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Chapter 1

Introduction

So far, Pt is considered as a good model system for real electrocatalyst,
however its surface gets poisoned after some time due to the blocking of the
active sites by several adsorbed species like reaction intermediates and/or
surface oxides. Poisoning of the Pt electrode has been successfully reduced
by chemical modification of the surface with a second metal. For under-
standing this system (i.e., bimetallic surfaces) for electrocatalysis, the use
of well-known structure electrodes is essential. This has been achieved by
using well-ordered single crystal electrodes. A common way of the fabri-
cation of a bimetallic surface is to change the chemical composition of the
surface layer either by underpotential deposition (UPD) of a noble metal or
by nanostructure formation on single crystal electrodes. The deposition of a
metal (A) up to a full monolayer onto a foreign metal substrate (B) occurs
often at potentials more positive than the corresponding Nernst potential.

The formation of submonolayers and monolayers of foreign metal adatoms
certainly causes drastic changes of the properties of electrode surfaces. The
nature of the adsorbed metal often differs considerably from that of the
substrate [Ino02]. It was found that electrodes covered with submonolay-
ers of a metal deposit often exhibit high catalytic activities for oxidation
reactions [Adž84]. In addition, the potential of zero charge (PZC) of the
metal surface, one important property of the electrode/electrolyte interface,
is considerably altered by the deposition of foreign atoms. The reason for
that is the change in the electronic structure of both a pseudomorphic film
and the substrate. For instance, Pd(111) can absorb hydrogen at low poten-
tials which alters the lattice structure, whereas 1 or 2 ML of Pd on Au(111)
do not a absorb hydrogen [Bal93], and a pseudomorphic Pd monolayer
on Au(111) has a significant impact on the electrooxidation of formic acid
[Bal96]. In addition the PZC of Au(111) shifts to negative potentials after
deposition a pseudomorphic Pd monolayer on Au(111) [EA02c]. Thus, the
controlled growth of thin Pd films on gold single crystal electrode offers an
interesting model system for electrocatalysis.
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The UPD of metals on noble metal substrates has been studied over the
past two decades using numerous electrochemical and spectroscopic tech-
niques as well as scanning probes [Kib03, EA02c, EA06, Kol78, Kol91,
Bal93, Bal96]. Among various substrates-adsorbate systems, the elec-
trodeposition of copper and silver on single crystal electrodes has attracted
a lot of attention owing to its industrial activity and simplicity [Tae06,
Mar99, Esp99, Oga95, Per06].

Although much research has been done on the UPD of copper on Pd(111)
single crystal [Cue99, Oka01, Nak04], the influence of specific adsorption
on copper UPD and other parameters have never been investigated before.
On the other hand, deposition of a pseudomorphic palladium layer, for ex-
ample, on Au(111) shifts the PZC of Pd(111) to -0.09 V vs. SCE, where the
PZC of massive Pd(111) is -0.12 V [EA02c]. However, an extended study
of the PZC for pseudomorphic palladium monolayers over another (111)
substrate can easily be hampered by chemisorption of hydrogen [EA06].
Therefore the choice of pseudomorphic silver monolayers as model systems
in replacement of palladium monolayers, which do not reveal this reaction,
was a good way to solve this problem.

An equally interesting procedure for surface modification is the formation
of nanostructures or nanoparticles atop a certain substrate. The interest in
nanostructure materials (nanoparticles) arise from the fact that new prop-
erties are acquired at this dimensions, and these properties change with
their size and/or morphology, which can result in extraordinary catalytic
properties over bulk metal electrodes [Bur05, Har97]. Another advantage
of nanostructures is that the cost is low and the amount of the material
used for the preparation is also less. However the size and shape of the
prepared nanostructures are markedly dependent on the proper procedure,
which show a relatively large distribution. Since the electronic properties of
the nanoparticles are correlated with their morphology, experimental mea-
surements usually represent the averaged behavior, which limits our under-
standing of the ongoing processes. One way to overcome this problem is the
formation of well-defined nanostructures or facets on single-crystal surfaces,
which provide a model system to study structural sensitivity in electrocat-
alytic reactions.

Variation of annealing temperature and/or the cooling gases could be
used as a good criterion to form these faceted structures on well-defined
single crystal electrodes [Erm05, Erm04]. Since reactive single crystal elec-
trodes play a pivotal role in electrocatalysis, investigators often study these
reactivities with noble metal single crystal electrodes in aqueous solution
[Kib03, EA02c, EA06]. One of these electrodes is the Ir single crystal, which
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is a good candidate for a well-ordered model system for catalysis [Che06].

In the current thesis, two strategies have been employed for the surface
modification of the single crystal electrodes that can be used as electrocat-
alysts. Firstly, deposition of a metal (A) over a well-ordered substrate of
metal (B). Secondly, changing the structure topography of a surface (B)
by faceting of the surface. So the present thesis presents research on the
effect of different parameters on copper UPD on Pd(111). Furthermore, we
report, for the first time, results about the variation of the PZC for a silver
monolayer deposited onto various noble metal single crystal surfaces [Sol07].
Additionally, we have introduced a method that can be used to prepare a
faceting surface of Ir(210) outside ultra high vacuum (UHV) [Kag08b].

Chapter 2 covers some fundamental aspects about the double layer struc-
ture and the electrochemical metal deposition.

In Chapter 3 a short overview is given about the theoretical aspects of
the experimental techniques used in the present work. Also the details of
the experiment are described, which include cleaning procedures, sample
preparation methods, as well as a list of chemicals used.

Chapter 4 presents the effect of various parameters on Cu underpotential
deposition on Pd(111) electrode. In addition, the potential of zero charge
of Cu(111) electrode is reported.

Chapter 5 is devoted to the characterisation of the Ag underpotenial de-
position over Au(111), Pt(111), Pd(111), Rh(111) and Ir(111) single crystal
substrates. Also the potential of zero charge for Ag adlayers over these sub-
strates was measured. As an example for electrocatalytic activity, glucose
oxidation at Ag adlayers on the previous substrates was studied.

Chapter 6 discusses the results for the electrochemical behaviour of
Ir(111) and Ir(210) electrodes. Oxygen reduction on Ir(111) and carbon
monoxide oxidation on Ir(210) were reported.
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Chapter 2

Theoretical part

2.1 Metal/electrolyte interface

The electrode/electrolyte interface plays an important role in electrochem-
istry [Kol02]. Specific interactions at the electrode surface cause that the
solute and solvent properties are locally modified, and the rate of the chem-
ical reactions is affected by these interactions [Atk02].

A large number of important reactions take place at the interface be-
tween a metal and a solution: electron and proton transfer reactions, metal
deposition and dissolution, like corrosion. A detailed knowledge of the struc-
ture of the interface, the distribution of the particles of which it is composed,
and the variation of the electric potential, which modifies the driving force
for all charge transfer reactions is required for understanding and controlling
these processes.

2.1.1 Electrical double layer

The term electrical double layer, or just double layer, is used to describe the
arrangement of charges and dipoles at the boundary between the electrode
and the electrolyte. In other words, it is an interfacial region between the two
homogeneous phases in which the charged constituents have been separated
so that both sides of the interface are electrified. The charges on the two
sides are equal in magnitude but opposite in sign, making the interface
region electrically neutral as a whole.

Models of the electrical double layer

Questions arise: How does this interface look like? Or, what is the way in
which the ions present in the solution interact with the electrode? [Boc00].
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The first model of a metal/electrolyte interface was a parallel plate con-
denser, i.e., two oppositely charged sheets of fixed distance. This model
arose from the work of Helmholtz in 1874.

This model interprets important features, however it predicts that the
differential capacitance should be constant, which is not true for real sys-
tems. Also, the Helmholtz model ignores the disrupting effect of thermal
motion, which tends to break up and disperse the charges of the rigid plane
[Bar01].

The second theory of the electrified interface was developed by Gouy and
Chapman independently. In this model, the ions of ±z charge are attracted
towards, or repelled from the charged electrode. However, thermal motion
acts against electric forces. As a result the double layer becomes a diffuse
layer of ions [Ree80].

This model predicts an equation how the differential capacitance of the
diffuse layer, CD depends on the potential drop through the diffuse layer
and on other parameters like ionic strength [Sch96] yielding

CD = εεoκ cosh
(

zeo(φ− φpzc)
2kT

)
(2.1)

where ε is the relative permittivity of the solvent, εo is the permittivity of
the vacuum, eo is the elementary charge, k is the Boltzmann constant, T
is the absolute temperature and κ is the reciprocal of the so called Debye
length of the diffuse layer.

κ =
(

2(zeo)2no

εεokT

) 1
2

(2.2)

no is the density of the ions in the bulk

Neither the Helmholtz nor the Gouy-Chapman model is a perfect repre-
sentation of the structure of the double layer. The former one considers the
interface as a rigid charge structure whereas the latter one, just the oppo-
site it ignores the structure of the solution. The two are combined in Stern’s
model, in which the ions closest to the electrode are constrained a plane,
called the outer Holmholtz plane, (OHP) while outside that plane the ions
are dispersed just as in the Gouy-Chapman model. In Stern’s model, the
capacitance due to the charges held at the OHP, CH is regarded to be inde-
pendent of potential, but the capacitance of the diffuse charge, CD varies in
a V-shaped fashion; the minimum of the capacity corresponds to zero excess
charge density on the metal. Zero charge density appears at one specific
potential called the potential of zero charge (PZC) [Ham85]. The composite
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capacitance Cdl, 1/Cdl = 1/CH + 1/CD shows a complex behaviour and is
governed by the smaller of the two capacitances. At low electrolyte concen-
tration, the V-shape is the characteristics of CD (the shape of the minimum
corresponding to the capacity of the diffuse part of the electrochemical dou-
ble layer). At larger electrolyte concentrations, or even at large polarizations
in dilute solutions, CD becomes so large that it no longer contributes to Cdl

and one sees only the constant capacitance of CH . This model is known as
the Gouy-Chapman-Stern (GCS) model [Bar01].

A scheme diagram of the metal/electrolyte interface, as presented in
most of the electrochemistry text books nowadays, is shown in Fig. 2.1.

Figure 2.1: Model of the metal/electrolyte interface, with the metal posi-
tively charged. From [Kol02].

2.1.2 The potential of zero charge

The potential of zero charge is a fundamental property of the metalelec-
trolyte interface, and its knowledge is important for a detailed understand-
ing of double layer phenomena and the adsorption behaviour of charged and
neutral species. The PZC is commonly defined as the potential, at which
the electrode surface has no excess charge [EA02c]. Its value can in many
cases be obtained from double layer capacity measurements in dilute solu-
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tions, where a pronounced minimum appears at the PZC (GouyChapman
minimum).

2.1.3 Charge displacement method

To gain information about the adsorbed species and its relation with the
species present in solution the CO displacement method is required. In this
method the CO molecules are adsorbed on the electrode surface from gas
phase at constant potential and recording the current that flows through this
process. Consequently all the previously adsorbed species are displaced. The
involved charges during this reaction can be obtained from the integration
of the current-time curve. Comparing this charge with the charge flowing
from the CV of the system under study, it gives information which specific
adsorption the system has (anionic or cationic) [Cli99].



2.2 Single crystal 9

2.2 Single crystal

For better understanding of surface processes, the use of single-crystal elec-
trodes with structurally well-characterized surfaces is highly desirable [Kol01],
because the use of polycrystalline electrodes introduces some uncertainties
due to the uncontrolled contribution of the different crystallographic orien-
tations [Dim05].

2.2.1 Crystal structures

Solid materials may be classified according to the regularity with which
atoms or ions are arranged with respect to one another. A crystalline ma-
terial is one in which the atoms are situated in a repeating or periodic
array over large atomic distances; that is, long-range order exists, such that
upon solidification, the atoms will position themselves in a repetitive three-
dimensional pattern, in which each atom is bonded to its nearest-neighbor
atoms.

Describing crystal structures, it is often convenient to subdivide the
structure into small repeat entities called unit cells. Thus, the unit cell is
the basic structural unit or building block of the crystal structure [Wil03].
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2.2.2 The face centered cubic (fcc) crystal structure

The crystal structure found for many metals has a unit cell of cubic geome-
try, with atoms located at each of the corners and the centers of all the cube
faces. It is called the face centered cubic (fcc) crystal structure.
The elements Au, Pt, Pd, Rh, Ir and Ag, which are considered in this the-
sis, all crystalize in an fcc lattice. In this case, the atoms are cubic densely
packed, Fig.2.2.

Figure 2.2: Unit cell of a face centered cubic system, ”black” atoms are on
the cube corner, while the ”grey” ones are at the center of the faces.

The faces of a single crystal are usually characterized by Miller indices
(hkl). These represent the reciprocal of the intercepts of the plane under
consideration with the X-, Y- and Z-axes. By convention, small integer
numbers are used. Thus, parallel planes have identical indices. The three
low-index planes (111), (100) and (110) of fcc systems are atomically flat
with hexagonal, square and rectangular arrangement of the surface atoms,
respectively [Zan98, Kib00a].
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2.2.3 Single crystal electrode surface preparation

To obtain an initial overview of the system under study, the use of well-
defined electrode surfaces is the first requirement for this purpose. This has
been done, in a simple way, by flame annealing, which was originally ap-
plied to platinum single crystals [Cla80] and later extended to other metals
[Mot84, Hou88, Cla94, Wan99, Hoy04]. The description of this method
is in reference [Cla99], briefly, after flame treatment the surface is ordered
and subsequent protection with water to maintain its cleanliness during the
transfer through the laboratory atmosphere. Alternatively, single crystal
electrodes can be prepared in a UHV system and then be transferred to an
electrochemical cell [Wag83, O’G77].

Recently, single crystal electrodes have been prepared by inductive heat-
ing in an inert or reducing gas atmosphere [EA02c, Kib03, Paj05, EA06,
Paj07]. This simple non-UHV preparation has now been extended to study
the electrochemical behaviour of Au(111), Pt(111), Pd(111), Rh(111) and
Ir(111). This method is particularly suitable for larger electrodes and can
be used in exchange of the flame annealing and quenching method which is
widely used for small bead crystals. It will be shown that a high surface
quality for all single crystals is achieved by this method.
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2.3 Metal deposition

Metal deposition from aqueous solutions is still one of the most important
electrochemical reactions, receiving wide-spread interest from fundamental
as well as applied research groups. For instance, metal plating for corro-
sion protection, for surface refinement, modification and electroplating of
circuit boards are just a few of the many industrial manufacturing processes
[Kol02, Kol91].

Underpotential deposition (UPD) on metal electrode surfaces has been
extensively investigated over the past two decades [Con84, Hub88]. This
effect is the formation of a metal monolayer at potentials positive from the
reversible Nernst potential, before bulk deposition can occur [Kol78].

2.3.1 Basic equation of metal deposition

The Nernst equilibrium potential, EMe/Mez+ for the formation of Meads on
a native substrate metal is given by the following equation:

EMeMez+ = Eo
MeMez+ +

RT

zF
ln

aMez+
sol

aMe
(2.3)

Here Eo
MeMez+ is the standard potential of the MeMez+ metal ion

electrode, aMez+
sol

is the activity of Mez+ ions in the solution, F is the Faraday
number and R is the gas constant. The activity of aMe of the bulk phase
is considered to be one. The actual electrode potential, E determines the
direction of reaction. UPD takes place when E > EMeMez+ . Overpotential
deposition, OPD can be deposited cathodically at E < EMeMez+ and can
be dissolved anodically at E > EMeMez+ .

2.3.2 Metal growth

At low coverages, most metallic adsorbates form ordered overlayers with a
(1x1) surface structure on metal substrates. The meaning of (1x1) struc-
tures is that the positions of the deposited atoms (adatoms) are the same
as that of the underlying bulk lattice [Zan98]. This implies that the sub-
strate acts as a template and has a significant influence on the growth mode
of the deposited material. The way of such growth is usually called epi-
taxial. A more restricted definition of epitaxial growth would include only
those examples where the substrate imposes its own crystal structure, ori-
entation, and lattice parameter on the adsorbed overlayers. This is called
pseudomorphic growth [Som94]. In general, only the first monolayer grows
pseudomorphically, while subsequent layers tend to present lattice constants
that are closer to the bulk crystal structure of the adsorbing metal [Rod91].
The effects of the substrate on the adatoms in a pseudomorphic monolayer
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is to alter or perturb the electronic properties of both constituents of the
bimetallic system. As a consequence it can be expected that these electronic
perturbations will modify the chemical properties of the components in the
mixed-metal system. In connection with pseudomorphic growth, Frank-Van
der Merwe growth is to be mentioned, at which the deposited metal may
form a thin film in a layer-by-layer fashion, with the second layer beginning
only after the first layer is completed [Som94].
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2.4 Electrocatalysis

Electrocatalysis is the term used to indicate the catalysis of electrode re-
actions [Tra95]. This can be achieved by the action of the electrode ma-
terial [Par58] or alternatively by the action of species in solution or both
[Wen86, Ste86].

The main target of the current electrocatalysis studies is to find the
relationship between the surface structure of an electrode material and its
catalytic activity for a given reaction. In order to:

1. improve activity, efficiency and selectivity of electrodes.

2. reduce investment and operational costs

3. increase the electrode lifetime.

4. avoid pollution.

2.4.1 The d-band center of a metal

The knowledge of the d-band center is an important parameter in under-
standing the variation in the adsorption energy and the activation energy
from one metal to the next. It determines the ability of the surface d-
electrons to bind to several adsorbates [Rub97].

The d-band model was known since long time, but recently, Nørskov et
al.[Rub97] introduced a modification to the d-band model that correlates
changes in the energy center of the valence d-band density of states at the
surface sites with their ability to form chemisorption bonds; it better ratio-
nalizes the catalytic activity of the metals. According to their model, as the
d-band center shifts up, a distinctive antibonding state appears above the
Fermi level. The antibonding states above the Fermi level are empty, and the
bond becomes increasingly stronger as their numbers increase. Thus, strong
bonding occurs if the antibonding states are shifted up though the Fermi
level (and become empty), and weak bonding occurs if antibonding states are
shifted down through the Fermi level (and become filled). These researchers
demonstrated that a metal monolayer on different metal substrates is sub-
ject to a tensile or compressive force, determined by the substrate’s lattice
parameter. This strain can cause a variation on the d-band width, leading
to a shift in the d-band center to preserve the degree of d-filling [Lim07].

2.4.2 CO oxidation

The oxidation of carbon monoxide, CO, on well-defined electrodes, M, is
one of the most widely studied reactions. CO is the most frequent poison



2.5 Properties of Pt-group metals 15

in electrocatalysis, especially in the oxidation process of small organic mole-
cules such as formic acid [Kib03], and its elimination reaction is of both
applied and fundamental interest. At the same time, it has been proven to
be a popular and convenient molecular adsorbate. It provides a rich variety
of surface behaviours and is relatively easy to study by various methods.
As one goes toward the left of the periodic table, the tendency of CO dis-
sociation into C and O atoms increases, which bond directly to individual
hollow sites as in atomic adsorption. While for metals on the right side of
the periodic table, CO remains intact and bonds through its carbon end to
the surface, with the C-O axis perpendicular to the surface [Som94]. The
preferred adsorption site of CO depends at least on three factors: the metal,
the crystallographic face, and the CO coverage. The reaction product of CO
oxidation is CO2, which is not adsorbed on the surface. The oxidation of
adsorbed CO can be represented as following;

M − CO + H2O −→M + CO2 + 2H+ + 2e− (2.4)

2.5 Properties of Pt-group metals

The physical properties of Pt-group metals are in the following table:

Table 2.1: Properties of Pt-group metals [CRC90].

fcc Au Pt Pd Rh Ir Ag
Lattice constant [nm] 0.4078 0.3923 0.3889 0.3804 0.3839 0.4086
Melting point [◦C] 1064.4 1772 1554 1965 2410 961.9

2.6 Nanofaceting of surfaces

Faceting occurs when an initially planar surface converts to a ’hill and val-
ley’ structure, exposing new crystal facets of nanometer scale dimensions
[Som94]. This behaviour happens often when the surface is covered with a
strong adsorbate like oxygen. Consequently, such surfaces have nanostruc-
ture properties. The driving force for such transformations is the surface free
energy. It has been shown by theoretical calculations that faceted surfaces
are more thermodynamically stable than planar surfaces.
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Chapter 3

Experimental

3.1 Basic concepts of the experimental techniques

In this section a short overview of the theoretical aspects of the techniques
used in the present work is given. Cyclic voltammetry (CV) is a good
technique for a first characterization of metal/electrolyte interfaces. In order
to determine the potential of zero charge, the differential capacity (C) is
usually measured as a function of electrode potential.

3.1.1 Cyclic voltammetry

Cyclic voltammetry is a popular technique of electrochemistry, which is par-
ticularly powerful for initial studies of a new system. Using this method,
we get information about the type of reactions observed in a certain sys-
tem and the potentials at which they occur [Kib00a]. By means of CV the
cleanliness of an electrochemical system can be checked and the structure
of the electrode surface can be qualitatively judged, provided that reference
curves are available. CV can be as well used to determine the surface charge
by integration of the cyclic voltammogram.

CV involves changing the electrode potential between two limits at a
constant rate, called sweep rate. At the beginning, the working electrode
is held at a certain initial potential, possibly where no electrode reaction
occurs. Negative and positive potential limits are often chosen in aqueous
electrolytes to lie between the hydrogen and oxygen evolution potentials.
This offers the possibility that adsorbed impurities can be removed either
by oxidation or reduction [Ham07], because those might inhibit the elec-
trode process of interest. Plotting the measured current density against the
electrode potential gives the cyclic voltammograms.

Cyclic voltammograms are usually obtained in a three-electrode cell con-
taining working, counter and reference electrodes. The working electrode
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(WE) is the electrode whose properties are being studied. Current is passed
through the cell, between the working and another electrodes, the latter
called the auxiliary or counter electrode (CE). The potential of the working
electrode is measured with respect to a reference electrode (RE), whose po-
tential is, or regarded to be constant with time. Typical reference electrode
is the saturated calomel electrode (SCE), prepared using mercury in contact
with mercurous chloride and saturated KCl solution. If a current is passed
between CE and WE, a voltage drop arises within the solution between the
two electrodes. The part of the potential drop between WE and junction
point of the RE is called the IR drop, which adds to measured potential, and
as such, has to be minimized. For minimizing this voltage drop the junction
orifice of the reference electrode’s compartment, called the Luggin capillary
tip, is usually placed close to the working electrode.

The electronic part of the measurements comprises of potentiostat (Fritz
Haber Institute), AD/DA unit (DigiData 1200 type) and a PC with its ap-
propriate control software. The main role of the potentiostat is to control
the potential which, in case of CV is a constant term plus a sweep. The
current-to-voltage converter of the potentiostat makes the small currents
measurable for AD converter.

The capacitance measurements were performed with a lock-in amplifier
(Stanford Research System, SR 830 DSP) at 20 Hz similarly to that mea-
sured in other laboratories [Ham87] and a 10 mV peak-to-peak sinusoidal
perturbation.

3.1.2 Capacitance measurements

Capacitance measurements have played important roles in the formulation
of the structural models for the double layer. Most of the PZC values pub-
lished in the literature have been determined by observation of the mini-
mum on capacitance-potential, C(E), curve due to the contribution of the
diffuse part of the double layer to the capacitance. Because on C(E) curves,
peaks/humps due to the adsorption-desorption of certain substances can
often be observed, these processes can also be characterized by C(E) mea-
surements.

3.2 Experimental procedures

This part is devoted to the details of the experiment, which include cleaning
procedures, sample preparation methods, description of the electrochemical
cell, and a list of used chemicals.
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3.2.1 Glassware cleaning

Proper cleaning is necessary in order to avoid the problems associated with
impurities during the experiments. All chemicals, water, purging gas, and
glassware surfaces which get into contact with the solutions during the mea-
surements have to be extremely clean, otherwise the resulting CVs just as
the other measurement are without significance [Ham96].

The first step of the cleaning was an overnight soaking of all the glassware
used to prepare solutions in an acid bath composed of sulphuric acid and
hydrogen peroxide (caroic acid, with the ratio H2SO4:H2O2 being 3:1). The
cells used for electrochemical measurements were cleaned only with milli-Q
water (Sartorius, Germany, 18.2 MΩcm at 25 ◦C, TOC < 1 ppb), several
times and their cleanliness has been checked by recording a cyclic voltam-
mogram of a known system (Au(111) electrode in 0.1 M H2SO4). When
necessary, the electrochemical cell was also cleaned by soaking in the caroic
acid bath. The solutions were prepared with the highest purity of chemicals
available, in flasks cleaned with the procedure described above.

3.2.2 Sample preparation methods

In this work Au(111), Pt(111), Pd(111), Pd(100), Rh(111), Ag(111), Ir(111)
and Ir(210) single crystal electrodes were used. The surface area was 0.125
cm2 except for Rh(111) it was 0.07 cm2. The crystals were mounted to a
teflon holder by an appropriate (Au, Pt, Pd, Rh, W) wire attached to their
rear side.

Before each experiment, the crystals were annealed by inductive heating,
in a quartz tube, in a flow of nitrogen in case of Au, Pd and faceted Ir or in
a mixture of nitrogen and hydrogen for Ag, Pt, Ir and Rh for less than one
minute before each measurement. After annealing, the crstals were cooled
down slowly below 100 ◦C before contacting with 0.1 M H2SO4. The power
needed for the inductive heating was produced by a radio-frequency gen-
erator (Himmelwerk 2000, Tübingen, Germany), Fig. 3.1. The annealing
temperature was checked by an Impac ISR-12-Lo pyrometer. After anneal-
ing, the crystal was transferred to the electrochemical cell under 5N nitrogen
stream; then it was dipped in the solution to form a hanging meniscus, in
which the contact is made through formation of a meniscus between the
solution and the crystal face of interest [Dic76].
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Figure 3.1: Sketch of the induction heating equipment
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3.2.3 Electrochemical cell

The electrochemical measurements were performed in a three-compartment
electrode cell (Fig. 3.2).

Figure 3.2: Three-electrode glass cell for electrochemical measurements.
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3.2.4 List of chemicals and materials

All of the electrolytes have been prepared with milli-Q water (Sartorius,
Germany, 18.2 MΩcm at 25 ◦C, TOC < 1 ppb), and with the highest grade
of chemicals available. The list of the chemicals and materials used in this
work is presented in Table 2.2.1.

Table 3.1: Chemicals and materials used in this work.

Chemical Producer Purity Use
H2SO4 Merck p.a., 95− 97% caroic acid
H2SO4 Merck Suprapur, 96% electrolyte
H2O2 Merck Med. Reinst., 35% electrolyte
HClO4 Merck Suprapur, 96% electrolyte
HCl Merck Suprapur, 30% electrolyte
NaCl Fluka > 99.5 % electrolyte
KClO4 Fluka 99.5%, (twice-recrystallized) electrolyte
CuSO4 Aldrich > 99.5 % electrolyte
AgSO4 Fluka > 99.5 % electrolyte
PdSO4 Aldrich 98.5 % electrolyte
NaOH Merck p.a. electrolyte
D-Glucose Sigma 99.5 electrolyte
N2 MIT IndustrieGase 5.0 purge gas
H2 MIT IndustrieGase 5.0 purge gas
CO MIT IndustrieGase 5.0 purge gas

Scanning tunnelling microscopy

The scanning tunneling microscopy (STM) measurements have been done
by Felice Simeone.



Chapter 4

Pseudomorphic Cu
monolayers on Pd(hkl)

This chapter aims to detect the parameters that influence the Cu UPD on
Pd(111). It was planing to measure the PZC of the Cu monolayer on Pd(111)
electrode, but it was difficult, because the structure of the Cu UPD is very
sensitive. So that a trial to measure the PZC of the Cu(111) electrode was
reported.

4.1 Pd(111)

Fig. 4.1 shows the cyclic voltammogram for two Pd(111) single crystals in
0.1 M H2SO4: one with fewer defects and one with more defects. It has
been shown that the cathodic peak at -0.07 V in 0.1 M H2SO4 can serve as
a measure of average terrace width and the surface defect density. Thus, the
peak intensity diminishes with the decrease of the terrace width [Hos00].
We expect this measurement will determine the impact of the defect density
on the electrode quality.

Fig. 4.1 represents the electrochemical behavior of a freshly prepared
Pd(111) electrode. The electrode was immersed at 0.1 V, and the starting
potential was scanned in the negative direction. This voltammogram is in
good agreement with published data before from our laboratory [Kib03].

The small peaks around 0.09 V arise from a phase transition of the ad-
sorbed sulphate, and the peaks have been observed for many other surfaces
with hexagonal structure. Importantly, the order-disorder phase transition
peaks were very sensitive to the surface quality and were observed only on
clean, large and well-defined Pd(111) terraces [Wan00]. Sulphate desorbed
at -0.07 V and was accompanied by hydrogen adsorption. This leads to a
sharp peak, suggesting large well-ordered terraces and a low surface defect
density [Hos00].
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Figure 4.1: Current-potential curve for a freshly prepared well-ordered
Pd(111) electrode in 0.1 M H2SO4. Scan rate: 10 mV/s. The inset shows
the corresponding cyclic voltammogram for Pd(111) in 0.1 M HClO4. Scan
rate: 10 mV/s

In perchlorate solution, on the other hand, (inset of Fig. 4.1) this sharp
peak is very small, and this result is in contrast with Hoshi et al [Hos00], who
found no peak here. The absence of this peak may come from the reduction
of perchloric acid where perchloric ion decomposes to form chloride anion.

The hydrogen desorption/sulphate adsorption peak at -0.04 V is slightly
broader than the corresponding cathodic peak, meaning that the adsorption
process by hydrogen is faster than desorption. The oxidation of Pd(111)
observed at 0.8 V causes structure changes, which alter the subsequent
current-potential curves [Kib03]. Therefore, surface oxidation has been ei-
ther completely avoided or restricted to a single cycle into the oxide region.

After reporting the electrochemical behavior of Pd(111) in sulphuric acid,
the Cu UPD can now be addressed.
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4.1.1 Effect of the surface defect density on Cu UPD

Fig. 4.2 shows the cyclic voltammograms for Cu UPD on the previous
Pd(111) single crystals in 0.1 M H2SO4 + 1 mM CuSO4 with a scan rate
of 1 mV/s. The deposition starts with two current peaks: one at 0.17 V
and one at 0.145 V. The peak at 0.145 V for the well-ordered crystal (with
large terraces) becomes sharper than the less ordered crystal. As mentioned
before, the electrochemical behavior of Pd(111) depends on the well-ordered
surface and the sharpness of the hydrogen peak. This result suggests there
are strong attractive interactions between the anions and the surface that
yield large terraces. The deposition charge is about 550µC/cm2, and this
corresponds to approximately 1.1 Cu ML on Pd(111) (the calculated value
is 486µC/cm2). Naturally, one has to take into account the uncertainties
due to the double layer correction and the possibility of anion coadsorption.

Figure 4.2: Cyclic voltammogram of Pd(111) in 0.1 M H2SO4 + 1 mM
CuSO4. Scan rate: 1 mV/s.

Finally, two peaks are seen in the underpotential deposition region for
Cu UPD on Pd(111), and this is similar to Cu UPD on Pd(110) [Cue99].
This appears to be the first observation of the two adsorption states for Cu
UPD on Pd(111).

Preliminary experiments in our laboratory identified the Cu UPD on
Pd(111) shows one sharp cathodic peak on an electropolished Pd(111) elec-
trode [Cue99]. Other groups studied the Cu UPD on Pd(111) by flame an-
nealing of Pd(111) finding similar results to our results from before [Oka01,
Nak04]. So far, all preparation of Pd single crystal has been studied either
by flame annealing or electropolishing. The Cu UPD shows one sharp ca-
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thodic peak.

Figure 4.3: Cyclic voltammogram of Pd/Pt(111) in 0.1 M H2SO4 + 1 mM
CuSO4. Scan rate: 1 mV/s. The inset shows the corresponding cyclic
voltammogram for Pd/Pt(111) in 0.1 M H2SO4 . Scan rate 10 mV/s.

This voltammogram displays two adsorption states for Cu UPD. This
result agrees with previously published work where multiple states for Cu
UPD were observed on submonolayer coverage of Pd on Pt(111) [AA97].
The inset of Fig. 4.3 shows the CV of Pd deposition on Pt(111), and one
can see the adsorption of Cu onto Pd sites takes place at a potential roughly
250 mV more positive than that needed for Pd onto Pt. No in situ STM
measurement has yet confirmed the structure of Cu UPD on a freshly pre-
pared Pd(111) by inductive annealing method.

4.1.2 Effect of anions on Cu UPD

Fig. 4.4 shows the cyclic voltammogram for Cu UPD on Pd(111) in the
presence of 1 mM of different halogen anions. The Cu UPD in the presence
of chloride and bromide proceeds with one adsorption state, and there is
roughly a 40 mV difference between the cathodic peaks for chloride and
bromide with the more negative shift recorded for bromide. This means
the adsorption of bromide on Pd(111) is stronger than the adsorption of
chloride. Furthermore, the UPD in the presence of specific adsorption anions
is fast. This also displays that the Pd(111) surface interacts very strongly
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with the specifically adsorbed anions [Att95] and produces a single Cu
UPD peak. In contrast, Cu UPD on Pt(111) 1 mM chloride has a two step
adsorption process similar to Cu UPD on Pt(111) in pure sulphuric acid
[AA97]. This indicates that the Cu UPD on Pd(111) is a very sensitive
reaction for specific adsorption anions. In the presence of fluoride ions, the
Cu UPD peaks become broader. This means that fluoride adsorption is very
weak on Pd(111).
In summary, this result shows that anions can influence the UPD and the
structure of the adlayer as well as on the deposition kinetics.

Figure 4.4: Cyclic voltammogram of Pd(111) in 0.1 M H2SO4 + 1 mM
CuSO4 + 1 mM anions with scan rate: 1 mV/s.

4.1.3 Effects on the further oxidative potential for stripping
the copper

Fig. 4.5 shows the cyclic voltammogram for Cu UPD on Pd(111) in 0.1 M
H2SO4 + 1 mM CuSO4 with a scan rate of 1 mV/s after scanning to 0.6 V.
When further oxidative stripping of copper from a well-ordered monolayer
was carried out at potential excursions to 0.6 V, a remarkable change in the
CV was realized. The repetitive potential cycling of the Cu monolayer from
0.05 to 0.6 V has an impact on Cu UPD on Pd(111), thus indicating that
the first UPD peak starts to become large. This is because the well-ordered
flat surface becomes disordered, and the large terraces decrease in size. Or
in other words, the step structure changed due to oxygen species at the step.

Cu UPD on Pd(111) is a very sensitive system, even the SCE can disturb
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it. Thus, traces of Cl− ions can diffuse into the electrolyte, and the CV of Cu
UPD on Pd(111) changes. This has been proven by replacement the SCE
with Cu/CuSO4 electrode as a reference electrode. Using the Cu/CuSO4

electrode does not disturb the system, and the two step process for Cu UPD
on Pd(111) can be easily observed.

Figure 4.5: Cyclic voltammogram of Pd(111) in 0.1 M H2SO4 + 1 mM
CuSO4. Scan rate: 1 mV/s after scanning to 0.6 V
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4.1.4 Effect of immersion time on the Cu UPD

Fig. 4.6 shows the cyclic voltammogram for Cu UPD on Pd(111) in 0.1 M
H2SO4 + 1 mM CuSO4 with a scan rate of 1 mV/s after immersion at 0.05
V in 0.1 M H2SO4 for a long time. The long immersion time in sulphuric
acid (0.05 V) of this CV shows an effect on Cu UPD, displaying a single Cu
UPD peak. That means the long immersion time in 0.1 M H2SO4 might
change the well-ordered surface to a less ordered one; furthermore, surface
contamination must not be excluded. In other words, clean and well-ordered
surface structure is a prerequisite for the Cu UPD on Pd(111).

After stripping the Cu monolayer from the Pd surface, the phase tran-
sition peak still remains (is not shown here). This finding supports the
conclusion of the absence of Cu-Pd alloying. At the same time, the coinci-
dence of this voltammogram with another freshly prepared voltammogram
suggests the absence of uncontrolled surface contamination in the whole
experiment.

Figure 4.6: Cyclic voltammogram of Pd(111) in 0.1 M H2SO4 + 1 mM
CuSO4. Scan rate: 1 mV/s. After long time immersion in 0.1 M H2SO4

before Cu UPD.
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4.2 Pd(100)

Fig. 4.7 shows the typical cyclic voltammogram for Pd(100) single crystal
in 0.1 M H2SO4. This figure shows one cathodic peak at -0.08 V and one
anodic peak at -0.025 V this originating from the sulphate desorption and
hydrogen adsorption. [Hos02].

Figure 4.7: Current-potential curve for a freshly prepared well-ordered
Pd(100) electrode in 0.1 M H2SO4. Scan rate: 10 mV/s.
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Fig. 4.8 shows the cyclic voltammogram for Cu UPD on Pd(100) in
0.1 M H2SO4 + 1 mM CuSO4 with a scan rate of 1 mV/s. The deposition
starts with two cathodic peaks, one at ca 0.243 V and one at ca 0.225 V. The
charge associated with these peaks is about 425µC/cm2, and the calculated
value is 421µC/cm2 for a complete monolayer of Cu on Pd(100).
Finally, two peaks can be seen in the underpotenial deposition region for Cu
UPD on Pd(111) and Pd(100).

Figure 4.8: Cyclic voltammogram of Pd(100) in 0.1 M H2SO4 + 1 mM
CuSO4. Scan rate: 1 mV/s.
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4.3 PZC of Cu(111)

The purpose of this section aims to determine the PZC value of the Cu(111)
electrode. Published data on the double layer properties of copper single
crystal electrodes in aqueous solutions differ markedly. This inconsistent
data may come from the strong interaction between the Cu(111) surface
and oxygen. Copper single crystal electrodes are usually prepared by elec-
tropolishing in an aqueous solution of phosphoric acid [Sie84]; however,
electropolishing may yield less ordered surfaces.

To address this problem, the preparation method of Cu(111) single crys-
tal electrode had to be checked with a known system. Pb UPD on Cu(111)
is convenient because the Pb2+/Cu(111) system is influenced by traces of
oxygen and/or chloride ions [Bri95].

Pb UPD over Cu(111)

Cyclic voltammetry was used to characterize the surface quality of the elec-
trode. The voltammetric measurements were restricted to the potential
range where no oxidation of the copper surface occurred.
Fig. 4.9 shows the CV of Pb UPD over Cu(111) in 0.1 M HClO4 + 1 mM
Pb(ClO4)2 at 20 mV/s. This figure shows highly irreversible behaviour,
evidenced by the large potential separation between the Pb stripping and
deposition peaks. The UPD starts with a sharp peak around -0.29 V and
small peak at -0.316 V. The CV of Pb UPD in this work is in a good agree-
ment with Pb UPD of an electropolished Cu(111) single crystal electrode
[Vas05]. Since electropolishing techniques frequently lead to surface conta-
mination, the author believes this approach is less favorable compared to
inductive heating methods.
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Figure 4.9: Cyclic voltammogram of Cu(111) in 0.1 M HClO4 + 1 mM
Pb(ClO4)2. Scan rate: 20 mV/s. (prepared by inductive heating)
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After the surface preparation method for Cu(111) was checked against
that for Pb UPD, we then measured a CV of Cu(111) electrode in 0.1 M
HClO4.

Fig. 4.10 represents the cyclic voltammetry of annealed Cu(111) in 0.1
M HClO4 with a scan rate of 50 mV/s.

These measurements were performed in acidic media to prevent surface
oxidation. At -0.05 V, the dissolution of Cu(111) occurs; in the potential
region between -0.15 and -0.25 V, a passivating oxygen-containing adlayer
was formed. At more negative potential, hydrogen evolution starts. Close
to the hydrogen evolution peak there is another cathodic peak at ∼ -0.63 V
and its height increases with increasing the anodic potential. The origin of
this peak is not clear; it does not correspond to any anodic reaction where
the redeposition of copper is kinetically hindered [Fri04]..

Figure 4.10: Cyclic voltammogram of Cu(111) in 0.1 M HClO4

In Fig. 4.11 a capacitance measurement for Cu(111) in different con-
centration of ClO−

4 is shown. According to the Gouy-Chapman theory, the
capacitance minimum at -0.35 V, -0.41 V and -0.435 V for 1.0 mM, 5.0 mM
HClO4 and 0.1 mM HClO4 + 5 mM KClO4, respectively, has to be inter-
preted as the PZC because the capacity varies in a V-shaped fashion.

In general, the PZC of an electrode depends on its own properties. How-
ever, in the case of the copper electrode in Fig. 4.11, the PZC depends on
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the kind of electrolyte as well as on the pH. This makes our results difficult
to understand.

In light of this result, the determination of the PZC of Cu(111) electrode
in perchloric solution is difficult. However, when the average of these values
is taken (∼ -0.4 V), a linear relationship was found between the work func-
tion of Au(111), Ag(111), Cu(111) [Dwe73, Jia77] and the PZC of these
electrodes as shown from Fig. 4.12. In spite of this linear relationship pre-
dicted by Trasatti [Tra86], the author is skeptical about this value (-0.4
V) as a PZC of Cu(111). This result needs more investigation with especial
attention paid to the preparation of the surface since copper has a tendency
to undergo surface oxidation.

Figure 4.11: Capacitance - potential curves of Cu(111) in different concen-
tration of HClO4 at 20 Hz. Scan rate: 10 mV/s
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Figure 4.12: The relationship between the work function and the PZC
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4.4 Conclusion

1. It is concluded that well-ordered single crystals performed outside an
inert gas do not guarantee the existence of clean and ordered surfaces,
even at potentials that do not generate faradic reactions. Thus, atomi-
cally flat surfaces of Pd single crystals can be prepared by the inductive
heating method, and an inert gas is required during the transfer to the
electrolytic cell.

Copper UPD on Pd single crystals proceeds in two steps adsorption
process in which one monolayer of copper is formed prior to bulk de-
position. Halide ions impact the Cu UPD, as shown by a single UPD
peak. Repetitive potential cycling of Pd(111) between 0.05 and 0.6 V
has an effect on step sites, which shows a single Cu UPD peak.

2. The inductive heating method shows promise for surface preparation
of Cu(111) electrodes. The PZC of Cu(111) electrode shifts towards
positive potentials with decreasing pH of the solution.
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Chapter 5

Pseudomorphic Ag
monolayers

Double-layer properties including the determination of the PZC of Ag sin-
gle crystal electrodes have thoroughly been examined by the Valette group
[Val73]. The change in PZC with the crystallographic orientation [Val89,
Ham87] and its linear relation with the work function is well-known and
quantitatively described by Trasatti [Tra86, Tra77, Tra84]. Langkau and
Baltruschat have measured the PZC of Ag deposited onto Pt(111) as -0.48
and -0.72 V vs. SCE for one Ag monolayer and bulk silver in 0.005 M
NaClO4 solution, respectively [Lan02]. These values can be related with the
corresponding work function values of 5 eV for a Ag monolayer on Pt(111)
[Lan02] and 4.74 eV for pure Ag(111) [Dwe73].

We have extended such studies of Ag monolayers on various fcc(111)
single crystal surfaces (Au, Pd, Pt, Rh, Ir) to measure the PZC as so-called
Gouy-Chapman minima. Also systematic studies of the electrodeposition
of Ag monolayers on aforementioned surfaces have been addressed. The
transfer of Ag modified electrodes have been controlled to 0.005 M KClO4

solution within inert gas. The obtained results are compared with the PZC
of a massive Ag(111) electrode and correlated to the available work function
data.

5.1 Ag UPD

Fig. 5.1 shows the electrochemical characterization of the Rh(111), Pd(111),
Ag(111), Ir(111), Pt(111) and Au(111) substrates in 0.1 M H2SO4. (Pd(111)
and Ir(111) are also discussed in section 4.1 and 6.1, respectively). All the
CVs of the single crystal electrode surfaces which have been used in this
thesis are in excellent agreement with literature: Ag(111) [Sch03], Pd(111)
[EA02a], Au(111), Pt(111) [Cue99], Rh(111) and Ir(111) [Paj05], indicating



40 Pseudomorphic Ag monolayers

that the inductive heating yielded high quality surfaces as well as stable and
reproducible voltammograms. Since Ag is deposited in the underpotential
regime by forming at least one pseudomorphic, i.e., a (1x1) commensurate
monolayer, the characterisation of the single crystal surfaces by Ag under-
potential deposition was crucial for the present study.

Since Ag UPD is extremely slow on Rh(111) and Ir(111), the formation
of Ag monolayers will be discussed below. Fig. 5.2 shows typical voltam-
mograms for Ag UPD on Au(111), Pt(111) and Pd(111) single crystal elec-
trodes.
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Figure 5.1: Cyclic voltammogram of Rh(111), Pd(111), Ag(111), Ir(111),
Pt(111) and Au(111) in 0.1 M H2SO4
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Figure 5.2: Cyclic voltammogram of a) Au(111), b) Pt(111) and c) Pd(111)
in 0.1 M H2SO4 + 1 mM AgSO4. Scan rate: 1 mV/s.



5.1 Ag UPD 43

Figure 5.2a. shows the typical voltammogramm for the electrochemical
Ag deposition onto Au(111) from 0.1 M H2SO4 solution containing 1 mM
AgSO4 [Esp99, Oga95]. The deposition starts with a peak at 0.9 V in the
UPD region, followed by two current peaks at 0.51 V and 0.42 V. The charge
for the first peak was measured to about 112µC/cm2 corresponding to 0.33
monolayers (ML) of Ag [Esp99]. The coverage increases with scanning the
potential more negatively until a pseudomorphic Ag ML is formed at 0.44 V
[Esp99]. The charge for the peak at 0.42 V was 270µC/cm2 corresponding
to the second pseudomorphic ML of Ag, which is in good agreement with
published data [Esp99, Oga95]. Esplandiu et al. observed a layer-by layer
growth up to at least 10 monolayers in the overpotential deposition region
[Esp99].
For the present study, the electrode was immersed at 0.44 V and 0.40 V,
when one or two pseudomorphic Ag monolayers have been deposited, re-
spectively.

Figure 5.2b. shows a cyclic voltammogram of Pt(111) in 0.1 M H2SO4

+ 1 mM AgSO4, which is also in good agreement with published data
[Mar99, Per06]. This figure shows that the dissolution peak at 0.79 V
for the first Ag layer is rather sharp. A comparison with Ag UPD on a
Pt(111) surface with more defects shows that the sharpness of the peak can
serve as indicator of surface quality for the Pt(111) substrate. Marinkovic
et al. have studied this system by in situ surface X-ray scattering (SXS)
measurements and suggest that Pt(111) is free from Ag at 0.85 V, a pseudo-
morphic Ag monolayer is formed at 0.6 V, and an incommensurate expanded
second Ag monolayer is formed at 0.42 V [Mar99]. Recently, this system
has been studied by in situ STM, showing that characteristic anion adlayers
are formed on the Ag layers [Gna07].

In Figure 5.2c. is shown for the first time a voltammogram for Ag UPD
onto Pd(111). As in the case of Ag UPD on Au(111), there are several cur-
rent peaks corresponding to the formation the first Ag monolayer (around
0.7 V) and the second Ag monolayer close to the Nernst potential. The
formation of the second Ag adlayer is related with two peaks, the sharpness
of the more positive one being a quality criterion as checked with crystals
of different defect density. Possibly, an Ag superstructure is formed on the
terraces of the first pseudomorphic monolayer as a first step in the deposi-
tion of the second monolayer.

The charge densities for deposition of one pseudomorphic Ag monolayer
are in good agreement with the calculated values (222µC/cm2 for Au(111),
240µC/cm2 for Pt(111) and 245µC/cm2 for Pd). In the case of Ag on
Rh(111) and Ir(111), the charge densities for Ag dissolution in Ag+-free
sulphuric acid were in agreement with 256µC/cm2 and 251µC/cm2, respec-
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tively, though overlapping with the surface oxidation processes of the sub-
strates. It should be mentioned here that the characteristic hydrogen ad-
sorption peaks for Pt(111), Pd(111), Rh(111) and Ir(111) in 0.1 M H2SO4

are completely masked after the formation of an Ag monolayer. It seems
that surface oxidation may take place at more negative overpotentials when
a substrate is just freed from the Ag adlayer. This is demonstrated in Figure
5.3 for the Ag monolayer on Rh(111), where a substantial amount of sur-
face oxidation charge flows already during the Ag dissolution process. This
observation shows the well-known fact that sulphate adsorbed on Rh(111)
prevents from surface oxidation and shifts the process to more positive po-
tentials compared to perchloric acid.

Figure 5.3: Current-potential curve for the dissolution of an Ag monolayer
from Rh(111) in 0.1 M H2SO4 (solid line). A curve for a blank Rh(111)
electrode is shown for comparison (dashed line). Scan rate: 1 mV/s.

Note that the Ag UPD on Au(111), Pt(111) and Pd(111) involves the
deposition of two monolayers taking place in various steps. This has been
studied in detail for Ag on Au(111) by in situ STM [Esp99] and for Ag on
Pt(111) by in situ SXS [Mar99]. It is also seen in Fig. 5.2 that the deposi-
tion of a second silver monolayer takes place at rather small underpotential
shifts.

It is necessary to point out that, in case of Au(111), the electrode could
be immersed into the Ag solution at a positive potential, where silver depo-
sition does not yet occur without surface oxidation of the substrate taking
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place. In the other two cases, an Ag monolayer was directly formed by hold-
ing the respective Pd(111) and Pt(111) electrodes at 0.5 V whereas in the
case of Rh(111) and Ir(111), Ag was stripped close to the Nernst potential
after deposition of bulk silver at 0.36 V to yield a monolayer. This has been
done because the deposition was very slow. For the latter electrodes, surface
oxidation starts at potentials, which overlap with the Ag UPD processes.
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5.2 PZC measurements

The PZC has recently been measured for Pd(111) electrodes as well as for
pseudomorphic palladium monolayers electrodeposited onto Au(111) and
Pt(111) surfaces [EA02c, EA06]. The significant shifts in the PZC values
for these systems reflect alterations in the electronic structure of the metal-
lic monolayers. This has a remarkable impact on the binding energy for
various adsorbates which has been shown to be a crucial parameter for elec-
trochemical kinetics and electrocatalysis [Rub97, Rud03, Kib05, Kib06].
Unfortunately, an extended systematic study of the PZC for pseudomor-
phic palladium monolayers on other noble metal substrates is hampered by
chemisorption of hydrogen or specific adsorption of anions [EA06]. There-
fore we have chosen silver surfaces as model systems, which do not reveal
these strong interactions with aqueous solutions.

In Figure 5.4, among others a capacitance measurement for massive
Ag(111) in 5 mM KClO4 is shown. According to the Gouy-Chapman theory
the capacitance minimum at -0.7 V corresponds to the PZC. The obtained
value is in excellent agreement with published data from the seminal work
of Valette et al., where the PZC values of Ag(111) in 0.005 M NaF and in
0.005 M NaClO4 solutions were determined to be -0.69 V and -0.717 V vs.
SCE, respectively [Val73, Val89].

The PZC for Ag multilayers deposited at 0.35 V (ca. 1000 ML) onto all
single crystal substrates used in the present study is practically identical to
the PZC for a massive Ag(111). This indicates that these thick Ag layers are
still well-ordered and behave like massive Ag(111) electrode. Interestingly,
the same PZC value (i.e., -0.7 V) has been measured for the two monolayers
Ag over Au(111), Pt(111) and Pd(111) single crystal electrodes. This is
astonishing, because the atomic structure of the second Ag monolayer may
still deviate from the bulk material, as in the case of 2 ML Ag on Pt(111)
[Mar99]. However, it is seen that the second Ag layers are not significantly
influenced in their electronic properties by the underlying substrate.
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Figure 5.4: Capacitance - potential curves of Ag(111) and pseudomorphic Ag
monolayers on Au(111), Pt(111), Pd(111), Rh(111) and Ir(111) measured
in 5 mM KClO4 solution at 20 Hz. Scan rate: 10 mV/s

The situation dramatically changes when inspecting the PZC of a single
Ag monolayer deposited onto the different substrates. The corresponding
C(E) curves are shown in Fig. 5.4. For clarity, only the potential regions
around the capacitance minima are shown. However, it should be mentioned
that at negative potentials the double-layer capacitance reaches a value of
about 20µF/cm2, a value which is often observed for a well-defined surface
electrodes such as Au(111) and Ag(111), where the roughness factor is unity
[Val89]. The most eye-catching point is that the PZC values for the var-
ious pseudomorphic Ag monolayers vary over a broad potential region of
more than 0.3 V (see Table 5.1). This means that variations in chemical
and physical properties of metallic monolayers may also be reflected in the
location of the PZC.

No capacitance minimum was found for Ag deposited onto Ru(0001),
even when a Cu adlayer was displaced by Ag as suggested by Adzic et al.
[Bra01]. However, the latter method could be successfully applied for Ag
on Pt(111), for example, where the PZC value could be well reproduced.

At present, unfortunately, there is only limited work function data for
pseudomorphic Ag monolayers available (Table 5.1). However, a linear rela-
tion like that given by Trasatti [Tra86, Tra77, Tra84] can also be antic-
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ipated for PZC and work function of pseudomorphic monolayers, which is
reported here for the first time. There is no systematic dependence of PZC
on the lattice constants of the substrates (Table 5.1), which is supposed
to be adopted by the Ag monolayers (see above). While practically all Ag
monolayers under study are more or less compressed, the PZC is found to
be shifted either towards more positive or more negative values, compared
to the properties of bulk silver.

Admittedly, there is no proof for pseudomorphism in the case of Ag
monolayers on Pd(111), Rh(111) and Ir(111), although we strongly assume
(1x1) structures also in these cases. On the other hand, we found that the
PZC of an Ag superstructure, corresponding to a coverage of 0.33 [Esp99],
is identical with the value for a full adlayer. Similarly, it has recently been
reported by Jerkiewicz et al. [Per06] that the pseudomorphic Ag monolayer
on Pt(111) is going to be compressed when a second Ag layer had been de-
posited and dissolved again. However, we could not detect any change in
PZC for Ag on Pt(111), which might occur after such structural transfor-
mation.

Besides the work function, other electronic properties of metallic mono-
layers are also expected to deviate from bulk values. Donner et al. [Avc06]
have recently observed that not only the work function of an Ag monolayer
on Au(111) is increased (Table 5.1), but also the binding energy for the
3d core levels as measured by XPS is lowered by 0.16 eV. The same au-
thors observe bulk properties for the second Ag layer on Au(111) [Avc06],
which strongly supports our findings for the PZC. In the same way, it may
be useful to compare the PZC values from our work with calculated shifts
in the so-called d-band centre for the same pseudomorphic Ag monolayers
[Rub97]. Such a comparison is shown in Fig. 5.5, demonstrating that the
observed trends for shift in measured PZC and calculated d-band centre
shift are identical. A direct impact of the location of the d-band centre on
the work function (and the PZC) of Ag is not expected, since the value of
the silver d-band centre is -4.30 eV relative to the Fermi level. However,
we strongly believe that both the results of the present experiments and the
theoretical calculations for the same systems are related with the same, yet
unknown, physical origin.

Since the d-band model itself predicts a strong dependence of adsorbate
(e.g., hydrogen or carbon monoxide) binding energies on the energetic lo-
cation of the centre of the d-band [Rub97], the observed significant shifts
in PZC values for the Ag monolayers might have a strong impact on elec-
trosorption and electrocatalytic processes. Indeed, it has recently been ob-
served that an Ag monolayer deposited onto Au(111) reveals a considerable
electrocatalytic activity for glucose oxidation, while Ag(111) itself is com-
pletely inactive for this reaction [Aou04]. Such considerations make our
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Figure 5.5: Comparsion of experimentally obtained PZC values for pseudo-
morphic Ag monolayers with calculated shifts in d-band centre. The latter
data are taken from Ref. [Rub97].

study useful for exploring basic principles for relations between the elec-
tronic structure of bimetallic electrodes and their activity towards certain
electrochemical or electrocatalytic reactions.
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Table 5.1: Properties of pseudomorphic Ag monolayers deposited
onto various single crystal electrodes.

Electrode PZCb Latt. const.c Φd d-bande

AgML / Au(111)a -0.50 0.40786 4.87 [Avc06] 0.12
AgML / Pt(111) -0.48 [Lan02] 0.39231 5.00 [Lan02] 0.19
AgML / Pd(111) -0.60 0.38898 - 0.15
AgML / Rh(111) -0.80 0.38043 - -0.08
AgML / Ir(111) -0.80 0.38394 - -0.09
Ag(111) -0.70 (cf. [Val73] ) 0.40864 4.74 [Dwe73] 0.00

a PZC of Au(111) = 0.23 V [Dak99].
b values of the experimentally measured PZC (V) obtained during the
course of this study vs. SCE.
c values of the lattice constant (nm) [Gra72].
d Φ is the work function (eV), ΦAu(111) = 5.26, ΦPt(111) = 5.93 [Iwa99].
e values of the shift in d-band centre (eV) [Rub97].
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5.3 Electrocatalytic activity of Ag monolayers

UPD of foreign metal monolayers over noble metal surfaces has been shown
to give unique properties, which are often completely different from the in-
dividual components [Bal96]. For instance, the Ag(111) single crystal elec-
trode is inactive for glucose oxidation, while Au(111) shows better electro-
catalytic activity for this reaction. Surprisingly, the electrocatalytic activity
of the later electrode can be greatly enhanced towards this reaction by the
formation of a Ag monolayer on it [Aou04]. In the previous section, it was
shown that Ag monolayers on different single crystal substrates of (111) ori-
entation can substantially shift the PZC of these modified substrates either
to positive or negative potential with respect to massive Ag(111). The fol-
lowing section deal with the effect of Ag adlayers formed over the aforemen-
tioned electrodes on their electrocatalytic activity towards glucose oxidation
reaction in an alkaline solution. This reaction was taken as an example which
shows to what extent the catalytic activity of submonolayers and monolayers
of Ag adatoms modified electrodes differ from both substrate and deposited
metal.

5.3.1 OH adsorption at Ag monolayers

Fig. 5.6 shows the CVs of the massive Ag(111), 1 ML Ag/Au(111) and
1 ML Ag/Pt(111) in 0.1 M NaOH. This figure displays that the Ag(111)
electrode shows a CV behaviour which agrees with earlier reports [Ste98,
Jov99]. Briefly, a characteristic broad anodic peak centered at around -0.65
V is observed, which is attributed to the initial stages of OH adsorption
[Ste98, Jov99], whereas a desorption peak with a shoulder was observed at
around -0.65 and -0.7 V, respectively. At 0.065 V, the Ag dissolution occurs
by forming an Ag-OH monolayer, while the next peak located at around
0.11 V is associated with the formation of a compact Ag2O layer. The
AgML/Au(111) and AgML/Pt(111) electrodes show an entirely different be-
haviour compared to massive Ag(111). Both electrodes give two well-defined
redox peaks. 1 ML Ag/Au(111) shows a couple of anodic peaks at ca -0.65
and -0.55 V, while this couple is observed at ca -0.7 and -0.65 V for 1 ML
Ag/Pt(111) which might be attributed to the formation of a superstructure
of OH. The presence of a single broad peak in the case of the massive Ag(111)
might also be an indication of the formation of a random structure of OH. It
can be seen from this figure that the adsorption process is shifted to negative
potential for 1 ML Ag/Pt(111) compared to 1 ML Ag/Au(111) electrode. In
terms of chemical bond, the OH adsorption on 1 ML Ag/Pt(111) is stronger
than on 1 ML Ag/Au(111). At the same time, charges for OH adsorption
peaks in case of AgML/Au(111) is ca 50µC/cm2, whereas charges of OH
adsorption peaks for AgML/Pt(111) is ca 80µC/cm2. The sharp peaks for
AgML/Pt(111) might indicate that the AgML/Pt(111) surface forms a well-
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ordered superstructure from the OH, whereas the AgML/Au(111) forms a
less ordered structure.

For the massive Ag(111), charges of OH adsorption are ca 40µC/cm2.
Thus, the order of the OH superstructure formation decreases in the order
AgML/Pt(111) > AgML/Au(111) > Ag(111).

Figure 5.6: CV of Ag(111), 1 ML Ag/Au(111) and 1 ML Ag/Pt(111) in 0.1
M NaOH.

5.3.2 Glucose oxidation at Ag monolayers

Electrocatalytic oxidation of sugar is of significant interest, because of its
great importance in bio sensing applications, especially in human blood
in addition to their potential use as fuel for fuel cell application (sugar-
air battery) [BA03]. Choosing such reaction arises from that the oxida-
tion potential of sugar starts at a relatively negative values compared to
the dissolution of Ag ML. After checking for cleanliness and surface qual-
ity in 0.1 M H2SO4 for (111) surfaces, the electrodes were transferred to
a second cell filled with 0.1 M H2SO4 + 1 mM AgSO4 for silver depo-
sition. A well-defined CV was obtained (see Fig. 5.2). Fig. 5.7 repre-
sents the positive going scan of the CVs for the glucose oxidation at the
Ag modified Au(111), Pt(111), Pd(111), Rh(111) and Ir(111) electrodes
after thoroughly rinsing with Milli-Q water (free from oxygen) and being
transferred, within an inert gas, to another cell containing 0.1 M NaOH
and 10 mM D-glucose. The criterion for the activity was taken by the
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onset potential of the glucose oxidation. Figure 5.7 shows that the elec-
trocatalytic activity of Ag ML modified (111) surfaces decreases in the or-
der AgML/Pt(111) > AgML/Pd(111)> AgML/Au(111)> AgML/Rh(111) >
AgML/Ir(111). Where the onset potentials of the glucose oxidation for,
AgML/Pt(111), AgML/Pd(111), AgML/Au(111) and AgML/Rh(111) are -
0.8, -0.75, -0.7 and -0.65, respectively. AgML/Ir(111) was inactive for glu-
cose oxidation. Although the onset potential for the glucose oxidation on
AgML/Pt(111) and AgML/Pd(111) is lower than AgML/Au(111), the later
electrode supports a significantly higher anodic currents.

Figure 5.7: CVs of D-glucose oxidation at Ag monolayer modified (111)
electrodes. Scan rate: 50 mV/s.

It has been assumed that a pseudomorphic Ag ML would enhance the
OH adsorption on the bare Au(111) electrode [BA03]. This can be under-
stood from charges of the OH adsorption. The charge for OH adsorption on
AgML/Pt(111) surface is higher than AgML/Au(111) and higher than the
massive Ag(111) (see the discussion above).

Aoun et al. have considered the formation of Au-OH active sites as a
primary prerequisite for the starting of the glucose oxidation at more neg-
ative potential for Ag on Au(111) [BA03]. It seems that the adsorption of
the OH is one important (but not the only) factor which has an effect on
the glucose oxidation at Ag ML. But the formation of Au-OH as active site
for glucose oxidation does not fit to pseudomorphic Ag monolayers. It is
assumed that the Au(111) and Pt(111) surfaces are completely covered with
Ag ML [Esp99, Mar99]. This means that such active sites are absent on Ag
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ML. Another equally important parameter to be checked, is the electronic
perturbation of both the substrate and the Ag ML which is believed to play
an important role for this reaction as well.

It has been suggested that the large variation in the electrocatalytic
properties can be correlated to variations in the electronic structure of the
surface atoms [Gre06]. For example, it has been found that the origin of
the difference in hydrogen evolution reaction (HER) activity for a pseudo-
morphic Pd monolayer on different substrates might be correlated to the
variations in the electronic structure of the Pd monolayer [Gre06]. Consis-
tently, Adzic et al. have shown that a relatively moderate value (not too
high and not too low) of the d-band center would impart a suitable inter-
action between the O2 molecules and the catalyst surface, thus, leading to
the best catalytic activity towards the oxygen reduction reaction [Sha06].
This correlation can also be observed for the glucose oxidation at a pseudo-
morphic Ag monolayer over (111) surfaces. The current densities at -0.6 V,
obtained from Fig. 5.7 for the glucose oxidation at Ag ML modified (111)
surfaces, were plotted as a function of the calculated shifts in d-band center
and are shown in Fig. 5.8. The shift in the d-band center values were taken
from ref [Rub97]. A volcano-like curve was observed. For a AgML/Au(111)
surface, the maximum activity tops the volcano curve. As discussed before,
the local d-band center determine the adsorption properties of transition
metal surfaces [Rub97]. Thus, the higher energy of the d states corresponds
to the stronger bonds between the adsorbed atom and the surface [Gre06].
As is the case for AgML/Pt(111) and AgML/Pd(111). Likewise, the lower
energy of the d states corresponds to the weaker bonds between the ad-
sorbed atom and the surface, such as AgML/Rh(111) and AgML/Ir(111).
Thus, the highest activity of AgML/Au(111) was related to the moderate
shifts in the d-band center (equal 0.12 eV) in this system, which facilitates
the OH adsorption neither too weak nor too strong. It seems that the role of
the adsorbed OH, at the Ag modified surface, in determining the catalytic
activity appears less important than the electronic effects.

Fig. 5.8 can help us to predict and thus improve the electrocatalytic
behaviour of the Ag modified surface for the glucose oxidation. This would
be achieved by studying the electrocatalytic behaviour of other metal sub-
strates modified Ag ML with values of the d-band center lying between 0.1
and 0.075 eV, which are expected to support high current densities for the
glucose oxidation.

Finally the proposed mechanism for the glucose oxidation at the Ag
modified (111) surfaces, denoted as M, is: firstly, OH adsorption on M.
Secondly, glucose adsorption within the dehydrogenation at carbon atom C1

(the weakly bound hydrogen atom). Thirdly, the glucose oxidation occurs.
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In the flowing equations, a representative scheme for the glucose oxidation
at the Ag modified (111) surfaces.

OH− + M →M −OH + e− (5.1)

R− CH = O → R− C∗ = O + H+ + e− (5.2)

R− C∗ = O + M −OH → R− COOH + M (5.3)

where: R = CH2OH (CHOH)4

Figure 5.8: Comparison of experimentally obtained current density at -0.6
V for D-glucose oxidation at Ag monolayer modified (111) electrodes with
calculated shifts in d-band center.

5.3.3 Glucose oxidation at Ag adlayers modified Au(111)

Because the AgML/Au(111) gives the highest currents, the glucose oxidation
reaction has been carried out at Au(111) electrode with different extent of
coverage of Ag: 1/3, 1 and 2 ML Ag.

The CVs (shown in Fig. 5.9) corresponding to the glucose oxidation have
been measured in 0.1 M NaOH containing 10 mM D-glucose at Au(111) elec-
trode with different surface coverage of Ag adlayers. For Ag deposition over
the Au(111) substrate, the final scanning potential was carefully selected
either for a deposition of 1/3, 1 or 2 monolayers namely, at 0.88, 0.44 and
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0.39 V, respectively. This figure shows clearly that the onset potential of
the glucose oxidation starts around -0.6 V at the Au(111) electrode and this
potential is shifted to around -0.69 V at Au(111) electrode modified with
either 1/3 ML or 1 ML of Ag. However, the Au(111) electrode modified
with ≥ 2 ML of Ag showed no catalytic activity towards the glucose oxida-
tion reaction. Therefore, Ag multilayer behave similar to massive Ag(111).
Interestingly, 1/3 ML Ag/Au(111) and 1 ML Ag/Au(111) give similar cat-
alytic effect towards this reaction. This observation might be explained in

Figure 5.9: CVs of D-glucose oxidation at Ag adlayers modified Au(111)
electrode.

view of the similar value of the PZC measured at both the two electrodes i.e,
(PZC1/3ML = PZC1ML = -0.5 V, this value is a moderate one between the
Au(111) and Ag(111) single crystal electrodes, see section 5.2). This might
imply that a similar electronic effects of the 1/3 and 1 ML of Ag on the un-
derlying Au(111) is taking place, on the one hand. On the other hand, the
deposition of 2 ML of Ag on the Au(111) result in a PZC of -0.7 V similar
to that of massive Ag(111). Thus, it would be argued that the 2 ML of Ag
have the same electronic properties of a massive Ag(111) and consequently
showed a similar inactive bahaviour towards the glucose oxidation reaction.
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5.4 Conclusion

1. Pseudomorphic Ag monolayers on Au(111), Pt(111), Pd(111), Rh(111)
and Ir(111) substrates can be obtained by electrochemical deposition
in the underpotential regime or after controlled stripping of bulk de-
posited Ag. These monolayers show significant shifts in PZC of the
relevant single crystal substrates to more positive or negative values
(in a range of 0.32 V) in comparison to massive Ag(111) demonstrating
altered electronic properties for the silver surface. The observations
are in good agreement with available data on electronic structure and
related shifts in the d-band, which were obtained by various groups
both in experiment and by theoretical calculations. Thus, a systematic
study on variations of the PZC for a metallic monolayer is presented
for the first time.

The analysis of basic relations between electronic structure and elec-
trochemical activity for well-defined model electrodes is believed to
be of high relevance for electrocatalysis. It is assumed that such fun-
damental work can also be applied to tailor the properties of real
electrocatalysts including nanoparticles.

2. Ag adlayer modified Au(111) electrodes acted as good electrocatalysts
for glucose oxidation in alkaline solution, and the best improvement
compared to the bare Au(111) single crystal electrode was obtained
with Ag one-third and 1 monolayer modified Au electrode.

The activity of the Ag modified electrode of (111) orientation corre-
lates with the shifts in the d-band center for the glucose oxidation re-
action in alkaline solution. Plots of the kinetic current of the glucose
oxidation reaction on the Ag modified electrodes showed a volcano-
type dependency on the shifts of the d-band center.
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Chapter 6

Electrochemical behavior of
Ir single crystals

This chapter discusses the electrochemical behavior of Ir(111) and Ir(210)
single crystal surfaces.

6.1 Electrochemical behavior of Ir(111)

Electrochemical studies of platinum single crystals and other noble metals
have been performed in our laboratory [Kib00b, EA02c, EA02a, EA02b].
The present study with Ir(111) electrode is a continuation of these efforts.

The electrochemical behavior of Ir single crystal surfaces has recently
been studied after preparing the electrodes by inductive heating in reducing
gas atmosphere [Paj05]. The characteristic voltammetric behaviour as re-
ported in literature could be easily reproduced [Wan99, Mot84]. It should
be emphasized that the flame annealing and quenching method is restricted
to very small crystals (< 2mm). Lager samples as used in our work require
inductive heating and cooling in the absence of oxygen.

The aim of the present work is to explore the behaviour of the Ir(111)
electrode in perchloric acid solution in comparison to sulphuric acid.

6.1.1 Characterization of Ir(111) in 0.1 M H2SO4

In order to check the quality of the Ir(111) electrode, a CV was measured.
Figure 6.1 shows the CV of Ir(111) in 0.1 M H2SO4. The electrode potential
was first scanned in negative direction from -0.2 V and reversed at a potential
near the hydrogen evolution reaction. The sharp peak around -0.25 V can
be interpreted as hydrogen adsorption/sulfate desorption [Paj05]. A similar
sharp peak was recorded for Rh(111) in a sulfuric acid solution [Wan95].
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This voltammogram is in good agreement with curves published before
by Wan and Motoo [Wan99, Mot84] indicating the high quality of the
prepared Ir(111). The characteristic sharp peak shown in Fig. 6.1 is un-
changed in shape and height by several potential cycles between -0.28 and
0.9 V. This suggests that no surface restructuring took place in this potential
range. When the potential was scanned to more positive potential (>1 V),
the peak height gradually decreased [Wan99, Mot84]. This indicates that
the Ir(111) surface becomes disordered. Therefore Ir(111) was restricted to
potentials < 0.9 V in our measurements. It should also be mentioned that
adsorbed sulfate prevents from surface oxidation.

Figure 6.1: Cyclic voltammogram of Ir(111) in 0.1 M H2SO4. Scan rate: 50
mV/s.

6.1.2 Characterization of Ir(111) in 0.1 M HClO4

Fig. 6.2 shows the cyclic voltammogram of Ir(111) in 0.1 M HClO4. To
compare between the double-layer region of Ir(111) in sulfuric acid and in
perchloric acid solution, the double-layer region of Ir(111) in 0.1 M H2SO4

was inserted in Fig. 6.2.
This Figure shows that the double layer region of Ir(111) in perchloric

acid solution is much more narrow than in sulfuric acid solution. It only ex-
tends from 0.0 to 0.5 V. The hydrogen adsorption reaction in HClO4 starts
around 0.0 V. An almost reversible peak for the initial stages of surface
oxidation is seen at 0.6 V. Thus difference is attributed to the very strong
interaction of sulfate with the Ir(111) surface. Sulfate forms an ordered
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Figure 6.2: Cyclic voltammogram of Ir(111) in 0.1 M HClO4. The double
layer region of CV for Ir(111) in 0.1 M H2SO4 is shown for comparison. Scan
rate: 50 mV/s.

(
√

3×
√

7) adlayer, which prevents from surface oxidation and which causes
the extremely sharp hydrogen peak. Polarization of the electrode in the hy-
drogen evolution region leads to sharper peaks in the so called double layer
region. If the peak at 0.6 V was rather sharp a small reversible peak at 0.4
V has been observed. To our knowledge this peak has been observed for the
first time. It is supposed that the peak at 0.4 V is a good criterion for high
surface quality. To clarify the origin of this peak, CV of different pH values
have been performed.

Fig. 6.3 shows the CVs of Ir(111) in 0.1, 0.01 and 0.001 M HClO4 with a
scan rate of 50 mV/s. The small reversible peak at 0.4 V shifts gradually to
more negative potential by increasing the solution pH (110 ± 10 mV/pH).
This peak exits only in perchloric acid solution and not in sulphuric acid.
This behaviour was only found for well-ordered Ir(111) surfaces in contact
with perchloric acid solutions.

Plotting of the anodic peak potential vs. the solution pH for the small
reversible peak, resulting in a straight line with a slope close to 110 mV as
shown in Fig 6.4.
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Figure 6.3: Cyclic voltammogram of Ir(111) in x M HClO4. Scan rate: 50
mV/s.

Figure 6.4: The relationship between the pH and the small reversible anodic
peak potential of Ir(111) in x M HClO4.
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6.1.3 Oxygen reduction at Ir(111)

Due to the pH dependence of the observed peak at 0.4 V it is assumed
that this reversible peak is related with the adsorption of a charged oxygen
species. Possible reactions are:

2H2O −→ O2−
2(ads) + 4H+ + 2e− (6.1)

H2O −→ O−
(ads) + 2H+ + e− (6.2)

2H2O −→ O−
2(ads) + 4H+ + 3e− (6.3)

These reactions would be in agreement with the pH dependence of the peak
potential, which significantly deviates from 60 mV/pH.

Furthermore, the oxygen reduction reaction commences just at the po-
tential of this small peak (see Fig. 6.5). Fig. 6.5 shows the CV of the oxygen
reduction reaction over Ir(111) in 0.1 M HClO4 with and without O2 at a
scan rate of 50 mV/s.

Based on density functional theory calculations, the occurrence of charged
O2 molecules on Ir(111) in the dissociative adsorption of oxygen has been
reported by Mavrikakis et al. [Xu02]. Further evidence by spectroscopy or
theoretical calculations is still needed for a safe assignment of the process
related with the small current peak.

Figure 6.5: Cyclic voltammogram of Ir(111) in 0.1 M HClO4 with and with-
out O2. Scan rate: 50 mV/s.
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6.2 Electrochemical behaviour of Ir(210)

Highly-dispersed nanostructures are often used to catalyze electrochemical
reactions. Unfortunately not all nanostructures have the same size and
shape, but show a relatively large distribution. A proper solution for this
problem could be achieved by the formation of well-defined nanostructures
or facets on single crystal surfaces, which have already been used as model
systems for studying structural sensitivity in catalytic reactions [Che06].

Faceting can be understood as a morphology change from a flat surface
to a hill-and-valley structure [Som94]. The phenomenon of faceting has been
recognized since many years for W(111) surface covered with a suitable ad-
sorbate like Cl2 gas [Bon80].

It has been shown that Ir(210) tends to form nanofacets under ultra
high vacuum (UHV) condition in the presence of oxygen [Erm05], and
the size of the facets increases with increasing the annealing temperature.
Low energy electron diffraction (LEED) and scanning tunnelling microscopy
show nanometer-scale pyramids for Ir(210), exposing facets of (311) and
(110) orientations after oxygen adsorption with a coverage > 0.5 monolayers
[Erm04, Erm05]. Oxygen can subsequently be removed from the surface via
reaction with hydrogen to form water at ∼ 400 K. During this reaction the
faceted structure is not affected. The resulting clean faceted surface remains
stable for temperatures as high as 600 K compared to 400 K. Above this
temperature, the surface irreversibly relaxes to the planar surface [Erm04].

Moreover, theoretical calculations confirmed that in the presence of oxy-
gen the faceted surface is thermodynamically more stable than the planar
surface [Kag08a] i.e, the surface free energy of the faceted surface is lower
than that of the planar surface when oxygen is adsorbed.

In the following, a rather simple method to prepare a faceted Ir(210)
single crystal surfaces outside a UHV system is reported. Also the electro-
chemical behaviour and the stability of the faceted surface in an aqueous
solution were investigated.

6.2.1 Characterization of Ir(210) in 0.1 M H2SO4

In order to characterize the electrochemical behaviour of the Ir(210) elec-
trode in 0.1 M H2SO4, a cyclic voltammetry and in situ STM measurements
were carried out. Fig. 6.6 shows the CV for freshly prepared Ir(210), which
has been prepared by inductive heating and cooled down for 1.5 min in a
mixture of N2 + H2. The hydrogen region in Fig. 6.6 shows three peak
around -0.25, -0.18 and -0.045 V. It assumed that this CV is characteristic
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of the open Ir(210) surface (planar surface) in sulfuric acid, because it was
shown that the unreconstructed surface of Ir(111) and Ir(100) has prepared
with N2 and H2 gases [Paj05, Paj07]. As reported previously for Ir single
crystals, the peaks in this potential region have been explained as hydrogen
adsorption/sulfate desorption [Mot84, Wan99, Paj05, Paj07].

Figure 6.6: Cyclic voltammogram of Ir(210) in 0.1 M H2SO4 prepared with
inductive heating in presence of N2 + H2. Scan rate: 50 mV/s.

Alternatively, Ir(210) forms a nanofaceted structure after oxygen adsorp-
tion in a UHV system [Erm05]. In order to investigate this behaviour, we
prepared the Ir(210) with a different cooling atmosphere. The crystal was
annealed by inductive heating and cooled in N2 atmosphere, which contains
traces of oxygen. The characteristic CV is shown in Fig. 6.7.
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Figure 6.7: Cyclic voltammogram of Ir(210) in 0.1 M H2SO4 prepared with
inductive heating in presence of N2. Scan rate: 50 mV/s.

This CV shows a sharp peak in hydrogen region at -0.2 V and a small
peak at -0.07 V, which are attributed to hydrogen adsorption/sulfate des-
orption. There are two small peaks around 0.25 and 0.27 V and these peaks
might be for OH adsorption/desorption [Paj07]. This CV is stable and
there is no change during cycling in potential range -0.28 < E < 0.4 V.
Thus, the nanofaceted structure in sulfuric acid is stable. Because we are
interested in nanostructure properties, only the nanofaceted Ir(210) surface
was investigated by in situ.

In Fig. 6.8 is shown an STM image (125 nm x 125 nm) which was taken
at 0.4 V. It is clearly seen that triangular structures are present. The av-
erage size of these triangles is about 20 nm. A comparison of these results
with those observed in a UHV system [Erm05] makes it clear that it is pos-
sible to mimic the preparation method in UHV with inductive heating and
cooling in N2 for preparing nanofaceted Ir(210). However, the average size
of the nanofacets is slightly lager than that obtained in UHV [Erm05].

As mentioned above, we assume that sulfate is specifically adsorbed on
the faceted surface. The adsorption of sulfate is seen on the Ir(110) facets
of the pyramid structure [Sim08]. According to these results the way to
produce a nanofaceted surface outside a UHV system is to anneal the Ir(210)
single crystal to 1000 ◦C in the presence of nitrogen gas which contains traces
of air. The needle peak of CV in sulfuric acid solution can serve as indicator



6.2 Electrochemical behaviour of Ir(210) 67

Figure 6.8: STM image of Ir(210) in 0.1 M H2SO4 at 0.4 V, prepared with
inductive heating in presence of N2 (Courtesy of F. C. Simeone)

for the presence and quality of the facet nanostructure surface.

6.2.2 Characterization of Ir(210) in 0.1 M HClO4

Fig. 6.9 shows the voltammograms for planar and faceted Ir(210) in 0.1 M
HClO4. A variety of peaks can be recognized in the hydrogen adsorption
region, i.e., at potentials between -0.3 and 0.1 V. These might be attributed
to well-ordered domains of unreconstructed Ir(210) in the case of the planar
surface or to the (110) and (311) faces for the faceted surface. When going
towards the faceted surface, three peaks are emerging around -0.10 ± 0.05
V, while the peak at -0.25 V is decreasing. Even more evidently, a relatively
sharp reversible peak at 0.22 V is related to the presence of nanofacets on
the surface (Fig. 6.9). This peak is probably related to the initial stages of
OH adsorption from water and absent in the case of planar Ir(210).
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Figure 6.9: Cyclic voltammograms for planar and faceted Ir(210) in 0.1 M
HClO4. Scan rate: 50 mV/s.

The in situ STM image shown in Fig. 6.10 was recorded for faceted
Ir(210) in 0.1 M HClO4 after measuring the respective voltammogram in
the electrochemical cell (see Fig. 6.9). The electrode was contacted with
the solution in the STM cell at 0.4 V. The surface consists of pyramids with
facets of different orientation with slightly different size. It can be seen in
Fig. 6.10 that the pyramids are uniformly distributed. Moreover, there are
no planar zones alternating with the pyramids. The vertical distance be-
tween two consecutive pyramids-extremes (apex/valley) never exceeds 3 nm
and the average width at the basis of the pyramids is 30 nm. It should be
mentioned here that the size of the pyramids changes slightly for various
measurements, pointing out that subtle differences in the preparation pro-
cedure (e.g., different annealing times and/or temperatures) may influence
the faceting process. By carefully watching the disposition of the pyramids,
some order can be seen. The pyramids seem to share one edge along which
they align. This could be a consequence of the faceting mechanism.

The STM measurements give also the opportunity to estimate the tilt
angle that the different facets form with the horizontal plane of the STM
images. The (311) facet forms a tilt angle of 18 ± 2 ◦, a value already ob-
tained with different techniques by Madey and co-workers [Erm04]. For
the other facet, the angle results to be 9± 2 ◦ and indicates the presence of
a superstructure formed by the Ir atoms of the top most plane of a recon-
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Figure 6.10: STM image for faceted Ir(210) in 0.1 M HClO4 at 0.4 V.
(Courtesy of F. C. Simeone)

structed (110) facet [Erm05]. The model proposed by Madey and co-workers
[Erm05], which identify the geometry of the pyramids as made by two (311)
and one (110), describes correctly the experimental results reported here.
Alternatively, such superstructure was not exist in sulfuric acid solution,
where the tilt angle of (110) facet was 20± 2 ◦

Since the adsorption of oxygen was seen to provoke facet formation, it
was attempted to cycle to more positive potential values. Such experiments
were again performed with 0.1 M H2SO4 to rule out any disturbance by
perchlorate reduction, but the results were not clear yet. Where the scanning
to more positive potentials did not lead to increase in the peak potential in
the hydrogen region.

6.2.3 Electrocatalytic behaviour of Ir(210)

Since both the planar and the faceted Ir(210) surface represent stable and
well-ordered systems of distinct structure, they are predestined for model
studies in electrocatalysis. Furthermore, the faceted structure of Ir(210)
constitutes a highly ordered array of (110) and (311) oriented nanopyra-
mids of narrow size distribution for a single component, i.e., without foreign
substrate as it is common for metal nanostrucures. Uncomprehending mech-
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anistic details, for both planar and faceted Ir(210) the onset of oxidation or
reduction was tested for a series of rather simple electrocatalytic reactions.
The latter involved:

1. adlayer oxidation of carbon monoxide,

2. formic acid oxidation,

3. hydrogen evolution reaction,

4. oxygen reduction, and

5. nitrous oxide reduction.

The main result for all of these reactions is that the reaction overpotential
is larger for the faceted Ir(210) surfaces compared with the planar one in all
cases.

Fig. 6.11 shows the adlayer oxidation of CO for the two types of Ir(210)
as a representative example. The difference in the onset potential is more
than 0.1 V. CO adlayer oxidation on the planar Ir(210) surface starts around
0.2 V. The presence of two distinct oxidation peaks at 0.25 V and 0.4 V
suggests a sequential reaction for the CO oxidation at the planar Ir(210)
electrode. It is likely that surface defects like monoatomic high steps act
as active centres for CO oxidation. These sites are absent for the faceted
Ir(210) surface, which explains the higher overpotential. In essence, it can be
concluded that the planar surface in general is more active than the faceted
surface. Changes in the local geometry of the Ir surfaces thus have signif-
icant impact on the interaction with adsorbates and therefore on reaction
rates, which is in agreement with the findings for oxidation of CO under
UHV conditions [Che06].

It should be mentioned that higher overpotentials have also been re-
ported for CO monolayer oxidation at Pt nanoparticles supported on glassy
carbon electrodes [Che03]. Spatially confined formation of oxygen contain-
ing species at active sites and slow diffusion of CO molecules to the active
sites were given as main reasons for slower kinetics compared to extended
Pt surfaces [Che03]. While size effects have been addressed for the latter
Pt systems [Mai07], it still remains to be a challenge to significantly vary
the size of the nanofacets on Ir(210). However, the faceted Ir(210) sur-
face can ideally serve as a model system to study structure sensitivity for
electrocatalytic reactions.
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Figure 6.11: Current-potential curves for CO adlayer oxidation on planar
and on faceted Ir(210) in 0.1 M H2SO4: 10 mV/s.
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6.3 Conclusion

1. A small reversible voltammetric peak was observed for Ir(111) in per-
chloric acid solution for the first time. This peak shifts by about 110
± 10 mV per pH unit. In addition, the oxygen reduction reaction
commences just at the potential of this current peak.

2. A nanofaceted Ir(210) surface can be prepared outside a UHV system
with the similar quality as in UHV. The presence of oxygen is essential
for faceting. Ir(210) can serve as a model surface to study structure
sensitivity for electrocatalytic reactions.
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Summary

The topics of this thesis are multipurpose. The various systems all represent
model surfaces for studies in electrocatalysis. Pseudomorphic Cu and Ag
monolayers and Ir single crystal surfaces including nanofaceted Ir(210) have
been prepared and electrochemically characterized.

In Chapter 4 the formation of a pseudomorphic Cu monolayer on Pd
single crystals is reported.
Two stages for Cu UPD from sulfate solution on Pd(111) and Pd(100) have
been found. Halid anions in the solution, long immersion time in sulphuric
acid and cycling the potential affect the Cu UPD by only showing a single
voltammetric peak.
Since the PZC of Cu(111) was difficult to determine, the PZC of pseudo-
morphic Ag monolayers was addressed rather than that of Cu monolayers
in Chapter 5.

The properties of pseudomorphic Ag monolayers on Au(111), Pt(111),
Pd(111), Rh(111) and Ir(111) have been studied. There is a significant shift
in PZC of Ag monolayers on these substrates to more positive or negative
values in a range of 0.32 V with comparison to massive Ag(111). This be-
haviour demonstrates the significant influence of the underlying substrates
on the electronic properties of the Ag adlayer.
Some Ag monolayers acted as good elctrocatalysts for glucose oxidation.
The best improvement was obtained by modifying the Au(111) surface with
Ag.

In Chapter 6 the electrochemical behaviour of Ir(111) and Ir(210) elec-
trodes is represented.
A small reversible voltammetric peak was observed for Ir(111) in perchloric
acid solution for the first time. This peak shifts by about 110 ± 10 mV per
pH unit. It is noted that the oxygen reduction reaction commences just at
the potential of this current peak.
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Finally, the electrochemical behaviour of Ir(210) electrode has been re-
ported. It has been shown that a nanofaceted surface of Ir(210) can be pre-
pared outside a UHV system (with same quality as in UHV). The important
parameters to tune the surface morphology are the annealing temperature
and the oxygen adsorption. Nano-pyramids are shown to be stable in the
presence of specifically adsorbed anions like sulphate. The faceted surface
provides an ideal model system to study structure sensitivity in electrocat-
alytic reactions.



Chapter 8

Zusammenfassung

Die Themen der vorliegenden Arbeit sind sehr vielfältig. Allerdings stellen
alle verwendeten Oberflächen Modellsysteme für Grundlagenuntersuchungen
in der Elektrokatalyse dar. Pseudomorphe Monolagen aus Cu bzw. Ag sowie
Iridium-Einkristalloberflächen, darunter nano-facettierte Ir(210)-Oberflächen,
wurden präpariert und elektrochemisch charakterisiert.

In Kapitel 4 ist die Bildung einer pseudomorphen Cu-Monolage auf
Pd-Einkristalloberflächen beschrieben. Im Gegensatz zu Literaturangaben,
werden zwei Schritte für die Unterpotentialabscheidung von Cu auf Pd(111)
und Pd(100) verdünnter Schwefelsäure gefunden. Es wird gezeigt, dass
Halogenid-Ionen, lange Wartezeiten und bestimmte Potentialzyklen wieder
nur zu einem einzigen Peak im Voltammogramm führen.

Ursprünglich war geplant, das Nulladungspotential von pseudomorphen
Cu-Monolagen zu untersuchen. Weil es sich als zu schwierig erwies, das
Verhalten von Cu(111) zu bestimmen, wurden pseudomorphe Ag-Monolagen
vermessen. In Kapitel 5 werden die Eigenschaften von pseudomorphen Ag-
Monolagen auf Au(111), Pt(111), Pd(111), Rh(111) und Ir(111) vorgestellt.
Im Vergleich zu Ag(111) wird eine deutliche Verschiebung des Nullladungspo-
tentials über einen Bereich von 320 mV für die Ag-Monolagen auf diesen
Substraten festgestellt. Dieses Verhalten unterstreicht den starken Einfluss
des Substrats auf die elektronischen Eigenschaften der Ag-Schichten.
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Einige Ag-Monolagen stellen sich als gute Katalysatoren für die Elek-
trooxidation von D-Glucose heraus. Die höchste Aktivität wird nach der
Abscheidung von Ag auf Au(111) beobachtet. In Kapitel 6 wird das elek-
trochemische Verhalten von Ir(111) und Ir(210) dargestellt. Zum ersten
Mal wurde ein kleiner reversibler Peak im Voltammogramm von Ir(111) in
Perchlorsäure beobachtet. Dieser Peak verschiebt sich um etwa 110 ± 10
mV pro pH-Einheit. Es ist bemerkenswert, dass gerade im Potentialbereich
dieses Strompeaks die Sauerstoffreduktion beginnt.

Schließlich wird über das elektrochemische Verhalten von Ir(210) berichtet.
Es wird gezeigt, dass eine nano-facettierte Ir(210)-Oberfläche außerhalb
einer Ultrahochvakuumkammer mit hoher Qualität durch induktives Heizen
präpariert werden kann. Die entscheidenden Parameter zur Einstellung einer
bestimmten Oberflächenmorphologie sind die Temperatur und die Adsorption
von Sauerstoff. Die erhaltene Nanostruktur ist in elektrochemischer Umge-
bung in der Gegenwart von spezifisch adsorbierten Anionen wie z.B. Sul-
fat stabil. Die nano-facettierte Ir(210)-Oberfläche stellt ein ideales Modell-
system zur Untersuchung der Struktursensitivität von elektrokatalytischen
Reaktionen dar.
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