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Abstract

Recent research suggests that AuxAgioo-x alloy films and alloy derived nanostructures (e.g.
ordered arrays, nanoporous structure) with controlled geometry, composition and distribution
can exhibit a range of new optical phenomena. The controlled electrodeposition of alloy
nanostructures is desirable as it could provide pathways for the development of many new
applications.

Electrodeposition of Au and AuxAgioo-x alloys is commonly based on cyanide baths. In this
work, AuxAgioox alloys with different compositions have been electrodeposited using less
toxic thiosulphate solutions. Alloys of different compositions (from Aus7Agss to Au22Ag7s)
were obtained from solutions with different Au*: Ag™ ion ratios by constant potential
deposition. The XPS analysis of films of different thicknesses (range 20 nm-100nm) showed
that the composition of electrodeposited films was homogenous and consistent during
growth. In addition to that, the design of nanopatterned alloy structures on transparent
substrates for potential plasmonic applications has been demonstrated.

The electrodeposited AuxAgioox alloys were used to obtain nanoporous gold (NPG) by
selective electrochemical Ag dissolution. The potential at which Ag dissolution takes place,
known as critical potential, changed to more positive potentials with the increase of Au
content as expected. The resulted porous structures of Au were characterised
electrochemically by surface area measurements using Pb underpotential deposition (UPD).
It was observed that repeated cycling of Pb UPD on the NPG led to changes in the surface
porosity. Following up on the studies of surface-alloying during Pb UPD on Au in our group,
Pb UPD was then explored as a 'tool' to alter the size of porosity. Repeated potential cycling
of Pb UPD on NPG resulted in ‘coarsening’ of the porous structure. The study has shown
changes in porosity size depending on the number of potential scans, scan rate and the initial
size of Au ligaments (i.e. initial alloy composition). Monitoring of the evolution of the NPG
structures with cycling was done using electrochemical and surface characterisation.

Surface characterisation of alloys using UPD processes is one of the goals of electrochemical
surface science. The electrodeposited AuxAgioox alloys were analysed by Pb UPD and Cu
UPD processes. Pb UPD has been studied extensively in the past on both pure Au and pure
Ag surfaces. The main peaks of Pb UPD characteristic for pure Ag shifted towards more
positive values with higher Au content in the alloys. Also, Pb UPD voltammograms on
AuxAgio00-x Showed an unusual peak in the most negative cathodic direction (around 0.03 V
vs Pb/Pb?*). A systematic study of Pb UPD on pure Ag films electrodeposited from three
different solutions (thiosulphate, perchlorate solution, and surfactant mediated growth (with
Pb UPD as mediator)) confirmed that the peak is related to the Ag compound and
thiosulphate. In contrast to Pb, Cu is a metal that forms the UPD layer on Au but not on Ag.
Cu UPD voltammograms showed similar shifts in the peaks potentials towards more positive
values with the increase of Au content in the alloys. The charges measured for the Cu UPD
layer (in both sulphate and perchlorate background solutions) decreased with the increase in
the alloy's Ag content. The observations and measurements followed a general trend
observed on bulk alloys of different composition previously reported.
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1 Chapter - Introduction

1.1 Applications of Au, Ag and AuxAgioo-x alloys

Silver (Ag) and gold (Au) are noble metals of particular interest for future plasmonic,
catalytic and (bio)sensing applications due to their unique optical properties and coupling
with light in the visible range.'? Recent studies suggest that AuxAgioox alloy nanostructures
of different geometry, composition and size can exhibit interesting new optical phenomena.*
4 While most of the research so far has been devoted to understanding the effects of single-
metal nano particles' size and shape, there is a newly emerging interest in exploring alloys'
optical and plasmonic properties.*

Throughout history, gold (Au) and silver (Ag) have been used and appreciated in different
decorative applications worldwide. From the mask of Tutankhamun, over the Hall of Mirrors
in the Palace of Versailles in France to the baroque altarpiece inside of "San Francisco Javier"
Temple in Tepotzotlan, Mexico, gold has been treasured for its value, radiance, and chemical
(corrosion) stability. As the most malleable metals, Au and Ag have been extensively used
in jewellery. Au and AuxAgioox alloys in the form of very thin leaves have been used in
paintings and decorations of walls of churches and historical buildings around the world.
Colloidal gold nanoparticles have been used in stained glass windows for centuries and have
been of interest from Faraday® to modern times in molecular detection and quantum

photonics.®

Because of its excellent chemical stability, gold has been used in surface coatings as
protection from corrosion. The biocompatibility of gold has been well known and used in
many different biomedical applications? ©. Gold is commonly used in microelectronics in
packaging for bonding and connectors because of its good properties, such as 310 W/mK and
0.022 pQ m for thermal conductivity and electrical resistivity at 20 °C respectively, gold is
commonly used in microelectronics in packaging for bonding and connectors.’”®
Electrodeposition of gold has been one of the preferred fabrication methods used in
microelectronic circuits and micro-electro-mechanical systems (MEMS) for electrical
connections, structural layers, adsorber layers and bonding pads on devices.®*®
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Silver is another very important noble metal that readily alloys with Au. It has been used for
decorative purposes in jewellery, cutlery, cosmetics, and different surface coatings for optical
applications. It has been studied extensively due to its antimicrobial 112 and antifungicide®®
15 properties. Silver is not as stable chemically and biocompatible!®'’ as Au due to oxide
formation on the surface. One way to improve stability and avoid oxide formation is by

alloying with more noble, chemically stable metals such as Au.

Au and Ag mixing (alloying) has been of great interest as a model system of random solid
solution over the whole range of compositions.® * The formation of nanoporous gold (NPG)
by selective dissolution of Ag from Au-Ag alloys has been central in the theory of dealloying
and understanding of the processes during nanoporosity formation.’8® The NPG is an
important metamaterial with a high surface area that has been explored in applications for

sensing, plasmonics, functional electrodes in fuel cells and batteries.?%-

Many different deposition techniques have been used to produce Au-Ag alloys. The common
ways to make bulk samples such as ingots, foils and wires include casting Au and Ag metals
followed by cold-rolling and wiredrawing?%. The advanced applications of Au-Ag alloys
of current interest in sensing and microelectronics require a high control of morphology,
crystal structure, and composition on nano-and micrometre length scales, often with complex
geometries (such as patterned electrodes, high aspect arrays, nanorods, thin films, etc.)’. The
growth of Au, Ag and Au-Ag nano-alloys and microstructures via evaporation, spray-
pyrolysis, sputtering, and chemical reactions have been explored %", However, these
methods have limitations regarding the uniform and void-free growth of complex geometries
(high aspect ratio features), difficulties of processing in an industrial setting that include low
deposition rates, a lot of wasted material, and high cost. Electrodeposition on the other hand
is a powerful technique suitable for microfabrication because of its versatility, selectivity,

easy control and low cost.® %%

As noble metals with very high metal/metal ion equilibrium potentials, Au and Ag
electrodeposition are usually done from solutions with complexing agents® 2°. The most
stable and common in industrial processing, are cyanide complexes used in electroplating
(under controlled potential or current) and electroless plating.® ?° Due to the well-known

toxicity of cyanide to human health and environment, development and applications of
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cyanide-free solutions and conditions are of great interest. Free cyanide ions (CN)™ also
present an issue in the nanoelectronics processing because of the incompatibility with the
photoresists used in the circuit patterning, causing their damage and undesired lifting from

the substrates.

The goal of 'green’ electrodeposition of pure Ag and pure Au has advanced over the last few
decades by developing new plating baths based on thiosulphate and sulphite complexes as
they are less harmful complexes suitable for microelectronics applications’® 334 While
electrodepositions of pure Au and pure Ag from the thiosulphate solutions have been
explored, no reported studies systematically explored electrodeposition of Au-Ag alloys. The
control of composition, structure and thickness of alloys would be interesting for designing

nanostructured materials that would be useful in a whole range of applications.

1.1.1 Optical and plasmonic properties of Ag, Au and AuAg alloys

The development of new plasmonic materials has been actively pursued due to their broad
application potential in bio-sensing® *°, photovoltaics®*2’, and catalysis®®. These materials
use the strong interaction between light and the free electron oscillations on the surface of

metals, leading to an electric field enhancement® 342,

Metals are, in general, highly reflective for low frequencies of electromagnetic (EM)
radiation up to the visible light. At higher frequencies (near-infrared and visible light
regions), light penetrates significantly. At ultraviolet frequencies, metals exhibit dielectric
character and allow light propagation with different degrees of attenuation dependant on the
electronic band structure. For example, for noble metals such as Au and Ag, transitions
between the electronic bands lead to strong adsorption in this part of the EM spectra. These

dispersive properties of metals can be explained by the complex dielectric function*::
t(w) =g (w) +igy(w) Eq. 1.1

The e(w) at optical frequencies can be experimentally measured by reflectivity and

determination of the complex refractive index function:
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filw) = Ve = n(w) + ik (w) Eq. 1.2
g =n*—k?and &, = 2nk Eqg. 1.3

where n is the refractive index, and « is the extinction coefficient. k determines the optical
adsorption of EM wave propagating through the metal, which means that the imaginary part
of the dielectric function describes the adsorption of light inside the material. On the other
hand, the real part quantifies the lowering of the velocity of light due to the polarisation of

the material.

The electrons in metals have resonance modes (of frequency w,) that we call plasmons .
The plasma model (also called the Drude model) is used to describe the optical properties of
metals. In the model, a gas of free electrons moves in the field of positive ion cores. The
details of the crystal lattice potential and electron-electron interaction are neglected. The
assumption is that some aspects of the band structure are incorporated in the effective optical
mass of each electron. The model will be described below.

The electrons can ne be considered to oscillate in the electromagnetic field, and their motion
is damped with characteristic collision frequency y = 7~ (of the order of 100 THz), where
7 is known as the relaxation time of the free electron gas (~10~1* s) at room temperature.
The equation of motion for an electron movement of plasma gas subjected to external electric
field E is given by

2

d“x dx
mﬁ+my5— —eFE Eq.1.4

where m is the mass of the electron and e is the charge of the electron.

If E(t) = E; e~'t, i.e. we consider harmonic time dependence of the field, the solution of

the equation that describes the oscillations of the electron as:

x(t) = ————E(t) Eq. 15

m(w2+iyw)
The polarisation is the dipole moment per unit volume, is then

2
P=-nex=————FE Eq. 1.6

m(w2+iyw)
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It is known that the dielectric displacement field is related with the polarisation by
D(w) = ggE(w) + P(w) = gp&-(w)E(w) EQ. 1.7
Then, the relative dielectric function can be defined as

P(w) ne? w3

Er((l)) =1+ m =1- m =1- @2+iym) Eq 1.8
The real and imaginary components in Eq. 1.1 are:
= 1--2"_ and = o Eq. 1.9
&(w) = regz N &(w) = 502107 q. 1.

2

where the plasma frequency wp” 0f the free electron gas is defined as

2
w? == Eq. 1.10

Eom
In the range of frequencies of w < w, we can consider the following case:

a) for the negligible damping, i.e. frequencies close to wp, the dielectric function is real:

2
e(w)y=1-22 Eq. 1.11

p
0)2
b) for considerable damping, i.e. for the low frequencies, the dielectric function is

predominantly imaginary (&,"¢;) and the metals in this region are adsorbing.

2
‘L'(L)p

nxK= Eq. 1.12

2w

For the transverse waves in the frequency regime of w < w,, the propagation of transverse

waves is forbidden, and only longitudinal waves can occur.

I1) In the range of frequencies w > w,, the transverse waves can propagate. This is the
transparency regime. The dispersion relation of the travelling wave with the wave vector k

IS given as:

w? = wj +k*c*  Eq.1.13
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Volume plasmons - Following the analysis above, it can be concluded that the plasma
frequency w,, has a specific meaning. First, we can see that at the low damping limit, Eq.
1.10 e(wp) = 0. Such excitation corresponds to a collective longitudinal mode of electrons
motion. From Eq. 1.7, we can see that the electric field is a pure depolarisation field in this
case. This can be understood as the electric field created by a collective longitudinal
oscillation of the electron gas versus a fixed positive background of ion cores. For the
collective displacement u of the electron cloud (Ne) create the dipole establishing the electric
field E = Neu/¢, so the electrons experience a restorative force (—NeE), and their motion
can be described by equation

Ld2u _ _ NZe?
Nm prol NeE = o u Eqg. 1.14
2
St wpu=0 Eq. 1.15
= e Eq. 1.16
Wp = e q. L

Therefore, the frequency w,, can be recognized as the natural frequency of free electron
cloud. These oscillations are called 'volume plasmons' distinguished from 'surface plasmons'
that we will describe in the next section.

Surface Plasmons - When light (EM wave) interacts with the metal surface, it couples with
the electrons plasma oscillations, resulting in surface plasmons that can propagate at the

interface between the dielectric and conductor.

We can consider the case of a metal surface in contact with a dielectric media of dielectric
constants &, and e, respectively. For the propagating electromagnetic wave at the surface
(in the x-direction), only transversal magnetic modes (TM) will exist, as illustrated in Fig.
1.1 a). The electric and magnetic components of the TM wave will be harmonic solutions for
both media®® 4344, The conditions for these fields are that the magnetic component in the y-
direction (Hy) and the electric component in z-direction (Ez) are the same value at the surface

for both media. Also, it is known that**

2
K + = (em2) Eq. 1.17
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where c is the speed of lightand k,,, and k,,,, are the x and z components of the wave vector
in the metal, respectively*. Analogously, a similar expression can be obtained for the wave
vectors components in the dielectric media. Including the harmonic solutions in Maxwell's
equations, and considering the boundary conditions and Eq. 1.16, it can be obtained*-4

Kem | Ked _ Eq. 1.18

&m €d

As the wave vector along the x direction needs to be the same in both media, k,, then the
following dispersion relation for the surface plasmon (SP) moving along the surface can be

obtained3? 43-44

1/2
e = ksp = 5 (225) 7 Eq. 119

A \em+eq

Looking at the dispersion relation for the optical frequencies, the real part of &, is negative.
Considering an imaginary component of both dielectric constants is small, then kgp is purely
real if the real part of ¢, is smaller than -g; **. The coupling of light with the oscillating
electrons has resonance modes (frequency wsp) that we call surface plasmons3 %2, In the case
of the metal surface, the incident light forms a quantized oscillation of plasma, called surface

plasmon polariton.

The electric field decays exponentially with the distance from the surface, as seen in Fig. 1.1
b), with the decay in the metal side being faster than on the dielectric side. The plasmons'
exponential decay indicates that they are bounded to the surface and do not emit any electric

field far from it>°. The penetration depth in the dielectric and metal are given by the inverse

of the imaginary components of k., and k4%
8y == [fatRelem) pq 20

2 —&d

_i gq+Re(em)
m = o /—_Re -5 Eq.121

Another characteristic of surface plasmon polaritons is the propagation length that
corresponds to the distance where the intensity is reduced to 1/e of the maximum value

obtained from?: 3% 4344
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) 3/2
_ 2 (Re(em) (fﬁRe(em)) Eq. 1.22

x 2t Im(gm) gqRe(em)

Because metals contain many electrons and have a low dispersion at frequencies lower than
op, plasmons are sustained®. Plasmon frequency will depend on the material used, such as
the composition, size and shape of particles*®*”. Plasmons can be manipulated depending on

the material used, the size and shape of the material to match a wavelength® 374849,

a) zA b) -1
Dielectric T
&
\\R //:\\ f‘\\ . | J el
Il'/’\\lll Ilm Bm/ -
T -~ +++ —— /T
Metal

Fig. 1.1. a) Surface plasmon polaritron formed at the surface of a metal and b) electric
component of a surface plasmon with distance from the surface. The electric field in the
direction perpendicular to the surface decays exponentially, which indicates that the plasmon

stays at the surface. Figure adapted from Ref 3°.

In the case of metallic nanoparticles, the incident light has a wavelength bigger than the size
of particles, which results in the displacement of the free electrons forming a dipole. As
illustrated in Fig. 1.2, the attractive Coulomb force between the electrons and nuclei acts as
a restoring force resulting in the electron cloud's oscillations. In this case, the oscillation of
the electron cloud is referred to as localized surface plasmons (LSP). These plasmons
oscillate at the interface of a nanoparticle conductor and a dielectric 3% 42 %47, Considering
the simplest case of spherical particles of radius R smaller than the wavelength of the incident
light, as in Fig. 1.2, then the electrostatic potential in spherical coordinates for this case is

divided in the section inside and outside of the particle and can be written as**
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¢(r,6,9) = X2 Zin=—t Um? Y (6, ¢), for 0 <7 <R Eq.1.23
¢(r,0,0) = %20 Line—1 bim 7 Yim (6, 9) , for r = R Eq.1.24

where Y;,,,(6, @) the spherical harmonic function. Using the boundary conditions that the

potential at the centre of the particle and infinity is zero, that the potential and the derivative

s‘z}—f must be the same at the radius R, then the dispersion relation can be obtained**

fmy®l_0 Eq125

&d l
where [ is a positive integer.

Considering the metal dispersion, according to Drude

w; = Wy (;)1/2 Eqg. 1.26

gq(1+D)+1

The case of [ = 1 corresponds to a dipole mode, which corresponds to the spherical particle.

In this case, the electric field outside the particle can be seen as***

Eout(x,y,2) = EyZ — (MR3EO) (ri —Zxk+y9+ zé)) Eqg. 1.27

em+2€4 3 rs
When considering electrostatics, the polarisability a can be written then as**44

a=-m"dp3 Eq. 128

Emt2&4

Equation 1.27 shows that @ depends on the size of the particle.

E-tield «+7%w. Metal
" sphere
/{ /{k p “, T
b )

Fig. 1.2. Schematic of Localized surface plasmon oscillations. Figure taken from Ref °.
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Ag and Au are considered the best plasmonic materials in the visible light region due to their
low energy loss and high coupling of plasmons* 42 %0, Silver is a metal that exhibits many
advantages over gold, such as higher extinction coefficients in the blue and UV region of the
EM spectrum, sharper extinction bands and extremely high field enhancements. Au is the
second-best plasmonic material in the visible region. Both Au and Ag have a low imaginary
component of dielectric constant, attributed to a very low energy loss®® !, as illustrated in
Fig. 1.3.
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Fig. 1.3. Au dielectric function a) real and b) imaginary components. Ag dielectric function

c) real and d) imaginary components. Figure taken from °Z.

Au and Ag nanoparticles with different sizes and shapes exhibit properties that can be
exploited in photovoltaics®® “¢ and sensors. In Surface Enhanced Raman Spectroscopy
(SERS), the Raman signal of an adsorbed molecule could be significantly enhanced due to

the surface plasmons.®-®
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1.1.2 Nanoporous gold

Another material of interest that can be obtained from Au-alloys is nanoporous gold (NPG).
NPG is a well-known metamaterial derived from the AgxAuicox alloys by selective
dissolution of Ag by a process called dealloying. NPG can be described as a bi-continuous
structure composed of the interconnected network of solid (Au) ligaments and voids (or

pores)!® 2152 35 seen in Fig. 1.4.1°

Fig. 1.4. SEM images of a nanoporous gold film obtained from the dissolution of an Auz2Ages
in nitric acid under free corrosion conditions. a) A cross-section and b) a planar view of the

bicontinuous ligament-hole structure. Figure taken from Ref *°.

NPG is an extensively studied material due to its unique structure that can be exploited in
many applications. Because the sizes of ligaments and pores are in the nanometer regime,
NPG could be used for optical applications such as Surface Enhanced Raman Spectroscopy
(SERS)%3%5 or Surface Enhanced Fluorescence®. Due to the high surface area, this material
has been studied for biosensing®’ and catalytic?® 57-6° applications. Due to high surface stress
originating from charge changes at the surface, NPG shows a macroscopic strain that could
be used for actuation®®? and sensing®%. An actuator is a material that can change its
physical properties, getting compressed or stretched, due to some energy, such as electric,
chemical or heat®. Different surrounding media can induce compression of the sample,
which could be used as a chemical characterisation to identify the electrolyte or gases for

chemical actuation.®®
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The structure of NPG varies due to different factors 8198465 The porosity size depends on
the composition of the precursor alloy used, the dealloying method used (such as the scan
rate used for dissolution) and the temperature at which dissolution takes place®. The interest
in this material rises from the unique structure and ligament size of NPG, which can range
from a few nanometres (~5 nm) to 100 nm, which directly affect the material properties (such
as the mechanical, photocatalytic, optical and plasmonic properties). Recent work suggests
that nanoporous gold electrodes derived from Au-Ag alloys show both propagating and

localized surface plasmon resonances®®.

The increased interest in nanoporous plasmonics® suggests that optimising the plasmonic
properties of nanoporous metals for SERS depends on the structure and size of metal
ligaments and pores of the NPG structures. In the most recent work by Jalas et al., optical
transmission of light from the NPG can be tuned by electrochemical processes that affect the
ligament size.%” There is still a lack of clarity and disagreement in the literature on what NPG
structure parameters give rise to different plasmonic responses>->* %8 Moreover, there is very
little knowledge about the effects of different electrochemical surface processes on porosity.
Understanding this will enable easier tuning of the porosity scale, impacting a broad range

of future optical and sensing applications of NPG.

1.2 AuxAgioox alloys characterisation

1.2.1 AuxAgioox alloys Phase diagram

Au and Ag have a range of similar physical properties. Both metals have the face centre cubic
(fcc) crystal structure and lattice parameter of 4.08 A 2 . The difference in electronegativity
of 0.61 is high between Au and Ag, which might increase the alloys' ordering and avoid phase

separation®.

The Au—-Ag system has complete solid solubility over the whole range of compositions and
has one of the simplest phase diagrams. The enthalpy of mixing for the bulk alloy is negative

AH,,;, = —48 meV/atom, which suggests that no additional energy is required to form an
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alloy. Also, the excess in entropy of solid solutions is AS,,;, = —11.12 meV/atom®. The
bulk phase diagram of AuxAg1oo-x alloys is known as isomorphous. The temperature at which
the solid-liquid phase transition occurs increases for more Au rich bulk alloys, as shown in
the phase diagram in Fig. 1.5 a). The phase diagram changes depending on the sample size,
as seen in Fig. 1.5 b). The transition between the solid and liquid phase shifts towards lower

temperatures for samples with nanometric features.

Following the regular solid solution model, the phase diagram can be calculated and
constructed.> * The most recent computational calculations of the phase diagram can be

constructed to show the effects of nanoscale size’® and shape® .

a) & O 1340 &
1060 — 330
i . . e @
1050 | % “T 20 §
1040}~ : Liquid I’u_'h-mr'_,]mo %
S i
1030 A : 300 §
i -
% 1020 V%N RERGE
4 1 3
s 1010 A Solid T a0 B
g- i ’ o »
H 1000}t <4 — — 7 dip7o <
= n/
9§90 ST T T T T eeo
.
980 7y = - 250
A2 ] H1240
- 13
860 1 e S R e e N
950 I
O 10 20 30 40 50 60 70 80 90 100
Au At. %
Ag-Au &dSage‘
b) 1350 Bulk
n r=100nm
« Samples 23] = =50nm
Buffat and Borel [24] ——————1=-50nm

r=20nm

1300 _— 7=-20nm

= -~
= 100w <1. r=10nm

1250 - o5 —

1K)
W\

if D = . ks r=5nm
1200 sk r=~4.4nm

1150

1100
0.00 0.20 0.40 0.60 0.80 1.00

Xau

Fig. 1.5. Phase diagrams of AuxAgioox. for: a) bulk alloys 7. The figure is taken from Ref 7°,

b) nanophase Au-Ag alloys of different sizes calculated using Fact Sage Module. The figure
is taken from Ref 72,
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1.2.2 Dealloying of AuxAgioo-x alloys and formation of NPG

Formation of NPG structure is obtained by dealloying of a bimetallic alloy. Different
dissolution methods can be used to form NPG structures, such as chemical and
electrochemical. Chemical dissolution of alloys can be done by immersing the alloy in acid
such as nitric acid for a given amount of time. Electrochemical dissolution can be done during
a potential sweep or at constant potential/current. During a potential sweep, the dissolution
of the less noble metal is monitored. The potential at which dissolution of the less noble metal
takes place is called the critical potential'® "4, The dealloying critical potential for bulk
alloys depends on the alloy composition, and it is a kinetically determined morphological
transition.” The illustration of a typical current/potential behaviour during electrochemical
sweep is shown in Fig. 1.6. At low potentials, below the critical potential, there is a
passivation-like behaviour.”*™ After a critical potential is reached, the current increases

steeply, and the less noble metal dissolves from the alloy.

Selective dissolution [—

| “passivation — like” behavior .

Current Density

I T B | R T T I T 1 I T TR T I S T 1

Potential

Fig. 1.6. Schematic of the current/potential behaviour of selective dissolution of a less noble
component from an alloy. The critical potential is associated with the transition of the
current. Two dashed vertical lines illustrate that defining a critical potential is not sharply

defined. The figure is taken from Ref 7.
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The bimetallic alloy composition affects the critical potential, shifting the potential towards
more positive values when the composition of the more noble metal increases’, as seen in
Fig. 1.7. The value of the critical potential is also affected by the electrolyte composition and
scan rate. The lower scan rates result in a more positive critical potential value, as well as a
better-defined measurement. The critical potential is also more negative for the lower

concentration of metallic ions in the solution.!® 3
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Fig. 1.7. Linear sweep voltammetries of Ag dissolution in 1 M AgCIlO4 + 1 M HCIO4 of
different AuxAgioox alloys”™. The critical potential shifts towards more positive values with a

decrease of Ag content. Figure taken from 73,

Another electrochemical method to determine the critical potential is to consider the current
behaviour at different potentials. Instead of applying a potential sweep, the potential is
maintained fixed, and the current is measured over time. To determine the critical potential,
several potential values are selected. The experimental measurements and the simulations
show that the current transients have a distinctly different shape below and above the critical

potential, as illustrated in Fig. 1.8.7
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Fig. 1.8. Dissolution curves of Auo.2sAgo.7s alloys by fixing the dissolution potential and

measuring the current evolution through time. Figure taken from Ref ™4,

1.2.3 Formation of AuxAgioo-x alloys

AuxAgio0-x alloys could be prepared using different growing techniques. Smelting of the pure
metals in various ratios and cooling to obtain the alloys is a standard metallurgical method
to obtain bulk alloys. Thin alloy films can be prepared using physical vapour deposition
techniques such as electron beam evaporation’® or sputtering deposition of both metals.*
Another alternative is induction heating or in situ thermal annealing following thin Ag films'
evaporation onto Au substrates or vice versa.””® The formation of the homogeneous thin
film alloys is driven by interdiffusion of Ag and Au that takes place at relatively low

temperature (~150°C) on polycrystalline films and multilayers.”’-"®

Many applications such as sensors or nano-optics require specific shapes and sizes of
particles usually obtained in combination with lithography and electrodeposition.
Electrodeposition of Au usually is done in industry by using cyanide-based baths™. Au and
Ag electrochemical (electro/electroless) deposition from cyanide complex baths have been
extensively used in the electronics industry, particularly for metallisation of microelectronics
components on different substrates templated geometries. For example, the most exploited
baths (some of them still in active industrial use) are alkaline cyanide electrolytes using
[Ag(CN)2]" and [Au(CN)2]" complex in solutions with excess free cyanide.® 2 Alloy
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electrodeposition from these solutions on n-type Si(111) was studied by Marquez et al.®
Their study showed the potential dependent composition of alloys. Moreover, their kinetic
study showed that using a two-step potential (with the second step being in the charge transfer

regime), the homogeneity of films could be improved.®

The voltammetric behaviour and interfacial chemistry of gold-silver alloy electrodeposition
from alkaline cyanide baths have been investigated in detail with FTIR and SERS studies. "*-
8 In the case of deposition using Au and Ag cyano-complexes in cyanide-free solutions,
alloys of different compositions varying from 13% to 75% of Au for different deposition
potentials have been reported”. Different structures such as macrocrystalline, globular,
cauliflower and dendritic have been observed at different potentials. A SERS study showed
specific spectral features of C = N bonds only present on alloys, different from those
observed during depositions of pure Au or Ag solutions’. Electrodeposition of Au, Ag and
Au-Ag alloys has also been explored from citrate®® and pyrophosphate-baths®2° in the
presence of organic and inorganic additives as an alternative to the high cyanide baths. In
these solutions, cyanide was used as a stable complex form of gold or silver (no free cyanide
ions). In the case of pulse plating deposition of Au-Ag alloys from pyrophosphate-baths,
alloy compositions between 36% and 44% mole Au have been reported by varying the pulse
and pause times, with more Au-rich alloys obtained for a higher pulse time®. If the current
and the pulse time are controlled, alloys between 46% and 70% mol Au have been reported,
with alloys containing more Au for the cases of higher current values applied®. The alloys
electrodeposited from pyrophosphate-baths using brightener additives such as
polyethyleneimine (PEI) and KSeCN alloys showed structural dependence in the type and
concertation of additives on the grain size measured by X-ray diffraction®. It was also shown
that alloys' composition could vary from ca. 26 wt% Au for lower current densities to ca. 75

wit%® for higher current densities.

A 'greener' electrodeposition of pure Ag and pure Au based on thiosulphate and sulphite
complexes have been explored activly’® 324, In contrast to the cyanide-based solutions, no
systematic studies of Au-Ag alloys deposition from these solutions have been conducted.
The aspects of electrodeposition of alloys from the thiosulphate solutions will be presented
in Chapter 3.
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1.2.4 Properties and characterisation of AuxAgioo-x alloy thin films

There is an increased interest in manipulating metals' dielectric functions by alloying and
understanding how materials' optical properties depend on alloy concentration. In several
recent studies, the dependence of the optical constants for noble metal alloys films on alloys
of varied composition has been reported and debated.* 76 87-88

AuxAgioox IS @ model system that has been studied a lot. The results have shown different
optical properties compared to pure metals and a deviation from a simple linear combination
(average) of their values. Systematic measurements of optical constants on evaporated films
of different compositions and thicknesses (from 30 nm to 300 nm) were studied using
spectroscopic ellipsometry and custom-designed optical setups for simultaneously measured
transmission and reflectance of light.

Fig. 1.9 shows the change of the real component of the dielectric function obtained from two
different methods, from surface plasmon polariton (SPP) and ellipsometry (Ellip.). It can be
seen that both methods of measurement show similar values of the real component of
permittivity, and the change follows a non-linear trend with AuxAgioo-x alloy composition®.
The optical constants’ measurements have been in agreement with the calculations based on
the fitting of ellipsometry measurements. Different studies disagree on the trends of measured
values, which could be attributed to the deposited films' differences in quality and structure

(roughness). 4 76.87-88
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Fig. 1.9. The real component of the dielectric function &1 of AuxAg1oo-x alloys at 637 nm. The
real component was obtained from two different methods, surface plasmon polariton
excitation (SPP) and ellipsometry (Ellip.). Thin films were prepared using co-deposition

sputtering. Figure taken from Ref 4,

In terms of photovoltaics application, it has been shown that the alloys incident photon-to-
current conversion efficiency (IPCE) is better than the pure gold by 3.1 times*, which is
similar to Ag as demonstrated in Fig. 1.10. The peak for light-harvesting efficiency (LHE)
Ag values are around 400 nm, for AusoAgso alloy is about 550 nm. In contrast, for Au, it is
near 650 nm. This illustrates that alloys of different compositions can be identified from the

peak wavelength position, and the percent of the light that can be harvested (used) is around

50 to 60%.
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Fig. 1.10. Incident photon-to-current conversion efficiency (IPCE) for Ag, AusoAgso, Au
nanoparticles and single-layer graphene as a control device for photovoltaic applications®,
The inset corresponds to the light-harvesting efficiency (LHE) of the samples, which

corresponds to the ratio of absorbed to incident light as a function of the wavelength. Figure

taken from Ref %8,

1.3 Underpotential deposition applications in thin film growth and surface

characterisation

Underpotential deposition (UPD) is an electrochemical phenomenon where a metal
electrodeposits epitaxially 1-2 monolayers (ML) on top of a foreign substrate at the potentials
positive from the Nernst equilibrium potential for bulk deposition®-1. Some of the main

characteristics of the UPD processes include:
i) potential dependant deposition with adsorption like behaviour;
i) substrate structure dependant nature (i.e. sensitivity to the surface crystal structure)

i) interaction of anions in the solution with the substrate and the UPD layer; anions can co-

adsorb and play an important role on the monolayer structure.®?
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The formation of a UPD ML proceeds at stages often detected as peaks in the CV. Fig. 1.11
illustrates the Cu UPD on Au(111) in sulphate solution that proceeds in two steps. This is
one of the most studied and well known UPD systems in which a pseudomorphic ML of Cu
is formed on Au(111) assisted by sulphate co-adsorption. The most positive peak labelled A
in Fig. 1.11 a) is the formation of a low-density phase of 2/3 ML known as honeycomb or
(V3 x V/3)R30° phase.®% 2 The second peak, labelled B in Fig. 1.11 a) is a deposition of
additional 1/3 ML and the formation of (1 x 1) structure of Cu ML. The coverage-potential
isotherm is shown in Fig. 1.11 b) from which it can be observed that the low-density phase

Is stable between the potentials of its formation and the start of the second stage.
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Fig. 1.11. A) CV of Cu UPD on Au(111) in 0.05 M H2SO4 + 1 mM CuSOQOg4 with a scan rate
of 1 mV/s and b) adsorption isotherm for the Cu UPD on Au(111) with the schematics of Cu
structure at different stages of ML of formation. Peak A corresponds to the formation of a
honeycomb low-density phase and B to a (1 x 1) structure of 1 ML of Cu. The image is taken

from Ref 8,
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Due to the unique aspects of surface interactions between the UPD metal and substrate,
structure and chemical sensitivity UPD processes have been exploited as a tool for surface
characterisation and thin film growth.

The UPD voltammograms vary depending on the surface crystal structure, which can be used
to identify the surface orientation®. The charge of a metal deposited in the UPD region on
top of a substrate can be used to obtain its electrochemical active surface area®%, which can
be used as an alternative to other methods for surface area measurements. For example, Pb
UPD on Au has been used for measuring the area of NPG as a better alternative to Brunauer-
Emmett-Teller (BET) gas adsorption technique®’, and Cu UPD has been used to evaluate the
active area of Pt catalytic surfaces for fuel cells applications.? During the sample preparation
for BET, annealing is applied to remove any adsorbed molecules and clean the surface®.
However, for nanoporous gold, the annealing affects the initial surface area® *°. Also, some
considerations are made for calculating the surface area using BET, such as forming a
uniform monolayer of the adsorbed molecules, which could be different for molecules
adsorbed on pores at the surface than inside the bulk porous films*®. For these reasons, the

BET is not the most reliable technique for surface area measurements of NPGs®’.

The UPD metals have been used as mediators and sacrificial layers for the epitaxial growth
of thin films. Some of the methods include the Surface Limited Redox Replacement
(SLRR)1-13 - gyrfactant-Mediated Growth (SMG)!®1% and Defect Mediated Growth
(DMG)0L 106207 "1 the case of SLRR, a UPD layer of Cu or Pb is formed on top of the
substrate, which is then replaced by a more noble metal (such as Pt, Au, Pd) spontaneously
by galvanic displacement at the open circuit. The process can then be repeated to obtain films

of different thicknesses!!,

In the case of SMG, the growth of metal is assisted by using foreign UPD metal which serves
as a surfactant layer'®. The UPD metal forms a floating layer on top of the depositing metal.
The SMG method has been demonstrated for quasi-2D growth of ~200 ML of Ag films on
Au (111)* and epitaxial growth of Cu on Ru(0001) 1% using the Pb UPD surfactant layer.

In the case of DMG, electrodeposition of a growing metal is assisted by a mediator UPD

metal that is periodically, reversibly deposited and stripped from the surface %6197, This
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method uses UPD metal as a mediator to manipulate the kinetics of growth. In each cycle of
UPD metal deposition, a new population of nuclei on the surface is formed, assisting faster
growth and merging into a continuous layer. The DMG has been used in the deposition of
epitaxial films of Ag on Au(111)'%, Cu on Au(111)%” and Ru(0001)%,

Surface characterisation of alloys using electrochemical processes has been an area of interest
of the electrochemical community.%® 198110 The UPD voltammograms depend on the nature
of the substrate. Several studies in the past focused on understanding the aspects of UPD
formation on alloy surfaces and the correlation with the alloy composition. For example,
Fig. 1.12 shows Cu UPD stripping from bulk Au-Ag alloys of different compositions.*'° Cu
is known to form a UPD layer on Au electrodes but not on Ag electrodes. The results have
shown that the charge associated with the UPD decreased with increasing Ag atomic fraction

in the alloy.!t?
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Fig. 1.12. Cu UPD stripping waves from Au-Ag alloys of different compositions. Scan rate
20 mV/s. Figure adapted from Ref 11°,

In the studies of Cu UPD on Pt-Pd'® and Pt-Ru'® alloys where Cu forms UPD layers on
both metals, making correlations with the alloy composition is more challenging. The
voltammograms change, and the peaks shift due to the UPD metal interacting with the surface

of the alloy locally 10°-1°,
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1.4 Aims and thesis overview

The main goals of the PhD project included:

1) Development of AuxAgioo-x films of different compositions by electrodeposition from
thiosulphate solutions. The effect of electrodeposition potential in solutions with different
Au™:Ag" thiosulphate complexes on the structure and composition of alloys was explored.
The electrodeposited alloys' structure was examined by a range of surface characterisation
techniques (such as XPS, SEM and AFM), and the details will be described in Chapter 3.

2) Characterisation of the alloys via dealloying and forming NPGs nanostructures with
tuneable porosity using the Pb UPD process. The electrodeposited alloys of different
compositions were used to form NPG by selective dissolution of Ag. The electrochemical
process of Pb underpotential deposition (UPD) was used to characterize and modify the NPG
structures. The Pb UPD on Au is a process of epitaxial Pb-monolayer formation accompanied
by the top-surface Pb-Au surface-alloying. In Chapter 4, it will be shown that repeated cycles
(deposition and dissolution) of Pb UPD can lead to surface coarsening, i.e., porosity length
scale changes similar to the effect of thermal annealing. The changes in the NPGs porosity

were explored by a different number of Pb UPD cycles with different scan rates.

3) Electrochemical characterisation of AuxAgioox films using UPD processes. Chapter 5
includes systematic studies and a comparison of Pb UPD and Cu UPD processes (in sulphate
and perchlorate solutions) on electrodeposited AuxAgioo-x alloys. In the case of Pb UPD, the
changes of the main voltammetry peaks were monitored and compared to the Pb UPD on
pure Au and Ag substrates. Since Cu forms the UPD layer on pure Au but not on Ag, a more
quantitative correlation was obtained between the alloy-surface composition and the UPD
measurements. Because anions play an important role in the Cu UPD formation studies, the
sulphate and perchlorate solution were used for comparison. The effect of AuxAgi00-x

composition on the voltammetric peaks positions and deposition charge was explored.
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2 Chapter - Experimental Methods

2.1. Electrochemical methods

2.1.1.Electrochemical cell

All electrochemical experiments were done in three-electrode cells, as illustrated in Fig. 2.1.
The cell includes a working electrode (WE), counter electrode (CE) and reference electrode
are (RE). The reactions of interest occur on the WE. A potentiostat establishes the potential

difference between the WE and the RE, whereas the current is measured through the CE*,

Potentiostat

\/ IA

A

Fig. 2.1. Three-electrode cell diagram with a working (WE), counter (CE) and reference

electrodes (RE) in a solution and connected to a potentiostat®!®,

A Pt wire was used as CE for all experiments. CE was cleaned by nitric acid, rinsed with
Milli-Q water and annealed with a butane torch until it was flaming red. Reference electrodes
used in this work included commercial mercury sulphate electrode (MSE) and pseudo
reference electrodes of Ag, Pb or Cu wires used in the solutions containing their metal ions.

The details will be specified at the beginning of each chapter accordingly. MSE was cleaned
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by rinsing with Milli-Q water before the experiments. The metal wire pseudo-RE were

cleaned by etching in dilute nitric acid (1: 1 = HNOs: H20) and rinsing with Milli-Q water.

WESs used in this work included Au-films on glass substrates and layers on top of it such as

electrodeposited Ag, AuAg alloys, and NPG obtained by dealloying.

The three electrodes were connected to a CompactStat.h (Ilvium Technologies) potentiostat

controlled by IviumSoft software.

All solutions were prepared using Milli-Q with a resistance of 18.2 MQ and salts with high
purity (99.99% Sigma Aldrich or Alfa Aesar) specified in each chapter. All solutions were
deaerated for a minimum of 30 min using N2 before the experiments. During experiments,

nitrogen flow above the solution was used to maintain an oxygen-free environment.

2.1.2.Chronoamperometry (CA)

Chronoamperometry is an electrochemical technique in which the current is measured over
time after the potential of the working electrode is stepped from a potential E1, where there
is no electrolysis, to a potential E», at which the reaction of interest takes place at the electrode
surface, as seen in Fig. 2.2 a).1!2 The potential is maintained constant, and the current is

measured for an established amount of time.

ty>t,>1,>0

0 t 0 X 0 t
(a) (b) (c)

Fig. 2.2. a) Potential step in CA method. b) Concentration profile of electroactive species as
a function of distance from the electrode at different times. ¢) Current-transient registered

during the CA potential step illustrated in a). The figure is taken from Ref.11?
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A general case of a solid electrode in contact with the solution containing the oxidised form
(Ox) of a redox couple (Ox/Red, Eq. 2.1) initially with concertation C, can be used to

describe the current-time response following the potential step.
Ox + ne < Red Eqg. 2.1

Initially, the applied potential E; is positive from the equilibrium potential, E° , for the redox
couple Ox/Red, and only Ox species are present in the solution. In the CA method, the
potential is then stepped at a time ¢, to the potential E, significantly more negative than the
equilibrium potential E°. At the moment of the potential step, the concentration of the
electrode Ox species will immediately reduce to zero from its initial bulk value Cp, and
diffusion of Ox species from the bulk of the solution will start. Assuming the transport of Ox
species toward the electrode is diffusion controlled, the concentration gradient of Ox species
will be formed (Fig. 2.2 b). With time the diffusion layer will extend further and further away
from the electrode, as shown in Fig. 2.2 b). The current under diffusion-controlled conditions
is directly proportional to the concentration gradient, dC, (x, t) / 0x, at the electrode (x =

0). As the concentration profile for Ox decreases with time, the current will decrease too.!!2

For the case of the planar electrode, the current-time dependence can be described by Cottrell
Equation, given by

__ mFADoY?%cy

l(t) = W’ Eqg. 2.2

where n is the number of electrons exchanged in the reaction, F is Faraday's constant
96485 C/mol, tis the time (s), A the area of the electrode (cm?), D, is the diffusion
coefficient of Ox species (cm?/s), C, is the bulk concentration of electroactive species
(mol/cm3). It should be mentioned that the current contribution due to the double layer
(capacitive current) also contributes to the total current measured by. However, its decay is
much faster (of the order ~1/t) and becomes significant for transients over short times.!?

CA method is often used to study diffusion processes and adsorption.

In the thesis, the CA method was used for the electrodeposition of AuxAgioox alloys in
Chapter 3.
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2.1.3.Linear sweep voltammetry (LSV)

The linear sweep voltammetry (LSV) is a technique that measures the current as the potential
is changed linearly with time. Typically the LSV starts at an initial potential E;, then the
current is measured as the potential is changed at a constant scan rate until it reaches the final

potential, as shown in Fig. 2.3 a).112-114

In the case of a reversible electrode reaction described by Eq. 2.1, the concentration of the
reaction species at the electrode, Ox (C, ) and Red (Cg), will depend on the magnitude of

applied potential (E) and will follow the Nernst equation:

E=E— (%) Eq. 2.3

nF Co

where E° is the equilibrium potential for the redox couple Ox/Red at standard conditions
measured against SHE, R is the universal gas constant 8.31 //mol K, n is the number of
electrons exchanged in the reaction, F is Faraday's constant. For illustration, a standard

current response is illustrated in Fig. 2.3 b).

C
wy ! :
I I
0 ! E; EY Eford) X
(a) (b) (c)

Fig. 2.3 a) Potential change during LSV starting at E;. b) Corresponding current-potential
response. C) Concentration profiles of the reaction species Ox (C, ) and Red (Cg) for

potentials beyond the peak. Figure adopted from Ref 2,

At the open circuit potential, the net current detected will be near zero. If a negative potential
sweep is applied going from E; to more negative potentials than the equilibrium potential

E°, the reduction current will start to increase as the potential gets closer to E%. As the
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potential passes E°, the surface concentration of Ox species at the surface will drop almost
to zero as the mass transport of Ox species toward the electrode reaches its maximum rate.
As the depletion of Ox species around the electrode sets in, the current will drop, thus forming
a peak as shown in Fig. 2.3 b). On the other hand, if the potential is swept from more negative
values to more positive ones, the oxidation reaction will be more favourable, and a similar
process will follow and be registered as anodic current. The magnitude of the current detected
during LSV will vary depending on the scan rate used; an increase in the scan rate will result

in a higher current detected!*-114,

The LSV method was used for Ag dissolution from alloys (dealloying) as described in
Chapter 4. Measured LSV curves of Ag dissolution at the very slow scan rate were used to
evaluate the critical potential for alloys and estimate the amount of dissolved Ag. LSV was
also used in the NPG surface area measurements where the Pb UPD monolayer was dissolved
and integrated current normalised to measure the active area change (Chapter 4). The LSV
characterisation of Pb UPD and Cu UPD processes on AuxAgioo-x alloys was also used in
Chapter 5.

2.1.4.Cyclic voltammetry (CV)

The cyclic voltammetry is similar to the LSV, but in this case, measuring the current between
the potential limits is done in both directions!!?1%® Oxidation and reduction peaks of
electrochemical processes can be obtained on the same voltammogram, allowing to relate

peaks of the opposite reactions occurring at the surface.

A CV of the reaction of ferrocenium (Fc*) and ferrocene (Fc) is shown in Fig. 2.4 as an
example. In the diagram, the current of the cathodic peak is marked by i, . and that of the
anodic peak by i, ,. The potential between these two peaks is marked E;/, , which is an

experimental estimation of the Nernst potential for the ferrocenium (Fc*) / ferrocene (Fc)

reaction 11°,

46



The voltammogram in Fig. 2.4 starts at a potential A, and the potential shifts towards more
negative values, making the reduction of Fc* to Fc more favourable. As the potential
increases, the amount of Fc* reduced increases and thus, the current increases. The
equilibrium potential is at point B, where the concentration of Fc™ and Fc are equal at the
surface and oxidation and reduction reactions occur at the same rate. The amount of Fc* at
the surface depends on the mass transport from the bulk to the surface, and the amount of Fc
at the surface continues to increase, thus forming the peak at C, which is labelled as ip ¢ The
previous factors reduce the amount of Fc* that reaches the electrode surface, thus the detected
current decreases until point D, where the potential scan direction is reversed. After D, the
Fc at the surface oxidises to Fc™ and the inverse process takes place. Point E is at the
equilibrium potential, and point F is at the anodic peak labelled as ipa.1*®

In general, the current at the peak, i,, for the reduced (R) or oxidised (O) species depends on

the scan rate v, as given by the Randles-Sevcik equation3114

Eq. 2.4

nFvsDo/R )1/2
)

[ip| = 0.4463nFACo, 5 (*222

where T the temperature and R the universal gas constant 8.31 J/mol K.

In this work, CV was used to characterise all surfaces such as Au substrates (described in
section 2.2.1) and UPD characterisations of NPG and alloys in Chapter 4 and Chapter 5,
respectively.
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Fig. 2.4. Cyclic voltammetry of ferrocenium (Fc*) and ferrocene (Fc) with a concentration
in mM range and a scan rate of 100 mV/s. From the voltammogram, the peak for cathodic

(in.c) and anodic (ip,a) currents can be obtained, as well as E12. Image is taken from 15,

2.1.5.Underpotential deposition (UPD)

As mentioned in Chapter 1, underpotential deposition is a phenomenon that occurs for some
metal/substrate combinations. The metal ions in solution electrodeposit epitaxially'® on top
of a metal substrate as a monolayer at the potentials more positive than the Nernst equilibrium
potential**. In order to determine epitaxial growth, the crystalline structures of the substrate
and the foreign metal on top of it need to be compared by means of in-situ scanning probe
microscopes such as AFM and STM!7-118 or by X-ray crystallography**®.

Some examples of UPD systems include Ag on Au(hkl), Cu on Au(hkl), Pb on Ag(hkl) and
Au(hlk), and there are several reviews and books where a list of many fundamental aspects
and studied systems can be found.%-%1:120-122 The UPD process is characterised by unique CV
features (peaks) depending on the metal/substrate combination, substrate crystallinity and the
ions in solution®® 2%, As an example of the differences depending on substrate crystallinity,
Pb UPD on Ag(hkl) single crystal orientations is illustrated in Fig. 2.5!%. For the
measurement of charge and coverage, the concentration twin-layer thin layer method was
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used, where MSE is used as a reference and a melted Pb electrode was used as a constant

generator of Pb2* ions by applying a constant potential negative from the Nernst equilibrium
potential.
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Fig. 2.5. Pb UPD on a) Ag(111), b) Ag(100) and c) Ag(110). Pb UPD varies depending on
the crystalline structure of the substrate. Solid lines represent the global current measured

from the Ag substrate, while dashed lines are the current detected by a melted lead electrode
embedded with Araldite into PVC-holders. Epyp,?*=-900 mV vs MSE. 0.5 M NaClOs + 5

mM HCIO4 with scan rate of 0.42 mV/s. Images were taken from Ref 12,

Another UPD system relevant to mention is Ag UPD on Au(hkl)?#127. Ag UPD on Au

substrate used in this thesis was recorded in 0.1 M HCIO4 + 1 mM AgCIlO4 solution with a
scan rate of 50 mV/s and is shown in Fig. 2.6. The CV agrees with the results in the literature
and illustrates the quality of or Au (111) textured substrates. There has been a lot of

discussion in the literature for this system, and it has been argued that ~2ML monolayers
form in contrast to other UPD systems.
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Fig. 2.6. Ag UPD on Au(111) films in a 0.1 M HCIO4 + 1 mM AgCIO4 solution with scan
rate 50 mV/s.

Well-established UPD processes on single metal surfaces of Au and Ag have been used in
this work for surface characterisation and surface area measurements. However, this thesis
includes studies where UPD processes were used as a surface modification tool, which will
be described and discussed in Chapter 4. The characterisation of AuxAgioo-x alloys using Pb

and Cu UPD processes will be described and discussed in Chapter 5.

2.2. Sample Preparation

2.2.1. Au substrate preparation and characterisation
Au thin films on Schott Nexterion glass slides (15 nm Au with 5 nm Ti adhesion layer) were

evaporated in a high vacuum at room temperature. Schott glass slides were cleaned in before

the Au evaporation. Two cleaning procedures have been used:
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1) Immersion in piranha solution for 1 hour. After this, the slides were rinsed thoroughly

with Milli-Q water and left to dry in an oven the day before Au evaporation.

2) Plasma cleaning - Glass slides were cleaned using oxygen plasma for 8 min at 100W on

the evaporation side.

Au evaporated on glass slides cleaned using the two procedures were analysed
electrochemically by CVs in 0.1 M H2SO4, and the results showed good quality and no

differences between them.

Prior to the electrochemical experiments, Au-film substrates were cleaned in H.SO4 for 5
min, rinsed with Milli-Q water and dried using nitrogen. Before experiments were done, the

substrate was flame annealed for 20 s using a butane/propane torch.

The Au substrate quality surface was characterised by CV in 0.1 M H2SO4 solution.
Formation of the Au surface oxide (Au-O) at the surface of metals occurs as a monolayer
level before deeper oxidation of Au (Au203) formation and O evolution take place!?8-1%,
The process observed is the surface oxidation and reduction of Au in the potential region
between 0 and 1 V vs MSE, as seen in Fig. 2.7. The anodic peaks in the voltammogram give
a qualitative assessment of surface crystal structure. If the peak around 0.8 V vs MSE is
pronounced, the surface has dominant (111) orientation 3132 The cathodic peak was
integrated to obtain the charge on the reduced surface oxide. The electrochemical active
surface area (ECASA) was then obtained by normalising the integrated charge with the 440
nC/cm? for a ML of Au(111) surface oxide 131132,
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Fig. 2.7. CV of Au oxidation/reduction in 0.1 M H2SO4 with scan rate 50 mV/s.

2.2.2.1TO preparation

Indium-Tin Oxide (ITO) samples were prepared by immersing the substrate in acetone and
sonicating for 10 min. After this, the ITO was rinsed with Milli-Q water and sonicated for
another 10 min in ethanol. The sample was then rinsed with Milli-Q water and dried with N2

gas. The area of the sample was masked with Kapton tape and measured by calliper.

2.2.3.Solutions preparation aspects

AgxAuioo-x alloys were prepared using 0.1 M Na>S203 + 2 mM Au(l)Naz(S203)2 + 2 y mM
AgClOg solution, where y was changed to obtain different alloy compositions. For preparing
the deposition solution, first AgClIO4 was added to Na»>S»03, and the obtained solution was
added carefully to Au(l)Naz(S203)2 while vigorously mixing to avoid precipitation. One
important aspect to consider is that the ratio of the concentrations [Na2S203]/[AgCIO4] must
be higher than unity to avoid precipitation of Ag due to the formation of silver sulphite as a

consequence of chemical reaction.
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For illustration, the preparation of a 1:1 Au™:Ag" ion ratio solution will be described. Three
stock solutions of 0.5 M Na»S»03, 10 mM AgClO4 and 0.15 M Na»S$;03 + 5 mM
NasAu(S203)> were prepared. The Au thiosulphate stock solution was prepared by dissolving
0.245 g of NazAu(S203)2 salt with 30 ml of 0.5 M Na2S203 in a 100 ml volumetric flask,
adding the remaining volume with milli-Q water. First, 10 ml of AgCIO4 from the stock
solution was mixed with 4 ml of thiosulphate stock solution. This was then added drop by
drop and stirred to 20 ml of Au thiosulphate stock solution. Finally, 16 ml of Milli-Q water
were added to have a 50 ml solution of 0.1 M NaxS;03 + 2 mM AgClOs + 2 mM
NazAu(S203)2.

2.3. Structural and chemical characterisation

During this project, several surface science techniques were used to characterise the samples.
For structure and morphology, Scanning Electron Microscopy and Atomic Force Microscopy
were used. To obtain chemical composition, X-ray Photoemission Spectroscopy was used.

The principles of these techniques will be explained below.

2.3.1. Scanning electron microscopy (SEM)

A scanning electron microscope is an instrument that, similarly to optical microscopes,
allows to obtain images of samples. However, the latter ones have limitations of resolution
because of the wavelength of the light used. SEM takes advantage of the wave-particle
duality to target smaller sizes using electrons, which wavelength A will depend on the

momentum they have p and Planck’s constant h = 6.626 x 10734 Js by!3
h
A= ;, Eq 2.5

A diagram of a scanning electron microscope is presented in Fig. 2.8. Electrons are generated
usually by heating a wire, and they are accelerated due to a potential difference. After this,
the beam of electrons is aligned with a set of lenses to focus the beam and reduce the
stigmatism of the image. When these electrons interact with the atoms in the sample, they
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release secondary electrons. The secondary electrons are then detected to create an image of

the surface, generally by scanning horizontal lines until the complete image is taken®*3,
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Fig. 2.8. Diagram of an SEM with a display. Electrons are obtained by the electron gun,
which is then focused with lenses on the specimen. These electrons interact with atoms and
excite secondary electrons from them, seen by the detector and transmitted into the display.

Image obtained from 133,

The incident beam has a region inside the sample where they can interact, as shown in Fig.
2.9 by the pear-shaped region. Suppose the incident beam has high energy. In that case,
images of smaller resolutions can be obtained, but the problem is that the volume of
interaction inside the sample is bigger. Not all the electrons from the interaction volume can
be detected, as they need to have enough energy to leave the sample. Backscattered electrons
occur when there is an elastic collision of electrons, which might occur at half of the
penetration depth in the sample. These electrons have the same energies as the incident
electrons. However, these are affected by the atomic weight of the sample a variant, in
contrast, can be used to identify different elements at the surface'®:. Depending on the type

of detector in the instrument, images can also be obtained from backscattered electrons.
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Fig. 2.9. Interaction volume inside the sample of the incident electron beam. An increase in

potential applied to the incident electron beam increases the penetration depth. Image

modified from 132,

In this thesis, SEM images of alloys were taken in a Vegas Tescan using an electron beam
voltage of 20 KV and a magnification of 10 Kx. Dr. Andrei Sarua did the training for
operating this system. Some of the SEM images of NPG were taken by Dr. Jean Charles Eloi,
School of chemistry, UOB, using a Field Emission Gun Scanning Electron Microscope
(SEM) with a 15 KV electron beam and a magnification of 100 Kx at the School of

Chemistry. The analysis of SEM images was done using the software ImageJ.

2.3.2. Atomic force microscopy (AFM)

Atomic Force Microscopy is a scanning probe microscopy technique that uses a cantilever
with a fine tip to scan the surface of a sample!3*-134 as shown in Fig. 2.10. The principle is
to scan the surface topography with the aid of a laser that hits the cantilever on the tip side.
The cantilever bends depending on the interaction with the surface as it moves in x and
y directions. The bending of the cantilever deflects the laser beam from the cantilever surface
and deflection is detected by photodetector, which sends a signal to the piezoelectric device
to adjust the height of the sample and adjust the laser position at the photodetector. The

change in height at different positions of the surfaces gives a 3D map of the surface.’®

55



Different modes can be used for AFM imaging. The most used are contact and tapping
modes. In contact mode, the tip is in contact with the surface. As the cantilever moves over
the surface, the force is maintained constant by adjusting the height. In tapping mode, the tip
vibrates near its resonant frequency at a distance from the sample surface. As the surface is
probed, the feedback loop keeps the amplitude of oscillations constant by adjusting the height

with the piezoelectric.

laser photo-
detector

- A Z-axis

. y T
cantilever ° ! signal

\

Vi At
¥ tip y=8Can

sample X-8CaN

Fig. 2.10. Atomic force microscope diagram. The laser on the cantilever is deflected
depending on the distance of the tip with the sample. The height adjustment compensates for
the deflection due to a piezoelectric device. A 3D image of the surface of the sample can then

be obtained. Image obtained from 133,

AFM images were taken using a NanoSurf Easy Scan atomic force microscope, and the
images were analysed using Gwyddion software. Dr Massimo Antognozzi did training for
AFM microscope. Some of the AFM images were taken by Dr Robert Harniman from the
School of Chemistry.

2.3.3. X-ray Photoemission spectroscopy (XPS)

The electrons from an element have binding energy Bg, related to their atomic orbitals.
Electrons that are closer to the nucleus have bigger binding energies compared to the ones

56



that are in the outer orbital. If a source of X-rays is used with the photons having a minimum
of energy equivalent to the binding energy, then a free electron is obtained, and the atom
becomes ionised, as shown in Fig. 2.11 a)!*® ¥ If the energy of the incident photon Av is
higher than the Bg, then the electron in the orbital is emitted with a kinetic energy Ke. Thus,

the binding energy can be obtained from
BE =hv — KE - W, Eq 26

where W refers to the work function of the spectrometer used. The spectra for each element

are unique, so this technique can be used for the chemical analysis of samples®®,

After the photoelectron has been obtained from the element, the atom becomes ionised. In
order to neutralise electrically, the atom can take a free electron. There might be some cases
where an inner orbital electron has been photoemitted, forming a hole. Then an electron from
an outer orbital might jump to fill the hole, and because of the energy conservation, another
electron will be emitted from the atom?!3 1% as shown in Fig. 2.11 b) and c). The previously
mentioned process is called the Auger effect. The resulting Auger electron depends strictly
on the energy difference between orbitals, whereas for the photoemitted electron, its Kinetic
energy depends on the incident photon's energy. For this reason, photoemitted electrons can
be differentiated from Auger electrons by changing the source of the incident photon, where
the position of Auger peaks will be invariant. Photoelectrons are used for chemical analysis,

and Auger can be used for imaging and chemical analysis.

To calculate the composition of the materials, the intensity measured on the XPS can be

expressed as
I =JpoKA, EqQ. 2.7

where [ is the photoemission line area, J is the photon flux, p is the element concentration
in the material (which gives the atomic percentage and thus the stoichiometry), o is the cross-
section, A is the electron attenuation length, and K is a parameter which includes instrumental
factors'®. The value for A corresponds to the depth of analysis, which depends on the inelastic

mean free path (IMFP). ) is affected by the energy of incident X-rays!®. The value of o
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corresponds to the probability of emitting an electron, depending on the element, the orbital

of the emitted electron analysed and the incident energy**°.

Ejected K electron Ejected L; 3 electron
® (KL, 3L, ; Auger electron)
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Fig. 2.11. A) Photoemitted electron from the K-shell of an element after an incident photon
of X-ray. B) Electron from the upper shell L 3 that fills the hole generated by the photoemitted
electron. C) Auger electron from Lz3 shell emitted due to the energy conservation. Image

modified from 1%,

To calculate the electron attenuating length (1), the free software QUASES-IMFP was used,
selecting each element and including the energy of incident X-rays. The XPS parameters of
cross-section and asymmetry for each element can be obtained from graphs in databases such
as <https://vuo.elettra.eu/services/elements/WebElements.html>, taking into consideration
the energy of incident X-rays used®*®. The asymmetry factor is related to the difference in
intensity of photo emitted electrons depending on the emission angle because the emission
of photoelectrons is non-isotropic, generally considering the random orientation of atoms or

molecules®6-137,

I can be obtained by integrating the area beneath the elemental peaks and using a background
subtraction method. The method used for background subtraction for XPS is Shirley, and it
is obtained after selecting two points that have no contribution from the peaks to be fitted. Bn
is the n-th iteration of Shirley background, ki is the iterative value of scattering factor, E is
kinetic energy and I the intensity'®. Each iteration must fulfil that the k selection allows the
iteration to pass through (Eiet, liert) and the outside selected region background must be 0 for

Eright < E and Ileft ~ Iright forE < Eleft-135
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Eri / ’
Bi(E) = ky [["" dE'[I(E") = Lign), Edq. 2.8
B,(E) =k, flf”g“ dE'[I(E") = Lyigne — B1(EN], ... for Ejppy < E < Epjgne, EqQ. 2.9

Bu(E) = ky [, " dE'[I(E") = Lyigne — Bn-a(ED],  Eq. 2.10

The chemical composition of alloys was done using an X-ray Photoemission Spectrometer
at the Nano-ESCA facility in the Bristol Centre for Quantum Information. An angle of 25°
with respect to the normal and Al-Ko (1486.6 €V) was used as an X-ray source. Some
measurements and training for using the equipment were done by Dr Mattia Cattelan.
Analysis of XPS spectra to obtain the chemical composition of samples was done using the
software Igor Pro taking into account the values for cross-section, attenuation length and

asymmetry.

59



3 Chapter - Electrodeposition of
AuxAgioo-x alloys from thiosulphate
solutions

The development of a new environmentally friendly (cyanide-free) electrodeposition route
to fabricate AuxAgioox alloys is desirable for the range of their possible applications in
sensing and plasmonics. A study of electrodeposition of AuxAgioo-x alloys from thiosulphate
solutions on Au substrate will be presented in this chapter. Thin-film alloys (50 nm - 100 nm
thickness) of different compositions were electrodeposited by variation of Ag":Au*
concentrations in the solution. The structure of the deposited alloys was explored as a
function of the electrodeposition potential and film thicknesses. The characterisation of
alloys morphology was done by Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). The chemical composition of the electrodeposited alloys was

determined using X-Ray Photoemission Spectroscopy (XPS).

3.1 Introduction

AuxAgioo-x alloys are materials of interest due to their excellent optical properties suitable for
application in plasmonic devices, sensors, catalysis, and photovoltaics? 138144 Growth of
Au-Ag alloys could be done using different deposition techniques such as evaporation, spray-
pyrolysis, sputtering, electrodeposition, and chemical reactions®#?" 79 85 145146
Electrodeposition has many advantages over other methods. It is an ambient condition
(temperature, pressure) and a low-cost process that can be easily scaled on samples of

different shapes and length scales (from nanoscales to microscopic scales).?

The electrodeposition community in recent years has actively pursued electrodeposition of
Au and Ag from non-cyanide-based solutions motivated by the need for more

environmentally friendly fabrication methods in the microelectronics and optoelectronics
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industry.”8 3034 Studies of Au electrodeposition from sulphite, thiosulfate and mixed
sulphite-thiosulphate solutions have been reported 83034 Also, the mechanism and Kinetics
of Ag electrodeposition from thiosulphate solutions has been well characterised in the past

due to its importance in plating and photography.147-14

The general mechanism of Au(l) electrodeposition from a solution containing a metal
complex is illustrated in Fig. 3.1. As the negatively charged complex ion approaches the
cathode electrode, the ligands around the metal become distorted. The complex becomes
polarised, resulting in the removal of ligand ions in the Helmholtz double-layer, which is

then followed by a metal deposition.®
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Fig. 3.1. Schematic diagram of gold deposition process from the Au(l) complex. Figure

adapted from Ref **°,

Of particular interest for our study is the electrodeposition from the thiosulphate solutions
where the reduction of gold thiosulphate takes place by reduction reaction: 2
Au(S,05),°” + e~ & Au+ 25,0,%7, Eqg. 3.1

[Au(S203)2°7]

o = 1026 for this complex” 32, the standard potential
2V3

The stability constant is f =

for gold thiosulphate has been reported as 0.15 V vs SHE®?,
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Electrodeposition of Ag from thiosulphate solutions has also been studied in the past.}47-14

The reduction reaction for silver thiosulphate is represented by reaction:
Ag(S,05),° +e™ o Ag + 25,0,*7, Eq. 3.2

which has a stability constant of 4.2 x 10 for the complex'® and a standard potential of
0.016 V vs SHE.

A second reduction path has been mentioned to occur following the next reaction*®
AgS,0," + e~ & Ag + S,05*7, Eqg. 3.3

There are two different pathways that this reaction can take place in order to obtain metallic

silver!®,

49(5,05) + e~ 5 [49(5,05)]

f11 17 T B , Eq. 34

k
Agt + 5,055 + e > Ag + 5,052

The linear sweep cannot determine the path that is followed but by analysing the surface to

determine Ag and [Ag(S203)7 content in the surface*®.

The electrodeposition of AuxAgioox alloys from thiosulphate solutions was recently
demonstrated by McCurry et al.1*6. In the work of McCurry et al., AuAg alloy deposition
was conducted at the constant potential for a selected range of different molar ratios of
Ag*:Au* ion complexes in 0.1 M Na,S,05 background solutions using Au(1)Cl and AgCIO4
as sources of Ag and Au. The solutions with low concentrations of Au and Ag in the (1074
M range) have been used, and the growth was conducted at the -0.15 V vs Ag/Ag" reference
electrode under the mass transport-controlled reduction for both Au™ and Ag* ions on Au and
Glassy Carbon substrates. Deposited alloys had compositions ranging from 77:23, 74.26,
and 70:30 Ag: Au for the solution compositions 2:1, 3:2, and 1:1, respectively. The study
reported no traces of S in the deposit as measured by the EDX method.*® The AuAg alloys
were then used as a precursor for creating NPG electrodes by dealloying to create porous

supports for Pt deposition and electrocatalytic studies.
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The electrochemical aspects and details of the Au and Ag co-deposition in McCurry et al. 14
work from the thiosulphate solutions were not explored. Considering the complexities and
interest in developing new plating baths for Au-Ag, dependence on the potential of deposition
or solution composition has not been reported. This chapter presents a systematic study of
the Au-Ag alloys electrodeposition at constant potentials in thiosulphate solutions. Solutions
containing different concentrations ratios of Ag*™: Au* complexes were examined. Freshly
prepared solutions were used for the deposition to avoid solution instabilities or spontaneous
metal reduction in the solution. The concentrations range was selected to avoid Au
thiosulphate solution instabilities by ageing. The films of different thicknesses were
deposited to measure alloy composition's homogeneity and consistency throughout the film.
The several selected deposition potentials were explored, and SEM, AFM and XPS were

used to examine the films' structure.

3.2 Experimental

3.2.1 Electrodeposition Solutions

Electrodeposition of AuxAgioox alloys was conducted from thiosulphate-based solutions.
Stock solutions of 0.5 M NaxS:03, 10 mM AgCIO4 and 0.15 M Na2S:03 + 5 mM
NazAu(S203). were utilised to obtain the deposition solutions by mixing them in different
ratios before the electrodeposition. The selected range of compositions was based on varying
the Ag content in solution while keeping Au ions concentration constant. The solutions
compositions are presented in Table 3.1 with the labels (notation) used in the rest of the

thesis.
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Table 3.1. Solutions used for electrodeposition of Au, Ag and AuxAgicox alloys and the

thiosulphate background solution.

Solution composition Label
0.1 M NazS203 So
2 mM AgCIO4 + 0.1 M NazS203 S1
2 mM NazAu(S203)2 + 0.1 M Na2S,03 S2
2 mM NasAu(S203)2 + 1 mM AgCIO4 + 0.1 M NaS»03 S21
2 mM NazAu(S203)2 + 2 mM AgCIO4 + 0.1 M Na2S203 S11
2 mM NasAu(S203)2 + 4 mM AgCIlO4 + 0.1 M NaS»03 S12

3.2.2 Experimental conditions

All experiments were done using a three-electrode electrochemical cell. The solutions were
deaerated by purging oxygen-free nitrogen for at least 20-30 min before the experiments. The
electrode potential was controlled using an Ivium Compactstat potentiostat. Au substrates
were used as working electrodes (WE), a Pt wire as the counter electrode (CE) and Ag/Ag*
or MSE was used as reference electrodes (RE). Potentials are referenced against MSE unless
otherwise stated.

AuxAgioox alloys were electrodeposited on Au films evaporated on glass slides. The Au
substrates were evaporated 20 nm Au films on top of 5 nm Ti as an adhesive layer on glass
slides. As described in Chapter 2, all substrates were cleaned before alloy electrodeposition
in conc. H2S>204 for 5 mins. The Au substrates were rinsed in plenty of MilliQ water and
‘flash-annealed' (brushed with the butane torch flame) for 20 s. The hydrophilicity of the
water droplet was then used to confirm the surface cleanliness. Following that, the Au
substrate structure and the area measurements were confirmed by AuO surface

oxidation/reduction in the perchlorate solution described in Chapter 2.

In order to determine the conditions for electrodeposition of alloys, cyclic voltammetry and

linear sweep voltammetry were done in each solution. After this, different potentials were
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selected for each solution to electrodeposit alloys (constant potential deposition). Several
potentials have been selected in order to explore their effect on the composition of the
electrodeposited alloys and structure.

The deposition charge controlled the thickness of electrodeposited alloys (the thickness), and
it ranged from 20 up to 100 mC/cm?. Based on Faraday's law, 100 mC/cm? was roughly
corresponding to ~100 nm thickness of the alloy. Different thicknesses were selected in order

to study the homogeneity and consistency of the composition through the sample.

3.2.3 Methods of structural characterisations

Electrodeposited samples morphology and structure were characterised by atomic force
microscopy and scanning electron microscopy. SEM images of samples were taken by a
Vega3 TESCAN, with a 20 kV potential and WD of 15 mm. AFM images were taken using

a Bruker Multimode V111 atomic force microscope utilising peak force feedback control.

X-ray photoemission spectroscopy was used for composition and chemical characterisation.
XPS measurements were taken at the Nano-ESCA facility in the Bristol Centre for Quantum
Information. Igor Pro software was used to fit the peaks to obtain the AuxAgioo-x thin films
composition comparing Ag 3d and Au 4f peaks because these are the most intense peaks for
each element. The photoelectron emission line analysis area for Au is for energies between
80 and 91 eV, whereas for Ag is between 365 and 379 eV and a Shirley background,
corresponding to the red line in Fig. 3.7 b) and c), was used. Parameters for the cross-section
of photoelectron production o, Asymmetry, electron attenuation length A, and the area
mentioned previously for each metal were taken into consideration in Igor Pro software to
obtain a more reliable value of the stoichiometry of alloys than only considering the ratio of

the fitted areas for the metals. In
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Table 3.2, the parameters for each metal are given.

Table 3.2. Parameters of Au and Ag used to obtain composition of alloys using Igor Pro

software.
Parameter Au Ag
o [Mbarn] 0.2511 0.2476
Asymmetry 1.032 1.21
A [A] 18.98 15.98

3.3 Results and discussion

3.3.1 Au and Ag electrodeposition using a thiosulphate solution

Before the electrodeposition of AuxAgioo-x alloys, pure Ag and Au electrodeposition from
the same background solutions was examined. Cyclic voltammetry and linear sweep
voltammetry experiments in solutions Sp, S1 and Sz were conducted in the potential region
between -0.3 V and -1.3 V, as shown in Fig. 3.2 a) and b). The linear sweep voltammetries
in Fig. 3.2 b) clearly show the potentials at which deposition takes place for each solution.
For the silver-containing solution, the potential is more positive than for the Au containing

solution.

The observed equilibrium potential for Ag deposition from S; solution is around -0.65 V.
Closer inspection of Ag electrodeposition at a shorter potential range showed that Ag
electrodeposition starts in the underpotential range, as shown in Fig. 3.3. A comparison of
voltammograms in Sp and S1 was made to confirm that the peak at about -0.35 V is related

to Ag thiosulphate reduction, as shown in Fig. 3.3 a). Different negative potential limits were
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taken to identify the bulk Ag deposition potential and determine more precisely equilibrium

potential (~ -0.65 V), as presented in Fig. 3.3 b).
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Fig. 3.2 a) CVs on Au substrate in different thiosulphate solutions. b) LSV obtained from the

CVs in a) showing the cathodic peaks for each solution. Scan rate of 50 mV/s.
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Fig. 3.3. CVs of a) background solution So and Ag containing solution S;, and b)Ag UPD on

Au substrate with different negative potential limits in solution S1. Scan rate 50 mV/s.

The electrodeposition from different alloy solutions is shown in Fig. 3.4. From the LSV
curves, it can be observed that behaviour is similar for the different solutions, with a loop
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with a maximum of current at a potential of -0.88 V. The potential at which the current starts
increasing has a trend of moving towards more negative potentials for solutions that have
more Au content. The potentials at which deposition start in different solutions are between
those for pure Ag and pure Au. The current drop and the nucleation loops are due to Ag and
Au's electrodeposition based on the comparison with the background solution current that
shows very low values through the whole potential range, as shown in Fig. 3.4 b). The current
density in solution S12 shows higher values than S11 and Sy,1 as this is the solution with the

highest Ag ions concentration.
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Fig. 3.4 a) CVs on Au substrate in different alloy deposition solutions. b) LSVs obtained from
the CVs in a). The two potentials marked on the graph, -0.79 V and -0.94 V, are used later

in the analysis. Scan rate of 50 mV/s.

3.3.2 Electrodeposition of AuxAgioo-x alloys at different potentials from solution Sz 1

A more detailed study of the electrodeposition of thin films using different potentials from
solution Si1 was conducted. Alloy films were deposited at potentials of -0.7V, -0.79V,
-0.94V, -1.04 V and -1.14 V, as indicated in Fig. 3.5.
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Fig. 3.5. Linear Sweep Voltammetry in solution Sy,1 with the different potentials selected for

analysis. Scan rate: 50 mV/s.

The constant potential deposition transients at selected potentials are shown in Fig. 3.6. The
deposition currents are very close, reaching stable values within 100 s. The steady current
values range between 75 — 110 uA/cm? (average 95 pA/cm?) without any specific trend with
the deposition potential. The samples deposited at all potentials looked very shiny and
mirror-like, except the ones deposited at the potential of -1.14 V, where the fuzzy reflection
suggested a rougher deposit structure. The electrodeposited alloys were rinsed and dried with

nitrogen and subjected to further analysis.
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Fig. 3.6. Current transients of electrodeposition by constant potential step in solution Sy 1

with different deposition charges and deposition potentials.

3.3.3 Chemical composition characterisation

The chemical composition of the films was determined using X-ray Photoelectron
Spectroscopy (XPS). A survey of each sample was obtained as presented in Fig. 3.7 a). The
Ag 3d and Au 4f doublet peaks presented in Fig. 3.7 b) and c) respectively were selected for

the composition analysis.
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Fig. 3.7. Binding energy spectra corresponding to a) full elemental survey, b) Au 4f doublet
peaks and c¢) Ag 3d doublet peaks. An X-ray source of Al-Ka (1486.6 eV) was used to obtain

the spectra.
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When looking at the XPS spectra in more detail, the peak of S 2ps can be distinguished;
however, the peak intensity is very low compared to the double peaks of Au 4f, as seen in
Fig. 3.8 a). Furthermore, the same peak has been observed in the spectra of all samples
deposited from different solutions, as presented in Fig. 3.8 b). When calculating the alloys'
composition considering the sulphur peak, the at% of S for all alloys is less than 5% and does
not significantly affect the at% ratio of Au and Ag. For this reason, the chemical composition
of films will be used in the rest of the thesis as determined by the Au and Ag measurements

only.
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Fig. 3.8. XPS spectra of a) S 2ps»> peak and the double peak of Au 4f from S11 and b) S 2ps.2
peak of AuxAgioo-x alloys deposited from different solutions. Potential of deposition of -0.79
V vs MSE.

The compositions of alloys deposited in S1 1 solution at different potentials are given in Table
3.3. The analysis was done for films deposited with different thicknesses (for 50 mC/cm? and
100 mC/cm?), and the measurements gave similar composition values, as shown in Table 3.3.
It can be concluded that alloy composition did not change much with deposition potential,

suggesting a mass transport control of electrodeposition.
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Table 3.3. Chemical composition of AuxAgioox alloys electrodeposited from Si1 solution at

different selected potentials. Films were deposited using 100 mC/cm?.

Egep [V] (Xag £ 2) at% (Yau £ 2) at%
-0.7 68 2
-0.79 68 32
-0.94 62 38
-1.04 65 35
-1.14 68 32

Further surface characterisation of samples was done by SEM as presented in Fig. 3.9. It can
be seen that the samples look homogeneous and flat for the deposition potentials between
-0.7 and -0.94 V. As the potentials are more negative from -1.04, the sample shows some
instability during the formation of the alloy. The pH of the thiosulphate solution was
measured, and a value of 6.3 was obtained. Hydrogen evolution reaction (HER) occurs at 0
V vs SHE at standard conditions for samples grown on Au substrate, and it shifts according
to the Nernst equation with pH as Exer= 0 V -0.06pH V. Then, the potential at which HER
starts in our thiosulphate solution is at -0.38 vs SHE or -1 V vs MSE. Thus, during deposition
at -1.04 and -1.14 V vs MSE, the contribution from the HER could explain the non-uniform
films deposited at this potential. Considering the previous results, the following samples
deposited were limited to potentials below -1.00 V, at -0.79 and -0.94 V.
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Fig. 3.9. SEM images of AuxAgioo-x alloys deposited using Si1,1 at different potentials. 10 kx
image magnification was used. Potentials of each sample are a) -0.7, b) -0.94, ¢) -1.04 and
d)-1.14 V vs MSE.

3.3.4 Electrodeposition of AgxAuioo-x alloys at a fixed potential from different solutions

Following the analysis described in the previous section, two deposition potentials were
selected for further study in all solutions. Alloy deposition in each solution was conducted at
-0.79 V and -0.94 V vs MSE (or at an overpotential of ~0.15 V and ~0.3 V from Ag/Ag*
equilibrium, respectively). Electrodeposition was conducted by chronoamperometry starting
from the (open circuit potential) potential of ~ -0.34 V for 10 s, followed by a potential step
to the desired deposition potential. The measured deposition charge controlled the length of
the deposition. Two different values were selected for examination, 50 mC/cm? and 100

mC/cm?.

In Fig. 3.10 a), current transients for samples of different thicknesses deposited at selected
potentials in Sy,1 solution are shown. Similar plots were obtained for all other solutions just
different levels of the steady-state current were measured (-50 pA/cm?, -100 pA/cm? and
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-170 pA/cm? for the solutions Sy, Si1 and Siz, respectively). In Fig. 3.10 b), the
representative deposition transient for films deposited at Eqep=-0.79 V vs MSE with Q=100
mC/cm? in three different solutions are selected. The results indicate that the deposition is
diffusion-controlled, and the current level (as expected) depends on the total ion
concentration in the solution. Using the Cottrell equation for the representative transient
presented in Fig. 3.10 b), the Cottrell plot was obtained and shown in Fig. 3.10 c). The slope
Is related to the diffusion coefficient for each solution. The diffusion coefficient for each
solution is obtained and presented in Table 3.4. As it can be seen, the diffusion coefficient

decreases with solutions more Au-rich.
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Fig. 3.10. Current transients of electrodeposition by the constant potential for a) S,1 with
different deposition charges and deposition potential, and b) deposition charge of 100
mC/cm? and at a deposition potential of -0.79 V but different solutions during deposition. C)

Cottrell plots obtained from b) to obtain the diffusion coefficients.
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Table 3.4. Diffusion coefficient from Cottrell plots.

Solution Diffusion coefficient [cm?/s]
S12 (8.2 + 0.4) x 1075
Si11 (39 + 0.8) x 107°
S21 (17.0 + 0.3) x 10°°

The samples' compositions are listed in Table 3.5. It can be observed that electrodeposited
films are more Ag-rich, and gold content increases for a higher Au-to-Ag ratio in the solution.
The alloy compositions are similar for different deposition potentials from the same solution,
corroborating that the deposition is in the diffusion-controlled regime. All films are Ag-rich
alloys and have compositions different from the ion ratios in the deposition solutions. This
result agrees with the previously reported work of McCurry et al.'*6. Although ions'
concentrations for our solutions were in the millimolar range, which is one order of
magnitude higher than their work, the composition of alloys deposited from the Sy 1 solution
is the same (very close) to those reported from solutions with 1:1 ratio of Ag: Au ions.'4
The reason for growing alloys with compositions not matching the ratio of ions present in
the solution could be related to Au and Ag thiosulphate complexes' relative stability. For
example, Au(l)-thiosulphate stability constant is B4, = 1.3 X 1026 and for Ag(l)-
thiosulphate, B4, = 4.2 x 10 which suggest that Ag deposition is a lot easier than for Au

under given conditions.’ 1°

SEM was also used to characterise the surface of the electrodeposited alloys. The images (not
shown) show a similarly smooth and homogeneous surface morphology as those obtained in
S11 illustrated in Fig. 3.9. For closer morphology examination, AFM images of the selected
sample are shown in Fig. 3.11. As can be corroborated, the surface looks homogeneously
distributed for the different samples and potentials of deposition. Better defined and possibly
smaller grains can be observed for samples grown from S,,1 compared to the other samples

from Sy1. Grain sizes from c) can be seen to be less than 100 nm in diameter.
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Table 3.5. Composition of electrodeposited alloys measured by XPS for different deposition

solutions and potentials.

Solution used Edep [V] (Xagt2) at% | (Yaut2) at%
S21 -0.79 52 48
S21 -0.94 54 46
S11 -0.79 68 32
S11 -0.94 62 38
S12 -0.79 78 22
S12 -0.94 7 23
a)
7.2 nm 11.7 nm
-6.8 nm -11.7 nm
c)
7.3 nm 6.0 nm
-7.7 nm -6.0 nm

200.0 nm 100.0 nm

Fig. 3.11. AFM images of samples deposited at -0.79 V for a) Sz,1, b) S1,1 and deposited at
-0.94 V for c) Sy,1, d) S1.1. Images from courtesy of Dr Robert Harniman at the School of

Chemistry.
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3.3.5 Optical characterisation of electrodeposited alloys

As a part of the preliminary study of alloys optical properties, ellipsometry measurements
were conducted on electrodeposited alloys from Sz1 and Si2 solutions. The measurements
were done by MSci students Akash Dasgupta'® and Christian de Podesta'® as part of their
Final year Project. The ellipsometry measurements were compared to pure Au and Ag*
films, as shown in Fig. 3.12. From the imaginary component measurements, the samples
show one peak around 300 nm, similarly to the case of pure Ag; however, the value increases
with more Au content. For wavelengths higher than about 500 nm, the imaginary part of the
dielectric constant for the alloys increases instead of remaining low for Ag's case, even
reaching higher values than Au. For the real component, it can be seen that the wavelength
at which the permittivity begins to become negative shifts towards higher wavelengths with
more Au content in the alloy. A region of interest for plasmon coupling for the alloys would
be between 400 and 600 nm, where the imaginary component is low and the real component

IS negative.

Au Ag Au-Ag 0043057 =———Au-Apr 0.23-0.77
5 T T T

Imig)

0 - ' ' : :
200 400 Sl =00 1000 200 400 00 RO Toodo
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Fig. 3.12. Imaginary and real components of permittivity of Au, Ag™, Aus7Agss and AuzsAgr7

alloys were obtained from ellipsometry. Image is taken from Ref 1°2,

78



3.3.6 Electrodeposition of AuAg alloy nanostructures

Electrodeposition of AuAg alloys is an active area of research due to their potential
applications in photonics and sensors. The work has been explored in collaboration with the
MSc student Jing Ren Wong®™*, who extended the study presented in previous sections on
Au-Ag electrodeposition to ITO substrates patterned with Au. Substrate patterning was done
at the University of Bath by the Displacement Talbot Lithography (DLT) technique®® in

collaboration with Dr Andrei Sarua.

DTL is a recently developed non-contact photolithography method!*®-18 to create periodic
patterns of sub-micron features (such as holes, nano-dashes, fishnets and other motifs) for
large scale metamaterials production exploiting the Talbot effect. The Talbot effect is a
formation of periodic images of the grating when illuminated with the monochromatic,
collimated light of wavelength A (usually near infrared to deep ultraviolet range). The Talbot
length for a grating of periodicity p, is defined as 2p?/4, which is the distance behind the
grating at which the grating images repeat. At distances that correspond to the integer
fractions of the Talbot length (2p?/nA, where n is an integer) the sub-images of the grating

can be formed with the multiple frequencies of the grating periodicity.

A schematic illustration of the DLT method is shown in Fig. 3.13'%. In this approach, the
position of the wafer with the photoresists (distance d) is varied by one Talbot length during
the exposure.’> The resulting structures will create the mask-pattern that will have double
the frequency of the grating, Fig. 3.13. This method has benefits in cost of production
compared to other lithographic techniques (such as e-beam lithography, focused ion beam or
nanoimprinting)**°. Other benefits are that periodic patterns could be uniformly printed over

large areas and non-planar surfaces.
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Fig. 3.13 a) Schematic diagram illustrating the DTL process. The photoresist-coated
substrate is moved towards the mask by one Talbot length during the exposure. B) and c)
Application of the DTL method to a periodic pattern with hexagonal symmetry. (b) Schematic
view of the mask pattern. (c) SEM image of a pattern of 300 nm-diameter holes with 600 nm
period obtained by a DTL exposure and transferred into a silicon wafer by reactive ion

etching. Figure adapted from Ref 1%,

The electrodeposition of all thin films was conducted on Indium-Tin Oxide (ITO) substrates.
The linear sweep voltammetry of deposition in thiosulphate-based solutions with different
Au™: Ag® ratios are presented in Fig. 3.14. It can be seen that the potentials at which the
deposition starts taking place for all the solutions are shifted towards more negative values
compared to the depositions shown in Fig. 3.2 b) and Fig. 3.4 b) on gold substrates, which
could be attributed to the difference of Fermi level at the surface of the two different
substrates. XPS was used to determine the composition of the electrodeposited alloys. Table
3.6 summarises the composition of AuxAgioox films electrodeposited at -0.97 V on ITO
substrate using solutions with different Au*: Ag" ratios in solution. Comparing these
compositions with the ones obtained in Table 3.5 shows that the values are very similar, with
a variation between 2 and 3 %, which would suggest that the composition would be similar

independent of the substrate used for each solution.
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Fig. 3.14. LSVs in solutions with different Au™:Ag* ratios (as labelled) using thiosulphate-

based solutions on ITO substrate using a scan rate of 50 mV/s.

Table 3.6. Composition of electrodeposited alloys from different solutions at -0.97 V on ITO

measured by XPS.

Solution (Xagt2) at% | (Yaut2) at%
S2.1 53 47
S11 66 34
S12 75 25

Based on the results that the AuxAgioox alloy electrodeposition on ITO occurs at more
negative potentials than those electrodeposited on Au, the Au-patterned ITO substrates (such
as one presented in Fig. 3.15 a) were used for alloy deposition. Fig. 3.15 b) shows pure Ag
electrodeposition from S; solution, resulting in very small grains with different sizes and not
homogeneously distributed. However, the alloy deposition from the Sz 1 solution, as shown

in Fig. 3.15 ¢), results in smooth and homogeneous layers throughout the surface.
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Fig. 3.15. SEM images (50 kX magnification) of a) Au-ITO substrate with the hexagonal
pattern created by DTL and subsequent Au evaporation. b) Electrodeposited Ag on Au-ITO
substrate for 10 min from solution S;. ¢) Electrodeposited Au-Ag alloy on Au-ITO substrate

for 10 min from solution Sz 1.

3.4 Conclusions

In this work, AuxAgioo-x alloys with different compositions have been electrodeposited from
thiosulphate-based solutions. Different alloy compositions were grown by changing
parameters such as deposition potentials and complex-ion ratios in the solution. The results
have shown that the composition of alloys was independent of the potential of deposition and
thickness. Uniform and smooth films were obtained at deposition potentials positive than the
Hydrogen Evolution Reaction (HER). Alloys of different compositions were obtained from
solutions with different Au*: Ag* ions in the solution ranging from Aus7Agss to AuzAgss.
Using the XPS analysis on films of different thicknesses (range 50 nm -100nm), the
composition of electrodeposited films was shown to be homogenous and consistent during
growth. In addition to that, the design of nanopatterned alloy structures on transparent

substrates for potential plasmonic applications has been demonstrated. A preliminary study

82



of the optical behaviour of electrodeposited alloys illustrated the potential for future studies
of fundamental importance. The electrodeposition method developed could be used for the
development of nanostructures for optical and sensor applications.
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4 Chapter - Electrochemical Design
of Nanoporous Gold with Tuneable

Porosity

Selective dissolution of Ag from AuxAgioo-x alloys was used to obtain the interconnected bi-
continuous structure of nanoporous gold (NPG). NPG is an important metamaterial well
known for its excellent mechanical, plasmonic, and catalytic properties that depend on
porosity's length scale. The pore and ligament size generally depend on the parent alloy
composition, the method of dealloying (chemical or electrochemical) and the post-treatment.
Besides thermal treatments commonly used for this purpose, there has been an increased
interest in using electrochemical methods to fine-tune the porosity. The work presented in
this chapter aims to demonstrate and explore Pb underpotential deposition cycling as a new

effective tool for tuning the porosity structure of NPG.

4.1 Introduction

NPG is a bicontinuous 3D structure made of interconnected Au ligaments and pores?!. NPG
is a material obtained by dealloying Au alloys, such as Au-Ag, and Au-Cu alloys. NPG
formation has been explained as the result of two processes; the dissolution of the less noble
element and the accompanied diffusion of Au to form ligaments, allowing the further
dissolution of Ag into the bulk material”*. NPG has been an extensively studied nanomaterial
because of its wide-ranging applications.>® Due to the high surface area of NPG, it can be
used as a catalyst support?® 585°_ Also, covalent adsorbate-metal interactions affect the strain
at the surface, which can be used for actuation applications®-2. Free electrons of Au allow
the formation of surface plasmons, which can be used in enhanced spectroscopies, such as
Surface Enhanced Raman Spectroscopy (SERS)'® or Surface Enhanced Fluorescence
(SEF). Surface-enhanced spectroscopies can be used as sensors for molecular detection®.
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NPG mechanical and optical properties depend on ligament and pore sizes® %, and for many
desired applications, precise control of morphology is essential. Porosity size depends on
several factors, such as the composition of parent alloy®® %, the temperature during
dealloying®®!, and the dealloying method used*® %4 162, Porous samples could be obtained by
dealloying chemically or electrochemically. Electrochemical dealloying could be done by
two methods: 1) at a constant potential/current and 2) by a linear sweep of the potential. In
the second case, it has been shown that the porous structure is affected by the scan rate”.
Pore sizes may vary from a few nanometres to 10-15 nanometers®4 °7- 163 Post-treatment of
the NPG is commonly used to modify the length scale of porosity further up to a few hundred
nanometres. The ligament and pore size of NPG is most commonly modified by thermal
treatment (annealing >* 163185 electrical treatment %667 chemical®*, and photothermal®®®).
The most recent interest in modifying NPG structures includes electrochemical protocols®®®-
171 as possible methods for fine-tuning NPG porosity. The reported electrochemical methods
include electrochemical etching'™® and electrochemical annealing with potential cycling

involving Au oxidation-reduction processes'®®.

Different ways to measure the area of NPG include gas adsorption?® 163 172" and
electrochemical methods such as impedance measurementsi®® 173 and UPD metal
electrodeposition®” 14, The most recent study by Liu et al. % demonstrated that Pb UPD on
the Au process could measure the NPG surface area more accurately than Brunauer-Emmett-
Teller (BET) gas absorption®’.

Pb UPD on the Au system is a well-known UPD system that has attracted much attention due
to its surface stress behaviour.1”>16 Recent in situ surface stress and Scanning Tunnelling
Microscopy (STM) studies on Au(111)*"® (the work in our Surface Physics research group)
have shown that in this process, surface alloying takes place. The potential cycling in this
system resulted in significant restructuring of the Au surface, i.e. formation of Au ad-island

and holes!7®,

In this chapter, the aim was to explore Pb UPD as a tool for changing the length scale of the
NPG porosity. Following the methodology and conditions described in Chapter 3,
AuxAgioox alloys of three different compositions were electrodeposited on Au substrates.

The alloys were dealloyed (Ag was selectively dissolved) electrochemically using potential
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sweep to create NPG films. The NPG samples with different length scales (size) of porosity
were then characterised by electrochemical methods (Pb UPD) and SEM. The surfaces of
NPGs were subjected to repeated Pb UPD cycles (different number of cycles with fast and
slow scan rates). Monitoring the Pb UPD cyclic voltammetry changes suggested gradual
coarsening of the porous structure for all NPGs with an increasing number of UPD cycles.
SEM was used to characterise the initial NPGs structures and those after Pb UPD cycles. The
charge of the Pb UPD monolayer was used to measure the NPGs area and monitor changes.
Moreover, we explored the effect of Au oxidation red/oxidation pre-treatment on as-
dealloyed NPGs structure. The work demonstrated that Pb UPD could be used as an effective

tool for tuning the porosity structure of NPG.

4.2 Experimental Conditions

4.2.1 Electrodeposition conditions

AuxAgioo-x alloys were prepared using 0.1 M NaxS203 + 2 mM Au(I)NazS:03 + 2 y mM
AgClO4, where y was modified to obtain different alloy compositions. For preparing the
deposition solution, first AgClIO4 was added to Na>S»03, and the obtained solution was added
carefully to Au(l)Na2S203 while vigorously mixing. Each solution prepared will follow the
label system proposed in Chapter 3. Ag wire was used as a reference electrode (RE). The RE

was cleaned first in HNO3, thoroughly rinsed with Milli-Q water and dried using nitrogen.

AuxAgioo-x alloy thin films of ~100 nm thickness were electrodeposited at a constant potential
of -150 mV vs Ag/Ag*, which corresponds to -0.79 V vs MSE following the protocols as
described in Chapter 3. The thickness was controlled by a constant deposition charge of
Q=100 mC/cm? corresponding to ~100 nm thickness. After deposition, samples were rinsed
in Milli-Q water, dried in nitrogen and kept in a desiccator until their use. Most of the samples

presented here were de-alloyed and examined right after they were electrodeposited.

4.2.2 Selective dissolution of Ag from alloys conditions
Ag from the alloys was dissolved in 0.1 M HCIO4 + 1 mM AgCIlOa4. The Ag wire was used
as RE. Linear sweep voltammetry (LSV) with a scan rate of 0.2 mV/s was used for

dealloying,

Samples were then carefully rinsed by leaving samples for 5h in Milli-Q water.
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4.2.3 Au oxidation-reduction on nanoporous gold

After the dealloying step, 7 cycles in the AuO oxidation-reduction region with a scan rate of
50 mV/s were applied on the NPG using a solution of 0.1 M HCIO4. The RE used for this
experiment was the mercury sulphate electrode (MSE). MSE was rinsed using Milli-Q water

before the experiment.

4.2.4 Pb UPD for surface area measurement measuring and surface modification
A solution of 0.1 M HCIO4 + 1 mM Pb(ClO4), was used for surface area measurements on

NPG and the surface modification. A Pb wire was used as RE in these experiments.

4.2.4.1 Pb UPD conditions for surface area measurements

To measure the sample's surface area, a Pb UPD monolayer was formed on top of the samples
by applying a step potential at 0.01 V vs Pb/Pb?* for 5 min. After this, the potential was swept
from 0.01 to 0.8 V vs Pb/Pb? at a scan rate of 10 mV/s to remove the Pb layer completely.
The anodic (dissolution) current of Pb UPD was measured to obtain the charge by integration,

which was then used to estimate the surface area.

4.2.4.2 Multiple cycles for surface modification
Cyclic voltammetry of the Pb UPD, from 0.01 to 0.8 VV vs Pb/Pb?* with scan rates of 10 mV/s
and 100 mV/s, was applied repeatedly to observe surface changes. After each tenth cycle, the

surface area was measured by a Pb UPD LSV, as mentioned in the previous section.

4.3 Results and Discussion

Three AuxAgioo-x alloys of different compositions were selected as parent alloys for NPG
formation and further study. The alloys were electrodeposited following the methodology
developed and described in Chapter 3. For completeness, a summary of the parent alloys

characterisation will be presented first.

4.3.1 Characterisation of electrodeposited alloys

As described in Chapter 3, for all electrodeposited alloys, chemical and morphological
characterisation were done using X-ray Photoelectron Spectroscopy (XPS) and Atomic
Microscopy (AFM), respectively. The composition of the electrodeposited alloys and the
solutions used are shown in
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Table 4.1 and illustrated in Fig. 4.1. The composition analysis by XPS methods was done by
comparing the peak intensities of Ag3d 5/2 and 3/2 with Au4f 7/2 and 5/2, as described in
Chapter 3. The mean grain sizes of the alloys were obtained from the AFM images shown in
Fig. 4.2. AussAgs7 mean grain size of 109 + 10 nm was measured, Auz22Agzs was 105 + 10
nm, and AuisAgss 0f 110 + 10 nm.

100

At percent [%]

Fig. 4.1 Composition of electrodeposited Au-Ag alloys as measured by XPS. The horizontal

axis includes the ratios of Ag: Au ions in the deposition solutions.

Table 4.1. Chemical composition of electrodeposited AuxAgioo-x Samples obtained from XPS

measurements.
Electrodeposition Solution Xag 2, at% Yiu £ 2, at%
S11 67 33
S1,2 78 22
Si3 84 16
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Fig. 4.2 AFM images of a) AussAge7, b) Au22Agzs and c) AuisAges electrodeposited alloys.

4.3.2 Dealloying of Au-Ag alloys

Following the deposition and characterisation of alloys, Ag was removed electrochemically
using linear sweep voltammetry. Depending on the parent alloy's composition, the Ag
dissolution potential shifts to more positive values than pure Ag.”® More Au in the alloy
results in a more positive potential shift. This is observed for the electrodeposited alloys, as
shown in Fig. 4.3. The critical potential, Ec, is shown as the dotted line in the figure.
Determining the exact value of Ec, has been challenging as this is not very exact value but a
range of potentials”"4. Here the second derivative of the current density was used, and the
critical potential was selected as the inflexion point where there was a change in the slope.
As shown for the dissolution wave of the AussAge7 sample in Fig. 4.4, the second derivative

cross zero and shows a peak at the potential of ~0.3 V.
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Fig. 4.3 Linear sweep curves for pure Ag and different electrodeposited alloys ina 0.1 M
HCIO4 + 1 mM AgCIO4 solution using a scan rate of 0.2 mV/s. For each alloy, the critical

potential is shown with the dotted line.
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Fig. 4.4. Ag dissolution current density for sample AuzsAgs7 and the second derivative used
to obtain the critical potential, Ec. For this dissolution current wave, the Ec value selected
isaround 0.3 V.
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The dissolution charge Qmeas Was measured to determine the amount of Ag removed from the
films. This was done by integrating the current density of the dissolution waves for each
sample shown in Fig. 4.3. Considering that the total alloy deposition charge was 100 mC/cm?
and the Ag composition for each film was determined by XPS measurements, we estimated
the charge of Ag expected in each film, Q. The difference between the measured and
estimated (deposited) values is calculated and presented in Table 4.2. It can be observed that
the difference in charges is for all samples less than 10 mC/cm?2. The small amount of
remaining Ag, which can be thought of as trapped in the remaining NPG structure, has been
shown in other works as well*’"1® with percentages ranging ~3 -5 % similar to those

obtained in our results.

Table 4.2. Estimated charge of Ag deposited in the films (Qriim ) and measured charge (Qmeas)

of Ag dissolution for alloys electrodeposited from different solutions.

Electrodeposition |~ @fitm 2 Qumeas £1 | 4Q = Qfitm — Qmeas
Solution [mC/cm?] [mC/cm?] [mC/cm?]

S11 67 65 2

Si12 78 70 8

Si3 84 77 7

4.3.3 Surface characterisation of starting surface after Ag dissolution of alloys

Following the dealloying, a porous structure is obtained and then characterised
electrochemically. In the rest of the chapter, each NPG sample will be labelled according to
Table 4.3. The as-dealloyed NPG surface area was measured using Pb UPD following the
work by Liu et al.®”. The results of LSV of Pb UPD dissolution from different NPGs are

presented in Fig. 4.5 and compared to the flat Au substrate.
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Table 4.3. The alloys and corresponding NPGs after Ag dissolution.

Electrodeposition Solution Parent alloy NPG label
S11 AuzzAgs7 NPGe7/33
S1.2 Au22AQg7s NPGrg22
Si13 AuisAgss NPGau/16
120
——Flat Au
100 - Au33Ads;
— AUyAg;g
804 — AUAGy
=
(=]
I 60
40+

WV A\

Fig. 4.5. Linear sweep voltammetries of Pb UPD in 0.1 M HCIO4 + 1 mM Pb(ClO.)2 solution
used to measure the surface area of flat Au substrate and three NPGs obtained from different

parent alloys. Scan rate of 10 mV/s.

Integrating the current from the linear sweeps shown in Fig. 4.5, the charge Q; for each NPG
sample is obtained and presented in Table 4.4. The charge was then normalised, i.e. divided
by the charge of Pb UPD measured on flat Au substrate Q,,, = 312 + 6 uC/cm?. This was
used to obtain the factor of surface area increase compared to the flat Au. It can be observed
that the area for all NPG structures is significantly larger than the flat Au, and the largest area

was measured for NPGe7/33. These results agree with the literature measurements and show

0.2 0.4 06 08
E vs Pb/Pb?* A"

that NPGe7/33 has the smallest pore and ligament sizes. %
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Table 4.4. Pb UPD charge measured on as-dealloyed NPG samples (Qi) and comparison

with the charge measured on flat Au surface Q,, = 312 + 6 uC/cm?.

Sample @ 10 Qi/Qau
[uClcm?]

NPGe7/33 5200 16.7

NPG7s/22 2610 8.4

NPGsa16 1830 5.9

SEM measurements further confirmed the structure of the NPG samples. The SEM images
of as-de-alloyed samples are shown in Fig. 4.6. It can be observed that the pore sizes increase
with Ag content in the parent-alloy in agreement with literature®”. For the NPGga1s sample
shown in Fig. 4.6 c), cracks at the surface could be observed. This agrees with the observed
cracking in the bulk alloy samples due to dealloying induced strain and a significant volume

reduction during the dealloying process!’®8, The size of the pores in between the cracks are

larger than the other two samples, as expected.

Fig. 4.6. SEM images of as-dealloyed samples for a) NPGe7/33, b) NPG7g/22 and ¢) NPGgayi6.

4.3.4 Surface modification on Au after multiple cycles using Pb UPD

The voltammogram in Fig. 4.7 shows Pb UPD on a flat Au (111) surface. Starting from the
potential of bare Au at 0.8 V, the potential is swept negative to form a complete Pb monolayer
at 0 V. The in-situ STM images show the formation of small islands and holes in the Pb

monolayer suggesting the exchange of Pb and Au atoms during the monolayer formation.
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During the reversed potential sweep, the surface shows additional Au islands and holes
formed at the surface. These morphology changes have been attributed to surface alloying of
Pb with Au during the potential cycle 17176181183 The anodic peak at the most positive
potential has been associated with the dealloying process of the low coverage of Pb in the
top Au layer. Considering that there are morphological changes at the surface of flat Au after
cycling in the Pb UPD region, repeated potential cycling was further explored as a tool for
electrochemical annealing and NPG structure modification. A similar approach has been used
in the past where potential cycling in the Au oxidation region resulted in coarsening and

electrochemical annealing of NPG.16°

. .f,wﬁ. ; . -1
Pb monolayer g, ; ' | .

yer oo 02 ” " o8 Initial Au
onAu E vs Pb/Pb?* [V]

Fig. 4.7. Pb UPD on Au (111) surface and STM images at different stages of the UPD process
in 0.1 M HCIO4 + 1 mM Pb(CIQO4)2 solution using a scan rate of 10 mV/s. STM images are

taken from Ref 176,

4.3.5 Surface modification of NPG samples using Pb UPD

After the area of the as-dealloyed NPG sample was measured, multiple potential cycles of
Pb UPD were applied. After each 10th cycle, the surface area was measured by LSV to follow
the evolution and changes with the number of CV cycles. Scan rates of 10 mV/ s and 100

mV/s were used.
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The evolution of the area with the number of cycles for sample NPGzg/22 is shown in Fig. 4.8
for illustration. Similar curves (not shown) have been obtained for all alloys. It can be
observed that with each cycle, the Pb UPD voltammogram current is reduced for both scan
rates. The voltammograms show better-defined peaks for slower scan rates compared to the

faster scan rates as expected.® 97 146
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Fig. 4.8. Changes of the voltammograms of Pb UPD in 0.1 M HCIOs + 1 mM Pb(CIO4)2
solution on NPG7g/22 samples with the number of cycles. Selected CVs are shown for scan

rates a) 10 mV/s and b) 100 mV/s.
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The area measurements were conducted every 10 cycles. A plot of integrated Pb UPD
stripping charges with respect to the number of CV cycles is presented in Fig. 4.9 a) for all
porous samples. It can be observed that the charges for all samples decrease similarly. The
changes follow a trend similar to those observed during thermal annealing, where the
structure of Au gradually coarsens. The NPG area changes are also presented in Fig. 4.9 b)
as a relative area change, i.e. normalised to the initial NPG area. It can be observed that
faster changes occur after initial cycles, and the fastest changes have been observed on

NPGe7/33 samples with the smallest pores and ligaments.
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Fig. 4.9. a) Total charge of the Pb UPD in 0.1 M HCIOs + 1 mM Pb(CIO4). solution
measured on different NPG samples vs the number of CV cycles. b) The reduction of surface
area normalised to the initial NPG area. The results show repeated potential cycling with a

scan rate of 100 mV/s for all samples.
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A similar trend of surface area changes has been observed using CV cycles with slow (10
mV/s) and fast scan rates (100 mV/s), as shown in Fig. 4.10. However, much faster changes
were obtained using slower scan rates. This could be explained by the slow kinetics of the
surface alloying process and slower electrochemical annealing compared to the Au surface
diffusion process involved. The effect of the scan rate on the porosity change can be observed
on SEM images in Fig. 4.10 c) and d).
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Fig. 4.10. a) Relative area change of as-dealloyed NPGe7/33 samples after multiple Pb UPD
cycles with different scan rates. SEM images of b) as-dealloyed sample and samples after
200 cycles with scan rate ¢) 100 mV/s and d) 10 mV/s.

As already noted earlier, some amount of Ag was considered trapped in the structure
following dealloying. Ag may be removed during initial CV cycles, and this may contribute

to the NPG porosity evolution. To examine this hypothesis and explore the effect of residual
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Ag removal, the surface of dealloyed samples was first treated by Au oxidation/reduction
cycles before multiple Pb UPD cycles were employed. This will be illustrated in the next
section on the NPGe7/33 samples.

4.3.6 The effect of oxidation/reduction on the initial NPG surface

It has been shown that NPG features can be modified by thermally annealing the sample,
which coarsens the structure® 163-165 Another technique that can lead to coarsening of the

structure is known as electrochemical annealing®®®

. The process of electrochemical annealing
involves multiple cycling of Au in the gold oxidation region. The formation of AuO on the
surface is often used as a surface area measurement method, as mentioned in Chapter 2. Au
surface oxide (AuQ) reduction results in the formation of Au ad-atoms that are redistributed
by surface diffusion to the lowest energy surface structure. Sharma et al. combined the
oxidation of Au protocol with the effect of different anions in the solution and showed

changes in surface area between 20% to about 60% *°°.

In this thesis, Au surface oxidation-reduction was used for the area measurements of flat gold
substrates.% 128 In this study, it was also used to 'treat' the as-dealloyed NPG sample,
following the approach often used on bulk de-alloyed samples to remove remnant Ag. *’” For

illustration, the results will be presented and discussed for NPGe7/33 Samples.

The as-dealloyed NPGe7/33 sample was immersed in a solution containing 0.1 M HCIO4
solution, and several cycles of Au oxidation (Au ox/red cycles) were applied as shown in Fig.
4.11 a). It can be observed from the graph that the area of the voltammograms gets reduced
after each cycle until it reaches the seventh cycle, after which the cycles stop changing.
Following these observations, seven Au ox/red cycles were selected as a pre-treatment for
all samples before multiple cycles of Pb UPD application. The surface area was measured
from the reduction peak of AuO for the initial and seventh cycles. The area measured by
integration of current shows that the as-dealloyed sample has the associated charge of
9970 4+ 10 pC/cm? whereas the one after Au oxidation/reduction cycles is 7200 +
10 uC/cm?.

The SEM images of the NPGe7/33 sample before and after applying the seven cycles are shown
in Fig. 4.11 b) and c), respectively. The pores in Figure c) are more easily resolved and
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interconnected. The redistribution of Au atoms could explain the reduction of the surface
area during the cycling in the gold oxidation region, which coarsens the structure and releases

Ag atoms that may have remained in the structure after the dealloying process.
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Fig. 4.11. a) Cyclic voltammograms of 10 cycles in 0.1 M HCIO4 solution on NPGe7/33 sample
with a scan rate of 20 mV/s. SEM images of b) as dealloyed NPGs7/33 sample and ¢) NPGe7/33

sample after the 7" cycle of Au ox/red.

The surfaces of NPGe7/33 samples treated by Au ox/red cycles were then examined with Pb
UPD cycles in the same way as described in the previous section. The respective structures
were then examined by SEM. The SEM images of the samples following 200 Pb UPD cycles
with different scan rates are shown and compared to those without Au ox/red cycles pre-
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treatment in Fig. 4.12. The SEM images show the more open structure and larger pores for

samples treated with Au ox/red cycles. This is expected and suggested by area measurements.

The relative area change of the Au ox/red treated samples is measured and shown in Fig.
4.13, with a similar trend to the as-dealloyed samples. This result confirms that
electrochemical annealing by Pb UPD has the general effect that can be applied as a tool for

tuning porosity. The surface changes are independent of remnant Ag in the initial NPG

structure.

Fig. 4.12. SEM images of a) as-dealloyed NPGe7/33 sample and as-dealloyed NPGe7/33 sample
after 200 Pb UPD cycles with b) scan rate 100 mV/s and c¢) scan rate 10 mV/s. For
comparison, the images of d) NPGe7/33 samples after the 7 Au ox/red cycles and after 200

cycles of Pb UPD with e) scan rate 100 mV/s and f) scan rate 10 mV/s.
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Fig. 4.13 Comparison of the relative surface area change of NPGe7/33 samples versus the
number of Pb UPD cycles using a scan rate of 100 mV/s in 0.1 M HCIO4 + 1 mM Pb(CIQOa4):
solution. As-dealloyed samples are black data points, and pre-treated with Au ox/red cycles

are red.

Furthermore, the analysis of SEM images for each sample has been conducted to obtain the

ligament width (w;;gamene) and the pore radius (7,res) and the results are shown in
Fig. 4.14 a). The ligaments were measured from the images as presented in

Fig. 4.14 b) using Gwyddion software. The size distribution was obtained from a set of

values, as shown in

Fig. 4.14 c). After that, a filter was applied to the original image using ImageJ software to

select the holes in each image as illustrated in
Fig. 4.14 d), and the pore size distribution is shown in

Fig. 4.14 e). The summary of the ligament width and pore radius obtained from different
samples is presented in Table 4.5. From the table, it could be confirmed that the increase in
ligament width and pore radius follows multiple cycles in the Pb UPD region on as-dealloyed

and the initial AuO pre-treated samples.
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Fig. 4.14. Analysis of SEM images used to obtain ligament and pore sizes. A) Selected SEM
image, b) an example of ligament measurements, c) distribution of Wiigament Obtained of 12.7
nm with SD of 3.3 nm, d) an example of the method used for hole identification by applying
a filter mask and e) distribution of rpores measured from image d) of 8.6 nm with SD of 3.2

nm.
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Table 4.5. A table containing the ligament width and pore radius with standard deviations

obtained from the SEM images of NPGe7/33 samples after different treatments.

] SD of ]
Ligament _ Pore radius SD of pore
Sample ) ligament )
width [nm] ) [nm] radius [nm]
width [nm]
Initial
12.7 3.3 8.6 3.2
as-dealloyed

As-dealloyed after
200 cycles of Pb 13.2 3.4 13.2 6.1
UPD with 100 mV/s

As-dealloyed after
200 cycles of Pb 20.1 5.3 155 9.0
UPD with 10 mV/s

Initial after Au ox-

9.7 3.0 11.1 7.1
red cycles

Au ox-red sample

after 200 cycles of
Pb UPD with 16.6 3.7 12.4 6.1

100 mV/s

Au ox-red sample
after 200 cycles of

Pb UPD with 19.6 4.4 16.8 8.9

10 mV/s
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4.4 Conclusions

The study of fabrication of NPG structures using all electrochemical approaches has been
presented. NPGs have been obtained by electrochemical selective dissolution of Ag from
electrodeposited Au-Ag alloys of different compositions. The measured values of critical
potential shifted more positive for alloy films with more Au content, agreeing with the bulk
alloy values. Different porous structures were obtained depending on the parent alloy used.
The Pb UPD was used to obtain the surface area of porous samples, which showed higher

values than flat Au.

The application of multiple cycles of Pb UPD showed that the surface of the porous structures
could be changed and coarsened. Different scan rates during Pb UPD cycling were used, and
more significant area changes were obtained for slower scan rates. The pre-treatment of NPG
porous structures with Au ox/red cycles increased the initial NPG surface area. However, the
effect of repeated Pb UPD cycles was the same as on non-treated samples. This confirmed
the applicability of Pb UPD based electrochemical annealing as a tool for fine-tuning the
NPG surface porosity. This is the first report of the electrochemical annealing method
induced by surface alloying of Pb with Au that could have implications and use on other Au

nanostructured surfaces.
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5 Chapter - Electrochemical
characterisation of AuxAgioo-x alloys
using underpotential deposition

The electrodeposited AuxAgdioo-x alloys were analysed by Pb UPD and Cu UPD processes in
this chapter. Pb UPD has been studied extensively on both pure Au and Ag surfaces and was
selected as one of the UPD systems to explore. The second metal was Cu that is well known
to form UPD on Au but not on Ag. In the case of Cu, two background solutions were studied,
sulphate and perchlorate, as the role of anions is essential and affects this metal monolayer
formation. The changes of the UPD voltammetric peaks were monitored and correlated to

the alloy compositions.

5.1 Introduction

The underpotential deposition (UPD) involves a formation of an epitaxial monolayer of a
metal (M) on a foreign substrate (S) at potentials that are more positive than the Nernst
equilibrium potential for bulk metal M deposition. This process takes place only on certain
metal/substrate combinations.8%-%% 120 122 The structure of the voltammograms (peaks) are
influenced by the interaction between the metal M and substrate S, crystal structure of the

substrate and ions present in the solution 8- 120 122

Over the last few decades, understanding of different UPD system has been exploited in many
ways. The most advanced applications include mediation and manipulation of thin-film
growth kinetics in Surfactant-Mediated Growth (SMG)%1% and Defect Mediated Growth
(DMG)*0L 106107 methods. The most recent work used UPD layers as sacrificial to deposit

noble metals (such as Pt, Au, Pd) spontaneously by galvanic displacement at the open circuit
101
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Processes of metal UPD on foreign substrates have been often used as analytical tools in
electrochemical surface science to characterise surface crystal structure and measurements
of active surface area. The surface composition sensitivity of UPD processes has not been
understood and explored enough. The research in the area of UPD metals on alloys could
help in the development of new tools for surface characterisation that would be particularly

useful in catalysis® 19819 and corrosion.'84-18°

Surface characterisation of alloys using UPD has been explored in the past.®> 198110 Because
the UPD characteristic peaks depend on the substrate's nature, there have been very few
studies in the past focused on understanding the aspects of UPD formation on alloy surfaces
and the correlation with the alloy composition. 12° One such example is Cu UPD formation
on Au-Ag alloys explored by McCall et al 11° where it was shown that the charge associated
with the Cu UPD decreased with increasing Ag atomic fraction in the alloy.*'° In the studies
of Cu UPD on Pt-Pd!® and Pt-Ru'® alloys where Cu forms UPD layers on both metals, the

correlations with the alloy composition have been primarily qualitative. 109110

In this chapter, Pb UPD and Cu UPD (in sulphate and perchlorate solutions) were used to
analyse electrodeposited Ag and AuxAgdzoo-x alloys. The shape of characteristic Pb UPD peaks
on Ag and Au surface is different, and the positions are well separated (~50 mV) to allow
comparison of changes with alloy composition. In the case of Cu UPD on alloys, two
background solutions were studied as the role of anions affects this metal monolayer
formation. More quantitative measurements showed the differences and similarities with the

previously reported results.!*°

5.2 Experimental Section
5.2.1 Sample preparation

AuxAgioo-x alloys were electrodeposited from thiosulphate solutions following the protocols
and compositions as described in Chapter 3. The same labels and annotations will be used in
this chapter. The alloys' deposition conditions were: 1) limited deposition by total deposition
charge of 50 mC/cm? and ii) electrodeposition at a constant potential of -0.79 V vs MSE (or
-0.15 V vs Ag/AgY).
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Pure Ag films were also electrodeposited for comparison using different experimental

conditions and solutions. The details of the solutions are presented in Table 5.1.

Ag grown in perchlorate solution (0.1 M HCIO4 + 1 mM AgQCIO4, Spercp ) Was used as a
reference sample for comparison with films deposited from thiosulphate-based solution, S1.
Both samples were electrodeposited at the same overpotential of -0.15 V vs Ag/Ag*. The Ag
films were grown for different thicknesses corresponding to the deposition charge of 5

mC/cm?, 10 mC/cm?, 20 mC/cm? and 50 mC/cm?.

Solution Ssurf was used for growing epitaxial Ag films by SMG method using Pb UPD as a
surfactant. Ag film was deposited at -0.125 V vs Ag/Ag*, following the conditions as
described by Brankovic et al.1%. For the SMG deposited Ag films, growth is much slower,

and for comparison, Ag films were grown for different deposition times.

Table 5.1. Different solutions and conditions used to electrodeposit pure Ag films. The labels

were used in this chapter.

Solution Label Method Deposition
Potentials
vs Ag/Ag*
0.1 M Na2S203 + 2 mM AgCIlO4 S1 Const. Pot. -0.15V
0.1 M HCIO4 + 1 mM AgCIO4 Sperch Const. Pot -0.15V
10 mM HCIO4 + 0.1 mM AgCIO4 Ssurf SMG -0.125 VvV
+ 10 mM Pb(CIOs)

5.2.2 UPD measurements on Au, Ag and alloys samples

All UPD measurements were done in a three-electrode cell, using Pt as a counter electrode,
the pseudo-reference electrodes were Pb wire for Pb UPD in perchlorate solution and a Cu
wire for solutions containing Cu ions. Samples were rinsed after alloy deposition with Milli-
Q water and immediately used for the Pb UPD measurements to avoid prolonged exposure

to air.
107



Pb forms a UPD layer on top of Au and Ag, which is why we were interested in looking at
this system for our alloys characterisation!’® 18187 Cyclic voltammograms were taken
between 0.0 V and 0.8 V vs Pb/Pb?* with a scan rate of 10 mV/s in 0.1 M HCIO4 + 1 mM
Pb(ClO4)2. For the case of Pb UPD on Ag (111), the range of potential scans was narrower

compared to that of Au'® in order to avoid silver oxide formation.

Cu UPD was explored using two different solutions, 0.1 M H2SO4 + 1 mM Cu(SO4)2 and 0.1
M HCIO4 + 1 mM Cu(ClOa4).. For sulphate-based solution, the potential range explored was
from 0.0 V t0 0.4 V vs Cu/Cu?* with a scan rate of 20 mV/s. In the perchlorate-based solution,

the potential range varied from -0.04 V to 0.4 V vs Cu/Cu?* with a scan rate of 20 mV/s.

5.3 Results and discussion

5.3.1 Pb underpotential deposition on perchlorate-based solutions

The first system studied was the Pb deposition in a perchloric-based solution, known to start

by UPD monolayer formation on both Ag and Au.

5.3.1.1 Pb UPD on Au and Ag

The process of Pb UPD on Au(111) has been extensively studied in the past 75-176, 181,183, 186-
191 Cyclic voltammetry of Pb UPD on Au film substrates is shown in Fig. 5.1 a with labelled
characteristic peaks associated with the monolayer formation on a single crystal surface of
Au(111).176.181,186-187 Each set of peaks presents a stage of monolayer formation and anodic
dissolution. In the cathodic direction, three stages/peaks are visible and labelled C1-C3. On
the reversed scan, the associated anodic peaks show asymmetry.18-18” The CV of Pb UPD
with different potential limits was used in the past to establish the cathodic and associated
anodic peaks as shown in Fig. 5.1 b (Figure taken from ref 1’®). The first cathodic peak, C1,
and associated anodic A1 mark the initial stage of Pb UPD formation/dissolution. This stage
was associated with Pb deposition at the step edges based on the in-situ STM studies.!’> 183
The second cathodic peak, C2, covers a broad potential region. Its anodic counterpart, A2, is

at the most positive potentials. Such asymmetric peaks behaviour is unusual. This stage has
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been associated with the surface alloying/dealloying of Pb with Au, as mentioned and
exploited in Chapter 4. The in-situ STM studies observed the formation of Au ad-islands
and vacancies formation on the top surface layer'’® and illustrated in Fig. 4.7. The third
cathodic peak, C3, is the final stage of the Pb monolayer completion, during which the
surface alloy transitions to a Pb hexagonal incommensurate overlayer on Au. The anodic
counterpart labelled A3 is a double peak associated with the dissolution of the Pb overlayer
phase from the two energetically different surface sites, such as steps and terraces. The
splitting of the main anodic peak A3 is characteristic of high-quality Au(111) surfaces. The
studies in our group and the literature have shown that on samples with more polycrystalline

nature (such as non-annealed Au) A3 is usually a single peak.
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Fig. 5.1. a) CV of Pb UPD on Au thin film substrates in a solution of 0.1 M HCIO4 + 1 mM
Pb(CIO4).. Scan rate of 10 mV/s.(b) Cyclic voltammetry of Pb UPD with different potential

limits used to establish cathodic and associated anodic peaks. The figure is taken from Ref
176

Pb UPD on Ag was conducted on the Ag films electrodeposited from three different solutions
(Table 5.1), and the results are shown in Fig. 5.2.

Electrodeposition at constant potential of -0.15 V vs Ag/Ag* from S; and S, solutions
were used to make Ag films of different thicknesses controlled by deposition charge. In order
to determine the efficiency of deposition, Ag dissolution was conducted by linear sweep

voltammetry with a scan rate of 20 mV/s as presented in Fig. 5.2 al) and b1). The comparison
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of the dissolution charge Q;ss With the target deposition charge Qg ge¢ » is shown in Fig.
5.2 a2) and b2). The efficiencies determined by the slope of the curves were k = 0.98 +
0.01 for deposition of Ag in solution S; and k = 0.94 + 0.01 for deposition in solution

Sperc - The results show very high efficiency and a good control of Ag film thickness.

Following the electrodeposition from S; and S, solutions, and before LSV dissolution, all
Ag films were rinsed with MilliQ water and immediately examined by Pb UPD in Pb-
containing solution. CVs were recorded with a scan rate of 10 mV/s, and the results are
presented in Fig. 5.2 a3) and b3). It can be observed that all voltammograms show a very
sharp peak at 0.15 V vs Pb/Pb?*, which is characteristic for Pb UPD on Ag (111) with two
side shoulders linked to the roughness and defects of the Ag surface.'® From both
voltammograms, the areas under the CVs change slightly with a thickness attributed to the

increase in the films roughness (surface area).

The most notable difference is the presence of a very pronounced cathodic peak for all
samples deposited in the Sz solution. Compared with the films deposited in the Sperc Solution,
it can be concluded that this peak is not associated with the Pb UPD process. However, it
could be associated with some other surface reduction processes.
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Fig. 5.2. Linear sweep voltammetry of Ag dissolution in 0.1 M HCIO4 + 1 mM AgCIO4
solution for films grown in al) S1 and bl) Sperc .Scan rate 10 mV/s/. The integrated charges
of Ag dissolution vs targeted deposition charges for samples deposited from a2) S1 and b2)
Sperc. Cyclic voltammograms of Pb UPD on Ag samples grown with different deposition
charges (thickness) in 0.1 M HCIO4 + 1 mM Pb(CIQ4) solution with a scan rate of 10 mV/s.
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For Ag, Pb UPD was limited to a narrower potential range from 0 until 0.3 V vs Pb/Pb?*
compared to Au. Potentials more positive than that showed on S films another anodic peak
which could be associated with silver oxide formation as seen in Fig. 5.3. As CVs in this
region did not show clear Pb UPD peaks, the upper potential limits for the voltammograms
of pure Ag and the AuxAg1oo-x alloys was varied to obtain the complete measurement of the
monolayer and to avoid this oxidation peak. The reduction peak nature was not explored
further (due to time restrictions), but it is associated with Ag deposition from thiosulphate

solution.
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Fig. 5.3. Pb UPD in 0.1 M HCIO4 + 1 mM Pb(ClOa)2 solution on pure Ag sample deposited

in S1 solution over a different range of potentials. Scan rate 10 mV/s

In addition to Ag films electrodeposition at a constant potential, Ag films were also grown
by the SMG method following Brankovic et al., who used Pb UPD as a surfactant layer to
promote the epitaxial growth of Ag %4 For this case, the thickness via total charge
measurement could not be used, so the deposition time was varied to form films of different
thicknesses. Cyclic voltammetry of Pb UPD on Ag films deposited via SMG after different
deposition times are shown in Fig. 5.4. As shown, the voltammograms are very similar
independent of time of deposition. This can be attributed to the Ag epitaxial deposition, i.e.
2D growth following the substrate surface morphology, as no contribution due to roughness

was observed.
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Fig. 5.4. Pb UPD cyclic voltammograms on Ag thin films grown via SMG from Ssur for

different deposition times. Scan rate of 10 mV/s.

The three different samples of Ag films of similar thickness (~10 mC/cm? ) were compared,
and CVs of Pb UPD are shown in Fig. 5.5. It can be seen that the peak at 0.15 V vs Pb/Pb?*
is common for all the samples, which is related to Pb UPD on Ag(111). The comparison also
confirms that the Ag film grown from the S; solution exhibit a cathodic peak around 0.03 V

vs Pb/Pb?* characteristic only for thiosulphate growth solution.
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Fig. 5.5. Pb UPD cyclic voltammograms in 0.1 M HCIO4 + 1 mM Pb(ClO4). solution, on

Ag thin films grown using three different solutions and methods. Scan rate of 10 mV/s.
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5.3.1.2 Pb UPD on AuxAg1oo-x alloys

Voltammograms of Pb UPD on pure Ag, pure Au and Au-Ag alloys are shown in Fig. 5.6 a).
For analysis, the most prominent peak position was taken from the linear sweeps and shown
in Fig. 5.6 b). The pronounced UPD peak position was plotted as a function of composition
in Fig. 5.6 ¢). The potential of the Pb UPD prominent peak shifts towards more positive
values with the increase of Au content in the film. One important thing to mention is that the
peak position shift does not follow a linear trend with alloy composition, which is noted for
other UPD systems. Also, considering a silver-rich composition of alloys, the features of the
UPD resemble the Pb UPD on the Ag surface.

Also, the anodic charge was integrated to obtain the coverage of Pb at the surface and is
presented in Table 5.2. Pb forms UPD on both Au(111) and Ag(111), and the charge of a full
Pb UPD has a value of ~310 4 10 pC/cm?. Both metals have the same crystal structure and
lattice parameters, and therefore a similar charge as the pure metals is expected for the alloys.
It can be observed that alloys show a lower Pb UPD charge than Ag and Au samples. A
possible reason for that could be the narrow potential range of Pb UPD scans that does not

extend enough to dissolve a complete Pb monolayer.
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Fig. 5.6. a) Cyclic voltammograms and b) Linear sweep voltammograms of Pb UPD on Au,
Ag (deposited from S;) and AuxAgioo-x alloys of different composition in 0.1 M HCIO4 + 1
mM Pb(ClOs)2 solution recorded with a scan rate of 10 mV/s. c) Potential of the main Pb

UPD peak as a function of alloy composition.
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Table 5.2. Charge integrated from the Pb UPD LSVs for the AuxAgioo-x alloys obtained from
Fig. 5.6.

Au cont. [%] Q + 10 [uC/cm?]
100 301
47 226
2 295
23 243
0 311

5.3.2 Cu underpotential deposition in sulphate-based solutions

A similar comparison was made using another UPD system, which is Cu. Cu UPD was
studied using two background solutions, using sulphuric and perchloric acid. Because Cu
does not form UPD on Ag, measurements are expected to be influenced by Ag and Au
distribution and composition in the AuxAgioo-x alloys.!°

In the sulphuric-based solution, Cu UPD on Au and alloys was explored by cyclic
voltammetry and the linear potential sweep in the same potential range. The samples were
first characterised by cyclic voltammetry. Then the potential was stepped to 0.01 V for 180
s, and the linear sweep voltammetry was recorded. Two prominent peaks in Cu UPD cyclic
voltammetry and on the linear sweeps are shown in Fig. 5.7 a) and b) respectively.8%-%.% The
position of both peaks was recorded for each alloy composition and presented in Fig. 5.7 c).
As it can be seen, the peak position increases in potential value with Au content in the film.
The trend that both peaks follow is similar, and it is not linear, the same as in the case of Pb
UPD. The peaks from linear sweep voltammetry were integrated to obtain the charge of Cu
UPD for each alloy. The results are shown in Fig. 5.7 d) and summarised in Table 5.3. The
theoretical charge value is 440 uC/cm? for Cu UPD on Au(111)%. From Fig. 5.7 d), it can be
seen that the trend for the charge is not linear, and it follows a similar trend of peak positions
in Fig. 5.7 c).
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Fig. 5.7. A) Cyclic voltammetry and b) linear sweep voltammetry of Cu UPD on Au and
AuxAgioo-x alloys in 0.1 M H2SO4 + 1 mM CuSOas solution. Scan rate of 20 mV/s. ¢) Cu UPD

peak positions and d) charge for AuxAgioo-x Versus Au composition.

The results can be compared with the previous work of McCall et al.*® Modelling UPD
formation on ideally mixed random alloy, ideally ordered alloy and phase segregated alloy
McCall et al.}*® showed that in the case of phase segregated and ordered alloys, linear
dependence with composition is expected.*'? In their work, a randomly mixed binary alloy
model, was developed using the percolation theory.*® The components in the alloy were
considered organised in clusters of different sizes related to the composition of the alloy. The
model considers average clusters size and considers the blocking effect of Ag on
neighbouring Au atoms.

The average cluster size (diameter), & was given as
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§=—a, Eq. 5.1

where g is the fraction of Ag in the alloy and a is the nearest neighbour distance between
the atoms. For an alloy containing a fraction of Aqg, g, number of ¢ — size clusters is given
as q/&2. For alloys rich in Au (g < 0.5), the model predicted Cu coverage as a function of

q (or p =1 — g, afraction of Au) as:

Ou=1-nt=1- gl Eq. 5.2

2-p
For alloys rich in Ag (g > 0.5), the model predicted coverage of Cu given by:

_(&-2)p _ _ap-(1-p)?
6o = S = p Eq. 5.3

The models' predictions of Cu UPD coverage as a function of Au content in the alloy are

illustrated in Fig. 5.8, taken from Ref 11°,
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Fig. 5.8. Predicted trends of Cu UPD coverage (normalised charge density) for three models
of binary alloys: randomly mixed, ideal ordered and phase-separated. Points on the graph
present measured Cu coverage on Au-Ag polycrystalline bulk samples from the study McCall

et al.}® Figure taken from Ref!10,

From the linear sweep voltammetry in Fig. 5.7, the stripping charges for the AuxAgioo-x alloys

were measured and presented in Table 5.3. The results show that the Cu UPD charge on
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alloys follows qualitatively the same trend as predicted by the cluster model. The normalised
experimentally measured Cu UPD coverage (6.,,) and that predicted by Eq. 5.3 (604¢1) are
shown in Table 5.3 for comparison. There is a significant discrepancy. The normalised charge
of Cu UPD on alloys shows higher values than those predicted by the model. Some of the
possible reasons for this could be:

1) not considered the total surface area of the alloy samples in charge density evaluation.

The measured values presented in the table were normalised to Au substrate surface area;

2) the alloy surface could be Au enriched by the removal of Ag atoms on the top layer. During
sample handing (after deposition), such as rinsing and transferring to Cu solution, Ag might
become oxidised. During Cu UPD cycles, the Ag oxide could be reduced and

removed/redistributed on the top surface layer in the process.

3) The distribution of Ag and Au in the alloy might vary for different alloys due to co-
deposition experimental conditions that could favour more segregated alloys in the case of

higher Ag concentration in the solution.
Further studies to distinguish and confirm the possible effects are needed.

Table 5.3. Charge integrated from the Cu UPD anodic peak for the AuxAgioo-x alloys in 0.1
M H2SO4 + 1 mM CuSO4 obtained from Fig. 5.7.

0 =
Q i 10 ex Q/QAu ngdel
Au cont. [%0] (Normalised
[uC/cm?] (Eq5.3.)
charge)

100 440 1
47 350 0.80 0.35
32 336 0.76 0.15
23 302 0.69 0.05




5.3.3 Cu underpotential deposition on perchlorate-based solutions

Similarly, cycling in the Cu UPD region on different alloys was done using a 0.1 M HCIO4
+ 1 mM Cu(ClOs). solution. The cyclic voltammograms in the Cu UPD region are shown in
Fig. 5.9 a). The dissolution of the Cu UPD charge for each sample is measured by the linear
sweep voltammogram to obtain the relation with the film's composition, as shown in Fig. 5.9
b). The integrated charge of Cu UPD on each alloy is presented in Fig. 5.9 ¢) and in Table
5.4. The UPD charge increases as the Au content in the film increases, which is similar for
Cu UPD on the sulphate-based solution. The charges measured for this system are slightly

smaller compared to those measured in sulphate solutions.
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Fig. 5.9. A) Cyclic voltammograms and b) linear sweep voltammograms of Cu UPD on Au
and AuxAgioox alloys ina 0.1 M HCIO4 + 1 mM Cu(ClOs). electrolyte. Scan rate 20 mV/s.

c¢) Cu UPD charge on each AuxAgio0-x alloy as a function of composition.
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Table 5.4. Charge integrated from the Cu UPD anodic peak for the AuxAgioo-x alloys in 0.1
M HCIOz + 1 mM Cu(ClOs), solution obtained from Fig. 5.9.

eexp = Q/QAu
Q + 10 O model
Au cont. [%0] (Normalised
charge)
100 440 1
47 340 0.77 0.35
32 270 0.61 0.15
23 210 0.48 0.05

Besides the discrepancy between the measured normalised Cu UPD coverage and those
predicted by the model based on the alloy compositions, there are also slight differences in
the measured coverage of Cu UPD in solutions with different background ions. It is well
known that Cu UPD stability is affected by anion adsorption, and the results suggest some

effect on the alloys. Further studies to quantify and confirm the effects are needed.

5.3.4 Cu UPD and Pb UPD subsequent measurements

Since we have shown and used in Chapter 4 the Pb UPD process to modify the surface of
NPG, we need to explore if there is any effect on the surface structure/composition of the
alloys. The comparison was made on a sample of Aus7Ags3 alloy electrodeposited at a
potential of -0.15 V vs Ag/Ag* with a thickness of 50 mC/cm?.

Case 1 - The as-deposited alloy was rinsed and analysed first in the Cu containing solution
looking at the Cu UPD with scan rate 20 mV/s, then rinsed with Milli-Q water and after that
immersed in the Pb containing solution to obtain the Pb UPD linear sweep voltammetry.
After this, the sample was rinsed again, and the second linear sweep voltammetry was taken

from the Cu UPD solution. Both linear sweeps are shown in Fig. 5.10.
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Peaks for Cu UPD before and after Pb UPD have very similar positions (slightly shifted
closer). However, it can be seen that there are some changes in the alloy surface as the peaks
change intensity. This could be explained by the effect of surface alloying/dealloying with
Pb during the UPD process. Following repeated cycling, alloying and dealloying could

redistribute Au and Ag atoms at the surface.

Case 2- The second sample of the same alloy composition was analysed first by Pb UPD
following the electrodeposition. After that, the sample was examined by Cu UPD cycles and
then again by Pb UPD. In this case, the Pb LSVs before and after Cu UPD showed no
changes. It can be concluded that Cu UPD does not affect the surface structure, i.e. no surface

alloying taking place during Cu UPD.
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Fig. 5.10. Linear sweep voltammetry of Aus7Agss taken in 0.1 M HzSO4 + 1 mM CuSOq
solution with a scan rate of 20 mV/s. The Cu UPD immediately after electrodeposition (black

curve) and after the sample was examined by Pb UPD (red curve).

5.4 Conclusions

Different AuxAgioox alloys were electrodeposited from thiosulphate-based solutions and
analysed by different UPD systems. For the case of Pb UPD on alloys, it can be seen that the
voltammogram peaks for alloys shift non-linearly from more negative for more Ag-rich films
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to more positive for samples that contain more Au content. The Pb UPD charge values
measured on alloys were slightly lower than those on pure metals. The narrow potential range
of Pb UPD scans on alloys was used to avoid any Ag oxidation contributions. A more detailed
study of Ag oxidation on alloys would be useful to make more accurate measurements of Pb
UPD charge. The more accurate Pb UPD charge measurements could also be used to evaluate

the 'real area' of the alloy samples.

For the case of Cu UPD on a sulphuric acid solution, the voltammograms and linear sweep
also show a non-linear shift in peak potential towards more positive values with an increase
in Au content film. By integrating the charge of Cu UPD, it was obtained that it decreased
for more Ag-rich films. The reduction of Cu coverage showed a non-linear trend with alloy
composition. In the case of Cu UPD on a perchlorate-based solution, similar results were
observed. The voltammograms showed two peaks, as in the case of the sulphate-based
solution, and this is in agreement with previous results on this system. From the analysis, the
charge of Cu UPD decreases with an increase in Ag content on the alloy and a lower charge
was measured for the perchlorate-based solution. Comparison with the cluster model for Cu
UPD on AuAg alloys, the results showed qualitative agreement. The differences in the

measured values were noted and could not be explained without additional studies.

The linear sweep of Cu UPD on Aus7Agss alloy before and after examination with Pb UPD
showed changes in peak intensities. The surface structure or composition changes could be
attributed to the surface alloying with Pb, as mentioned in Chapter 4. On the other hand, the
effect of Cu UPD on the alloys of the same composition showed no surface change.
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6 Chapter - Conclusions and Future
Work

6.1 Summary of main results and conclusions

Electrochemical growth of AuxAg1oo-x thin films is of interest for the design of nanostructures
for plasmonic and sensors applications. The thesis includes studies of controlled
electrodeposition of alloys with different composition, their electrochemical and structural
characterisation, and their use in the design of NPG with electrochemically tunable porosity.
The main results of this thesis are summarised below.

1) Electrodeposition of AuxAgioo-x thin films with different compositions was explored using
a thiosulphate-based solution. The aim was to develop less toxic conditions than those
typically used in industry. It was shown that for the selected composition of Ag and Au ions
in the solution, the grown alloys' composition was independent of applied potential during
deposition below HER potential ( -0.38 VV vs SHE). The composition of films was varied by
altering the ratio of the Au™: Ag" ions in solution. Compositions of electrodeposited films
were Ag-rich and ranged from Aus7Agss to Aux2Agrs. Using XPS analysis on films of
different thicknesses (range 20 nm -100nm), the composition of electrodeposited films was
shown to be homogenous and consistent during growth. In addition to that, the work
demonstrated application on the formation of nanopatterned samples for potential plasmonic
applications and fundamental studies of optical properties of alloy nanoparticles on

transparent substrates.

2) NPG samples were obtained by electrochemical dissolution of Ag from AuxAgioo-x thin
films. The critical potentials of dealloying obtained by linear sweep voltammetry showed to
shift to more positive potentials as the Ag content in the parent alloy increased, which was
in agreement with observations on bulk alloys. The surface area of the dealloyed samples
was obtained by measuring the charge of Pb UPD. The NPG's porosity level was dependent
on the parent alloy, with a bigger mean pore size for samples derived from alloys with higher

Ag content. Surface modifications of porous samples were done using Pb UPD multiple
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cycles. The Pb UPD on Au is a system with Pb-Au surface alloying that affects surface atoms
redistribution. It was shown that repeated cycling of Pb UPD on NPG caused coarsening, i.e.
affected the surface in the same way as 'thermal annealing'. The surface area of NPG
decreased with the number of Pb UPD cycles, reflected by the increased size of ligaments
and pores. Another factor that influenced the surface modification was the scan rate during
cycles of Pb UPD. Slower scan rates showed a more prominent effect on the surface
coarsening with the number of cycles. In addition, using Au ox/red cycles after dealloying
showed an impact on the initial porosity size. The use of Au ox/red cycles on the as-dealloyed
NPGe7/33 samples demonstrated a better-defined porous structure (observed by SEM), which
was reflected in a decrease in surface charge measured by Pb UPD (from 3870+10 to 510+10
nC/cm?) almost eight times. The as-dealloyed samples treated by seven Au ox/red cycles

followed the same surface area changes after Pb UPD cycles.

The results on Pb UPD based modifications of NPGs are new. These results show that using
electrochemical methods, it is possible to create nanostructures of NPG with desired

pore/ligament size ranging from 5 nm — 50 nm.

3) Surface characterisation of metals and alloys using UPD processes has been an attractive
electrochemical surface science area. Pb UPD in perchlorate solution and Cu UPD in sulphate
and perchlorate solutions were used to analyse electrodeposited Ag and AuxAgioo-x alloys.
Pb UPD has been well studied in the past on both pure Au and Ag surfaces. Pb UPD systems
have characteristic prominent peaks that are separated ~50 mV. The study has shown that the
prominent peak positions of Pb UPD shifted towards more positive values with higher Au
content in the alloy. Also, Pb UPD voltammograms on AuxAgioo-x alloys showed an unusual
peak in the most negative cathodic direction (around 0.03 V vs Pb/Pb?") associated with Ag
grown in thiosulphate solutions. This compound's nature has not been determined. Still, we
showed that it could be related to the detected S in the samples. A systematic study of Pb
UPD on Ag films electrodeposited in three different ways has confirmed this. Ag thin films
were electrodeposited in thiosulphate solution, perchlorate solution and via surfactant
mediated growth (with Pb UPD as mediator).

Ag films electrodeposited in perchlorate solution have shown Ag-(111) characteristic peaks

during Pb UPD, reflecting the structure with high roughness and an increased number of
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defects in the film. Epitaxial Ag films grown using the surfactant-mediated method were used
for comparison to eliminate the effects of roughness and imperfections. Ag films produced
by these two methods did not show an unusual reduction peak. The presence of a cathodic
peak at 0.03 V vs Pb/Pb?* was detected only for Ag samples grown in thiosulphate solutions

confirming the hypothesis.

In contrast to the Pb UPD, Cu is a metal that forms UPD only on Au and not on Ag. Cu UPD
voltammograms showed a similar shift in the peaks potentials towards more positive values
with a higher Au content in the alloy films. The charge measured for the Cu UPD on the
alloys (in both sulphate and perchlorate background solutions) decreased for a higher Ag
content in the film. The observations and measurements followed a general trend observed

on bulk alloys of different compositions previously reported.

6.2 Future work

A few project directions were explored that could not be pursued further because of the time
limitations, and Covid 19 restricted access to the facilities and laboratory. However,
promising preliminary results were obtained, and they will be presented here as possible

directions for future work.

1) One of the main goals of the thesis was controlling the electrodeposition of AuxAgioo-x
alloys of different compositions. Using the selected range of Ag™ and Au™ ion concentrations
in the thiosulphate solution, we could not obtain Au-rich alloys by conventional
electrodeposition at constant potentials. To deposit more Au-rich alloys, we made a few
attempts using the surfactant mediated growth (SMG) method*®3. In this method, deposition
potential is selected to be positive from the Ag/Ag+ reversible potential, i.e. in the
underpotential deposition regime for Ag on Au. A 'surfactant' UPD layer of Ag was expected
to form during Au overpotential deposition. The potential of deposition was chosen to
correspond to a full Ag ML on Au. The expectation was to achieve either epitaxial growth of
pure Au (if Ag UPD efficiently floats on the surface) or Au-rich alloy by incorporating some
Ag during deposition.
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The range of AuxAgdzoo-x alloys electrodeposited from thiosulphate solutions (as discussed in
Chapter 3) was limited by the ratio between Ag™ and thiosulphate ions in the solution. If the
ratio between the concentrations of thiosulphate and Ag™ in solution is higher than 1.0, then
the system is stable and soluble. However, if the ratio is smaller than 1, then silver sulphide
AQ>S is formed, and it precipitates. A solution of 0.26 M NazS203 + 2 mM AuNa3z(S203)2 +
20 mM AgCIlO4 was prepared to have 10 times higher Ag* to Au* ion ratio compared to the
previous solutions. The higher ratio was to avoid the formation of Ag.S and to have a higher
ratio of the UPD mediator versus deposited metal, similar to the conditions used in the SMG
method published in the literature.!® The potential of deposition was 0.05 V vs Ag/Ag* and
the length of deposition was 2400 s. The deposition of an alloy film was achieved, and the
XPS characterisation showed an alloy of Aus2Agas (very close to 50:50 composition). The
resulting alloy had a composition very close to the one obtained from the solution S, and

the cyclic voltammetry of Pb UPD on this alloy was similar, as shown in Fig. 6.1.

The results showed that the SMG growth protocol could be used to deposit Au-Ag alloys.
However, to form different alloy compositions, it might be necessary to vary deposition
potential at different Ag UPD coverages to confirm the deposit's incorporation mechanism.
It would also be interesting to explore the effect of Ag* concentration and Au because similar
deposition (at the constant potential in the Ag UPD region) could be obtained with less Ag

in the solution and increasing the rate of Au deposition.

127



50 Au subst

—— AuyAGs;
— AU5AGg;
30 —— AUyAgs
Ag

40

20

10 H

j [nA/em?]

-10 4

-20

-30 4

-40 T T T T T
0.0 02 0.4 0.6 0.8

E vs Pb/Pb?* [V]
Fig. 6.1. Comparison of Pb UPD CVs on different AuxAgioox alloys. Sample deposited using
the SMG method was included and compared to the samples described in Chapter 5. Solution
0.1 M HCIO4 + 1 mM Pb(ClOa4)2, scan rate 10 mV/s.

2) In chapter 5, it was shown that Ag films electrodeposited from the thiosulphate solutions
might have some sulphur traces. That was based on the Pb UPD characterisation and the

presence of an unusual reduction peak at 0.03 V vs Pb UPD.

To better understand the Ag deposits structure, we conducted preliminary X-ray reflectivity
(XRR) examination of films electrodeposited from thiosulphate solution and SMG grown Ag
with Pb UPD meditator. The XRR technique is a non-destructive method that can distinguish
the structure of the film by looking at the interference of the reflected x-rays from the film
and substrate, probing the surface roughness, thin-film thickness and density. The technique

is based on the low angle reflection and refraction of X-rays. 1%

The experiments and analysis were done in collaboration with Dr Ross Springell from the
Interface Analysis Centre at the University of Bristol. The measurement taken on the Ag film

(~20 nm) grown by the SMG method is shown in Fig. 6.2. The figure shows oscillations

known as Kiessig fringes that can be used to evaluate the thickness of the film t = %" inA,

where Q is the momentum transfer wavevector.
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Fig. 6.2. X-Ray reflectivity (XRR) measurements of Ag film grown by surfactant-mediated
growth. Measurements were obtained by courtesy of Dr Ross Springell, who collected and

analysed the data.

The results were fitted using GenX software. The best fit estimated 14 =+ 1 nm thickness of
the film, with a roughness of 2.7 nm 0.3 nm. The measurements confirmed the estimated
thickness reasonably close to the expected value. However, the XRR results for Ag film
grown (~100 nm thickness) in the thiosulphate solution (not shown here) were harder to
interpret, and it was harder to fit the data. The 'best fit' estimated thickness of 60 nm + 6 nm
with the roughness of 120 nm + 10 nm and suggested the presence of diffused interface that
could be associated with Au-Ag alloying at the substrate surface. Because the XRR samples
were of different thicknesses, the comparison was difficult and inconclusive. New Ag films
about the same thickness (~20 nm) were grown in thiosulphate and perchlorate solution at
the constant potential. However, the reflectivity measurements were not completed. These
preliminary results were promising, and completing the XRR studies on Ag films grown
under different conditions could help understand the results obtained in Chapter 5 and
provide additional information about the film quality.

3) One of the primary motivations for the project work was to develop nanostructured alloy
samples for optical and plasmonic applications and measurements. The preliminary studies

of alloy samples' optical analysis were done by MSci students Christian De Podesta'® and
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Akash Dasgupta'® during academic 2019-2020 during their final year MSci project. During
the project, | worked with the students and provided training and assistance with making the
samples. Au and Au-Ag were electrodeposited on ITO transparent substrates using different
solutions and following the same deposition conditions. The SEM images presented in Fig.
6.3 illustrate grown nanoparticles from thiosulphate solutions uniformly distributed samples

at two different deposition potentials.
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Fig. 6.3. Radius distribution of two sets of Auo.23Ago.77 Samples electrodeposited on ITO at
different potentials. Radius values were obtained from the SEM images on the right of each

histogram. Figure taken from Ref 12,

The optical transmission spectra from the same samples are shown in Fig. 6.4 a). The
comparison shows that although they have different geometries, i.e., height to radius ratios —
hr and radius — r, the optical transmission peaks positions were similar. As expected, the
transmission for Au-Ag alloy shown in Fig. 6.4 b) is blue-shifted compared to pure Au

nanoparticles with a peak of around 590nm.
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Fig. 6.4. Optical transmissions from two samples a) deposited in the same solution but
different deposition potentials. b) Au and alloy, grown at the same deposition conditions.

Figure adapted from Ref 152,

Completing a systematic study of optical properties of different alloys electrodeposited in
thiosulphate solutions on ITO substrates is required. Electrodeposition of alloys on patterned
samples with a set geometry would provide new knowledge and understanding of

composition and geometry's role in the plasmonic and optical behaviour.
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