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Abstract

Structural Studies of the Solid-Liquid Interface: Reactions at the Noble Electrode Surface
by Jack William Beane,
March 2022

Surface x-ray diffraction (SXRD) has been employed in the study of the electrochemical
interface for a number of electrode surface structures. The technique is employed in situ to
obtain detail on the atomic structure of model single crystal electrode surfaces.

The potential dependence of the hexagonal reconstructions of gold surfaces (Au(001) and
Au(111)) in hydroxide electrolyte solutions in the presence and absence of CO molecules
were investigated by SXRD. Results indicated that the compressibility of the reconstructed
surface structures depended on a build up of charge at the surface at negative electrode
potentials and that, with CO, the surfaces are locked into highly compressed phases. The
influence of cation species on the Au(111) surface reconstruction was also investigated,
finding that the cation had an influence on the sensitivity of the surface reconstruction to the
applied potential.

Phosphate adsorption on Cu(111) was also investigated in situ by SXRD. Results show
that a mixed copper-oxygen layer is formed, and the surface exhibits a reversible, poten-
tial dependent change in roughening. Experiments also reveal the importance of surface
preparation, as different preparation methods are shown to produce very different surface
morphologies.

The surface structures formed during halide adsorption and Pb UPD at the Cu(001)
surface were investigated by resonant SXRD. Structural characterisations of the adlayer
and UPD structures on Cu(001) were carried out, before coupling surface diffraction and
spectroscopic measurements to obtain detail on the charge distribution for different atoms in
the surface structure. Results show that iodine exhibits similar behaviour to that previously
reported for other halide ions, and for the UPD Pb structure formed on Cu(001), a potential
dependent change in the charge distribution for atoms at the surface was observed between
-0.34 V and -0.22 V.
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Chapter 1

Introduction

Batteries, fuel cells and supercapacitors are widely understood to be key technologies in
addressing the worsening energy crises that face our species on this planet. The importance
of continued development of renewable energy technologies is difficult to understate as
countries strive to address their reliance on fossil fuels for energy and mitigate the impending
issues related to a changing climate. Central to many renewable energy and energy storage
technologies, are electrochemical reactions that occur at the interface between solid and
liquid materials. The electrochemical solid-liquid interface is where important reactions
occur as part of a wide range of processes, accompanied by the transfer of electric charge
across the interface. Obtaining electrical energy from a battery relies on electrochemical
reactions at interfaces within, and the electrochemical conversion of greenhouse gases into
useful products occurs at electrochemical interfaces at a catalyst surface. Reactions at
electrochemical interfaces have many other applications outside of energy technologies, for
example in the fields of electroplating, materials processing and sensor technologies.

Along with the research and development of energy technologies, the study of funda-
mental principles behind these technologies is also important for their outlook. For example,
fundamental studies of electrocatalysts, and the underlying reasons behind their desired
effects, can inform the future practical applications of those electrocatalysts, which may have
impact for a range of technologies and industries. The fundamental study of atomic structure
at the electrochemical interface, the point at which electronic charge is transferred between
liquid and solid components of cells and other electrochemical systems, has implications for
a multitude of applications. Improved understanding of the processes occurring at key inter-
faces in technology can offer rich details that may aid their development, and the reactions
at electrochemical interfaces have shown to be strongly dependent on the structure of the
interface, at the atomic level.
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Electrode surfaces, where electrochemical reactions take place in a cell, can be studied
by a range of experimental techniques, but few can provide in situ detail of the atomic
structure of submerged electrode surfaces in liquid electrolyte. The ability to detect changes
in atomic structure requires high resolution probing on the pm (× 10-12 m) scale. Atomic
force microscopy (AFM) and scanning tunnelling microscopy (STM) are imaging methods
that can provide high resolution detail of the surface atomic layer of electrodes, however
these methods are not suitable for measuring subsurface atomic layers. In order to build up
a full, three-dimensional picture of an electrode surface atomic structure, it is necessary to
consider multiple layers. Along with surface stress measurements, surface x-ray diffraction
(SXRD) is an experimental technique that facilitates high-resolution, in situ probing of atomic
surface structure at the electrochemical solid-liquid interface. SXRD can be used to build
up a three-dimensional picture of the surface structure for single crystal metal electrodes
[1, 2]. Measurements of extended specular x-ray reflectivity can also reveal data on the liquid
layering in the electrolyte side of the solid-liquid interface [3].

SXRD also provides detail on reconstructed surface structure and the structure formed
by adsorbed species at the surface. By utilising the principles of diffraction from a surface,
spectroscopic information about specific atoms at an electrode surface may also be obtained,
by carrying out resonant surface x-ray diffraction (RSXRD) experiments. This can provide
detail on the charge distribution at the surface. Performing such experiments in situ means
that researchers may investigate how changes in the structure of electrochemical interfaces
are related to the reactions that occur there, and how the structure may influence the reactivity
of surfaces. This has the potential of offering signifiant insights for the field of catalysis.

Disadvantages of SXRD include the necessity of high intensity radiation, or long exposure
times. To resolve the surface signal from background scattering due to the bulk crystal,
sufficient counting statistics are required in the x-ray measurement. The use of a high
intensity x-ray source, such as a synchrotron light source, provides this, as the more photons
per second in the x-ray beam, the more diffracted photons reach the detector per second. A
high intensity x-ray beam also accounts for the x-ray attenuation that occurs in the liquid
electrolyte during a SXRD investigation of the solid-liquid interface. This is a disadvantage
due to the difficulty in acquiring access to a synchrotron facility to conduct an experiment,
where beam-time is limited. The alternative to a high intensity x-ray source would be
operating with very long exposure times using a lab x-ray source.

Another disadvantage of the technique is that it is currently only applicable to well-
ordered single crystal samples, and is not suitable for the investigation of nano-crystals.
Therefore, it is more suitable for fundamental studies of electrochemical systems and investi-
gation of single crystal surfaces in electrochemical systems.
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The following pages detail work that was carried out by applying surface x-ray diffraction
techniques to study the structure changes that occur at the solid-liquid interfaces of a range
of model electrochemical systems. Chapter 4 details an investigation of the hexagonal
atomic reconstruction that has been reported at gold (Au) surfaces in hydroxide. An in-plane
restructuring of the atoms that make up the Au surface occurs, which can be observed via
surface x-ray diffraction. Gold is an important catalyst for the oxidation of carbon monoxide
(CO), a greenhouse gas and toxic product of combustion engines. The Au surface in the
presence of CO is also useful for the electrochemical oxidation of alcohols, resulting in
sought-after organic products. The aim of this investigation was to develop the understanding
of the atomic reconstruction occurring at the surface to see if this could be behind gold’s
suitability as a catalyst.

Chapter 5 presents a study of the (111) surface of copper (Cu) electrodes in phosphate
buffered electrolyte. Investigating the stability of the surface structure aimed to develop a
better understanding of the reactivity of copper electrode surfaces, which, along with copper
oxide-derived surfaces, are unique as catalysts for the electrochemical conversion of carbon
dioxide (CO2) into useful organic products. This process can produce a range of products,
but the reasons behind the production of specific species is not yet fully understood, so more
detail on the surface structures formed in different conditions and their stabilities could prove
to be of great value.

Finally, Chapter 6 shows the findings of an investigation into the changes in charge
distribution and atomic structure at the (001) surface of Cu during the electrochemical
processes of halide ion adsorption and the dissolution of an underpotential deposited layer
of lead (Pb) atoms. The aim was to show how resonant surface x-ray diffraction may be
employed to understand the charge transfer between the copper electrode and the adsorbed
or deposited species, and the nature of the bonding. Halide ions have been shown to affect
the reactivity of electrodes, which has implications for industry and research in the fields
of galvanic deposition, etching, corrosion and electrocatalysis. Underpotential deposited
Pb layers on Cu surfaces are useful in catalysis, as they can be used to suppress competing
reaction channels during CO2 electroreduction.

The studies of reactions in model systems that are detailed in this work are aimed primarily
at furthering the fundamental knowledge of electrochemical systems. However, it is clear
that a greater understanding of processes in these model examples of solid-liquid interfaces is
relevant to better understanding the behaviours and phenomena that occur at electrochemical
interfaces applied in cutting edge technologies. The electrochemical systems investigated in
subsequent chapters have implications for catalysis, in the conversion of unwanted greenhouse
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gases that are the product of many everyday industrial and transportation processes into
useful chemical products.

The next chapter (Chapter 2) will provide information on the theoretical principles behind
the work. The experimental methods by which the experiments were conducted will be
described in Chapter 3. Conclusions on the work are presented in Chapter 7.



Chapter 2

Theoretical Principles

2.1 Introduction

This chapter will explore the theoretical principles that are key to understanding the research
presented in the subsequent chapters of the thesis. Section 2.2 will describe the basic princi-
ples behind the electrochemical processes that were investigated as part of the experiments
that were carried out. The structural changes associated with electrochemical processes were
determined by an experimental technique known as surface x-ray diffraction, the theory of
which is explained in Section 2.3. An overview of single crystal structure is presented in
Section 2.4 to provide an understanding of the single crystal samples that were investigated
and the structure changes that may occur at the sample surface. Section 2.5 provides detail
on how the surface structure is modelled in order to interpret the experimental results and
in Section 2.6, the combination of surface x-ray diffraction and cyclic voltammetry as a
technique called x-ray voltammetry will be described.

2.2 Electrochemistry

Electrochemistry is an area of chemistry concerned with the interplay of electrical charges
and chemical reactions. An electrochemical process may involve an electric charge influ-
encing a chemical change, or a chemical reaction influencing a change in electric charge.
Electrochemistry explains how batteries work, why iron rusts and is the science behind
electrolysis and electroplating. It has applications in fields as wide-ranging as renewable
energy (fuel cells), the food industry (quality control analysis) and in forensic sciences
(breathalysers).

Electrochemical systems are made up of electrodes and electrolytes, which allow the
transfer of electric charges. An electrode is a conductor (a material that allows the flow of
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electric charge) that makes contact with a non-metallic part of a circuit such as an electrolyte
[4]. An electrolyte is an ionic conductor, made up of cations and anions dispersed throughout
a solvent. A simple example of an electrolyte is salt (NaCl) dissolved in water, where the
cations and anions are Na+ and Cl− respectively and water is the solvent.

Heterogeneous reactions occur between the electrode and electrolyte, where reactants
are in solid and liquid phases. During these electrochemical reactions, charge is transferred
either to or from the electrode in a galvanic process. Charge transfer occurs by the movement
of negatively charged electrons. Transfer of electrons from an electrode occurs at the cathode,
with a species being reduced by the electrons in a cathodic process. Electrons are transferred
to the electrode (the anode) in anodic processes, where species are oxidised by losing
electrons. Reduction is the process in which a species (atom or molecule) gains an electron
and oxidation is the opposite process, where a species loses an electron.

2.2.1 Galvanic Electrode Reactions

Considering a simple electrochemical system with one cathode and one anode separated by
an electrolyte, the reduction and oxidation processes that occur at the cathode and anode are
two half-reactions. Though occurring at different electrodes either side of the electrolyte,
these half-reactions are linked, in contact due to the ionic conductive electrolyte.

The reduction and oxidation half-reactions are shown in (2.1), where R is the reductant
(species to be reduced) and O is the oxidant (species to be oxidised).

R+ e− ⇀ R−

O ⇀ O++ e−
(2.1)

In electrochemical reduction, heterogeneous electron transfer occurs between an electrode
and the reductant in separate phases (for example solid and liquid phases respectively). In a
chemical reduction reaction, homogeneous electron transfer occurs between an oxidant and
reductant in the same phase. The electron transfers from oxidant to reductant in chemical
reduction because the lowest unoccupied molecular orbital (LUMO) of the reductant is at
a lower energy level than the electron sitting in the oxidant’s highest occupied molecular
orbital (HOMO). Therefore, it is thermodynamically favourable for the electron to transfer
from the oxidant’s HOMO to the reductant’s LUMO, and hence the redox reaction occurs
with the difference in energy levels driving the reaction.

Electrodes are conductors, in which valence electrons may move freely throughout the
lattice of positive ions as per the free electron model [5]. In a conductor there is a continuum
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of energy levels, with the Fermi level defined as the highest occupied energy level at 0 K.
The Fermi level in an electrode is related to the potential of the electrode, which is controlled
by an external power source, such as a potentiostat. This allows the energy of electrons in
the electrode to be controlled: a negative potential applied to the electrode increases the
Fermi level of the electrode and a positive potential decreases the Fermi level. At a cathode,
reduction of a species occurs when the energy of the electrons in the cathode is higher than
the LUMO of the reductant. Electrons are transferred due to the energy difference between
the electrode Fermi level and the LUMO of the molecular species at the cathode. Similarly,
when the Fermi level in the anode falls below the HOMO of the oxidant species, oxidation
occurs with an electron transferred from the HOMO to the electrode.

In combination, the overall half-reactions at the two electrodes form a redox reaction:

R+O ⇌ R−+O+ (2.2)

This redox reaction represents the processes occurring in the system as a whole, which in
this case forms an electrochemical cell.

The cell has a potential associated with it, E0
cell which is defined as the potential difference

between the cathode and anode:

E0
cell = E0

cathode −E0
anode (2.3)

where the subscript 0 denotes standard conditions for the system, with the temperature
assumed to be 298 K. The individual electrode potential, E0

cathode or E0
anode is known as the

redox potential for the half-reaction associated with that electrode. The potential difference
across the cell must be E0

cell for the redox reactions to occur.
A reaction occurring in the cell has an associated change in Gibbs free energy, ∆G and

the more negative the change ∆G is, the more favourable the reaction is. ∆G is dependent on
the cell potential:

∆G0 =−nFE0
cell (2.4)

where n is the number of electrons transferred and F ≈ 96,500 C mol-1 is the Faraday
constant. This relation means that the cell potential E0

cell determines how favourable the
electrochemical reaction of the cell is, with a negative potential meaning the reaction is
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spontaneous (energetically favourable to occur in the current conditions). A positive cell
potential means the reaction is non-spontaneous and if E0

cell = 0 the reaction is at equilibrium.
To calculate the Gibbs free energy change in non-standard conditions, the concentrations

[O] and [R] of oxidants and reactants respectively in the electrolyte must be considered, as
well as the temperature, T :

∆G = ∆G0 +RT ln
[O]

[R]
(2.5)

where R is the gas constant (∼ 8.314 J K−1 mol−1).
Applying (2.4) gives the Nernst equation:

∆E = ∆E0 − RT
nF

· ln [O]

[R]
(2.6)

The Nernst equation shows that the concentrations of the species that make up the elec-
trolyte influence the cell potential. As these concentrations change during redox reactions,
the cell potential decreases until the reaction reaches equilibrium, with ∆G = 0. No fur-
ther reactions will occur at this point until a potential is applied as the net current in the
electrochemical cell is zero.

The potential of an electrode cannot be independently measured, only the potential with
respect to a reference electrode can be determined, such as a standard hydrogen electrode
(SHE). SHE is a platinum electrode in a theoretical ideal solution and is used as the standard
where its electrode potential E0 is 0 V at any temperature [6]. The half-reaction for SHEs is:

2H++2e− ⇌ H2 (2.7)

An electrode potential can be measured with respect to the SHE by making one of
the electrodes in a cell SHE. Setting the electrode potential negative (vs SHE) will cause
reduction at the cathode, as the Fermi level is pushed above the LUMO of the reductants
in the electrolyte, and for a positive potential an oxidation reaction at the electrode will
be driven. In a three electrode setup, current flows between the working electrode and
counter electrode while the applied potential difference across the cell is measured by a
third electrode, the reference electrode, which could be SHE or another electrode (such as
Ag/AgCl) with a well-defined and stable equilibrium potential. A three-electrode setup with
Ag/AgCl reference electrode has been used throughout this thesis.
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2.2.2 The Solid-Liquid Interface

For electrochemical systems with a solid working electrode and liquid electrolyte, the
electrochemical processes of interest are taking place at the solid-liquid interface. When
reduction or oxidation occurs at such an electrode, charge is being transferred across the
interface. In a galvanic process, considering the anode working electrode, anions in the
electrolyte solution are attracted to the electrode surface, where the positive charge is
concentrated due to an applied potential. There is no excess charge in the bulk of the
electrode, as it is a good conductor. Layers of charge are formed, with the positively charged
electrode surface considered as one layer and the negatively charged ions forming a layer at
the liquid side of the interface. Models of the so called double-layer have been developed
over time, with the first proposed by Helmholtz in 1853 [7, 8].

The Helmholtz model assumes the solid-liquid interface can be considered as a layer of
charge at the electrode surface and a layer of ions on the liquid side of the interface, like
a parallel plate capacitor. The excess charge density at the electrode surface is defined as
qM and the excess charge density in the solution is qS. In order for the system to remain
electro-neutral, the charges must be balanced:

qM =−qS (2.8)

According to the Helmholtz model, the interface has a capacitance, CH that depends
on the distance, d between the electrode surface and the layer of ions, known as the outer
Helmholtz plane (OHP).

CH =
ε0ε

d
(2.9)

where ε0 is the permittivity of free space (8.8542×10−12 J−1 C2 m−1), ε is the ratio of the
permittivity of the electrolyte and that of free space (the dielectric constant). In the Helmholtz
model d is the radius of a solvated cation. Figure 2.1 illustrates the OHP as the distance
of closest approach for fully solvated ions attracted to the oppositely charged electrode
surface. Capacitance in this model is independent of potential and solution concentrations,
and experimental observations found this to be insufficient for explanation of their findings
[9].

Another model of the double-layer was proposed by Gouy in 1910 [10] and by Chapman
three years later [11] where ions exist in a diffuse double layer, experiencing not just



10 Theoretical Principles

Fig. 2.1 (a) Schematic diagram of the Grahame model of the electrochemical double-layer,
showing the electrode surface, the inner Helmholtz plane and the outer Helmholtz plane. (b)
The corresponding potential drop across the interface for specifically adsorbed anions (green
curve) and non-specifically adsorbed anions (black curve) is shown, where z is the distance
in the direction normal to the electrode surface. The potentials inside the metal electrode, of
the OHP, the IHP and inside the bulk electrolyte solution are represented by φM, φOHP, φIHP
and φS.
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interaction with the excess surface charge qM but thermal motion within the solution. Ions are
modelled as point charges dispersed by Brownian motion into the diffuse layer. Most of the
excess charge in the solution qS is concentrated close to the electrode, with the excess charge
falling off further into the electrolyte. The distance to the OHP, d is replaced in the model by
the average charge separation distance, which is dependent on potential and concentration.

CGC = |z|F
(

2ε0εcb

RT

)1/2

cosh
(
|z|Fφ0

2RT

)
(2.10)

where z is the charge of the ions, cb is the bulk electrolyte concentration and φ0 is the potential
at the surface.

The Gouy-Chapman model however was not found to be in agreement with experimental
results beyond a small potential window either side of the potential of zero charge (pzc) for
dilute solutions. The pzc is an electrode-specific potential at which the excess charge qM is
neither positive nor negative. The model takes ions to be point charges, with a distance of
closest approach of zero, unlike the Helmholtz model, which defines the OHP as distance
of closest approach. Both models were insufficient for describing experimental results [12]
however both were combined by Stern to form a new model in 1924 [13].

The Stern model incorporates a layer of ions at the OHP and outside this layer, an ionic
space charge forming the diffuse part of the double layer. This combination of two layers,
with capacitance CH and CGC respectively models the solution side of the interface. The
charge on the solution side of the interface, which balances the charge on the electrode
surface as per (2.8) is spread between the compact layer and the diffuse layer. The model
splits the potential drop across the interface into two components. The Stern model defines
the total capacitance CS as the result of two capacitors in series, corresponding to the compact
and diffuse layers:

CS =
1

CH
+

1
CGC

(2.11)

The Stern model allows the calculation of double-layer capacitance in good agreement
with experimental observations, but a further modification was made in 1947 by Grahame
in his own model [14]. Grahame proposed to include in the model specifically adsorbed
ions, the presence of which are possible if the ions have lost part of their solvation shell on
approach to the electrode. Such specifically adsorbed ions will be closer to the electrode
surface than fully solvated ions sitting in the OHP, and a closer plane housing these ions is
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called the inner Helmholtz plane (IHP). The IHP is shown as part of the schematic of the
double-layer in Figure 2.1.

The lower part of Figure 2.1 shows the potential drop across the electrochemical double
layer in the Grahame Model. The potential drop differs for specifically adsorbed and non-
specifically adsorbed (fully solvated) ions. The potential drop across the surface is assumed
to be linear for non-specifically adsorbed ions, as indicated by the black line in Figure 2.1.
For ions that are specifically adsorbed on the electrode surface, the potential drop is steeper,
as indicated by the green dashed curve, with the potential of the IHP, φIHP, being lower than
that in the bulk electrolyte, φS. The potentials inside the metal electrode and of the OHP are
represented in the figure by φM and φOHP respectively.

2.2.3 Adsorption Phenomena

Electron transfer at the solid-liquid interface can influence other processes in the double
layer, such as adsorption. An ion may be adsorbed at either the inner Helmholtz plane or the
outer Helmholtz plane. Adsorption within the IHP occurs due to covalent (shared electron)
or ionic (donated electron) bonding between the electrode substrate and adsorbate ions. This
is known as chemisorption.

Adsorption within the OHP occurs due to electrostatic interactions (Van der Waals
forces) between the surface and the adsorbate, without transferring an electron. This type
of adsorption is called physisorption, and is a much weaker interaction than that which
occurs during chemisorption. Physisorption does not involve a change in chemical bonding
structure. An attractive electrostatic force will exist between a positively charged electrode
surface, such as that shown in Figure 2.1 and a fully solvated anion due to the existence of an
induced or permanent electric dipole in the electron orbitals of the ion. The same is true of a
negatively charged surface and a fully solvated cation with an electric dipole. There exists an
attractive electrostatic force between a charged electrode surface and the opposite charge on
a polar ion.

2.2.4 Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely employed electrochemical technique which allows the
study of chemical reactions influenced by or involving electron transfer in an electrochemical
cell [15]. The technique is often carried out with a three-electrode cell, where the reaction of
interest occurs at the working electrode, the balancing reaction occurs at the counter electrode
and the reference electrode is used to control the potential across the cell.
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Fig. 2.2 Schematic of a three-electrode cell

Figure 2.2 shows a three-electrode setup, where in this case the working electrode is a
single crystal sample surface. Different materials can be used for the working electrode in
cyclic voltammetry depending on the process that is to be studied. The voltage is measured
between the working electrode and the reference, however no current flows between these
electrodes due to the high input impedance of the reference electrode. All current flows
between the working and counter electrodes.

The counter electrode should have a large surface area, so that the kinetics of the reaction
at this electrode do not limit the rate of reaction that can occur at the working electrode.
Counter electrodes should be made of a sufficiently inert material (such as platinum or gold)
as the purpose of this electrode is simply to complete the circuit with the reaction to be
studied at the working electrode surface. The setup of a three-electrode electrochemical cell
and potentiostat is further detailed in Chapter 3 (Experimental Methods), section 3.4.

In a CV measurement, the current travelling through the cell is measured as a function
of the applied potential. CV measurements involve scanning the applied potential linearly
while monitoring the current. A typical CV scan is measured over a potential window with a
negative vertex and a positive vertex. The potential is scanned in one direction before being
cycled back in the other. The plot of a CV measurement is known as a cyclic voltammogram.

An example of a simple cyclic voltammogram is shown in Figure 2.3, with potential swept
linearly from a negative potential E1 to a positive potential E2 and then back again. During a
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Fig. 2.3 Cyclic voltammogram for a reversible reaction

positive potential sweep, the current remains zero at first until the potential is positive enough
for oxidation to occur at the working electrode surface, resulting in a measured current. The
oxidant species is depleted at the electrode surface as the concentration of oxidised species
increases.

The shape of a current profile and the concentrations of reductant and oxidant species
at the surface depends on the potential applied and the speed at which species can move
between the bulk electrolyte and the surface.

The volume of oxidised species localised at the electrode surface is known as the diffusion
layer and as it grows, mass transport of the oxidant species to the electrode is slowed down.
This reduces the current as the rate of reaction slows down, resulting in the current peak iox

p

at Eox
p .
The positive vertex of the scan E2 is the switching potential, where the scan direction

is reversed and the potential is swept in the negative direction. At this point there is an
abundance of reductant species localised at the electrode surface, as a result of the oxidation
during the positive sweep. As the potential becomes more negative, reduction occurs at the
working electrode, and a current peak (ired

p ) will appear before the size of the diffusion layer
becomes large enough to slow the rate of reduction (Ered

p ). Corresponding oxidation and
reduction peaks in the cyclic voltammogram profile may be separated along the potential
axis, and the size of the separation depends on the time it takes for diffusion of the species
within the electrolyte.
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The shape of a voltammogram depends on factors such as the concentration of species in
the electrolyte as well as the scan rate that the potential sweeps are conducted at.

Cyclic voltammetry is an experimental method that probes electron transfer and doesn’t
offer information related to the structure of the interface. To investigate the structure, CV
can be combined with another technique, such as a type of microscopy or surface x-ray
diffraction.

2.3 Surface X-Ray Diffraction

Surface x-ray diffraction is the principle experimental technique employed as part of the
research presented in subsequent chapters. It uses the phenomena of x-ray diffraction to
establish details about the atomic structure of a surface.

2.3.1 X-Ray Diffraction

Diffraction is a phenomenon that arises when a wave interacts elastically with a scatterer, such
as a slit in a simple diffraction experiment, where scatterers act as secondary sources of the
incident wave. The resulting wavefronts from the secondary sources interfere constructively
and destructively to form a diffraction pattern.

An ideal crystal is a periodic arrangement of bases (atoms or groups of atoms) arranged
in a three-dimensional lattice. Lattice vectors describe the direction and distance between
lattice points and the basis of the lattice describes the atom or molecule that sits at each
lattice point. The unit cell of the crystal determines a simple set of lattice vectors and bases
that, if repeated, describe the entire crystal. A face-centred cubic (fcc) unit cell is a basic
cubic crystal structure where there is one atom at each vertex of the cube and an atom at
the centre of each of the cube’s faces (Figure 2.4). This is the crystal structure of many
metals, including copper, gold and silver and has the highest theoretical packing factor of any
crystal structure, 0.74. A single crystal sample is a sample of a crystalline material, where
the three-dimensional structure is repeated throughout the entire volume of the sample, as
opposed to a polycrystalline sample. The electrons within periodically arranged atoms in a
crystal act as scatterers in single crystal diffraction.

Different two-dimensional planes within the three-dimensional fcc unit cell may be
defined, with the three lowest-index planes being defined by the Miller indices (0 0 1), (1 1
0) and (1 1 1) (Figure 2.5). Miller indices (h k l) define the plane that is orthogonal to the
reciprocal space vector (h, k, l). A single crystal can be prepared with a surface cut along
one of these planes. If radiation of a suitable wavelength, of the same order of magnitude
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Fig. 2.4 Schematic of the fcc crystal structure.

(a) (b) (c)

Fig. 2.5 The low index planes in an fcc unit cell, with the (a) (001), (b) (110) and (c) (111)
planes shown in yellow.

as the inter-planar spacing of a crystal, is incident on a single crystal surface, diffraction
occurs, where each atom in the structure acts as a secondary source of the incident radiation.
Radiation is reflected from individual atoms due to Thompson scattering [16, 17], where the
scattered amplitude A1 from an incident wave of amplitude A0 that scatters from an electron
at a position re is given by

A1e−ik f ·re = A0
e2

mc2
1

R0
e−iki·re (2.12)

where e and m are the electron charge and mass, R0 is the distance to the detector and ki and
k f are the incoming and outgoing wavevectors.

Bragg diffraction [18] is the phenomena where radiation scattered from different atoms in
a crystal interferes constructively or destructively due to the periodic nature of the structure.
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Fig. 2.6 Diagram of Bragg’s law

A Bragg peak occurs due to constructive interference of the scattered radiation from different
crystal planes. Planes in a crystal structure, such as an fcc metal, have a spacing of the same
order of magnitude as the wavelength of x-rays, which is why x-ray diffraction is such an
established method of investigating crystal structure, however both neutrons and electrons
of similar wavelength are also used in scattering experiments. Bragg’s law describes the
condition for constructive interference leading to a Bragg peak measurement:

2d sinθ = nλ , (2.13)

where d is the inter-planar spacing of the crystal, θ is the glancing angle the incident radiation
makes with the crystal plane, n is a positive integer and λ is the wavelength of the incident
radiation. This is illustrated in Figure 2.6.

In a simple single crystal x-ray diffraction experiment, Bragg peaks are detected as a
sample, mounted on a goniometer, is rotated so that the angle θ corresponding to different
order (n) Bragg peaks can be measured, allowing the d-spacing of the crystal to be determined.

In order to properly understand the x-ray diffraction signal from a real crystal, the
contributions from every atom in the sample have to be considered. The calculation of
the total scattering from the surface is built up by considering first the scattering from an
individual atom, then a unit cell, the bulk crystal and a surface layer until the whole picture is
realised, following explanations from the definitive publications on surface x-ray diffraction
[18, 1, 19–21]. The kinematical approximation treats scattering as a single scattering event,
occurring once in the sample. A structure factor is applied in order to determine the scattering
intensity from the sample surface. The kinematical approximation is only valid for weak
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Fig. 2.7 Diagram showing momentum transfer q during elastic scattering

scattering from a surface such as a metal, where the sample is an imperfect material which is
made up of mosaic blocks. For a sample material such as Si, the kinematical approximation
cannot be used as it is insufficient for calculating the intensity due to interference from
many scattering events. For such a case, the dynamical approximation is used [22], but
the experiments in this work are concerned exclusively with diffraction from metal sample
surfaces, so the kinematical approximation is sufficient.

2.3.2 Momentum Transfer, q

Momentum transfer, q is defined as the difference between ki and k f , the wave vectors of
incident and diffracted x-rays

q = k f −ki (2.14)

The scattering is elastic for x-ray diffraction so the magnitudes of wavevectors ki and k f are
given by

|ki|=
∣∣k f

∣∣= |k|= 2π

λ
(2.15)

where λ is the x-ray wavelength. From this, the magnitude of q can be determined (as shown
in Figure 2.7) so that momentum transfer can be expressed in terms of λ and θ in the Bragg
law:

|q|= 2 |k|sin(θ) =
4π

λ
sin(θ) (2.16)



2.3 Surface X-Ray Diffraction 19

Momentum transfer is the independent variable in a surface x-ray diffraction (SXRD)
experiment, and substituting (2.16) into (2.12) gives the scattering amplitude for a single
electron, A1 in terms of q:

A1 = A0
e2

mc2
1

R0
e−iq·re (2.17)

2.3.3 Scattering from a Single Atom

To calculate the scattering from an atom, A2 by summing the scattering contributions of its
constituent electrons, the electron density distribution is considered, giving the integral

A2 = A0
e2

mc2
1

R0

∫ +∞

−∞

ρ(r′)eiq·(Rn+r j+r′) d3r′

= A0
e2

mc2
1

R0
f (q)eiq·(Rn+r j)

(2.18)

where f (q) is the atomic form factor

f (q) =
∫ +∞

−∞

ρ(r′)eiq·r′ d3r′ (2.19)

The form factor is the Fourier transform of the electron density of an atom. The form factor
is a function of the magnitude of the momentum transfer, because the atom is assumed to be
spherically symmetric. Values for the form factors of atoms are available in the International
Tables for Crystallography [23].

2.3.4 Scattering from a Unit Cell

When summing the scattering contribution from atoms in a unit cell, A3, form factors f j(q)
for atoms of different chemical elements must be accounted for. For a unit cell with Nc atoms

A3 = A0
e2

mc2
1

R0

Nc

∑
j=1

f j(q)eiq·(Rn+r j)

= A0
e2

mc2
1

R0
F(q)eiq·Rn

(2.20)
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where F(q) is the structure factor

F(q) =
Nc

∑
j=1

f j(q)eiq·r j (2.21)

The structure factor is the sum over all atoms in the unit cell, and is a function of the
direction as well as magnitude of q, because the scattering depends on the positions of atoms
in the unit cell. The structure factor is the Fourier transform of the electron density in the
unit cell.

2.3.5 Scattering from a Crystal

The scattering amplitude from a whole crystal, A4 is taken to be the sum of the scattering
from the constituent unit cells. For a 3D crystal, there are N1 unit cells along one crystal axis,
a1, N2 along axis a2 and N3 unit cells along axis a3. Origin positions of the unit cells are
defined by

Rn = n1a1 +n2a2 +n3a3 (2.22)

The scattering is therefore given by

A4 = A0
e2

mc2
1

R0
F(q)

N1−1

∑
n1=0

N2−1

∑
n2=0

N3−1

∑
n3=0

eiq·(n1a1+n2a2+n3a3) (2.23)

The structure factor accounts for the type of atom, while the summation will remain the
same for all crystals. Taking one of the sums from the expression in isolation

SN(q ·a) =
N−1

∑
n=0

eiq·na

=
1− eiNq·a

1− eiq·a

(2.24)

This expression defines the scattering amplitude for a one-dimensional crystal, made up of N
atoms, and this is related to the scattering intensity. The intensity is the modulus squared of
the amplitude. Applying Euler’s formula and multiplying by the complex conjugate gives a
function known in optics as the N-slit interference function:

|SN(q ·a)|2 =
sin2(N

2 q ·a)
sin2(1

2q ·a)
(2.25)
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The scattering amplitude (2.23) can be written in terms of the slit function:

A4 = A0
e2

mc2
1

R0
F(q)SN1(q ·a1)SN2(q ·a2)SN3(q ·a3) (2.26)

When N is large, as in the case of a millimetre-scale crystal sample, a slit interference
function SN has peaks at q · a = 2πm, where m is an integer. The function gives rise to
diffracted intensity along specific directions and in 3D, this forms a reciprocal lattice.

2.3.6 Reciprocal Lattice

The scattered intensity is given by

I(q) = I0
e2

mc2
1

R0
|F(q)|2 |SN1(q ·a1)|2 |SN2(q ·a2)|2 |SN3(q ·a3)|2 (2.27)

where I0 is the intensity of incident x-rays. The intensity is at a maximum when the following
Laue conditions are satisfied:

q ·a1 = 2πh

q ·a2 = 2πk

q ·a3 = 2πl

(2.28)

The Laue conditions must all be met for a diffraction peak to arise, where h, k and l are the
Miller indices. The conditions are met when the momentum transfer satisfies

q = hb1 + kb2 + lb3 (2.29)

where the reciprocal lattice vectors bx are related to the real space vectors ax

b1 = 2π
a2 ×a3

a1 · (a2 ×a3)

b2 = 2π
a3 ×a1

a2 · (a3 ×a1)

b3 = 2π
a1 ×a2

a3 · (a1 ×a2)

(2.30)
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(a) (b) (c)

Fig. 2.8 Crystal surface schematic diagrams showing three types of surface/interface: (a) an
isolated monolayer, (b) a terminated crystal and (c) a crystal-crystal interface.

The Miller indices form a 3D lattice of points and the reciprocal lattice vectors are orthogonal
to the real space vectors that lie along the axes of the crystal. The reciprocal lattice vectors
have units of inverse length. When the Laue conditions are satisfied, the 3D lattice of intensity
(Bragg peaks) is formed, resulting in a diffraction pattern. The intensity is zero except for the
discrete positions described by the Miller indices. The intensity at an h k l reciprocal space
position is given by

Ihkl =

∣∣∣∣A0
e2

mc2
1

R0
F(q)N1N2N3

∣∣∣∣2 (2.31)

2.3.7 XRD from a Surface

So far, the scattering intensity has been calculated for an ideal crystal, where there are an
infinite number of unit cells in all the three dimensions. To consider diffraction from the
surface, the calculations must be adjusted for a truncated crystal. There are three types of
surface that may be considered: (1) an isolated 2D monolayer (Figure 2.8a), (2) a truncated
3D crystal (Figure 2.8b), where the top layer is considered as a 2D monolayer, which can
either have the same periodicity as the bulk or different, and (3) a crystal-crystal interface
(Figure 2.8c) where a 3D crystal sits atop another.

To calculate the diffraction that results from these three cases, (2.26) can be applied. For
a 2D monolayer, N3 = 1, so the slit function SN3 = 1 and the scattering is independent of the
projection of the momentum transfer perpendicular to the surface (q ·a3). This means that
the diffracted intensity depends on the momentum transfer along the a1 and a2 directions
only, resulting in intensity at discrete positions in the surface plane, and rods of continuous
intensity orthogonal to the surface. This is illustrated in Figure 2.9a.
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(a) (b) (c)

Fig. 2.9 Schematic diagrams showing the diffraction patterns resulting from three types of
surface/interface: (a) a 2D layer, (b) the combination of a bulk crystal and 2D layer and (c)
crystal truncation rods from a surface.

The scattering from a 2D layer on top of a bulk crystal is shown in Figure 2.9b, taking the
form of a superposition of Bragg peaks, discrete in all three dimensions, from the bulk crystal
and rods of continuous intensity from the surface layer. For a terminated crystal where the
2D surface layer has the same structure as layers of the bulk crystal, the surface rods will
pass through the Bragg points. In a real surface x-ray diffraction experiment, all layers of
the crystal contribute to the scattering and for large N, the numerator in expression 2.25,
sin2 (N

2 q ·a3
)

varies with q and can be approximated to an average value of 1
2 . For large N,

(2.25) becomes

∣∣S′(q ·a3)
∣∣2 = 1

2sin2(1
2q ·a3)

(2.32)

This results in non-zero intensity at l values between the Bragg peaks, with the intensity
varying along the surface normal, l. Known as crystal truncation rods (CTRs), this phe-
nomenon is illustrated in Figure 2.9c, showing the streaks of scattering that surround the
Bragg peaks along the l direction. Expression 2.32 gives an infinite value for scattering at
the Bragg peaks as it is an ideal case. In reality, x-rays are absorbed by layers of the crystal
so not all layers contribute equally.

CTRs are distinct from rods of scattering that arise from a 2D layer, although for a
perfectly terminated crystal the two will be perfectly superimposed. If an adlayer is not
registered perfectly with the substrate, or if the surface of a crystal is reconstructed, then
the rods arising due to the surface layer will have a different periodicity and will not pass
through the Bragg peaks.
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2.4 Crystal Structure of Single Crystal Electrodes

The three low index surfaces of an fcc single crystal are the (111), (110) and (001) surfaces
as presented in Figure 2.5. These surfaces have simple structures that are well understood
and are therefore ideal for electrochemistry experiments and surface x-ray diffraction studies
of electrochemical interfaces. The experiments detailed in this work were all measured on
(111) or (001) surfaces of fcc metals.

2.4.1 The (111) Surface

The (111) surface is the most close-packed of the low index surfaces, as shown in Figure 2.5c.
A schematic of the surface is shown in Figure 2.10a, with the atoms forming a hexagonal
structure. There are three layers of atoms in the unit cell, and atoms sit in the fcc hollow
sites of the layer below. This is known as ABC stacking, as shown in Figure 2.10c. It is
also possible for atoms that sit on the surface to fall into the hcp hollow sites (Figure 2.10d),
or to bridge and on-top sites, however a perfect (111) surface follows ABC stacking. The
(111) unit cell is described by the unit cell vectors a1, a2 and a3, depicted in Figure 2.10a
and 2.10b and is repeated every three layers. This results in the Bragg peaks in reciprocal
space being separated by units of 3 along the l direction.

Reciprocal space vectors are defined such that [h 0 0]hex and [0 k 0]hex lie in the surface
plane and are separated by an angle of 60°, with l along the surface normal [0 0 l]hex direction.
The units of the miller indices are defined by

b1 = b2 =
4π√
3aNN

and b3 =
2π√
6aNN

(2.33)

where aNN is the nearest neighbour distance for atoms in the unit cell. The reciprocal space
map of the (111) surface is presented in Figure 2.11 and shows the reciprocal lattice positions
of Bragg peaks. Bragg peaks are indicated along the CTRs that arise due to the (111) surface,
and they are shown to exhibit 120° symmetry.

The bulk cubic unit cell of the fcc crystal is related to the surface unit cell by transforma-
tion of the Miller indices:

hc =
2
3

h− 2
3

k+
1
3

l

kc =
2
3

h+
4
3

k+
1
3

l

lc =−4
3

h− 2
3

k+
1
3

l

(2.34)
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(a) (b)

(c) (d)

Fig. 2.10 Diagrams showing (a) top-down and (b) side-on schematics of the (111) surface
and atomic stacking in (c) fcc and (d) hcp sites.

where the bulk cubic unit cell is defined by the perpendicular vectors [hc 0 0]c, [0 kc 0]c and
[0 0 lc]c. The Bragg peaks for an fcc crystal occur when the three bulk Miller indices hc, kc

and lc are all odd or all even, and applying the transformation (2.34) gives the positions of
the Bragg peaks in terms of the surface unit cell, in h, k and l, as shown in Figure 2.11.

The intensity in the CTR can be calculated for the (111) surface by considering the
structure factor, F (2.21) for the surface unit cell. The (111) unit cell has three layers in
the l direction with atoms in the first layer at (0,0,0),

(
−1

3 ,
1
3 ,

1
3

)
and

(
−2

3 ,
2
3 ,

2
3

)
relative to

the unit cell vectors, resulting in a phase factor of e2πi(− h
3+

k
3+

l
3). We first consider the bulk

contribution to the scattering, and the bulk structure factor Fbulk, by modelling the bulk as a
semi-infinite single crystal:

Fbulk = f (q) fDWF

−∞

∑
j=0

e2πi j(− h
3+

k
3+

l
3) =

f (q) fDWF

1− e2πi( h
3−

k
3−

l
3)

(2.35)

where f (q) is the atomic form factor specific to the element making up the single crystal,
fDWF is the bulk Debye-Waller factor (DWF), a factor accounting for thermal vibrations
in the bulk crystal due to the thermal energy of the atoms. Atoms are assumed to exhibit
a rms displacement from their equilibrium position of σ . The root-mean-squared (rms)
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Fig. 2.11 Reciprocal space map of the (111) surface with directions and Bragg peak positions
given in terms of the hexagonal surface unit cell vectors

displacement of atoms gives the Debye-Waller factor:

fDWF = e−
1
2 q2⟨σ2

q ⟩ (2.36)

where ⟨σ2
q⟩ is the average atomic displacement:

⟨σ2
q⟩=

B
8π2 (2.37)

where B is a factor with units of Å2 tabulated in the International Tables for Crystallography
[23].

The surface contribution to the CTR intensity must also be calculated when modelling a
CTR, and for crystals which exhibit metallic bonding it is sufficient to model three surface
layers of atoms atop a bulk semi-infinite crystal. For other materials, such as Si, more surface
layers would be required to build an accurate model of the crystal surface. This is because
the difference between the bonding experienced by atoms in a surface layer when a crystal is
terminated and the bonding experienced by atoms in the bulk can apply to atoms multiple
layers deep. The depth of layers depends on the bonding mechanism. The structure factor for
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the surface layers of an fcc surface sample are given by

Fsur f ace =
3

∑
j=1

f (q) fDWFjθ je2πi j(− h
3+

k
3+l( 1

3+ε j)) (2.38)

where the Debye-Waller factor fDWF is different for each layer, θ j is the coverage factor of
the layer (θ j = 1 for a fully occupied monolayer of atoms) and ε j is an expansion factor,
accounting for relaxation or expansion of the surface layer away from its equilibrium position.
This frozen-in Debye-Waller factor models layer roughness as a static displacement of atoms,
accounting for the average distances by which surface atoms are displaced. The Debye-
Waller roughness factor for a layer is given by multiplying the bulk DWF by an individual
component that depends on the momentum transfer along the surface normal:

fDWFj = e−
1
2 ⟨qσq⟩2

· e−
1
2 ⟨qzσ j⟩2

(2.39)

The total scattered intensity of the CTR is given by

ICT R = |Ftotal|2 =
∣∣Fbulk +Fsur f ace

∣∣2 (2.40)

2.4.2 The (001) Surface

The (001) surface of an fcc crystal is a more open structure than the close packed (111)
surface. Atoms are arranged in the surface plane along two perpendicular axes forming a
square structure, as shown in the top-down schematic of the surface in Figure 2.12a. Atoms
are arranged in the out-of-plane direction with ABAB stacking as shown in Figure 2.12b
and 2.12c so that atoms in a layer sit in the hollow sites of the layer below. The unit cell of
the (001) surface is described by the vectors a1, a2 and a3 and is repeated in the out-of-plane
direction every 2 layers, so Bragg peaks in the l direction are separated by 2. The units of the
reciprocal space vectors are defined as

b1 = b2 =
2π

aNN
and b3 =

4π√
2aNN

(2.41)

The reciprocal space map of Bragg peaks arising due to the (001) space is shown in
Figure 2.13. The surface has 90° symmetry in the surface plane, and the tetragonal surface
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(a) (b)

(c)

Fig. 2.12 Diagrams showing (a) top-down and (b) side-on schematics of the (001) surface
and (c) ABAB stacking in fcc sites.

Fig. 2.13 Schematic diagram showing the reciprocal space map for the (001) surface given in
terms of the tetragonal surface unit cell vectors
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unit cell is related to the bulk cubic unit cell by the transformation of the Miller indices:

hc = h+ k

kc = h− k

lc = l

(2.42)

The (001) unit cell has atoms at (0,0,0) and
(1

2 ,
1
2 ,

1
2

)
relative to the unit cell vectors

resulting in a phase factor of e2πi( h
2+

k
2+

l
2). The intensity of the CTR is calculated by finding

both the bulk component and the surface component of the structure factor. The bulk structure
factor for the (001) surface will be

Fbulk =
f (q) fDWF

1− e2πi( h
2+

k
2+

l
2)

(2.43)

As for the (111) surface, the Debye-Waller factor is calculated by (2.36). The surface structure
factor contribution for three surface layers of the (001) surface is

Fsur f ace =
3

∑
j=1

f (q) fDWFjθ je2πi j( h
2+

k
2+l( 1

2+ε j)) (2.44)

The intensity of the CTR ICT R is calculated, as for the (111) surface (2.40), by summing
the structure factors of the bulk and the surface layers and multiplying by the complex
conjugate.

2.5 Modelling Surface Structure

Calculation of the structure factor for surface layers Fsur f ace (2.38) is dependent on the factors
θ , ε and the Debye-Waller roughness factor which all have a significant effect on the intensity
along the CTR, influencing the profile of the CTR.

θ is a factor accounting for the coverage or occupation of a surface layer, where θ = 1
represents a fully occupied monolayer and a specific fraction of that factor indicates the
fraction of surface sites that are occupied. The effect of different θ values on the CTR profile
is shown in Figure 2.14. The black curve is a CTR plotted with the parameter θ set to 1
and ε set to 0, corresponding to a perfectly terminated (001) surface. The grey curve shows
the effect of a partially (70%) occupied surface layer with a coverage of θ = 0.7, where the
intensity at points halfway between the Bragg peaks (anti-Bragg positions) is decreased. The
anti-Bragg is the most sensitive point along the CTR to the surface structure, as it is the point
at which contribution to the diffracted intensity from the bulk structure is at a minimum.
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Fig. 2.14 The effect on the (1,0, l) CTR profile from a Au(001) surface of altering parameters
ε = 0.06 (red), θ = 0.7 (grey) and σ = 0.15 (green)

The lower the occupation of the surface layer, θ , the lower the intensity at the anti-Bragg
positions will fall. The scattering at the anti-Bragg is so weak compared with the Bragg peaks
that if the intensity is too low the signal from the surface can be hard to distinguish from the
background signal, so good counting statistics are important for a SXRD CTR measurement.

Changing the out-of-plane position of atoms in the model affects the shape of the CTR
profile as well. The parameter ε represents the expansion factor, accounting for out-of-plane
shift in the position of the surface layer in the model. A shift of ε = 0.06 indicates an
expansion of the surface layer away from the layer below it, by a factor of 12 % of the
layer spacing in this direction (2.33, 2.41), increasing the d-spacing. The expansion is 12 %
because in an (001) unit cell, the layer spacing is half of the lattice constant, which ε is given
in terms of. The effect of a 12 % surface expansion, as shown in Figure 2.14, is that the
CTR profile becomes asymmetrical around the Bragg peaks. A negative value for ε models
a relaxation of the layer, with the atoms moving closer to the layer below and reducing the
d-spacing. Figure 2.14 illustrates the dramatic effect on the shape of the CTR profile that
the θ and ε parameters may have, and that measuring CTR profiles can reveal a lot of detail
about the surface structure of a single crystal.

The Debye-Waller roughness factor (2.36) is related to the rms surface roughness σ ,
which also affects the shape of a CTR profile. The effect of an rms roughness (displacement
of atoms) of σ = 0.15 Å is shown in Figure 2.14, where the intensity at anti-Bragg positions
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decreases, similar to the effect of reducing θ . The difference being that as l increases, the
effect of σ is more dramatic and the intensity decreases by a larger amount. When modelling
a CTR profile, these parameters are varied until the calculation fits the experimental data.

Another method of modelling the surface roughness, which can be useful is the β -factor
[1]. Applying a β roughness factor models the surface as having a fully occupied layer of
atoms, with a layer occupied by a fraction, β , of the total sites, then a layer with β 2 of the
sites occupied, and so on. For an (001) surface, the β roughness model modifies the CTR
intensity, ICT R according to

ICT R =
(1−β )√

1+β 2 −2β cos
(
2π

(
−h

2 +
k
2 +

l
2

)) |Ftotal|2 (2.45)

In order to contribute to the non-specular CTR, the scattering component must be com-
mensurate with the metal lattice. For the specular CTR, (0,0, l), where there is no in-plane
momentum transfer, this condition is relaxed and the measurement probes the electron density
profile along the surface normal direction. This can be sensitive to layering in the electrolyte.

The q-vector of the specular CTR, (0,0, l), has no in-plane component. All the momentum
transfer is along the surface normal direction. The specular CTR is the only rod that does not
have any in-plane q-vector component, all non-specular CTRs do, and therefore non-specular
CTRs are sensitive to the in-plane surface structure. The specular CTR is sensitive to the
out-of-plane surface structure, as it depends on the out-of-plane charge distribution, meaning
that information on the liquid layering in the sample can be obtained from the specular CTR.

Fractional order rods consist of scattering arising from surface structure that has a different
symmetry to the bulk lattice. Unlike CTRs they do not pass through Bragg peaks, but lie
elsewhere in the h-k plane. Fractional order rods can occur due to superstructure such as
adsorbates on the surface or reconstruction of the surface layers.

2.5.1 Adlayer Structures

Species in the electrolyte may undergo adsorption onto the electrode surface under certain
conditions. For example anions would favourably undergo adsorption at positive potentials,
due to the positive charge present at the electrode surface and the negative charge of the
anion species. Cations would be attracted to the surface at more negative electrode potentials.
The presence of adsorbates at the surface may influence the diffracted x-ray signal from the
surface, so SXRD can be a useful tool for the investigation of electrochemical adsorption
and desorption processes.
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Fig. 2.15 Effect on the (0,0, l) CTR profile from Au(001) of a commensurate Cu adlayer
(green) and Cu bilayer (red).

If a species is being adsorbed at an electrode surface, the coverage of adsorbed species
will increase. The growth of an adlayer at the surface may perpetuate by different growth
modes such as layer-by-layer, island growth or layer plus island growth. The type of growth
mode depends on the strength of the bonding between atoms. A stronger substrate-adsorbate
bond will result in more layer-by-layer growth: if the bond strength between adsorbate atoms
is stronger, islands are more likely to form. Layer-by-layer growth is when monolayers form
epitaxially on the surface, as opposed to the nucleation of islands occurring during adsorption
or deposition of layers.

Adsorbed species from the electrolyte, or intermediate adsorbates from reactions, have
significant influence on electrochemical processes at a surface, such as phase formation
during electrodeposition [24–27] and electrocatalytic reactions [28]. The surface stability
may also be affected by adsorbates, causing degradation of the electrode surface, as will be
demonstrated in Chapter 5.

When adsorbates form a superstructure on the electrode surface that is registered with the
bulk, the adlayer is said to be commensurate. Such structures are ordered within the surface
plane, therefore affecting the shape of the non-specular CTRs. If adsorbates at the surface
form an incommensurate structure, the adsorption may be best modelled as a roughening
of the underlying metal layers of the electrode surface. Commensurate adlayers must be
included when modelling the surface, and are accounted for by adding a component Fcomm to
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the structure factor (2.40)

ICT R = |Ftotal|2 =
∣∣Fbulk +Fsur f ace +Fcomm

∣∣2 (2.46)

where Fsur f ace is the sum of the scattering contributions from all the surface layers of
the electrode and Fcomm is the sum of the scattering contributions from the commensurate
adlayers. For the example of a Cu monolayer on the Au(001) surface [29], where the Cu
atoms sit in the hollow sites of the Au(001) surface, the structure factor for the commensurate
adlayer is given by

Fcomm = f (q)Cu fDWFCuθCue2πi j( h
2+

k
2+l( 1

2+εCu))Cu (2.47)

where j is the number of the layer, for example for a bulk Au crystal with three Au surface
layers, j = 4 for this Cu adlayer that sits atop the Au surface layers. The structure factor
depends on the form factor specific to the atoms making up the adlayer, as well as the
positions of the adatoms, which are described by the phase factor in the expression.

The effect on the shape of the (1,0, l) CTR profile of a commensurate adlayer is shown
in Figure 2.15, where a modelled Au(001) surface with adsorbed Cu monolayer sitting
in the four-fold hollow sites produces the blue curve and the red curve is produced by
modelling a bilayer (two Cu adlayers). The intensity at the anti-Bragg position decreases
with a commensurate monolayer, and for a commensurate bilayer, two minima equally spaced
between the anti-Bragg and Bragg peaks occur.

When adsorption occurs leading to atoms forming a structure with a different lattice to
the underlying crystal, the adsorption is said to be incommensurate. This can include both
structures that are ordered or disordered, and both will contribute to the specular surface
x-ray diffraction signal.

Underpotential deposition (UPD) is the process where metal ions in solution are deposited
on the surface of a different material to form a monolayer of metal ions. UPD occurs at
negative potentials that are less negative than the Nernst potential for the metal. The Nernst
(or equilibrium) potential is that at which atoms of a metal can deposit onto a substrate of the
same metal. UPD occurs when a metal can be deposited onto another material more easily
that itself, when the adsorbate-substrate interaction is stronger than the adsorbate-adsorbate
interaction. If the potential reaches the Nernst potential, bulk deposition of the metal will
occur on the surface. Bulk deposition is when multiple layer growth occurs, rather than
single layer. In the case of UPD of Pb on the Cu electrode surface, a monolayer of Pb is
deposited on the Cu surface.
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Modelling a UPD adlayer can be achieved by including a commensurate adlayer in the
calculation of the CTRs. It is necessary to understand the structure of the UPD layer so that
the correct phase factor due to the atomic positions in the unit cell can be included in the
calculation (2.47).

Surface reconstruction is one of two energetically favourable processes which occur to
lower the surface energy and maximise co-ordination of surface atoms, the other being surface
relaxation. A surface reconstructs due to the different bonding environment experienced by
atoms at the surface compared with bulk atoms. Surface reconstruction is a rearrangement
of surface atoms such that the in-plane atomic positions change. Atoms in a reconstructed
surface layer will have an altered periodicity and symmetry from that of atoms in bulk layers.
The surface can be considered to have a two-dimensional unit cell independent of the bulk
unit cell [30] and can be modelled in the same way as an adlayer.

A surface reconstruction or commensurate adlayer structure is described in terms of the
relationship between the periodicity of the surface unit cell and the periodicity of the bulk
unit cell, by Wood’s notation [31]. A surface structure with the same symmetry as the bulk
crystal is described by Wood’s notation of (1×1). If the unit cell of the surface is twice
as large as the unit cell of the bulk along one of the primary unit cell directions then it is
described by (2×1) in Wood’s notation.

To model the scattered x-ray intensity from a reconstructed surface that is commensurate
with the bulk, the structure factor for the reconstructed surface layer (or layers) may be
calculated from the atomic positions in the reconstructed unit cell. This is similar to the case
of a commensurate adlayer, where the structure factor calculation is given by (2.47).

2.6 X-Ray Voltammetry

X-ray voltammetry (XRV) is a term used to describe a potential scan of an x-ray electrochem-
ical cell, where the dependent variable being investigated is the diffracted x-ray signal rather
than the current (which is also recorded during the measurement). This may refer to a scan
of the potential from one vertex to another and back again, as in cyclic voltammetry, or a
scan in a single direction. In a XRV experiment, the diffraction signal at a single reciprocal
space position is monitored as the applied electrode potential is scanned.

It can be illuminating to carry out XRV scans at reciprocal space positions that are
sensitive to a particular structure change. For example, XRV at a position on a fractional
order rod may reveal the formation and dissolution of superstructure. XRV is a useful tool,
as it is a relatively fast technique that can offer insight into structure changes that may
be occurring, compared with carrying out a full characterisation of the surface by SXRD.
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When investigating a solid-liquid interface, XRV measurements may be carried out as the
first step, to check the stability of the surface with respect to changes driven by applied
electrode potential. These measurements offer insight into the changes that may be occurring
at the surface, which may guide the planning of further SXRD measurements to more fully
characterise the surface structure.

The advantage of x-ray voltammetry as a technique is that it can be used to correlate
electrochemical reactions and processes that are observable with cyclic voltammetry with
changes in the surface structure.

2.7 Summary

In this chapter the fundamental theoretical principles behind electrochemistry and surface
x-ray diffraction have been explored. In section 2.2, galvanic electrode reactions were
introduced along with theoretical models of the solid liquid interface. This section also
discusses mechanisms of adsorption at an electrode surface and the electrochemical technique
known as cyclic voltammetry (CV). Throughout this thesis, cyclic voltammetry is employed
in combination with x-ray experimental techniques to investigate reactions and processes
at metal electrode surfaces, driving and controlling processes at the interface and obtaining
structural detail.

Section 2.3 details the theory of surface x-ray diffraction, an experimental technique by
which the atomic structure of a metal electrode surface can be determined. The structure
of single crystal electrodes is described in Section 2.4, introducing the (111) and (001) fcc
surfaces that are investigated in this thesis. This section includes detail on the diffraction
signal due to electrode surfaces, and Section 2.5 explores how the diffraction signal is
modified due to changes in the surface atomic structure. The methods for modelling surface
structure based on surface x-ray diffraction results are described for different changes in
structure that occur, including adlayer structures that may form. Finally, Section 2.6 provides
a description of x-ray voltammetry, a technique used to quickly assess the structural behaviour
at an electrode surface with respect to changing electrode potential.

The theoretical principles introduced and explored in this chapter are applied in the
experiments described in the subsequent chapters of this thesis.





Chapter 3

Experimental Methods

3.1 Introduction

In this chapter the experimental equipment and methods employed for the research presented
in subsequent chapters will be discussed. The methods of preparing the sample, including
the single crystal electrode, electrolyte solution and other cell components are detailed in
Sections 3.2 to 3.4. The synchrotron radiation facilities at which the experiments were carried
out are described in Section 3.5, where the source of x-rays as well as the instrumentation for
carrying out a surface x-ray diffraction (SXRD) experiment on a synchrotron beamline is
presented. Finally, the methods of performing x-ray scans for an SXRD experiment and of
extracting and interpreting the data are described in Section 3.6.

3.2 Sample Preparation and Characterisation

In a single crystal diffraction experiment, it is important to ensure the use of a high quality
sample, so that a clear diffraction pattern is obtainable. A high-quality single crystal sample
is defined in this case as being atomically well-ordered. These experiments used single
crystal samples sourced from MaTecK (MaTecK GmbH, Jülich, Germany), who supplied
single crystal samples that were cut along the surface planes with a miscut angle of less than
0.3 °. To perform these fundamental experiments it is necessary to use as close to an ideal
single crystal surface as possible. To maintain the sample quality the crystal must be stored
securely and handled with care during use.
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3.2.1 Surface Annealing

To prepare a Au(001) or Au(111) single crystal surface, the sample surface must undergo
annealing. Annealing applies thermal energy to the sample surface, causing movement of
the atoms, which upon cooling come to rest in their lowest energy positions. To obtain an
atomically well-ordered surface with fewer dislocated atoms, the process is repeated. Multiple
cycles of annealing forms a flat, well terminated and well-ordered surface. Depending on the
type of surface, the required temperature and conditions for successful annealing may vary.

Gold (111) and (001) single crystal surfaces are suitable for annealing in a butane flame
[32, 33]. For metals such as Pt, higher temperatures are necessary for annealing, which
may be achieved with a hydrogen flame. In flame annealing, two processes occur which
help to achieve a less atomically rough and more pure surface: Firstly, the flame acts to
burn off impurities present at the surface by evaporation, and secondly, the flame applies
thermal energy, allowing metal atoms to move more freely and be deposited at their most
energetically favourable locations. For some metals, such as Ag (which is more reactive
than Au), it is necessary to anneal the crystal in an ultra-high vacuum (UHV) environment to
avoid oxidation of the surface. UHV annealing is carried out by induction, and coupled with
sputtering, which refers to the process of bombarding the sample surface with high energy
gas particles in UHV with the aim of ejecting material from the surface [34].

Flame annealing for experimental preparation during this research was carried out on a
lab workbench by placing a crystal sample on a ceramic heating plate and gently heating with
a butane blow torch until the surface glowed orange. A photo of Au single crystal surface
undergoing flame annealing is presented in Figure 3.1, taken prior during sample preparation
for an experiment that is reported in Chapter 4. Care must be taken so as not to melt the bulk
single crystal while the surface is kept at this temperature for a few seconds. Then the crystal
is allowed to cool slightly before the process is repeated ten times. Once the surface has
been annealed, the crystal is slowly cooled before being covered with a drop of ultrapure
deionised (DI) water to protect the surface before being transferred into an electrochemical
environment to carry out the experiment.

DI water used during these experiments was provided via an Elga purification system
with a resistivity of 18.2 MΩ·cm.

3.2.2 Electrochemical Etching

For these experiments, Cu single crystal samples were also reprepared in laboratory con-
ditions between experiments, rather than by UHV sputtering and annealing. Cu samples
were reprepared by electrochemical etching (also known as electropolishing). The surface is
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Fig. 3.1 Flame annealing of a gold single crystal surface with a butane flame

submerged in 70 % phosphoric acid (H3PO4). A counter electrode with a high surface area
is used (a Cu mesh) to apply 2V to the surface for 10 s using a power supply. The process
repeated as required until a well-ordered surface is attained.

During the electropolishing process, Cu atoms are stripped from the surface, monolayer
by monolayer. This achieves an atomically smooth and well-ordered surface by removing
the rougher surface layers of atoms. The surface layers may also be oxidised prior to
electropolishing, as Cu is a reactive surface and oxidises easily in ambient conditions, and
electrochemical etching removes layers of oxide. The importance of the particular procedure
that is followed during Cu surface preparation is discussed in Chapter 5, as it was found that
different methods of transferring the sample into the electrochemical environment resulted in
a difference in the quality of the sample surface.

3.3 Cleaning of Electrochemical Equipment

When studying a specific electrochemical system it is important to eliminate any contami-
nation from the environment, to ensure that effects and changes that are observed are due
to the interactions and processes we intended to study. Contamination must be eliminated
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from every component of the system, the electrolyte solution, the electrodes and the vessel
in which the cell is held. In order to eliminate contamination as effectively as possible, the
equipment is cleaned thoroughly before every experiment.

The x-ray electrochemical cell used for these SXRD experiments was designed such that
every component could be thoroughly cleaned prior to each assembly. Every component that
would be in contact with the electrolyte solution, and all glassware and equipment used in
making the electrolyte solution, was chosen due to being acid-resistant, so that it could be
cleaned using concentrated acid.

A mix of sulfuric and nitric acids is used for acid cleaning, as this is suitable for break-
ing down metal particles, traces of which may be left over in the system from previous
electrochemistry experiments.

Typically, glassware is soaked in concentrated acid for up to 24 hours before being
thoroughly rinsed with DI water. Glassware is boiled in DI water on a heating plate and
rinsed. This process is repeated until the equipment is clean. Equipment that is not heat-
resistant is rinsed repeatedly in DI water, as well as being cleaned by sonication in an
ultrasonic bath, after being soaked in acid to ensure any contaminants are washed away.

3.4 The Electrochemical Cell

A three-electrode electrochemical cell consists of a working electrode, counter electrode and
reference electrode separated by the conducting electrolyte in solution. The electrochemical
experiment is controlled via a potentiostat. For an in-situ surface x-ray diffraction experiment
that investigates the electrode surface during electrochemical processes, a purpose-built cell
that facilitates x-ray measurements is employed.

3.4.1 Potentiostat

A potentiostat is an electronic device that, in a three electrode setup, is used to apply a
potential between two electrodes: the working electrode and the counter electrodes. This
causes a current to flow through a conducting media (the electrolyte) and the voltage drop at
the working electrode is measured with respect to a third electrode, known as the reference
electrode [35]. A circuit diagram of a potentiostat is shown in Figure 3.2. A potentiostat
is used to conduct electrochemical experiments and allows the measurement of cyclic
voltammograms, where the current that flowing is plotted as a function of potential between
the working and reference electrodes. The potential difference between the working and
reference electrodes is monitored by the potentiostat while the potential is applied through
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Fig. 3.2 Circuit diagram of a potentiostat

the counter electrode to drive a current that is measured across an in-series resistor. The flow
of electrons across the solid-liquid interface is directly measured by such a measurement of
current in the electrochemical cell.

These experiments were carried out with a Princeton Applied Research Versastat II,
Versastat 4 or an Ivium Technologies CompactStat, depending on the synchrotron beamline
that the experiment was carried out at. The potentiostat is connected to a control system
and user interface. Using a potentiostat to run voltammetry and control the potential on a
synchrotron beamline allows us to make potential dependent x-ray diffraction measurements
of an electrochemical sample.

3.4.2 The X-Ray Electrochemical Thin Layer Cell

The electrochemical cell used in a surface x-ray diffraction experiment needs to facilitate the
incidence of x-rays on the investigated surface as well as the detection of outgoing x-rays.
The configuration used in these experiments was that of a ’thin-layer’ cell, where the distance
the x-rays travel through liquid is minimised, to minimise attenuation. The design is that of
an open circular cell vessel, with the single crystal working electrode at the centre, its surface
facing upwards, and a reservoir of electrolyte solution around the outside. A schematic of the
cell is shown in Figure 3.3. A thin layer of electrolyte solution sits on the electrode surface,
and a polycrystalline wire counter electrode curls around the inside edge of the cell vessel. A
Ag/AgCl reference electrode, also sits at the inside edge of the cell vessel, which is filled, like
a bowl, with electrolyte solution. A hydrophilic polypropylene film, transparent to x-rays, is
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Fig. 3.3 Schematic of the x-ray electrochemical thin layer cell

held in place over the open vessel to seal the cell and reducing the pressure of electrolyte
solution in the cell pulls the film down leaving only a thin layer of electrolyte solution on
the working electrode surface. The polypropylene films are manufactured by Chemplex
(SpectroMembrane® Thin-Film Sample Support Window Frames - Chemplex Industries
Inc., Palm City, Florida, USA) and are hydrophobic as standard but become hydrophilic after
being boiled in water.

On either side of the cell sit an inlet and outlet, drilled into the PCTFE cell vessel, to
which PTFE tubing is connected to allow the flow of electrolyte solution into and out of the
cell reservoir. The reference and counter electrodes pass through two other holes drilled into
the cell, so that connections can be made from the electrode wires to the potentiostat. The
single crystal working electrode is connected to the potentiostat by a polycrystalline wire,
coiled to form a good connection to the bottom side of the crystal as it sits on top in the
centre of the cell. This back-contact wire passes through a PCTFE channel in the cell, so as
not to be in contact with the electrolyte solution, and out through a fifth hole drilled into the
cell. The cell is surrounded by a Kapton film hood, which is transparent to x-rays, held by
an aluminium frame. This hood is filled by an over-pressure of inert gas such as nitrogen or
argon.

A photo of the x-ray cell, mounted during an x-ray diffraction experiment, is shown in
Figure 3.4. The cell can be seen through the orange-coloured Kapton film window in the
hood, which is transparent to the incident and outgoing x-rays. The black o-ring that holds
the polypropylene film in place is most clearly visible through the hood, with a Cu(001)
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Fig. 3.4 The x-ray electrochemical cell, mounted on the I16 beamline at Diamond Light
Source

single crystal more difficult to make out, held in the centre of the cell vessel by a sample
holder collet. Connections to the cell can be seen around the baseplate of the cell, along with
clear plastic tubing to facilitate the flow of electrolyte solution. The inlet for blue tubing
visible on the roof of the hood allows the intake of N2 gas.

The flow of electrolyte solution into and out of the cell is controlled with a syringe
connected to the cell outlet, allowing fresh electrolyte solution to be pulled through the
system into the cell from a reservoir flask. Electrolyte solution is purged in the reservoir
flask with inert gas before transfer to the cell. The syringe can be used to adjust the amount
of electrolyte solution in the cell, deflating the polypropylene film to form a thin layer for
x-ray measurements or inflating the film, so that electrolyte solution forms a bulk liquid on
the single crustal surface, which is useful for electrochemical conditioning of the surface
between x-ray measurements as the cell acts more like a standard electrochemical cell.

Electrolyte solutions were prepared using the wet chemistry laboratories available at the
synchrotron facilities where the experiments were carried out. Ultrapure DI water was used
along with chemical reagents sourced from Merck (previously Sigma Aldrich - Merck KGaA,
Darmstadt, Germany) and Fisher (Fisher Scientific UK Ltd., Loughborough, UK). Different
electrolyte solutions, specific to the experiment, were prepared using precise lab scales and
volumetric flasks to measure the reagents.
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3.5 Synchrotron Facilities

A single crystal surface x-ray diffraction experiment requires the ability to resolve the surface
diffracted signal from the diffuse bulk scattering background. As the surface contribution to
the scattering is ~ 10−5 of the bulk crystal contribution, this resolution requires sufficient
counting statistics. The x-rays probing the surface also have to pass through the liquid
electrolyte layer, which attenuates the intensity of the beam. This means that a high intensity
x-ray source is required for SXRD experiments to be efficiently conducted, such as a
synchrotron radiation source.

3.5.1 Synchrotron Radiation

Synchrotron radiation was originally discovered as an unwanted by-product of particle
acceleration, arising due to the conservation of momentum when charged particles travel in
a curved path at relativistic speeds [36, 37]. When electrons or positrons travel in a beam
around a cyclic particle accelerator, the particles experience acceleration perpendicular to
their direction of travel. To satisfy the conservation of momentum, photons are emitted as a
relativistic particle changes direction.

The energy of the emitted photons is dependent on the amount of kinetic energy lost by
the relativistic particles as they turn within the cyclic accelerator. Within a synchrotron (a
type of cyclic particle accelerator), electrons or positrons circle in a closed loop, directed by
magnetic fields. Synchrotrons are commonly used today as sources of photons within the
x-ray band of the energy spectrum, as x-rays are sought-after for experimental research in a
wide range of scientific disciplines. A synchrotron light source is a synchrotron that has been
set up with the aim of providing useful synchrotron radiation.

The cyclic particle accelerator within which the particle beam continuously circles is
known as a storage ring, designed to store particles at a constant energy. The energy lost by
the beam through synchrotron radiation is topped up by the use of radio-frequency cavities.
The high energy beam is directed into bending magnets and insertion devices (undulators
and wigglers) which induce the changes in direction that produce synchrotron radiation via
strong magnetic fields. Insertion devices bend the particle beam into sinusoidal or helical
paths, with the aim of maximising the number of photons produced. A large number of
charged particles circle in the storage ring, to produce high intensity beams of synchrotron
radiation (x-rays) at each insertion device and bending magnet.

Modern third-generation synchrotron light sources were designed with the aim of produc-
ing brilliant x-rays, and contain many insertion devices. Brilliance is a common quantity used
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Fig. 3.5 Schematic diagram of a 3rd generation synchrotron

to compare different synchrotron x-ray sources. It is a function of the intensity of photons
produced, the angular divergence of the photons, the cross-sectional area of the beam and
the number of photons that have a wavelength within 0.1 % of the central wavelength of the
source. A synchrotron with a higher brilliance produces more photons of a given wavelength
and direction at a particular position per second. A modern third-generation synchrotron
light source has a brilliance of more than 1018 photons·s-1·mm-2·mrad-2/0.1%BW, where
0.1%BW denotes a bandwidth 10-3w centred around the frequency w.

Surface x-ray diffraction experiments were carried out as part of the research described
in subsequent chapters at synchrotron light source facilities in the UK and France. Diamond
Light Source (DLS) is the UK’s national synchrotron facility, with 3 GeV electron beam and
is located in Harwell, Oxfordshire. Diamond has 32 beamlines that specialise in different
scientific disciplines and techniques, situated around the 562 m-circumference storage ring.
Experiments were also carried out at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France, a third generation light source with a circumference of 844 m run
in collaboration by 22 countries. The ESRF boasted 44 beamlines prior to 2020, when it
was shut down in preparation for its upgrade to the current ESRF-EBS (Extremely Brilliant
Source). The electron beams of both the ESRF and current ESRF-EBS have an energy of
6 GeV.

A schematic diagram showing a third generation synchrotron light source, based on
Diamond, is shown in Figure 3.5. The storage ring is made up of linear accelerators (linacs,
shown in grey) and bending magnets (shown in green), in which the electron beam circles,
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Fig. 3.6 The beamline optics at I07, Diamond Light Source

emitting synchrotron radiation along the beamlines (yellow paths). Beamlines are situated
at bending magnets and insertion devices (shown in red). The electrons that circulate in
the storage ring are injected into the linear accelerator in the centre of the storage ring by
an electron gun. In Diamond, this linac receives electrons with an energy of 90 keV and
accelerates the particles up to 100 MeV. A smaller cyclic accelerator, the booster ring (158 m
in circumference, shown in black) accelerates electrons from 100 MeV up to the 3 GeV
energy of the storage ring beam.

A bending magnet is used to change the direction of the particle beam in the storage ring.
Rather than being circular, a storage ring is typically made up of straight, linear accelerators
arranged in a ring, with bending magnets situated in between each one. Bending magnets
use strong magnetic fields to curve the beam around each corner. The XMaS beamline at
the ESRF (used to carry out surface x-ray diffraction experiments described in subsequent
chapters) is located at a bending magnet. The change in direction of the electron beam at this
point produces the beamline’s x-ray source.

Experiments were also carried out using the I07 and I16 beamlines at Diamond Light
Source, which are situated at insertion devices rather than bending magnets. Insertion devices
are located within the linear accelerator sections of the storage ring, where undulators or
wigglers are added to produce photons. At a bending magnet or insertion device, a fan of
synchrotron radiation is funnelled into a beamline. Modern synchrotrons have a number
of beamlines around the outside of the storage ring, and these are where the synchrotron
radiation is put to use for a wide range of applications, including surface x-ray diffraction
(SXRD).

3.5.2 Beamline and Diffractometer

When a fan of synchrotron radiation is produced at a beamline, the white beam, so called as
it contains light of a range of wavelengths, is passed through a series of optics to prepare
the x-ray beam for experimental use. Figure 3.6 shows a diagram of the I07 beamline optics
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at Diamond. I07[38], where the data in Chapter 5 and 4 were measured, is located on a
straight section of the Diamond storage ring, where the insertion device is an undulator.
Slits, collimators, monochromators and focusing mirrors are housed in I07’s optics hutch,
where the optics may be altered to suit the experiment and the needs of the users. Different
beamlines cater to different users, offering their own range of techniques and sample stages.

In the optics hutch, the white beam passes through slits before reaching a double crystal
monochromator, which uses Si(111) crystals to control the energy of the outgoing beam,
allowing the desired x-ray wavelength to be selected. The resultant beam of x-rays passes
through another set of slits before being focused in the vertical and horizontal directions
by two bimorph mirrors. This allows the beam size to be adjusted. Therefore, the x-ray
beam can be tailored to a variety of experiments, in terms of the 2D beam size and the x-ray
energy. After entering the first experimental hutch (EH1, I07 has two), the beam can be
conditioned by a series of slits and attenuators, as well as beam-position monitors and an
ADC ion-chamber, which allows the incident beam intensity to be monitored and offers the
ability to normalise intensity measurements. The use of fast shutters means that the sample
is only exposed to the beam when a measurement is being made. For some electrochemical
systems, continuous beam exposure can reduce the lifetime of the sample, with free radicals
formed in the electrolyte solution causing the polypropylene film to split, which requires
re-preparation of the sample.

To carry out a SXRD experiment, one needs a source of incident x-rays, a detector for
outgoing diffracted x-rays and a method of controlling the angles of incident and outgoing
x-rays relative to the sample surface. The x-ray source at I07 has been discussed, and the
majority of data presented in this work was acquired using a Pilatus 100K 2D detector [39]
(DECTRIS Ltd., Baden-Daettwil, Switzerland). To control the incident and outgoing angles
of x-rays relative to the surface, the experiment is conducted with a diffractometer. EH1 at I07
houses a Huber (2+3)-circle diffractometer [40], which allows the SXRD experiment to be
carried out in horizontal or vertical geometry. The diffractometer is operated in (2+2)-circle
mode, by defining the experimental geometry with two sample angles and two detector
angles. A diagram showing a (2+2)-circle diffractometer set up in vertical geometry mode
is presented in Figure 3.7a, with the experimental angles indicated. In vertical mode, the
angle of incidence for the sample surface is α and the azimuth is ω . In horizontal mode the
angle of incidence is χ and the azimuth is θ , as shown in Figure 3.7b. The detector may
move independently of the sample by movement of the detector arm through two detector
angles, δ and γ , which move the arm vertically and horizontally respectively. Detector slits
are located between the sample and the detector, which are used to reduce the signal-to-noise
ratio of the detected signal. The centre of rotation for the diffractometer is the centre of the
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(a) (b)

Fig. 3.7 Diagrams of a (2+2)-circle diffractometer in (a) vertical and (b) horizontal geometry
operating modes. The sample surface is represented by the yellow square while the green
circle represents the detector

Fig. 3.8 The diffractometer housed in EH1 at I07, Diamond Light Source
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Fig. 3.9 The experimental setup on the I16 beamline, Diamond Light Source.

sample surface, which, at I07, sits on a hexapod, allowing the sample’s position to be altered
translationally. A photo of the diffractometer in EH1 at I07 is shown in Figure 3.8, where the
diffractometer is being operated in vertical geometry mode.

Measurements were also made at the I16 beamline at Diamond Light Source (Chapter 6)
and the XMaS beamline, BM28 at the ESRF (Chapter 6) where the setup of the beamline
is slightly different to I07, but the principle is the same. I16 [41] is an insertion device
beamline, situated at an undulator, and a key difference in the beamline optics from I07 is the
diamond phase retarder [42] which allows the polarisation of the x-rays to be controlled. This
is useful for resonant surface x-ray diffraction measurements, as measurements with different
polarisation can be made without having to switch between vertical and horizontal scattering
geometries with the diffractometer. The experimental hutch at I16 houses a six-circle kappa
diffractometer, which feature more diffractometer angles than that shown in Figure 3.7.
This, and the Huber diffractometer on the XMaS beamline [43], which was also operated in
six-circle mode, are set up to allow control of the same two sample and two detector angles
that were employed in experiments at I07.

An image of the experimental hutch interior at I16 is shown in Figure 3.9, with the x-ray
cell sample visible mounted on the diffractometer to the centre-right of the picture, operating
in vertical geometry. The incident x-ray beam enters through the pipe seen on the right-hand
side of the photo, and the blue housing of the 2D detector is clear towards the top, in the
centre of the image. A reservoir containing electrolyte can be seen to the left of the image,



50 Experimental Methods

Fig. 3.10 The experimental setup on the XMaS beamline, BM28 at the ESRF.

with clear electrolyte tubing and a blue tube carrying N2 gas leading from the left of the
picture to the x-ray cell.

Data measured at XMaS was not acquired with a 2D detector, such as the Pilatus 100K
used at I07 and I16, but by a point detector with a multichannel analyser, which offers
energy resolution of the detected x-rays. A photo of the experimental setup at XMaS is
shown in Figure 3.10. The point detector is visible in the foreground, to the left, the x-ray
electrochemical cell is in the centre, mounted on the diffractometer. The incident beam can
be seen entering from the top of the field of view. The sample is mounted in vertical geometry
in this photo, which was taken during an experiment reported in Chapter 6.

3.5.3 Sample Alignment

To measure diffraction from a sample surface with a diffractometer it is important to align
the single crystal surface with the instrument. The cell is mounted on the diffractometer as
all angles are set to zero with the surface as flat as possible, but due to the precision of the
measurement, the alignment has to be checked with x-rays. The hexapod moves the sample
in the x, y and z directions translationally, as well as allowing rotation around these axes. The
sample is adjusted so that it is at the correct height to cut the beam intensity in half when
diffractometer angles are zero. By moving the sample up in z to block the beam, and moving
along the x and y axes, the sample is precisely centred on the diffractometer. The sample
can also be rotated to check how flat the surface is. Once the positioning of the sample is
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as centred and flat as possible, a specular Bragg reflection ((0,0, l) is found by moving the
sample and detector.

The diffractometer is controlled by a computer system which, using a UB matrix calcula-
tion, allows the experiment to be conducted in reciprocal space in terms of hkl co-ordinates
[44]. There are two components to the UB matrix, the unit cell of the crystal and the positions
of two Bragg reflections in terms of the detector geometry. By defining two reciprocal space
positions in terms of the positions of diffractometer angle motors, the motor positions for
any other position in reciprocal space may be calculated. The specular reflection is used to
find two sharper Bragg reflections, that will allow the alignment to be set precisely enough
for the measurement of surface x-ray diffraction.

3.6 Scans and Data Extraction

The user interface for beamline measurements is GDA or SPEC (for Diamond Light Source
and the ESRF respectively) and it is through this system that diffractometer movements and
detector counts are controlled. A scan may be carried out by either specifying a start and end
point for motors as well as scan rate and exposure time or by specifying a scan size (distance
for the motors to move) and running a centred scan either side of the current position. As
well as scanning diffractometer motors, potentiostat scans may be run via the control system,
where the potential is set or scanned in the same way as a motor and the current may be
measured.

With a 2D detector, an image is recorded for each detector count and pixel regions within
the image may be defined to represent the peak signal and the surrounding pixels which
record background signal. To extract data, these images are processed using a MATLAB
program [45], where background signal may be subtracted from the peak signal in order to
calculate the signal intensity. Background correction and standard instrumental corrections
are applied to the dataset so that an intensity distribution may be modelled [46, 47]. The data
may also be normalised using measurements from an ion chamber in the beamline optics,
used as monitor to account for changes in the incident x-ray flux. Errors on the individual
data points may be determined by a combination of the statistical error and an estimated
10 % systematic error. This statistical error is based on the Poisson distribution counting
statistics associated with the detection of x-rays and the 10 % error is typical for measuring
symmetry equivalent positions, from previous SXRD experiments [48, 49]. The error is
based on the ratio of sample size to beam size, which is typically around 10 to 50 % (for a
0.5 mm diameter beam and 10 mm diameter sample) and is applicable except for in the case
of very small incident angle, α (or χ in horizontal geometry).
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3.6.1 Rocking Scans

A synchrotron beamline experiment allows the user to input a set of reciprocal space co-
ordinates, such as an anti-Bragg position on a CTR, and measure the diffracted intensity from
that position. A useful method of measuring this intensity is a rocking scan, which involves
recording the intensity with the detector stationary while the sample is rocked through the
azimuthal angle. The resulting profile gives important information about the surface. A more
well-defined peak at the anti-Bragg position indicates a better quality surface, in terms of the
termination of the single crystal and roughness. When a new sample has been prepared and
the first measurement of the surface is made after alignment of the sample, this rocking scan
at an anti-Bragg position indicates whether the sample preparation was successful and if the
surface is smooth (well-ordered and atomically flat) enough for the SXRD experiment to go
ahead or whether the sample must be re-prepared.

The peak area and peak width of rocking scans can be compared to give an idea of changes
occurring at the surface. Rocking scans are measured regularly during the experiment, for
example when carrying out x-ray voltammetry (XRV) scans, a rocking scan is recorded
before and after the scan. This allows the stability of the surface to be monitored, and changes
in the surface structure can be tracked throughout the experiment.

Rocking scans are also carried out to measure profiles of CTRs or fractional order rods,
by recording rocking scans at l-positions at intervals along the rod. The peaks may be fitted
to give intensity values for each position so that the CTR profile can be constructed.

3.6.2 Geometric Correction Factors

The measured intensity in a SXRD experiment depends on a number of factors that have to
be taken into account when modelling the data. This is done by calculating the necessary
correction factors by which the intensity must be multiplied. These correction factors are
dependent on the diffractometer angles and geometry of the experiment. The factors will
differ for different diffractometer geometries, therefore the calculations for (2+3) circle
[40] and six-circle [50] geometries must be applied depending on the geometry used for
the experiment. For measurements at I16, the correction factors are those for a six-circle
diffractometer, as the kappa diffractometer was employed in six-c, fixed-α mode.

For rocking scans, the Lorentz factor must be calculated to account for the factor that
the scan is measured with angular dependence rather than dependence on a reciprocal space
dimension and therefore the intensity is integrated over an angle. For a rocking scan measured
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in (2+3) circle geometry the Lorentz factor is given by

L =
1

sinδ · cosγ
(3.1)

and in the six-circle case:

L =
1

sinδ · cosα · cosγ
(3.2)

The detected intensity also depends on the polarisation of the beam. The vertical polarisation
of synchrotron x-rays is assumed to be negligible and the horizontal component of the
polarisation is given by the detector angles:

P = 1− sin2
δ · cos2

γ (3.3)

Corrections must also be made for the detector interception with the diffraction rod. If the
plane of the detector is perpendicular to the rod, then the shape of the interception the detector
makes will be circular, but if the detector makes another angle with the rod the shape of
interception will be an elliptical. The rod interception correction factor is given by

R = cosγ (3.4)

Another correction factor to be applied is the active area correction, which accounts for the
overlap in the areas of the sample that are illuminated by the beam and seen by the detector.
This active area is that which contributes to the measured intensity, and it depends on the
detector angle δ

A =
1

sinδ
(3.5)

The low angle area correction is also applied, which, for the six-circle geometry, depends
on the sine of the incident angle and the area of the beam footprint compared to the sample
surface area, b

a = b · sinα (3.6)
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The correction factors are applied so that the corrected integrated intensity Icorrected for a
rocking scan is calculated from the measured intensity Imeasured by

Icorrected =
Imeasured

LRPA ·a
(3.7)

3.6.3 Data Analysis

The method of analysis varied between experiments, and specific information is provided in
each of the following chapters. In general, for experiments at I16 and I07, 2D detector image
data was obtained for the x-ray diffraction experiments, which was processed via MATLAB
programming [45]. Extracting CTR data using MATLAB image processing allowed the data
to be inspected and modelled. For RSXRD the data extracted with MATLAB was loaded
directly into OriginPro for further analysis [51]. All graphs presented in this work were
plotted using OriginPro.

When modelling CTR data, the CTR profiles are extracted and compared with a cal-
culation of CTR intensities. The calculation of CTR data is based on the theory outline
in Chapter 2. The model of x-ray diffraction is obtained using a Python (Python Software
Foundation, Beaverton, OR, USA) program and the integrated lmfit least-square fitting
routine, which can be used to obtain best fit parameters for the model, such as expansion
(relaxation), atomic layer coverages, Debye-Waller roughness factors or β roughness factors.
The fitting is carried out by minimising a χ2 value given by

χ
2 = ∑

(M−T )2

σ2 (3.8)

where M represents measured values, T represents theoretical values and σ represents
the variance of the data. Taking into account the number of degrees of freedom gives the
reduced χ2 which is quoted for results in the following chapters.

3.7 Summary

In this chapter, the experimental techniques and methods employed in this thesis have been
described. Section 3.2 details the preparation procedure for the single crystal electrode sam-
ples and Section 3.3 describes the method followed to ensure that the equipment for carrying
out electrochemical studies was clean and free from contamination. The electrochemical cell
used to perform in-situ surface x-ray diffraction measurements of the electrode surface in
electrolyte solution was introduced in Section 3.4. The x-ray experiments were carried out
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using synchrotron radiation, of which an explanation is given in Section 3.5 along with details
of the facilities used. Experiments were performed at a number of synchrotron beamlines,
and a description of each is provided along with information on the procedures followed at
each. Finally, a description of the data collection, extraction and general analysis methods is
offered in Section 3.6. Along with specific detail given in the following chapters, this chapter
has provided a description of the experimental techniques and methods used to obtain the
results of this thesis.





Chapter 4

The Hexagonal Reconstruction of Gold

4.1 Introduction

Au is considered an important metal in catalysis for CO (carbon monoxide) oxidation, which
is a process most commonly employed for decreasing vehicle emissions of the toxic CO
produced in combustion [52]. Catalysis is the process of increasing the rate of a chemical
reaction by the introduction of a catalyst, a substance which is not consumed during the
reaction. In the context of electrochemical CO oxidation in the presence of Au, the rate of
the CO oxidation half-reaction is increased due to the presence of the heterogeneous catalyst,
Au. Au has been studied as a catalyst in the form of Au nanoparticles [53, 54], where a high
activity was achieved for the oxidation process. High activities for Au as a catalyst for CO
oxidation have been reported in alkaline aqueous solutions [55] and electrochemical studies
have shown gold electrodes to exhibit the highest activity for CO oxidation in comparison
with other electrode materials such as Pt [56–60]. Studies have shown that CO, irreversibly
adsorbed on the Au surface in aqueous alkaline electrolyte can promote the electro-oxidation
of alcohols, which is an important process for the obtaining a range of organic products.
The onset potential for the oxidation of methanol is lowered in comparison to the clean Au
surface. This enhancement of electrocatalytic activity is only observed on Au surfaces that
reconstruct into hexagonal structures, Au(111) and Au(001) [61–65].

The low index surfaces of gold (Au) single crystals exhibit surface reconstruction [66], a
change in the surface structure such that the surface atomic layer has a different symmetry
to that of the bulk crystal (Section 2.5.1). The reconstructions of the Au(111) and Au(001)
surfaces are both hexagonal, where the surface density is increased by 4 % and 20 % respec-
tively. Au(110) undergoes a missing row reconstruction which is not hexagonal, and unlike
Au(111) and Au(001), exhibits no enhanced catalytic activity [2, 67, 68]. For the Au(111)
surface, the surface atomic layer is compressed along the [1 0 0] direction forming a structure
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(a)

(b)

Fig. 4.1 Schematics showing (a) the hexagonal reconstruction exhibited by the Au(111)
surface with (23×

√
3) periodicity and (b) the ”5×20” or "hex" reconstruction exhibited by

the Au(001) surface.

with (23×
√

3) periodicity [67, 69]. This is referred to as the ’herringbone’ reconstruction.
The hexagonal reconstruction of the Au(001) surface atomic layer is incommensurate with
the bulk however it is often referred to as the "5×20" or "hex" reconstruction and involves a
buckling and distortion of the surface layer [70, 71]. The "hex" Au(001) reconstruction is
closely aligned to the [1 1 0]c bulk direction.

Schematic representations of the reconstructed low index gold surfaces are shown in 4.1
with comparison to the unreconstructed surfaces. UHV, STM and theoretical studies have
previously detailed the hexagonal gold reconstructions [72–75]. The reconstructions that
occur in UHV survive transfer into electrochemical conditions, and the atomic structure of
the Au surface in an electrochemical environment can be controlled by an applied potential
[76, 71, 30], allowing the selection of a particular surface symmetry during an experiment.

The behaviour of the Au surfaces under electrochemical conditions have been found to
be different to those observed under UHV conditions. Under electrochemical conditions, co-
adsorbed solvent and adsorbed species are present on the surface, resulting in the formation
of an adsorbed layer of water, adsorption of hydrogen, reversible/irreversible formation of
oxygenated species and the adsorption of anions from supporting electrolyte. As anion
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(a)
(b)

Fig. 4.2 The in-plane diffraction pattern arising due to the (p×
√

3) reconstructed Au(111)
surface. Red arrows represent CTR scattering intensity, green arrows show scattering intensity
due to the (p×

√
3) reconstruction. (a) The diffraction pattern for a Au(111) surface where

reconstruction forms in one domain (b) A closer look at the diffraction pattern around the
(0,1, l) CTR for a reconstructed Au(111) surface with 3 rotated domains (full arrows, short-
dashed arrows and long-dashed arrows respectively).

adsorption occurs at the surface due to potential changes, changes in the surface electron
density are induced.

The Au(111) reconstruction, described by (p×
√

3), where p = 23, corresponds to a
diffraction pattern made up of the CTR peaks due to the bulk Au(111) and additional rods
occurring in a hexagonal arrangement around each CTR peak [77, 78]. The six additional
rods that arise around each CTR due to the reconstructed surface are separated from the CTR
by a distance δD related to p by δD = 1

2p within the h-k plane. Six rods appear due to the
three rotational domains the reconstruction may occur within on the Au(111) surface. If
the reconstruction formed in only one rotational domain the reconstruction would give rise
to only two additional rods per CTR. A schematic representation of the diffraction pattern
arising due to the (p×

√
3) reconstructed Au(111) surface is given in Figure 4.2.

When the hexagonal reconstruction of the Au(001) surface forms, the structure gives rise
to a diffraction pattern, illustrated in Figure 4.3, consisting of the square lattice of CTRs due
to the (001) bulk as well as additional rods of scattering intensity due to the incommensurate
"hex" reconstructed surface layer [79]. The primary rods arising due to the "hex" structure
form a hexagonal arrangement closely aligned to the [1 1 0]c direction and are shown as
green arrows in Figure 4.3. The separation δ along the [1 1 0]cubic direction between the
[1 0 L]hex "hex" reconstruction rod and the [1 1 L]cubic CTR is also marked in the schematic.
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Fig. 4.3 The in-plane diffraction pattern arising due to the hexagonal reconstructed Au(001)
surface. Red arrows represent scattering intensity (CTRs) due to the bulk, green arrows show
scattering intensity due to one rotational domain of the "hex" reconstruction, with the other
rotational domain represented by yellow arrows. CTRs are labelled with respect to the bulk
reciprocal lattice directions (shown in blue) with the [1 0 l]hexreconstruction peaks labelled
by their hexagonal reciprocal lattice positions.

δ ≈ 0.2 represents the incommensurability of the reconstruction and is related to the in-plane
lattice constant of the reconstructed surface layer. The "hex" reconstruction can exist in two
90° rotational domains, illustrated in Figure 4.3 by the arrangement of green rods and the
arrangement of yellow rods. The green and yellow peaks are the primary diffraction points
that arise due to the reconstruction. In UHV and in acidic electrolyte, the reconstruction
peaks are split, due to rotated domains, so split-peaks are observed as opposed to the single
peaks observed in alkaline electrolyte, which has been found to catalyse the formation of
uniform domains on Au(001) [80, 81].

It is clear that the hexagonal Au surface reconstructions hold significance for future
understanding the role of Au catalysts. In this chapter, the link between applied potential
and the reconstruction of the Au(111) and Au(001) surfaces in aqueous alkaline electrolytes
is investigated. Alkaline solutions have a high pH allowing the reconstruction process to
be observed at more negative potentials. Cyclic voltammetry for the Au(111) and Au(001)
surfaces in 0.1 NaOH alkaline electrolyte, reported by Rodriguez et al. [64], is reproduced in
Figure 4.4 (red curves) with the Au(111) exhibiting the (p×

√
3) reconstruction at negative

potentials. The oxidation (reduction) peaks positive of 1 V (vs. RHE) are due to OH-

adsorption (desorption). The green and blue CV curves were measured with CO-saturated
electrolyte, and it can be seen that on both surfaces, when the potential is not cycled to
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(a) (b)

Fig. 4.4 Cyclic voltammetry for the (a) Au(111) and (b) Au(001) surfaces in 0.1 M NaOH
alkaline electrolyte reproduced from a study by Rodriguez et al. [64]. Red curves show the
CV for the gold surface in N2-purged alkaline electrolyte and green and blue curves show
the CV in CO-saturated electrolyte. Scan rate = 50 mVs-1

positive enough potentials to oxidise the CO (blue curve), a peak is observed at negative
potentials (close to -0.4 V vs. RHE) due to OH- adsorption in the CO.

The Au(111) reconstruction has been observed to occur in different in alkaline electrolyte
solutions (e.g. 0.1 M NaOH and 0.1 M KOH) [64, 82] and for platinum electrode surfaces in
alkaline electrolytes, the effect of the cation (e.g. Na+, K+) has been investigated. Different
cations have been shown to have an effect on the activities for the oxygen reduction, hydrogen
oxidation and methanol oxidation reactions on Pt(111) surfaces [83, 84]. The hydration
energies of cations follow the trend that the energy for Li+ > Na+ > K+ > Cs+ and it
has been suggested that this trend is related to the excess of surface charge density at the
Pt(111) surface in alkaline electrolytes. This indicates that different cations can influence the
activities for reactions at catalyst surfaces, which raises the possibility of being able to control
catalytic activity by adjusting the dissolved concentrations of cations in alkaline solutions. If
a similar effect occurs for the Au(111) surface, there could be a significant influence on the
potential dependence of the Au(111) reconstruction, which could be determined by SXRD to
obtain detail about the cation effect on the activity of the Au(111) surface.

In this chapter, the formation and lifting of the reconstructed Au surface in 0.1 M KOH
will be tracked by surface x-ray diffraction, monitoring the in-plane scattering intensity with
respect to the electrode potential, to determine the potential dependence. The effect on the
reconstruction of different alkaline solutions will also be investigated, by comparing samples
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with 0.1 M LiOH, 0.1 M NaOH, 0.1 M KOH and 0.1 M CsOH electrolytes. The effect on
the Au reconstruction of adsorbed CO on the surface will also investigated by saturating the
0.1 M KOH electrolyte with CO.

4.2 Experimental Methods

Au(111) and Au(001) single crystals (miscut < 0.1 °) were prepared by sputtering and
annealing in an UHV environment until LEED analysis showed a sharp diffraction pattern.
The sample was removed from UHV and prepared by annealing in a butane flame before
being allowed to cool in air prior to each x-ray measurement. The crystal surface was then
protected by a drop of ultrapure water and transferred to an electrochemical cell designed to
facilitate surface x-ray diffraction measurements, being contacted at open circuit potential
in electrolyte. Electrolyte solutions used throughout the experiment were purged with N2

to maintain a minimal level of O2 in the system. The Au(111) surface was investigated in
0.1 M LiOH, 0.1 M NaOH, 0.1 M KOH and 0.1 M CsOH electrolytes, to study the effect of
different cations. The Au(001) surface was studied in 0.1 M KOH. Electrolyte solutions were
prepared using LiOH, NaOH, KOH, and CsOH solid reagents from Sigma Aldrich (now
Merck KGaA, Darmstadt, Germany).

The experimental procedure was similar to that previously established by Lucas, Marković
and co-workers [48, 49]. Prior to each experiment, the potential was cycled over the range
-1 V to -0.1 V (at a scan rate of 50 mVs-1) for around 30-60 minutes and then held at -1 V.
This process was found by Wang et al. to increase the correlation length by 10-30 % by
repeatedly forming, lifting and re-forming the surface reconstruction, serving to condition or
"groom" the surface, so that reproducible results are attainable [76]. SXRD measurements
were made of the Au(111) and Au(001) surfaces in electrolyte solutions at the I07 beamline
at Diamond Light Source, Oxfordshire, UK [38] and at BM28, the XMaS beamline at the
ESRF, Grenoble, France [43]. The close packed Au(111) surface, as described in 2.4.1, has
a hexagonal unit cell which is defined such that the surface normal is along the [0 0 l]hex

direction and the [h 0 0]hex and [0 k 0]hex directions are within the surface plane and subtend
60 °. The units of h, k and l are defined by

b1 = b2 =
4π√
3aNN

and b3 =
2π√
6aNN

(2.33)

where the nearest neighbour distance for gold aNN = 2.884 Å. The Au(001) surface (2.4.2)
was indexed to the bulk fcc unit cell. The surface was protected from O2 by purging the
chamber containing the x-ray cell with N2. A Ag/AgCl reference electrode was used in the
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x-ray electrochemical thin layer cell, and it is against this reference that all potentials are
quoted.

For a more detailed description of the experimental methods followed, please refer to
Chapter 3.

4.3 Results and Discussion

Surface x-ray diffraction was employed in the study of the Au(001) and Au(111) surface
reconstruction processes in alkaline electrolyte to determine the potential dependence of
structure changes that each surface undergoes. The results are presented and discussed in
Section 4.3.1. Further experiments were carried out in alkaline electrolyte saturated with
carbon monoxide, to determine the influence on the reconstruction processes of adsorbed CO
at the surface. Results of the investigation into the effect of CO on the gold reconstruction are
reported in Section 4.3.2. Finally, Section 4.3.3 presents the findings of an investigation into
the influence of the cation in the electrolyte solution on the reconstruction of the Au(111)
surface. Data obtained for the Au(111) surface in 0.1 M LiOH, 0.1 M NaOH and 0.1 M
CsOH are compared with that presented in Section 4.3.1 for 0.1 M KOH electrolyte.

4.3.1 Au(001) and Au(111) Reconstruction in 0.1 M KOH

The reconstructions of the Au(001) and Au(111) surfaces were investigated in 0.1 M KOH
electrolyte solution in a surface x-ray diffraction (SXRD) experiment. The Au(001) recon-
struction was investigated by observing the diffracted x-ray intensity at surface-sensitive
reciprocal space positions. An in-plane scan along the [1 1 0]cubic direction can be performed
through the (1,1, l) CTR and rod that arises due to the reconstructed Au(001) surface, la-
belled as [1 0 l]hex in Figure 4.3. The reconstruction peak occurs at the (1+δ ,1+δ ) in-plane
position, and so observing the diffracted intensity while scanning along h and k through
this position allows the intensity profile of the reconstruction peak to be measured. Such
scans are performed while holding the potential at a range of potentials, so that the potential
dependence of the reconstruction may be investigated.

Figure 4.5 shows the scattered intensity measured along the [1 1 0]cubic direction through
the reconstruction peak, which occurs at negative electrode potentials. The peak is shown
for measurements made while holding the potential at -1.0 V, -0.5 V and -0.2 V, indicated
respectively by the red, green and blue curves through the data points. The curves shown
in Figure 4.5 are Gaussian line-shapes fitted to the data with a linear background. At
more positive potentials, the peak is not observed due to the lifting of the reconstruction.



64 The Hexagonal Reconstruction of Gold

Fig. 4.5 Fitted curves to the scattered x-ray intensity scanned along the [110]cubic direc-
tion measured through the reconstruction peak shown at approximately (1.2,1.2,0.4)cubic,
measured for the reconstructed Au(001) surface in 0.1 M KOH. The data was fitted with
a Gaussian line-shape (solid curves). Scans were measured while holding the electrode
potential at -1.0 V (red curve), -0.5 V (green curve) and -0.2 V (blue curve). The peak
position at -0.5 V is indicated by the dashed black line.
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Fig. 4.6 Fitted curves to the scattered x-ray intensity measured for the reconstructed Au(111)
surface in 0.1 M KOH. The data, measured along the [1 1 0] direction, was fitted with a
double Lorentzian line-shape (solid curves) for the (0,1,0.3) CTR (left, at qr = 0) and
reconstruction peak (right, at qr = δD). Scans were measured while holding the electrode
potential at -1.0 V (grey curve), -0.5 V (red curve), -0.15 V (green curve) and 0.4 V (blue
curve). The peak position at -0.5 V is indicated by the dashed grey line.

Rocking scans were performed through the diffraction peak and found no evidence that the
reconstructed layer was rotated with respect to the underlying Au lattice, as expected from
previous Au(001) experiments in alkaline electrolyte [70].

To investigate the Au(111) surface, in-plane scans of the scattered intensity were per-
formed along a direction qr such that the scan passes through the reciprocal lattice position
of the CTR and a reconstruction peak. An example of such a scan direction qr is indicated by
the grey arrow in the schematic of the reconstructed Au(111) surface (Figure 4.2b), where
the vector passes along the

[
1̄ 2 0

]
direction through the (0,1, l) CTR position (red arrow)

and the reconstruction peak (green arrow), which would appear at the (0−δD,1+2δD, l)
position.

The Au(111) surface reconstruction in 0.1 M KOH was investigated during a series of
experiments, using multiple single crystal samples. The ordering of the (p×

√
3) reconstruc-
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tion and the precise value of the stripe separation, p, that represents the surface symmetry
after prolonged potential cycling (surface conditioning) was found to vary between 22 and
23 depending on the individual crystal sample, however in each case the behaviour and
processes observed were consistent. The stripe separation for a given sample is dependent on
the quality of the crystal, with some exhibiting a p of up to 26.

Figure 4.6 shows data measured along the [1 1 0] qr direction, through the (0,1,0.3) CTR
and the reconstruction peak. The scattered x-ray intensity profile along this scan direction
was recorded while holding the electrode potential at a number of potentials across the
potential window at which the reconstruction is expected based on the literature (Figure 4.4).
Two peaks are clearly visible at negative electrode potentials, with the CTR peak observed
at qr = 0 and a second peak arising at qr ≈ 0.038 due to the (p×

√
3) reconstruction. In

these units, the stripe separation p is given by p =
√

3
2qr

where qr is the reconstruction peak
separation from the CTR position (qr = 0).

Investigations of Au(001) and Au(111) and their hexagonal surface reconstructions
showed that both the intensity and the position of the reconstruction peaks arising in the
negative potential region were dependent on the applied electrode potential and exhibited
changes across the potential region. The measurements presented in Figure 4.5 and 4.6
were made while stepping the potential positively from -1.0 V, as the Au(001) and Au(111)
surface reconstructions were lifted. Analysis of the hk scans was carried out by taking into
account the linear background and fitting Lorentzian line shapes to the peaks arising due
to the CTR and the reconstruction rod using the program Fityk [85]. Line shapes fitted to
the x-ray data are shown in Figure 4.5 and 4.6. The reconstruction peak positions obtained
through fitting curves to the scans allow calculation of structural properties of the surface
at stages during the reconstruction process. The integrated intensities of the reconstruction
peaks, the in-plane Au near-neighbour spacing (aNN) and the coherent domain size, L can
be obtained [76] and are plotted as a function of electrode potential in Figure 4.7 for the
Au(001) "hex" reconstruction. Figure 4.8 shows the integrated intensity, stripe separation p
and coherent domain size, L determined from fitting the reconstruction and CTR peaks for the
Au(111) reconstruction. Figure 4.7 and 4.8 also show the potential dependence of the CTR
integrated intensities. It is clear that as the reconstruction peak intensity begins to decrease
as the applied potential is stepped positive of -0.3 V for Au(001) and +0.2 V for Au(111).
As the reconstruction begins to be lifted on both surfaces, the CTR intensity begins to rise.
This shows the structural rearrangement of Au atoms into the unreconstructed Au surface
structures at positive potentials, with increasing contribution to the CTR scattering intensity.
At the positive ends of these potential scales, the scattering is larger at the measured positions
for the (1×1) termination of the crystal surfaces than for the reconstructed surfaces.



4.3 Results and Discussion 67

(a)

(b)

(c)

Fig. 4.7 (a) Integrated intensity of the reconstruction peak (black points) and (1,1,0.4) CTR
peak (red points) as a function of electrode potential. (b) Potential dependence of the in-plane
near neighbour spacing (lattice constant, aNN) calculated for Au atoms in the Au(001) "hex"
reconstructed surface. aNN is determined from fits to the data, as shown in Figure 4.5. (c)
Potential dependence of the domain size, L of the "hex" reconstructed Au(001) surface, also
determined from fitted data.
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(a)

(b)

(c)

Fig. 4.8 (a) The integrated intensity of the reconstruction peak (black points) and the (0,1,0.3)
CTR peak (red points) measured at different electrode potentials for the reconstructed Au(111)
surface. (b) The stripe separation, p is also shown, as well as (c) the domain size, L of the
(p×

√
3) reconstruction, which are calculated from the fitted data (as shown in Figure 4.6).
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Figure 4.7 and 4.8 show that there is a notable potential dependent change in behaviour
of the surface reconstructions across the potential regions in which they are stably present.
Data from the rotated domains showed the same behaviour for both the Au(111) and Au(001)
surfaces. In the case of Au(001), symmetry equivalent reflections also gave the same
results, indicating that the change in Au near-neighbour spacing is isotropic across the
surface. For Au(111), measurements were consistent across four single crystal samples, with
similar potential dependent results to those shown in Figure 4.8 for the compression of the
reconstructed surface layer, although the exact value for p measured at -1.0 V after cycling
did vary with different samples (p values varied between 23.5 and 26).

Previous electrochemical studies of the Au alkaline environment [86, 82] have identified
that at potentials negative of -0.45 V there is no specific adsorption, whereas during a positive
potential sweep, -0.45 V is the point at which the onset of hydroxide (OH-) adsorption occurs.
This points also corresponds to an observed a minimum in the differential capacitance
[87]. At potentials between -1.0 V and -0.45 V, for both the Au(111) and Au(001) surface
reconstructions, the reconstruction peak increases during a positive potential sweep. Figure
4.7 and 4.8 also indicate that as the reconstruction peak increases with this potential change,
the in-plane correlation length L also increases and the near neighbour spacing aNN (and
proportional stripe separation p for the Au(111) surface) decreases. These changes describe a
compression of the atoms in reconstructed surface structure as the potential is swept positive
up to -0.45 V from -1.0 V. The increased in-plane Au-Au spacing at negative potentials is
understood to be due to the increased charge at the surface. There is no specific adsorption at
this potential, so excess surface charge influences the Au-Au interaction within the surface
layer.

The 2D isothermal compressibility of the reconstructed Au monolayer κ2D is described
by

κ2D =
1

Nione

(
dA
dE

)
(4.1)

where dA
dE is the change in area A per adsorbate atom [88], which may be determined from

the potential dependence of p. Assuming a 2D free electron gas model, the 2D isothermal
compressibility κ2D and electro-compressibility κT can be compared to determine the surface
charge of Au atoms eNion, when κT is described [5, 89] by

κT =
meA2

πℏ(Z −Nion)
2 (4.2)
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(a)

(b)

Fig. 4.9 The potential dependent surface charge per atom obtained for the reconstructed (a)
Au(001) and (b) Au(111) surfaces by comparing the experimental electro-compressibility to
the compressibility for a 2D layer in the free electron model

where (Z −Nion) is the number of electrons contributing to the free electron gas, me is the
electron mass and ℏ is the reduced Planck constant.

The charge of the surface Au atoms eNion may be determined by assuming the electro-
compressibility is given by a 2D isothermal compressibility and setting κ2D = κT . Figure 4.9
shows the surface charge plotted as a function of potential for the reconstructed Au(001) and
Au(111) surfaces, shown in 4.9a and 4.9b respectively. The values of electro-compressibility
obtained were of the order 1 Å2/eV, which are of the same order as those found during
previous studies of electrochemically deposited metallic monolayers [90–92]. This model
is based on the free electron model and neglects any influences of 5d electrons however it
shows that the observed potential dependent behaviour of the electro-compressibility can
be explained by the changing charge of the surface atoms. The point at which the sign of
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the charge changes in Figure 4.9 corresponds to the potential at which the in-plane near
neighbour spacing aNN reaches a minimum.

During a positive potential sweep in KOH electrolyte, -0.45 V is the potential marking
the onset of hydroxide adsorption on the gold surfaces, which leads to the lifting of the
reconstruction of the Au(001) and Au(111) surfaces. During the lifting of the Au(111)
surface reconstruction, a stable intermediate phase is formed, between potentials of -0.2
V and 0 V, before the reconstruction is completely lifted. Similar intermediate phases
have been reported in STM studies of Au(111) in acidic electrolyte [93]. On Au(001), the
reconstruction immediately begins to lift as potential increases beyond -0.45 V, and the
process is not accompanied by a further change in the in-plane compression. In the case of
Au(001) surface, it appears that the adsorption of hydroxide species drives the lifting of the
reconstruction.

4.3.2 The CO Effect

The promoting effect of CO adsorbed on Au(111) and Au(001) on the electro-oxidation of
alcohols has been previously reported [61–65] and an experiment was carried out with the
aim of determining possible links between the structural changes detailed in Section 4.3.1 and
the electrocatalytic behaviour. While holding the potential at the negative limit, the N2 purged
0.1 M KOH electrolyte in the electrochemical cell was replaced by 0.1 M KOH solution
that had been saturated with CO. The Au(111) and Au(001) surfaces were investigated by
carrying out SXRD measurements similar to those reported in Section 4.3.1 and represented
by Figures 4.5 and 4.6.

Figure 4.10 shows SXRD results for the reconstructed Au(001) and Au(111) (4.10a
and 4.10b respectively) surfaces in CO saturated 0.1 M KOH, representing the potential
dependence of the hexagonal gold reconstructions in the presence of CO. At -1.0 V, both the
Au(001) and Au(111) surfaces are found to be reconstructed, as evidenced by the intense
reconstruction peak at h = k ≈ 1.2 in Figure 4.10a and qr ≈ 0.04 in Figure 4.10b. The
in-plane lattice constant for both surfaces is close to the maximum surface compression
(aNN ≈ 2.76 Å) and the correlation length L shows no significant change from that observed
in N2 purged electrolyte. In CO saturated electrolyte, stepping the electrode potential from
-1.0 V to -0.2 V revealed no change in the position of the reconstruction peak, and negligible
change in the integrated intensity of the reconstruction peak on either surface. This indicates
that the presence of CO inhibits any change in the surface compression of either hexagonal
reconstruction over this potential range, with the data measured at -0.5 V presented in
Figure 4.10a and Figure 4.10b. Adsorbed CO suppresses the potential induced changes in
the Au near neighbour lattice spacing on the Au(001) and Au(111) surfaces. This could be
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(a) (b)

Fig. 4.10 In plane x-ray diffraction of the reconstructed (a) Au(001) surface measured along
the [110] direction through the reconstruction peak and (b) the reconstructed Au(111) surface
measured along the [110] direction through the (0,1,0.3) CTR position and the reconstruction
peak, with both surfaces in CO saturated 0.1 M KOH electrolyte. The potential was held at:
-1.0 V (red curves), -0.5 V (green curves)
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Fig. 4.11 X-ray voltammetry measurements showing the potential dependence of the scattered
x-ray intensity from the (0,0,1.02) anti-Bragg position on the specular CTR as the potential
is swept from -1.0 V to 0.4 V and back (sweep rate = 2 mVs-1). Results are shown for the
Au(001) surface in 0.1 M KOH before (green and grey points) and after (red and blue points)
the electrolyte was saturated with CO. Positive and negative potential sweeps are indicated
by arrows

explained by a modification of the electron density by the presence of and bonding to CO
molecules. The adsorbed CO molecules may accommodate changes in the surface charge,
rather than the Au atoms, meaning that the Au atoms do not undergo the same structural
rearrangement. In such case the CO molecules act as tuneable dipoles, which could explain
the enhanced catalytic activity reported for Au surfaces with adsorbed CO, with reactions at
the interface taking place in the outer layer of the electrochemical double layer (the OHP,
Section 2.2.2). This is consistent with the model of CO-promoted OH- adsorption being the
mechanism by which hexagonal Au surfaces exhibit enhanced electro-oxidation of alcohols.

Previous studies have shown that adsorbed CO on the Au(001) surface stabilises the
reconstructed phase over a wider potential range in comparison to the absence of CO [82].
Figure 4.11 shows x-ray voltammetry measurements at the (0,0,1.02) anti-Bragg position
on the specular CTR as a function of the electrode potential. The figure compares the x-ray
voltammetry measurements made of the Au(001) surface in 0.1 M KOH electrolyte before
(green and grey points) and after (red and blue points) saturating the electrolyte with CO. The
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Fig. 4.12 Fitted curves to the scattered x-ray intensity scanned along the [110] direction
measured through the (0,1, l) CTR (left peak) and the reconstruction peak (right peak) for
the Au(111) surface in 0.1 M NaOH electrolyte solution. Scans measured while holding the
potential at 0 V (grey), -0.2 V (black), -0.4 V (blue), -0.6 V (green), -0.8 V (yellow) and -1.0
V (red). Inset plot shows the curve (green line) fitted to the x-ray data (black points) for the
-0.6 V measurement.

(0,0,1.02) anti-Bragg position on the specular CTR is sensitive to the atomic density of the
Au surface layer and therefore the black points in the figure show the change in intensity as
the reconstruction is lifted and reformed at ≈ -0.1 V. The red points in the graph indicate that
in the presence of CO, the Au(001) reconstruction is preserved during the positive potential
sweep beyond -0.1 V and right up to positive potentials at which the onset of oxide formation
occurs. The results are therefore consistent with the previous reports of CO stabilising the
reconstructed phase [82].

4.3.3 The Cation Effect

The potential dependence of the Au(111) surface reconstruction and the compressibility of
the hexagonal reconstruction was also investigated in other alkaline electrolyte solutions.
A surface x-ray diffraction (SXRD) experiment was carried out to determine the effect of
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different cations on the potential dependent behaviour of the reconstructed Au(111) surface,
by carrying out similar experiments in 0.1 M NaOH, 0.1 M LiOH and 0.1 M CsOH electrolyte
solutions to that detailed in Section 4.3.1. The scattered intensity from the surface along
an in-plane direction qr through the CTR position and the reconstruction rod position was
measured by SXRD. The directions qr along which in-plane intensity scans were measured
are illustrated in Figure 4.2b along with the scattering rods detected. The intensity was
scanned along the [1 1 0],

[
1̄ 2 0

]
,
[
1 2̄ 0

]
and

[
2 1̄ 0

]
directions through the (0,1,0.5) and

(0,1,0.7) positions on the (0,1, l) CTR and the
(
1, 1̄,0.7

)
position on the

(
1, 1̄, l

)
CTR. The

schematic also shows the positions of the additional rods of scattering due to the reconstructed
surface, illustrating how scans along these directions (grey arrows) detect both the CTR (red
arrow) and the reconstruction peak (green arrow).

From these in-plane scans (hk scans), the dependence of the reconstruction peak intensity
and position can be compared as a function of potential for different cations (Na, Li, Cs). A
suitable potential window within which the lifting of the reconstruction could be observed
was chosen, from -1 V to -0.1 V, and hk scans were performed at 0.05 V or 0.1 V intervals
over the potential window. Line shapes fitted to the x-ray intensity measured during the hk
scans of the Au(111) surface in 0.1 M NaOH electrolyte are presented in Figure 4.12.

Along the [1 1 0] direction, the position of the reconstruction rod relative to the CTR is
determined by fitting the peaks and obtaining the peak centre positions. The separation is
described by δD, given in Miller units (2.33). For scans along another in-plane direction qr,
it is necessary to convert the units. δD is related to the unit cell dimension p by

p =
1

2δD
(4.3)

The width of the reconstruction peak is also related to the domain size of the reconstructed
surface, L, which is calculated by

L =

√
2ln2

4πσδ

(4.4)

where σδ is the half width half maximum of the reconstruction peak.
A plot of the intensity, p value and the domain size L as a function of potential is shown

for the Au(111) surface in 0.1 M NaOH measured along the [1 1 0] direction (Figure 4.14).
The same is plotted for the Au(111) / 0.1 M CsOH system, measured along the

[
1 2̄ 0

]
direction (Figure 4.15). The third electrochemical system investigated was Au(111) in LiOH
and the results are shown in Figure 4.13 for the reconstruction measured along the

[
1̄ 2 0

]
direction.
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(a)

(b)

(c)

Fig. 4.13 (a) The x-ray intensity, (b) p and (c) domain size, L as a function of potential for
the Au(111) in 0.1 M LiOH system when the reconstruction is investigated along the

[
1̄ 2 0

]
direction. The x-ray intensity shown is that of the reconstruction peak.
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(a)

(b)

(c)

Fig. 4.14 (a) The x-ray intensity, (b) p and (c) domain size, L as a function of potential for
the Au(111) in 0.1 M NaOH system when the reconstruction is investigated along the [1 1 0]
direction. The x-ray intensity shown is that of the reconstruction peak.
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(a)

(b)

(c)

Fig. 4.15 (a) The x-ray intensity, (b) p and (c) domain size, L as a function of potential for
the Au(111) in 0.1 M CsOH system when the reconstruction is investigated along the

[
1 2̄ 0

]
direction. The x-ray intensity shown is that of the reconstruction peak.
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The Gibbs free energy of hydration for cations of Group 1 elements Li+, Na+, K+ and Cs+

are -475 kJ mol-1, -365 kJ mol-1, -295 kJ mol-1 and -250 kJ mol-1 respectively [94], where
the energy to dehydrate an ion is largest for ions with a lower atomic number. The number of
H2O molecules in the hydration shell is given as 5.2, 3.5, 2.6 and 2.1 [94] respectively for
Li+, Na+, K+ and Cs+. Therefore, as Li+ requires more energy for dehydration, it is more
likely that Li+ ions are adsorbed at an electrode surface in a fully solvated state (rather than
a partially solvated state) than K+ and Cs+ ions. Cs+ ions are more likely to be adsorbed
in partially solvated states than K+ and Li+ ions [95]. According to the double layer model
described in Section 2.2.2, ions in a partially solvated state are situated in the inner Helmholtz
plane (IHP), with fully solvated ions in the outer Helmholtz plane (OHP).

This offers an explanation for the shape of the potential dependence of the p value as
presented in Figures 4.13 to 4.15, where Figures 4.13 and 4.14 show that the potential
dependence is similar for the LiOH and NaOH electrolytes. For 0.1 M CsOH electrolyte
(Figure 4.15), the potential dependence of p features a sharp minimum at -0.55 V, whereas for
LiOH and NaOH, the decrease in p with increasing potential is more gradual. Cs+ ions have
fewer H2O molecules in the hydration shell than Li+ and Na+ therefore the reconstruction is
more sensitive to small changes in the applied potential.

The trend in the gradient of the potential dependence of p, where p changes with a sharper
gradient for ions with fewer H2O molecules in their hydration shell, is also in agreement
with the results for Au(111) in 0.1 M KOH electrolyte, in Figure 4.8. Comparing the results
to determine the effects of K+, Li+, Na+ and Cs+ ions, we can see that K+ ions have a similar
effect on the Au(111) reconstruction. The stripe separation p of the reconstruction in KOH
electrolyte has a clear potential dependence comparable to that observed in the other alkaline
electrolytes. With changing potential, the stripe separation drops to a minimum at -0.55 V,
with the gradient of that drop being similar to that in Figure 4.15 (CsOH) and sharper than
those shown in Figures 4.13 and 4.14 (LiOH and NaOH).

The compressibility of the reconstructed surface depends on the change in area per
adsorbate atom, A with potential dA

dE , which can be determined from the potential dependence
of p. Assuming a 2D free electron gas model, the 2D isothermal compressibility κ2D and
electro-compressibility κT can be compared to determine the surface charge of Au atoms
eNion, the potential dependence of which is shown in Figure 4.16.

This is consistent with the data for 0.1 M KOH electrolyte (Figure 4.9). Comparison
between the studies shows that as well as with K+ cations, with Li+, Na+ and Cs+ cations the
change in electro-compressibility is also driven by the change in charge of surface atoms.

Figure 4.16 shows the potential dependence of the charge of the surface Au atoms and
the charge changes sign at -0.55 V, where the nearest neighbour distance is at a minimum.



80 The Hexagonal Reconstruction of Gold

(a)

(b)

(c)

Fig. 4.16 The potential dependence of surface charge per atom for the reconstructed Au(111)
surface in (a) LiOH, (b) NaOH and (c) CsOH electrolytes. Charges calculated from the
experimental electro-compressibility and comparison with the 2D compressibility in the free
electron model.
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For electrolyte with Cs+ cations there is a sharper change with potential whereas the change
is more gradual for Li+ and Na+. This suggests that the charge of surface atoms is more
sensitive to the applied potential when ions with fewer H2O in their hydration shell and this
drives the reconstruction process. This is also evident in the data presented in Figure 4.9 for
KOH electrolyte. K+ ions have more H2O ions in their solvation shell (2.6) than Cs+ (2.1)
but fewer than Li+ (3.5) and Na+ (5.2) [94].

4.4 Conclusions

We have seen that the hexagonal reconstructions that occur on the Au(001) and Au(111)
electrode surfaces in alkaline electrolyte exhibit a potential dependent compressibility. The
origin of the compressibility is considered to be an effect of the build up of charge at the
surface at potentials negative of -0.5 V, where the compression is highest at -0.5 V. Describing
the system using the free electron model indicates that at -0.5 V, the charge on the surface
Au atoms reaches a minimum, leading to the tight compression of the atoms. This potential
also corresponds to the onset of hydroxide (OH-) adsorption, which leads to a reduction of
the surface compression on the Au(111) surface, and a lifting of the surface reconstruction
on Au(001). In CO-saturated electrolyte, CO molecules are adsorbed onto the Au surface
at -1.0 V. The potential dependent surface compressibility is suppressed in this case, with
both Au(001) and Au(111) surfaces locked into the highly compressed phases that are
observed in CO-free electrolyte at -0.5 V. The results suggest that the adsorbed CO molecules
accommodate the excess surface charge that is induced by the applied electrode potential,
with this mechanism leading to the enhanced electrocatalytic reactivity observed for Au(001)
and Au(111) with adsorbed CO. The adsorbed CO also leads to the reconstructed surfaces
being stable over a larger potential range. These characteristics both indicate that the presence
of CO at Au(001) and Au(111) surfaces is preferable for the preparation of catalyst surfaces
for industrial and research applications.

It was also determined, by considering the effect of alkaline electrolyte solutions with
different cations, that the number of H2O molecules in the solvation shell of the cation
influences the degree of potential dependent compressibility exhibited by the Au(111) surface
reconstruction. When ions in the electrolyte have fewer H2O molecules in the solvation shell,
the compressibility of the Au(111) surface reconstruction was more sensitive to changes in
the applied potential, and the compression process of Au atoms was observed over a shorter
potential range.





Chapter 5

Surface Stability of Cu(111) in Phosphate
Electrolyte

5.1 Introduction

Carbon dioxide pollution as a by-product of the combustion of fossil fuels is well documented
as one of the most significant challenges humanity faces today, continuing to dominate
headlines as an increasingly urgent crisis. CO2 is largely an unwanted result of many
industrial processes, and a key area of interest within electrochemistry is its conversion
into useful products. Large scale, energy efficient conversion of CO2 into more desirable
chemicals could be vital in reducing greenhouse gases amid the ongoing climate crisis as
well as having a positive economic impact in terms of creating jobs in a new industry.

Copper surfaces and copper oxide-derived surfaces are important metal catalysts as they
uniquely offer the electrochemical conversion of CO2 into methane, ethylene, formic acid,
methanol, ethanol and other useful products [96–98]. The parameters and conditions that
influence the efficiencies of these processes, and the selectivity (the ability to choose a desired
product from those that may be produced) are not fully understood. Parameters such as the
surface area, particle size, surface structure, surface roughness and electrolyte composition
have been suggested to control the selectivity and reactivity for CO2 conversion into useful
products [99–104].

In the case of copper oxide catalysts, the level of oxygen content and oxidation state
has been found to affect the electrocatalytic activity and selectivity. Oxide-derived Cu
catalysts have shown high-selectivity towards the formation of C2 products (such as ethylene)
[105, 98, 106, 107]. The selectivity exhibited by such catalysts has been attributed to changes
in the surface structure, such as defects and roughness, which lead to the formation of active
sites during the pretreatment of Cu-oxide catalysts.
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More recent studies have proposed that as well as structural properties, the presence of
Cu+ ions and subsurface oxygen atoms may affect the product selectivity [103, 108, 109].
Mistry et al. used operando XAFS to demonstrate the presence of Cu+ species and subsurface
oxygen during the carbon dioxide reduction reaction [103]. Another report, by Le Duff et
al. implemented a pulse sequence between reduction potentials, where the CO2 reduction
reaction (CO2RR) takes place (< -0.5 V) and a potential in the region between -0.2 V and
-0.35 V (quoted vs. RHE) where the co-adsorption of OH and other anions takes place
[105, 110]. They concluded that the positive potential of the pulse had a significant effect on
the catalytic activity and selectivity of the copper single crystal electrode for the CO2RR.
This was associated with the adsorbed species (OH or anions) at the surface, which prevent
any irreversible damage or changes to the Cu electrode surface structure [105].

In this chapter, a structural characterisation of the Cu(111) electrode by surface x-ray
diffraction (SXRD) will be presented at potentials positive of the CO2RR, with the aim
of determining the composition and structure of the electrochemical interface. In order to
understand the stability and reactivity of the Cu(111) electrode, the surface morphology
must be controlled during preparation of the sample, because, depending on the preparation
method, two different surface morphologies may be obtained. One surface is macroscopically
rough but is completely stable during potential cycling that drives the adsorption/desorption
of anions and associated reversible rearrangement of the surface structure. The other surface
exhibits x-ray scattering features that suggest the presence of twinned copper nano-islands
at the surface, and the potential dependent changes in surface structure are found to occur
irreversibly, indicating an unstable surface. In-situ structural characterisation of the surface
is unique in providing detail on the stability of the surface structure. Correlating this with
information on the reactivity is key to understanding the relationships between stability and
reactivity, which is important for studies of more active metal electrodes [30, 2].

5.2 Experimental Methods

The Cu(111) single crystal working electrode surface (miscut < 0.1 °) was prepared by
electropolishing for 10 s in 70 % orthophosphoric acid at 2 V against a high surface area
copper mesh. The crystal was then rinsed in ultrapure water before being submerged in the
buffered phosphate electrolyte solution and transferred to an electrochemical cell designed
to facilitate surface x-ray diffraction measurements, where the sample was immediately
contacted at -0.8 V. The x-ray cell (described in Chapter 3.4) employed a copper wire counter
electrode and a Ag/AgCl reference electrode, which all potentials are quoted relative to.
Electrolyte solutions used throughout the experiment were purged with N2 to maintain a
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minimal level of O2 in the system. The Cu(111) surface was investigated by surface x-ray
diffraction in 0.1 M phosphate buffered electrolyte solution at pH = 8, prepared using 98+ %
HK2PO4 reagents from Fisher Scientific (Fisher Scientific UK Ltd., Loughborough, UK) and
KH2PO4 from Sigma Aldrich (now Merck KGaA, Darmstadt, Germany).

The experimental procedure for the structural characterisation of the Cu(111) surface was
similar to that followed in Chapter 4 and established by Lucas, Marković and co-workers
[48, 49]. SXRD measurements were made at the I07 beamline at Diamond Light Source,
Oxfordshire, UK [38]. The close packed Cu(111) surface, as described in 2.4.1, has a
hexagonal unit cell which is defined such that the surface normal is along the [0 0 l]hex

direction and the [h 0 0]hex and [0 k 0]hex directions are within the surface plane and subtend
60 °. The units of h, k and l are defined by

b1 = b2 =
4π√
3aNN

and b3 =
2π√
6aNN

(2.33)

where the nearest neighbour distance for copper is aNN = 2.556 Å.

5.3 Results and Discussion

The Cu(111) surface was characterised in phosphate buffered electrolyte by electrochemical
methods prior to surface x-ray diffraction (SXRD) studies which aimed to characterise the
surface atomic structure.

5.3.1 Electrochemical Characterisation

Cyclic voltammetry experiments were carried out on the Cu(111) surface in phosphate
buffered electrolyte solutions of different concentration and pH. Samples with solution
concentrations of 0.01 M, 0.05 M and 0.1 M were investigated, with both pH = 6 and pH = 8.
The cyclic voltammograms are presented in Figure 5.1a for the pH = 6 sample and Figure 5.1b
for pH = 8. An anodic peak, a2 with a shoulder a1 is visible in all samples, however a2 is
much more defined at the lower pH. In Figure 5.1a and 5.1b, the green curve represents
measurements made of Cu(111) in 0.1 M phosphate buffer solution, with the blue curve
showing 0.05 M concentration and the red curve 0.01 M. At pH = 6, the anodic peak a2 can
be seen to shift further negative with increasing phosphate concentration.

The total charge associated with the electrochemical processes is plotted in Figure 5.1c
and 5.1d, showing the charge in pH = 6 and pH = 8 solution respectively. The charges in
the anodic and cathodic scans were found to be equal, and between 52 and 60 µC cm-2 for
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Fig. 5.1 Cyclic voltammetry measurements made with scan rate = 0.02 V s-1 of the Cu(111)
surface in phosphate buffer solution at (a) pH = 6 and (b) pH = 8, with phosphate concentra-
tions of 0.01 M (red curve), 0.05 M (blue curve) and 0.1 M (green curve). Charge involved
in the oxidative (blue) and reductive (red) processes on the Cu(111) surface in phosphate
buffer solution at (c) pH = 6 and (d) pH = 8.
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Fig. 5.2 X-ray voltammetry measurements measured at the (0,1,0.5) non-specular anti-Bragg
position (solid line) and the (0,0,1.4) specular anti-Bragg position (dotted line) on the CTR,
with sweep rate = 2 mV s-1. Blue points show the integrated intensity obtained from rocking
scan measurements at the (0,1,0.5) position at select potentials.

the 3 solution concentrations (0.01 M, 0.05 M and 0.1 M). This charge corresponds to ∼ 0.2
electrons per surface atom and was found to be independent of concentration or pH of the
electrolyte solution.

5.3.2 Structural Characterisation

In-situ surface x-ray diffraction measurements of the Cu(111) surface in 0.1 M phosphate
buffer solution at pH = 8 were carried out while changing the applied electrode potential. The
potential dependence of x-ray diffraction from specular and non-specular Bragg positions
over the range -1 V to -0.5 V was measured, with representative results for the (0,0,1.4)
specular and (0,1,0.5) non-specular anti-Bragg positions shown in the x-ray voltammetry
plot in Figure 5.2 (solid and dotted lines respectively). The XRV data at both positions show,
during a scan from -1 V to -0.5 V, a stable intensity at negative potentials up to -0.6 V, before
the intensity decreases significantly. The negative scan, back to -1 V from -0.5 V, shows at
both positions a stable intensity between -0.5 V and -0.6 V, before the intensity increases
between -0.6 V and -0.8 V. The intensity recovers back to the same level measured prior to
the positive potential scan, indicating that the structural change associated with this potential
dependent change in intensity is a reversible process. The separation in potential between
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the observed decrease and increase in intensity is described as a hysteresis between the two
changes in structure. This hysteresis is indicative of significant surface restructuring.

The specular anti-Bragg position is sensitive to changes in electron density normal to
the surface, with the non-specular (0,1,0.5) anti-Bragg position sensitive to changes in the
in-plane Cu surface structure or adsorption into well-defined Cu(111) surface sites. The fact
that both positions exhibit a potential dependent change indicates that the process involves
a significant change in structure at the interface, likely a change in Cu surface structure.
The blue points in Figure 5.2 show the integrated intensities of rocking scans measured at
the (0,1,0.5) position while stepping the electrode potential incrementally from -1 V to
-0.5 V and holding at each potential. The same potential dependence of the intensity is
observed, however the integrated intensities fall halfway inside the hysteresis loop, which is
as expected as these static measurements allow time for the mass transport to occur during
the restructuring of the surface.

As the potential was stepped from -1 V to -0.5 V, a detailed characterisation of the
Cu(111) surface was carried out by crystal truncation rod (CTR) measurements made at
0.1 V increments. Following these measurements, the potential was stepped negative back
to -0.8 V to check the reproducibility of results and stability of the surface. A study of
the stability of the surface is presented in Figure 5.3, in which the potential history of the
electrode over the course of the experiment is shown, with the peak widths (Figure 5.3a)
and integrated intensities (Figure 5.3b) given for rocking scans carried out at the (0,1,0.5)
position. Examples of such rocking scans are shown in Figure 5.3c, in which a scan at -0.9 V
(blue points) and a scan at -0.6 V (red points) are shown, with the Lorentzian curves fitted to
the data shown in grey. The rocking scans show how the intensity changes significantly with
the change in electrode potential. From Figure 5.3b it is clear that the peak width remained
consistent throughout the experiment, indicating that the domain size (which is inversely
proportional to the rocking scan peak width) did not change and that the sample remained
stable. The intensity was found to reversibly change with applied potential, as expected
from the XRV results (Figure 5.2), by comparing the results at -0.8 V before and after the
step to more positive potentials. The rocking scans at -0.8 V were found to be consistent.
Figure 5.3b shows that low intensities (∼0.5-2 arbitrary units in the figure) were measured
at -0.8 V after the potential was stepped back to -0.8 V from -0.5 V, however this intensity
increased with time as the potential was held at -0.8 V, rising back up to ∼5.5 arbitrary units.
This hysteresis is indicative of significant mass transport occurring at the electrode surface.

The CTR data measured for the Cu(111) surface in buffered phosphate electrolyte is
presented in Figure 5.4. The (0, 1, l), (1, 0, l) and (1, 1, l) CTRs were measured, and
a model of the surface was determined from the data by a least-squares fit calculation. A
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(a)

(b)

(c)

Fig. 5.3 The (a) full width half maximum (FWHM) and (b) integrated intensity of x-ray
rocking scans measured at the (0,1,0.5) non-specular CTR position over the course of the
experiment with respect to the applied electrode potential. Blue points were measured when
stepping potential from -1 V to -0.7 V, red points from -1 V to -0.5 V and green points from
-0.8 V to -0.6 V. (c) Peak profiles of two example rocking scans, measured at -0.9 V and -0.6
V (blue points and red points respectively) are shown along with Lorentzian line shapes fitted
to the data (grey curves). These scans are highlighted by yellow circles in (a) and (c).
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Fig. 5.4 CTR data measured at -0.8 V (blue symbols) and -0.5 V (black symbols) presented
with calculated fits to the data (green and red curves respectively) for the Cu(111) surface in
0.1 M phosphate buffer solution at pH = 8.



5.3 Results and Discussion 91

(a)

(b)

Fig. 5.5 Schematic diagram showing the structure changes observed at the Cu(111) surface as
the potential was stepped from -1.0 V to -0.8 V to -0.5 V. The surface roughness as modelled
by a β -model is shown for each electrode potential (β ), along with the coverages of the
first Cu layer (θ1) and O adlayer (θO). The out-of-plane expansion is shown for the first
(εC) and second (εB) Cu layers and the O adlayer (εO). (a) shows the observed change in
roughness in the surface plane of the top Cu layers and the adsorption of oxygen atoms
(represented by blue spheres) (b) illustrates the changes in out-of-plane position of the Cu
and O atomic layers, showing the expansion and relaxation of the top two Cu layers as well
as the O adlayer.

comparison is made between the data measured at -0.8 V, which is represented in Figure 5.4
by blue points and the data measured at -0.5 V, represented by black points plotted for each
CTR. The calculated model fitted to the data at -0.8 V is plotted as a green curve, with a
red curve showing the fit to the data at -0.5 V. It can be seen that the intensity at anti-Bragg
positions is lower when the potential is held more positive, than the intensity at more negative
potential. This is indicative of an atomically rough surface at the positive potential. It is also
clear from inspection of Figure 5.4 that the CTRs at -0.5 V are more asymmetric around the
Bragg peaks, which is due to a change in the relaxation of the atomic layers.

The CTR data was fitted using a structural model by varying the coverage of the topmost
copper layer, the relaxation of the top two copper layers and the roughness of the surface
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(a)

(b)

(c)

(d)

Fig. 5.6 Model parameters used to fit the CTR data in Figure 5.4 are shown as a function
of potential. (a) The coverage (θ ) of the surface Cu layer (red points) and adsorbed O layer
(blue points). (b) The relaxation, −εCu of the 1st Cu layer (red points) and the 2nd Cu layer
(blue points). (c) The roughness of the surface as modelled through a β roughness factor. (d)
The relaxation, −εO of the adsorbed O layer.

(via a β -factor model [111]). To fit the data at positive potentials an oxygen layer was also
included in the modelling, with oxygen atoms sitting in fcc/hcp three-fold hollow sites in
the Cu(111) surface. The data CTR modelling therefore reveals that at positive potentials
in buffered phosphate electrolyte, the Cu(111) surface exhibits a roughened surface with
adsorbed oxygenated species and a relaxation of the top two Cu layers. This change in
structure has been shown to be reversible by stepping the electrode potential back to a
negative value, and a schematic representation of the structure is given in Figure 5.5.

The parameters varied when calculating structural model are shown in Figure 5.6 for the
potential range from -1 V and -0.5 V, with Figure 5.6a showing the coverage of the topmost
Cu layer (red points) and the adsorbed oxygen layer (blue points) in the Cu(111) surface
model. A stable, full monolayer of Cu was observed between -1 V and -0.7 V, whereas the
coverage of Cu in the top layer of the single crystal surface decreased at potentials positive
of that point. With decreasing Cu coverage in the top copper layer, the adsorbed oxygen
coverage in the layer above increased, where there had been adsorbed oxygen at potentials
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negative of -0.7 V in the model of the surface fitted to the CTRs. Including oxygen in the
model resulted in a decrease in the reduced χ2 from 3.3 to 1.8 for the least squares fit to the
data at -0.5 V, indicating a good fit. Also shown are parameters relating to the relaxation of
the top two Cu layers, the relaxation of the oxygen layer and the roughness of the surface (a
higher β -factor corresponding to atomically less well-ordered surface layers). The schematic
diagram representing these surface structure changes, shown in Figure 5.5, illustrates the
relaxation and expansion of the surface layers in a side-on view (Figure 5.5b). It can be seen
that the top Cu layer starts off outwardly expanded from the position in an ideal Cu(111) unit
cell (represented by a red dashed line) at 1.0 V, with the layer slightly relaxing between 1.0 V
and -0.8 V, and relaxing further between -0.8 V and -0.5 V as the oxygen adsorption occurs.
The second Cu layer is slightly relaxed at 1.0 V and undergoes expansion between 1.0 V and
-0.8 V and further expansion as the potential is stepped to -0.5 V. The top-down view of the
surface given in Figure 5.5a shows how the surface roughness slightly decreases between
1.0 V and -0.8 V, and oxygen adsorption occurs at -0.5 V.

To check for any additional superstructure peaks, in-plane scans were carried out at
(h, 0, 0.4), (0, k, 0.4) and (h, k, 0.4) positions at each potential. No superstructure peaks
were observed, indicating that there is no ordering of the surface in the presence of phosphate
or any oxygenated species. Such ordering would give rise to additional x-ray scattering along
the high symmetry directions in reciprocal space. Previous studies of the oxidation of the
Cu(111) surface at the solid-gas interface as well as computational studies have suggested
that hexagonal or quasi-hexagonal structures form with the adsorption of oxygen [112].
These proposed structures form the initial layer of a Cu2O(111) film. Platzman et al. suggest
the oxidation of the Cu(111) surface occurs via three steps: the formation of the Cu2O layer,
the formation of a metastable overlayer of Cu(OH)2 and finally the transformation of the
metastable overlayer phase into a CuO layer. The results of this investigation however did
not reveal signs of any of these structures within the potential range from -1 V and -0.5 V.

The data presented above was obtained with a Cu(111) single crystal sample that had been
electropolished and transferred quickly to the electrochemical cell, where it was immediately
contacted at -0.8 V. The morphology of the surface was found to be strongly dependent
on the method of preparation of the single crystal surface and the transfer into the electro-
chemical environment, with this method devised to minimise the exposure to oxygen. When
samples were prepared without taking these measures, a different surface morphology was
observed, evident by the appearance of additional scattering features in the observed CTR
data (Figure 5.7).

Gas phase studies have shown that the oxidation of Cu(111) occurs by epitaxial growth of
copper oxide islands [113, 114]. The growth of copper oxide has been shown to depend on
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Fig. 5.7 Non-specular CTR data measured at -0.8 V (blue symbols) and -0.5 V (black
symbols) presented with calculated fits to the data (green and red curves respectively) for a
different Cu(111) sample preparation in 0.1 M phosphate buffer solution at pH = 8. Data in
grey is the -800 mV CTR data from Figure 5.4, presented for comparison with the twinned
data, in which additional peaks arise due to the presence of Cu nano-islands.



5.3 Results and Discussion 95

the oxygen pressure and the temperature, following three processes: growth from step edges,
in-terrace growth from vacancy islands and growth of on-terrace oxide. The CTR data shown
in Figure 5.7 exhibited additional scattering peaks at (0,1,1) and (0,1,4) on the (0, 1, l)
CTR, at the anti-Bragg positions, as well as at the (1,0,2) and (1,0,5) anti-Bragg positions
on the (1, 0, l) CTR. These features arise due to stacking faults induced by the nucleation
of copper atoms into hcp sites on the surface. This leads to regions of the surface in which
the stacking occurs in the reverse direction. A surface which exhibits regions with stacking
in both directions is known as being twinned. The data was modelled by superimposing
intensity at the anti-Bragg positions with a Lorentzian line-shape in addition to CTR intensity
due to the Cu(111) surface. The intensity and peak widths of the Lorentzian peaks were
varied to obtain a good fit to the data from the twinned surface, as opposed to modelling
the data as a smooth surface with stacking faults. This indicates that the peaks arise due
to nano-crystalline copper islands present at the Cu(111) surface. A simple model of the
surface was found to be sufficient for fitting the data, with surface roughness and relaxation
of the Cu surface, with no oxygen layer included in the calculation. Adjusting the surface
roughness parameter in the model affects the intensity across the l range, and the Cu layer
relaxation affects the intensity close to the Bragg peaks. The additional peaks due to surface
twinning dominated the intensity between Bragg peaks, meaning that the effects of adjusting
the coverage of atomic layers or including oxygen in the model were not discernable.

Parameters used to fit a model to the CTR data from the twinned Cu(111) surface at
electrode potentials between -0.8 V and -0.5 V are presented in Figure 5.8. The potential
dependence of the surface roughness, represented by the β factor is shown in Figure 5.8a
and the relaxation of the first and second atomic layers of Cu is shown in Figure 5.8b (blue
and green points respectively). During the positive potential sweep (blue/green points), a
similar trend was indicated by these results as for the non-twinned sample, with roughness
increasing as potential was stepped positive from -0.8 V to -0.5 V. A schematic diagram
representing the surface structure changes is shown in Figure 5.9 (for a region of the surface
without nano-islands). Interestingly, the β roughness factor at -0.8 V for the twinned surface
was found to be lower than that for the surface without copper nano-islands on the surface.
This could be explained by the copper nano-islands acting as nucleation sites for copper
ad-atoms, decreasing the long-range surface roughness by virtue of regions of the surface
with no nano-islands having lower roughness. The short-range roughness would be much
higher though due to the nucleation of Cu into these nano-islands. When the applied potential
was stepped back negatively (red points) the roughness was higher at -0.7 V and -0.8 V than
prior to the application of more positive potentials. This indicates an irreversible change in
surface roughness on this sample surface. This change was accompanied by a decrease in
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(a)

(b)

Fig. 5.8 Model parameters used to fit the CTR data in Figure 5.7 are shown as a function of
potential. (a) The roughness of the surface as modelled through a β roughness factor. (b)
The relaxation, −εCu of the 1st Cu layer (blue points) and the 2nd Cu layer (green points).
Red points in (a) and (b) represent the data measured after the potential had been stepped to
the positive limit.



5.3 Results and Discussion 97

(a)

(b)

Fig. 5.9 Schematic diagram showing the structure changes observed at a region of the twinned
Cu(111) surface as the potential was stepped from -0.8 V to -0.5 V and back again. The
surface roughness as modelled by a β -model is shown for each electrode potential (β ), along
with the out-of-plane expansion is shown for the first (εC) and second (εB) Cu layers. (a)
shows the observed change in roughness in the surface plane of the top Cu layer (b) illustrates
the changes in out-of-plane position of the Cu atomic layers, showing the expansion and
relaxation of the top two Cu layers.
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(a)

(b)

Fig. 5.10 The (a) full width half maximum (FWHM) and (b) integrated intensity of x-ray
rocking scans measured at the (0,1,0.5) non-specular CTR position with respect to applied
electrode potential for the Cu(111) sample which exhibited additional peaks in the CTR data
(Figure 5.7) over the course of the experiment. Blue points were measured while stepping
the potential from -0.8 V to -0.5 V and red points from -0.8 V to -0.7 V.

surface domain size, and an increase in the size of the nano-crystalline copper domains on
the Cu(111) surface, as evidenced by the widths of rocking scans at the (1,0,5) anti-Bragg
position and the widths of the Lorentzian line-shapes in the CTR measurements respectively.

The full width half maxima (FWHM) of rocking scans measured at the (1,0,5) anti-
Bragg position throughout the experiment on the twinned Cu(111) sample surface are shown
in Figure 5.10a, with respect to the electrode potential. The intensities of the rocking scans
are shown in Figure 5.10b, where it can be seen that the intensity decreases as the potential
is stepped positive from -0.8 V to -0.5 V. This is similar to the behaviour exhibited by the
non-twinned sample, shown in Figure 5.3, however, the intensity in Figure 5.3 increased
when the potential was stepped back to -1 V, indicating a reversible process. This was not
the case for the twinned sample: the intensity remained at the same level despite holding
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the electrode potential at negative potentials (red points). The decrease in intensity for the
twinned sample (Figure 5.10a) is accompanied by an increase in FWHM, from 0.2 ° to 0.4 °
which is also unaffected by stepping the potential back to -0.8 V and -0.7 V. This change in
rocking scan width corresponds to a change in the domain size of the surface of ∼100 nm
to ∼50 nm. The widths of the Lorentzian line-shapes due to stacking faults at anti-Bragg
positions in the CTR data (Figure 5.7) are related to the height D of Cu nano-clusters by:

D =
2π

∆Qz
(5.1)

D was found to increase over the course of the experiment from 20 nm to 40 nm. The
irreversibility of the process and the decrease in domain size accompanied by growth of Cu
islands indicates that the Cu(111) sample surface when prepared by this method was unstable
during potential cycling.

5.3.3 Discussion

It is clear from the results obtained by preparing the Cu(111) sample by the two different
methods detailed above, that differing surface behaviours of the Cu(111) surface in phosphate
electrolyte solution may be observed. These contrasting behaviours are dependent on the
initial surface morphology and defect density, due to the method of sample preparation
(specifically the electropolishing of the Cu(111) surface and the swift transfer thereafter into
electrochemical conditions in the x-ray cell). In both the cases, a structural transition was
observed at -0.6 V, which coincides with a peak in the anodic potential scan (Figure 5.1b). At
potentials negative of this transition, the coverage and relaxation of atomic copper layers at
the surface remained stable and constant with changing potential, with the roughness of the
surface decreasing along with increasingly positive electrode potential. At potentials positive
of -0.7 V the structural transition involved an increasing surface roughness and adsorption of
oxygenated species, with a mixed layer of copper-oxygen forming at more positive potentials
(-0.5 V). Along with this structural change, an inward relaxation of the top atomic Cu layer
and an outward relaxation (expansion) of the second Cu layer was also observed, as shown
in Figure 5.5b and 5.9b.

The structural transition evidenced by the surface x-ray diffraction investigation was
identified in the cyclic voltammetry results as an anodic peak with a shoulder, indicating
that the oxygen adsorption process occurs via two steps. Evaluating the charge under the
anodic and cathodic peaks in the CV finds that 0.2 electrons were transferred per surface
atom during the process. The surface coverage of the oxygen adlayer at the positive potential
(-0.5 V) was determined by modelling the CTRs to be θO = 0.6 (60 % of a monolayer).
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Fig. 5.11 Peak potentials from cyclic voltammograms as a function of the log of the scan
rate for Cu(111) in phosphate buffer solution with (a) pH = 6 and (b) pH = 8. Blue and red
points correspond to the 1st and 2nd anodic peaks (a1 and a2 in Figure 5.1) respectively and
the green points correspond to the cathodic peak (c1 in Figure 5.1).

The P-O bond lengths within phosphate species are known to be dP−O ∼ 1.5-1.6 Å, with
oxygen atoms separated by a distance of dO−O ∼ 2.44-2.62 Å[115–117]. This distance
is comparable with the distance between copper atoms at the Cu(111) surface, 2.556 Å,
meaning that the adsorption of phosphate or hydrogen phosphate is likely to occur with 3
oxygen atoms occupying the surface hollow sites. Therefore, the adsorbed species at -0.5 V
may be either phosphate, hydrogen phosphate but dihydrogen phosphate is ruled out, as
dihydrogen phosphate ions have a different O-O distance. The exact nature of the phosphate
species and adsorption process is not fully understood, however according to analysis of
the CTR data at -0.6 V, there is a change in both oxygen coverage, θO and relaxation of the
adsorbed oxygen layer, as well as changes in the relaxation of the top two copper layers
between -0.6 V and -0.5 V (Figure 5.6). These differences indicate that an intermediate
structure is formed at -0.6 V, which the XRV data in Figure 5.2 also suggests.

Further cyclic voltammetry measurements were carried out on the Cu(111) surface in
0.1 M phosphate solution at pH = 6 and pH = 8 at various scan rates. The positions along
the potential scale of the 3 peaks (a1, a2 and c1 in Figure 5.1) are shown as a function of the
logarithm of the scan rate in Figure 5.11. In both pH = 6 and pH = 8, the peak positions
of the cathodic peak (green points) and the first anodic peak (black points) were not found
to be dependent on the scan rate, which indicates a fast adsorption process. The second
anodic peak (red points) was observed to be dependent on the scan rate, with a gradient of
∼ 0.12 V / log(scan rate) (where scan rate was in units of V s-1) in both pH = 6 and pH = 8
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electrolyte solutions, suggesting that the peak corresponds to a slow process. As the cathodic
peak and the first anodic peak are fast processes, but the second anodic peak is a slow process,
the process associated with the second anodic peak will determine the overall rate of the
adsorption process. The structural characterisation of the surface revealed that a significant
rearrangement of the atomic structure accompanied this process, with the x-ray voltammetry
data showing a clear hysteresis, which is indicative of a slow mass transfer occurring. The
CTR data indicated that phosphate/oxygen is incorporated into the surface structure, forming
a mixed copper-oxide, with the process accompanied by an increase in surface roughness
at positive potentials. Studies in alkaline electrolyte solutions have shown other structural
rearrangements of the Cu surface layer with slow kinetics, in which case a single Cu(I) oxide
layer was formed and the Cu atomic density decreased by 30 % [118–120].

The relative proportions of hydrogen phosphate [HPO4]2- and dihydrogen phosphate
[H2PO4]- ions in the solution may be determined using the acid dissociation constant,
pKa([H2PO4]-/[HPO4]2-) = 7.2, with the proportions being 94 % and 6 % respectively in
pH = 8 phosphate solution and 13 % and 87 % respectively in pH = 6. Studies of gold and
platinum electrode surfaces have shown the adsorbed phosphate species to be dependent on
pH and potential [121, 122], however on copper surfaces, phosphate dihydrogen has been
found to adsorb for acidic electrolyte solutions (pH < 5) but not in alkaline solution (pH > 9)
[123]. The adsorption of dihydrogen cannot be totally ruled out on this basis during the first
anodic process, but the fact that the two adsorption steps were observed in the CV data for
both pH = 6 and pH = 8 electrolyte solution, with no difference evident in the kinetics of the
processes, suggests that the adsorption process occurred through a similar mechanism. The
bonding between oxygen in the phosphate ion and copper was found to be more covalent that
the bonding for silver and gold surfaces [123] which could lead to the atomic rearrangement
and slow mass transport observed by the x-ray techniques.

The results from the both the structural characterisation and the electrochemical charac-
terisation of the Cu(111) surface in phosphate electrolyte solution suggest that the adsorption
mechanism involves two steps: the first anodic peak observed in the cyclic voltammograms
is associated with an adsorption of hydrogen phosphate at the surface, either directly or by
deprotonation of dihydrogen phosphate (depending on the pH). This is supported by the
structural data which found a small amount of oxygen undergoing specific adsorption into
the three-fold hollow sites on the Cu(111) surface. The second anodic peak corresponds to
the deprotonation of the hydrogen phosphate and adsorption of phosphate anions which form
a strong bond with the Cu surface, leading to an atomic rearrangement in which three oxygen
atoms from the phosphate are adsorbed into the surface Cu layer. This process is entirely
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reversible, which is confirmed by the electrochemical characterisation which found equal
charge under the peaks in the anodic and cathodic cyclic voltammetry curves.

With this information on the adsorption processes at the Cu(111) surface, the differences
in surface stability exhibited by samples prepared by different methods may be further
explained. The surface morphology can be described by three properties discernible by
surface x-ray diffraction: the domain size of atomic terraces at the surface, the presence of
copper nano-islands and the surface roughness. The overall atomic roughness is quantified
by the β -model and also known as the surface rugosity. The data in Figures 5.3 and 5.6
showed that even though the domain size (related to the FWHM) remained unchanged, the
rugosity changed with potential. The surface that exhibited a reversible adsorption process
in which phosphates and oxygen were incorporated into the surface structure had a greater
rugosity over the potential scale than another surface, which had lower rugosity and showed
evidence of copper nano-islands at the surface. The surface with initially lower rugosity was
found to degrade with the potential driven phosphate adsorption/desorption process. Room
temperature studies of the oxygen induced reconstruction of the Cu(111) surface have shown
the formation of a disordered overlayer with O and Cu atoms sitting at different heights
in the surface [124]. It has been proposed that the formation of this disordered overlayer
favours the oxygen diffusion on Cu(111), leading to fast nucleation of many oxide islands. It
is proposed that a similar process occurs in electrochemical conditions through the oxygen
atoms in the adsorbed phosphates.

In the cases of both surface morphologies, the rugosity increases with the adsorption of
phosphates. The differences in stability between the surfaces are attributed to the surface
defects, which may act as nucleation sites for Cu ad-atoms which are created during the
incorporation of phosphate ions into the Cu surface layer. In the case of copper nano-islands
already being present on the surface, this could lead to growth of the islands, with further ad-
atoms being incorporated into the nano-crystals at the surface. This would lead to roughening
and a further decrease in the domain size of the surface, characteristics of the unstable Cu
surface. In contrast, for the higher-rugosity surface which exhibited reversibility of the
adsorption process and more stability, no preferred nucleation sites exist for the Cu ad-atoms,
meaning that copper nano-crystals do not form.

5.4 Conclusions

In this investigation, electrochemical and surface x-ray diffraction data was obtained for
the adsorption of phosphate onto Cu(111) single crystal electrode surfaces. The underlying
mechanism of the phosphate adsorption and deprotonation of the dihydrogen phosphate was
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accompanied by a roughening of the Cu surface. Roughening of the Cu surface through
formation of a mixed copper-oxygen layer was reported, with oxygen atoms from the
adsorbed phosphate species being incorporated into the surface Cu layer. The importance of
the Cu surface preparation method and history of the electrode was found to be significant
for the stability of the surface and the potential dependence of the surface rugosity. The
presence of Cu nano-islands at the Cu surface was found to lead to 3D nucleation and growth
of the nano-crystals under potential cycling which lead to irreversible changes in the surface
morphology. The results demonstrate the importance of the sample surface preparation
method for copper catalysts, as this will significantly affect the stability of the catalyst under
operation conditions for the electrochemical CO2 reduction reaction. It is important to avoid
the twinned surface that exhibited Cu nano-islands, as this was found to be unstable and not a
representative example of a Cu(111) surface. Researchers aiming to obtain a Cu(111) surface
sample for catalysis should take care to follow the preparation method outlined here, where
the working electrode was immediately contacted at negative potential (-0.8 V) upon transfer
into solution in the electrochemical cell in order to achieve the desired surface morphology.
The incorporation of oxygen into the Cu surface from the adsorbate anion is also a process
that could be relevant for the study of oxo-anions, such as sulphate, and their role in the
stability of electrocatalysts during oxidation processes.





Chapter 6

Halide Ions and Lead at the Cu(001) Surface

6.1 Introduction

In this chapter, a novel experimental technique, resonant surface x-ray diffraction (RSXRD)
is employed in the study of halide ion adsorption on the Cu(001) surface. The aim is to build
upon previous studies of chlorine and bromine adsorption on Cu(001) by determining the
adlayer structure formed by iodine on the same surface to further the understanding of halide
ion adsorption processes on metal electrodes. Cl and Br superstructures on Cu(001) have
proven to be model systems for investigation by RSXRD, with surface diffraction spectra
obtained from these systems providing essential example data for the development of analysis
methods for the technique [125–127]. Iodine adsorption on Cu(001) is proposed as another
candidate for an ideal system to study and produce results for the development of programs
to analyse RSXRD data. Iodine belongs to the same series (group 17, halogens) as Cl and
Br, however its larger size means that it cannot as easily form the same c(2×2) adlayer
superstructure that its fellow halogens exhibit on Cu(001). Hence, it is necessary to identify
the iodine adlayer superstructure that forms at the Cu(001) surface, if the resonant diffraction
data from the structure is to be modelled.

Underpotential deposition of lead on the Cu(001) surface in the presence of Cl ions is also
investigated by RSXRD. Lead and copper have been shown to form an alloy in perchlorate-
containing electrolyte with halide ions, which exhibits interesting electrocatalytic properties
[128]. Pb adatoms on Cu are reported to significantly influence the catalytic activity for the
CO2 reduction reaction and suppress competing reaction channel. The presence of halide
ions has been shown to improve the reversibility of the Pb UPD process, which also exhibits
faster kinetics with Cl ions present [129]. The goal was to determine the surface structure
changes that occur during the dissolution of the Pb UPD layer using surface x-ray diffraction.
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Then, resonant SXRD measurements could be made in order to gain insight into changes in
the charge distribution at the surface associated with the changing structure.

6.1.1 Resonant Surface X-Ray Diffraction

For a complete understanding of electrochemical processes at the solid-liquid interface,
including the nature of bonding between adsorbates and the electrode surface, the charge
distribution and transfer of electrical charge across the interface must be considered. Infor-
mation such as the rate of charge transfer and the charge distribution at interfaces can provide
insight into the reactivity of a specific electrode, which has significance for the employ-
ment of electrochemical systems in catalysis, electroplating and various energy technologies
[127, 130]. The presence of adsorbates at the surface has a significant influence on the
charge distribution in terms of the partial transfer of charge and electro-adsorption valencies
[131–134]. Adsorbates may also be adsorbed non-specifically, with a full solvation shell,
which affects the potential distribution at the interface. Many examples of the double-layer
structure and composition influencing catalytic reactions have been previously reported
[135, 83, 136–139], however directly probing the effects on the charge distribution at an
electrode-electrolyte interface is challenging.

Most common techniques for probing the charge distribution of a material use electrons,
such as x-ray photoelectron spectroscopy (XPS), and are primarily vacuum techniques.
This is because XPS requires analysis of emitted photoelectrons that have not lost kinetic
energy. Electrons lose energy easily when travelling through ambient or liquid media,
making ambient XPS a difficult technique to employ for electrochemical samples [140–142].
Molecular dynamics or quantum mechanical calculations may be used to obtain an indication
of the electron density and potential drop modification at the electrode surface in the presence
of adsorbed species, and x-ray reflectivity and surface x-ray scattering can provide detail on
the near range ordering of ions in solution [3, 143, 144]. X-rays avoid the challenges related
to probing through liquid that are faced by electron techniques. Probing with x-ray absorption
spectroscopy (XAS) allows measurement of the adsorption edge energy of atoms at the solid-
liquid interface [145, 146]. The position of the adsorption edge along the energy spectrum for
a specific element may be shifted, with the shift linked to the electronic configuration of the
atom being probed [147, 148]. It is possible to combine x-ray spectroscopy and surface x-ray
diffraction to select specific atoms with the diffraction conditions and scan the x-ray energy
to obtain atom-specific spectroscopic information. This technique is known as resonant
surface x-ray diffraction (RSXRD) and has been used to study Pt(111) electrodes with the
aim of determining the chemical states of electrochemically formed anodic oxide monolayers
and to probe the adsorption of carbon monoxide onto the Pt surface [149–152].
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RSXRD is a relatively new technique, with the studies by Menzel et al. (in 2006)
involving carrying out first principles calculations of the RSXRD signal from the specular
CTR. Only the specular CTR was considered, with this method only allowing for qualitative
comparison with the data. Menzel et al. provided a computational workflow for carrying
out more quantitative analysis, which subsequently (in 2018) has been implemented in the
FDMNES program [153, 154]. This program allows first principles simulations of RSXRD
data [155].

Resonant surface x-ray diffraction can be used to probe charge transfer directly by
selecting specific atoms with the diffraction condition. Different reciprocal space positions
have specific diffraction contributions from the bulk and surface atoms. Spectroscopic
information may be obtained by scanning the x-ray beam energy through specific adsorption
edges and monitoring the diffraction signal. The signal is dependent on the electron density
of the contributing atoms, so any changes in charge transfer may be detected by changes in
the scattered intensity close to the adsorption edge of an atom [156]. The x-ray scattering
intensity at a specific reciprocal space position depends on the spectroscopic response of the
atoms that contribute at that position, and depends on the modification of the atomic form
factor due to the change in electron arrangement at the interface.

The experiments detailed in this chapter were motivated by the desire to understand the
charge transfer between the metal electrode and adsorbing species and the nature of the
bonding. The effects of applied potential and screening by the electrolyte is another question
which RSXRD studies may be able to answer. In order to carry out a RSXRD experiment,
it is important to determine the atomic structure first. This provides detail on the different
atomic contributions at specific reciprocal lattice positions, so that the diffraction conditions
may be used to select specific atoms to investigate spectroscopically. The atomic structure is
also one of the inputs to the FDMNES program, and necessary for calculating the RSXRD
model as part of full analysis of the data. RSXRD is strongly dependent on the polarisation
of the x-ray photons, therefore controlling the polarisation during an experiment allows
this dependence to be investigated, as the polarisation couples to the charge distribution in
different directions.

The aim of this experiment was to use resonant surface x-ray diffraction to obtain details
about the Cu(001) surface in the presence of halide ion adsorbates. Previous studies of
Cu(001) with adsorbed Cl and Br ions in c(2×2) superstructures revealed a significant
modification of the charge distribution of both the surface and sub-surface atomic metal
adlayers when ionic bonds were formed at the surface [127]. In this chapter, surface x-ray
diffraction is used to determine the structure of iodine on Cu(001) and preliminary RSXRD
results are presented.
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(a) (b)

(c)

Fig. 6.1 The c(2×2)-Cl adlayer superstructure formed at the Cu(001) surface [126], with
Cl ions shown in green atop the Cu substrate in (a) a top-down schematic, and (b) a side-on
schematic. Subsurface buckling of the second Cu layer is highlighted by δ and red dotted
lines show the positions of un-buckled Cu. (c) shows a reciprocal space map shown for the
superstructure. A fractional order rod is shown in green at the (0.5,0.5, l) position. CTRs
are shown in red.

6.1.2 Halide Adsorption on Cu(001)

Specifically adsorbed anions can affect the electrochemical reactivity of a metal electrode,
which has implications for processes such as galvanic deposition, etching, corrosion and
electrocatalysis. Metal UPD in the presence of halide ions, a reversible process for structure
formation, has been widely studied, showing that the halide ions are useful for stabilising
UPD monolayers [157–159]. Anion adsorption on UPD Cu monolayers has been studied by
surface x-ray diffraction, showing that the bonding mechanisms differ in ultra-high vacuum
(UHV) and the electrochemical environment for the same halide adsorption process and
structure [29]. These studies showed that the bonding of the halide adlayer is determined
by the chemical nature and reactivity of the first atomic layer of the metal substrate (the
amount of UPD Cu that was present on the Au electrode). RSXRD is a viable technique
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for investigating the charge distribution and hence determining the chemical driving force
behind the changes in halide layer structure [160].

The use of RSXRD is still in the early stages, and therefore model systems are sought
to establish the application of the technique and provide data for the development of the
FDMNES program [155]. Halide adsorption on Cu(001) is an example of such a model
system, with Cl and Br adsorption on Cu(001) surfaces having been studied in detail. Surface
x-ray diffraction studies have shown that Cl and Br both form c(2×2) superstructures on
Cu(001) [125, 126], and the Cl adlayer structure is illustrated in Figure 6.1. This adlayer
superstructure gives rise to scattering features in the reciprocal space map that are described
as fractional order rods. The fractional order rods due to the c(2×2) superstructure appear
at (0.5,0.5, l) and other symmetric positions, and are shown in a reciprocal space map for
the surface in Figure 6.1c. Previous studies have indicated that the presence of solvent
molecules and the strong electric field play a significant role in the charge transfer process
[29, 161, 126]. The c(2×2) halide superstructures are ideal electrochemical samples for
investigation with RSXRD because the diffraction condition can be used to select different
Cu atoms in the structure. This is due to the way that subsurface Cu atoms in the buckled 2nd
layer contribute to the scattering at fractional reciprocal space positions where there is no
diffraction signal due to the other Cu atoms in the surface or the bulk. Preliminary RSXRD
measurements of the Cu UPD process on Au(001) in Br-containing perchloric acid have also
been recently made.

In this experiment, the Cu(001) electrode surface is investigated in perchloric acid in
the presence of I ions. The aim is to extend RSXRD measurements to directly probe the
dependence on the applied electrode potential. The results will subsequently be analysed
with FDMNES to obtain a detailed model of charge distribution in the presence of adsorbates
with different electronegativities and at a range of potentials that are relevant to electroplating
and energy technologies.

6.1.3 Underpotential Deposition of Lead on Cu(001)

The electrochemical deposition of Pb onto the Cu(001) surface is an example electrochemical
system where alloy formation, stability and rearrangement of the atomic structure may be
studied. Using RSXRD, the electronic structure changes associated with such processes may
be probed. Individual atoms may be selected by the diffraction conditions to compare the
charge distribution local to different atoms in the structure [155, 127].

UPD Pb layers on Cu have been shown to be useful electrochemical systems in catalysis,
with Pb adatoms on Cu supports having been shown to suppress competing reaction channels
during CO2 electroreduction [128]. Elucidating the role of individual elements in the
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(a) (b)

Fig. 6.2 Top-down schematics showing the (a) c(5
√

2 ×
√

2)R45° and (b) c(4 × 4) UPD
Pb structures on Cu(001) reported in the literature [164, 165]. The grey spheres represent Pb
atoms and the other spheres represent Cu atoms.

processes that accompany Pb UPD on Cu(001) and the resulting electron density distribution
is a key step in the rational design of functional catalytic materials.

The activity of a catalyst in an electrochemical reaction is linked to the bond strengths
of the intermediate species of the reaction, according to the Sabatier principle [162]. The
strength of the bonding is determined by the electronic structure of the electrode surface,
related to the d-band centre [163]. The catalytic activity can be predicted by theoretical
modelling of the electrochemical interface using density functional theory (DFT) and molec-
ular dynamics. However, these methods require variables such as ion solvation of species
in solution and adsorbates, and ordering of water dipoles and ions at the interface, which
affect the interfacial potential distribution and therefore the electronic structure. Resonant
surface x-ray diffraction is an alternative to these methods which can be used to understand
alloy formation, catalytic activity and structural rearrangement in terms of the atom-specific
structure.

RSXRD can be applied to the deposition of Pb on Cu(001) surfaces to investigate the
reversible and widely studied Pb UPD process. Studies of lead UPD by Brisard et al. have
shown that it is a kinetically slow process, as voltammograms show a separation between
the adsorption and desorption peaks [129]. The peaks would appear at closer potentials if
the process occurred quickly. However, the study showed that in the presence of Cl ions, the
process occurred with faster kinetics and exhibited improved reversibility. In acid perchlorate
electrolyte solution, an alloying/dealloying process has been observed at negative potentials
as the UPD Pb coverage increases [166, 167]. This process is followed by the formation of a
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c(2×2) phase with coverage of 0.5, and subsequently the insertion of antiphase boundaries
to form a c(5

√
2 ×

√
2)R45° overlayer with a coverage of 0.6. A schematic diagram of this

atomic structure is shown in Figure 6.2a, with grey spheres representing Pb atoms and all
other spheres representing Cu. This is the maximum coverage structure that may form on
Cu(001), before bulk deposition of 3D islands begins.

The maximum coverage for a UPD monolayer of Pb on Cu is limited by the size of the
atoms, which are much larger than Cu atoms. The Cu atomic radius is 128 pm whereas the
Pb atomic radius is 175 pm. Therefore, not every Cu surface site can be occupied by an
adsorbed Pb atom. For the (111) surface, the maximum UPD Pb coverage is 0.56 [129] and
the coverage of the UPD monolayer on Cu(001) is 0.6 [167].

The Pb monolayer is stripped from the surface as the potential is scanned from negative
to positive, during which process an alloyed Cu-Pb structure forms and is subsequently
displaced by a Cl adlayer in a c(2×2) structure (Figure 6.1c) at positive potentials. These
surface alloys have been studied in UHV [167, 164, 165, 168, 169] and in solution.

Alloy formation during the UPD process for Pb on Cu(001) has been studied electro-
chemically and with STM experiments to determine the alloy structures [170]. The Cu4Pb3

alloy begins to form at Cu step edges and, as the UPD process progresses, a novel transient
(3 × 4) phase of Pb adatoms forms. This is followed by a c(4 × 4) structure with coverage
of 0.375. A representation of this UPD structure is shown in Figure 6.2b. These phases
consist of close packed rows of Pb embedded into the rows of the Cu(001) surface, and the
phases have been found to fluctuate, changing orientation and lateral position on a 100 ms
timescale.

During the dealloying process, as the electrode potential increases, the c(4 × 4) structure
is modified due to dissolution of some Pb atoms, before ribbon like structures appear in the
STM images [170]. These mobile structures form networks with defined distances and have
been shown to be domain boundaries in the c(2×2) Cl adlayer decorated with Pb atoms. As
further stripping of the Pb occurs, isolated Pb atoms are diffused across the surface, attaching
and detaching from the ribbons. This exhibited high mobility is an important factor in the
use of Pb as a surfactant for Cu deposition.

This experiment aims to build upon the RSXRD study of halide adsorption on Cu(001)
by investigating the Pb UPD process on Cu(001) in the presence of halide ions. By deter-
mining the surface structures formed at different points during the UPD process by CTR
measurements, a resonant surface x-ray diffraction experiment can be planned. RSXRD
measurements can be made at reciprocal space positions and electrode potentials where the
atomic contributions to the scattering signal are known. The goal is to obtain RSXRD data
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for these model processes that can be analysed with the FDMNES program in an attempt to
directly link the electronic structure to electrocatalytic activity of the surface.

6.2 Experimental Methods

The Cu(001) single crystal working electrode surface (miscut < 0.1 °) was prepared by
electropolishing for 10 s in 70 % orthophosphoric acid at 2 V against a high surface area
copper mesh. The crystal was then rinsed in ultrapure water before being submerged in
electrolyte solution and transferred swiftly to the x-ray electrochemical cell (described in
more detail in Chapter 3.4), where a potential was immediately applied against the Ag/AgCl
reference electrode. All potentials are quoted relative to this electrode, and the counter
electrode in the three-electrode cell was made of either gold or copper wire, depending on
the dataset. Experiments were carried out in 0.1 M HClO4 + 10 mM KI electrolyte solution
to characterise the iodine adlayer structure formed at the Cu(001) surface, and in 0.1 M
HClO4 + 0.01 M NaCl + 0.01 M Pb(ClO4)2 electrolyte solution to investigate the formation
of the lead UPD adlayer at the Cu(001) surface. Solutions were prepared using 99.5 %
KI, Cu(HClO4)2 and 98 % PbCl2 solid reagents from Sigma Aldrich (now Merck KGaA,
Darmstadt, Germany). Electrolyte solutions were purged with N2 throughout the experiment
to maintain a minimal level of O2 in the system.

Structural characterisation of the Cu(001) surface in perchloric acid electrolyte solution
in the presence of iodide ions was carried out by surface x-ray diffraction (SXRD). Potential
dependent SXRD measurements were made to investigate the adlayer structure formed
by adsorbed I- ions at the Cu(001) surface. The experimental procedure followed for the
structural characterisation was similar to that detailed in Chapter 4 and established by Lucas,
Marković and co-workers [48, 49]. In addition, resonant surface x-ray diffraction (RSXRD)
was employed to obtain spectroscopic data while utilising the ability to select specific surface
atoms by the diffraction conditions. The RSXRD procedure was similar to that followed in
previous work by Gründer and Lucas [127] and involved measuring surface diffraction data
from specific points in reciprocal space as the incident x-ray energy was scanned through an
adsorption edge (e.g. the Cu K-edge at 8.9789 keV [171]).

Experiments were conducted at the I16 beamline at Diamond Light Source, Oxfordshire,
UK [41], where the Cu(001) surface was investigated in two electrolyte solutions: 0.1 M
HClO4 + 10 mM KI and 0.1 M HClO4 + 0.01 M NaCl + 0.01 M Pb(ClO4)2. Both a structural
characterisation by SXRD and spectroscopic investigation by RSXRD were carried out on
the two electrochemical systems using the I16 beamline. Additional data was obtained
for the Cu(001) surface in 0.1 M HClO4 + 10 mM KI electrolyte solution at BM28, the
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XMaS beamline at the ESRF, Grenoble, France [43], with resonant measurements as well as
structural characterisation of the surface recorded.

Resonant surface x-ray diffraction measurements involve scanning the incident x-ray
energy while keeping the vector q constant. Measurements are made for x-rays polarised
in two orientations: parallel to the surface normal and perpendicular to the surface normal.
For some experiments at I16, a diamond phase plate was employed to flip the polarity of
incident x-rays, so that the diffractometer geometry could be kept the same throughout the
experiment. For other experiments at I16 and the experiment conducted at BM28, two
different geometries were employed: horizontal and vertical. The horizontal geometry is
defined as that in which the q-vector is parallel to the polarisation of the x-ray beam where for
in-plane positions (at low l) the polarisation of the beam being perpendicular to the surface
normal. When the diffractometer is set up in vertical geometry, the q-vector is perpendicular
to the polarisation of the x-ray beam and for in-plane positions (at low l) the polarisation of
the beam is parallel to the surface normal. As well as the resonant diffraction signal from
the working electrode surface, the x-ray fluorescence signal was recorded in parallel, which
allowed the exact position of the Cu-K edge to be identified in the energy spectrum.

The Cu(001) crystal surface, as described in Section 2.4.2, has a square structure, and
was indexed to a surface tetragonal unit cell (the relation of which to the conventional cubic
unit cell is also provided in 2.4.2). The [0 0 l] direction is defined along the surface normal
and the units of h, k and l are given by

b1 = b2 =
2π

aNN
and b3 =

4π√
2aNN

(2.41)

where the nearest neighbour distance for copper is aNN = 2.556 Å.

6.3 Results and Discussion

6.3.1 Structural Characterisation of Iodine Adsorption on Cu(001)

Following on from previous studies of the c(2×2) Cl and Br adlayer structures that form on
the Cu(001) electrode surface under electrochemical conditions, an experiment was carried
out to investigate the formation of an I adlayer on the Cu(001) surface and the structure that
may form. A Cu(001) single crystal surface was submerged in 0.1 M HClO4 + 10 mM KI
electrolyte solution and the potential was held at -0.6 V to form the halide adlayer structure
that was hypothesised. As both Cl and Br have been shown to exhibit similar behaviours, with
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Fig. 6.3 Fitted CTR data measured for the Cu(001) surface in iodine electrolyte. The (a)
(1,0, l) and (b) (1,1, l) CTRs and (c) (0.5,0.5, l) fractional order rod are shown. Blue points
with error bars show x-ray intensities at -0.6 V, with the calculated fit to the data also
shown (green curve) from a modelled Cu(001) surface with adsorbed iodine in a c(2×2)
superstructure. Data measured at I16 beamline, Diamond Light Source

halide superstructure adlayers forming on Cu(001) surfaces at negative electrode potentials,
it is thought likely that a similar effect may occur with iodine at such potentials. SXRD
measurements were made at surface-sensitive reciprocal space positions on CTRs, as well as
a fractional order rod that is sensitive to a c(2×2) superstructure, in order to determine the
structure formed by I ions at the Cu(001) surface. The aim is to determine whether I will also
form a c(2×2) superstructure, as formed by Cl and Br, on Cu(001). Monitoring the SXRD
signal from the surface while scanning the x-ray energy through the Cu-K adsorption edge
energy (at 8.9789 keV [171]) probes copper bonding and changes in the charge distribution.
In a c(2×2) halide structure on Cu(001), the diffraction condition can be utilised to select
the surface layer atoms, or the atoms in the buckled second Cu layer. However, the first step
was to determine the surface structure formed by the Cu(001) surface with adsorbed iodine.
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To determine the structure of the surface, SXRD experiments were carried out on the I16
beamline at Diamond Light Source and the XMaS beamline at the ESRF. At I16, the x-ray
signal along the (1,0, l) and (1,1, l) crystal truncation rods (cubic units) and (0.5,0.5, l)
fractional order rod (shown in Figure 6.1c) was measured by performing rocking scans
at intervals in l while holding the electrode potential at -0.6 V. Fitting the rocking scans
(scanned through the sample rotation angle φ ) with a Lorentzian line-shape and taking the
area of each rocking scan peak allows the integrated intensity profile of the diffraction rod
along the CTR direction to be determined. Modelling the structure and fitting the SXRD
data allows the surface structure to be deduced. Figure 6.3 shows the CTR data (red points)
with the fitted model (dark blue curve) for the Cu(001) surface in perchloric electrolyte with
iodine ions at -0.6 V. Non-specular (1,0, l) and

(
1, 1̄, l

)
CTRs and the (0.5,0.5, l) fractional

order rod are shown. A c(2×2) I superstructure model was fitted to the SXRD data, where
the iodine is sitting in hollow sites on top of the surface Cu layer. The coverage of iodine
in the c(2×2) I adlayer was determined to be θ = 0.29 (± 0.05) by fitting the SXRD data,
indicating that 15 (± 5) % of the surface sites on the Cu(001) surface are occupied by I.

The heights of atoms in the unit cell were varied in order to fit the data, finding that the
vertical separation between the I adlayer and the topmost layer of Cu was 2.28 (± 0.08) Å.
The iodine adlayer was modelled with an associated rms displacement of 0.14 (± 0.14) Å.
From the result for the vertical separation between layers, the bond length between Cu and
I in the structural model could be determined, giving a result of 3.1 (± 0.1) Å. This result
is greater than the value for the Cu-I bond length reported in the literature for Cu(I) iodide
(2.338 Å) by around a third [172].

The topmost Cu layer underwent expansion by 0.16 (± 0.03) Å away from its equilibrium
out-of-plane position in a Cu(001) unit cell. The rms displacement of this Cu layer was
found to be 0.25 (± 0.05) Å, which is not unusual for a surface metallic layer. The second
metal layer was modelled with a buckling of the Cu atoms, where Cu atoms directly below I
atoms sit at a different out-of-plane position to those Cu atoms directly below unoccupied
surface sites. To determine the amount of buckling, the CTR and fractional order rod data
was fitted, with the results giving an expansion for the atoms sitting below iodine atoms
of 0.01 (± 0.05) Å towards the iodine atoms, and an expansion result for atoms sitting
below unoccupied sites of 0.00 (± 0.05) Å. The amplitude of this buckling was found to be
0.01 (± 0.03) Å, which is comparable with the amplitude of buckling reported in previous
studies for the c(2×2) structures of Cl and Br on Cu(001) (0.004 to 0.006 (± 0.004) Å for
Cl and 0.004-0.008 Å for Br depending on the electrode potential) [126, 125]. The results
for the buckling are within a factor of two of the buckling reported for the Cu(001) in the



116 Halide Ions and Lead at the Cu(001) Surface

presence of adsorbed Cl or Br, which is reasonable and confirms a similar structure forms for
I adsorption as that observed for Br and Cl adlayers on Cu(001).

The results were found to be consistent across the data obtained at the two synchrotron
beamlines (I16 at Diamond Light Source and XMaS at the ESRF). Comparing the super-
structure formed by iodine on with those formed by Cl and Br ions on Cu(001) surfaces, the
amplitude of the buckling is around a factor of 2 more than that observed for Cl adsorption,
and around a factor of 1.5 more than that reported for the Br c(2×2) structure. Comparing
the atomic radii of Cl, Br and I, the amount of buckling appears to increase with increasing
atomic radius of the adsorbed species, which is a notable trend. The SXRD data obtained for
the Cu(001) surface in 0.1 M HClO4 + 10 mM KI electrolyte solution supports the theory
that halide ions (Cl, Br and I) all form similar adsorbate superstructures on Cu(001) surfaces,
with c(2×2) periodicity.

6.3.2 Resonant SXRD Study of Iodine Adsorption on Cu(001)

Resonant SXRD experiments on Cu(001) in 0.1 M HClO4 + 10 mM KI electrolyte solution
were carried out at Diamond Light Source and the ESRF by monitoring SXRD signals as the
x-ray energy was scanned through the Cu-K edge at negative electrode potentials, where the
iodine superstructure is formed. RSXRD data was obtained for a wide range of reciprocal
lattice positions on 4 CTRs.

For energy scans that were measured at the XMaS beamline, a point detector with a
multichannel analyser was employed. Separate background measurements to obtain the
fluorescence signal were obtained by moving one of the sample diffractometer motors by
a small angle so that the surface diffraction signal did not illuminate the detector. The
fluorescence could then be subtracted to attain the RSXRD data for reciprocal space positions
on the CTRs and the (0.5,0.5, l) fractional order rod. Data was gathered while holding the
electrode potential at -0.5 V so that the iodine superstructure was present and four energy
scans are presented in Figure 6.4. The energy scans shown in Figure 6.4 were measured at (a)
(0.5,0.5,0.2), (b) (1,0,0.2), (c) (0,0,0.8) and (d) (0,0,1.8), with the experiments carried
out in both vertical and horizontal scattering geometries. Blue points show RSXRD data
measured with π-polarised x-rays, and the red points show the energy dependent surface
x-ray diffraction signal when σ -polarised x-rays were employed. π-polarised x-rays are
polarised almost perpendicular to the sample surface (at 90 - α °, where α is the angle the
incident x-ray beam makes with the sample surface plane). σ -polarised x-rays are polarised
parallel to the sample surface. Smoothed curves through the data are shown in red and blue
and the Cu-K edge energy (8.9789 keV) is shown by the grey dotted line. Energy scale
calibration has been carried out based on the known value for the Cu-K edge energy. A green
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(a) (b)

(c) (d)

Fig. 6.4 Energy scans through the Cu-K edge measured for the RSXRD signal from Cu(001)
in 0.1 M HClO4 + 10 mM KI electrolyte solution at -0.5 V electrode potential. Energy scans
are measured at the reciprocal lattice positions (a) (0.5,0.5,0.2), (b) (1,0,0.2), (c) (0,0,0.8)
and (d) (0,0,1.8). Red points show the RSXRD signal, Iσ measured with σ -polarised
incident x-rays. Blue points show the signal for π-polarised x-rays, Iπ . Smoothed curves
through the data are shown in red and blue. A calculation of the energy dependent intensity
from a simple model of the surface is shown in green. The dotted dark grey line shows the
position of the Cu-K edge (8.9789 keV).



118 Halide Ions and Lead at the Cu(001) Surface

dashed line shows a calculation of the energy dependence, from the model of the surface
obtained by fit to the data in Figure 6.3, for comparison.

The diffraction signal from the (0.5,0.5,0.2) fractional order rod position, sensitive to
the c(2×2) superstructure, is shown in Figure 6.4a. The only Cu atoms contributing to this
signal are those in the second Cu layer: the atom sitting below the iodine atom or the atom
sitting below the empty hollow site on the Cu surface. These 2 Cu atoms sit at different
heights due to the buckling in this layer of the Cu-I unit cell structure. It is clear from
inspection of the graph that the peak in the π-polarised data (Iπ ) is significantly shifted with
respect to the Cu-K edge energy and is negative in amplitude (a trough). The data measured
in the horizontal geometry (σ -polarised x-rays) shows a peak that is not shifted from the
Cu-K edge energy.

The π- and σ -polarised x-rays couple with the pz or pxy orbitals of the atoms respectively,
when measuring non-specular diffraction in the vertical and horizontal experimental geome-
tries. The σ -polarised data exhibits no peak shift in the signal with respect to the calculation
of the energy dependence of the x-ray signal (green dashed line), indicating that there is no
modification of charge distribution for the pxy orbitals of Cu atoms in the buckled subsurface
layer.

In contrast, the π-polarised data shows a trough in the x-ray signal that is also shifted to
energies positive of the Cu-K edge. For π-polarised x-rays, the measurement couples with
the out-of-plane charge distribution and the shift in Figure 6.4a arises due to a modification
in the out-of-plane charge distribution (pz orbitals of the Cu atoms in the buckled layer). This
differs to the behaviour seen in the case of a Cl c(2×2) superstructure on Cu(001) [127],
where a shifted peak was detected that was positive in amplitude. The charge distribution in
the direction normal to the surface for Cu atoms in the buckled subsurface layer is clearly
undergoing a modification in the presence of adsorbed iodine, and the effect is different to
that previously reported in the presence of adsorbed chlorine, due to the opposite amplitudes
of the Cu-K edge peaks that are observed for the two electrochemical systems.

Figure 6.4b shows the energy scan data measured from the (1,0,0.2) CTR position. It can
be seen that at this reciprocal space position, the data measured with both π- and σ -polarised
x-rays exhibits a peak that coincides with the Cu-K edge energy at 8.9789 keV. The x-ray
signal from this reciprocal space position (close to the anti-Bragg position at (1,0,0)) is
sensitive to the Cu(001) surface, and Cu atoms in the top-most Cu layer contribute to the
scattering. There is no buckling of the atoms in the top-most Cu layer, and the atoms in this
layer experience no modification in the accumulation of charge in the pz or pxy orbitals.

Energy scans were also carried out at specular CTR positions and the data from the
(0,0,0.8) position is shown in Figure 6.4c. Due to the geometry of the experiment, for
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measurements of reciprocal space positions on the specular CTR, the data obtained in
horizontal geometry mode was sensitive to the charge distribution in the direction normal to
the surface and in the pz orbitals of surface Cu atoms. For specular measurements in vertical
geometry, the x-rays were polarised parallel to the surface and therefore probe the charge
distribution in the surface plane. This data is measured at a position on the CTR the same
distance (in reciprocal lattice units) from an anti-Bragg position as that in Figure 6.4b.

The specular data measured in horizontal geometry (π-polarised) exhibits a shift of the
peak in energy away from the Cu-K edge position, which is consistent with the shift observed
at the (0.5,0.5,0.2) superstructure-sensitive position, however the peak at (0,0,0.8) was
positive in amplitude. The σ -polarised data was not shifted with respect to the Cu-K edge
energy. This data is sensitive to the atoms in the top-most Cu layer as well as the subsurface
layers of Cu. The specular (0,0,0.8) data appears to be in agreement with the findings of
the (0.5,0.5,0.2) data, that the charge distribution is modified in the direction normal to the
sample surface in the presence of adsorbed iodine.

This could be due to differing charge distribution in the different atomic layers, which
may occur in the presence of an electric dipole across the surface layers. The observation of
such phenomena was recently reported for the Pt(111) surface in acidic electrolyte solution
[173]. To fully understand and quantify the changes in charge distribution indicated by
this data requires first principles calculations, which could be carried out with the recently
developed FDMNES program [153–155].

By contrast, the data in Figure 6.4d was measured at a reciprocal space position close to
a Bragg peak on the specular CTR, (0,0,1.8). There is no clear difference in the data for the
two x-ray polarisations at this position, or any shift indicating a modification in the charge
distribution. This is to be expected, as at reciprocal lattice positions close to a Bragg peak,
there is significant contribution to the diffraction signal from the bulk crystal. Therefore,
this signal will be dominated by bulk Cu atoms, so little effect due to changes in the charge
distribution close to the surface are discernable.

6.3.3 Structural Characterisation of Pb UPD on Cu(001)

In addition to studying iodine adsorption on Cu(001), an experiment was also carried out
to investigate Pb underpotential deposition on Cu(001) in the presence of Cl ions with
RSXRD. This electrochemical system was identified as a candidate for investigation by
RSXRD as a continuation of RSXRD studies of halide superstructures on Cu(001). If
the diffraction condition can be used to select atoms within the surface structure, then
spectroscopic information may be obtained for Pb, Cu and Cl atoms in this system, depending
on the surface structure formed.
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(a) (b)

Fig. 6.5 Stationary x-ray rocking scans carried out on the Cu(001) surface during dissolution
of the UPD-Pb layer at the (a) (0.5,0.5,0.6) and (b) (1,1,1.7) reciprocal lattice positions as
the applied potential was stepped from -0.4 V to -0.1 V. The red lines show the peak area
(intensity), width (FWHM) and background intensity of the fitted x-ray rocking scans. The
blue and green curves show CV measurements of the Pb UPD process on a different Cu(001)
sample reproduced from a 1998 study by Moffat [166].
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To study the structure changes during dissolution of the Pb UPD layer and the Cu-Pb
alloying processes, a SXRD experiment was carried out on the Cu(001) surface in 0.01 M
HClO4 + 0.01 M NaCl + 0.01 M Pb(ClO4)2 electrolyte solution. In the presence of halide
ions, Pb atoms and the Cu(001) surface have been shown to form a Pb3Cu4 surface alloy
[170] and the surface structures and changes in structure during the alloying and dealloying
process were investigated by SXRD. A detailed investigation of the potential dependence of
the diffraction signal from two reciprocal lattice positions, on the superstructure rod and the
CTR respectively, was carried out by performing rocking scans through these positions while
holding the potential at steps through a potential window. The potential was stepped from -0.5
V to -0.1 V while monitoring intensity from the (1,1,1.7) CTR position and stepped from
-0.4 V to -0.1 V at the (0.5,0.5,0.6) superstructure position. The peaks measured by rocking
scans were fitted with a Lorentzian line shape using Py16, a data viewer and automated
analysis program designed for I16 beamline users [174]. The integrated intensities of the
rocking scans are plotted as a function of potential along with the peak width and background
intensity in Figure 6.5 (red lines), with cyclic voltammetry curves [166] also presented (blue
and green lines). The CV shown in Figure 6.5 is obtained from a different sample, reproduced
from Moffat’s 1998 study published in The Journal of Physical Chemistry B. The latter study
investigated the Cu(001) surface in 0.01 M HClO4 + 0.001 M NaCl + 0.001 M Pb(ClO4)2

electrolyte solution. The direction in which the potential was being stepped is indicated by
an arrow in Figure 6.5.

The potential dependent rocking scans presented in Figure 6.5 show a change in diffracted
x-ray signal from the (0.5,0.5,0.6) and (1,1,1.7) reciprocal lattice positions. Figure 6.5a
shows that as the electrode potential is swept in the positive direction from -0.4 V to -0.3 V,
the x-ray signal sensitive to the superstructure increases to a stable level from zero, as
between -0.5 V and -0.4 V, no signal was discerned from the background noise. The plot
indicates a peak in integrated intensity at around -0.32 V and another around -0.2 V, which
could be due to structural changes during the dealloying process expected to occur over this
potential range. At potentials more positive of -0.18 V, the diffracted signal from the surface
superstructure drops slightly indicating a further structural change. Figure 6.5b shows the
potential dependence of the integrated intensity measured from the (1,1,1.7) CTR position,
where the plot indicates a change in surface structure between -0.5 V and -0.4 V as the
diffracted signal falls to a stable level, remaining at this level over the potential range from
-0.4 V to -0.1 V. As the negative side of this potential window is that at which the Pb UPD
layer is expected, this change in diffracted signal may be tracking the dissolution of the UPD
layer and the structural changes that occur during that process.



122 Halide Ions and Lead at the Cu(001) Surface

(a)

(b)

(c)

Fig. 6.6 Fit results from rocking scans carried out on the Cu(001) surface during dissolution
of the UPD-Pb layer at reciprocal lattice positions along the (0.5 0.5 l) fractional order rod.
(a) The integrated intensity of the fitted rocking scan peaks is shown for scans along the rod
measured while holding the potential at -0.4 V (red), -0.34 V (blue), -0.22 V (green) and
-0.1 V (grey). Also shown are (b) the peak width and (c) the background intensity level of
fitted rocking scan peaks
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The surface structure during the dissolution of the Pb UPD layer was investigated by
performing rocking scans at reciprocal lattice positions along the (0.5,0.5, l) superstructure
rod at different potentials. The diffracted intensity along (0.5,0.5, l) arises due to the
superstructure formed on the surface (Figure 6.1c), as the bulk Cu(001) crystal and surface
atomic layers do not give rise to CTRs at this in-plane position. The Cl ions in the electrolyte
are known to form a c(2×2) superstructure on Cu(001), and this superstructure gives rise to
intensity along the (0.5,0.5, l) fractional order rod. Also contributing to the signal are Cu
atoms in the buckled second surface layer, which sit at different heights in the surface normal
direction, depending on whether the atom sits below an adsorbed Cl ion or an empty surface
site. The dissolution of the Pb UPD layer and its displacement at positive potentials by the
Cl c(2×2) superstructure is expected over the potential window from -0.4 V to -0.1 V, as
indicated by the structure changes at (0.5,0.5,0.6) observed and presented in Figure 6.5,
and monitoring the intensity profile along the (0.5,0.5, l) fractional order rod through this
potential window is expected to provide detail of the process. Figure 6.6 shows the integrated
intensity of rocking scans carried out at positions along the fractional order rod measured
while holding the electrode potential at -0.4 V, -0.34 V, -0.22 V and -0.1 V. The shape of the
profile appears similar at potentials -0.4 V and -0.34 V, whereas the profile changes between
-0.34 V and -0.22 V. This indicates a change in structure between -0.34 V and -0.22 V,
which is in agreement with the changing intensity at (0.5,0.5,0.6) observed in Figure 6.5.
Another change in the intensity profile between potentials -0.22 V and -0.1 V is observed,
indicating another structure change. This is consistent with the drop in intensity observed at
(0.5,0.5,0.6) over this potential range (specifically -1.8 V to -1.2 V) in the stationary rocking
scans (Figure 6.5). The changes observed indicate that as the Pb UPD layer is lifted from
the Cu(001) surface and as Cl is adsorbed, intermediate structures are formed, agreeing with
previous studies on the alloying processes proposed at these potentials [170].

With the potential dependent rocking scan analysis carried out and presented in Figure
6.5 and 6.6, electrode potentials have been identified at which intermediate surface structures
are formed on the Cu(001) surface during the dissolution of the Pb UPD layer. The aim is
to obtain more detail on these structures via SXRD and compare the findings with previous
STM [170, 168, 166] and LEED [164, 165, 167, 129] reports.

To further investigate the surface structure exhibited at different electrode potentials
during dissolution of the Pb UPD layer on the Cu(001) surface, SXRD measurements were
made along the (1,0, l), (1,1, l) CTRs and the (0.5,0.5, l) fractional order rod. The electrode
potential was swept from -0.1 V to -0.5 V, to form the UPD layer, before holding the potential
at -0.48 V to perform the first set of CTR scans. CTRs were measured by carrying out
rocking scans at intervals along the l reciprocal lattice direction. The areas of the fitted
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(a)

(b)

(c)

Fig. 6.7 Fitted CTR data of the Cu(001) surface during dissolution of the Pb UPD layer.
Rocking scans along the (a) (1,0, l), (b) (1,1, l) CTRs and (c) (0.5,0.5, l) fractional order
rod were fitted, with both the data and the calculation shown for the data taken while holding
the electrode potential at -0.48 V (black points, red curve) and -0.1 V (blue points, green
curve)
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Fig. 6.8 Ratio of CTR intensity profiles measured at -0.4 V to those measured at -0.48 V
for the Cu(001) surface during dissolution of the Pb UPD layer. Rocking scans along the
(a) (1,0, l) and (b) (1,1, l) CTRs were fitted, with the ratio of the integrated intensities (blue
points) plotted against l



126 Halide Ions and Lead at the Cu(001) Surface

rocking scans give the integrated x-ray intensities and are plotted against l in Figure 6.7 for
electrode potentials of -0.48 V (black points) and -0.1 V (blue points). These CTR profiles are
sensitive to the surface structure and therefore a comparison of the plots measured at different
electrode potentials was investigated for insight into structural changes at the Cu(001) surface
during the dissolution of the Pb UPD layer.

The CTR data at -0.48 V was fitted by modelling the surface with two Cu surface layers
and a layer of Pb atoms sitting above the topmost Cu layer. The calculated intensity from
this model is shown by the red curve in Figure 6.7 and the goodness of fit was represented by
a reduced χ2 of 3.257. Due to the larger atomic radius of Pb atoms (1.75 Å) in comparison
with the Cu radius (1.28 Å), the maximum percentage of Cu(001) surface sites that may be
occupied by UPD Pb is 60 %. Of those possible occupied sites, 81 (± 7) % were occupied in
the model, corresponding to a Pb coverage of θ = 0.43 (± 0.04).

The Pb UPD layer was modelled with a vertical separation from the topmost Cu layer
of 2.12 (± 0.02) Å, sitting in the four-fold hollow sites of the Cu(001) surface. Using this
result, the bond length between Pb atoms of Cu atoms in the structural model is calculated to
be 2.97 (± 0.03) Å. This is consistent with the bond lengths reported in previous studies by
Gauthier et al.: 2.9 Å[165].

The fit to the CTR data was achieved by including a β roughness factor of 0.79 (± 0.05)
and a rms displacement of 0.26(± 0.05) Å are applied to the UPD Pb layer in the model,
indicating that the Pb atoms in the sample form an atomically rough surface structure. A
rms displacement of 0.09(± 0.03) Å is also applied to the second Cu layer (sitting below the
topmost layer of Cu) in order to obtain the best fit to the data. A systematic error of 10 %
was also applied to all the least-squares fitting of CTR data, to account for the experimental
error in the measurement.

Fitting the data at -0.1 V (green curve in Figure 6.7) was carried out by modelling the
surface as the top Cu layers with a c(2×2) Cl adlayer sitting above. In the c(2×2) structure,
50 % of surface hollow sites are filled, and the results of fitting the data with this model
found that the Cl coverage was θ =0.6 (± 0.2), indicating that just over half of the c(2×2)
sites are likely to be occupied by adsorbed chlorine. This corresponds to 28 (± 0.11) % of
the Cu(001) surface sites containing Cl ions.

The vertical separation between the Cl adlayer and the topmost Cu layer in the structural
model was 1.56 (± 0.05) Å, which corresponds to a bond length between Cu and Cl atoms in
the structure of 2.60 (± 0.08) Å. This result is greater than the Cu-Cl bond length reported
for copper(I) chloride (2.051 Å) by around 27 %.

The Cu(001) surface experiences subsurface buckling of the second Cu layer, in which
Cu atoms sit directly underneath Cl atoms in the adlayer, as has been previously reported for
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halide adsorption on Cu(001) [127, 29, 161, 126]. The amount of buckling was determined
by fitting the data, finding an inward relaxation of 0.14 (± 0.02) Å for the atoms sitting
directly underneath Cl atoms, and an outward expansion of +0.15 (± 0.03) Å for the atoms
sitting below unoccupied surface sites. A β roughness factor of 0.57 (± 0.04) was applied to
achieve the best fit to the data, giving a reduced χ2 of 2.811.

It is clear that the green curve calculated from the model fits well for the (1,0, l), (1,1, l)
CTRs (Figure 6.7a, b), passing through the errors bars of the data points, however for plot
(c), the (0.5,0.5, l) fractional order rod, it does not pass through all the error bars. This
curve shape has been chosen as the best fit to the data when considering all three rods
simultaneously, taking into account the size of the error bars and the data distribution in (c).

CTR analysis revealed that the structures formed at both -0.48 V and -0.1 V were
significantly rough surfaces, meaning that determining any precise atomic structural ordering
is difficult. Therefore, verifying the proposed structures formed by the UPD Pb and the
intermediate structures that may be present during dissolution of the Pb adlayer proves to be
challenging.

For a qualitative analysis of the intermediate structure changes that occur over the
potential range from -0.48 V to -0.1 V, a comparison can be made between the CTR profiles
by calculating the ratio of intensities measured at two electrode potentials. The ratio of the
CTR intensity at -0.4 V to that at -0.48 V is plotted against l in Figure 6.8, indicating that
a significant change in the (1,0, l) CTR profile occurs between these electrode potentials
at the l = 1.3 position. This is an indication of the structural rearrangement occurring as
the electrode potential is stepped from -0.48 V to -0.4 V during the dissolution of the UPD
Pb adlayer. The ratios between CTR profiles at -0.4 V, -0.34 V, -0.22 V and -0.1 V were
also calculated, however there were no significant changes evident such as those observed
between -0.48 V and -0.4 V. This does not mean that no structural rearrangement is occurring
between these potentials, simply that any structural rearrangements that do occur are not as
impactful on the overall CTR profile as that occurring between -0.48 V and -0.4 V. As Pb
has a larger number of electrons than Cu, Pb atoms are stronger scatterers and therefore the
UPD Pb monolayer in place at -0.48 V has a strong influence on the CTR shape. The CTR
intensity ratios may suggest that the majority of Pb is removed from the surface at potentials
negative of -0.4 V, and that there are lower coverages of Pb between -0.4 V and -0.1 V. The
less Pb coverage there is at the surface, the less impact the structural rearrangement of that
Pb will have on the scattering signal and hence the CTR intensity profiles.
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(a) (b)

Fig. 6.9 Resonant surface x-ray diffraction measurements of the Cu(001) surface as the
Pb UPD layer is removed. Scans through the Cu K-edge are made at the (0.5,0.5,0.6)
superstructure position while potential is held at (a) -0.34 V and (b) -0.22 V. (a) and (b)
show the dichroism signal calculated from the diffracted signals from the (0.5,0.5,0.6)
superstructure position as the energy is scanned through the Cu K-edge, measured with both
σ - and π-polarised x-rays. The dotted grey vertical line indicates the position of the Cu
K-edge energy at 8.9789 keV.

6.3.4 Resonant SXRD Study of Pb UPD on Cu(001)

The dissolution of the Pb UPD adlayer from the Cu(001) surface was also investigated by
resonant surface x-ray diffraction, performing energy scans through the Cu K-edge energy
(8.9789 keV) at surface-sensitive reciprocal space positions with both σ -polarised and π-
polarised x-rays. Figure 6.9 shows the results of energy scans of diffraction intensity from
the (0.5,0.5,0.6) superstructure-sensitive position, measured while holding the potential at
-0.34 V and -0.22 V as the potential was stepped positive from -0.48 V to remove the Pb
UPD layer. The diffracted intensity from the (0.5,0.5,0.6) position was monitored as the
incident x-ray energy was scanned from 8.96 keV to 9.04 keV. The x-ray polarisation was
flipped from σ to π polarisation and the measurement was repeated. The dichroism signal,
calculated from the x-ray diffraction signals obtained with both σ - and π-polarised x-rays, is
plotted in Figure 6.9a and 6.9b, where the red line is a smoothed curve passing through data
points. The Cu K-edge is indicated in the plots by the dotted vertical line.

The dichroism quantifies the difference between the σ - and π-polarised RSXRD signals,
and is given by
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ID =
Iσ − Iπ

Iσ + Iπ

(6.1)

where Iσ is the σ -polarised x-ray signal and Iπ is the π-polarised x-ray signal. It is clear
from the dichroism signal at the two potentials that there is a change in the structure, as the
peak in the data is inverted between the two plots. This indicates a modification in the charge
distribution is occurring, driven by the change in electrode potential from -0.34 V to -0.22 V.

As mentioned in Section 6.3.2 for an equivalent fractional order rod position, at the
(0.5,0.5,0.6) reciprocal space position, only the superstructure contributes to the SXRD
signal, with minimal contribution from the Cu(001) surface or bulk Cu at positions far
from the Bragg peak. This means that the modification in charge distribution observed
in the dichroism signal is occurring in the electron orbitals of Cu atoms that are forming
the superstructure at -0.34 V and -0.22 V. For a full quantitative analysis of this data, first
principles calculations are necessary, which may be possible in the future with the use of
FDMNES, developed for the calculation of resonant x-ray diffraction data from surfaces
[153–155].

6.4 Conclusions

Resonant surface x-ray diffraction measurements were made for both the iodine adlayer on
the Cu(001) surface and surface structures formed during the dissolution of a UPD-Pb layer
on Cu(001) in the presence of Cl ions. The investigation included structural characterisations
of the electrode surfaces carried out by analysis of CTR data.

The iodine superstructure formed at negative electrode potentials on Cu(001) was found
to be similar to adlayer superstructures formed by both Cl and Br on Cu(001), exhibiting a
c(2×2) periodicity and subsurface buckling of the second layer of Cu atoms. The amplitude
of the buckling was found to be comparable with similar buckling reported in previous studies
of the phenomena for halide adsorbate structures on Cu(001).

Resonant SXRD studies of the Cu(001)-c(2×2) I electrode surface were undertaken by
monitoring the surface diffraction signal while scanning the incident x-ray energy through the
Cu-K edge energy, finding a modification of the charge distribution in the direction normal
to the sample surface. This effect was detected in the pz orbitals of the atoms in the buckled
subsurface Cu layer.

Crystal truncation rod analysis of the Cu(001) surface was also carried out at electrode
potentials during the dissolution of a UPD Pb layer. The results of fitting SXRD data
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were not able to verify the surface structures that have been previously observed by STM
[170, 168, 166] studies, however did determine the positions of atoms in the UPD Pb layer
in the surface normal direction. The Pb atoms are found to sit as close to the topmost Cu
layer as possible, in surface sites with minimal expansion. The structure formed by the UPD
Pb layer was also found to have a coverage of θ = 0.43 (± 0.04), which is 81 (± 7) % of the
maximum possible Pb coverage on Cu(001). At more positive potentials, where significant
dissolution of the UPD Pb has occurred, the CTR analysis found evidence for a similar
c(2×2) halide superstructure formed by the Cl ions, with subsurface buckling of the second
Cu layer.

Energy scans were carried out to obtain RSXRD data at electrode potentials during the
dissolution of the UPD Pb layer on Cu(001). Results indicated that a significant modification
of the charge distribution occurred for Cu atoms in the superstructure contributing to diffrac-
tion from the (0.5,0.5,0.6) reciprocal space position between potentials of -0.34 V and
-0.22 V. Along with the investigation of the iodine superstructure on Cu(001), the RSXRD
results, although qualitative, show that the technique is a powerful tool for in situ probing of
the charge distribution of specific atoms at these solid liquid interfaces.

To quantify the changes in charge distribution that were revealed in these experiments, a
comparison with first principles calculations of the RSXRD from these structures would be
the next step. This may be achievable with the recently reported FDMNES program, which
has been used for other electrochemical systems, including the Cu(001)-c(2×2) Br adlayer
structure [153–155, 175].



Chapter 7

Conclusions and Future Work

The previous pages have detailed investigations of structure changes at model electrode
surfaces during electrochemical reactions. These fundamental electrochemistry studies aim
to develop our understanding of these systems and the underlying reasons behind certain
electrochemical processes and phenomena. It is hoped that the knowledge gleaned from these
experiments may offer insight into the influence that atomic structure at the electrochemical
solid-liquid interface has on some key catalytic processes.

In Chapter 4, it was shown that the hexagonal reconstructions that occur on the Au(001)
and Au(111) model electrode surfaces in alkaline electrolyte solution exhibit a potential
dependent compressibility. The compressibility of the reconstructed surface structure is
considered to be due to a build up of charge at the surface at negative electrode potentials.
In electrolyte solution saturated with carbon monoxide (CO), the potential dependence of
the compressibility is suppressed, with both the Au(001) and Au(111) surfaces being locked
into highly compressed phases. This is concluded to be due to the CO molecules adsorbed at
the surface acting to accommodate the excess surface charge induced by changing electrode
potentials. This leads to enhanced catalytic activity for gold surfaces with adsorbed CO, with
reconstructed surfaces exhibiting stability over a wider potential range. It was also found
that, in the absence of CO, the number of H2O molecules in the solvation shell of cations
in the electrolyte solution has an influence on the degree of potential dependence that the
Au(111) surface compressibility experienced. For cations with fewer H2O molecules in their
solvation shell, the compressibility of the reconstructed surface structure was more sensitive
to changes in the applied electrode potential. Therefore, the changes in compression during
the reconstruction process were observed over shorter potential ranges for cations such as
Li+, than for cations with more H2O molecules in their solvation shell such as Cs+. A natural
continuation of this work would be to investigate whether a similar cation effect is observable
for the Au(001) reconstruction as well.
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Studies of phosphate species adsorption on the Cu(111) surface, presented in Chapter 5,
found that the underlying mechanisms of phosphate adsorption were accompanied by a
roughening of the copper surface. A mixed copper-oxygen layer forms at the surface, with
oxygen from the phosphate species being incorporated into the Cu layer as part of the
roughening. These experiments showed how important the preparation of copper electrode
sample surfaces and the electrode history is for the surface stability and potential dependence
of surface roughness. Preparation methods that resulted in the presence of Cu nano-islands at
the surface lead to 3D nucleation and the growth of nano-crystals. This resulted in irreversible
changes in the morphology of the Cu(001) surface. These findings have significant impact for
the stability of catalysts under operational conditions for the carbon dioxide (CO2) reduction
reaction. The implications of these findings could be significant, as it could be that many
researchers or engineers in industry are preparing Cu surfaces without full knowledge of the
surface morphology present in their samples. Additionally, the observed incorporation of
oxygen into the Cu surface is a process that is relevant to the study of oxo-anions, such as
sulphate, and their role in the stability of electrocatalysts during oxidation processes. As
a continuation of this work, further studies have begun into phosphate adsorption on the
Cu(001) surface, and it is hoped that that surface structure formed can be compared with
the results discussed in Chapter 5. It will be interesting to see whether the Cu(001) surface
morphology exhibits a similar sensitivity to the method of sample preparation as the Cu(111)
surface did.

It was shown, in Chapter 6, that iodine forms a similar adlayer superstructure on the
Cu(001) surface to that formed by bromine and chlorine. This includes a subsurface buckling
of Cu atoms in the second Cu layer. The subsurface buckled Cu atoms were found to exhibit
a modification in the charge density of their pz orbitals, in the direction normal to the sample
surface. Halide ions are useful for stabilising underpotential deposited layers, and the UPD
Pb layer on Cu(001) in the presence of chlorine was shown in this chapter to sit as close as
possible to the topmost Cu layer with minimal expansion. Following dissolution of UPD
Pb monolayer, Cl forms an adlayer superstructure similar to that previously reported on
Cu(001) in the absence of Pb. During the dissolution of the Pb UPD layer, a significant
change in the charge distribution was detected between -0.34 V and -0.22 V in Cu atoms at
the surface. Results for I on Cu(001) and Pb UPD on Cu(001) in the presence of Cl both
showed significant modification in charge distribution at the surface when probed by resonant
surface x-ray diffraction (RSXRD) at the Cu-K edge energy. It is hoped that future work by
comparing these results to first principles calculations using FDMNES can help to quantify
these changes in charge distribution and uncover the nature of the bonding between different
atoms in these electrochemical systems.
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This work consists of surface x-ray diffraction investigations into a range of electro-
chemical systems with implications for catalysis and other areas of application. SXRD is
a well-established and powerful tool, but is still developing, as evidenced by the surface
diffraction coupled with spectroscopic measurements presented in Chapter 6. By recon-
ciling RSXRD results with first principles calculations, researchers hope to uncover rich
detail on the nature of charge distribution, which could change the way the solid-liquid
interface and electrochemical double layer is modelled. Novel electrochemical cell designs
under development may accommodate new sample environments and make measurements of
more electrochemical systems with SXRD accessible for the first time. Other novel SXRD
techniques such as high energy SXRD, where entire reciprocal space maps can be imaged
using 2D detectors in minutes, show huge promise for the future of determining the atomic
structure of material surfaces.
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