. (c) Ambient AFM (high pass ﬁltered) where blue arrows
point out protruding stripes of bigger nano-facets parallel to the [1̄10] direction. (d)
AFM height proﬁle extracted along the red line in panel (c) showing step bunching.

level out the roughness of the (macroscopically polished and sputtered) crystal.
Fig.4.30c,bottom) shows the rough surface morphology. The terraces are narrow
compared to the smooth, O2 annealed surface which can also be observed in the
green line proﬁle in Fig.4.30d). On the atomic scale the surface exhibits the same
√
√
2 × 2)R45° reconstruction as the smooth surface. Being able to prepare surfaces
with diﬀerent roughness allows investigating the role of step edges.

4.4.3 Magnetite Fe3 O4 (110) Surface Preparation
The magnetite Fe3 O4 (110) surface was prepared on a synthetic single crystal (cylinder r = 5 mm, h = 2 mm). The (1 × 3) surface reconstruction of Fe3 O4 (110) is
stable over a wide temperature range. A uniform surface morphology was obtained
by annealing at 850 °C in UHV after Ar+ sputtering. It is known from previous work
[225] that the Fe3 O4 (110) surface exhibits a (1 × 3) reconstruction, characterised by
ridge-trough structures, with domains extending over hundreds of nanometers along
the [1̄10] direction. This reconstruction is attributed to the formation of {111} nanofacets. The STM image in Fig.4.31a, acquired in UHV, shows characteristic stripes
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running along the [1̄10] direction. LEED in Fig. 4.31b shows the characteristic pattern of the the (1 × 3) periodicity of this surface. In this STM image, the stripes are
of uniform height, but on other areas of the surface, stripes with diﬀerent heights
form. Such features with higher corrugation are readily identiﬁed on large-area AFM
images in air; some of these are highlighted with blue arrows in Figure Fig. 4.31c.
The presence of these features has been shown in other reports as well.[226]. They
can be considered as an indicator of the atomic ordering of the surface. The (1 × 3)
periodicity can be also detected via a Fast Fourier transform (FFT) of AFM images
(see Section OER Magnetite). Similar to the (001) surface, step bunching occurs as
shown in the red line proﬁle in Fig. 4.31d (monolayer steps would have a height of
0.3 nm). This leads to terrace-like areas a few hundred nanometers wide.

4.4.4 Fe3 O4 (001) Carbon Signal Calibration With Formate
To quantify the amount of carbon accumulated on the surface during exposure to
air, we use the adsorption of formic acid as an internal standard [229].
a

b

c

(1x1)

(1x1)

(√2x√2)R45°

√
√
Figure 4.32: Carbon signal calibration on Fe3 O4 (001) ( 2 x 2 )R45° with 1ML
HCOOH. (a) Ball and stick model of HCOO- adsorbed on Fe3 O4 (001) adapted from
Ref. [229]. LEED acquired with an electron energy of 90 eV of (b) clean surface with
√
√
( 2 × 2)R45° surface reconstruction and (c) after dosing 20 Langmuir HCOOH,
lifting the reconstruction

Fig.4.32a) shows a ball and stick model of formic acid adsorbed on Fe3 O4 (001).
At room temperature, HCOOH dissociates to form formate HCOO− and hydroxyl
groups. The bidentate formate species are positioned on Fe-Fe bridge sites [229].
The proton in the hydroxyl group might be responsible for lifting the reconstruction,
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Figure 4.33: Carbon signal calibration on Fe3 O4 ( 2 × 2)R45° with 1ML HCOOH.
XPS acquired with Mg Kα X-ray radiation, 20 eV pass energy and (a-c) normal exit
0° and (d-f) grazing exit 70°. Black lines of clean surface, red lines after exposure
to 20 Langmuir HCOOH.

shown in Fig.4.32(b-c).
With this knowledge we can now use formate as calibration for our XPS carbon
signal.
Fig.4.33 shows XPS signals of Fe 2p, O1s and C1s in normal (a-c) and grazing
√
√
emission (d-f) of Fe3 O4 ( 2 × 2)R45° with 1ML HCOOH. XPS was acquired with
Mg Kα X-ray radiation, 20, 40 and 60 eV pass energy, and 20 eV data is shown
here. Black lines of clean surface, red lines after exposure to 20 Langmuir HCOOH.
As normal emission detects also photoelectrons from sub-surface layers the signal of
HCOO− is rather small. By probing 70°grazing emission the signal from the ﬁrst
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layer is much more pronounced. In Fig.4.33(e) the O1s shows a clear peak of the
HCOO− contribution at 531.8 ± 0.1 eV. In the C1s region the peak of formate is at
288.8 ± 0.1 eV.

√
√
This signal corresponds to one carbon atom per Fe3 O4 ( 2 × 2)R45° unit cell

and will be used to calibrate carbon signals in the following experiments.

4.4.5 Fe3 O4 (001) in Air
√
√
Motivation The Fe3 O4 (001) surface exhibits a ( 2 × 2)R45° reconstruction,
which provides well-deﬁned sites for the adsorption or incorporation of metal atoms
including Ni [36]. This would likely enable high reactivity for various reactions of
interest. Therefore, the stability of this reconstruction in ambient conditions is of
special interest. As we have seen in Fig.4.32, carbon species like formate can lift the
reconstruction. Air exposure can therefore not be ignored.
XPS and LEED after air exposure Fig.4.34(a-c) show XPS (Mg Kα, normal exit,
20 eV pass energy) of Fe3 O4 (001) after a UHV prepared surface (black) was exposed
for 5h to laboratory air (red). When compared to the control experiment in Fig.
4.33 (1ML formate coverage, dashed green) similar peaks are present in the O1s and
C1s region, related to formate like species. In the O1s region, the OH peak is more
pronounced. This feature could be related to carbon species, but also to humidity
in air. After air exposure, an additional peak in the C1s region emerges at 284.4 ±
0.1 eV. This peak is attributed to aliphatic carbon species. Total carbon coverage
exceeds several ML, but the formate peak at 288.1 ± 0.1 eV stays below 1ML.
This is also shown in the next panel, Fig.4.34(d), where the time dependent accumulation of carbon species is plotted. Shown here are total carbon coverage (blue),
284.4 eV (yellow) and 288.1 eV (green) contribution.
The sample was exposed to laboratory air for 1 min, 30 min and 60 min. The
surface is already covered by more than 1 ML of carbon species after 1 min but even
after 1 hour of exposure, the total coverage does not exceed 3 ML. At all times, the
coverage of formate like species (green) does not exceed 1 ML, as indicated by the
formate calibration signal (dashed green).
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Figure 4.34: XPS (Mg Kα, normal exit, 20 eV pass energy) of Fe3 O4 (001) after
preparation in UHV (black) and after 5h in air (red). (a) Fe 2p, (b) O 1s (red)
substrate peaks, (light blue) OH- peak, (green) HCOO− peak, (c) C1s, (dashed
green) 1ML HCOOH calibration peak. d) Carbon accumulation as a function of
time in air. LEED pattern of the e) UHV prepared surface and after f) 1 min and
√
√
g) 30 min in air. The intensity of the 2 × 2)R45° diﬀraction maxima decreases,
but does not vanish.
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Fig.4.34(e-g) shows the corresponding LEED images (80 eV pass energy), taken
after e) UHV preparation, f) 1min in air and g) 30 min in air. The yellow and white
√
√
circles indicate the (1 × 1) bulk truncated and ( 2 × 2)R45° reconstruction spots
√
√
respectively. Even after 30 min. the ( 2 × 2)R45° reconstruction spots are still
visible, although with less intensity compared to the UHV prepared surface.
This is remarkable, as the surface reconstruction would be immediately lifted
when exposed to more than 1ML of formic acid. The decreased intensity of the
reconstruction spots in LEED corresponds well to the increased intensity of the
formate like peak at 288.1 eV. The fact that this peak stays below 1ML coverage,
but the total C1s signal corresponds to almost 3 ML would indicate that some
molecules block the surface from molecules, which would lift the reconstruction.
AFM during air exposure Fig.4.35a) shows ambient AFM of Fe3 O4 (001) after
quick (a few minutes) transfer from the UHV chamber to the AFM setup in air.
a

b

d

#414_180622_132253

c

1 µm

#414_180622_130522

#414_180622_133955

#414_180622_135744

Figure 4.35: Ambient AFM in air of Fe3 O4 (001) surface after few UHV preparation.
All images high pass ﬁltered. Arrows next to labels indicate slow scan direction. (a)
Initially, the surface is speckled with black spots. (Scan speed 12.12 µm/s, pixel size
5.86×5.86 nm2 ). (b)-(c) While scanning in the dashed area, the speckles gradually
vanish. (scan speed 5.05 µm/s, pixel size 2.44×2.44 nm2 ) (d) After zooming out
again (and scanning with the same parameters as in a)) the surface appears to be
despeckled, but only in the area scanned with higher magniﬁcation in b) and c).

Surprisingly the surface looks rather inhomogeneous on the individual terraces,
which are speckled with dark spots. Here, the slow scan direction is down with scan
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speed 12.12 µm/s and a pixel size 5.86×5.86 nm2
However, when imaged with lower scan speed and higher resolution (5.05 µm/s,
pixel size 2.44×2.44 nm2 ), Fig.4.35b-c), the dark speckles vanish gradually while
scanning. This is clearly related to AFM imaging:
Zooming out again, Fig.4.35d), and measuring with the same parameters as in
Fig.4.35a) shows that only in the high resolution scanned area the surface becomes
homogeneous. Outside the scanned area, the dark speckles are still visible, altough
with less density than in the beginning of the measurement.
√ √
Discussion It has been shown that the ( 2× 2)R45° reconstruction of Fe3 O4 (001)
partially survives in Laboratory air for more than 30 min. In contrast, water [209]
or formate [229] lift the reconstruction.
Laboratory air involves a large number of variable parameters, consisting of oxygen, nitrogen, carbon oxides, aliphatic carbon chains, aerosols, rare gases and water
vapor. The individual concentration of these gases is usually not controlled, but
has an eﬀect on the sample as just seen. The partial pressure of water can vary
signiﬁcantly with temperature and relative humidity.
The LEED and XPS data suggests a kinetic process where the adsorption of
diﬀerent species compete with each other, reaching an equilibrium after a few hours.
This is also observed during AFM measurements. The dark speckles on the surface
are only seen on freshly UHV-prepared surfaces in the ﬁrst few minutes after air
exposure. After a few hours, the surface appears homogeneous without dark patches.
Fig.4.35 shows the eﬀect of scanning in acoustic mode on the topmost layers above
the surface. After measurements, the surface is homogenised by the tip. The dark
speckles, which are attractive to the tip, are gone and only repulsive forces act on
the tip in the region measured.
It has been shown, that the tip material in AFM plays an important role when
measuring in ambient conditions [230]. The silicon tips we used are likely covered
by adsorbed water. This conclusion is deducted from experiments where silica particles have been shown to be hydrophilic in nature demonstrated by contact angle
measurements.
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The tip therefore likely acts as a source of molecules, maybe water, which, with
the work of the tip acting on the surface, can reach the surface sites, previously
blocked by other molecules originating from the laboratory air.

4.4.6 Fe3 O4 (001) in Water and Neutral Electrolyte
Fig.

4.36a) shows an Fe3 O4 (001) surface in neutral electrolyte (pH 7, 0.1M

NaClO4 )scanned with a tungsten tip and low tunneling current. Very similar to
the observations described in chapter 4.3.4 on rutile TiO2 (110), a high coverage of
bright features is seen. These are broader and less regular than the two lobed chains,
b highpass filtered

a EC-STM pH=7

c

d

5 nm

160204_172011

0.58 V, 0.35 nA

1 nm

Figure 4.36: EC-STM images of magnetite Fe3 O4 (001) in 0.1 M NaClO4 , (a) Image
taken with W-tips, likely showing high coverage with WOx features, b) same image
high pass ﬁltered (c) FFT of a), d) feature average of rows in b). STM sample
bias and set point current as indicated; substrate potential +0.38 V vs NHE. Also
published in [171]

imaged after water exposure. As we know already that tungsten dissolves in liquid
and forms WO3 clusters, which adsorb strongly on oxides, we think that these rows
are also tungsten containing features.
Similar to TiO2 , when measured with high currents (≥2nA), the chains disappear
and one can image the underlying substrate, in this case an (1×1) terminated oxyhydroxide covered Fe3 O4 (001) surface (Fig. 4.37(e-h))
When Fe3 O4 (001) is exposed to ultrapure water [209] for more than a few minutes,
H2 O lifts the subsurface cation vacancy reconstruction.
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Figure 4.37: Comparison of self-limiting hydroxide formation on Fe3 O4 (001), (a-d) in
water and (e-h) in neutral electrolyte. (a) STM taken in UHV after exposure for 20
min to ultraclean liquid water (UHV experiments conducted by Florian Kraushofer
and Francesca Mirabella) (b) high pass ﬁltered, (c) FFT of (a) indicating (1x1)
bulk termination, (d) feature average of hydroxide rows in (b). (e) EC-STM in 0.1
M NaClO4 , substrate potential +0.57 V vs. NHE. Image taken with W-tips after
scanning with high tunneling current (≥2nA), (b) high pass ﬁltered image (e), (g)
FFT of (e) indicating (1×1) bulk termination, (h) feature average of rows of bright
feature in (b). Also published in [209]

Similar to air exposure experiments, this process happens only gradually.
In addition, water exposure leads to the self-limited growth of a highly ordered
iron oxyhydroxide phase. As we have also seen for dissociated formic acid, protons from dissociated water lift the surface reconstruction and reduce the surface
Fe, while OH− species coordinate Fe atoms from the subsurface layer forming the
oxyhydroxide. The surface passivates once the surface O lattice is saturated with

4.4 Metallic Oxide: Magnetite Fe3 O4

123

hydrogen because no further water dissociation can occur.
Fig. 4.37 (a-d) shows a STM image of Fe3 O4 (001) taken in UHV after exposure
to ultrapure for 20 min. XPS conﬁrms that no carbon species are present, which for
some species could also lift the reconstruction [209].
For better contrast, the STM image is high pass ﬁltered 4.37 (b). The FFT of a)
conﬁrms the (1 × 1) bulk termination. By averaging over the hydroxide rows (d),
we can discern a two lobed structure on the rows.
Similar features, shown in Fig. 4.37 (e-h) were observed in situ by EC-STM in
neutral electrolyte (pH 7, 0.1M NaClO4 ) with tungsten tips after prolonged imaging
with high tunnelling current. In this case, adsorbed hydrated tungsten oxide is
removed by the tip and the underlying substrate can be imaged.
There is a clear resemblance with the chainlike features found in UHV-STM after
exposure to water. The chains are rotated by 90° across step edges, which is consistent with the chains being oriented parallel to the iron rows, as in the UHV images.
It seems likely that the structure discussed here is also present at the solid-electrolyte
interface during immersion at pH 7.

4.4.7 Fe3 O4 (001) from Neutral to Alkaline Electrolyte
Especially for the A-LEAF project we want to study Fe3 O4 (001) under operating
conditions, which are in this case OER in highly alkaline electrolytes like NaOH or
KOH solutions. The stability of the Fe3 O4 (001) surface was unknown until then.
The stability of the UHV prepared surface was therefore investigated in a stepby-step approach from neutral to highly alkaline electrolyte. Fig. 4.38 shows the
surface after immersion into electrolyte for periods of time ranging from 30 min to
several hours. The sample was exposed to electrolyte starting from neutral pH up
to pH 14 in steps of one pH unit. In-between each step, the sample was thoroughly
examined in AFM to identify any possible morphology changes.
Apart from a few impurities, which are likely residue from the electrolyte, the
sample morphology on the macroscopic scale remains unchanged. The micrometerwide terraces are still there, separated by step bunches comprising 10-14 steps and
on the large terraces a few monatomic steps are apparent, roughly 90° rotated to the
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Figure 4.38: Ambient AFM images of Fe3 O4 (001), high pass ﬁltered. a-c) Examples of UHV prepared surfaces. d-k) After exposure to electrolyte with increasing
pH from neutral to alkaline d) pH=7, buﬀered NaH2 PO4 /Na2 HPO4 e) pH=8.5,
Na2 SO4 /NaOH f) pH=10, Na2 SO4 /NaOH g) pH=11, Na2 SO4 /NaOH h) pH=12,
Na2 SO4 /NaOH i) pH=13, NaOH j) pH=14, NaOH, 30 min at OCP, k) pH=14,
NaOH, 3h at OCP, l) pH=14, NaOH, after OER measurements. AFM images were
taken after three cycles of rinsing the sample in Milli-Q water for a few minutes, and
blown oﬀ with a gentle stream of Ar. No change in surface morphology is apparent.

step bunches. The results obtained after exposing the (001) surface to electrolyte
are encouraging regarding the microscopic stability of Fe3 O4 .
As these images are taken in air with rather low resolution, an attempt was made
to also do in situ STM measurements of Fe3 O4 (001) in alkaline 1M NaOH electrolyte
(pH 14). As this is also the electrolyte in which tungsten tips are etched, Apiezon
coated Ir tips were used instead. Fig.4.39a) shows an overview scan of Fe3 O4 (001) in
1M NaOH. In the next step, we tested whether the surfaces were equally stable under
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Figure 4.39: EC-STM images taken with Apiezon coated Ir-tips, Fe3 O4 (001) in 1M
NaOH a) overview scan, dashed yellow inset, zoom in and scanning with higher
currents but with poor resolution (not shown). b) zoom out after scanning in smaller
region, scanning area clearly visible as dark square.

OER in 1 M NaOH (pH 14). Atomic resolution could not be achieved, even when
measured with higher currents in the small region outlined as dashed yellow inset in
a). However, when zoomed out again and measured with the initial parameters, the
scanned area appeared signiﬁcantly darker, shown in Fig.4.39b). The same eﬀect is
shown again in 4.40 where a diﬀerent scan area is chosen.
Here we can also see the step bunches in the top right corner and a monoatomic
terrace. By imaging with high currents in a smaller region, the surface can be
cleared from an adsorbed ﬁlm on the surface. If this ﬁlm is adsorbed water, carbon impurities or something else is unknown. It can be manipulated with a Ir tip
nevertheless.
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Figure 4.40: EC-STM with Apiezon coated Ir-tips. Fe3 O4 (001) in 1M NaOH similar
as in Fig.4.39. a) Overview scan, dashed yellow inset, zoom in and scanning with
higher currents b) Zoom out after scanning in smaller region, scanned area visible
as dark square. c)-d) Highpass ﬁltered of images a) and b).

4.4.8 NaOH Electrolyte Residue on Fe3 O4 (001) After
Electrolyte-Exposure
Figs. 4.41,4.42 and 4.43 show the eﬀect of diﬀerent cleaning procedures of the sample
after exposure to the electrolyte. Clean samples are hydrophilic. If the sample is only
rinsed, a thin ﬁlm of electrolyte remains on the surface. Upon evaporation of water in
ambient or vacuum, condensates form and partially cover the surface. Figs.4.41(a-c)
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a rinsed + blowdried
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Figure 4.41: Ambient AFM images after exposure to 1M NaOH (left) of a) rinsed
and blow-dried and (b-d) only rinsed Fe3 O4 (001) samples. In the central column
high-pass-ﬁltered versions of the images on the left are presented, while line proﬁles
extracted along the corresponding lines are shown on the right.
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Figure 4.42: Overview XPS (Mg Kα, normal exit, 60 eV pass energy) of Fe3 O4 (001)
before (black) and after OER in 1 M NaOH: after rinsing (purple) and after cycles
of rinsing and blow-drying with a gentle Ar stream (blue).

show the resulting crystallites, imaged with ambient AFM. In Figs.4.41 a) and c) the
intact surface can be identiﬁed underneath the crystallites. This is also highlighted
in black line proﬁles.
The electrolyte salts are trapped in the ﬁlm on the surface. If the ﬁlm is blown oﬀ
with a gentle stream of Ar, also the salts are removed with the liquid. Fig.4.41 d)
shows the clean surface after rinsing and blow-dry with Ar, no crystallites formed.
To conﬁrm the elemental composition of the crystallites, the sample was trans-
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Figure 4.43: Detailed XPS (Mg Kα, normal exit, 20 eV pass energy) of Fe3 O4 (001):
(a) Na 1s, (b) Fe 2p, (c) O 1s, (d) C 1s. Spectra were acquired on the as- prepared
(in UHV) sample (black), after OER in 1 M NaOH and only rinsing (purple), and
after OER in 1 M NaOH followed by cycles of rinsing and blow-drying with a gentle
Ar stream (blue).

ferred to UHV and analysed with XPS. The overview spectrum (Fig4.42, purple)
clearly shows the presence of Na and C.
Detailed spectra are shown in Fig.4.43, purple) For Mg Kα radiation the C1s
region overlaps with the Na KLL Auger peaks (purple). By comparison with Al Kα
radiation Na KKL and carbonate HCO−
3 at 289.9 ± 0.1 eV can be distinguished.
Besides carbonate also adventitious Carbon (yellow and green) is present. O 1s
shows similar peaks as expected for adventitious carbon and carbonate and surprisingly also a peak at 534 ± 0.1 eV, which is likely molecular water trapped in the
crystallites.
Although with less count rate, no change was observed in the Fe 2p peaks. All
features attributed to Na and carbonate vanish when the sample is rinsed and blowdried with Ar (blue spectra). Adventitious Carbon remains however and makes it
diﬃcult to post characterise in UHV with e.g. STM, LEED or ISS. Ar is usually not
clean with respect to carbon impurities. One alternative would be blow-dry with
Helium after freezing out carbon species with a liquid nitrogen cold trap.
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4.4.9 Stability of Fe3 O4 (001) and Fe3 O4 (110) During OER
In the previous sections it was shown that UHV-prepared (001) surfaces are stable
in electrolyte in the pH range 7–14. In this section UHV-prepared (001) and (110)
are subjected to cyclic voltammetry under OER conditions.
b
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Figure 4.44: Ambient AFM images of three UHV-prepared Fe3 O4 surfaces before
(top) and after (bottom) OER in 1 M NaOH. The surface morphologies of the
(a) smooth Fe3 O4 (001), (b) rough Fe3 O4 (001), and (c) Fe3 O4 (110) surfaces remain
essentially unchanged. All images high-pass ﬁltered for better visibility of monolayer
steps. Both ﬂat and rough Fe3 O4 (001) surfaces in a) and b) share the same LEED
√
√
pattern (inset) with ( 2 × 2)R45°. LEED pattern in c) inset shows (1 × 3)
symmetry; the center inset in c) shows the FFT power spectrum of the (1 × 3)
reconstruction before and after OER.

It will be shown that the surfaces are stable on the microscopic and likely even on
the atomic scale, and that the surface orientation and nanoscopic structure aﬀects
reactivity. Comparing the onset for OER, the (110) facet appears more reactive
than (001). These ﬁndings are then taken as the basis for further investigations into
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Ni-doped Fe3 O4 surfaces with increased reactivity.
Fig.4.44(top, a-c) shows ambient AFM images of UHV prepared (001) and (110)
samples, as described in sections 4.4.2 and 4.4.3. The ambient-AFM image in
E vs. Ag/AgCl [V]
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Figure 4.45: Oxygen evolution reaction (OER) on Fe3 O4 single crystal surfaces shown
in Fig.4.44. Fe3 O4 (001) (smooth in black and rough in blue) and Fe3 O4 (110) (red).
OER in 1M NaOH, pH 14, under Ar atmosphere. (a) Cyclic voltammetry (15 scans)
for each surface, acquired with 10 mV/s scan speed. (b) Tafel slopes calculated from
data in part a. Average slope values are calculated from ﬁts of 15 scans each.

Fig.4.44(a), top, shows the surface after removing the Fe3 O4 (001) crystal characterised in section 4.4.2 from the UHV chamber. The O2 -annealed sample in a) has
a smooth appearance and wide terraces. Similar to the appearance after electrolyte
exposure only, the morphology after OER (15 cyclic voltammetry scans shown in
Fig.4.45) is unchanged as shown in Fig.4.44(a), bottom, apart from the presence of
small particles, probably residue originating from electrolyte. In principle, preferential etching of steps could lead to step ﬂow and an apparently unchanged morphology[186]. Thus, the unchanged appearance of these surfaces is not a strict proof of
the absence of surface etching. Therefore, a second Fe3 O4 (001) single crystal was
prepared with higher roughness, shown in Fig.4.44(b) top. This was achieved by
fewer sputter/anneal cycles and only UHV annealing (see section 4.4.2 for details).
As on the smooth surface prepared under more oxidizing conditions, LEED shows
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√
√
the ( 2 × 2)R45° surface reconstruction. This rougher surface morphology was
also subjected to OER cycles. Again, the morphology remained unchanged after the
OER, as shown in Fig.4.44(b) bottom. This surface also appears clean apart from
a few particles, which were harder to remove on this rougher surface.
To obtain insights concerning the stability of the (110) surface, the same procedure
was also applied to the (1×3)-reconstructed (110) crystal. The surface was imaged
by ambient AFM before (Figure 5c top) and after the OER (Fig.4.44(c), bottom).
The Fourier transform of these images clearly shows the (1×3) reconstruction, which
here appears with a periodicity of 2.7 nm. Taking the calibration error of the AFM
setup into account, this corresponds to the 2.52 nm periodicity of the (1×3) reconstruction. The stripes along the crystallographic [1̄10] direction survive the OER,
albeit with a somewhat reduced contrast compared to the as-prepared surface. This
is also visible in the reduced FFT signal of the (1×3) periodicity (Fig.4.44(c), center inset, red spectrum). The loss in contrast can be attributed to contaminations.
Nevertheless, the survival of these features suggests that the nanoscopic structure
also remains stable after the OER.
For each surface shown in Fig.4.44, cyclic voltammograms (15 scans) were acquired in 1 M NaOH under Ar with a scan rate of 10 mV/s. The results were very
reproducible, as seen in Fig.4.45a. While the two Fe3 O4 (001) crystals were prepared
in diﬀerent UHV chambers and diﬀered in their long-range surface morphology (see
Fig.4.44a) and 4.44b), their voltammetric responses are very similar. This suggests
that step density is not a decisive factor for the reactivity. Small changes of overpotential over the course of the experiment are attributed to the limited stability
of the sessile drop on the surface. However, a much more drastic diﬀerence can be
seen when comparing surfaces with diﬀerent surface orientation. Compared to the
Fe3 O4 (001) surfaces, the Fe3 O4 (110) surface has an earlier onset of OER. The potential to reach I = 1 mA/cm2 is 30 ± 5 mV lower [0.449 ± 0.003 V for Fe3 O4 (110), as
compared with 0.479 ± 0.002 V for the Fe3 O4 (001) surface. Error bars correspond
to one standard deviation. Tafel slopes can be assigned to speciﬁc rate-determining
steps [52] and are shown in Fig.4.45b). For both (001) surfaces, one slope is apparent, obtained as an average from 15 scans. The values for the smooth and rough
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surfaces are equal within the error bars, 61 ± 3 and 63 ± 2 mV/dec, respectively.
For the (110) surface, two slopes develop with 149 ± 6 mV/dec in the beginning of
OER, which decreases to 77 ± 4 mV/dec at higher currents.
Finally, the Fe3 O4 (001) samples were re-examined in UHV after the OER. The
blue line in Figs. 4.42 and 4.43 (blue line) show overview and detailed XPS spectra respectively compared to UHV prepared (black) and with Na residue (purple).
Except for Fe (normalised to the background on the low-binding-energy side) all regions are background subtracted with a Shirley background. In XPS, a thoroughly
rinsed and blow-dried sample shows no signs of impurities other than adventitious
carbon (Fig. 4.43d)). The characteristic C 1s binding energies at 284 and 288 eV
are expected for air exposed samples (See Sec. 4.4.5).
Some changes are apparent in the Fe 2p region (Fig.4.43b), however. The Fe 2p
peaks of the UHV-annealed sample show distinct features attributed to Fe2+ , visible
as a shoulder on the low-binding-energy side of the Fe 2p3/2 peak, and a missing
satellite peak between Fe 2p3/2 and Fe 2p1/2 . These features disappear after the
OER, indicating that Fe2+ atoms in the near-surface region change to Fe3+ . The O
1s peak in Fig.4.43c) remains unchanged apart from a slight hydroxylation shoulder
at 532.3 eV.
The (001) and (110) surfaces of the magnetite single crystals tested showed no
signs of etching or formation of pits, even during voltammetric cycling at pH 14 in 1
M NaOH. The nanoscale morphology is stable, as judged by the stable step density
on both orientations, and the survival of the (1 × 3) periodicity on the Fe3 O4 (110)
crystal. Whether this is true for the atomic-scale structure proved diﬃcult to evaluate. However, the XPS results showed that the sample is slightly more oxidised after
the OER cycles, possibly indicating the formation of a maghemite-like near-surface
region, i.e., formation of iron vacancies in magnetite.

134

4 Results

4.5 Fe3O4(001) - Doped with Ni as OER Model
Catalyst
4.5.1 Preparation of Ni doped Fe3 O4 (001)
a
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Figure 4.46: Atomic models showing side views of (a) the clean Fe3 O4 (001) surface,
(b) doped with 2-fold coordinated Ni adatoms, and (c) with 6-fold coordinated Ni
incorporated, as well as corresponding STM images. The clean Fe3 O4 (001) surface
√
√
in (a) exhibits a ( 2 x 2 )R45° reconstruction due to subsurface cation vacancies
(SCV) (octahedrally coordinated Feoct are dark blue, tetrahedrally coordinated Fetet
are light blue, O atoms are red, and Ni atoms are light green). Adapted from [231]
with kind permission from Z. Jakub

In the schematic model in Fig.4.46a, when the Fe3 O4 (001) surface is prepared in
√
√
UHV, it exhibits a ( 2 x 2 )R45° reconstruction, due to an interstitial tetrahedrally coordinated iron in the second layer (Fetet ) which replaces two octahedrally
√
√
coordinated iron atoms (Feoct ) in the third layer in each ( 2 x 2 )R45° unit cell.
This reconstruction is also known as subsurface cation vacancies (SCV) and is the
most stable termination for the Fe3 O4 (001) surface among a wide range of chemical
potentials [227].
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In the lower part of Fig. 4.46 (a), a typical STM image of an UHV-prepared
Fe3 O4 (001) surface is shown. It is possible to distinguish undulating rows of protrusions running in the [110] direction due to the Fe atoms of the SCV reconstruction.
Common defects are surface OH groups, antiphase domain boundaries and unreconstructed unit cells.
The rearrangement of the subsurface cation lattice renders it possible to progressively modify the magnetite surface accommodating atoms (such as nickel) in
speciﬁc positions, without the formation of metal clusters.[232]
When Ni is evaporated onto the Fe3 O4 (001) surface, two diﬀerent Niconﬁgurations can be obtained by choosing the appropriate preparation conditions:
metastable Ni adatoms (Fig. 4.46b) and incorporated Ni (Fig.4.46c)
Ni adatoms Ni deposition at room temperature leads to Ni adatoms adsorbed in
a 2-fold-coordinated site formed by undercoordinated O atoms, shown as a model in
Fig. 4.46 b). In the STM image below the Ni adatoms are highlighted by turquoise
circles. They appear as isolated, bright protrusions between the Fe rows (the Ni
coverage is 0.15 ML).
Incorporated Ni atoms The transition from 2-fold to 6-fold coordination is
achieved after annealing at 200 °C. Fig. 4.46c shows that the incorporated Ni,
being in the subsurface, cannot be imaged directly in STM, but modiﬁes the electronic structure of the nearby Fe cations, causing them to appear brighter in empty
states . In 4.46c the Ni is incorporated into the subsurface and occupies the vacant
octahedral site or replaces a surface Feoct atom in a metastable conﬁguration. Both
types of incorporated Ni are shown in the STM image below, highlighted by red
and yellow respectively. (The coverage of the Ni adatoms was 0.4 ML before the
√
√
incorporation). When 1ML Ni is deﬁned as one nickel atom per ( 2 × 2 )R45°
unit cell) [231],[36].

Spinel ferrites such as NiFe2 O4 have been suggested to be

one of the active phases in OER and also successfully employed as an eﬃcient OER
catalyst [233], [234]. However, the synergistic role of Fe and Ni cations on the OER
mechanism remains unexplained. NiFe-based (oxy)hydroxide catalysts show optimal catalytic reactivity for a Fe:Ni ratio between 10 and 50% [34]. Taking this into
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a Fe3O4 (001) clean
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Figure 4.47: Comparison of STM images of clean Fe3 O4 (001) surface (a) and doped
with 10 ML Ni incorporated (b). The deposition of 10 ML Ni incorporated was
performed depositing ﬁrst 2 ML of Ni at room temperature, followed by mild annealing at 200 °C for ten minutes. This procedure was then repeated 5 times. a)
STM acquired by Florian Kraushofer, b) STM acquired by Francesca Mirabella.

consideration, we prepared a ferrite-like surface, comparable to NiFe2 O4 .
Fig.4.47 displays STM images and corresponding LEED spectra of the Fe3 O4 (001)
surface before (a) and after (b) deposition of 10 ML Ni. This was done in 5 steps of
deposition of 2 ML Ni and subsequent incorporation by annealing to 200°C for 10
min. After deposition (Fig.4.47b) the surface is covered with bright features located
at the position of the surface Feoct rows, associated with the Ni incorporated atoms.
√
√
Clustering of nickel atoms is not observed. The ( 2 × 2)R45° reconstruction is
lifted and a (1×1) periodicity as observed by LEED, indicating that Ni modiﬁes the
subsurface restoring a bulk-like spinel structure.
The XPS overview spectra depicted in Fig.4.48 show the Fe3 O4 (001) surface before
(black) and after (purple) doping with 10 ML incorporated Ni atoms. The top panel
shows spectra acquired with Mg Kα radiation and the bottom panel spectra acquired
with Al Kα radiation, both with 60 eV pass energy. Spectra taken with two diﬀerent
anodes are shown because many photoelectron peaks are superimposed or in close
proximity with other photoelectron peaks and Auger transitions. For Mg anodes,

4.5 Fe3 O4 (001) - Doped with Ni as OER Model Catalyst
Fe 2p1/2

XPS Fe3O4 (001)
70° grazing exit
Mg Kα

Ni 2p3/2

Fe 2p3/2

10 ML Ni
UHV prepared

O KLL

Ni 2p1/2

Fe LMM
Fe 2s

counts (arb.u.)

137

O 1s

Ni 2s
O 2s
Fe 3p

Ni LMM

Ni 3p
Fe 3s
Ni 3s

Al Kα

O KLL

10 ML Ni
UHV prepared

Fe LMM

counts (arb.u.)

Ni LMM

1200

1000

800
600
Binding Energy (eV)

400

200

0

Figure 4.48: XPS overview spectra of the Fe3 O4 (001) surface before (light blue) and
after (violet) 10 ML Ni incorporated doping. The upper panel shows the overview
spectra obtained using Mg Kα radiation, whereas the lower one shows the spectra
obtained using the Al anode. In both cases the XPS spectra are recorded at 70°
grazing exit.

the O1s region is in close proximity to Ni LMM and Fe LMM Auger peaks. For Al
anodes the Ni 2p region overlaps with the Fe LMM Auger transition. The Fe 2s and
Ni 2p region overlap and with Al anodes they are both additionally superimposed
by Fe LMM Auger transitions. This is not worrisome if only the Ni 2p3/2 doublet
is considered. For the full Ni 2p region, however, only Mg radiation spectra allow
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Figure 4.49: XPS spectra of the Fe2s and Ni 2p regions before (black) and after
√
√
(purple) doping the Fe3 O4 (001)-( 2 × 2)R45° surface with 10 ML incorporated
Ni atoms, acquired with Mg Kα in 70° grazing emission, 60 eV pass energy. Fe
2s (red), Ni 2p3/2 doublet (purple), Ni 2p1/2 doublet (dark green),Ni 2p shake ups
(light green). All spectra are ﬁtted with a linear background and a Lorentzian line
shape modiﬁed by an exponential blend.

for reasonable background subtraction. Fig.4.49 shows the full XPS Fe 2s and Ni
2p region acquired with Mg Kα in 70° grazing emission, 60 eV pass energy before
√
√
(black) and after (purple) doping the Fe3 O4 (001)-( 2 × 2)R45° surface with 10
ML incorporated Ni atoms.
Both spectra are ﬁtted with a linear background and a Lorentzian line shape
modiﬁed by an exponential blend. Ni 2p3/2 at 854.8 ± 0.4 eV (purple) and Ni 2p1/2
at 872.7 ± 0.4 eV (dark green), are split into doublet pairs which is known from
previous XPS studies on NiFe2 O4 spinels [235],[36]. The areas of the doublet peaks
have a ratio of 66:34 within the doublet. The doublet pair peaks are shifted by 7.1
± 0.4 eV with respect to the main peaks. The Ni 2p shake up lines (light green)
are shifted 44.5 ± 1.3 eV from their respective main peaks. The peak shapes used
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Figure 4.50: XPS spectra of the a) Ni 2p, b) Fe 2p and c) O 1s regions before and
√
√
after doping the Fe3 O4 (001)-( 2 × 2)R45° surface with 10 ML Ni incorporated.
All spectra acquired in 70° grazing emission. The Fe 2p region was acquired using
Mg Kα radiation and O1s was acquired using the Al Kα radiation to avoid overlap
with the NiLMM Auger transition. Ni 2p was also taken with Al Kα.

here will further on also be used for peak ﬁtting of Ni 2p spectra obtained with Mg
Kα radiation. Fig.4.50 compares detailed XPS spectra of the Ni 2p, Fe 2p and O
1s regions before and after doping with 10 ML incorporated Ni. The Fe 2p region
was acquired using Mg Kα radiation to avoid overlap with the Ni LMM Auger
transition, the same reason why O1s was acquired using the Al Kα radiation. Ni 2p
was measured together with O1s with Al Kα which is quite common in literature
[36],[231], even though it overlaps with the Fe LMM Auger transition .
The Fe 2p spectrum from the as-prepared surface (Fig.4.50b, black) is character√
√
istic of the ( 2 × 2)R45° reconstruction, which is enriched in Fe3+ with respect
to the bulk[227]. Following Ni deposition (Fig.4.50a, purple), the satellite peak at
∼ 718.5 eV is considerably lower, indicating a decrease in the near surface region of
the Fe3+ concentration [236], [237]. The overall Fe 2p peak area is decreased after
10 ML Ni doping. The O1s peak (Fig.4.48c) from the clean surface as well as after
Ni deposition appears centred at 530.1 eV. Fig.4.48a) shows the Ni 2p region of the
surface modiﬁed with 10 ML Ni (purple). Background was subtracted with respect
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Figure 4.51: ISS spectra of the clean Fe3 O4 (001)-( 2 × 2)R45° surface (light blue)
and the 10 ML Ni-doped surface (violet). The Ni-doped surface peak was ﬁtted by a
peak from the surface Fe at 912 eV (blue) and a peak from the Ni at 932 eV (pink).
From the ﬁt a ratio Fe/Ni of ca 50% was calculated. The ISS measurements were
performed using 1.0·10−8 mbar He having energy of 1.225 kV.

to the clean surface. The Lorentzian line shape modiﬁed with an exponential tail
was also convoluted with a Gaussian in contrast to the pure Lorentzian used in
Fig.4.49, due to the smaller pass energy of 20 eV and diﬀerent Anode. The spectra
suggest that no metallic Ni is present on the surface, and the position of the Ni
2p3/2 doublet main peak at 855.2 ± 0.2 eV suggests that the Ni is present as Ni2+
in the subsurface [232], in accordance with what was calculated for incorporated
Ni for these preparation conditions.[232] Although the Fe3 O4 (001) was thoroughly
investigated by XPS using both Al and Mg anodes to avoid overlap of the photoelectron peaks we have used XPS measurements just as a qualitative tool for chemical
composition of the Ni-doped surface characterisation. For a better quantiﬁcation of
the Fe:Ni ratio on the surface we performed ion scattering measurements.
ISS is a very surface sensitive analytical technique which allows, with some limitations, to quantify the chemical composition of the surface species. Fig.4.51 shows
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Figure 4.52: Fe3 O4 (001) doped with 1) 10 ML, 2) 50ML, 3) 120 ML a) and b) show
XPS spectra of a) Ni 2p3/2 doublet region and b) O1s region (acquired with Al Kα,
20 eV, grazing exit 70°) and c) corresponding ISS spectra, obtained with 1.225 kV
He+ ions. Preparation and data acquisition for Ni >10 ML by Francesca Mirabella.

the ISS spectra of the clean magnetite (dashed black) and of the 10 ML Ni-doped
surface (purple). The clean surface exhibits a Fe peak centred at 912 eV and an O
peak at 470 eV. After Ni-doping the signal related to the surface oxygen remains
unchanged and a main peak centred at 927 eV is observed. Since Fe and Ni have
similar masses, the corresponding ISS peaks are close in energy and they appear
as one broader peak. A ﬁt of the overall signal is required to distinguish between
the two diﬀerent element contributions. The peak at 927 eV can be ﬁtted by a Fe
(red) and a Ni (purple) contribution centred at 912 eV and 932 eV respectively.
Comparing the area of the Fe and Ni peaks a ratio of about 1:1 of the two elements
on the surface is found.
The surface preparation method described above for 10 ML Ni was also applied
to prepare Fe3 O4 (001) surfaces with diﬀerent Fe:Ni ratios at the ﬁrst ML.
In Fig.4.52 XPS (a-b) and ISS (c) spectra are compared for Fe3 O4 (001) doped

142

4 Results

with 1) 10 ML, 2) 50ML, and 3) 120 ML incorporated Ni. a) and b) show XPS
spectra of a) Ni 2p3/2 doublet region and b) O1s region (acquired with Al Kα, 20
eV, grazing exit 70°). ISS spectra, obtained with 1.225 kV He+ ions.
For 10 ML and 50 ML only Ni2+ contributions (purple ﬁt) are measured with XPS.
For 120 ML an additional metallic doublet appears (green ﬁt). The position of the
peak triplet is in agreement with literature results for clean nickel metal [232]. The
main peak is positioned at 852.6 eV and the minor and major satellites are shifted
by 3.1 and 5.9 eV respectively. The O 1s peaks for substrate (red) and OH (blue)
do not change in position, but overall peak area decreases gradually with higher Ni
loading.
For the top-most surface, investigated with ISS, the Fe:Ni ratio gradually increases
from Fe:Ni=50:50 for 10 ML and Fe:Ni=40:60 for 50 ML up to Fe:Ni=15:90 for 120
ML. 180 ML Ni shows signiﬁcant metallic Ni forming large clusters on the surface
which makes quantiﬁable ISS measurements diﬃcult.
ISS can change the composition of the surface region due to sputtering eﬀect.
Therefore, the same samples were again prepared with the same composition,
checked by XPS on another crystal for stability measurements in water, electrolyte
and OER in 1M NaOH.

4.5.2 Ni-Doping Enhances OER Activity of Fe3 O4 (001)
Fig.4.53a) shows the oxygen evolution reaction via cyclic voltammograms in 1M
NaOH. As described above, the Fe3 O4 (001) single crystal surface were doped with
increasing amounts of Ni, with 1, 10, 50, 120, 180 ML Ni (blue to yellow solid lines).
Dashed lines indicate CVs taken after 3 days in electrolyte Fig.4.53b) shows the
corresponding Tafel slopes calculated from a).
1ML Ni corresponds to a Fe:Ni Ratio of 97:3. The overpotential changes only
slightly from clean (0.6 V) to 1ML Ni doped by about 30 mV to 0.57 V. However,
the overpotential decreases drastically to 0.45V for 10 ML Ni corresponding to a
Fe:Ni ratio of 50:50. The highest activity is obtained for 50 and 120 ML Ni with
0.32 V and 0.3 V respectively (Fe:Ni = 60:40 and 15:85). As expected, for the
highest Ni loading (180 ML) the activity decreases again to 0.4 V overpotential.
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Figure 4.53: a) Oxygen Evolution Reaction in 1M NaOH on Fe3 O4 (001) single
crystal surface doped with increasing amounts of Ni, with 1, 10, 50, 120, 180 ML
Ni (blue to yellow solid lines). Dashed lines indicate CVs taken after 3 days in
electrolyte b) Corresponding Tafel slopes in the anodic scan direction ﬁtted. c)
Comparison of overpotential (black) and Tafel slopes (cyan) as a function of Fe
content at the surface. Surface preparation for Ni >10ML by Francesca Mirabella.

This is in accordance with literature reports which report the highest activity for
10-50% Fe content vs. Ni in the mixed NiFe-Oxy-Hydroxides [34].
Fig.4.53c) illustrates this correlation. The overpotential on the left (cyan) and
corresponding Tafel slopes on the right ordinate (black) are plotted as a function
of decreasing Fe content (or increasing Ni content). A ratio of 50-10% Fe results in
the lowest overpotential and Tafel slopes. For the highest Ni loading (180ML) with
large metallic Ni clusters on the surface, activity decreases again.
A close look at the capacitive region in Fig.4.53 shows interesting features for
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Figure 4.54: Capacitive region of Fig.4.53 for 50, 120, 180 ML Ni (light green to
yellow). Solid lines for initial CVs after UHV surface preparation. Dashed lines of
the same surface after 3 days in electrolyte. After 3 days the reactivity increases for
all surfaces. For 120 and 180 ML cathodic and anodic peaks indicate an oxidation
and reduction reaction at the surface before OER.

50, 120, 180 ML Ni (light green to yellow). Solid lines show again initial CVs after
UHV surface preparation. Dashed lines of the same surface after 3 days in electrolyte
show a signiﬁcant reactivity increase. The reactivity increases for all surfaces. In
addition, for 120 and 180 ML, cathodic and anodic peaks indicate an oxidation and
reduction reaction at the surface before OER. Reactivity changes after some time
and oxidation and reduction peaks are usually related to morphology changes on
the surface. With this in mind, the prepared surfaces were also characterised with
ambient AFM before and after OER measurements.
Fig. 4.55 shows in row 1 the UHV prepared surfaces. In row 2 the same surfaces
after OER in 1M NaOH and in row 3 corresponding line proﬁles and surface height
distribution histograms. As was shown earlier, bare Fe3 O4 (001) surfaces are stable
even during OER measurements. This is again illustrated in column 1. Apart from
a few remains of electrolyte residue the surface stays ﬂat, which is easily observed
in comparison to the line proﬁles taken before (purple) and after (blue) OER. The
surface height histograms in Column 1 row 3 overlap almost perfectly. Also the 50
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Figure 4.55: Ambient AFM images (bottom part high pass ﬁltered) taken in Air
before (row 1) and after (row 2) OER measurements in 1M NaOH with corresponding line proﬁles and height distribution histograms in row 3. Column a) Clean
Fe3 O4 (001), Column b) +50 ML Ni, Column c) +120 ML Ni and column d) +180
ML Ni. The line proﬁles in row 3 correspond to the lines in row 1 for UHV prepared
surfaces (purple) and after OER measurements (blue). Histograms are taken on
single terraces (when possible) to avoid artefacts of step height diﬀerences.

ML Ni surface (Column 2) stays rather ﬂat after Ni deposition. The wide terraces
are still visible with some bright islands appearing on the surface. After OER the
terraces can still be distinguished, but island height increases to 0.5-1 nm and also
the number of islands seems to have increased.
Column 3 shows 120 ML Ni deposited on magnetite. The change of surface
morphology is already signiﬁcant. Small clusters cover the whole surface. After
OER the surface is changed even more drastically. The islands have grown to a
height of 4-8 nm and terraces cannot be distinguished anymore.
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The highest amount of Ni deposited was 180 ML shown in Column 4. The terraces
are not visible anymore, only step bunching underneath nm high clusters can be seen.
After OER the surface growth is even higher compared to 120 ML Ni. The whole
surface is evenly covered by up to 10 nm high island clusters.
In summary, we could successfully reproduce the ﬁndings from previous studies,
that an optimal ratio of Fe to Ni for OER reaction exists, which is in the range of
10-50% Fe with respect to Ni. (Fig.4.53). Low coverages up to 50 ML Ni decrease
the overpotential by up 300mV compared to pure Fe3 O4 (001). However, at higher
coverages, an increase of reactivity over time can be observed. This is related to
structural changes on the surface, when immersed in electrolyte and cycled. For 120
ML and 180 ML deposition, we see a metallic Ni phase appearing on the surface
(Fig.4.52). Metallic Ni forms clusters on the surface, seen in AFM images (Fig.4.55
row 1). Subsequently, before and after OER, these surfaces show an oxidation and
reduction peak in cyclic voltammetry (Fig.4.54) and a signiﬁcant increase in surface
roughness, related to growth of a new phase at the surface (Fig.4.55 row 2).
For the ﬁrst time, these results were obtained on a single crystal, in this case
magnetite. The surface composition can be tuned reversibly and is stable under
harsh reaction conditions. This is important for future, even more detailed surface
science studies, where single crystals are a prerequisite.
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4.5.3 Impedance Spectroscopy of Ni-modiﬁed Fe3 O4 (001)
Electrochemical impedance spectroscopy is a widely used tool to study the electrochemical behaviour of a reaction relative to the interface between electrolyte and
electro-catalyst. Stability of the Fe3 O4 (001) surface in alkaline media during OER
was shown above.
Impedance spectra should give more insight into the reaction mechanisms. In
Fig.4.56 a typical cyclic voltammogram of a Fe3 O4 (001) surface + 1ML Ni (incorporated ) in 1M NaOH is shown (”O-Ring cell). Corresponding impedance spectra
were obtained at various potentials, indicated with blue to yellow coloured squares.
At each potential, after a suﬃcient waiting time of 120 s to reach a steady state,
impedance spectra were measured by employing a 10 mV p-p amplitude, sine wave
potential perturbation on the dc potential at frequencies from 105 -10−1 Hz. The
measured quantities presented here are given as for the geometric area of the electrode, in contact with the electrolyte.
In Fig.4.56(b-d) the obtained impedance spectra are shown as squares coloured
in blue to yellow. These data sets were then ﬁtted with an equivalent circuit (EC)
shown in Fig.4.57. The ﬁtted curves are given as lines in the corresponding colours.
The so called ”Randlew-Ershler-Circuit” has been already described in Sec.2.2.8.
Here a small adaptation has been made. For the double layer capacitance, instead
of a pure capacitor, a constant phase element was used.
The capacitance C of a CPE in parallel with a resistance R. Here the charge
transfer resistance RCT can be calculated with
1

(Q0 · R) n
C=
R

(4.9)

when the impedance Z of a CPE with frequency ω and admittance Q0 at ω=1 rad/s
is
Z=

1
Q0 · (j · ω)n

(4.10)

In 4.57 the ﬁtting parameters for the EC elements of the oxygen evolution interface
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Figure 4.56: a) Cyclic voltammograms of Fe3 O4 (001) +1ML Ni in 1M NaOH. Blue
to yellow squares, potentials at which electrochemical impedance spectra were taken
in the O-Ring cell. b-d Nyquist, Bode modulus and Bode phase plots of impedance
spectra taken at potentials indicated in a) squares represent obtained data, lines
represent ﬁtting of the data with an equivalent circuit shown in Fig.4.57

are shown as function of potential.
This equivalent circuit is in good agreement with the expected behaviour for a
metallic substrate, but also agrees well with a widely used equivalent circuit used
to ﬁt impedance spectra of OER on oxides and perovskites [238],[239],[240].
On the one hand, the Warburg impedance element is expected for metallic substrates. For oxides, this element is often replaced with a CPE and a resistor in
parallel. For inﬁnite resistance of R and exponent n=0.5 oﬀ the CPE this parallel
circuit becomes the Warburg impedance.

149

Electrolyte
Solution
Diffusion Layer

RP

CD

W

RS

Wires

4.5 Fe3 O4 (001) - Doped with Ni as OER Model Catalyst

Figure 4.57: Fitting parameters for Fits in Fig.4.56(b-d)

The high frequency response RS represents the uncompensated solution resistance
and only changes slightly at OER potentials.
The capacitance Cdl models the double layer capacitance and is initially in the
range of 20-30 µF·cm2 , a value normally observed on metals. It rises with the onset
of OER and reaches a peak at 200 µF·cm2 . The polarisation resistances RP in
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combination with RS are commonly interpreted as the charge transfer resistances of
the electrosorption and desorption processes but Harrington et al.[241] assert these
elements to properties of two or more steps in the overall reaction. For resistive
oxide ﬁlms grown on metals, a third CPE in parallel with a resistor would be used.
As our magnetite single crystal is metallic, these electrode circuit elements are not
needed here. The simpler EC ﬁts the obtained data equally well. Finally, the
Warburg impedance W increases exponentially, which is equivalent to a drop in
resistance. The Warburg Impedance combines the two concentration impedances
of both Redox-species together and the OER becomes diﬀusion limited with very
low diﬀusion parameters. These parameters could be measured with a rotating disc
electrode setup.
The data shown represent one datapoint, and next steps include doping of the
surface with higher Nickel loadings to observe changes in the impedance response.
In addition, also changing the electrolyte composition will give new insights into
reaction mechanisms.

5 Summary and Outlook
The surface science group of the Institute of Applied Physics in Vienna has a long
history of investigating the atomic structure of oxides and the oxidation of metals,
as well as basic foundations of chemical reactions on those surfaces.
Focussing initially mainly on UHV methods, the scope of interest has recently
broadened towards the electriﬁed solid-liquid interface. A new wet chemical electrochemistry laboratory was therefore set up.
With this background, the electrochemical surface science study, presented here,
focused on scanning probe microscopy in ambient conditions and liquid electrolytes
of well-deﬁned single crystal surfaces.
Materials used for EC-STM tips included tungsten, PtIr alloy and iridium. The
highest imaging resolution was obtained with tungsten tips. However, it was demonstrated that the use of tungsten EC-STM tips unavoidably leads to the generation
of soluble tungsten oxides. The adsorption of hydrated tungsten oxide on various
substrates was therefore also investigated in detail.
Complexity and technological relevance of the studied model systems was continuously increased with time and learning curve.
Adsorption of ions on Au(111) was one of the ﬁrst systems under investigation. In
acidic electrolyte, Iodine adsorbed on Au(111) forms potential dependent structures
where the coverage increases with increasing potential. Initially, Iodine forms a com√ √
mensurate ( 3× 3) R30° structure. Increasing the potential uniaxially compresses
the iodine adlattice along the [11̄0] direction. This results in an incommensurate
√
centred rectangular c(p × 3) structure. Finally a completely incommensurate adlattice is attained in the rotated-hexagonal phase. When measuring with a tungsten
tip, dissolution of tip material leads to hydrated (WO3 )3 clusters in solution. These
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√
clusters can adsorb on the c(p × 3) structure, which locally decompresses the ad√
√
lattice to a relaxed ( 3 × 3) R30° structure resulting in further compression of the
surrounding adlattice.
(WO3 )3 clusters have a d-orbital σ-aromaticity. On h-BN grown on Rh(111), in
acidic electrolyte, the clusters adsorb strongly in the h-BN nanomesh pores. Here,
the delocalised orbital resulting from overlapping W-d-orbitals can be observed.
On oxide substrates, under pH conditions where the oxide substrate under study
and the dissolved tungsten oxide carry opposite charges, progressive but self-limiting
adsorption of low-dimensional tungsten oxide oligomers can occur. This was observed on TiO2 (110) in acidic and on Fe3 O4 (001) in neutral electrolyte.
Initially, the clusters only weakly bind to the underlying substrate on both oxides. Following nucleation of hydrated WO3 adsorbates, 1D growth takes place by
adsorption of further HWO−
4 units followed by condensation. The self-limiting, overall electrostatic mechanism explains why no multilayers are formed. Over time, the
clusters bind more strongly to the substrate, eventually resulting in the formation
of a covalent M–O–W bond by condensation (M= Ti, Fe) .
Initially however, the weak bond can be broken by scanning the surface with high
currents, thereby removing the adsorbates with the tip and imaging the underlying
substrate.
For TiO2 (110), a wet chemical cleaning procedure was developed. The EC-STM
images of TiO2 (110) in acidic electrolyte match the appearance of this surface in
UHV, i.e., a bulk-truncated (1 × 1) structure with alternating bright and dark rows
along the [001] direction. In UHV, the bright rows are assigned to 5-fold coordinated
Ti4+ ions, and the contrast ensues from high local density of empty states, making
them appear higher than neighbouring bridging oxygen rows. In aqueous solution,
these Ti rows likely become fully hydrated and are thus also physically higher.
These results were also conﬁrmed by EC-STM measurements with Pt/Ir tips, where
tungsten oxide cluster formation did not take place.

√
√
Magnetite Fe3 O4 is a metallic oxide. The (001) surface exhibits a ( 2 × 2)R45°

reconstruction originating from the ordering of subsurface iron vacancies and interstitials. The reconstruction provides well-deﬁned sites for the adsorption or incor-
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poration of various metal atoms including Ni or Co. Magnetite was therefore chosen
as a substrate to model highly active, NiFe containing OER catalysts in alkaline
media.
Starting with stability and activity measurements of bare magnetite surfaces, the
(001) surface was then doped with increasing amounts of Ni, and the origin of the
resulting activity increase was investigated.
√
√
The ( 2 × 2)R45° of the (001) surface partially survives in laboratory air for
more than 30 min. When exposed to ultra pure water, the subsurface cation vacancy
reconstruction is gradually lifted within a few minutes. Furthermore, water exposure
leads to the self-limited growth of a highly ordered iron oxyhydroxide phase, due to
protons from dissociated water. They lift the surface reconstruction and reduce the
surface Fe, while OH− species coordinate Fe atoms from the subsurface layer form
the oxyhydroxide.
The resulting chainlike features, rotated by 90° across step edges and oriented
parallel to the iron rows, found in UHV-STM after exposure to water were also
observed in situ by EC-STM in neutral electrolyte (pH 7, 0.1M NaClO4 ).
The (001) surface as well as the (111) surface proved to be stable from neutral
to alkaline electrolyte and also during OER measurements at pH 14. The activity
towards water splitting of the (111) surface was slightly higher than the (001) surface.
The diﬀerence in activity is a result of the atomic conﬁguration, and is not inﬂuenced
by surface morphology. Impedance measurements at varying potentials can be ﬁtted
with an equivalent circuit, expected for metallic substrates.
The activity of the (001) surface for OER in alkaline electrolyte can be optimised
by doping the surface with increasing amounts of Ni. The optimum FeNi ratio
is in the range of 20-50% Fe on the surface. Activity decreases again when Ni
concentrations are >80%. These results conﬁrmed similar ﬁndings from literature,
obtained with less well-deﬁned catalyst systems.
One of the main challenges for meaningful experiments was cleanliness of the
setup. There was no ”one ﬁts all” preparation method for our samples, and techniques for bringing UHV prepared surfaces in contact with liquids in a clean way had
to be developed. Also in the future, preparation and transfer of samples will be one
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of the main challenges to solve. Various tip materials were used in this thesis, and
atomic resolution of single crystal oxides on solution could be achieved. In the next
step, these ﬁndings could be backed up by theory and simulations, which should
give further insights into the interesting phenomena occurring at solids in liquids at
the atomic scale.
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