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Abstract
This study investigates the Au(llO) surface in the electrochemical environment using
Reflection Anisotropy Spectroscopy (RAS), an in situ non-destructive optical probe of
the surface. The sensitivity of RAS to electrochemically induced surface processes in the
potential range -0.8V to 1.2V, including transitions between surface reconstructed
states, and the electrochemical oxidation of the surface is demonstrated.
A phenomenological three-phase model is applied to quantify changes observed in RA
profiles experienced in this potential range. It is found that the second of the five
transitions which simulate the RA profile, which relates to the electron structure of the
surface, is particularly sensitive to surface reconstruction. A shift to lower energy values
of this transition correlates to a shift to a more reconstructed surface and a shift to
higher energy values to a more unreconstructed surface. The third transition was found
to be sensitive to the structure of adsorbed species on the surface including metals,
anions and oxide layers.
Different electrolytes are used to investigate the effect that they have on surface
processes. These include, the acidic H2S 0 4 and HC104, alkali KOH and neutral
NaH2P 0 4/K2H P04 electrolytes. RAS is used to detect the differing reconstruction
dynamics and oxidative behaviour induced by each electrolyte.
An attempt is also made to distinguish between the changes observed in the RA profiles
which are due to surface processes and those due to variation in surface morphology
arising from the non-uniform flame annealing preparation procedure. By tracking the
shift in energy of the second transition it is found that changes in the initial surface
morphology, specifically step concentration, alters the potential at which the transition
to the unreconstructed (lx l) surface occurs. A similar relationship is found for the
extent of oxide layer formation. Finally by observing the RAS of Au(110) following
successive flame anneal events, it is found that the extent of oxide layer formation can
be predicted from the initial intensities of RA features.
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Chapter 1
Introduction
This chapter introduces the context and layout of the work
presented in this thesis.
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1.1 The Solid/Liquid Interface
Understanding the solid/liquid interface is vital for the furthering of several diverse
fields which span the physical, chemical and life sciences. Knowledge of the interactions
which occur at the boundary between solid and liquid phases is particularly difficult to
acquire, since access to atomic and molecular scale information is restricted by the
presence of the liquid. As scientific fields continue to merge the need for the
development of in situ surface analytical probes which can yield information from this
elusive region increases. Reflection Anisotropy Spectroscopy (RAS) is one such probe.
This thesis concerns the development of this technique for application at the
electrochemical interface, which will act as the groundwork for future investigations into
the interaction of biological molecules at surfaces.
RAS has a promising future in the field of biophysics with sensitivity proven to
the adsorption of biomolecules and their orientation in 3-Dimensions [1]. The Au(110)
surface was used in this study as a substrate for the adsorption of cytosine and cytidine
5’- monophosphate. Transitions arising from the molecule appear as features in the RA
spectral profile along with a significant enhancement of the contribution from the gold
substrate. The contribution from the molecules and the gold itself was therefore found
to be fundamentally interlinked, and it is clear that the key to the understanding future
studies with biomolecules lies in a thorough understanding of the Au(110) surface when
it used as a substrate for such experiments. The need for an in-depth knowledge of the
behaviour of the Au(110), a surface which is core to many RAS experiments, served as
the inspiration for the work contained in this thesis.

1.2 Surface Analytical Probes
Electrochemistry is becoming increasingly important in the study of interfacial surface
reactions in both industrial and scientific arenas [1, 2, 3]. Electrochemical techniques can
be used in a multitude of ways to control surfaces and interfaces. Recendy, it has been
shown that the change in optical response of metal surfaces and molecular and chemical
adsorbates can provide a wealth of information which can be used to further the
understanding of these systems [2]. The development of in situ optical probes is
beginning to provide the information necessary to elucidate the nature of these
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important condensed matter interfaces and how best to manipulate them. The interface
between the electrode surface and the electrolyte is crucially important since this
provides the site of interaction for many interfacial reactions which have scientific and
industrial applications. These include the development of DNA labelled nanoparticles,
bioarray technology and the exploitation of surface plasmon resonance and
heterogeneous catalysis [3].
The majority of conventional surface sensitive diagnostic techniques exploit the
short mean free path of electrons to obtain their surface sensitivity. These techniques
require an ultra-high vacuum (UHV) environment and cannot be applied to a
solid/liquid interface. Other techniques including Scanning Tunnelling Microscopy
(STM) which although can now be used in situ, requires direct contact with the surface
and, while it provides important high resolution structural information on small areas, it
is slow and susceptible to surface tip effects. Other electrochemical techniques such as
Cyclic Voltammetry (CV) provide surface structural information such as surface
homogeneity but do not fully describe the surface. The development and application of
state-of-the-art in situ optical probes will expand the knowledge of the solid/liquid
interface and provide complimentary information to these more established techniques.

1.3 Thesis Aims
This thesis is comprised of several studies designed to elucidate the significance of the
spectral features seen in the RAS profile of the Au(110) surface, and to further the
development of RAS as a surface diagnostic tool. The core aims are to observe the
changes in these features as the substrate is manipulated by electrochemical control,
isolating those which are due to exposure to the electrochemical environment and those
caused by morphological changes induced via reconstruction and surface preparation.

1.4 Thesis Layout
Chapter 2: Instrumentation and Theory
RAS is introduced and the experimental set-up is described in detail. This includes the
layout of the spectrometer and a theoretical treatment of the passage of tight through
the system. This is followed by a discussion of the current model of the sotid/tiquid
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interface at electrode surfaces and how electrochemical control is achieved. A basic
introduction of Cyclic Voltammetry is included and how it is used to probe the
solid/liquid interface. This chapter concludes with a description of the electrochemical
cell used throughout this thesis.
Chapter 3: The Au(110) Surface
It is known that the clean Au(110) in UHV surface relaxes into the (1x2) surface
reconstruction in order to minimize its surface energy. Understanding the transition
between the missing row reconstructed state and that of the unreconstructed (lx l)
surface is of vital importance, since it is known that this transition falls in an
experimentally significant potential range (0.0V to 0.6V), which is used to adsorb
molecules such as DNA bases and other molecules onto the surface. This chapter
provides an overview of the physical and electronic structure of the Au(l 10) surface and
the ability of RAS to detect the transition between the surface reconstructions in the
electrochemical environment is presented. A discussion of the variation of Au(110) due
to the flame annealing procedure is introduced with a comparison of the flame annealed
and un-flame annealed surface.
Chapter 4: Origin of Spectral Features Information from Modification of the
Au(110) Surface
This chapter begins with a discussion on how modification of Au(110) can produce
empirical deductions on the origin of spectral features of the RA spectral profile of this
surface. Past work is presented and the sensitivity of RAS to surface adsorption of
metals is demonstrated by the investigation of two systems; the electrochemical under
potential-deposition (UPD) of copper (Cu) [4] and the UHV deposition of palladium
(Pd) with subsequent annealing [5].
Chapter 5: RAS of the Electrochemical Oxidation of the Au(110) Surface
This data presented in this chapter demonstrates the ability of RAS to detect the
electrochemical oxidation of Au(110), including the pre-oxidation stage of hydroxidelayer formation. A discussion on the application of RAS to the investigation of
electrochemical surface processes with comparison to other surface analytical
techniques including Cyclic Voltammetry is also presented.

4

Chapter 6: The Effect of Electrolyte and Surface Morphology on the Au(110)
Surface
The electrolytic involvement in surface reactions is investigated with surface
reconstruction and electrochemical oxidation performed in differing electrolytes which
include an alkali KOH solution and acidic HC104 and H2S 0 4 solutions. The three-phase
model is applied to reveal electronic structure information which in turn can be used to
determine the differing changes in physical structure brought about by the presence or
lack of adsorbing anions in the supporting electrolyte. The effect of sequential flame
annealing on the RAS of Au(110) is presented with STM data. This is followed by a
study into the effect of differing morphology introduced by flame annealing on
reconstruction dynamics and oxidation. Finally, an attempt to predict the intensity of the
RA profile at oxidation potentials from the intensity of the initial RA profile is made.

5

Chapter 2
Instrumentation and Theory
This chapter introduces Reflection Anisotropy Spectroscopy. A
description of the experimental layout is presented including a
mathematical description of the passage of light through the
system. This is followed by a discussion of the current model of
the

solid/liquid interface at electrode surfaces and how

electrochemical control is achieved. A basic introduction of Cyclic
Voltammetry is included and how it is used to probe the
solid/liquid interface. This chapter concludes with a description of
the electrochemical cell used throughout this thesis.
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2.1 Reflection Anisotropy Spectroscopy
Reflection Anisotropy Spectroscopy (RAS) is a non-destructive optical probe developed
from the related technique Spectroscopic Ellipsometry (SE) [6,7], which obtains surface
sensitivity by exploiting the differing anisotropy found at the surface of some cubic
crystals. This is achieved by measuring the difference in reflectance (Ar) of normal
incidence plane-polarized light between two orthogonal directions in the surface plane
(xy) normalised to the mean reflectance (r):

Ar _ 2(rx- r y )
r

rx+ry

where the reflectances rare complex Fresnel reflection amplitudes. SE like other optical
probes is strongly influenced by the optical response of the bulk material. The majority
of ultra-high vacuum (UHV) techniques exploit the short inelastic mean free path of
electrons to gain surface sensitivity, tight on the other hand penetrates much further into
the bulk of the probed material. If however the probed material has a cubic crystal
structure anisotropic reflectance will arise from anisotropy of the surface alone since the
remainder of the bulk linear optical response to normal incidence will be isotropic. The
result is an observed Reflectance Anisotropy (RA) which acts as a surface sensitive
probe, with the added benefit of not being restricted to the UHV environment.
As a photonic probe RAS is applicable to a range of systems in environments
consisting of optically transparent media. This frees the surface for use with the
sotid/tiquid interface, an achievement not possible with UHV limited techniques.
Application to electrode surfaces in the electrochemical environment is therefore a
viable option. RAS makes a useful addition to a limited group of techniques applicable
to the electrochemical environment providing surface electronic structure in the region
of the Fermi level (EF).

1
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2.1.1 The RA Spectrometer
RAS is in essence a special case of SE, consequently the experimental set-up is similar
but with some key differences. SE illuminates the sample with linearly polarized light
close to the Brewster angle [8]. RAS uses linearly polarized light but the sample is
iUuminated at near normal incidence (< 5”). Originally known as Reflection Difference
Spectroscopy (RDS) and developed principally by Aspnes and co-workers in the 1980’s
[9] with the goal of probing the growth of semiconductors at near atmospheric pressure
[10] . RAS recently has been applied to the study of metal surfaces in UHV and air [11],
and the metal/liquid interface [12] in the electrochemical environment. The individual
components of the spectrometer are displayed in the schematic in figure 2.1. Each of
the components is described in the order in which light passes through the system. It
should be noted that mirrors, not pictured m the schematic are used before and after the
light passes through the polariser and analyser to facilitate the position and focus of
light.

[IMMI
Sample
HEM

Low-strain window
Analyser
Detector

Polariser

Monochromator
Xenon lamp

Figure 2.1: (a) Photograph o f the spectrometer (b) schematic o f the basic components

Xenon Lamp
Light is generated from an arc discharge from high voltages applied across the anode to
a high performance cathode in a xenon gas environment. The 75 Watt super-quiet
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xenon lamp acts as a high intensity point source, is manufactured by Hamumatsu and is
used in conjunction with a stabilised power source (Hamumatsu C4621-02) which
minimises fluctuations from the mains supply. A source such as this is desirable for RAS
studies due its reliable stable output of a continuous spectrum in the infrared to
ultraviolet range. Care must be taken with lamps of this type, since following power up
changes in xenon gas pressure can vary for up to 1 hour and only after this can a new
thermal equilibrium and thus a maximal and unchanging photonic flux be obtained with
confidence.
Mirrors
Mirrors are front coated aluminium on glass, with a thin silica coating to prevent
mechanical abrasion. Concave mirrors are used to produce a focused parallel beam of
light with a spot size of 2mm2 from the diverging light arriving from the Xe-lamp and
the sample surface. The intrinsic astigmatism of the mirrors can also be used to focus
the reflected light into the narrow input slit of the monochromator.

Polariser
Prism type polarisers fall in to two broad categories and are used due to their high
extinction ratios, which are necessary to maximise the detection of often small
differences in reflection between directions. Beam splitting polarisers such as Rochan
and Wollaston polarisers consist of two quartz prisms and separate the ordinary and
extraordinary polarised beams which have polarizations at 90° to one another. Gian
prism polarisers separate the two polarised beams by total internal reflection and
consequently a single beam emerges. This is often preferable since a single beam poses
no restrictions on components allowing compact experimental layouts, which are often
essential when used with UHV apparatus. The polarisers used for this thesis are of the
Rochan type, due to a more efficient transmission of light in the UV region. This is an
acceptable choice since UHV RAS measurements are not presented in this thesis.
However care must be taken to avoid overlap of the two beams which exit the polariser.

Photoelastic Modulator
The Hinds PEM-90 Photoelastic Modulator (PEM) is essentially a dynamic waveplate
which exploits the property of stress-induced birefringence to introduce a modulation to
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the polarisation ellipse of the light form the surface. This ensures that one can collect
the real and imaginary parts of the signal by varying the frequency of detection.
In effect, one linear polarization, perpendicular to the modulation axis is
unaffected by the PEM while light polarized along the modulation axis undergoes a
retardation, T. This is achieved by applying an electric field to a piezoelectric crystal
coupled to a suitable transparent material such as fused silica. By driving the crystal at its
resonant frequency (50 kHz) temporal resolution in the microsecond regime can be
achieved. Elliptically polarised light from the surface will be phase modulated depending
on its polarisation as it passes through the PEM. Light from the bulk will remain linearly
polarised and will pass through the PEM unaffected.

Analyser
The purpose of the analyser is to convert the phase-modulated signal from the PEM
into an amplitude modulated signal for detection. The analyser is of the same design as
the polariser, and oriented at an angle of 45° with respect to the polariser.

Monochromator
A Jobin Yvon monochromator, consisting of a holographic grating with 1200
grooves/mm is used to separate the light into individual wavelengths for detection. A
computer controlled stepper motor is used to control the position of the grating and
thus the wavelength of light lies in the in the range 1.5 - 6.2 eV.

Detection
A Hamamatsu R955 multi-alkali cathode photomultiplier tube (PMT), located
immediately behind the exit slit of the monochromator measures the intensity of the
light. The PMT converts the intensity-modulated waveform into a current. This current
is often very small (in the order of nA) and therefore requires amplification. The
amplified signal is then converted to a voltage. Other detectors such as silicon
photodiodes can be used in RAS set-ups, which are optimised for longer wavelength
detection. For these types of detectors, detection in the UV spectral range is achieved
through the use of an appropriately chosen coating which converts UV photons for
detection in the visible range. However, this results in a loss of sensitivity in the visible
range and for this reason a PMT was chosen for this set-up.
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Lock-in Amplifier
A blocking capacitor is used to separate the signal from the PMT into AC and DC
signals. The AC component relates to the anisotropy from the surface and the DC
component is related to reflectivity. A lock-in amplifier is used to analyze the resulting
AC and DC

voltage signals. The lock-in amplifier was an 5210 (dual-phase) EG&G

model manufactured by ParkinElmer Instruments, which has a frequency range of 0120 kHz. Lock-in amplifiers such as the one used in this set-up are able to detect signals
at very specific frequencies that would otherwise be obscured by noise.
In order to give accurate measurements and correct identification of the signal,
the lock-in is supplied with a reference voltage of the same frequency and the same
phase relationship of the detected signal. Any changes in the frequency of the signal of
interest compared to this locked in signal will then be tracked. In this case the locked in
reference signal is taken from the PEM.

2.2 The Propagation of Light through the
System
The measurement of RAS requires an accurate method of determining the polarization
state of the light reflected from the surface. To begin this process it is pertinent to
begin with the definition of the electric field vector, E, of a light wave can be
represented as a superposition of two orthogonal states.

E(z,t)= Ex{z,t)+ Ey(z,t)

( 2. 1)

where,

Ex(z,t) = E0x cos(kz -m t + <bx)

( 2. 2)

and,

Ey{z,t)=E0y cos (kz-ûX + ® y)
)
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(2.3)

The resulting wave, E, is therefore the vector sum of components,

E(z,t) = xE0x cos(kz- ax)+ yE0y cos(kz - a x + 3)
♦

(2.4)

♦

Figure 2.2: Common linearpolarisation states
where 8 in equation 2.3 is the relative phase between the two components. How this
effects the polarisation state is shown in figure 2.2, along with their respective
normalised Jones vector representations. Jones vector notation, invented in 1941 by R.
Clark Jones, describes the polarization state of light in terms of the electric field vector
itself, and will now be used to describe the propagation of the light through the RAS
set-up. This notation is applicable to polarized light only, but is incredibly concise. The
light from the Xe-lamp is unpolarised, however light after the first polariser is found to
be in a definable polarisation state for the remainder of its passage throughout the
experimental layout and thus application of Jones vectors is possible. The resulting wave
E, written as a Jones vector is:

12

E(z,t) =

E0xe‘&
E oye*

where 8Xand 8y are the appropriate phases. The magnitudes of E0x and E0y therefore
decide the directions of polarisation. If the magnitudes are the same (E0x —E0y) but are
out of phase by ± £ the result is a state of circular polarisation. In this state the
2

magnitude remains constant, but the direction of E varies with time, following a circular
path with angular frequency to (Figure 2.3). When the resultant vector rotates in this
manner and also changes in magnitude, the result is a state of elliptical polarisation. This
arises when E0x ^E0yand the phase difference, 8, is a multiple of ± £ or when E0x =E()y
but 8 is not a multiple of ± £ (Figure 2.3). Light reflected from the surface will take one
2

of these polarisation states, elliptical polarisation states are induced by the surface
anisotropy and light from the bulk induces a circular polarisation state. The elhptically
polarised light has a retardation introduced to its phase in different directions by the
PEM. This goes on to become an amplitude modulation as the light passes through the
analyser. Since this occurs only to the elliptically polarised light it is possible to extract
harmonics from the amplitude modulation giving information only deriving from the
surface anisotropy.

Figure 2.3: Circular and Elliptical Polarisation states
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With the use of Jones vector, M, which describes the effect of all the optical
components, the polarisation state of the light as it propagates through the system can
be tracked from the state of polarisation state incident to the system, Et, to the state of
polarisation of the light emerging from the system, Efi and arriving at the detector.

Ef = MEi

(2.5)

The effect of each component on the polarisation state of the light can be described by
a 2x2 matrix, which can then be combined to give the Jones matrix, M. For notation
purposes it is useful to describe the optical axes of each component. The polariser and
analyser have a transmission axis, t, and an extinction axes, e. The PEM has a fast,/ and
a slow, s, axis. The sample axes (xy) are taken to be in the [1 1 0] and [0 0 1] surface
i
directions. These axes define the reference frame for each component. A rotation
matrix, R, is used to convert the Jones vector representing the polarisation state of the
light to those of the optical component with which it is interacting.

cos(#) -sin(6>)
R (0 ) =

cos(#)

sin(f?)

( 2 . 6)

The orientations of the reference frames of the polariser, modulator and analyser are
specified by the azimuth angles P, M and A respectively, which correlate to the
transmission axes for the polariser and analyser and the fast axis of the modulator. The
azimuths are measured from the x direction of the sample and are defined as positive
for an anti-clockwise rotation.
The first component the light is incident on, is the polariser. Once the light has
passed through this component it can be assigned the Jones matrix TP , since it is in the
te reference frame of the polariser.

1

0

0

0
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(2.7)

This must then be multiplied by the rotation matrix R(P) so that it is in the xy plane of
the sample:

r {p ) t

'; =

cos P sin P
-sin P cosP

'1 0'
° 0

cos P 0
- sin P 0

( 2 . 8)

The light before reflecting from the surface will enter the electrochemical cell via a
strain-free window. The orientation of the window axes are not known, and are
therefore assumed to coincide with that of the xy frame of the sample. As the window
will have some birefringence, it will have an associated fast and slow axis resulting in
some retardation of the incident light beam between the two directions. This can be
represented by:

'pxy _ 1 0
0 e"™

(2.9)

where, 8m is the retardation of the incident beam by the window. 8 is defined by:

8 =

A7id

(ne - n 0)

T "

( 2 . 10)

where, d is the thickness of the material, Xis the wavelength of the light, and nc, na are
the refractive indices of the extraordinary and ordinary directions of the material
respectively. Once reflection from the surface has taken place, the light will once again
exit the cell via passage through the window. This time the tight will pass via a different
part of the window with an associated retardation bwo. The Jones matrix for the surface
is:

(2 .11)
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Once reflection from the surface has taken place the light will pass through the PEM.
The rotation matrix must once again be applied, for the change from the xy to the

0

rrfi —r i o
1S —

1 __

reference frame of the PEM.

cos M
-sin M
cos M -sin M
—
(eiSu sin M ) (e cos M )_
sin M cos M

( 2 .12)

The conversion to an amplitude modulated signal then occurs at the analyser, requiring
the same matrix as applied for the polariser and once again the rotation matrix.

t? r {a

- m )=

cos ( A- M) - sin (A-M)
sin( A - H ) c o s ( A - M)

1 0
0

0

- sin(A - M )

cos(A-M)

0

0

(2.13)

The matrix for the polarisation state for the fully propagated light, M, is obtained by
combining the matrices of each element. This must be done in the order which the light
interacts, since the matrices are non-commutative. Combining equations 2.8, 2.9, 2.11,
2.12 and 2.13 as follows:
(2.14)

m

=

t ïr (a - m )t£ r (M)t$,t *t *r {P)t;:

Evaluating 2.14 gives:

M =

an
0

0
0

(2.15)

where:

au = (cos(A -M )cosM -sin (A -M )(e,Su sin M ))(rx cos P) (-cos(A - M )sin M - sin(A- M )(A - M ) { e iS" cosM ))(ryeiS”°e iSm sin P ) (2.16)
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The values of the angles P, A and M use are -45°, 0°, and 45° respectively. Thus:

sin(±45° ) =±4=, cos(±45° ) =- 4 , sin(0° ) =0, cos(0° ) = 1,
V2

V2

Inserting the above values into equation 2.16, gives:

rye iSwoe iSw'
a “ =TT2 (l+elS~)+ ^

(e11- - l )

2

(2.17)

0 1
1 _ __
1
1
0 __ 1
L__

0

0

1

1 — 1
1_Sf
_ __0 1

1

Since au is the only non-zero term in the system matrix, M, the initial equation 2.5

(2.18)

The window terms can be simplified too:
VO

—g ‘(àwO+âwi ) —g'Av

(2.19)

The total retardation induced by the window strain although finite is small, thus it is
possible to expand the exponential in terms of a power series:

e iSw =1 + iS w +

{iSw f

2!

+ •(iSw )
3!

+ ... ~ 1 + i S,w

(2 .20)

Equation 2.17, now becomes:

«11 =

[O, ~ry) + (rx- ry)elÔM- iSwry(1 - e'5” )]
2V2

(2 .21)

The Fresnel coefficients rxand ry present in equation 2.21 are complex quantities and
can therefore be written in terms of their real and imaginary components:
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rx = a + ib ry - c + id

(2.22)

The term relating to the retardation of the modulator can be written in a similar manner
using De Moivre’s theorem:

(2.23)

After some straight forward manipulation au becomes:
(2.24)

where, a and [3 are the real and imaginary parts of au . Assuming that the detector and
monochromator are polarisation independent, then light beyond the analyser is no
longer altered and only the time dependent intensity at each wavelength is measured by
the detector. The measure time dependent intensity, I, is proportional to the square of
J5„ which depends on an, thus:
(2.25)

Following some extensive algebraic manipulation, equation 2.25 becomes:

(2.26)

which may be written in the form:

/ = I dc + I COsin( ^ ) '+ hco C° s ( S M )
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(2.27)

The PEM varies the retardation (SjJ sinusoisally:

SM = a(X)sm(cot)

<2,28)

where co is the resonant angular frequency of the modulator and a(k) is the modulation
amplitude, which is proportional to the applied excitation voltage and is a function of
the wavelength of light. The frequency components of the signal are determined by the
Fourier expansions of the cos(Tw) and sin((5Ai) terms:

cos(a sin(tyf)) = J 0(a) +2^ J 2n(a)cos(2nax)
n =1

sin(crsin(û*)) = 2 ^ J 2 n _ x (a)sin((2n - 1)cot)
n-\

(2.29)

(2.30)

where /„(a) is the Bessel function of argument a and of order n. For the case of J 0(a) 0, achieved by adjusting the voltage applied to the PEM, equation 2.27 becomes:

/ = /* +

Ia,2 Jl(ct)sm(ûx)+I2al2 J2(a)cos{2ctx)+...

(2.31)

The first term of equation 2.26 is time-independent, and this can be thought of as a DC
term. By comparing the terms in equation 2.26 and equation 2.31 the intensity
coefficients are determined. It is assumed that for small surface anisotropies rx~ ry for
additive terms. By considering only the first order window strain terms, the normalised
frequency terms are found to be:

(2.32)

I dc
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(2.33)

he

(2.34)

v r J

Hence 1^ is a measure of the reflectivity. The imaginary part of

j *s tneasured at

frequency co, and is found to be dependent on the first-order window strain term,
whereas the signal at 2co measures the real part of

and is only sensitive to the

second order window strain term. As a result of this the majority of the RAS
measurements reported are of the real part of the RAS signal, since for imaginary
measurements window strain effects are substantial and make conclusions on the
probed system more complicated. Experimentally real and imaginary parts of the signal
are separated by their frequency dependence.

Errors
Errors are introduced by the possible misalignment of the optical components and the
sample. Any relative misalignment polarisation dependent components results in an
offset of the measured R e iy j, and does not introduce new features. Such offsets create
problems when quoting the absolute values of Re

. However changes in the

measured spectra can be treated with more certainty.
The effects of misalignment have been studied in detail [13]. It was found that
the relationship between the polariser and modulator is very sensitive to misalignment,
whereas anlyser misalignment has less impact. The RA spectrum are also found to be
sensitive to the anisotropy introduced by the window. A window correction is thus
subtracted from the RA spectra to remove the influence of the window.
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2.3 Electrochemistry
Electrochemistry deals with chemical reactions that are connected with the transfer of
electric charge between chemical species and an electrode. Electron transfer at an
electrode is a molecular scale event involving the movement of a negatively charged
species between the electrode and species in solution. The driving force of this process
is the potential gradient at the surface. Due to the short distances between electrode and
solution, this potential gradient can be substantial (in the order of 101° Vm')[14].
Understanding the interfacial region of electrodes requires an understanding of the
influence of the potential field and the electrostatic consequences that this has. That is,
the movement of charged ions in solution being attracted to the surface, the structure of
the adsorbed species then affects the potential field in that region. This region is the
heart of electrochemistry and an understanding of it is necessary to understand the
kinetics of electron transfer.
Helmholtz in 1853 coined the term “electric double layer” to describe the
solid/liquid interface. He proposed a model formed under the assumptions that no
electrons are able to cross the interface between the electrode and the solution i.e. the
interface contains no Faradaic processes. The resulting electrode surface maintains
electrical neutrality across the surface due to an induced charge density of the electrode
surface which is balanced by the equal and opposite charge density of the electrolyte.
The opposing charge from the solution arises from a redistribution of the electrolyte
ions to the electrode surface. The attracted anion approaches the electrode at a distance
which is defined by the solvation shell of the ion. This model is analogous to that of a
parallel plate capacitor of molecular dimensions with two plates of equal an opposite
charge with a linear potential drop between them.

One of the plates is the metal

electrode which has its own surface excess charge; the other plate is attributed to the
plane which travels through the centre of solvated ions at their closest approach. This is
known as the Outer Helmoltz Plane (OHP).
Subsequent additions to the model by Gouy and Chapman, Stern and finally
Graham in (1947) [15] yield the current accepted model as depicted in Figure 2.4. This
takes into account the electrostatic attraction/repulsion of the ions to the electrode is
opposed by Brownian motion in the solution. Since Brownian motion results in the
dispersion of excess charge, the charge in the solution is spread over a diffuse layer as
opposed to being concentrated at the OHP. This is not the full picture however, since
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the distribution of this charge is not homogenous across the diffuse layer, and the
majority of the charge is located close to the electrode surface with some extending
beyond the OHP.
Metal

Electrolyte

Normal water
structure
Fully solvated ion
Specifically adsorbed ion

Water Molecule

Inner Helmholtz Plane (IHP)
Outer Helmholtz Plane (OHP)

Figure 2.4: A schematic interpretation o f the metal/electrolyte interface and a plot o f the potential drop
across the electrochemical interface (Adaptedfrom [16])
For a full view of the interface one must consider the two kinds of adsorption on the
surface, non-specific and specific adsorption. Ions which are “non-specifically”
adsorbed are held in place purely by electrostatic forces. Solvated ions which are
specifically adsorbed have weakly bound solvation shells (e.g. anions such as Cl , Br)
and give away part of those solvation shells to form a chemical bond with the electrode
surface. A plane through the centres of these ions defines the Inner Helmholtz plane
(IHP). For non specific adsorption of ions a monatomic drop across the interface is
assumed (black line, figure 2.4), whereas for specific adsorption there is a steeper
potential drop at the surface (dashed line, figure 2.4) and an over-shooting of the
potential with respect to the bulk electrolyte value occurs. The potentials cpm cps and tp2
correspond to potentials inside the metal, the electrolyte and the OHP at x2 respectively.
When a potential is applied to the electrode in electrolyte, its surface will
become more charged, the value of the surface charge will depend on the electrode
material, the electrolyte used and the potential applied. If the potential is made more
negative, electrons will flow into the surface resulting in a negatively shifting surface
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charge. On the contrary, if the potential is made more positive, electrons will move out
of the surface and its charge will become less negative and eventually positive. This
leads to the concept of the potential of zero charge (PZC), which is the potential for a
particular electrode/electrolyte combination where the surface has neither positive nor
negative charge. The model described previously describes the surface in this state.

2.3.1 Measuring Electrode Potentials
Reactions of interest in electrochemical systems occur at the working electrode, it is
therefore essential to be able to accurately control the potential drop across the
working-electrode/solution interface (Ow-Osolution). However, direct measurement of the
absolute potential-difference across this interface is not possible. In a one-electrode cell
for example, measurements of the potential drop attempted with a standard digital
voltmeter (DVM) is not possible since free-electrons will not pass from the DVM probe
to the solution and therefore does not make electrical contact. By introducing a second
electrode the potential difference can be measured between the two electrodes.
However, this is an indirect measurement and is in fact a difference of two
metal/solution potential drops.

A t i)

(Metal A)
^ (Metal A)

^(So lu tio n )) ( ^ (Metal B)

^(Solution ))

^ (Metal B)

In a two-electrode set-up if one of the electrodes represents a test system and the other
a reference system (reference electrode), then the potential difference written as:

— ('T fr e s t) — ^1^(Solution))- ( ^(Reference) — ^ (Solu tion ))

The potential drop across a reference electrode/solution interface remains constant, and
the potential drop can now be written:
AO = ( O ^ - Op to^ -con sta n t
It is still not possible to directly probe the value of O ^ - O(Soluti0n), but the changes in
this value can be determined. The use of a reference electrode is thus an important
introduction to electrochemistry laboratory experiments. The experiments carried out in
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this thesis involve the application of an external potential difference across the working
electrode/solution interface. Two electrode set-ups are not applicable here, since the
current will be significantly large. Large currents can alter the ionic concentration in the
solution and therefore the difference between the reference electrode and the measured
potential will no longer be constant. This problem is overcome by the addition of a
third “counter electrode” which allows the passage of current between it and the
working electrode, as opposed to the passage of current between the working electrode
and the reference electrode. For measurements in this thesis the counter electrode is a
piece of platinum gauze due to its inert nature and large surface area.

2.3.2 The Electrochemical Cell
A purpose built three electrode spectro-electrochemical cell is used for the RAS
experiments documented in this thesis. A standard colomel electrode (SCE), consisting
of Hg/Hg2S 0 4 in saturated aqueous KC1 is used as the reference electrode.

The

reference electrode is separated from the electrochemical cell by a closed cap Teflon tap
to prevent chloride contamination, with a luggin capillary to minimise the distance
between the working electrode and the reference electrode to avoid the potential drop.
Voltages throughout this thesis are quoted are versus SCE. The light from the RAS set
up enters the cell through the low-strain silica window at the front of the cell. Argon gas
is bubbled into the electrochemical cell to de-gas the cell and prevent oxygen
contamination of the electrolyte
Reference Electrode

Figure 2.5: A. Schematic o f the Electrochemical Cell
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2.3.3 Cyclic Voltammetry
Electrochemical reactions are classically studied through the interpretation of current
and voltage measurements; cyclic voltammetry (CV) is a very popular technique for such
an endeavour. CV measurements monitor the electric current passed between two
electrodes as a function of the applied potential, which is varied with a specified
constant sweep rate dV/dt. Experimentally the applied potential is controlled with the
use of a potentiostat. A potentiostat is essentially a feedback circuit based on an
operational amplifier which ensures that the current through the reference electrode is
zero. Peaks in the CV profiles otherwise known as ‘cyclic voltamogramms’ will arise due
to electron transfer from the formation or breaking of bonds or surface processes such
as ionic adsorption/desorption and structural changes in adsorbate layers. The range
through which the potential is swept is chosen to correlate to where an electrode
reaction occurs, the direction of the scan is then reversed in order to define whether the
product of electron transfer is stable or if the reaction products or intermediates are
electroactive. On some electrode surfaces it is also possible to detect structural changes
in the electrode surface itself such as surface reconstructions. However since cyclic
voltammetry is purely a measurement of electron transfer, information regarding
structural or chemical specificity cannot be obtained directly. For this reason it is very
useful to use CV is conjunction with other in situ techniques such as RAS. An example
of a CV is shown and discussed in chapter 5.

2.4 Crystal Preparation
The Au(110) crystal used throughout this thesis is a single crystal of 99.999% purity in
the form of a disc of diameter 10 mm, thickness 2 mm, with an exposed area of 0.5 m2
and is oriented to an accuracy of 0.1°. Prior to experimental usage, the crystal was
mechanically polished to 0.25 pm using cycles of diamond paste of 6 pm, 1 pm, and
0.25 pm and cleaned in an ultrasonic bath. A butane micro-torch was then used to flame
anneal the crystal. This procedure is done by eye and therefore requires a great deal of
practice. The tip of the hottest (blue) part of the flame is placed onto the surface until
the crystal glows orange. If the crystal is exposed to too much of the hot part of the
flame or is heated for too long the crystal will melt. The crystal is then allowed to cool
briefly and then the process is repeated 15 times. [23, 12]. Following the flame anneal
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the crystal was cooled in air before quenching in ultra-pure water (Millipore Q System,
18 M il cm) and then transferred to the electrochemical cell. The period of time before
quenching was found not to affect the RAS of the surface.

Chapter 3
The Au(llO) Surface
A detailed understanding of the Au(110) surface is essential for
work carried out using RAS at Au(110) electrode surfaces. This
chapter reviews previous work on the Au(110) in the UHV and
electrochemical environment, with discussion presented on both
the physical and electronic structure of the surface. The behaviour
of the surface as a function of potential is presented and analysed
with the three-phase model which is introduced in this chapter.
The chapter concludes with a brief introduction to the problems
introduced with the use of the flame annealing procedure,
including a comparison between the flame annealed and un-flame
annealed surface.
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3.1 Introduction
RAS requires a cubic crystal to ensure surface specificity. The Au(l 10) surface, is a low
index face of FCC crystal structure, and satisfies the symmetry considerations necessary
to provide this surface sensitivity. The unreconstructed (100) and (111) surface are
intrinsically isotropic and therefore produce no RAS, the (110) surface however, does

have intrinsic anisotropy, and therefore generates a non-zero RAS signal. The ability to
prepare Au(110) by the flame annealing procedure described in section 2.4, allows
preparation to be performed outside of the UHV environment and is consequently an
attractive surface for use in laboratories where a quick turnover of reproducible surfaces
is desirable and where access to UHV equipment may be limited. The applicability of
this surface as a substrate for adsorption experiments and as a single crystal electrode in
the electrochemical environment has ensured that Au(110) is often the substrate of
choice for RAS experiments, including those presented in this thesis.

3.1.1 Surface Phase Transitions
Phase transitions occur in a plethora of physical systems, and are often a source of
fervent research activity. Modern classification of these systems fall into two categories,
first-order transitions which include the solid/liquid/gas transitions and Bose-Einstein
condensate, involve a latent heat and often consist of a “mixed phase” regime. Secondorder or continuous phase transitions have no associated latent heat and include
ferromagnetic, superconducting and superfluidic transitions. Phase transitions arise due
to the proclivity of systems in thermodynamic equilibrium at constant volume and
temperature to minimise their free energy, F.
F = U - TS
Different phases occur at certain temperatures because different states partition their
free energy between the internal energy U(T) and entropy S(T) in different ways.
Characterisation of phase transitions is achieved through the measure of the degree of
order in the system, reflected in an order parameter. Order parameters will change
differently approaching the transition temperature Tc depending on the kind of phase
transition. A discontinuous change is seen in first-order transitions as the conversion of
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one equilibrium phase to another occurs, whereas a smooth transition is seen in
continuous transitions. As the temperature approaches Tc in continuous transitions the
order parameter varies as (T-T^ , where [2 is the critical exponent and belongs to a
universality class, that depends only on the symmetry of the system, the dimensionality
of the order parameter and the dimensionality of space.
As will be discussed in the following section Au(110) exhibits a surface phase
transition between (1x2) and (lx l) surface structures. This can be initiated thermally in
the UHV environment and by potentiostatic control in the electrochemical
environment. As with other phase transitions, this has generated significant attention
and an overview of the investigations into this transition in both environments will be
discussed.

3.2 Physical Structure of Au(110)
[ iT o u
(ft)

- > [ 001]

Figure 3.1: (a)Au(110) - 1x1 (b)Au(110) - 1x2
The (110) surface is the most open of the low Miller index surfaces, and has the lowest
atomic density and the highest surface energy, which leads to a propensity towards
reconstruction. Typically Au(110) forms the (1x2) surface reconstruction, a structure
first discovered using LEED by Fedak et al. in 1967 [17,18] where a reversible
temperature induced transition of the Au(110) surface, between the 1x2 (Figure 3.1 (b))
and lx l (Figure 3.1 (a)) transition was found to occur in UHV. The transition between
these phases involves extensive atomic rearrangement of the surface and several
potential models were proposed to account for this. Each model was tested by Chan et
al. [19] for the Ir(110)-(lx2) surface including the buckled surface model, the pairedrows model and the missing row model. It was proposed from R-factor analysis that the
later of these was the most likely; this was corroborated by Robinson et al. [20], with
direct XRD measurements. Some disagreement followed [21,22], this was due to a
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mismatch between the transition time and surface self-diffusion times necessary for Au
atoms to move over several hundred Angstroms to provide reconstruction, this will
from now on be referred to as the “mass transport problem”. The missing row model
was eventually confirmed from the STM work of Binnig et al. [23]. The missing row
model describes a surface phase transition whereby every second row of surface atoms
in the [1 f 0] direction has been removed. This leads to the formation of (111)
microfacets, which occur between the rows of atoms in the [1 f 0] direction. This work
also suggested it is this faceting of the surface that is the basic driving force of the
reconstruction mechanism, with two row facets giving rise to the (1x2) reconstruction
and three row facets the (1x3) reconstruction.
In UHV the clean Au(110) surface exhibits the (1x2) surface reconstruction [24],
as do the other 5JFCC metals Ir and Pt. The isoelectronic 4d and 5d FCC transition and
noble metals however (Ni, Cu, Rh, Pd, Ag) retain a (lxl) surface reconstruction. Ho et
al. [25] showed via the use of a pseudopotential density functional calculation that the
stabilization of the missing row reconstruction arises mainly due to the need to lower
the kinetic energy of the s p electrons at the surface. The larger orbitals in 5d metals
leave the electrons less room than in the 3d and Ad metals. And since a constraint in the
volume of surface electrons tends to raise kinetic energy, this must be lowered by
delocalisation of the s p electrons which can be brought about by formation of highly
coordinated (111) microfacets. The missing row structure promotes this minimization
of kinetic energy and the major rearrangement of surface atoms which is required to
form the (1x2) reconstruction becomes energetically more favourable. This
configuration provides electrons room to lower their kinetic energy whilst maximising
bulk cohesion and limits the number of nearest-neighbour broken bonds.
It is important to note that it is possible for the 3d and Ad metals to reconstruct
into the (1x2) configuration, with the addition of submonolayer amounts of alkali metals
as shown by Frenken et al. [26] with the adsorption of K onto Ag(110). Reconstruction
of these surfaces can be explained in terms of charge transfer to the surface from the
adsorbed alkali metal atoms to the surface, increasing the density and pressure of the sp
electrons at the surface. The surface structure therefore applies further constraints to
the electrons leading to a rise in kinetic energy causing a shift towards the (1x2) as the
equilibrium surface. This demonstrates the delicate balance between the surface
reconstructions and their dependence on surface charge.
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If one is to understand the relationship between the physical structure and RA
response of the surface, an understanding of the atomistic mechanisms involved in the
transitions between the surface reconstructions is imperative. Campuzano et al. [27] with
an aim to solving the mass transport problem, suggested that the thermally induced
(lxl) phase transition can be regarded as disordered lattice gas phase. This implies that
the top layer atoms are randomly placed on the surface rather than aligned in rows,
which places the transition in a two-dimensional Ising universality class, a model first
proposed by Onsanger et al [28] that does not require significant mass transport.
Diffraction techniques are well suited to the determination of critical exponents
of phase transitions, but structural information obtained in reciprocal space cannot be
directly transformed into real space. STM however, can probe real space directly and
can map the changes in structural details of step dislocations, anti-phase domain walls,
mass transport and microfaceting. A number of STM studies following up the Binning et
al. [23] work have since been published, which have aimed to provide insight into the
changes in surface structure as the transition is happening. [29,30,31,32,33,34,35]. In
these studies it was found that step structure in particular was found to be of critical
importance to the phase transitions, with observation of a mesoscopic, “fish scale
pattern” on the surface, a structure that is associated with large numbers of anti-phase
domain boundaries consisting of (111) step edges [33]. The monatomic steps that exist
on Au(110) are in the [1 I 0] direction. [100] steps are less common at room
temperature due to movement of atoms in this direction being inhibited. This step
arrangement promotes the growth of large terraces terminated with steps parallel to the
close packed rows, thus bringing about the intrinsic anisotropy of the surface. The
disordered lattice gas model [27] was found to provide an explanation to only part of
the process. If the surface were to consist of only domain wall defects then a
deconstruction transition would occur of the Ising universality class, and this model
would hold. Conversely if steps were the only defect, only a roughening transition
would occur. Roughening transitions occur at some temperature lower than the melting
temperature where step-step repulsion increases; here the increase in entropy due to the
creation of steps is greater than the increase in surface free energy caused by their
creation. The subsequent decrease in surface free energy leads to a proliferation of steps
and the surface becomes roughened. Since Au(110) contains both step and domain wall
defects the surface undergoes first 2D Ising transition at which the surface deconstructs
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(Td) and at higher temperatures a roughening transition

both transitions occurring

within 50-100K of each other.
A series of STM investigations by Sturmat et al. [34] provided evidence for the
stability of the (1x2) surface reconstruction at elevated temperatures close to the TR at
interior terrace regions, which was confirmed by Hofner et al. [36] with a scattering and
recoiling imaging spectroscopy study (SARIS). Importantly it was shown that the main
disorder processes arising from the deconstruction transition are confined to step edges,
a situation which also opposes the lattice gas model suggested by Campuzano et al. [27].
It should be noted that a large variation in reports of TDfor this surface (850K -1080K)
are reported in the literature. Since the role of steps is significant in the transition, if the
concentration of steps varies upon preparation and quality of crystal, which it often
does, the experimentally acquired value of TDwill also vary. This is an important point,
which will be explored in depth in a later chapter. Even though step density may vary
between surfaces, the STM studies show that the average density of steps for any
particular surface remains fairly constant up to TD. This invariance in step density also
points towards a solution for the mass transport problem. Since a transition to the (lxl)
from the ordered (1x2) requires a movement of 50% of the surface atoms, and thus
grand scale movement of steps and the growth of terraces which would be reflected in
varying step density, it is more likely that the (lxl) consists of a disordered half
monolayer of surface atoms. This resolves the mass transport problem, since for
transition towards reconstruction from the (lxl) will require only local movement of
atoms over the scale in the order of a lattice spacing.
Whilst significant headway has been made into the understanding of this
complicated surface in the UHV environment, in the electrochemical environment
information from the surface becomes much more difficult to acquire, largely due to the
presence of the bulk electrolyte. Methods used to probe the surface at the solid/liquid
interface is discussed are chapter 5.
Here information on reconstruction will be discussed which can be discerned
from this interface using STM alone. It is the electrochemical STM studies of this
system which provide the most information of the surface. Gao et al. [37] were the first
to employ this technique to observe the reconstructions of the Au(110) electrode in
aqueous perchloric acid (HC104). This study implied that the surface behaves similarly
in the electrochemical environment to the UHV environment. At a potential just below
the PZC the surface was reported to consist predominantly of the (1x2) surface
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reconstruction, with some small (1x3) domains. As in the UHV environment, the
surface electronic charge density will be negative at this potential (-0.02V Vs SCE), thus
promoting reconstruction due to minimization of the s-p electrons. A transition to the
unreconstructed (lxl) surface was observed as the potential was taken positive of the
PZC, and was found to occur reversibly and on a short time scale. The rapid
reconstruction dynamics on the Au(110) surface (in the order of ~2 seconds) can be
attributed to low atomic density of the surface and the need for only short range motion
of atoms. Magnuessen et al. [38] produced a more detailed study of this system shortly
after the Gao et al. study [37], with the same technique. Here it was again reported that
the surface follows closely to that observed in UHV, with large scale topography (700A
terraces) evident, inter-dispersed with monatomic high steps and corrugation amplitudes
of the reconstruction elements identical to those observed in UHV. Some subtle
differences were noted however, namely the presence of homogeneously distributed
anisotropic Au islands deposited atop half of the terraces on the surface, leaving only
small areas with “perfect” (1x2). Only in the direct vicinity of the steps is the density of
these additional features reduced. Long and anisotropic, these features have (1x2)
character and often extended the full length of the terraces, but only in the order of
~10A in the [100] direction. These features seemingly arise due to the differing levels of
kinetic freedom obtained during the preparation of the surface. These Au island features
are absent in UHV as a consequence of a tight anneal undergone before
experimentation to re-order the surface.
Even though (1x2) regions are smaller in the electrochemical environment,
stabilization of step structures on the surface is once again mediated by the formation of
(111) microfacets. Gritsch et al. [31] showed in a UHV study that a perfect (1x2)
substrate cannot be terminated on both sides along the [1 I 0] by (111) microfacets
alone. This can only happen if the adjacent (1x2) regions are in antiphase to one another
i.e. with the presence of a (1x3) domain boundary. This was reinforced by Magnussen et
al. [38] who found frequent occurrences of such antiphase domain boundaries, implying
that the presence of (1x3) troughs on the surface has a significant role in the phase
transition. The presence of phase structures allows stable configurations of (111)
micro facets on both sides with very low kink density. Growth of (1x2) can therefore be
considered to arise from the lengthening of the anisotropic islands on the terraces, and
facilitated by the presence of (111) microfacets.
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The (1x2) reconstruction was found to be stable down to -0.3V Vs SCE. More negative
potentials could not be observed due to tip destabilisation by hydrogen evolution.
Upwards of +0.25V the surface was found to always consist of the (lxl) reconstruction.
In this state step sites are minimized and the surface consists mainly of isotropically
shaped islands and holes with height and depth equivalent to a monolayer. The location
of these isotropic islands correlates well with the location of anisotropic islands on
previously (1x2) reconstructed terraces, thus displaying the ability of these islands to be
converted from one kind to another. It was shown that a further potential increase
induces roughening on the surface, until around +0.8V where disproportionate
roughness appears to occur and due to the onset of oxidation.
The above provides an overview of literature on the physical structure of the
Au(110) surface, with descriptions of the transition between its surface reconstructions,
both thermally induced and electrochemically. In summary, we can see that this surface
is by no means a simple one, and has consequently been intensively studied and revisited
with several different techniques. The scope of this thesis will focus on Au(110) in the
electrochemical environment, but it is useful to understand the surface’s behaviour in
UHV since as stated there is significant similarity. The Magnussen et al. study [38]
reviewed here is of key importance to this work. The effect of anions and the effect of
oxidation on Au(110), which are touched upon in the Magnussen et al. work are studied
in-depth in later chapters. From both this and the UHV literature, it is clear that the
surface and its reconstructions are fundamentally influenced by (111) microfacets, the
proliferation and stability of which, may be the key to understanding and monitoring the
surface reconstructions in situ with RAS. The remainder of this chapter will be
concerned with relating what we know about this surface from the techniques
mentioned above to the interpretation of the RA spectral profile. In order to do this we
must first discuss the electronic structure of the surface, since this is the immediate
origin of the RA spectral profile.

3.3 Electronic

Structure

and

the

Optical

Anisotropy of the Au(110) Surface
A detailed description of the electronic structure of Au(110), is beyond the scope of this
thesis. However, spectral features in the RA spectral profile originate from single
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particle excitations between states in the band structure of gold. It is therefore pertinent
to give a brief overview of the findings in this field which relate to the spectral profile of
the RAS of this surface.
Experimentally, the use of techniques such as electroreflectance and
photoemission, has made it possible to map the band structure of metal and
semiconductor surfaces. It was established by Kofman et al. [39] using electroreflectance
spectroscopy (ERS) that Au(110) was indeed anisotropic and showed that the optical
surface electron energy states are sensitive to the surface distribution of atoms. Later Liu
et al. [40] used ERS to observe optical transitions between surface states of the low
Miller index gold surfaces. These were compared to theory generated from selfconsistent pseudo-potential calculations of the bulk and electronic structure. This model
assumed a nearly-free electron model with crystal induced states and related surface
states symmetry points on the Surface Brillouin Zone (SBZ). This study however
concerns a perfectly terminated (lxl) surface and does not account for the surface
reconstruction. The effect of the (1x2) was taken into account by Ho et al. [25] and Xu f/
al. [42], the (1x2) reconstruction having the effect of halving the SBZ; these calculations
were later validated by photoemission measurements by Sastry et al. [43].

Figure 3.2: The electronic structure o f the Au(110) (1x2) surface obtainedfrom calculations
by Xu et al. [42]
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3.4 RAS of the Au(110) Surface
When discussing the origin of spectral features, it is desirable to combine experimentally
obtained data with a theoretical simulation, however the link between theory and
experimental RA measurements for metals is not fully formed, and simulation of
experimental spectra from first principles is currently not possible. The first of these
studies was carried out on the Ag(110) and Au(110) surfaces in 1994 by Mochan et al.
[43], An RA spectral profile for Au(110) in ambient conditions, the first of its kind, was
shown in this investigation, along with a theoretical reproduction of this profile
principally formed from the surface local-field effect (SLFE) model. The RAS of
Au(110) reported here differs from that seen on modern RA spectrometers and theory
differed substantially from experiment, however this study did prove the surface
sensitivity of RAS to cubic crystals such as Au(110). SLFE was later applied to the
Au(110) surface in UHV and again failed to match convincingly the experimental RA
spectra [44]. This paper did however show calculated spectra for transition from the
unreconstructed (lxl) to the reconstructed (1x2) surfaces, displaying an increase in the
predicted feature at ~2.5 eV which was attributed to the effect of the screened local
field on d-band transitions. The increase in RA intensity in the 2.5 eV feature is
replicated in the work of Sheridan et al. [12]), however this behaviour conflicts with the
data produced in the 1999 work by Mazine et al. [45]. This study, the first observation of
the RAS of the Au(110) surface in the electrochemical environment was presented with
STM images and displayed a decrease in the 2.5 eV peak intensity at somewhat negative
potentials where the surface is expected to exhibit the (1x2) surface reconstruction,
countering the reports of an increase reported elsewhere [12]. Similar findings were
reiterated in a later paper, by the same authors [46]. An interpretation of this
inconsistency was provided by Weightman et al. [47], where differences between the
experimentally observed spectra was attributed to differing morphology of the gold
surfaces used in each study.
Sherdian et al. [12] interpreted the spectrum of the Au(110)-(lx2) surface in
terms of optical transitions between surface bands F and X as determined from first
principle calculations from the Xu et al. work [41] and with Inverse Photoemission
experimental results from Bartynski et al. [48] Sheridan et al. identified RA spectral
profile features with transitions between states identified in the surface electronic
structure of Au(110). The peak observed in the RA spectrum at ~2.5 eV is the result of
36

a transition at the T point between an occupied surface resonance of odd symmetry
arising from ¿states o f c h a r a c t e r and an empty surface state ~0.3eV above the Fermi
energy with even symmetry and predominantly p character. The ~2.5 eV feature is
attributed to a transition between an empty state of even symmetry and predominantly
sp character and a ¿derived filled state of odd symmetry.
Kofman et al. [39] showed that these transitions are sensitive to surface order
and other physical changes in the surface. The ~2.5 eV peak is expected to be very
sensitive to surface physical changes since it is directly related to the surface state. The
~3.5 eV peak is less sensitive, since the transition arises from surface resonance derived
from a bulk state and is thus more sensitive to the second layer of atoms. Understanding
of the RA spectral profile is not a simple procedure and information must be drawn
from many areas, however the sensitivity of the features contained in its spectrum is
evident from previous work and its applicability to both UHV and electrochemical
environments makes RAS an attractive technique to investigate the themes discussed in
this chapter. The remainder of this chapter will be an overview of the reconstruction
dynamics seen on Au(110) in the electrochemical environment.

3.5 The Three-Phase Model
As mentioned in the previous section, there is currently an absence of ab initio
theoretical calculations of RAS spectra. V^ith an aim to gain further information from
experimentally obtained spectral profiles, McIntyre and Aspnes [49] applied a linear
approximation to the complicated reflectivity expressions which arise for multiphase
stratified systems such as the interfacial surface region of the Au(l 10) surface and bulk
electrolyte or vacuum. This allowed development of a phenomenological three-phase
model. This model assumes homogenous media separated by abrupt interfaces i.e.
isotropic semi-infinite bulk and ambient layers either side of an anisotropic thin film
surface layer.
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Ae = <

Figure 3.3: Illustration o f the three-phase model

3.5.1

The Dielectric Function

Each of the surface layers accounted for in the model possesses a dielectric function,
which describes the nature of the interaction between incident light and the media. The
dielectric functions for the bulk (eb) and ambient/vacuum layer (sv) are isotropic. In the
surface layer, however, due to the intrinsic anisotropy, the dielectric response along the
two principle directions (ssx - Ssy) can be non-equivalent. Ass otherwise known as the
surface dielectric anisotropy (SDA), is the difference between the dielectric response in
different directions of the surface layer (esx_ £sy) which if the surface is anisotropic will
be non-equivalent, and gives rise to the RAS signal. The simplifying linear
approximation used by McIntyre et al. [49] applies if ev=l and the thickness of the
surface d is very much less than a wavelength (d <<k). In this case d is ~10 9m, allowing
the probing of the optical properties of the surface for optical wavelengths. The RAS
equation is defined below in terms of the surface and bulk dielectric functions, where w
is the angular frequency and c is the speed of the wave, rx - ry = Ar, and the
experimentally measure quantity is ( Ar'j.

r _
r

A

licod £xs - £ ys
c
l-£ b

(3.1)

In the case of all measurements presented in this thesis, the real part of equation 3.1 will
represent the information that is measured from the RA spectrometer.
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3.5.2 The Lorentzian Transition Model
In order to simulate RA spectral profiles using the three-phase model, one must obtain
a parameterised representation of surface electronic transitions, which can be
approximated by a Lorentz contribution. To achieve this simulation, it is useful to
rewrite equation 3.1 as:

f A r(œŸ
V

r

J

— \ a {o))A€s + B(û))A£s\

V c J

(3.3)

where the A(to) and B(w) functions are defined below and are plotted in figure 3.4.

1

A(œ)-iB(û)) =

1 - e b (e o )

Figure 3.4: The A(a>) (black linej and B(co) functions (red line)
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(3.4)

The values A(w) and B(w) are calculated from the bulk dielectric function, which are
obtained from the work by Blanchard et al. [50]. These values can in turn be calculated
from the refraction coefficient, n, and the extinction coefficient, k, using the simple
relation e = N2, where N is the refractive index which is defined as N = n - ik. The
values for n and k can be obtained from spectroscopic ellipsometry.
This expression allows the simulation of RA spectra in terms of the bulk optical
response of Au and a parameterised representation of the surface electronic transitions.
The SDA is calculated by selecting transitions within the surface layer, in the x or y
direction, of energy C0t, intensity S and line width T (Full Width Half Maximum).

Each transition has a Lorentzian form given by:

s
n

= 1+

CO. — co +

f

iT
—

(3.5)

2

via variation of a number of empirical parameters (energy, linewidth and intensity)
equation 3.5 can be used to generate a model of the surface dielectric anisotropy.

3.5.3 The Fitting Procedure
RA spectral profiles are reproduced by the three-phase model very successfully;
however some discussion on the quality and the fitting procedure is necessary. Each of
the five transitions for the Au(110) surface, have three related parameters, energy, width
and intensity.
The initial parameters for fitting the gold surface are produced by allowing all
parameters to be free, under minor constraints. The energy of the 1st transition is
generally located between 1.9 eV and 2.3 eV, the 2nd transition is generally between
3.1 eV and 3.6 eV, the 3rd transition between 3.6 eV to 3.9 eV, the 4th transition between
4 eV and 5 eV and the 5th transition between 5 eV and 6 eV. The width of each
transition must not exceed a value of 2 eV, and if the value of the width is taken close to
zero the model breaks down. Therefore values of the width are constrained to ~0.3 to
2 eV. The intensity of each of the transitions is unbounded.
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Intensity changes in the features of the simulated RA profile are possible from changes
in all three parameters. Lowering of the energy tends to reduce the contribution to the
simulated RA profile in that region, whereas a shift to a higher energy increases
intensity. Reducing the linewidth also increases intensity, while making transitions
broader spreads their contribution of a larger range thus reducing the intensity.
In recent previous work [1] the values for the gold transitions are deduced in the
manner above and new transitions added for the addition of the biomolecule. Changes
in the gold were evident due to the adsorption process and the relevant changes in the
transitions where made to once again successfully reproduce the RA spectral profile. In
this case it was chosen to keep the energy of the transitions fixed and to simulate the
spectra based on width and intensity changes alone. Constraint of the 5 energy
parameters makes comparison and deduction from the fitting parameters easier and
more convincing, allowing separation of gold surface effects from the effect of the
adsorbed molecule.
Changes in the energies of the 1st, 2nd and 3rd transition in the case of the work
presented in this thesis are necessary to replicate the changes in the gold surface brought
about by surface reconstruction (section 3.6), oxidation (section 5.4), and modification
of the surface (section 4.3). However, it is still necessary to reduce the parameter space
of the model and for this reason the strengths of the 1st, 2nd and 3rd transitions will be
kept fixed but the energies will be allowed to change freely. The energies for the 4th and
5th transition will remain fixed, and the intensity of the 4th and 5th transitions will be
unconstrained as in previous work.
It should also be noted that the quality of the fit is generally lower in the 1.5 eV
to 2.4 eV region. It is often necessary to allow this to happen to obtain a good
simulation of the RA profile in the higher energy regions of the RA profile (2.5 to
5.5 eV). This is reasonable due to the reduced reflectivity obtained for RAS
measurements in the low energy region of the spectral range usmg this experimental set
up, which is optimised for detection in the higher energy regions of the spectral range
(2.5 - 5.5 eV). However, an investigation into the lower energy part of the spectral
profile may well be very useful and yield further insight into the systems presented in
this thesis. For the purposes of this study results in this region will be presented, but
since there accuracy cannot be verified, limited conclusions will be made. Since
detection in this region is not accurate, simulation of the flat RA profile at a potential of
0.0V in the 2.5 eV and 3.5 eV region is also not well simulated with this model.
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If the values quoted in the tables corresponding to each simulation are changed by more
than 3% m the energy, 4% in width and 8% change in intensity, the fits are deemed
significantly different. There values can therefore be taken as approximate errors in each
parameter for any given simulation presented in this thesis.

3.6 The Au(110) surface in the Electrochemical
Environment

Figure 3.5: The RAS Au(110) in HC104 at open circuitpotential (OCR) (circles) together with the
simulation (solid line).
Figure 3.5 shows the RAS of Au(110) (circles) immersed in 0.1M HC104 electrolyte,
with no potentiostatic control. The RA spectral profile is characterised by a positive
feature in the 1.6 eV to 2.3 eV range, and negative feature at 2.58 eV and also at
~3.6 eV and a positive feature at 4.5 eV. It was shown by Blanchard et al. [50] via
measured RA profiles in conjunction with STM in the UHV environment that the large
positive feature at 4.5 eV is indicative of the presence of monatomic steps on the
surface. A model of this spectra is also presented with the RA profile (solid line)
generated from the three phase model
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Transition
Direction
go(eV)
T(eV)

s

1
[001]
1.74
0.65
5200

2
[001]
3.5
0.72
3300

3
[1 1 0]
3.68
1
5000

4
[001]
4.75
1.4
3000

5
[001]
5.45
0.5
1000

Table 3.1 : Fitting parametersfo r the simulations ofA.u(110) in HC104 at OCP

Figure 3.6: The individual contributions o f the model o f the Au(110) surface
If the individual Lorenztian transitions used in the model are plotted (Figure 3.6), one
can observe how each transition contributes towards the simulation of each of the
spectral features of the RA profile. From this, it is clear that the lower energy region of
the RA profile is predominantly simulated from the 1st transition, which goes on to
donate broad spectrum negative intensity from 2.5 eV onwards. The spectral features at
~2.5 eV and ~3.5 eV on the other hand share contribution from almost all of the
transitions. In particular the definition in the 2.5 eV peak arises from the 3rd transition,
however its intensity is denoted by the strength of the 2nd transition, along with small
contribution from both the 1st and 4th transitions. The shape of the region between the
two features arises from the 2nd transition, with intensity contribution from the 3rd. The
3.5 eV feature arises primarily through contribution from the crossing of the 2nd and 3rd
transitions, with intensity contribution from the 4th. And finally the 4.5 eV peak arises
primarily from the 4th transition, with the negative going tail of this peak between 4.5 eV
and 5.5 eY being resolved by the 5th transition. This intermixing of the transitions

43

displays the complexity of the electronic structure contribution to the RA spectral
profile of Au(110). This results in feature changes which are not necessarily related to
changes in the transition from that energy range alone.

3.6.1 The (1x2) -> (lxl) Reconstruction

Figure 3.7: Au(110) in HC104 in the potential range 0.0V to 0.6V
Applying the three phase model, can help to elucidate which transitions must change to
bring about changes in the spectral features in the RA profile. Figure 3.7 shows Au(110)
as the potential is varied from 0.0V to 0.6V. From previous work it is known [12, 45,
46] that at 0.0V the surface should exhibit predominandy (1x2) surface character, and as
the potential is raised the transition to the (lxl) will occur. From a qualitative analysis of
these line shapes, a reduction in the 1.5 eV to 2.4 eV region is evident, with a systematic
increase of the intensity of the 2.5 eV peak over the 0.0V to 0.6V potential range. The
region between the principal peaks, which was previously flat, changes in shape with the
progressive appearance of a negative going slope. The 3.5 eV peak increases sharply
between 0.0V and 0.4V before decreasing again at 0.6V, and the 4.5 eV feature appears
to remain the same. The three phase model will now be applied to gain quantitative
information on this lineshape change.
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Figure 3.8: RA profiles and ModelsforA u(1 10) at (a) 0.0 V (b) 0.2V (c) 0.4V and (d) 0.6V
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Changes in the fitting parameters are experienced throughout the potential range 0.0V
to 0.6V, the models for each of the Au(110) RA profiles at 0.0V, 0.2V, 0.4V and 0.6V
are shown in figure 3.8 (a) - (d) respectively. The change from the broad positive going
feature at 1.5 eV to 2.4 eV to a less intense and eventually flat profile is not well
replicated by model. However, the best possible fit was achieved with changes seen in
the 1st transition in this potential range, which includes a shift to a slighdy lower energy
and broadening of the transition between 0.0V and 0.4V (figures 3.8 (a), (b) and (c)).
The 2.5 eV feature which is seen to increase from 0.0V is reproduced in the simulation
by a shift to a higher energy of the 2nd transition between 0.0V and 0.2V (figure 3.8 (a)(b)) and broadening of the 1sttransition. In the potential range 0.0V to 0.4V the width of
the 2nd transition decreases systematically, which replicates the loss of the flat region
between the 2.5 eV and 3.5 eV features. The qualitative change in intensity of the 3.5 eV
seen in this region is reproduced by a change in the width of this transition and a shift
to lower energy from 3.7 eV to 3.63 eV, in similar but opposing behaviour to that seen
in the 2nd transition, resulting in a reduction in the separation of the 2nd and 3rd transition
energies throughout this potential range. This is necessary to reproduce the change in
intensity of the peaks but also the region between the principle peaks, and may be
indicative of changes in electronic structure of the surface brought about by the
transition to the unreconstructed state. A systematic reduction is seen in the 4.5 eV
transition, which appears contrary to the qualitative observation of the stability of this
peak in this potential range. This does hold with expected reduction in (111) microfacets
which occurs during the surface reconstruction [38],
The change in character of the 1st and 2nd transitions is reflective of the
dependence on surface states in this spectral range. A reduction in anisotropy of the
surface will occur during the (1x2)

(lxl) transition reducing surface states [48, 12].

The shift to a higher energy in the second transition may be indicative of a reduction of
surface states which one would expect to occur in this potential range due to the move
to an unreconstructed surface.

3.6.2

The (lxl)

So far the (1x2)

(1x3) Reconstruction

(lxl) transition has been considered. As mentioned earlier the

Au(110) surface near the PZC consists of predominantly (1x2) reconstruction with
some (lxl) and (1x3) domains [38]. In order to obtain a surface which predominately
comprises the (1x3) surface, the surface must be taken negative of the PZC. This cannot
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be achieved in acidic electrolytes due to hydrogen evolution, however this can be
achieved in basic electrolytes such as potassium hydroxide (KOH). The effect on
surface processes including reconstruction dynamics and oxidation in this electrolyte as
well as an alternative acidic electrolyte with a stronger adsorbing anion (H ,S04) will be
discussed in a chapter 6. For the purposes of this chapter Au(110) in KOH solution at
potentials of -0.4V and -0.8V is considered. At this point the surface charge is such that
the (1x3) is the most energetically favourable surface reconstruction.
The PZC for Au(110) in KOH is found at -0.4V Vs SCE, this is due to the
presence of OH in the solution, which shifts the PZC to a more negative potential.
Figure 3.9 shows the RA profiles for Au(110) at -0.4V and -0.8V Vs SCE. It is unlikely
that this surface contains a significant amount of the (1x2) reconstruction at the PZC in
basic electrolytes. From qualitative observation of the RA profile at this potential
(-0.4V), the lineshape between the principle peaks lacks the characteristic flat region
which is seen at 0.0V in the acidic electrolytes. This implies that surface is
predominantly in a (lxl) configuration at this potential, however regions of (1x2)
cannot be discounted. Lowering the potential has the effect of lowering the negative
intensity of the RA profile, with the largest effect seen in the 2.5 eV feature which
lowers to a shoulder. The 3.5 eV feature lowers also, but retains its definition. The
positive intensity in the 1.5 eV to 2.4 eV region increases along with an increase in
positive intensity of the 4.5 eV region.

Figure 3.9: RAS ofA.u(110) in KOH at -0.4Vand -0.8V Vs SCE with simulations
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Transition
Direction
co (eV)
r(eV)

s

1
[001]
1.6
0.8
7200

2
[001]
3.53
1.1
4200

3
[1 1 0]
3.75
1.2
5500

4
[001]
4.7
1.6
3000

5
[001]
5.55
0.5
1100

Table 3.2: Fitting Parametersfo r simulation o f the RAS ofA u(110) at -0.4V Vs SCE

Transition
Direction
w (eV)
T(eV)

s

1
[001]
1.6
0.9
7200

2
[001]
3.28
1.35
4200

3
[1 I 0]
3.75
2
5500

4
[001]
4.7
1.6
5000

5
[001]
5.55
0.5
1600

Table 3.3: Fitting Parametersfo r simulation o f the RAS ofAu(110) at -0.8 V Vs SCE

Figure 3.10: Individual Contributionsfor the V and 2"d transitionsfo r the simulations ofA u(110) in
KOH at -0.4Vand -0.8V
»
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Figure 3.11: Individual Contributionsfo r the 3rd' and 4th transitionsfo r the simulations o f Au (110) in
KOH at -0.4V and -0.8V
The observed changes in the RA profile are quantified by the simulations once more.
The values of the fitting parameters reveal changes in the transitions as the (lx l)-^(1x3)
transition occurs. Quantitatively a loss of negative intensity is observed over the 2.5 to
3.5

eV region, with a more negative intensity loss at 2.5eV. A greater in

observed at 4.5 eV. In order to simulate the transformation of the RA profile between 0.4V and -0.8V, substantial changes in the fitting parameters are necessary. The most
significant changes are seen in the 2nd, 3rd and 4th transitions. The 1st transition, displays a
small change in width which can be seen from Figure 3.10 (individual contributions 1

and V). Changes in the 2nd transition are more substantial (Figure 3.10, 2 and 2’), the
fitting parameters for this transition display a significant shift to a lower energy from
3.53 eV to 3.28 eV. This has the effect of producing a sharper positive intensity
contribution in 2’ at 2.5 eV compared to the profile of this transition in 2. This sharper
lineshape goes some way to reducing the intensity and definition of the feature at 2.5 eV
region which is observed at -0.8V. It also clear from 2’ that the changes in the 2nd
transition also reduce the positive contribution in the 3 to 3.5 eV region which resolves
the positive going slope between the principle features.
The 3rd transition experiences a broadening which significandy changes the
lineshape contribution from this transition (3 and 3’ in figure 3.11). The loss of negative
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intensity in the 3.5 eV feature is largely reproduced by the changes in the 3rd transition.
The 4th transition increases in intensity (Figure 3.11 4 and 4’), this is necessary to
replicate the increase in positive intensity of the 4.5 eV peak. This correlates well with
the expected increased presence of (111) microfacets, which will arise due to the
formation of the (1x3) reconstruction [38].

3.7 Variation Due to Flame Annealing
The Au(110) surfaces used in the experiments presented in this thesis are prepared using
the flame annealing preparation procedure documented in section 2.4. This preparation
method is very useful for preparing surfaces outside of the UHV environment, however
preparing Au(110) in this way introduces surface morphology variation following each
preparation event.

Figure 3.12: RAS ofA.u(110) after three separate preparation events, under the same experimental
conditions.
Because of this variation, an example of which is shown in figure 3.12, obtaining RA
profiles of the Au(110) surface which are similar in all regions of the spectral range can
require extensive repeats and on realistic time scales in many cases is not possible.
Certainly identical spectra are unlikely, due to the inherent in-homogeneity of the
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Au(llO) surface and the inevitable variation in the non-uniform preparation procedure
coupled with the sensitivity of RAS to these variations. The issue arises then, that any
variation in the surface caused by changes in the experimentally varied parameters such
as electrolyte, temperature etc. appear amidst changes of the RA profile due to
morphology. It is therefore difficult to decipher the exact influence of these parameters
on Au(110) when studied with RAS, if the substrate itself varies. It is therefore necessary
to understand this variation in the RAS due to morphology so that changes due to
surface adsorption and other such experiments can be more accurately differentiated,
from those caused by changes in the substrate.
From experience it is clear that the effect of flame annealing on Au(110) crystals
and the subsequent variation in RAS measurements is determined by a complex range
of variables. The RA profile experienced after any particular flame annealing event will
be due not only to the variation from the non-uniform flame-annealing process for that
occasion but on the history of the crystal preceding the event. For example, a crystal
which has only been flame annealed once or twice will have a different RA profile from
a crystal which has been flame annealed ten times. The crystal which has experienced
more flame annealing preparation events will generally speaking have the more
developed RAS features i.e. those with better defined 2.5 and 3.5 eV features and a
more intense 4.5 eV feature. It has also been noted that the RAS of Au(110) will vary
with time after the flame annealing event i.e. the RA profile of a crystal which has
experienced 5 flame annealing events 5 days in a row will differ from a crystal which has
experienced 5 flame annealing events spaced out over the course of a few weeks.
This behaviour is of course is to be expected, a crystal with established
morphology will more easily form further more developed morphology such as a larger
terraces and more developed step structures with the thermal energy (kT) gained from
any particular flame annealing event. Experimental surface scientists will also confirm
that any crystal such as Au(110) will essentially have an operational lifetime before
roughening of the crystal and damaging morphology such as scratches will proliferate
and render the crystal useless for accurate experimentation. After a certain number of
preparation cycles the RAS features of a crystal will begin to degrade, becoming more
closely related to the features seen in the RAS of polycrystalline Au. However, since the
flame annealing procedure is now common place in labs using single crystal electrodes
such as the Au(110) it is necessary to understand how this variation will effect
experimental results.
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An attempt to understand the variation in the data presented in figure 3.12 is made in
section 6.4. This is followed in section 6.5 by a series of STM and RAS measurements of
a sequentially flame annealed surface. As will be discussed throughout chapter 6, taking
into account the variation in morphology due to the flame annealing procedure on
Au(110) RAS measurements is very difficult, and although some progress is made
towards this goal in chapter 6, a full understanding is still currently unavailable. It is
therefore necessary for this work, to only make direct comparisons between
experiments when the 4.5 eV feature in the spectral profile is of a similar intensity. This
feature was chosen to be kept as close as possible between data sets since it is likely that
the effect of steps on the surface will have the greatest impact on the surface processes
investigated. This method of matching RA spectra to the 4.5 eV feature is used primarily
in chapter 6, where comparison between electrolyte systems is carried out. For the most
part however this is not necessary since RA profiles which are compared tend to be
carried out after a single preparation event, such as the results presented in this chapter
and in chapter 5.

3.7.1 The Un-flame Annealed Surface

Figure 3.13: R/l.S o f the un-flame annealed A u(110) in HCIO4 with no potential applied
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Transition
Direction
co (eV)

F(eV)
S

1
[001]
2.1
1.1
6100

2
[001]
3.45
0.7
4500

3
[1 1 0]
3.65
1.1
2500

4
[001]
4.8
1
1500

5
[001]
5.65
1
3500

Table 3.4: Fitting Parameters fo r the un flam e annealed A u(110) surface

Transition
Direction
to (eV)
r(eV )

s

1
[001]
2.1
1.1
6100

2
[001]
3.45
0.7
1650

3
[1 1 0]
3.65
1.1
2500

4
[001]
4.8
1
1500

5
[001]
5.65
1
3500

Table 3.5: Fitting Parametersfo r the M odel 2 simulation
Since the variation of the morphology of the Au(110) surface following flame annealing
is a major theme of this thesis, it is useful to view the differences between the un-flame
annealed and flame annealed surface. From figure 3.13 it is clear that there appears to be
qualitatively speaking vast changes in the RA profile of the un-flame annealed surface to
that of the flame annealed surface. However, the fitting parameters generated from the
simulation of the un-flame annealed surface using the three-phase model, appear to be
very similar to the fitting parameters generated from the 0.0V spectra of the flame
annealed Au(110) surface. The ‘Model 2’ spectra plotted in figure 3.13 is simply the
same model used to fit the un-flame annealed Au(110) with only one change in fitting
parameters (table 3.4 and table 3.5). The intensity of the second transition is changed to
of the strength of the 3rd transition (4500 to 1650), which is found to be the most
common relationship between the strength of the 2nd transition and the 3rd transition at
0.0V in section 6.4.1. The result is a model spectra which looks remarkably like a flame
annealed Au(110) at 0.0V. This indicates that the un-flame annealed crystal does not
have a fully formed state in the 3.4 eV region, and the flame annealing procedure is
responsible for its formation.

)

54

3.8 Summary
The Au(llO) surface has been discussed in depth in this chapter, including a review of
studies which have used a variety of techniques with the aim of gaining insight into the
physical and electronic structure changes which occur as the surface undergoes surface
reconstruction. Understanding these changes will provide insight into the changes seen
in the RA profile as the Au(110) surface encounters the surface reconstructions via
potentiostatic control. Understanding the changes in the RA profile due to
reconstruction will allow their effect to be accounted for in a range of future molecular
adsorption experiments.
Application of the three-phase model is shown in this chapter to replicate the
RAS of Au(110) with good agreement. The quantitative data which is generated from
the simulation of RA profiles can yield vital information which relates to the electronic
structure changes which occur as the surface reconstructs. As Au(110) undergoes the
(1x2) -> (lx l) reconstruction, it is found that the 2nd transition shifts to a higher energy
with a progressive reduction in width and the 3rd transition shifts to lower energy and
decreases in width. This may be attributed to the destruction of surface states due to the
reduction in the truncation of the surface and subsequent reduction in anisotropy and
long range order. The 4th transition, a transition which is thought to be indicative of the
monatomic step concentration, reduces in intensity as the (1x2) -> (lx l) transition
occurs which matches with the expected reduction of the presence of (111) microfacets.
In basic electrolytes such as KOH the (1x3) reconstruction can be achieved at
potentials negative of the PZC. The fitting parameters from this transition show
opposing behaviour to that seen in the (1x2)

(lx l) transition. Here the energy of the

2nd transition lowers and the step contribution increases. From this work, the position of
the 2nd transition appears as an indicator of the dominant reconstruction on the Au(110)
surface at any particular potential. The same can be said for the intensity of the 4th
transition which is seen to decrease with the transition to (lx l) surface reconstruction
and increase with transition to the (1x3) reconstruction.RAS has therefore been shown
to be sensitive to surface reconstructions and some headway towards the assignment of
spectral fingerprints of each reconstructed phase has been made.
The RAS of the un-flame annealed surface although qualitatively very different
to that of the flame annealed surface was found to be very closely related in the fitting
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parameters generated by the three-phase model. A

reduction in the strength of the

second transition produces a spectra that closely resembles the flame-annealed Au(l 10)
surface at a potential of 0.0V.

>

>
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Chapter 4
Origin of Spectral Features:
Information via Modification of
the Au(110) Surface
This chapter describes the deduction of the origin of spectral
features information from empirical deductions produced by RAS
measurements of the modified Au(110) surface. Reactive metals
copper and palladium are deposited onto the surface, producing
two different adsorption modes revealing an ‘opposite effect’ in
the RA profile of the surface.

>

>
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4.1 Introduction
From the previous chapter the origin of the spectral features of Au(110) have been
discussed in terms of deductions from previous studies into the electronic structure of
Au(110) surface. Many of these studies are theoretical undertakings [48,24] and have
found good agreement with the experimental findings of the clean Au(110) surface and
have also been extended to take account of the transition between the (1x2) and (lx l)
reconstructions [25,41]. If the Au(110) surface is to be used as a substrate for
electrochemical and molecular adsorption experiments however, theoretical studies of
the electronic structure become of less value. The complexity in ab initio calculations
which account for the adsorption of biomolecules, anions and modification to the
surface morphology soon becomes insurmountable. In order to understand the changes
in the RA spectral profile for Au(110) arising from these kinds of experiments a more
empirical approach is necessary. This chapter will provide an account of previous
investigations into the modification of Au(110) and the impact this has on the RA
profile. New analysis is included which relates the dependence of the higher energy
transitions of the RA profile to physical changes in surface morphology.
Perhaps the most well understood part of the RA spectral profile is the 1.5 eV
to 2.5 eV region, the origin of spectral features in this region was discussed in the
previous chapter and was shown to be sensitive to surface states. This was established
by monitoring the variation in the surface structure in connection to electronic structure
studies as reconstruction of the crystal occurs; this has the effect of reducing intensity of
the RA profile in the 2.5 eV region. The higher energy 2.5 eV to 5.5 eV region however
is less well understood. As mentioned in the previous chapter it is thought that this
region arises primarily from bulk like surface states modified by the surface structure,
evidence for this is presented in this chapter. Since adsorption could have a significant
impact on the surface morphology, the changes seen in the high energy region of the
RA profile may well be key to the understanding the RAS of this surface in these
experiments.
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4.2 The Effect of Ar Ion Damage on the RA
Profile of Au(110)
The effect of surface morphology on the electronic structure of surfaces has been the
focus of a large body of work [52,53,54] Argon ion bombardment is the most common
method used in these studies to introduce morphology changes to a surface in a
controlled manner. Primarily previous work has focused on Cu(110), with Au(110)
generating far less attention, which is no doubt due to the complicated nature of the
Au(110) surface. RAS investigations of this system have been carried out however by
Martin et al. [55] the results of which are displayed in figure 4.1.

(b)

Photon energy (eV)

Figure 4.1: RAS ofA r ion bombardment on A u(110) as a function o f time with STM
(a) Clean A u(110) (b) 3 minutes (c) 36 minutes

The Au(l 10) surface in this study was prepared in the ultra-high vacuum environment at
base pressure in the 10'1(l mbar region. LEED and STM results confirm the presence of
the (1x2) surface reconstruction on large terraces, which are terminated by monatomic
high steps (Figure 4.1(a)). The RAS of the surface in this state compares very well to the
RAS of Au(110) in the electrochemical environment at 0.0V Vs SCE (section 3.4).
Following this the surface was subjected to bombardment with Ar ions (500 eV, 8pA,
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300K) for a fixed time interval and then probed with STM, LEED and RAS. LEED of
the surface after exposure to the Ar ion bombardment shows development of streaks
elongated in the real space [1 I 0] direction, which when compared to the STM can be
seen to correspond with a loss of long range order in this direction. A significant effect
on the RAS of Au(110) after 3 minutes and 36 minutes of Ar ion bombardment is
evident (Figure (4.1) (b) and (c)). A loss of the 3.5 eV feature is almost immediate, which
displays the sensitivity of this peak to surface order. From the STM images it was
reported that the long continuous steps present in the image of the clean un-bombarded
Au(110) surface are lost on a similar time scale to the loss of the 3.5eV feature, thus
implying a sensitivity of this feature to the presence of this kind of surface morphology.
After prolonged bombardment (36 minutes), the profile in this region changes entirely
with what appears to be a turning over of the profile. From application of the threephase model it was shown that it is indeed necessary to change the direction of the
transition from [1 T 0] to [001] in order to produce the fit. The reasons for this are still
unknown, however it should be noted that a similar reversal effect was seen in the RA
profile of Cu(110) [55,54] and these changes were attributed to introduction of
anisotropy to the surface, due to the bombardment, which does not coincide with the
principle crystallographic directions. Evidence for this can be found in STM figure
4.1(c) where it appears there is a clumping effect of the surface atoms which may
provide some anisotropy contribution to the [001] direction and consequently a change
in the direction of this transition.
Conversely to the loss observed in the 3.5 eV feature, the 2.5 eV feature loses
intensity, but retains its definition even up to 36 minutes exposure to Ar ions. The
lowering of the intensity in this region corresponds to the slow removal of the (1x2)
reconstruction due to the Ar ion bombardment, which is consistent with the (1x2) to
(lx l) transition discussed earlier. The (1x2) reconstruction however is fairly resistant to
bombardment and even after longer periods of bombardment, local areas of (1x2) are
present, which may explain the persistence of the definition in the 2.5eV feature. This
feature is once again shown to be sensitive to reconstruction, but is shown to be
relatively insensitive to surface roughness. This is consistent with previous studies [24,
44] which state that this feature is derived from structure in the bulk dielectric function
as a result of inter-band transitions involving bulk d-bands.
This study allows useful insight into the origin of spectral features of the RA
profile of the Au(110). Sensitivity to the reconstruction is reinforced, along with
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sensitivity of the 3.6 eV peak to surface roughness and changes in surface morphology.
Increased disorder, brought about by the Ar ion bombardment process, causes a
destruction of the definition in this peak. Intensity of this peak can however change
without loss of definition, which implies that this peak may not only be a probe of
surface order but a combination of other surface parameters.

4.3 The Effect of Temperature on Au(110) in
UHV
The effect of temperature on Au(110 has been discussed in depth in Chapter 3, in terms
of the thermally induced transition from the (1x2) to (lx l) surface reconstructions in
UHV. The RAS of this system was investigated by Martin et al. and Stahrenberg et al.
[56,24] and was shown to yield some interesting insights into the origin of spectral
features of this surface. Both studies show consistent results, with the RAS of Au(110)
slowly losing definition in features as the temperature is raised from room temperature
(300K) to 800K in the Stahrenberg study and 1000K in the Martin study which goes
beyond both Tc and TR for this surface.

This discussion will focus on the work

described in reference [56]. Figure 4.2 shows RA profiles as the temperature is varied in
this range, features are labelled A, B, C and D correlating to the features at 1.80 eV, 2.5
eV, 3.5 eV and 4.5 eV respectively. The 1.80eV feature retains its character completely
in this range, however the intensity of the profile between this feature and the feature at
2.5eV does reduce throughout this range, which is again consistent with the gradual
increase in atomic disorder due to the transition between the (1x2) and (lx l), which is
expected to occur in this temperature range. The 2.5 eV feature remains fixed in energy
up to 580K, after which in the range 580K to 1000K a small shift to higher energy (2.64
eV) is evident. A broadening of this feature occurs in this high temperature range and
eventually loses its definition at around the point of the roughening transition (~700 to
815K). The 3.5 eV feature (C) displays greater activity, with a shift to lower energy from
3.52 eV to 3.1 eV which occurs gradually throughout the temperature range. Similar
behaviour occurs with the 4.5 eV feature (D), which adds further weight to the
argument that these features are linked to one another.
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Figure 4.2: RA profiles o f Au(110) 1As Temperature in UH V

These results were analysed with the “derivative model” [57] and compared to the
thermovariation optical spectroscopy study of Winsemius et al. [58] which states that the
main features of eb for Au are derived from interband transitions in the vicinity of the L

point of the Brillouin Zone. The variation of the energy with temperature (eV K ') from
the Martin et al. RAS study was found to agree very well with the thermovariation study
[58] which lead to the assignment of the peaks at 3.5 eV and 4.5 eV to the EF —>I f
and L2 —>I f transitions respectively. The assignment of EF —» L3 transition to the
2.5 eV is responsible for the sharp rise in A(o>) (section 3.5.1) also shows some
temperature variation here but this cannot be explained by the thermovariation study
[58], but does compare well to the energy shift observed due to the reconstruction
transition due to potential in the electrochemical environment (section 3.6).
From this study and the application the “derivative model” [57], it was shown
that variation in surface features can correlate direcdy to electronic structure transitions.
Interestingly the change in energy of the peaks at ~2.5 eV and ~3.5 eV seen as the
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Au(llO) is driven through its thermally induced transition towards the unreconstructed
(lxl) surface, correlates well with the change in peak energy found from the three phase
model for the same transition in the electrochemical environment (section 3.6). That is,
the 2.5 eV transition moves to a higher energy and the 3.6 eV peak moves to a lower
energy. Since there are no abrupt changes in the profiles however, it is unclear where the
transition in both cases occurs. This may be expected since RAS probes the surface over
a large scale and the shift in a equilibrium of a mixture of domains comprising all three
reconstruction may be being observed.

4.4 Deposition of Metals on Au(110)
From the Ar ion bombardment and raised temperature Au(110) studies, it is clear that
important information on the origin of spectral features can be deduced from
modification of the surface. The remainder of this chapter will consider the
modification of the surface by the deposition of reactive metals, namely copper and
palladium. Although considerably different systems in terms of the deposition method,
Under Potential Deposition (UPD) in the electrochemical environment m the case of
copper and the use of an evaporator in the UHV environment for palladium, the two
systems produce a similar but opposite effect on the RA profile. What follows is an
overview of these systems and how these changes in the RA profile may relate to
physical changes in the surface.

4.4.1 RAS of UPD of Copper onto Au(110)
Underpotential deposition (UPD) is a phenomenon of electrodeposition from solution
of up to one monolayer of metal cations onto a solid metal electrode at a potential less
than the equilibrium “Nernst” potential for the deposition of the same metal as a
substrate [59]. This occurs due to a difference in chemical potential of adatoms to that
of the corresponding bulk metal electrode, thus making the metal-substrate interaction
energetically favourable. A typical example of UPD is found with copper on gold, where
the UPD layer is found to be sensitive to crystalline orientation of the substrate [60, 61,
63]. The processes responsible for the formation of the reactive metal adlayers on
transition metals is a vast subject and outreaches the scope of this thesis, and therefore
will not be covered in any great detail. However, the study of this system is of significant
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importance to the physics of interfaces and has consequently been studied in depth by a
range of techniques including those discussed in this thesis such as cyclic voltammetry
[63], STM [64] and LEED [65]. The data presented here features in the paper by Smith
et al. [66] and displays the applicability of RAS to the study of this system. Special note
should be made of the application of Rapid RAS, a RAS parallel detection technique to
this system [67] which has been used to show the deposition and removal of ~30
monolayers of copper onto Au(110) yielding spectra at 0.1s intervals, a development of
RAS which is applicable to very rapid monitoring of electrochemical processes. This
deposition system is used for the purpose of this work to obtain a coverage of
submonolayer reactive metal on Au(110), with an atm to modify the surface and probe
the changes in the RA profile.

Figure 4.3: A Cyclic Voltammogram ofA u(110) in 0.1M H2S 0 4 + 1mM CuS04. Scan rate
20mV s '.
Experimentally the crystal was prepared using the flame annealing method described in
chapter 2, and the H2S 0 4 electrolyte was used with the addition of ImM CuS04. From
cyclic voltammetry (figure 4.3) it was confirmed that approximately one monolayer of
copper was adsorbed onto the surface at +0.1V Vs SCE. Figure 4.4 shows the RAS of
Au(110) at +0.4V Vs SCE, a potential where there is expected to be no copper
adsorbed onto the surface, and at the +0.1V Vs SCE, with their respective simulations
generated from the three-phase model. At these potentials in Au(110) in acid
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electrolytes, the transition between the surface reconstructions would normally occur.
At +0.1V the surface is expected to exhibit more (1x2) reconstructed domains than at
+0.4V where the surface is expected to be predominantly (lxl) in character. The +0.4V
spectra agrees well with the profile seen at this potential with no CuS04 solution,
confirming that there is no copper UPD layer present at this potential. Comparing the
spectra at +0.1V, it is clear that there is a significant change in the RA profile brought
about by the addition of the UPD layer. Qualitatively speaking an obvious increase is
seen in the 3.5 eV feature of the spectrum, with a decrease in the 2.5 eV feature is also
evident.

Figure 4.4: RAS o f theAu(110) with (+0.1V Vs SCE ) and without (+0.4V Vs SCE) a UPD
layer o f Copper. Datafrom [66]

Transition
Direction
co (eV)
r (eV)
S

1
[001]
1.60
1.25
3500

2
[001]
3.42
0.6
700

3
[1 1 0]
3.65
1.5
2800

4
[001]
4.7
1.25
900

5
[001]
5.55
0.5
400

Table 4.1: Fitting Parameters forA u (1 10) without UPD Layer (+0.4V)
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Transition
Direction
co (eV)
T(eV)
S

1
[001]
1.70
1.4
3500

3
[1 1 0]
3.8
1.5
2800

2
[001]
3.3
0.75
700

4
[001]
4.7
1.25
800

5
[001]
5.55
0.5
400

Table 4.2: Fitting ParametersforA .u(110) with UPD F oyer (+0.1V)
The fitting parameters generated from simulations of the spectra from the threephase model display how the transitions have changed following the adsorption of
the UPD layer. Changes occur in the 2nd and 3rd transitions, with minor changes in
the 1st transition and no change in the 4th and 5th transition. A shift to a higher
energy in the 1st transition and a shift to a lower energy is observed in the 2nd
transition as the potential is moved from 0.4V to 0.1V and UPD layer is formed. These
changes are consistent with those seen for the transition between the unreconstructed
(lxl) surface to the reconstructed (1x2) surface of Au(110) in HC104 (section 3.6). This
implies that the reconstruction is to some extent being completed in a similar fashion
and is not hindered by the formation of the UPD Cu layer. The 3rd transition
experiences a 0.15 eV shift to higher energy. This in combination with the changes in
the 2nd transition provides the increase in negative intensity in the 3.5 eV region, brought
about by the formation of the UPD layer.

Figure 4.5: Subtraction Spectra o f A.u(110) at + 0.4F and +0.1 Fin H2SO4 with and without
1mM CuSO-i
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Figure 4.5 shows the difference between the Au(110) spectra in H2S 0 4 at +0.4V and
+0.1V, with and without ImM CuS04. This is done to confirm that the contribution to
the 3.5 eV region arises from the presence of the UPD layer and not the transition
towards a more reconstructed state. In the difference spectra with ImM CuS04 there is
a large positive intensity around the 3.4 to 3.6 eV region, whereas without ImM CuS04
there is litde or no intensity in this region.
If it assumed that the changes in the lower energy region of the RA profile at 1.5
to 2.5 eV are due to surface reconstruction, then the changes in the higher 3.5 eV region
are due to the formation of the copper overlayer. The shift of the 3rd transition to higher
energy simulates the apparent boost in signal in this higher energy region. This may be
due to the surface gold atoms being covered by the overlayer of copper atoms and
consequendy becoming more bulk like. The contribution of the 3rd transition which is
responsible for generating the majority of the negative intensity in this region and is
derived from essentially bulk like states, thus becomes more prominent. This
experiment connects a physical change in the Au(110) interface with a change in the RA
profile.

4.4.2 RAS of Pd on Au(110)
The deposition of a reactive metal upon a noble metal surface often creates an alloy.
The alloy often has physical and chemical properties that are different from those of the
elemental metal surfaces. Comparing alloys of gold to gold single crystals is a pertinent
method of deducing information regarding the origin of spectral features. It was shown
by Kuntz et al. [68] that the Au3Pd single crystal surface consists of a pure Au layer
which displays the 1x2 surface reconstruction. This displays a Au surface segregation
effect which leaves the Pd to form a layer between a pure Au surface layer and the bulk
gold. This forms an analogous system to the UPD of copper system with a metal layer
forming at the gold interface, however in this case the metal layer is subsurface.
Comparisons between such systems allow comparison between physical changes to the
surface and changes in the electronic structure which are displayed in the RA profile.
This discussion follows the annealed Pd/Au(110) surface which, as will be shown,
produces a similar interface to what was found in the Au3Pd single crystal.
The Pd/Au alloy has been studied extensively due to its interesting catalytic
properties, however only a limited number of studies on Pd deposition on the Au(110)(1x2) surface have been carried out [69]. The STM study by Robach et al. stated a
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deposition mechanism whereby deposited Pd atoms fill in the missing rows of the
reconstructed Au(110) surface and are subsequendy covered by Au atoms. Continued
deposition of Pd eventually leads to a nearly pure Pd layer on top of a mixed Pd-Au
interface. An RAS study of this system carried out by Martin et al. [56] showed that the
RA profile changed significantly due to Pd deposition. The RA profile was found to be
coverage dependant and the deposition method described by Robach et al. was
confirmed and extended in this study with STM. This identified two sites for the
deposition of adatoms, on top of the close-packed rows and more commonly in the
troughs of the missing rows. This deposition mechanism causes an anisotropic structure
of the deposited adatoms extending in the [1 T 0] direction to lengths of between 38nm. The majortiy of these anisotropic adislands are 1ML in height. However, some
were found to be 2ML in height and adjacent to 1ML holes, resulting in localized (1x3)
and (1x4) reconstruction. This indicates a mechanism whereby gold atoms from the
surface are displaced to cover the Pd adatoms which have been deposited on the close
packed Au rows. As coverage continues these adatom islands extend to 14nm to 20nm
in length and eventually no underlying gold morphology is visible.
In order to obtain a surface similar to the Au3Pd single crystal surface the
Au(110) with 2ML of Pd deposited was chosen to be annealed. Figure 4.6 shows the
effect of the Pd deposition. A decrease in intensity is visible across the entire spectral
range. The greatest difference is seen in the 1.5 eV to 2.5 eV region, which has reduced
by 2 to 3 Units, implying a destruction of surface states due to the Pd layer formation.
This will account for the overall lack of intensity, and the changes in the 2.5 eV to
3.5 eV region are indicative of the transition from the (1x2) to (lxl) phases. This agrees
with LEED results from the Martin et al. study [55] which shows the (1x2) to (lxl)
transition occurring at ~0.5ML of Pd deposition.
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----- Clean Au(110)

Au(110) + 2ML Pd

Figure 4.6: RAS o f the Clean Au(110) and Au(110) with 2ML o f deposited Pd

Robach et al. [70] found that Pd films on this surface where stable up to -650K based
on their AES study indicating that no bulk dissolution of Pd into the Au(110) crystal
occurs up to this temperature. To facilitate the surface segregation process which
promotes movement of Au atoms to the surface and Pd atoms subsurface, Au(110) with
2ML of deposited Pd was annealed at a temperature of 580K for one hour.

Figure 4.7: The RAS and simulations o f Clean Au(110) andAu(110) with 2ML Pdfollowing an
anneal at 580Kfo r one hour
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Transition
Direction
o) (eV)

T(eV)
s

1
[001]
1.6
0.35
4000

2
[001]
3.35
1.3
3500

3
[1 1 0]
3.55
1.7
4800

4
[001]
4.65
0.9
800

5
[001]
5.55
0.5
600

Table 4.3: Fitting Parametersfrom the simulation o f Clean Au(110)

Transition
Direction
co (eV)

T(eV)
s

1
[001]
1.65
0.65
4000

2
[001]
3.35
1.2
3500

3
[1 1 0]
3.4
1.6
4800

4
[001]
4.65
0.9
900

5
[001]
5.55
0.5
600

Table 4.4: Fitting Parametersfrom the simulation o f the Au(110) with 2ML Pdfollowing an anneal
at 580Kfo r one hour.

Figure 4.8: STM images o f the (a) clean A u(110) (b) A u(110) with 2ML Pd (c) A u(110) with
2ML Pd after one hour at 580K

Following the anneal, the surface which previously consisted of Pd coverage as
described by the mechanisms in the introduction of this section (see Figure 4.8,(b)) now
consists of a nearly pure Au layer on the surface which is reconstructed to the (1x2)
surface reconstruction (see Figure 4.8,(c)). Considering the difference of the RA profile
to clean Au(110) following the deposition of 2ML of Pd the recovery of the RA profile
for this system following the anneal at 580K is quite remarkable. Almost a total recovery
of the spectra has occurred in the 1.5 eV to 2.5 eV region, which before the annealing
procedure had been changed significantly. This is reflected in the fitting parameters
which only a change in the width of the 1st and 2nd transitions, which indicates the
surface states have been reformed following with anneal due to the reformation of the
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(1x2). The primary change in the RA profile following the anneal is the reduction in the
3.5 eV feature, which has reduced from being a well defined prominent feature to
merely a shoulder. A shift to lower energy of the 3rd transition is introduced to account
for this change. The result is that very few changes in the fitting parameters are
necessary to replicate the changes in the RA profile of the annealed Pd/Au surface,
which is symptomatic of the near perfect recovery of the surface following the anneal.
The shift of the 3rd transition to a lower energy could be attributed to the physical
masking of the bulk response of the surface by the interfacial mixed Pd/Au layer
between the surface gold atoms and the bulk gold.

4.5 Summary
This chapter has concerned the modification of Au(110), by Ar ion bombardment, by
annealing the surface to 1000K, the addition of a UPD layer of copper and the addition
of a subsurface layer of palladium. Modifying the surface in this manner changes the
electronic structure of the surface and consequently the RA spectral profile.
In the case of the Ar ion bombardment, the destruction of the surface
morphology is initiated, introducing roughness to the surface. This immediately reduces
the contribution in the RA profile in the 3.6 eV region, so this feature can be directly
related to the quality of the surface. The 1.5 eV to 2.4 eV region of the spectra does
reduce, which is indicative of a reduction in the truncation and general anisotropy of the
surface layer, thus reducing the surface state contribution. However, the definition in
the 2.6 eY peak is resistant to roughening. This may attributed to small domains of the
(1x2) reconstruction remaining intact, but whether these are significant enough in size to
produce this signal remains debatable. Morphologically speaking the surface has been
transformed from containing large ordered (1x2) reconstructed terraces with monatomic
high steps to a rippled morphology consisting of islands and valleys, with no steps. This
reduction in steps has a dramatic effect on the 4.5 eV region which after only 3 minutes
of bombardment is reduced to a flat profile. There is however still anisotropy, the
original (1x2) influence remains throughout the bombardment process with streaking of
the roughened surface evident along the [1 1 0] direction. This anisotropy however
unlike the truncated surface on the (1x2) and (1x3) surface reconstructions has very little
ordered contribution from the second and third layer of atoms. Any contribution from
these underlying atomic layers is most likely of a disordered fashion and does not
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provide any surface anisotropy. This leaves the surface in a condition whereby there is
anisotropy predominantly arising from the top layer only. This may explain the
persistence of the surface states, providing contribution to the low energy 1.5 eV to
2.5 eV region, but destruction of the bulk states which are modified by the surface
which contribute to the 2.5 eV to the 3.6 eV region.
The effect of temperature on Au(110) with the application of the derivative
model yielded some insight into the origin of spectral features arising from changes in
electronic structure. The movement of the peaks in energy allowed comparison to
thermovariation spectroscopy and a connection to electronic transitions that are found
in the vicinity of the L symmetry point of the bulk brillouin zone. This showed that the
higher energy 2.5 eV to 4.5 eV region of the RA profile is derived from what are
essentially bulk states that are modified by the surface. Previous to this study the origin
of spectral features had largely been confined to the understanding of surface states
arising from the surface brillouin zone, and thus to the lower energy 1.5 eV to 2.5 eV
region of the RA profile. Importantly a narrowing of the energy range between the
principle features is evident at temperatures expected for the (1x2)

(lxl) transition,

an effect also found in the fitting parameters of the same transition in the
electrochemical environment.
The insight into the higher energy region of the RA profile was extended further
by the modification of Au(110) with the metals copper and palladium. Both of these
systems yielded changes in the 2.5 eV to 4.5 eV region. This took the form of an
‘opposite effect’ whereby qualitatively an increase in the 3.5 eV feature is seen in the
UPD of copper system and a decrease of a similar intensity at this energy annealed
palladium system. In the UPD system, a layer of copper terminates the surface and thus
makes the anisotropic Au(110) surface more bulk like. This induces a boost in the
3.5 eV region since there is now increased anisotropy in the second and third atomic
layers. In this system, there is also a change in the lower energy region. In an earlier
study this was related to the destruction of surface states. However, the application of
the three phase model shows that changes in both the T' and 2nd transitions, are closely
related to the changes observed for the transition to the reconstructed state. In the
palladium system, the deposited metal layer is sub surface, and causes a reduction in the
3.5 eV feature since the second and third layer now consists of a mixed Pd/Au layer and
is liable to lack anisotropy. The reduction in this region may then be due to the
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reduction in the modification of the bulk states or due to the masking of these bulk
transitions due to the foreign metal subsurface layer.
This opposite effect is reproduced excellently by the three-phase model and is
manifested as a shift to higher energy of the 3rd transition in the Cu/Au(l 10) system and
a shift to lower energy in the annealed Pd/Au(l 10) system. This furthers the claim made
in previous work [52,53,54] that the 3rd transition is related to access to bulk states
which are modified by the surface.
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Chapter 5
RAS of the Electrochemical
Oxidation

of

the

Surface
This chapter presents the results of an RAS study into the
effect of the electrochemical oxidation of the Au(110)
surface. Changes in the structure of the surface during the
oxide and pre-oxidation hydroxide layer formation are
discussed.
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Au(110)

5.1 Introduction
Gold is often regarded as the pinnacle of chemical inertness. A noble metal with a very
low affinity towards oxygen, gold has become an established commodity in a plethora of
industrial and scientific arenas. The most notable property of gold is its resistance to the
formation of oxygen-containing species thus making it resistant to processes such as
oxidative corrosion, making it an attractive material for uses in electronics, medicine and
surface chemistry.

However, it is possible to overcome the barrier for the

chemisorption of oxygen onto a gold surface by a number of methods, including dosing
of oxygen atoms by thermal dissociation of Oz [71, 72] or microwave discharge, dosing
of gases such as N 0 2/H20 or ozone which can deposit oxygen atoms [73] or via
electrochemical polarisation of the surface at highly positive potentials [74].
Along with gold, the incorporation of oxygen to a surface and the subsequent
formation of an oxide overlayer has been intensively studied on a range of other
transition metals such as nickel. The morphology of the high index surfaces has been
shown to be sensitive to oxidation [75]. The main body of this past work on noble
metals has focused on the two homologues silver and copper since they possess
extended oxide chemistry. The understanding of the surface chemistry of gold on the
other hand, due to the existence of only a small number of metastable gold-oxygen
compounds, remains largely unknown. Even so, it has been established since the 1920’s
that dispersed gold may catalyze oxidation reactions [76]. In more recent times the field
of catalysis has exploded due to its significant industrial importance, with investigation
into gold catalytic oxidation reactions such as CO oxidation catalysis generating
considerable interest. The need therefore for a deeper understanding of oxide growth
on the transition metals specifically the noble metals such as gold is becoming
increasingly vital, the benefits of which could yield significant advancements in the
development of electrocatalysis and patterened surface structures.
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5.2 Surface Oxide Development
In its most general sense the surface oxidation of a noble metal is a physiochemical
process, which can be described as the transition of an outer-layer neutral metal atom
(M) to a metallic cation (Mz+) with an associated loss of one or more electrons. The
resulting electron gain in the oxidizing agent, can take the form of molecular oxygen in
gas-phase oxidation [77] or in the case of oxide formation in aqueous solutions as H20
or the OH’ anion [78].
There is an important distinction to make when discussing oxide layer
formation, on surfaces that have bulk-like oxide layers and those with surface oxides,
the behaviour of which vary considerably. In the case of bulk-like oxide layer formation,
all metal atoms on the surface undergo oxidation, forming an entirely new threedimensional structure on the surface, with its own physical and chemical properties. In
comparison, surface oxides have markedly different properties which include their
electronic and magnetic structure and consequently work function [79]. The oxide is
bound to the surface by cohesive forces which are influenced by the substrate and its
structure can significantly change the mechanism and kinetics of the anodic processes at
play on the electrode surface. Which of these oxide layers is detected on the surface
depends on the potential which the electrode experiences.
In the case of electrochemical oxidation of gold in aqueous solutions, which this
investigation will focus on, the presence of an electrolyte is necessary. The electrolyte
must contain oxygen-containing species which in the case of acidic solutions will be
H20 and OH' in alkali solutions. With the presence of an electric field, oxidation can
then occur via the transfer of two electrons [80,79]. The first stage is the chemisorption
of the OH' resulting from the discharge of HzO. This process is then followed by a
place-exchange between this adsorbed species and surface metal atoms, which will have
an impact on surface morphology. Charge transfer is complete when a subsequent
removal of H+leaves electroadsorbed O' and Au2+creating a quasi-3D surface phase.
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300

Figure 5.1: Cyclic Voltamogram ofA u(110) in H C lO eJor the potential range 0.0V to 1.4V

The cyclic voltamogram (CV) above (figure 5.1) shows the change in current density
through a full oxidation/reduction cycle. The labels OA1 to OA4 and C l, CII and CIII
are based on the nomenclature from reference [78] and correspond to surface processes
in the anodic, A, or oxidation cycle and cathodic, C, or reduction cycle respectively.
Very little change is seen in the current density between 0.0V to 1.0V in the oxidation
cycle. In this range we expect the surface to make the (1x2) reconstructed to
unreconstructed (lxl) phase transition, but no indication of this is present in the CV.
This is because the PZC shift between the two structures is small [81] and can only be
detected with CV indirectly by the irreversibility of the current in this range. Between
0.3V and 0.8V the weakly adsorbing perchlorate anions will specifically adsorb to the
surface and partial charge transfer will take place [78]. As the potential is taken above a
potential of 1.0V, the first electron transfer mechanism begins to take place at OA1 and
the formation of a hydroxide layer begins (Equation 5.1). Eventually a monolayer of
OH' species will be formed on the surface. This is recognized as a pre-oxidation phase,
since 1/3 of a monolayer of OH' must form on the surface before oxide layer formation
can proceed [82]. The adsorption of OH" is more complicated than a simple formation
of a hydroxide overlayer. Once adsorbed amid a lattice of pre-adsorbed anions, OH'
ions form polar bonds with the surface which causes a ‘turning over’ effect of gold
surface atoms with the adsorbed OH' ions. This process which takes place in the region
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marked OA2 in figure 5.1, was first described by Lanyon et al. [83], and involves
adsorbed hydroxide anions being replaced with gold atoms from the first atomic layers,
allowing further hydroxide layer formation by making available subsurface gold
adsorption sites. This process now known as ‘place-exchange’ affects the kinetics of
hydroxide formation and the subsequent formation of the oxide film. As will be
discussed in section 6.2.2 this is linked with desorption of the anions from the surface
which occurs simultaneously with this process. Once this has occurred, the third anodic
peak OA3 (figure 5.1) corresponds to deposition of OH' into the turned-over sub-lattice
of Au and OH" completing the OH'. This initiates, the transfer of the second electron
(Equation 5.2) at OA4, which occurs at a potential of around + 1.15V and the adsorbed
hydroxide anions are oxidised to finally form the surface oxide.

Au + H 2O ^—- AuOH + H+ + e-

AuOH ^

Au-O + H+ +e-

(5*1)

(5.2)

The reverse of this process takes place during the reduction cycle. OC1 is the
counterpart to the OA1 peak, however this is obscured by the OCIII feature which
corresponds to the removal of the turned-over material deposited in OA2. In this region
it is expected that the anions will re-adsorb to the surface where possible. The final
feature OCII is assigned to the reduction of sub-lattices of OH . It should be noted that
the formation of anodic oxide films on the noble metals, beyond the level of initial
submonolayer is always found to be irreversible. This is reflected in the hysteresis
behaviour seen in the CV. Generally speaking, this hysteresis increases proportionally
with the potential to which the surface is taken i.e. the further in potential beyond the
point of oxide formation, the further below the point of oxide formation before the
surface oxide is removed. Along with this, as will be stated later in this thesis, the
magnitude of this effect is altered by a multitude of other parameters such as surface
morphology and electrolyte composition. This can be said equally for the oxidation
cycle as it is known that the development of the oxide layer on the surface is influenced
by the properties of the substrate including its structure and is seen to differ between
the low index phases of gold. Also the pH of the electrolyte and the character of the
anion can influence hydroxide layer formation and consequendy the development of the
oxide layer. Both will be discussed in-depth in this thesis. The scope of this chapter will
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focus on Au(110) with the morphology provided by a single experimental session and
the acidic HC104(perclorate) electrolyte.

5.3 Surface

Science

Observations

of

the

Electrochemical Oxidation of Noble Metals
The connection of surface structure to electrochemical processes has long been known
to be vital in the understanding of surface electrochemistry. A significant body of work
is dedicated to observing the electrochemical oxidation of single crystal electrodes.
Electrochemical oxidation of the gold surface is one of the systems which has been
studied with an array of surface sensitive techniques. Some of these techniques can be
used in situ in the electrochemical cell and some require removal from the aqueous
environment for an ex situ study. What follows is a survey of this literature, with an
appraisal of the techniques used with account of their strengths and weaknesses.
Ex situ techniques will be discussed first. Electrochemistry is performed in
solution at atmospheric pressure, which imposes limitations on the number of surface
sensitive techniques available for investigation to such systems. By contrast, the UHV
environment, the preferred environment for the majority of these techniques, could not
be more different. However, it is possible to obtain some middle ground. Hansen et al.
[84] showed that the double layer can remain intact following removal of an immersed
electrode to an electrode in gas ambient conditions with a fixed electrode potential. It
was deduced via electrode resistance monitoring that the free electron charge on the
electrode remained constant with the removal of the electrode, indicating the ionic
content of the double layer remains constant throughout the transition; however this is
no guarantee that the structure and the thickness of the double layer remains the same.
Continued monitoring of double layer status then becomes more difficult when
transferred to the UHV environment, and XPS studies of the surface show that only the
most stable of double layer ions remain [84]. XPS, AES and other UHV techniques such
as LEED can therefore be used with this method and can give us some insight into the
electrochemical interface. XPS can provide information about the oxidation state of the
metal cation (Mz+) and can distinguish between oxygen and hydroxide species, and
when used in conjunction with Ar ion sputtering can elucidate oxide layer thickness
[85,86]. AES allows precise determination of the atomic concentration of metal and
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oxygen in the surface layer, and LEED can give insight into the physical structure of the
surface during oxidation [87]. These techniques however do come with restrictions. The
surface must be atomically smooth and potentials very close to the PZC must be used.
Excessive potential variation may also cause the pseudo aqueous interface to break
down. When a stable interface is finally achieved it is difficult to direcdy compare results
from such UHV studies to in situ techniques, since processes such as the stability of the
Au(110) reconstruction are known to be more stable in ex situ electrochemical
experiments [88]. CVs also appear different, with peaks associated with specific
hydroxide adsorption and desorption missing, probably due to dehydration and loss of
water molecules from the interface. The case for the importance of these surface
processes on the formation of an oxide layer will be made throughout this thesis, and
therefore the data from such ex situ studies will be treated with caution.
Some traditional UHV techniques such as Surface X-Ray Scattering (SXS) can
be used in situ with electrochemistry and can provide useful information on the structure
of adsorbed species such as surface oxides, water molecules and anions. Due to weakly
interacting X-Rays this technique can also give detailed information on the surface
structure and its variation, beneath the adsorbate [89]. This kind of experiment however
must use a thin film of electrolyte to reduce signal to noise which increases
exponentially with the amount of bulk electrolyte presence and is therefore prone to
similar effects mentioned before.
It is clear then, that the restrictions imposed by the solid/liquid interface make
the use of conventional surface science techniques difficult, thus limiting the amount of
atomic scale information which can be gained from electrode surfaces. The advent of
scanning probe microscopy into this field with its ability to provide this information
therefore had a major impact [90]. Since its inception in 1982 scanning probe
microscopy has seen a wave of reinventions and adaptations to a vast array of uses and
environments. The early 1990’s saw the production of thousands of papers
documenting the exploitation of the newly adapted STM scanning heads, complete with
electrode potential control and used totally in situ. The investigation of oxidation on
single crystal electrodes was one of the first systems to be investigated [90,91,92,93].
These studies showed that it was indeed possible to use STM in conjunction with
conventional electrochemical techniques such as cyclic voltammetry. Vitus et al. [94]
found that a direct topographical description of the oxide layer was not possible since
the tunnelling characteristics of the oxide layer are considerably different from that of
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the gold surface and the study also disagreed with some core literature on the
electrochemistry of the oxidation reaction [74,96]. Also it was reported that after
addition of an oxide layer the STM of the surface appeared lower than that pre
oxidation. This was attributed to a reorganization of surface charge due to the negative
charge of the adsorbed oxygen. The Gao et al. study carried out in 1994 [96] remains
one of the only studies on the oxidation of Au(110) with STM, however use of alkali
metal-iodide electrolytes and a focus on the pre-oxidation adsorption of iodide, makes
comparison of this study with this work difficult. Schneeweiss et al. [97] showed that the
topography of the oxide although expected to be crystalline and ordered consisted of
small amorphous hillocks with no long range order detectable. The lack of ability to
resolve a 2-Dimensional ordered phase in the oxide range may be explained by the
density of the point defects being so high, that the essentially crystalline film can be
considered amorphous [98]. All of these studies did agree however that oxidation did
introduce roughness into the surface if the potential was taken high enough to induce
the place-exchange process, an important point that will be discussed in this chapter and
also chapter 6. STM can therefore be a powerful tool when studying electrochemical
systems such as oxidation, but interpretation of the data can be difficult if the surface
charge is modified by adsorption or if tip effects are significant enough to disrupt
adsorption characteristics.
Cyclic Voltammetry is the most typical of the in situ electrochemical surface
probes and is very precise in the determination of oxide charge density based on the
integration of the oxide-reduction CV transient, allowing accurate determination of the
amount of surface oxides and characterization of sub-monolayer processes such as the
formation of the sub-lattices of OH" and O during the initial stages of oxidation
[99,100,101,102].
In the case of oxide formation processes, the current response to increasing
potential corresponds initially to monolayer formation, then to place-exchange and film
thickening at higher potentials. CV can distinguish between the deposition of the same
species such as OH" and O by probing the difference in energies created due to different
symmetries of atom arrangements on the surface and the intereaction between them, or
by the formation of distinguishable sublattices [99].
Cyclic Voltammetry becomes a much more powerful technique when combined
with other complementary techniques such as the QCM (Quartz Crystal Microbalance)
which can probe the mass change at a metal oxide interface as the surface is oxidized
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and reduced. This technique is more suited to multi-layer higher oxide growth since
QCM does not distinguish between O, OH' species and water molecules, making sub
monolayer studies such as the very onset of oxidation difficult. However, Jusys et al.
[103] have shown that the technique can be used to probe small mass changes involved
with the adsorption of perchlorate anions indirectly by observing the removal of water
from the surface due to competitive adsorption of the anions themselves. Other optical
techniques applicable to this system include Surface Enhanced Raman Spectroscopy
(SERS) and Subtractively Normalized Interfacial Fourier Transform Infrared
Spectroscopy (SNIFTIRS) which have been shown to be sensitive to the adsorption of
anions from the electrolyte, hydroxide layer and oxide layer formation [104, 82].
From this brief literature survey, it can be seen that there is no shortage of data
on this system, yet much remains unknown about the complicated mechanisms and
kinetics involved in the formation of oxide layers on the surface of noble metals,
especially gold and even more so the Au(110) surface. RAS has the potential to be a very
powerful tool for probing this system. It can be used completely in situ, with the aid of a
spectroelectrochemical cell, and will therefore not suffer from the problems and
restrictions encountered with the ex situ techniques listed above. Much like SXS, it can
also provide surface and sub-surface atomic structural information of the substrate, and
can be used to compliment CV, much like QCM, only with sensitivity to the sub-lattice
formation of hydroxide layers.
The remainder of this chapter will comprise the presentation of RAS
measurements of Au(110) in the potential range 0.0V to 1.2V. This experimentally
important potential range includes several surface processes including reconstruction,
anion adsorption, hydroxide formation and subsequent anion desorption and finally the
formation of the oxide layer on the surface. RAS detection of all these processes will be
discussed in this thesis, however for the sake of clarity this chapter will merely brush
upon their involvement in the formation of oxide layers. The primary focus for this
chapter is therefore the effect on the RAS spectral lineshape produced by hydroxide and
oxide layer formation.

t
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5.4 RAS of the Oxidation of Au(110)

Figure 5.2: The RAS o f Au(110) in HC/O4 at 0.OR and 0.6V

The first surface process that is encountered in the potential range 0.0V to 1.2V, is the
(1x2) to (lxl) surface reconstruction surface. It is unclear exacdy where in the potential
range this transition occurs due to the dependence of this transition on surface
morphology (discussed in chapter 6), this transition is however thought to be completed
by 0.6V. This chapter concerns the surface processes which occur beyond this potential.
At 0.6V it is expected that the onset of anion adsorption has occurred but before the
onset of hydroxide layer formation. The RA profile at 0.6V has changed from the 0.0V
RA profile, primarily in the 2.5 eV to 3.5 eV region. The 2.5 eV feature has increased
intensity and the 3.6 eV dip has decreased, and a loss of the flat region between these
two peaks has occurred. These changes appear small at this potential, however more
considerable changes are observed just prior to this potential which are also attributed
to the surface reconstruction. This effect is also discussed in chapter 6. A simulation of
the RA profile at 0.6V (figure 5.2, table 5.1) has been created so that changes in the
transitions as the potential is driven towards hydroxide and oxide layer formation can be
revealed.
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Transition
Direction
co (eV)

r(eV)
s

1

2

3

4

5

[001]

[001]

[l T 0]

[001]

[001]

1.9
0.87
5000

3.48
0.92
1500

3.7
1.2

4.75
1.15
1800

5.55
0.5

2250

1000

Table 5.1: Fitting Parameters generated from the simulation o f the RAS o f A.u(110) at a
potential o f 0.6V'

5.4.1 Hydroxide Layer Formation

Figure 5.3: The RAS o f Au(110) in HCIO4, 0.7V to 0.9 V

Figure 5.3 shows the RAS of the post reconstruction surface, as the potential is shifted
up into the pre-oxidation region. In this potential region some drastic changes to the
spectral profile are seen, from 0.7V to 0.8V a decrease in the intensity over the entire
spectral range is evident and a significant decrease in the 2.5 eV feature occurs. As the
potential continues to increase up to 1.0V the decrease in intensity of the 2.5 eV region
persists to a point where nearly all negative intensity is gone. By 0.9V almost a total loss
of feature has occurred between 2.5 eV and 3.0 eV all that remains is a shoulder. The
feature at 3.5 eV however remains present although at a decreased intensity, this along
with the increase of the 4.5 eV feature implies that faceting of the surface increases in
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the 0.7 to 1,0V potential range. As the potential is raised in this potential range the RA
profile begins to resemble the RAS of Au(110) in KOH at negative potentials (section
3.6.2), where the surface is expected to be reconstructed into the (1x3) surface
reconstruction

Figure 5.4: RAS o f A.u(110) in HC/Oj at 0.0V and 1.OF

The RA profile at a potential of 1.0V in figure 5.4 corresponds to the characteristic
hydroxide spectra for this surface [105]. It is very clear that at the higher voltage there is
a large shift towards positive intensity across the majority of the spectral range. The
trend seen previously between 0.7V and 0.9V has continued. The 2.5 eV region which at
0.0V consists of a well defined negative going feature has reduced in intensity and
definition and now consists only of a broad shoulder. The dashed line represents the
subtraction of the 0.0V from the 1.0V RAS, which highlights the greatest area of change
in the RA profile is located at the 2.5 eV region. As with the model of Au(110) at a
potential of -0.8V in KOH solution a shift towards a lower energy in the 2nd transition is
necessary to reproduce the removal of feature at 2.5eV. The related behaviour of the 2nd
transition at 1.0V in HC104 and -0.8V in KOH implies the introduction of (1x3)
elements to the surface. Similar changes also occur in the 4th and 5th step related
transition which experiences a significant increase in intensity. This also may be
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attributable to the introduction of (1x3) elements such as (111) micro facets to the
surface, an effect which accounts for the observed roughness in STM experiments [98].

Transition
Direction
co (eV)
T(eV)

s

1
[001]
2.1
1.6
5000

2
[001]
3.2
1.3
1500

3
[i T 0]
3.75
1.6
2250

4
[001]
4.75
1.5
3400

5
[001]
5.55
0.5
1200

Table 5.2: Fitting Parameters generated from the simulation o f the RAS ofA u(110) at a
potential o f 1.0V

5.4.2 Oxide Layer Formation

Figure 5.5: The RAS ofA u(110) in HC104 at 0.0V and 1.2V

Figure 5.5 shows the RAS of Au(110) after the onset of oxidation. The RAS of Au(110)
at 1.2V is quite different to the spectra seen below this potential, with a considerable
increase in negative intensity evident across the 2.5 eV to 5.5 eV region. The spectral
lineshape now consists of a large broad negative feature which peaks just below 3.5 eV,
indicating a shift of this feature to 0.1 eV lower energy. The 1.5 eV and 2.5 eV region
appears largely the same, and the region above 4.5 eV is now almost completely flat.
The change in this lineshape is quantified in the fitting parameters, which display a
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further lowering of the 2nd transition energy and a significant shift towards higher energy
of the 3rd transition. The shift in energy these transitions along with their respective
changes in width allow an accurate simulation of the oxidised Au(110) surface.

Transition
Direction
co (eV)
T(eV)

s

1
[001]
1.9
0.8
5000

2
[001]
2.8
0.9
1500

3
[1 1 0]
3.9
0.96
2250

4
[001]
4.75
0.7
200

5
[001]
5.55
0.5
400

Table 5.2: Fitting Parameters generated from the simulation o f the RAS o f A u(110) at a
potential o f 1.2V

Figure 5.6: Individual transition contributions to the simulation ofA u(110) in HCIO4 at 0.6V
and 1,2V

Observing the changes in the individual transitions seen when modelling these spectra
can tell us a great deal about the RA response of the surface and how it is changing due
to surface processes. Comparing the 0.6V and 1.2V fitting parameters highlights that
there is very little difference between the 1st transition at 0.6V and 1.2V. The 3rd
transition which experiences a shift to higher energy does not appear to change
dramatically as an individual transition (3 to 3’ in figure 5.6), however the change in this
transition is necessary to resolve the change in slope of the RA profile between 3.5 eV
and 4.5eV. From the individual contribution analysis, it is clear that it is not a significant
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increase in negative intensity from each transition which creates the large negative
feature for the RA profile of oxidised Au(l 10) but a reduction in positive intensity. This
is evident in the 2nd and 3rd transitions (2 to 2’ and 3 to 3’ figure 5.6). At a potential of
0.6V the spectral lineshape of the 2nd transition (2 figure 5.6) is relatively featureless with
broad spectrum positive intensity between ~2.3 eV and ~3.6 eV. At 1.2V however, due
to a shift to lower energy the 2nd transition lineshape (2’ figure 5.6) now consists of a
sharp positive feature located at 2.5 eV, and instead of contributing positive intensity up
to 3.6 eV this transition drops to zero RAS by 3.0eV and then goes on to contribute to
negative intensity. The remainder of the negative intensity needed to resolve the large
oxidation feature is gained from the reduction in intensity of the 4lh transition (4 to 4’
figure 5.6), which at 0.6V contributes broad spectrum positive intensity from ~2.3 eV to
5.0 eV. At 1.2V the contribution from this transition has dropped to almost zero RAS.
The result of this is a shift of the RA profile to more negative intensity across the
majority of the spectral range.
From the above analysis it appears that the RA profile at 1.2V arises mainly
from the shift to lower energy of the 2nd transition and a reduction in intensity of the
contribution from the 4th transition which is attributed to steps. The 2nd transition shift
to lower energy is experienced to a lesser degree during the hydroxide layer formation
process 0.8V to 1.0V. Oxide layer formation drives the energy of this transition lower,
possible due to a continuation of the place exchange process or donation of charge
from the adsorbed oxygen [106]. The reduction in step contribution arises due to the
formation of the oxide layer which can extend up to 3ML in thickness [106] covering
exposed step edges and reducing the contribution of this to the RA profile.
It should also be noted that the change in spectral lineshape is similar to that
seen in the UPD of copper onto this surface (section 4.4.1). The deposition of a very
thin submonolayer of copper onto Au(110) and the formation of the oxide layer both
result in a boost of the 3.5 eV feature, albeit to a much larger extent in the oxide layer
system. Both systems exhibit a lowering of the 2nd transition in their respective
simulations, which can be attributed to the (1x2) reconstruction in the copper system
and the increased faceting of the surface in the oxidation system. Both systems also
display a shift to higher energy of their 3rd transitions. This related behaviour displays
RAS sensitivity to overlayers, with the oxide layer being much thicker than the Cu
system and consequendy displaying a larger signal. This implies that 3.5 eV intensity,
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may be an indirect probe of overlayer thickness. However, to verify this detailed cyclic
voltammetry experiments would be needed.

5.4.3 The Reduction Cycle
Voltage (V)

Figure 5.7: Cyclic RAS ofA u(110), 3.58 eV and2.58 eVintensity at 10mV/r

It has been demonstrated so far that the spectral features in the RAS of Au(110) are
very sensitive to the surface processes which occur as the potential is raised from 0.0V
up to 1.2V. As mentioned in the development of the oxide layer section, oxidation is
only one side of the story: understanding reduction, the reverse of this process is equally
vital.

Thus far the change in the RAS has been measured using galvanostatic

electrochemistry, i.e. stepped potentials. The RAS of Au(110) can also be measured with
a constant changing potential in the same manner as cyclic voltammetry. Figure 5.7
shows the variation in the 3.6 eV peaks and 2.58 eV peak intensity as the potential is
moved from 0.0V to 1.2V and back to 0.0V at lOmV/s. Similar behaviour is measured
to what is observed in the full spectral range RA profile measurements, with reduction
in intensity seen m both features up to the point of oxide after which both features
rapidly increase in intensity. This method of viewing the oxidation of Au(110) highlights
the chemical and morphological hysteresis which is known to occur between oxidation
and reduction and is also seen in the CVs. Interestingly figure 5.7 shows that the

89

intensity continues to grow at the beginning of the return sweep, before rapidly
returning to its previous intensity more than 300mV into the reduction cycle. These data
also highlights that there is a two stage hysteresis present, intensities seem to return to
previous values at around 0.5V before the expected region of reconstruction and
separate once more when traversing this region before returning to 0.0V. This implies
the presence of some restructuring of the surface and the double layer during the return
to the reconstructed state.

Figure 5.8: The RAS ofA u(110) after oxide loyerformation

Figure 5.8 shows the RAS at stepped potentials from 1.2V to 0.9V after oxidation, here
the hysteresis is again evident, with very hide recovery seen between 1.2V and 1.1V. At
1.0V some recovery is made, but is considerably different to the RA profile observed at
a potential of 1.0V on the way up to oxide layer formation, showing that the oxide layer
is starting to be removed but is still present. By 0.9V the oxide layer has been removed
and the characteristic hydroxide spectra have returned. Figure 5.9 shows the RAS of
Au(110) at 0.9V before and after oxidation. Here the almost total recovery of the
spectral lineshape is apparent and only a small variation in the 1.5 eV to 2.5 eV region is
visible. This shows that there is a two stage reduction mechanism in action on the
surface.
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Figure 5.9: RAS o fA u(110) at 0.9 V Refore and After oxidation

This two stage mechanism is resolved in cyclic voltammograms as the shoulder in the
reduction peak (OCII figure 5.1), which corresponds to a removal of the oxide layer,
leaving a surface with hydroxide adsorbed. In the CV data these two processes are
inextricably interlinked, where RAS can clearly resolve the two processes at well defined
potentials independently. There is also some disparity between the intensities seen at
stepped potentials (circles figure 5.7) and the intensities seen in the cycled RAS data. At
0.9V the RAS has completely recovered to the same spectra seen on the way up to
oxide, yet in the cycled data the RAS intensity is close to that seen at 1.2V. This
highlights that there are kinetic mechanisms involved in the oxidation and reduction
processes, which occur on a time scale quick enough to be completed by the time the
RAS measurements have been recorded and slow enough to appear in the cycled RAS at
10mV/s. In order to demonstrate this effect, the rate of change (-------- ) of the 3.5 eV
At

feature intensity is shown in figure 5.10. This data essentially reveals how quickly (RAS
units per second) the RAS intensity is changing at a given potential and sweep rate.
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1.5 T

------ 3.58eV Rate of Change

Figure 5.10: Rate o f Change o f the 3.5 eVfeature in the 0.0 V to 1,2V potential range

This analysis confirms that at 0.9V in the reduction cycle the RAS intensity is changing
by approximately 1 RAS unit per second. A several unit drop in RAS intensity is
required for the surface to return to the values observed at 0.9V. In the cyclic RAS
measurements the potential is varied at a constant sweep rate of lOmV/s. Therefore the
potential is varying too fast for intensities measured in the cyclic RAS to be
commensurate with those measured in stepped potential measurements. The rate of
change analysis also allows a more accurate determination of the peak rate of oxide layer
formation (blue dashed line) and removal (red dashed line) i.e. the potential at which the
oxide layer is being most readily formed or removed. The rate of oxide formation
rapidly drops after 1.1V in the oxidation cycle but remains positive until 1.12V in the
reduction cycle. The increase of 3.5 eV intensity in the reduction sweep of the cyclic
RAS data is therefore attributable to continued albeit slow oxide layer formation.
RAS therefore has the ability to reveal the kinetics of surface processes. Once a
thorough understanding of the physical connection between the intensity of RAS
features and the electrochemical processes is obtained, the course of investigation
described above may yield vital information on a wide range of electrochemical
processes and surface catalysis systems. The data in figure 5.10 is called upon on later in
this thesis and the kinetic variation of the RAS of Au(110) is compared between
differing electrolytes.
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5.5 Summary
The aim of this chapter is to show that RAS is sensitive to the electrochemical processes
which occur as the potential on the Au(110) electrode is varied from 0.0V to 1.2V, and
to establish that RAS is a valuable addition to the growing range of techniques available
to the physical chemist.
The key conclusions presented in this chapter include the ability of RAS to
detect the chemical and morphological changes during the onset of both hydroxide layer
formation and oxide layer formation. Models of spectra at the potentials where these
processes are thought to take place are presented. It is proposed here that hydroxide
layer formation initiates changes in the physical structure of the Au(110) surface which
result in an RA profile similar to that seen of Au(110) at highly negative potentials in
KOH. This is indicated by a broadening and shifting of the 2nd transition in the model
towards a lower energy value, a transition which relates to surface states. This shift to
lower energy of the 2nd transition is attributed in section 3.6.2 to the introduction of
(1x3) reconstruction to the surface. It is unlikely that large domains of (1x3) are
introduced at the raised potentials discussed in this chapter, and the shift is more likely
due to the formation of (111) microfacets introduced by hydroxide layer formation and
the subsequent place exchange process.
At potentials where oxide layer formation occurs, the RA profile of Au(l 10) is
dominated by an intense negative feature at ~3.5 eV. Simulation of the RA profile at
1.2V reveals that this large increase in negative intensity arises due to a loss of positive
intensity contribution in the 3.5 eV region resulting from the continued shift to lower
energy of the 2nd transition. Coverage of the step morphology on the surface due to the
formation of the oxide layer reduces the positive intensity contribution of the 4th
transition in the 4.5 eV region. It is possible that the shape of the RA spectra at this
potential indicates the thickness of the overlayer formed on the surface. Further
evidence for this is posed in the next chapter, however a further study using a technique
capable of oxide layer thickness such as cyclic voltammetry is required to support this
hypothesis.
RAS detection of the chemical and morphological hysteresis is also displayed
with the use of the cycled RAS method, giving comparable results to those seen in the
cyclic voltammetry. A two stage hysteresis of RA spectral lineshape recovery is revealed
both by this technique and the conventional potential stepped method. An almost total
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recovery of the RAS of the Au(110) system is seen at 0.9V, displaying the two stage
mechanism for reduction of the oxide layer, comprising a removal of the oxide film and
then a reversing of hydroxide layer formation which involves restructuring of the
surface back to the (lx l) unreconstructed surface. This process is seen to be partly
irreversible and introduces differences in the RA spectral lineshape of the Au(110) as
the potential is returned to 0.0V.
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Chapter 6
The Effect of Electrolyte and
Surface Morphology on the
Au(110) Surface
This chapter concerns the effect of differing electrolyte on
reconstruction dynamics, hydroxide layer formation and
subsequent oxidation of the Au(110) surface. Simulations
generated by the three-phase model of Au(l 10) surfaces with
comparable surface morphology in KOH, HC104 and H2S 0 4
electrolytes are compared with an aim to deduce the effect of
anions which have a differing propensity for specific
adsorption. Similar comparisons are then made between
Au(110)

surfaces

which

have

differing

initial

surface

morphology. This chapter concludes with RAS and STM
measurements of a sequentially flame annealed Au(l 10) surface
with an aim to understand the variation in surface morphology
which is detected by RAS after each preparation event.
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6.1 Introduction
Discerning “structure sensitivity” in surface electrochemistry i.e. understanding the
relationship between surface geometry and the rates of electrochemical reactions has
been a major driving force for electrochemical studies. RAS has the potential to
contribute to this understanding due to its structural sensitivity and availability for in situ
electrochemical investigation. In previous chapters the Au(110) surface has been
discussed, including the detection of surface reconstruction transitions (section 3.4) and
hydroxide and oxide layer formation with RAS (section 5.4). This chapter will discuss
the effect of differing supporting electrolytes on these two surface processes.
In experiments where the Au(110) surface is used as the working electrode, it is
known that the composition of the supporting electrolyte as well as a substrate structure
can effect surface processes in the electrochemical environment [107,108,38,61,109,110,
111,112]. In the range of potential positive of the PZC, it is expected that anions from
the electrolyte will specifically adsorb to the surface. Different electrolytes contain
anions which will have a differing propensity towards specific adsorption. Four
electrolytes

with

different

anions

will

be

discussed

Phosphate

buffer

(NaH2P 0 4/K2H P04), Sulphuric acid (H2S 0 4), Perchloric acid (HC104) and Potassium
Hydroxide (KOH). Not counting the weakly adsorbing OH' anions the phosphate
buffer, a neutral solution, contains the most strongly adsorbing anion P 0 43, Sulphuric
acid contains the S 0 42" anion which is also strongly adsorbing, Perchloric acid contains
C104 anions which are weakly adsorbing and the basic KOH solution contains no
adsorbing anions.
The factors which effect anion adsorption are plentiful and complex, as
demonstrated in an early work on the Hg electrode by Grahame [113] which showed
that anion adsorption involves anion polarizability, Gibbs free energy of hydration, their
ionic radii and electron pair donicities which are related to their electronic and geometric
structure. On noble metals the same factors apply and, since their chemisorption is
related to electron affinity of the electrode. Anion adsorption will also vary with the type
of metal and its structure. Energies of adsorption for anions are difficult to deduce
directly and must be deduced phenomenologically from the effect that they have on
electrode surface processes such as the onset of oxidation, OH' electrodeposition and
the chemical and morphological hysteresis which arises due to these processes.
Historically this has been carried out by methodical experimentation using
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electrochemical techniques such as cyclic votammetry. A primary aim of this chapter is
to demonstrate the ability of RAS to also give insight into this problem via similar
methods with the added benefit of structural sensitivity which cyclic voltammetry lacks.

6.1.1

The Effect of Anions on Reconstruction and

Oxidation
A long standing issue in the electrochemistry of single crystal electrodes is the
determination of the effect of anions on reconstruction dynamics. Separating the effect
of adsorbing anions on the surface from the potential induced effects is difficult since
the act of raising the potential on the electrode induces anionic adsorption. As discussed
in section 2.4 the Au(110) surface after flame annealing displays the (1x2) missing row
reconstruction, however it is expected that upon immersion in electrolyte the surface
will revert to the (lx l) reconstruction [114]. As a consequence the RA profile of
Au(110) at open circuit potential (OCP) does not display the characteristic (1x2) RA
profile. Once the potential is applied at 0.0V the (1x2) reconstruction is restored.
Whether the reconstruction is lifted due to potential induced charging of the surface or
due to specific adsorption of anions will be discussed in this chapter.
OH' electrodeposition, a vital pre-oxidation phase takes place within an overlay
lattice of adsorbed anions. Thus for noble metals the initial stages of oxidation is
determined by, and in competition with, anion chemisorption [116]. Following this,
completion of OH' or O sublattices must be accompanied by anion desorption. It is
understandable then that anions and the strength of their adsorption will have an effect
on the process of hydroxide layer formation and consequently oxide layer formation.
The C104' anion found in the perchloric acid electrolyte is thought to be very
weakly adsorbing and some uncertainty remains over whether this anion does in fact
specifically adsorb in the potential region above the PZC. Kolb et al. [88] studied the
Au(110) surface using cyclic voltammetry capacity measurements and electroreflectance
and stated that the lifting of the reconstruction at positive potentials, was a consequence
of perchlorate anions specifically adsorbing onto the surface. The author cites the lifting
of the (1x2) reconstruction of Au(110) occuring at higher potentials in the presence of
C104, than in the presence of the stronger adsorbing S 0 42' or Cl' anions as evidence for
this. This does highlight the presence of an anionic effect on reconstruction but
however does assume that the lifting of the reconstruction is directly due to the
adsorption of anions from solution and discounts that this may occur from charging of
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the surface via change of electrode potential. It has also been shown that the presence
of specifically adsorbing anions shifts the PZC to more negative potentials and the
onset of oxidation to higher potentials. Borkowska et al. [112] showed that the value of
the PZC and the potential for the onset of oxidation in HC104 did not depend on the
concentration of the electrolyte, behaviour which is typical for anions which do not
specifically adsorb on the electrode. Borkowska et al. [112] claimed that the reason for
this disagreement may be that the perchlorate anion may specifically adsorb but with
such low bond strength that OH" replaces it as soon as it becomes possible to do so.
H2S 0 4 contains the more specifically adsorbing S 0 4" anion which will compete
more successfully than the C104 anion for surface adsorption sites in the potential range
of OH" adsorption and is expected to delay the onset of oxidation to higher potentials
[59]. It is also expected that reconstruction dynamics will be altered in alkaline solutions
such as KOH. Ocko et al. [51] showed that rather than the conventional route of (1x2)
-> (lx l) reconstruction the transition in alkaline solutions takes the form (lx3)->(lxl).
Some (1x2) domains are expected to be present but will be poorly correlated.
Observation of the (1x3) reconstruction documented in this paper was reported at
highly negative potentials. In the potential ranges which will be discussed in this chapter
we can assume that the surface will be predominantly (lx l) up to the onset of oxidation.

6.1.2 The Effect of the crystallographic plane
It is well known that the differing crystallographic planes of Au have different
electrochemical properties. The PZC of the Au surface becomes more positive in the
following order of crystallographic orientation (111)>(100)>(110) which correlates to
the higher atomic densities found on each of the surfaces [95]. It follows then that the
introduction of differing degrees of surface morphological feature such as steps will also
play a part on the same crystallographic plane, in this case Au(110). This is reflected in
differing values of the PZC for the different reconstructions of Au(110) [88].
Differing step density was also shown to effect the kinetics of surface processes
such as rate of proton reduction at gold surfaces [99], It will be shown in this chapter
that morphological features such as steps and kinks can effect the surface processes and
can act as reaction and adsorption sites.

98

6.2 The Effect of Electrolyte on the Au(110)
Surface
The following is an account of a series of experiments designed to elucidate the effect of
electrolyte on the surface processes of Au(110) specifically those of reconstruction and
oxidation. This study will also act as an assessment of the ability of RAS to detect the
subtle effects that different electrolytes will have on the Au(110) surface with varying
potential. As will be discussed in the later part of this chapter the variation in surface
morphology due to the flame annealing preparation method can make direct
comparison very difficult. However, some firm conclusions are made and some more
speculative interpretations are put forward. In some cases more than one possibility is
put forward for the observed changes in RA profiles and the merits for each are
discussed.
RAS data sets are presented for the Au(110) in KOH, HC104 and H2S 0 4, all
with 4.5 eV feature intensities of approximately 4 RAS units at the initial potentials of 0.4V in KOH and 0.0V in the acidic electrolytes. The phosphate buffer solution is also
used, however it was not possible to obtain a data set with 4.5 eV intensity close enough
to other three data sets and therefore, while some comparisons can be made, the
conclusions that can be deduced using this data set will be limited.

6.2.1

The Effect of Electrolyte on the Reconstruction
Dynamics of Au(110)

The basic potassium hydroxide (KOH) electrolyte used in this experiment has a pH of
13 and therefore OH' content of the solution is far in excess compared to H+ content.
The difference in surface charge due to the OH' content of the electrolyte shifts the
PZC to around -0.4V. The RA profile of Au(110) at -0.4V in the KOH electrolyte is
shown in figure 6.1 and is seen to be very similar the RA profiles at +0.6V of Au(110) in
the HC104 and H2S 0 4 electrolytes, except below 2.5 eV.

99

8

6

-

Figure 6.1: Comparison o/RA profiles -0.4V in KOH and 0.6V in acid solutions
At +0.6V in the acidic electrolytes it expected that the (1x2)

(lx l) phase

transition has occurred and that the (lx l) reconstruction is close to its maximum
proliferation on the surface. At -0.4V in KOH, Au(110) is expected to be just above the
potential where the (1x3) becomes dominant and so is the potential where the (1x2)
elements of Au(110) in this electrolyte will be at their maximum. Due to the lower value
of the PZC, it is thought that the (1x2) reconstruction will not be present in any large
quantity in this solution [51,118], and consequently the characteristic (1x2) spectra is not
seen. By comparison of the -0.4V Vs SCE in KOH RA profile to the RA profile of the
0.6V Vs SCE in the acidic electrolytes (see figure 6.1) it appears that the spectra are
almost identical except in the 1.5 eV to 2.4 eV surface state region. This indicates that at
potentials slightly negative of the PZC a region where the (1x2) is dominant in acid
solutions, in basic solutions such as KOH the (lx l) reconstruction is most prevalent,
even so it is expected that some (1x2) domains will still be present.
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Figure 6.2: RAS ofA.u(110) in KOH Vs Potential
If the potential is raised from -0.4V in KOH the negative intensity of the 2.5 eV feature
increases which as proposed in chapter 3 is indicative of a shift to a more
unreconstructed surface via the conversion of (1x2) reconstructed domains to (lx l)
domains. Therefore even though the surface was predominandy (lx l) at -0.4V it is
becoming more (lxl) as the potential is raised and the remaining reconstructed domains
are converted to (lxl). When compared to the RA profiles of the acid electrolytes in the
potential range 0.1V to 0.5V, the RA profiles appear quite different and are quite unlike
the RA profile at 0.6V in acidic electrolytes. The RA profile of Au(110) in HC104 at a
potential of 0.4V is a good example of this, and is displayed in figure 6.2 (grey crosses).
At no point in the potential range from the PZC to the onset of oxidation is a profile
such as this observed in the KOH system. This implies that there is a form of surface
that is not observed in the KOH solution that is present in the acidic electrolytes. This
profile which corresponds to a potential range where the (1x2)

(lx l) phase transition

has initiated, for discussion purposes is labelled the ‘primary (lx l)’. The RA profiles
found at 0.6V in acidic solutions and at pre-oxide potentials (figure 6.1), is labelled the
‘secondary (1x2)’. A number of possibilities arise for the absence of the ‘primary (lx l)’
RA profile in KOH. These centre around two differences brought about by the
presence of the alkali solution, first, the absence of an initial well ordered (1x2)
reconstructed surface and secondly that there should be little or no anion adsorption at
any point in the potential range.
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In the acidic electrolyte systems the onset of the (1x2)

(lx l) phase transition is

thought to be initiated soon after the potential is raised above the PZC, and the origin
of this transition is from a surface which is well ordered, consisting of predominandy
(1x2) domains. As figure 6.2 shows, this not the case for KOH, which originates from a
surface which is similar to that seen at 0.6V in the acidic electrolytes. It is possible then
that the RA profile at 0.4V in KOH is indicative of a quasi-reconstructed surface which
partially consists of domains of both (lx l) and (1x2) reconstruction.
Another possibility for the differing RA profiles is the influence of anions. The
Au(110) surface displays a similar ‘primary (lx l)’ profile in HC104 at OCP (figure 3.5)
will have no adsorbed anions and due to the similarity between the RA profiles it can be
assumed that this is also the case at a potential of 0.4V. In the potential range 0.4V to
0.6V it is possible that some adsorption of anions from the solution will occur. It is
possible that anions from the solution will form ordered structures on the surface which
has been documented in LEED experiments [81]. Anions following specific adsorption
may also donate charge to the surface, which may also have an effect on
reconstructions. In order to investigate a possible anion effect it is useful to compare the
weakly adsorbing C104' anion found in perchloric acid to the more strongly adsorbing
S 0 4 anion found in the sulphuric acid electrolyte.

Figure 6.3: RAS o/Au(110) the acidic electrolytes HCl04(black) and /TA04
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RA profiles of Au(110) in differing electrolytes compare very well. The 0.0V spectra
both display the characteristic (1x2) RA profile, however the H2S 0 4 RA profile has
slightly less well defined features at 2.5 eV and 3.5 eV, a lower positive intensity in the
1.5 eV to 2.5 eV region and the 3.5 eV feature is slightly offset to lower energy. These
differences are attributed to differing initial surface morphology opposed to the effect
of the differing electrolyte, although from this data the latter cannot be ruled out as a
contributing factor. Values of the intensity of the 4.5 eV at 0.0V are almost identical and
therefore fulfil the criteria for comparison as set out at the beginning of this discussion.
The 0.4V RA profile which is absent in the KOH system is evident in both acidic
electrolytes, and display almost identical lineshapes in the 2.5 to 3.5 eV region. The 1.0V
RA profiles are also very similar both displaying the loss of feature at ~2.5 eV, however
the HC104 RA profile at this potential displays a more intense 4.5 eV intensity. At 1.2V
where the oxide layer is expected to be fully developed the RA profiles also display very
similar lineshapes and intensities. This implies that the ~3.5 eV feature and
consequently oxide thicknesses after the onset of oxidation are relatively insensitive to
anionic content in acid electrolytes. From figure 6.3 it appears that at the potentials
shown there is no great differences between the two anions however to gain greater
insight it is pertinent to take a closer look at the principle features in the pre-hydroxide
potential regions of the basic electrolyte and the two acidic electrolyte.
Figure 6.4, displays the lineshape and intensity of the 2.5 eV feature over the
potential range discussed thus far in this chapter for each electrolyte. The first notable
difference is the differing ‘activity’ of this peak i.e. the differing magnitudes of change in
intensity. The largest change in the 2.5 eV feature is observed in the basic KOFI
electrolyte where negative intensity change of ~2 RAS units over a 0.6V potential range
is observed, in the perchloric acid solution a ~1.5 RAS unit change occurs over 0.5V
and in FI2S 0 4 a smaller ~0.5 RAS unit change is evident over a 0.3V potential range.
This is potentially attributable to the differing electrolytes however, as will be discussed
later in this chapter and in chapter 7, initial conditions of the surface following flame
annealing can alter the activity of the principle features and so differing degrees of
intensity change will be omitted as an ‘electrolyte effect’. However, it will be assumed
here that trends seen in the features are real but simply occur to a lesser or greater
extent depending on the initial morphology.
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Figure 6.4: TheA.u(110) 2.5 eV RA profile feature, in KOH(a), HC104 (b), and H2S04(c)
electrolytes.

104

The 2.5 eV feature has been shown previously to be sensitive to the reconstructed state
of the surface. In the KOH solution this feature increases in negative intensity over the
potential range -0.4V to 0.1V, a small increase occurs between 0.1V and 0.2V before
jumping at 0.3V to an intensity similar to that found at -0.4V. In the HC104 electrolyte
the 2.5 eV feature increases in negative intensity between 0.0V to 0.5V, then at 0.6V
decreases to a similar intensity to that seen at 0.0V. In H2S 0 4 a similar increase is seen
over the potential range 0.0V to 0.3V, in this electrolyte a small decrease in negative
intensity is seen between 0.3V and 0.4V and 0.4V and 0.5V, before again going on to
decrease to a similar intensity as the 0.0V spectra. In all three data sets similar behaviour
occurs. Generally speaking the 2.5 eV peak increases in negative intensity before rapidly
reducing to values seen close to those observed near the PZC. The jump to lower
intensity occurs at 0.6V in both acidic electrolytes and at 0.3V in the basic electrolyte.
The fluctuation in intensity seen in the KOH system, as will be discussed in the
following section, is attributed to oxidation and consequently a different effect to that
seen in the acidic electrolytes. There is also some distinction between the acidic
electrolytes. No decrease is seen in the 2.5 eV feature for the HC104 system before the
jump to less negative intensity at 0.6V whereas in the H2S 0 4 system this feature begins
to decrease slowly from 0.3V to 0.5V before rapidly decreasing at 0.6V. This jump in
intensity at 0.6V marks the transition form the ‘0.4V’ primary (lx l) RA profile to the
secondary (lx l) RA profile seen at 0.6V.
The behaviour of the 3.5 eV feature is more complicated and, as was discussed
in chapter 4, is known to be less surface sensitive but influenced by surface coverage
and the presence of subsurface Pd atoms. The activity of this feature is relatively similar
in all three electrolytes which is consistent with the expectation from previous work that
this feature is less surface sensitive and therefore less effected by initial surface
morphology. In the KOH solution there is very little change in intensity of this feature
between -0.4V to -0.1V. This peak decreases in negative intensity over the potential
range 0.0.V to 0.2V before a large —2.5 RAS unit increase between 0.2V and 0.3V. This
large increase in intensity at 0.3V correlates with the decrease in the 2.5 eV peak and can
once again be attributed to the initial stages of oxidation. The decrease which precedes
this may be due to some degree of hydroxide adsorption. In the perchloric acid solution
there is a —2 RAS unit increase in negative intensity of this feature between 0.0V to
0.3V after which, —0.5 unit decrease in intensity occurs at 0.4V and 0.5V and finally a
—1.5 unit decrease at 0.6V. In sulphuric acid solution the 3.5 eV feature displays a small
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increase in intensity between 0.0V and 0.3V after which a 0.5 unit decrease occurs at
0.4V and a 1 unit decrease occurs at 0.5V and 0.6V. More closely related behaviour is
observed this time between the acidic electrolytes with an initial increases of this feature
both occurring 0.0V and 0.3V albeit at larger intensities in the HC104 followed by
decreases in intensity of similar magnitude between 0.3V and 0.6V. The result of this
decrease in the H2S 0 4 solution leaves the intensity of this feature much lower than its
initial intensity at 0.0V.
Energy (eV)

Energy (eV)
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Figure 6.5: The Au(110) 3.5 eV RA profile feature, in KOH(lefi), HC104 (middle), and
HfiOfiright) electrolytes.
It is evident from looking at the behaviour of principle spectral features that there are
differences between the behaviour in the pre-oxide potential range of the three differing
electrolytes and the transition of the RA profiles between the ‘primary (lx l)’ and
‘secondary (lx l)’ RA profiles is better resolved i.e. a shift towards the ‘secondary (lx l)’
occurs at lower potentials in the H2S 0 4 electrolyte than the HC104 electrolyte. The shift
of the 2.5 eV feature to lower intensities between 0.4V and 0.6V occurs in both acidic
electrolytes and implies from previous conclusions that a move to a more reconstructed
surface is occurring in this potential range. This is somewhat counter intuitive since it is
expected in this potential range the surface should make a full transition to an
unreconstructed surface not the reverse of this. As described in section 3.6, there can be
some disparities between the qualitative and quantitative interpretations of RA profiles
due to the intermixing of transitions in the RA spectral range. To investigate this further
the energy shifts of the 3rd transition generated from the three phase model are shown in
figure 6.6.

107

The change in energy of the 3rd transition generated from the model clearly varies due to
the electrolyte present in the solution. In the KOH (squares, figure 6.6) solution a
systematic increase to higher energy occurs over the experimental potential range for
this electrolyte, increasing rapidly after the point of oxidation at 0.3V. In the HC104
(circles, figure 6.6) electrolyte the transition at first begins to increase then at 0.4V to
0.6V drops in intensity and eventually begins to increase once again around the point of
hydroxide and oxide formation. In H2S 0 4 (triangles, figure 6.6) a shift to higher energy
is seen between 0.0V and 0.2V but begins to drop between 0.2V and 0.6V. After this
potential it remains stable until the point of oxide formation where it rapidly increases.
In phosphate buffer (crosses, figure 6.6) the 3rd transition begins to drop rapidly in
energy between 0.0V and 0.6V and at 0.8V, a potential at which the surface is oxidised
in this electrolyte, begins to raise rapidly.
The behaviour of this feature may be indicative of the anionic content of the
electrolyte, a decrease in the energy of the 3rd transition being brought about due to the
anion adsorption. Shifts to a lower energy are seen to occur at potentials where it is
reasonable to expect that anion adsorption would occur. This is at 0.5V in HC104, 0.3V
in H2S 0 4 and between 0.0V and 0.2V in phosphate buffer. The shift to lower potential
between electrolytes corresponds well to the propensity for adsorption of the anions
contained in the electrolyte. Also no shift to lower energy occurs at any point in the
potential range for Au(110) in the KOH, which correlates with a lack of anion
adsorption.
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A lowering of the energy of the 3rd transition also coincides with potentials where it is
expected that the (lx l) surface is well established. In phosphate buffer the (lx l) is
established from 0.0V to 0.6V and a lowering in energy of the 3rd transition is evident in
this potential range. In both acid solutions the (lx l) will be progressively established in
the 0.0V to 0.6V range but will become the dominant reconstruction at around 0.3V to
0.5V. The 3rd transition begins to lower in energy at 0.4V in the HC104 solution and
0.3V in H2S 0 4. In the KOH solution however the (lx l) is present throughout the
potential range -0.4V to 0.3V but at no point does a lowering in energy of the 3rd
transition occur. It seems therefore that the energy of this transition will lower once the
transition to the unreconstructed surface has occurred but only if there is availability of
anions to the surface, and the degree to which the energy of this transition lowers
depends on the strength of adsorption of the anion.
It should be noted that shifts to lower energy of the 3rd transition do occur in
the absence of anions and a supporting electrolyte (section 4.4.3), however it is
reasonable to judge that the degree to which this shift occurs, if at all, is also affected by
the structure of the double layer in this region. The main differences between the
electrolytes discussed above are the degree to which they are expected to specifically
adsorb. If the double layer model is considered, which is described in Section 2.3,
specific adsorption will introduce the presence of the IHP, which in turn will influence
the local potential drop at the surface/electrolyte interface. The local potential change
at the surface may influence the behaviour of the 3.5 eV and consequently the 3rd
transition due to a differing modification of the bulk states at the surface. The reduced
presence of the IHP in the KOH solution may facilitate the undisturbed adsorption of
non-specifically adsorbing OH ions, which will take the form of a more conventional
overlayer of electroactive species in a similar fashion to that seen in the case of the oxide
layer formation and Cu systems (section 5.4, section 4.4.1) which also shift the 3rd
transition to more positive energy.
Analysis of the 3rd transition can therefore yield information on the behaviour of
the higher energy features in the RA profile, specifically the 3.5 eV feature. This
information points towards a combination of effects for the presence of the ‘primary
(lx l)’ 0.4V RA profile in the acid solutions. It is possible that the RA profile is
indicative of a quasi reconstructed surface, but also reflective of anionic effects. The
interpretation of the 3.5 eV peak is therefore certainly non-trivial since the intensity of
this feature changes in a region where it is expected that no anion adsorption is likely to
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occur and must therefore related to morphology changes brought about by
reconstruction. However the behaviour of this feature changes once again in a region
where anion adsorption is likely and does so dependent on the strength of adsorption of
the anion present in the electrolyte.

6.2.2 The Effect of electrolyte on Hydroxide and Oxide
Layer Formation

Figure 6.7: The RAS ofA u( 110) in KOH during o f onset o f oxidation, compared to the RAS of
Au(110) in HC104 during the onset o f oxidation.
The onset of oxidation in the basic KOH solution has different characteristics to those
of the acidic solutions. The primary difference is that oxidation begins at much lower
potentials, at ~+0.3V due to the presence of OH' in solution. Also in KOH the initial
stages of oxidation are seen to occur over a larger potential range. In the acid
electrolytes the transition from no oxide intensity to near maximum oxide intensity
occurs between 1.0V and 1.1V. This is visible in the 0.3V RA profile which has an
increased in intensity in the 3.5 eV region and thus takes on the shape of the oxidation
spectra which is seen in the acidic electrolytes but does not possess the large negative
intensity. This goes on to increase to 0.5V where it begins to stabilise and only a small
increase is seen beyond this potential. Also it appears that the oxide intensity for
Au(110) in KOH is significantly lower than that seen in the acidic electrolytes.
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Figure 6.8: Comparison o f subtracted Au(110) RA profiles with Oxide and Copper overlayers.
In figure 6.8 the difference between the initial onset of oxide layer formation in KOH is
compared to the difference RA profile of the UPD Cu/Au(110) system described in
section 4.4. The difference profile presented in figure 6.8 is obtained by subtracting the
-0.4V RA profile from the +0.3V RA profile which corresponds to the initial stages of
oxide layer formation. The similarities are clear, with an almost perfect replication of the
Cu/Au(110) system if the translocation to higher intensity of the 0.3V KOH subtraction
profile is taken into account. In acid electrolytes a profile of comparable intensity to the
Cu/Au(110) is not found at any point in the potential range, implying that the surface
jumps from a hydroxide covered surface to a surface with more than a monolayer of
oxide present.
As with the characteristic (1x2) RA profile, which is observed at 0.0V in the
acidic solutions and the previously discussed ‘primary (lx l)’ profile, the characteristic
hydroxide RA profile (figure 6.7 (grey crosses)) which is found at 1.0V in acidic
electrolytes is also not present in potentials from the PZC to oxide. Instead the
characteristic (lx l) profile is seen to transform direcdy to a characteristic oxide profile
albeit in a reduced intensity form. This hydroxide spectra is very similar to the RA
profile negative of the PZC in alkaline solutions which has been attributed to the (1x3)
reconstruction. From simulations generated from the three phase for both (1x3) and
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hydroxide RA profiles it was shown that the intensity of the 4th transition, which is
related to steps, increases substantially when the RAS takes this form.

Figure 6.9: The relative change in the 4'h transition in the potential range 0.0V to 1,2V normalised to
its initial value at 0.0l/
The relative intensity of the 4th transition is plotted against potential in figure 6.9 for the
two acidic solutions and the basic solution. The two acid electrolytes give rise to a very
similar trend in the changing step intensity whereby the intensity of the 4th transition
drops over the potential range 0.0V to 0.4V. The drop in intensity seen over this
potential range is indicative of the loss of the (1x2) reconstruction and the destruction
of antiphase domain boundaries. The small increase between 0.4V and 0.6V supports
the argument that some of these domain boundaries are being reformed in this potential
range as the (lx l) reconstruction stabilizes into larger domains. Beyond 0.6V to 0.7V
the intensity of this transition begins to rise dramatically peaking between 0.9V to 1.0V.
The hydroxide layer is expected to be fully formed at these potentials and the increase in
step intensity at these potentials supports the argument that elements of the higher (1x3)
reconstructions are being formed at hydroxide potentials. The introduction of steps at
this potential may be due to the place exchange mechanism which causes restructuring
of gold atoms by replacing surface gold atoms with OH anions bringing gold
subsurface atoms to the surface. Subsurface atoms which are relocated to the surface
introduces vacancies and adatom islands on the surface which may migrate to step edges
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increasing step proliferation in a similar behaviour reported for the adsorption of K
atoms on the 3d metals [118]. This claim is supported by the work of Canullo et al. [119]
who showed that, repeated hydroxide and oxide layer formation by potential cycling
increases the levels of faceting on the surface. This was attributed to the high number of
place exchange events occurring during each cycle. Importantly this process does not
occur in the KOH electrolyte, which displays a lowering of intensity in the 4th transition
between 0.0V and 0.3V and then remains stable as the oxide layer is formed. Although
there is an abundance of OH' in this electrolyte the place exchange process is
independent of the surface density of OH species on the surface [115]. Even though
the presence of adsorbing anions acts in competition with the hydroxide layer and
subsequent place-exchange process, the presence of anions is necessary for this process
to happen.

OH" electroctrodeposition occurring with anionic presence, as is the

situation with the acid electrolytes presented here, takes place amid an overlay lattice of
pre-adsorbed anions. Once adsorbed the OH" is partially discharged and forms a longrange network of H-bonded complexes with the lattice of anions on the surface. This
stabilizes the OH and anion lattice on the surface, making anion desorption more
difficult. This stabilization, facilitated by the pre-adsorbed lattice of anions, has the
effect of increasing the surface dipole moment (see Figure 6.10) which is formed
between the metal and the adsorbed OH". It is the presence of this developing dipole
which initiates the place-exchange process and is not sufficiently developed if no lattice
of anions is formed on the surface, as is the case in KOH [92].

Figure 6.10: Modelfor changing surface dipole moment at the electrode surface due to place exchange
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The absence of the place-exchange process in the KOH means that there is less adatom
island development and consequendy less steps are introduced to the surface. This may
explain the reduced thickness seen in KOH systems as documented by Tremiliso-Filho
et al. [120] since steps will act as nucleation sites for the oxidation process. The 3.5 eV
feature intensity seen in this electrolyte in the data presented here is reduced in
comparison to that seen in the acid electrolytes. The difference in 3.5 eV intensity
reported here also supports the argument that the intensity of this feature during oxide
layer formation is a probe of oxide layer thickness.
Model I

Model II

AujOj or An(OH)3

AujOj or A u(OH)3

Figure 6.11: Models o f the limiting thickness o f oxide layers in acidic (model I) and basic (model II)
solutions.

6.2.2

The Effect of Electrolyte on the Rate of the
Formation and Removal of the Oxide Layer

Figure 6.12 shows the intensity of the 3.5 eV feature as the potential is cycled from 0.0V
to 1.2V and back to 0.0V. As expected, due to the stronger adsorbing anion the onset of
oxidation for Au(110) in H2S 0 4 occurs at a higher potential to that seen in the HC104
solution. As explained previously, in KOH oxidation occurs at a much lower potential:
the RAS signal appears to remain at the same intensity after oxide layer formation in the
reduction cycle for longer, indicating a greater level of hysteresis.
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Voltage (V)

Figure 6.12: Intensity o f the 3.5 eVfeature at 10mV/s in the potential rangefrom PZC to oxidation
in differing electrolytes
In the acid solutions the intensity of the 3.5 eV feature continues to increase after
oxidation in the reduction cycle. This does not occur to any great extent in the KOH
solution. The hysteresis however is smaller with reduction in the 3.5 eV negative
intensity occurring soon after the increase in intensity ceases. In the reduction cycle the
intensity of the 3.5 eV feature in the acidic electrolytes displays similar behaviour. The
intensity of the 3.5 eV feature for the acidic electrolyte systems show a reduction in
negative intensity to a point which is lower than that seen in the oxidation cycle at
~0.8V. At ~0.4V in the reduction cycle both show a return to intensities seen in the
oxidation cycle. After this potential the intensities of the 3.5 eV features once again
separate from the values seen in the oxidation cycle, displaying a secondary hysteresis.
This secondary hysteresis occurs in the potential range where the transition from the
unreconstructed (lx l) surface to the reconstructed surface (1x2) occurs, showing that
the 3.5 eV feature is sensitive to the restructuring of the surface atoms which occurs in
this region. In KOH solution this secondary hysteresis is far less evident, which
indicates once more that there is little or no (lxl)~^(lx2) transition taking place and
consequently much less restructuring of the surface in KOH electrolyte.
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Figure 6.13: Variation in the rate o f change in intensity due to electrolyte o f the 3.5 eV forA u(110)

Oxidation
Reduction

KOH
Rate
Potential
(V±0.01V) (RAS/s)
-0.68
0.405
+0.70
0.060

h c io 4

Potential
(V±0.01V)
1.110
0.880

Rate
(RAS/s)
-1.85
+ 1.08

h 7s o 4

Potential
(V±0.01V)
1.175
0.865

Rate
(RAS/s)
-1.55
+ 1.33

Table 6.1: Valuesfo r the voltage at which peak rate o f oxidation and reduction occurs and the rate o f
change in RAS intensity at that voltage
From the figure 6.12, it is clear that the onset of oxidation although fairly immediate
does not make for a clear comparison between the electrolytes. It is therefore pertinent
to take the rate of change as described in chapter 5 of the data shown in figure 6.12 to
find when the maximum rate of oxidation and reduction is occurring. Peak rates i.e. the
fastest rate of 3.5 eV intensity change for oxidation and reduction are represented as
solid lines and dashed lines respectively in figure 6.13. The kinetics of the oxidation and
reduction processes between the electrolytes is thus revealed. The most clear change is
once again seen for Au(110) in KOH solution which displays notable differences from
the acidic electrolytes with the peak rate of oxide formation found at ~0.7V lower in the
potential range and also displays lower values of peak rate of formation and reduction.
In this solution the rates for formation and removal of the oxide layer is identical. This
is not the case for the acidic solutions in which the rate of oxide layer formation is
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generally higher than the rate of oxide layer removal. This is due to the presence of
anions in the electrolyte affecting the initial stages of hydroxide and oxide layer
formation. As mentioned in the introduction for this chapter OH electrodeposition is a
pre-oxidation state of the surface and facilitates oxide layer formation. Anion adsorption
occurs in competiton with this process. The stronger adsorbing SO/' anions present in
H2S 0 4 will compete with hydroxide layer formation much more so than the C104
anions present in HC104 solution delaying the formation of the hydroxide layer and thus
oxide layer formation in the H2S 0 4 solution. This is reflected in the data in figure 6.13
as the peak rate of oxidation occurs at 55mV higher in the H2S 0 4 electrolyte. The
absence of strongly adsorbing anions in HC104 allows the oxidation process to occur
earlier and at a faster rate than in H2S 0 4. However, in the reduction cycle it is the H2S 0 4
solution that displays the faster rate of oxide layer removal. This is most likely due to the
competition for adsorption sites on the surface from the strongly adsorbing S 0 42
anions prompting the rapid removal of the oxide and hydroxide layer from the surface.
Competition by C104 anions is expected to be greatly reduced compared to that of the
SO/" anion. The identical rates for formation and removal of the oxide layer in the
KOH system indicate a lack of anionic involvement in the reduction process. This is
also reflected in the potential of peak oxidation and reduction which are separated by a
potential range of 230mV in the acidic solutions and 345mV in KOH. This 115mV
difference in removal of the oxide layer highlights the effect of the presence of anions in
solution. This lack of competition for adsorption sites in the reduction cycle from
anions, along with the slow rate of formation and reduction explains the prolonged
period of hysteresis seen in the KOH solution (6.12). This data is therefore in support
of the work of Angerstein-Kozlowska et al. [115,116] who showed that the
electrochemically detected hysteresis on the surface is reduced by anion adsorption.

6.3 The Effect of Heating on Au(110) in the
Electrochemical Environment
The adsorption of anions on to the surface is a kinetic process, and will therefore be
effected by the amount of thermal energy (kT) in the system. By raising the temperature
of the electrolyte this will change the adsorption dynamics in the double layer. The
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following experiment was devised to investigate the effect of a raised temperature on
Au(110) in the NaH2P 0 4/K2H P04 electrolyte.
In order to achieve the necessary changes in temperature, modifications to the
electrochemical cell are necessary. An extra glass outer layer was introduced to the
electrochemical cell, in which heated silicon oil can be cycled which raises the
temperature of the bulk electrolyte. Temperatures of the electrolyte were recorded with
a thermocouple.
As mentioned earlier in this chapter the behaviour of Au(110) in
NaH2P 0 4/K2H P 04is different once again to the behaviour which is recorded for the
acid and alkaline solutions. As opposed to the basic KOH solution, it is expected that
the (1x2) reconstruction will be present as with acid solutions at potentials slightly below
the PZC for this electrode/electrolyte combination.

Transition
Direction
co (eV)

r(eV)
s

1
[001]
1.9
0.7
5500

2
[001]
3.37
1
2500

3
[1 1 0]
3.7
1.5
5000

4
[001]
4.75

1.2
2400

5
[001]
5.55
0.5
1300

Table 6.2: Fitting Parametersfo r Au(110) in NaH2P 0 4/K2HP04 at -0.2V
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Transition
Direction
w (eV)

T(eV)
s

1
[001]
1.9
0.8
5500

2
[001]
3.46
0.73
2500

3
[1 1 0]
3.74
1.32
5000

4
[001]
4.75

1.2
3200

5
[001]
5.55
0.5
1500

Table 6.3: Fitting ParametersforA.u(110) in NaH 2P 04 /K2HPO4 at 0.0 V

Transition
Direction
w (eV)

T(eV)
s

1

2

3

4

5

[001]

[001]

[1 I 0]

[001]

[001]

1.9
0.7
5500

3.48
0.9
2500

3.76
1.5
5000

4.75

5.55
0.5
1500

1.2
3800

Table 6.4: Fitting ParametersforA .u(110) in NaH2P 0 4/K2FIP04 at 0.2 V

The RA profile at a potential of -0.2V in this solution displays the characteristic (1x2)
RA profile, which is observed at 0.0V in the acidic solutions. At a potential of 0.0V the
RA profile displays the ‘primary (lx l)’ which is defined in section 6.2 of this chapter,
and is found at 0.2V to 0.5V in the acidic solutions. The surface at 0.0V is therefore in a
state of mixed reconstructed and unreconstructed domains. At 0.2V the RA profile for
Au(110) in this electrolyte takes the form of the secondary (lx l) found in the potential
range of -0.4V to 0.2V in KOH solution and between the potentials of 0.6V to 0.7V in
acidic solutions.
P 0 43 anions are very strongly specifically adsorbing, more so than the other
electrolytes discussed in this chapter, which may explain the condensed potential range
over which the reconstruction processes take place. It is expected at 0.0V, a potential
slightly above the PZC, that the initial onset of anion adsorption from the solution will
be taking place. It is expected that raising the temperature of the electrolyte will effect
the kinetics of anion adsorption in this potential range [121]. The RA profiles of
Au(110) at 0.0V in NaH2P 0 4/K2H P04 as the temperature of the electrolyte is raised
from 30°C to 90°C are shown in figure 6.15.
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Figure 6.15: RAS ofA u(110) at 0.0V Vs electrolyte temperature

Figure 6.16: RAS ofA u(110) at 30°C and at 90°C with simulations
Transition
Direction
a) (eV)
T(eV)
S

1
[001]
1.8
0.7
4000

2
[0011
3.48
0.49
1200

3
[1 1 0]
3.78
1.38
4000

4
[001]
4.8
1.1
2100

5
[001]
5.55
0.5
800

Table 6.5: Fitting Farametersfo r the simulated RAS ofA u(110) at 30°C
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Transition
Direction
« (eV)
r(eV )

S

1
[001]
1.7
0.5
4000

2
[0011
3.41
0.8
1200

3
[1 1 0]
3.82
1.4
4000

4
[001]
4.75
0.8
800

5
[001]
5.55
0.5
400

Table 6.6: Fitting Parametersfo r the simulated RAS ofA u(110) at 90°C

From figure 6.15 it is clear that there is an appreciable difference between the RA
profiles at 30°C and at 90°C. The 0.0V RA profile at 30°C takes the expected lineshape
for Au(110) in this solution and compares well to the RA profile seen at this potential
from a previous experiment with the same surface and solution (figure 6.14). As the
potential is raised the overall intensity of the spectra is shifted to a more negative
intensity, resulting in a loss of intensity in the 4.5 eV feature and an equal gain in
intensity in the 2.5 and 3.5 eV features. This overall gain in intensity is accounted for in
the fitted parameters as a loss of intensity in the 4th transition. It is possible that this loss
of intensity in this region is indicative of a loss of steps on the surface as the electrolyte
temperature is raised, however it is also possible that creation of vapour bubbles with
increasing electrolyte temperature has shifted the crystal in its position gradually over
the temperature range and therefore no deductions will be drawn from this behaviour.
The change in lineshape between the features could not be introduced by any
experimental alignment issues, and will be treated as a real effect.

Qualitatively

speaking, as the temperature is raised discounting the shift to negative intensity the main
changes are in the region between the 2.5 and 3.5 eV features. The 3.5 eV feature is very
well defined at 30° displaying a positive going lineshape at the immediate low energy
side of this feature, a characteristic of the ‘primary (lx l)’ RA profile. However, as the
temperature is raised this feature begins to flatten out and the 3.5 eV feature becomes
less well defined. Consequently, the RA profile at this temperature looks much more
like the expected RA profile for the (1x2) surface reconstruction, which is generally
observed at 0.0V in acidic solutions.
The fitting parameters (Tables 6.12, 6.13) indicate that a partial reversion to a
reconstructed surface has occurred. A shift of 0.07 eV to lower energy of the 2nd
transition along with a considerable broadening of the 2nd transition is observed. This
behaviour has previously been attributed to an increased reconstruction presence on the
surface. The 3rd transition however, displays a shift to higher energy. This has been
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attributed in section 6.2.1 of this chapter to specific adsorption of anions and the
subsequent restructuring of the double layer.
The results of this experiment point to increased adsorption of the strongly
adsorbing POf anion from the electrolyte due to higher levels of thermal energy. The
resulting specific adsorption of the anion has initiated a partial return to the (1x2)
reconstructed surface which is observed at slightly negative potentials in this solution.
This may have arisen due to charge transfer from the specifically adsorbing anions to
the surface, which shifts the surface charge to more negative values and thus shifting the
(1x2) reconstruction to be a more favourable configuration for the surface

6.4 The Effect of Differing Surface Morphology
6.4.1

The Effect of Surface Morphology on
Reconstruction

Figure 6.17: Variation in the RAS ofA u(110) in HCl04at 0.01'
Figure 6.17 shows the variation of the RAS of the Au(110) surface in HC104 in three
separate experiments which for the purposes of this discussion are labelled as ‘HC104 1
£HC104 2’ and ‘HC104 3’. This is brought about by variations in the surface morphology
due to the non-uniform flame annealing technique. Generally the same characteristic
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features of Au(110) described in Chapter 3 are reproduced in these experiments.
However, there are some differences. The most evident form of this variation, which
remains after several potential cycles, is found in the 4.5 eV region where the intensity
of this peak varies between ~2 units (HC104 1) and ~7 units (HC104 3). Other
differences of note are present in the principle features at 2.5 eV and 3.5 eV, which
appear to display differing degrees of relative intensity. It is expected that due to the
flame annealing procedure there will be differing degrees of the three reconstructions on
the surface at 0.0Y. It is possible therefore that the initial intensity of the 2.5 eV feature
as a probe of reconstruction may indicate the initial proportions of (lx l), (1x2) and
(1x3) reconstruction, with lower intensities indicating the presence of greater
proportions of reconstructed domains. An inverse correlation is evident between the
intensity of the 4.5 eV feature and the intensity of the 2.5eV feature across all three RA
profiles. The higher step intensity observed in HC104 3 correlates to the lowest intensity
of the 2.5 eV feature and consequently to the highest proportion of (1x2) or (1x3)
reconstruction. It is expected that this should be the case since a surface containing
more of the higher reconstruction will contain more antiphase domains and
consequently more steps. There is much less variation in the 3.5 eV feature, which is
discussed in chapter 5 as a reduction in surface sensitivity of this feature.

Transition
Direction
0) (eV)
F(eV)
S

1
[001]
1.8
0.6
4000

2
[001]
3.4
0.85
1450

3
[1 I 0]
3.6
1.5
2400

4
[001]
4.8
1
800

5
[001]
5.55
0.5
700

Table 6.7: Fitting ParametersforA u(110) HCIO4 1 Data Set at 0.0V
Transition
Direction
w (eV)
F(eV)
S

1
[001]
1.9
0.66
5000

2
[001]
3.3
0.85
1500

3
[l T 0]
3.6
1.55
2250

4
[001]
4.75
1.3
2200

5
[001]
5.55
0.5
1300

Table 6.8: Fitting ParametersforAu(110) HC104 2 Data Set at 0.0V
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Transition
Direction
w (eV)
T(eV)
S

1
[001]
1.8
0.7
5200

2
[001]
3.4
1
3300

3
[1 1 0]
3.71
1.5
5000

4
[001]
4.75
1.3
3600

5
[001]
5.45
0.5
1300

Table 6.9: fitting ParametersforAu(110) HC104 3 Data Set at 0.0V
Tables 6.7, 6.8 and 6.9 show the fitting parameters generated for Au(110) with differing
morphology at 0.0V in the three different experiments. Generally the parameters for
each RA profile are very similar. Parameters for the energies for the 1st transition are
found to be between 1.8 eV and 1.9 eV, with similar widths and strengths. The energies
for the 2nd transition are all between 3.3 eV to 3.4 eV, the widths and strengths are
almost identical between HC104 1 and HC104 2. In HC104 3 the width is broader and
displays a much larger strength, which is necessary to resolve the more defined 2.5 eV
and 3.5 eV features in this spectra. The 3rd transitions are once again similar with
energies between 3.6 eV and 3.71 eV and very similar widths. The strength of the 3rd
transition for HC104 3 as with the 2nd transition is considerably larger that the strengths
seen in the HC104 1 and HC104 2. However, it should be noted that the 2nd transition in
all three models is approximately 2^

the strength of the 3rd. The largest variation

between the models is found in the 4th transition. The differing strengths in this
transition are necessary to resolve the differing intensities of the 4.5eV feature in the
measured RA profiles for the three experiments.
The relationship between the 2.5 eV and 3.5 eV features can be described
numerically by a value of the peak ratio (

_ Lhi. ) where I = the intensity of the
12.5

feature at that energy. HC104 1, 2 and 3 have PR values of 0.90, 1.00 and 1.21
respectively where a low PR value denotes an RA profile with a higher 2.5 eV intensity
relative to the intensity of the 3.5 eV feature, a high PR value denotes an RA profile
where the reverse is the case and a PR value close to 1 indicates an RA profile with 2.5
and 3.5 eV features of similar intensity. The relationship between the two principle
features described by the PR may be an indication of the initial morphological state of
the surface.
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AEnergy (eV)

HClOf 1 (Squares), HC104 2(Circles), HC1043(Triangles) in the potential range O.OV to 0.8V
As seen in section 3.6.1 the 2nd transition generated from the three-phase model which
simulates the features at 2.5 eV and 3.5 eV moves progressively to a higher energy
throughout the potential range where a transition to the (lx l) surface is expected.
Figure 6.18 shows the relative changes in the energy of this transition for the three
different data sets shown in the Figure 6.17. HC104 1 shows a small shift to lower
energy between the potentials O.OV and 0.1V and then increases to its starting energy
position at a potential of 0.3V. This corresponds to a lowering of negative intensity of
the 2.5 eV feature which occurs in this potential range which is not seen in the HC104 2
and HC104 3. This may be due to the initial state of the surface, which has a low PR and
therefore consisting of more (lxl). In the potential range O.OV to 0.3V a shift to a
surface containing more (1x2) domains may be occurring before the potential is large
enough to initiate the transition to a predominantly unreconstructed surface. Beyond
0.3V the energy shifts progressively higher from its initial value of 3.4 eV to 3.54 eV
over the potential range where it is expected that the transition to the unreconstructed
surface occurs. In the HC104 2, a shift to higher energy from an initial value of 3.3eV to
3.46eV occurs in the potential range O.OV to 0.4V, the energy remains at this value up to
0.6V. In the HC104 3 data set a shift from 3.4 eV to 3.53 eV occurs between O.OV to
0.2V, and continues to remain at this value up to 0.6V.
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An analysis from the three-phase model for the three different data sets
corresponding to three morphologically different surfaces is quite revealing. A ~0.15 eV
shift to higher energy for all three surfaces occurs in the potential range where
reconstruction is expected to occur. In HC104 1 where the intensity of the step feature
is in the order of ~2 units this occurs over a 0.6V potential range, whereas in the HC104
2 data set this occurs over a 0.4V potential range and over 0.2V in HC104 3. This
displays how the proliferation of steps on the surface can affect the reconstruction
dynamics, with large numbers of steps promoting quick conversion of the (1x2)
reconstructed domains to unreconstructed (lxl) at lower potentials. Combined with the
effect of steps, the initial amount and distribution of reconstructed domains on the
surface may also be a factor and will also alter the reconstruction dynamics. This may
have an effect on the potential at which reconstruction transitions occur since the PZC
for Au(110) changes depending on the reconstruction [88]. If the PZC is shifted to a
lower potential then the surface charge density will be greater at any particular potential
in the potential range shown here.

6.4.2

The Effect of Surface Morphology on Hydroxide
Layer Formation

At 0.9V the surface is in a state of pre-oxidation. A layer of chemisorbed OH anions
will be adsorbed onto the surface and the place-exchange turnover process is expected
to have taken place. Figure 6.16 shows the RA profiles for the Au(110) surface at 0.9V
for ‘HC1041’, ‘HC1042’ and ‘HC1043’ before and after an oxide layer has been formed.
From this data it is clear that there is a significant difference between the RA profiles at
this potential due to the initial surface morphology. ‘HC1041’ has lost definition in both
principal features compared to the lineshape for this experiment at 0.0V. Loss of
definition in the 3.5 eV feature indicates that there has been some roughening of the
surface in a similar fashion to that seen in the Ar ion bombardment system (chapter 4).
Loss of intensity and definition in the 2.5 eV feature indicates that reconstructed
domains have been introduced to the surface. In 6.2.2 of this chapter, this was
attributed to faceting of the surface due to the place exchange process. Initial
morphology therefore has an influence on the degree to which (1x3) elements are
introduced during hydroxide layer formation and also to what extent that this roughens
the surface. In ‘HC104 2’ the 3.5 eV feature reduces in negative intensity by a
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comparable amount to ‘HC104 1’, however in this case the feature retains definition
more readily. In ‘HC104 3’, there is very litde negative intensity reduction in the 3.5 eV
feature. The red solid lines in figure 6.19 show the RA profiles at 0.9V in the reduction
cycle i.e. after oxide layer removal. HC104 2 in this case recovers almost identically to
the RA profile seen at this potential in the oxidation cycle. ‘HC104 V and ‘HC104 3’ do
not experience the same recovery.
If it assumed that the degree of negative intensity loss seen in the 2.5 eV feature
indicates the extent of faceting due to the hydroxide layer formation and subsequent
place exchange process, then the data presented in this section shows that differing
initial surface morphology, specifically the extent of the initial concentration of steps
after flame annealing, will affect the formation of the hydroxide layer and also the
degree to which the surface experiences the chemical and morphological hysteresis after
oxide layer formation.
If the PR values (section 6.4.1) are recalculated for the RA at 0.9V, it is ‘HC104
2’ that displays the largest decrease in the 2.5 eV feature. With PR values for ‘HC104 V,
‘HC104 2’ and ‘HC104 3’ being 1.14, 1,71 and 1.32 respectively, with higher numbers
representing greater loss of the 2.5 eV feature. This implies that there is an optimum
step proliferation for maximum efficiency of the place exchange process during
hydroxide layer formation. The initial presence of steps facilitates the place exchange
process, but beyond a certain threshold concentration of steps it begins to hinder it.
This may due to the existence of an upper limit for the amount of steps on the surface
(no step signal above 9-10 RAS units has been recorded on the RAS instrument used in
this thesis) therefore the creation of more steps via the place exchange mechanism may
not be possible. Also, it is also known that electrode interfaces display much smaller
domains than those seen in UHV [114], The presence of many steps implies even
smaller domains which may be resistant to the place exchange process.
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Figure 6.19: Variation in the RAS ofA u(110) in HC104 1 (a), HC104 2 (b) HC104 3 (c) before
and afterformation and removal o f an oxide layer at 0.9 V
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6.4.3 The Effect of Surface Morphology on Oxide Layer
Formation
The variations in initial morphology of the surfaces as indicated by the differences in the
RAS profiles also give rise to distinctly different intensities of the 3.5 eV feature
following the onset of oxidation. ‘HC104 T, ‘HC104 2’ and ‘HC104 3’ have a 3.5 eV
intensity of ~10 units, ~12 units and ~T8 units respectively. These oxide peak
intensities correlate well with the initial intensity of the 4.5 eV step peak at 0.0V (figure
6 .21).

4.5eV Intensity

Figure 6.21: Intensity o f the
4.5 eV peak at 0.01/ Vs the
intensity o f the 3.5 eV at
1.2V
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Transition
Direction
co (eV)
T(eV)
S

1
[001]
1.82
0.7
4000

2
[001]
2.9
1.3
1450

3
[1 1 0]
4
1.1
2400

4
[001]
4.75
1
150

5
[001]
5.55
0.5
150

Table 6.10: Fitting ParametersforAu(110) HC104 1 Data Set at 1.2V

Transition
Direction
co (eV)
T(eV)
S

1
[001]
1.9
0.8
5000

2
[001]
2.8
0.9
1500

3
[1 I 0]
3.9
0.96
2250

4
[001]
4.75
0.7
200

5
[001]
5.55
0.5
400

Table 6.11: Fitting Parametersfo r Au( 110) HC104 2 Data Set at 1.2V
Transition
Direction
co (eV)
T(eV)
S

1

2

[001]
1.85
1.1
5200

[001]
2.8
1.5
3300

3
[1 I 0]
3.9
0.9
5000

4
[001]
4.7
0.9
500

5
[001]
5.55
0.5
700

Table 6.12: Fitting ParametersforAu(110) HC104 3 Data Set at 1,2V
Comparing the fitting parameters for the Au(110) surface at a potential of 1.2V (Tables
6.10, 6.11 and 6.12 ) for the fully developed oxide layer to the values at 0.0V (Tables 6.7,
6.8 and 6.9) reveal that at 1.2V the parameters for each of the transitions have
experienced similar changes. The energies of the 2nd transitions have lowered
significantly in all three systems from their respective energies at 0.0V. This suggests
that the oxide layer has formed on a surface consisting of many (1x3) reconstructed
elements indicating high levels of faceting. The system with the lowest step signal,
HC104 1 has lowered to the slightly higher value of 2.9 eV indicating lower levels of
faceting on that surface due to reduced degree of metal atom turnover from the placeexchange process. The 3rd transition has raised to higher energies of 3.9 to 4 eV, which
was seen to a lesser extent in the Cu/Au(110) system in chapter 4 and indicated the
presence of an overlayer of Cu atoms. A more developed overlayer is present here and
consequendy a shift to higher energy for this transition is observed.
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Voltage (V)

Figure 6.22: Cyclic RAS measurements at 3.5 e\/Intensity (10mX//s) in the range 0.0X/ to 1.2XA;
(inset) in the range 0.0V to 0.6X/
Figure 6.19 shows the 3.5 eV feature intensity change as the potential is varied at a
constant sweep rate of 10mV/s in the range 0.0V to 1.2V. From this data it appears that
the degree of hysteresis around the point of oxide i.e. the region at which the 3.5 eV
intensity is stable in the reduction cycle, are comparable for the three surfaces. Flowever
from a closer look at the second stage of the hysteresis (inset, figure 6.22) which
correlates to the surface reconstruction. The 3.5 eV intensity for each surface returns to
matching intensities to that seen at 0.6V in the oxidation cycle before once again
separating. This occurs at 0.38, 0.425 and 0.52V in the reduction cycle for VIC1()4 1’,
cHC104 2’

and ‘HC104 3’ respectively. This implies that the conversion of the (lxl) ^

(1x2) reconstructions happens at higher potentials in the reduction cycle for surfaces
with a higher initial concentration of steps, a situation which mirrors what is seen for
the (1x2)

(lxl) transition in the stepped potentials (figure 6.18).
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6.4.4

The Effect of Surface Morphology on the Rate of

A Re — xlO-’/A t

Oxide Formation and Removal

h c io 4 1

Oxidation
Reduction

Potential
(V±0.01V)
1.15
0.845

Rate
(RAS/s)
-0.91
+1.00

HC104 2
Potential
Rate
(V±0.01V) (RAS/s)
1.11
-1.85
0.880
+1.08

HC104 3
Potential
Rate
(V±0.01V) (RAS/s)
1.11
-1.61
0.85
+ 1.80

Table 6.13: Valuesfo r the voltage at which peak rate o f oxidation and reduction occurs and the rate o f
change in RAS intensity at that voltagefo r the differing morphology systems.
As in the comparison with electrolytes it is useful to compare the rate of change in the
RAS for the three different initial morphology systems. Similarly to the electrolyte
comparison the rate of change in the 3.5 eV feature differs between the three
morphologically different surfaces. The peak rate of oxide formation (solid lines figure
6.23) is identical in the ‘HC104 2’ and ‘HC104 3’ data sets. In ‘HC104 T however the
peak rate is not so clearly defined and appears quite diffuse in comparison to the other
two surfaces. The onset of oxidation i.e. the voltage where the first negative rate of
change value is encountered occurs at identical potentials to the ‘HC104 2’ data set but
does not reach its peak rate of oxidation until 40mV later in the potential range. The
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‘HC104 2’ data set which has the highest rate of oxide formation is followed closely by
the ‘HC104 3’ surface whereas the ‘HC104 1’ has a rate of oxide layer formation which is
roughly half that of the ‘HC104 2’ system. The rate of oxide formation is therefore not
only related to the proliferation of steps but also to the development of the hydroxide
layer which is most established in data set ‘HC104 2’. However in ‘HC104 3’, oxide
formation clearly begins at a lower potential than in the other two data sets and over a
broader potential range, which leads to the high intensity of the oxide peak.
The ‘HC104 T surface which has the lowest concentration of steps in its initial
morphology has a similar rate of oxide layer formation and removal, which is similar
behaviour to that seen in the KOH electrolyte. The slow rate of oxide formation in
both cases may be due to the lower step concentration during the oxidation process,
which is brought about in ‘HC104 T due to a low initial step concentration and in the
KOH system due to the lack of the place-exchange process. The highest rate of change
in intensity during the removal of the oxide layer is found in ‘HC104 3’. The ‘HC104 2’
has a slower peak rate of oxide layer removal, however the onset of the reduction
process occurs at 35mV earlier in the reduction cycle than the other surfaces. The
almost perfect recovery of the TIC104 2’ surface at a potential of 0.9V (figure 6.19) may
be due to the earlier onset of reduction on this surface.
The data discussed in the previous two sections suggest that a surface which has
undergone a larger degree of the metal atom turnover due to the place-exchange process
i.e. has lost more intensity in the 2.5 eV and consequendy displays a more developed
characteristic hydroxide profile, will undergo oxide layer formation at a greater rate than
those which have experienced less place-exchange. This also leads to removal of the
oxide layer at higher potentials in the reduction cycle. The surface which has a more
developed hydroxide layer may therefore more readily reduce due to oxide layer
formation taking place on top of an almost total coverage of adsorbed hydroxide anions
as opposed to direct oxidation of gold surface atoms. The faster rate of reduction seen
in ‘HC104 3’ surface which has a high step concentration may be due to the reduction
processes being catalysed by the greater presence of steps on the surface which may
promote higher levels of competitive anion adsorption promoting the removal of the
oxide layer.
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6.4.5

The Effect of Initial Morphology on Au(110) in H2S 0 4

Figure 6.24: Variation in the RAS due to morphology o f Au(110) in H2S04
As with the HC104 electrolyte, three experiments in H2S 0 4 are presented with varying
initial morphology and are labelled ‘H,S()4 1’, ‘H2S 0 4 2’ and ‘H2S 0 4 3’ in order of step
intensity for discussion purposes (figure 6.24). As with the RA profiles in the HC104
electrolyte, the RA profiles presented here vary in 4.5 eV peak intensity between ~2
RAS units (H2S 0 4 1) and ~7 RAS units (H ,S04 3). PR values of 1.05, 0.91 and 0.83 for
‘H2S 0 4 1’, ‘H2S 0 4 2’ and ‘H2S 0 4 3’ respectively which are quite different from that seen
for comparable step intensities in the HC104 system, indicate that there is either an
electrolytic effect at play or the lineshapes observed in the 1.5 eV to 3.5 eV region are
independent of the 4.5 eV step intensity. The result of the differing PR values is that the
inverse correlation between the 4.5 eV feature intensity and the intensity of the 2.5 eV
feature is not present. In this case the 3.5 eV intensity varies to a much greater degree to
that seen in the HC104 system. The variation seen in this feature in H2S 0 4 may be due
to differing morphology, the changing structure of the double layer at 0.0V or a
combination of both.
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As with the HC104 system the variation in morphology is seen to effect the line shape
of the RA profile of Au(l 10) at hydroxide potentials before and after the oxide layer has
been formed. The 1.0V H2S 0 4RA profiles presented in figure 6.25 are compared to the
RA profiles for the HC104 system figure 6.19. Given that the initial morphology in the
1.5 eV to 3.5 eV region is significandy different between electrolytes the similarities
between the two are surprising. ‘H2S 0 4 2’ (figure 6.24(b)) which has similar step
intensity to ‘HC104 2’ has lost most of the negative intensity seen in the 2.5eV region in
a comparable manner to that seen in ‘HC104 2’ (figure 6.19(b)). As with the HC104 RA
profiles the systems with a higher 4.5 eV step intensity at 0.0V have retained their 2.5 eV
negative intensity more readily at a potential of 0.9V. Moreover, when the degree of
hysteresis is compared i.e. the degree to which the RA profiles are different at a
potential of 0.9V before and after oxide layer formation, the RA profiles are once again
very similar. This indicates that the formation of the hydroxide layer and the chemical
and morphological hysteresis is more effected by initial morphology of the surface than
the electrolyte, on sufficiendy lengthy time scales.
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Figure 6.25: Variation in the RAS ofA u(110) in Fi f O, 1 (a), Fl2S04 2 (b) and HfO/ 3 (c)
before and afterformation and removal o f an oxide layer at 0.9 V

Figure 6.26: The Variation in the RAS o f Au(110) at 1,2V
The variation in the Au(l 10) at 1,2V in the H2S 0 4 system is different to that seen in the
HC104 system, and the linear correlation between 4.5 eV step intensity no longer holds.
‘H2S 0 4 T which has the lowest 4.5 eV step intensity at 0.0V and here displays a 3.5 eV
oxide intensity of comparable magnitude that of ‘H2S 0 43’, which has the highest 4.5 eV
step intensity at 0.0V. ‘H2S 0 4 2’ and ‘H2S 0 4 3’ both display comparable 3.5eV oxide
intensities at a potential 1.2V to ‘HC104 2’ and ‘HC104 3’ which have similar step
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intensities at 0.0V. The irregular 3.5eV oxide intensity for ‘H2S 0 4 T implies that the
initial morphology of the Au(110) surface at 0.0V does impact the oxidation process and
consequently the detected 3.5 eV intensity at 1.2V, but this is not solely correlated to the
4.5 eV intensity, contrary to figure 6.21. This is discussed in more depth in chapter 7,
which explores further the effect of initial morphology variation introduced by the
flame annealing procedure.

6.5 Sequential Flame Annealing
6.5.1 Introduction
The variation in RA spectra which is observed between experiments was discussed in
the previous section and it was shown that the initial RA profile of the surface at 0.0V
varies in several ways; the intensity of the principle peaks i.e. the 2.5eV and 3.5 eV
peaks, the intensity of the 4.5 eV step signal, and in the shape and intensity of the 1.5 eV
to 2.5 eV region. The RA profile in these regions is sensitive to the changes in surface
morphology which occur between preparation cycles (section 6.4). In section 6.4.1, it
was also shown that the initial form of the RA profile has a subsequent effect on the
behaviour of the surface as surface reconstructions, hydroxide formation and oxide layer
formation occur.
Over the course of several years experimentation with the Au(110) surface as a
substrate for RAS studies, there appears to be certain trends of behaviour in the RA
profiles as a crystal is sequentially flame annealed. A transition from a very low intensity
RA profile with poorly defined features is generally found to transform into a more
intense RA profile with well defined features over the course of the first seven to ten
flame anneals. However, this does not always occur linearly and large variations in
intensity and features can be experienced between each flame annealing event. Highly
reproducible surfaces (similar RA profiles) can however be obtained over the course of
several flame anneal events, normally once the surface has been prepared many times.
The following experiment is designed to track the changes in the RA
profiles of Au(110) over the course of ten flame annealing events starting from the un
flame annealed surface with an aim to understand the effect of the initial morphology
on the surface. RAS verses potential measurements of the Au(110) surface in HC104
electrolyte were carried out immediately following each flame annealing event. Some
quick STM measurements were also carried out in order to gain greater insight into the
physical changes in surface morphology.
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6.5.2 Experimental Procedure
The starting point for this experiment was a new unprepared crystal obtained from
Metals, Oxides and Solids. RAS measurements of the un-flame annealed crystal are
shown earlier in figure 3.13. RAS and STM measurements were carried out immediately
after each flame annealing event. The RAS experiment consisted of obtaining RA
profiles for the Au(110) surface in the potential range of 0.0V and 0.6V to probe
reconstruction dynamics and then at a potential of 1.2V to probe the oxidation process.
After each RAS experiment the Au(110) crystal was cleansed with ultra pure water and
STM scans (500nm x 500nm) where performed in the UHV environment.

6.5.3 STM of the Sequentially Flame Annealed Surface
The STM images of the sequentially annealed Au(110) are displayed in figure 6.27. The
un-flame annealed crystal as expected is visibly rough (figure 6.27 (a)) and has an rms
roughness, a value which quantifies the fluctuations in surface height, of 35.1nm
averaged over 6 scans. The crystal remains rough in flame anneal 1, 2, 3 and 4 but a
flatter morphology becomes visible (figure 6.27 (b)-(e)) which is reflected in the rms
roughness values (table 6.14). After 5 flame anneals (figure 6.27 (f)) the surface displays
large smooth sloped regions separated by large features which are in the order of 3040nm in height. After flame anneals 6 and 7, the large smooth regions seen in flame
anneal 5 are now less sloped. The large features visible in flame anneal 5 which separate
these regions are now lower in height (5-15nm) and now exhibit a rounder shape. The
morphology from flame anneal 7 progresses into flame anneal 8 (figure 6.27 (g)) which
now consists of large uncorrelated mound like features, this is reflected in the rms
roughness values which are higher than that seen after only 1 flame anneal event. This
surface continues to roughen over flame anneal 9 and 10, which is reflected in STM
images and their respective rms roughness values.
A polarising microscope image was taken of the surface after 10 flame anneals
with an aim to understand the increased roughness of the surface (figure 6.28). At this
point in the experiment the surface was seen to be visibly scratched. Since the crystal
was un-polished and un-flame annealed, the scratched morphology which appeared
throughout the course of the experiment and is evident in the microscope image must
be an artefact of the preparation procedure from the manufacturer. As a consequence of
this trend towards further roughening, no further experimentation was carried out on
this surface.
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Figure 6.27: 2D (left) STM images and 3D scan (right) ofA u(110) with sequentialflame
annealing (a)-(k) corresponds to (1-10) flam e anneals.

F igure 6.28: Polarising Microscope Image o f A u (110) after 10flam e Anneals
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2 Units

6.5.4 RAS of the Sequentially Flame Annealed Surface

N um ber o f
F la m e A n n e a ls

1

2

3

4

5

6

7

8

9

10
1 .6 9

P ea k R atio

0 .3 6

1 .0 8

0 .4 6

1.3 3

0 .9 7

1.0 7

0 .5 4

1.2 9

1 .4 0

4 .5 e V In ten sity

3 .7 5

3 .0 3

3 .8 2

2 .4 8

4 .7 5

4 .5 2

6 .2 5

2 .1 5

2 .4 8

1 ,5 1

O x id e In ten sity

-4 .5 5

-1 0 .7 2

-6 .5 9

-1 4 .3 6

- 1 4 .2 0

-9 .7 7

-1 0 .5 1

- 1 6 .3 2

-1 4 .6 3

- 1 1 .3 4

RMsRoughness

9 .1 2

9 .1 2

5 .2 1

6 .1 4

5 .9 0

4 .9 7

9 .3 8

1 5 .8

2 5 .2 8

3 2 .1 2

Table 6.14: RAS o f Am(110) afterflame annealing
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For discussion purposes each data set presented in figure 6.29 will be labelled ‘FA 1FA 10’, corresponding to experiments for flame anneals 1 to 10. From figure 6.29 is it is
evident that no clear systematic changes in the RA profile occur with successive flame
annealing. FA 1 to FA 9 roughly take on the lineshape of the expected RA profile for
Au(110) at a potential of 0.0V documented in section 3.4 . FA 10 corresponds the
highly roughened surface shown in figure 6.27(k) and 6.28, and displays an RA profile
which has completely lost definition in the 2.5 eV feature. The dashed lines are aligned
with the 3.5 eV feature and are used as a guide to show the differences between the
symmetry of the 2.5 and 3.5 eV features.
As the crystal is flame annealed the intensity of the 2.5 and 3.5 eV features vary
between flame anneals, which is reflected in the value for the peak ratio (defined in
section 6.4). Table 6.14 shows the values of the peak ratio and 4.5 eV intensity for each
of the RA profiles at 0.0V along with values for the 3.5 eV feature oxide feature
intensity at 1.2V.
By comparison of the peak ratios, it appears that the variation in the RA profiles
falls into three categories. Those with a low peak ratio (significantly less than 1) resulting
in a 2.5 eV dominated spectra, those with a peak ratio which approximates to 1 i.e. has
sym m e tric a l

2.5 and 3.5 eV features and those with a high peak ratio (significantly more

than 1). As each of these surfaces are varied with potential some trends begin to be
revealed. This clustering of behaviour becomes clearer as the RA profiles are presented
with other RA profiles with similar peak ratio values (figures 6.30 to 6.41). RA profiles
corresponding to FA 10 are seen to not vary at 0.4V and 0.6V and follow clear
correlation to previously observed RAS measurements. For this reason the RAS data for
FA 10 is discounted from the following analysis.

6.5.5 Peak Ratio of < 1
The low peak ratio spectra shown in figure 7.8 to 7.11 display a significantly reduced
3.5

eV feature compared to other spectra discussed in this thesis. RA profiles for ‘FA 1’

and ‘FA 3’ are almost identical except for a slight increase in negative intensity in the 2.5
and 3.5 eV features in ‘FA 3’. As the potential is stepped to 0.4V and 0.6V the three RA
profile lineshapes remain commensurate accounting for their initial intensity variations.
The ‘FA 7’ RA profile displays considerably higher step intensity but retains a very
similar line shape as the other two RA profiles in this peak ratio category at potentials of
0.0V, 0.4V and 0.6V respectively. As expected from the relationship between steps and
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oxide intensity described in section 6.4.3, the ‘FA 7’ system goes on to display the
highest oxide intensity in figure 6.33. However, the ‘FA Y and ‘FA 3’ systems both have
very similar intensities yet ‘FA 1’ displays a lower 3.5 eV feature at oxide potentials.

Re — x10'J

Figure 6.30: RA Profiles o f Au(110) at 0.0 V with peak ratio o f less than 1

Figure 6.31: RA Profiles ofA u(110) at 0.4V with peak ratio o f less than 1
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Re — *10-3

Figure 6.32: RA Profiles ofA u(110) at 0.6V with peak ratio o f less than 1

Figure 6.33: The 3.5 eV RA feature at 10mV/s on the range O.OV to 1.2VforAu(110) with
peak ratio less than 1

6.5.6 Peak Ratio ~ 1
The RA profiles with PR values close to one are grouped in figures 7.12 to 7.15. The
RA profiles displayed in this peak ratio category bare a close relation to the ‘HC104 2’
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RA profiles presented in section 6.4.3. The 0.0V RA profiles (figure 6.34) for ‘FA 2’ and
‘FA 6’ have identical step intensities but differ in 2.5 eV and 3.5 eV intensity, whereas
‘FA 2’ and ‘FA 5’ have almost identical 2.5 eV and 3.5 eV intensities but differing step
intensities. As the potential is stepped to 0.4V (figure 6.35), the RA profiles in this PR
category once again remain at similar differences in intensity to those seen at 0.0V. The
RA profiles in this category change their lineshape in similar manner at 0.4V but
differently to that seen at this potential in the low PR category. At 0.6V (figure 6.36),
‘FA 2’ experiences less increase in the 2.5 eV feature than is observed in ‘FA 5’ and ‘FA
6’, this is due to the reduced initial 4.5 eV intensity and shows a more limited transition
to the unreconstructed surface. This supports the findings presented in section 6.4.3,
which show that initial step concentration affects reconstruction dynamics. In this
category the system with the greatest oxide intensity is ‘FA 5’, which has the highest 4.5
eV intensity at 0.0V. The next highest is ‘FA 2’ which has the lowest step intensity of
this category. This is a similar situation to that seen in section 6.4.5 of the ‘H2S 0 4 T
system, which displays low initial 4.5 eV intensity but yields high oxide intensities, which
again implies that values for the 3.5 eV oxide intensities are coupled to the intensity of
the lower energy 2.5 eV and 3.5 eV features.
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figure 6.35: RA Profiles o f the A u( 110) at 0.4 V with peak ratio o f approximately 1

Figure 6.36: RA Profiles ofA u(110) at 0.6V with peak ratio o f approximately 1
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Figure 6.37: The 3.5eV RA feature at 10mV/s on the range 0.0V to 1,2V forA u(110) with a
peak ratio o f approximately

6.5.7 Peak Ratio > 1
The RA profiles which correspond to high peak ratio values are grouped in figures 6.38
to 6.41. The RA profiles displayed in this peak ratio category bare a close relation to the
HC104 3 RA profiles presented in section 6.4.3. In this peak ratio category the 4.5 eV
intensities are all of similar magnitude, however differences in the intensities of the
2.5 eV and 3.5 eV features are evident. As the potential is raised, the lineshapes in this
category which are experienced at 0.4V (figure 6.39) and 0.6V (figure 6.40) change in a
similar fashion, but again differendy to that experienced in the other two peak ratio
categories. The intensity differences of the 2.5 eV and 3.5 eV features remain constant
at 0.0V, 0.4V and 0.6V. The oxide intensities seen in figure 6.41 are all higher than those
seen in the other two peak ratio categories, but in this case there is very little variation
between intensity.

149

8

6

-6

-8

-------------------------------------------------------- -- ----------------------- -------- -----------4 Flame Anneals -----8 Flame Anneals ----- 9 Flame Anneals

Figure 6.38: RA Profiles ofA u(110) at 0.0V with peak ratio o f more than 1

Figure 6.39: RA Profiles ofA u(110) at 0.4V with peak ratio o f more than 1
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Figure 6.40: RA Profiles ofA u(110) at 0.6V with peak ratio o f more than 1
Voltage (V)

Figure 6.41: The 3.5 eV RA feature at 10mV/s on the range 0.0V to 1,2V forA u(110) with a
peak greater than 1
By grouping the RA profiles in categories relating to their initial lineshapes at 0.0V,
definite trends appear. RA profiles which have similar step intensities but differing
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2.5 eV and 3.5 eV intensities, have different oxide intensities. The dependence on oxide
intensity on RA profile feature intensities at 0.0V other than the 4.5eV intensity, is
explored in the next section. It is also revealed that the initial morphology of the surface
effects how the lineshapes in the 2.5 eV to 3.5 eV region change as the potential is
varied through the region of reconstruction. This ‘peak activity’ i.e. the degree to which
the principle feature move from their initial positions at 0.0V appears to reduce with
lower peak ratio.
Three defined clusters of behaviour correlate to the three peak ratio categories
described above. RA profiles in the low peak ratio category see less variation between
0.4V and 0.6V, and do not display the ‘primary (lx l)’ which is introduced in section 6.2.
Surfaces which display a low peak ratio, have 2.5 eV intensities higher than is seen in the
3.5 eV feature, however the intensity of the 2.5 eV feature of these RA profiles is lower
than is measured for the other 6 flame annealed surfaces presented in this analysis. This
type of low peak ratio lineshape is generally observed at a potential of 0.6V in acidic
electrolytes. The RA profiles seen in this category are therefore indicative of a higher
concentration of (lx l) domains. As discussed in section 6.2, a ‘primary (lx l)’ is not
evident in the potential range for Au(110) in KOH, which is expected to be
predominantly (lx l) throughout its entire potential range. The RA profiles seen in
figures 6.30 and 6.31 bare a close resemblance to that seen in the KOH system. This
supports the hypothesis that the ‘primary (lx l)’ is a mixture of (1x2) and (lx l) domains,
and since there is less (1x2) in the RA profiles seen in the low peak category a more
efficient transition to the (lx l) reconstruction has occurred. ‘Primary (lx l)’ RA profiles
are present in the other two peak categories. These have higher values of 2.5 eV
intensity and 0.0V and consequently have a greater mixture of the (1x2) and (lxl)
domains at 0.4V. At a potential of 0.6V for the peak ~ 1 category, the RA profiles are
very similar to that seen at 0.6V in the peak ratio < 1 category. This implies that a full
conversion from (1x2) to (lx l) has occurred. At a potential of 0.6V in the peak > 1,
category the RA profiles continue to take the form of that seen at a potential of 0.4V.
This implies that a full conversion of the (1x2) domains on the surface has not occurred.

6.5.8 Prediction of 3.5 eV Oxide Intensities
From the analysis of the variation in morphology and subsequent variation in RA
features due to flame annealing, it appears that the intensity of the 3.5eV feature at
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oxide potentials is dependent on the initial intensities of the RA features at 0.0V. The
following analysis was devised to predict the 3.5 eV oxide intensity at a potential of 1.2V
from the initial intensities of the 3.5 eV and 4.5 eV features.
A(/35eV) +B(/ 45eV) = Model Oxide Intensity

6.1

where, I is the intensity of the feature at 0.0V, and A and B are multiplicity factors
generated from less squared regression analysis.
Number of Flame Anneals
1

2

3

4

5

6

7

8

9

Figure 6.42: 3.5 eV Intensities at 1.2V Vs Flame Annealing (árelesj and modelled oxide intensity
values generated from equation 6.1 (crosses)
The generated oxide intensities are plotted in figure 6.42 with the recorded oxide
intensities from the flame annealing experiment described in the previous section. The
generated multiplicity factors A and B are 2.23 and 1.14 respectively. This reveals that
the largest influence on the oxide intensity arises from the 3.5eV feature with a
significant influence also present from the 4.5 eV.

R e c o rd e d O x id e In ten sity
P re d ic te d O x id e In ten sity

h 2s o 4i

H2S 0 42

H2S 0 43

-17.94
-15.79

-11.98
-12.26

-17.78
-15.73

Fable 6.15: Recorded andpredicted oxide intensitiesfrom equation 7.1
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In order to verify that the values for A and B generated from equation 6.1 can predict
the oxide intensity, the intensity values of the 3.5 eV and 4.5 eV features retrieved from
data sets ‘H2S 0 4 1’, ‘H2S 0 4 2’ and ‘H2S 0 4 3’ from section 6.4.5, which were shown to
not directly correlate with 4.5 eV intensity, are inputted into equation 6.1. The results
are plotted in table 6.15. ‘H2S 0 4 T is predicted to within 13%, ‘H2S 0 4 2’ to 3% and
‘H2S 0 4 3’ to 12%. As described in the section 2.2 absolute values of the RAS can be
easily affected by misalignment of the components, between experiments and therefore
the results presented here are better than expected. Taking into account potential
alignment errors, differing crystals used between experiments, differing electrolyte and
that the predicted 3.5 eV intensities are generated from only two parameters, the results
presented here are very convincing.
The results above show that there is a distinct correlation between the initial
morphology at a potential of 0.0V and the intensity of the 3.5 eV feature at 1.2V. This
analysis rectifies the issue of lack of correlation of the oxide peak to the 4.5 eV feature
which was evident in the HC104 electrolyte but not in H2S 0 4. The results here show
that there is indeed a correlation to 4.5 eV intensity and therefore step concentration but
the intensity of the 3.5 eV feature must be taken into account. This is also an example of
how a full understanding of the surface morphology can allow deduction between
effects generated from the anionic content of the electrolyte and that of the surface
itself.

6.6 Summary
In this chapter RAS has been employed in the investigation on the effect of electrolyte
and surface morphology on reconstruction and hydroxide and oxide layer formation.
These investigations have shown that RAS is a useful complementary technique to
conventional electrochemical methods such as cyclic voltammetry and can provide
surface sensitive structural information where other techniques cannot.
In KOH solution no characteristic RA profiles for the (1x2) or hydroxide
surfaces were found at any point in the potential range positive of the PZC up to oxide
layer formation. The characteristic hydroxide RA profile previously reported by Smith et
al. [105] is proposed in this chapter to be indicative of the pre-oxidation OH' place
exchange process. This process is known to induce faceting on the surface. (I ll)
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microfacets are essentially small regions of (1x3) reconstruction and their proliferation
on the surface during this process transforms the RA profile into the form seen at
negative potentials which correlates to the (1x3) reconstruction. The absence of this
profile in KOH is due to the lack of anionic adsorption in the potential range between
the PZC and oxidation, which is present in acidic solutions, this results in a reduced
intensity of the 3.5 eV feature at oxide potentials, which it is proposed in this thesis may
be a probe of oxide layer thickness.
The shift to a lower energy of the 3rd transition generated from fitting
parameters using the three phase model is shown to correlate to differing strength of
adsorption of anions in the supporting electrolyte. Changes in this transition along with
the other coupled transitions affect the shape of the RA profile in the potential range
where the (lx2)->(lxl) transition and anion adsorption occurs. The ‘primary (lx l)’ RA
profile is found in acidic solutions at 0.4V but at no point in the potential range in the
basic KOH solution. The ‘primary (lx l)’ is therefore attributed to a surface consisting
of both (1x2) and (lx l) domains. Au(110) surfaces in acid solution then undergo
transition to an RA profile which is seen in the KOH system, at 0.6V. This is thought to
involve some restructuring of (lx l) domains and steps which is facilitated by adsorbing
anions.
Examining the rate of change of the 3.5 eV feature in the RAS reveals that the
presence of the stronger adsorbing S 0 42' anion delays oxidation by 55mV and also alters
the rate of oxidation and reduction. The lack of an adsorbing anion in the KOH
solution lowers the rate of oxidation and reduction and extends the range of the
chemical and morphological hysteresis found in the post-oxidation reduction cycle.
These RAS findings coincide with the expected behaviour of Au(110) as documented in
the literature and support what has been deduced so far from conventional
electrochemical methods.
The effect of surface morphology due to the non-uniform flame annealing
procedure is also seen to affect surface processes. Higher degrees of step proliferation
enhance reconstruction dynamics, resulting in transition to the (lx l) at lower potentials
than a surface with lower step proliferation. Steps are also shown to effect the hydroxide
and oxide layer formation, with an optimum step proliferation found for the place
exchange process and higher levels of steps found to enhance oxide layer formation.
The kinetics of anion adsorption were investigated by heating the bulk
electrolyte in the electrochemical cell. It was found that increased degrees of anion
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adsorption brought about by increased thermal energy induced a partial conversion of a
(lx l) reconstructed surface to a (1x2) reconstructed surface.
This chapter concludes with an experiment devised to yield a better understand
of the relationship between the initial surface morphology of the Au(110) surface and
the RA spectral profile. This was done by measuring the RAS of the Au(110) surface as
it is sequentially flame annealed.
No obvious correlation of the RAS profile to the number of flame annealing
events was found. The crystal used for this experiment was found to be of poor quality.
Scratches were found during the course of the experiment, which cannot be accounted
due to the experimental procedure, and are therefore attributed to manufacturer error.
Therefore, from this experiment it cannot be ruled out that with a better quality crystal a
more systematic change in the RA profile will not be observed.
Even so, given the quality of the crystal some very useful deductions were made.
It was found that RA profiles corresponding to surfaces with varying morphology
display clustering of behaviour and can be categorized into three types. Each category
correlates to the relative intensity of the 2.5 eV and 3.5 eV features at a potential of
0.0V. Spectra with low peak ratios have similar relative intensities to RA profiles a 0.6V
in acidic solutions indicating a surface with fewer domains of the (1x2) surface
reconstruction. Consequently, as observed in the KOH system the ‘primary (lx l)’ is not
observed, thus confirming that the ‘primary (lx l)’ RA profile corresponds to a mixed
(1x2) and (lx l) surface. Conversely the RA profiles with a high peak ratio do not fully
convert to the ‘secondary (lx l)’ which is generally seen at a potential of 0.6V due to a
high initial content of (1x2) surface reconstruction.
Using the values of the 3.5 eV intensity at a potential of 1.2V, a formulae was
developed for predicting the 3.5 eV intensity at oxidation potentials. Good agreement
between the predicted values generated by the developed formulae and RAS
measurements of Au(110) in H2S 0 4, show that there is a strong relationship between
the initial intensity of the 3.5 eV and 4.5 eV features to the intensity of oxide feature at a
potential of 1.2V and also that the extent of the fully developed oxide layer is insensitive
to differing electrolyte.
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Chapter 7
Conclusion
The conclusions from each chapter are summarised and some
comments on possible further work are made.
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7.1 Summary of Findings
7.1.1 T he Au(110) Surface
The sensitivity of RAS to the electrochemically induced surface reconstruction has been
demonstrated. The RA profile of the Au(110) surface in the electrochemical
environment is comparable to the that seen in the UHV environment. The RA profile
for the Au(l 10) surface in HC104 is simulated with the three-phase model. It was shown
that individual components of the model are sensitive to the changes in surface
structure induced by the transition between the reconstructed surfaces to the
unreconstructed surface. The 2nd transition in particular which is primarily responsible
for reproducing the feature at 2.5eV in the RA profile is shown to shift to a higher
energy during transition to the unreconstructed (lx l) surface and to a lower energy
during transition to the higher order (1x3) reconstruction. Generation of quantitative
information relating to surface structural changes due to reconstruction from the RA
profile is therefore demonstrated. The RAS of the un-flame annealed surface was
compared to the flame-annealed surface. It was found via use of the three-phase model
that although quantitatively a very different surface, a lineshape which is comparable to
the flame-annealed Au(110) surface at a potential of 0.0V can be produced with a small
change in a single transition.

7.1.2 Origin of Spectral Features: Inform ation from M odification of
the Au(110) Surface
The RAS of Au(110) with a Cu overlayer achieved by UPD and the RAS of Au(110) of
a UHV deposited layer of Pd were investigated. In both cases the amount of deposited
material was small, however a substantial ‘opposite effect’ is observed in the RAS of
these systems. The UPD system displayed an increases in the region attributed to
essentially bulk states modified by the surface, the opposite of this behaviour was seen
in the annealed Pd system. The opposite effect observed here is due to the different
modes of adsorption on the surface. A termination of Cu atoms achieved via UPD, and
a subsurface mixed Au/Pd layer arising via surface segregation due to the annealing
procedure. The RAS spectral profile was thus shown to be sensitive to submonolayer
adsorption of metals and to their arrangement on the surface. A shift to higher energy
was seen due to the overlayer Cu system, and a shift to low energy for the subsurface Pd
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layer, thus displaying the sensitivity of the 3rd transition to surface coverage and the
second and third layer of atoms.

7.1.3 T he Electrochem ical O xidation of the Au(110) Surface
The ability of RAS to detect the onset of the oxidation process was investigated. It was
found that RAS could detect the initiation of oxidation producing a large signal.
Evidence is presented to suggest that this peak is sensitive to the thickness of the oxide
layer. Further sensitivity to pre-oxide layer formation states such hydroxide layer
formation was also isolated along with sensitivity to the chemical and morphological
hysteresis seen on the surface as it is returned to its initial state. RA profiles measured
during the expected potential range for the onset of hydroxide formation, display a
striking similarity to those seen at highly negative potentials where the (1x3)
reconstruction is the equilibrium surface, this is confirmed by a shift of the 2nd transition
to a lower energy as seen for the (1x3) reconstruction in chapter 3. This is attributed to
the formation of (111) microfacets and consequendy small localised domains of (1x3)
reconstruction on the surface, created by the place-exchange process which occurs
during hydroxide layer formation in acidic solutions. The large signal generated due to
the oxidation process, is simulated by a shift of the 3td transition to a higher energy, also
seen in the overlayer Cu system. The intensity of the 3.5eV feature of RA profile is
therefore shown to be a probe of surface coverage.

7.1.4 T he Effect of Electrolyte and Surface M orphology on the
Au(110) Surface
Major differences were observed between the alkali KOH solution and the acidic
HC104 and H2S 0 4 solutions, including changes in the reconstruction dynamics and the
onset of oxidation in terms of the point at which these events occur in the potential
range. A ‘primary (lx l)’ RA profile is defined, and is shown not to occur in the alkali
KOH system which does not display the characteristic (1x2) RA profile described in
chapter 3. This is described as an intermediary stage of the (1x2)

(lx l)

reconstruction, consisting of mixed (1x2) and (lx l) domains. A shift of the 2nd transition
to higher energy attributed to the shift to the unreconstructed (lx l) surface from the
reconstructed (1x2) in chapter 3, is seen to occur over a larger potential range, in
systems with a lower 4.5eV intensity at 0.0V, thus displaying the effect of the initial
concentration of steps on this surface phase transition. Changes in energy of the 3rd
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transition are observed to correlate with the strength of the adsorbing anion in the
solution, thus displaying the sensitivity of RAS to the specific adsorption of anions.
As the surface is sequentially flame annealed no clear systematic trend is evident
between RA profiles. However, it is found that similar reconstruction and oxidation
behaviour of the surface is encountered when the profiles are categorized with respect
to the relative intensity of their 2.5eV and 3.5eV features. From the information
presented, a simple formulae is developed for predicting the intensity of the 3.5eV
feature and consequently the oxide thickness from the initial intensity of RA features at
0.0V

7.2 Further Work
Using the findings of this thesis as a framework, it will be possible to create software for
the documentation and analysis of the large volumes of data which will be necessary for
a full understanding of the Au(110) surface. Sorting of data denoted by clustering of
behaviour similar to that shown in chapter 6, and comparative analysis by application of
the three-phase model as shown throughout the thesis will help to elucidate the complex
patterns of behaviour which are evident due to variation in morphology and thus enable
better deduction of the effect of more subtle influences on RA profiles such as the
specific adsorption of anions. A better understanding of the effect of varying
morphology produced from such an endeavour will ensure that less data is discarded,
since the contribution of the substrate will be able to be effectively subtracted from the
effect of studied experimental parameter, regardless of the initial morphology.
The work contained in each chapter of this thesis has scope to be expanded
upon. Simply through large volumes of repeats, will the effects of the experimental
parameters be more effectively exposed. This is especially true for the flame annealing
experiment documented in chapter 6, a true representation of this experiment could be
not be achieved due to the quality of the crystal used. For future investigation into the
effect of electrolyte, the addition of a strongly adsorbing halide anion such as Br to a
perchloric acid electrolyte will make the effect of the anion more pronounced from that
of the substrate. A combined in situ STM study would also be very useful.
A comparative study of RAS and its sister technique SHG will have the benefit
of furthering the development of both techniques. RAS and SHG will provide
complementary information on the interfacial reactions occurring at the single crystal
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electrode surface. SHG has been shown to be highly sensitive to the degree of
micro facetting on the Au(llO), and therefore to the degree of surface reconstruction
[122] and more recently oxidation [123]. The complementary nature arises because RAS
is sensitive to interfaces possessing 1-fold and 2-fold symmetries, while SHG is
additionally sensitive to 3-fold and 4-fold symmetries. The sensitivity of SHG to
structures with different symmetries could be exploited to gain a much greater
knowledge into the effect of electrolytes on the electrode surface as attempted in this
thesis.

7.3 Concluding Remarks
Progress has been made towards pinning down spectral signatures for the individual
surface reconstructions of the Au(110) surface in the electrochemical environment.
Sensitivity of RAS is demonstrated for each reconstruction and the transitions between
them, proving the structural sensitivity of the technique to electrode surfaces. This is
vital for future application of the technique to the solid/liquid interface, a region which
holds the key to a number of fundamental future scientific breakthroughs.
Submonolayer sensitivity to a wide range of surface processes will prove to be an
attractive prospect for many research laboratories, hopefully establishing the technique
as a standard complimentary tool for use with the electrochemical environment. The
work contained in this thesis points towards a promising future for RAS.
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