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Abstract

The electrochemical phenomenon of underpotential deposition (UPD) has been
investigated as a method to controllably deposit a metal monolayer onto a boron-doped
diamond (BDD) surface. The purpose of forming a metal monolayer terminated diamond
film was to develop an electrocatalyst and a thermionic emitter. Specifically, this thesis
analyses the capability of forming a Cu monolayer on hydrogen- and oxygen-terminated
BDD films via UPD in 0.1 M H;SO4 + 1 mM CuSO4, 2.5 mM CuSO4 and 2.5 mM CuSQO4 + 0.5 mM

KCl solutions.

Cu UPD was observed to a limited extent on hydrogen-terminated BDD films in 0.1 M H;S04
+ 1 mM CuSO4, 2.5 mM CuSO4 and 2.5 mM CuSO4 + 0.5 mM KCl solutions. The largest
coverage of Cu UPD, at -2 % monolayer coverage, was achieved in the 2.5 mM CuSO4
solution. The greater quantity of Cu UPD achieved in the 2.5 mM CuSO, solution correlated
to the more favourable interactions between the diamond surface and Cu* ions. However,
oxidation of the hydrogen-terminated BDD electrode prior to the Cu UPD in the 0.1 M
Hz2S04 + 1 mM CuSO4 and 2.5 mM CuSO4 + 0.5 mM KCl solutions was also deemed to have
affected the surface quality. As oxygen-terminated surfaces were shown to inhibit the
occurrence of UPD, the oxidation of the surface was determined to have a significant role
in reducing Cu UPD. The low metal coverage attained using UPD on BDDs was determined
to be a limiting factor that currently restricts the use of UPD to synthesise a thermionic

emitter or an electrocatalyst modified BDD.

Surface-limited redox replacement (SLRR) depositions were used to replace a Cu UPD ad-
layer and bulk deposited Cu (deposited at low overpotentials) with Pt on a BDD film. The
Cu deposits were successfully red-ox replaced with Pt in a 0.5 mM K;PtCls + 0.1 M HCLO4
solution. However, the low Cu UPD ad-layer coverage limited the Pt coverage that could
be achieved. If an epitaxial metal monolayer is attained on a BDD, this research
determined that a SLRR deposition is capable of loading a monolayer of a more noble

catalytic metal onto the BDD with atomic scale precision.
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Chapter 1: Introduction

1.1 Underpotential deposition

1.1.2 Background of Underpotential deposition

Electrochemical deposition of metals has been a widely studied subject over the past
century and the scientific understanding of the processes involved has significantly
progressed. In the information age, electrochemical deposition techniques cemented their
applicability to modern technology as inexpensive and fast methods to deposit metals in

the electronics industry [1].

Epitaxial monolayer coverage corresponds to a single layer of atoms or molecules adsorbed
on a surface at the maximum surface concentration achievable. It was discovered that
when metal monolayers were deposited, different electronic and structural properties of
these layers were exhibited in comparison to their bulk deposits. These unique properties
of metal monolayers produce distinctive characteristics that enable and enhance a variety
of applications, from the microminiaturisation of electronics to electrocatalysis, including
enhancing the durability and efficiency of catalysed fuel cells [2, 3]. Various techniques
have been developed to form monolayers and ultra-thin films, such as evaporation and
sputtering deposition techniques. However, these techniques require expensive ultra-high
vacuum (UHV) systems and are not sensitive to monolayer formation. Additionally, issues
of alloying have also been shown to intervene and obstruct the formation of a monolayer

on metal surfaces.

Underpotential deposition (UPD) is an electrochemical phenomenon that involves the
formation of a metal ad-layer on the surface of a foreign substrate by reducing metal ions
at potentials more positive than the Nernst equilibrium [4, 5, 6]. In 1935, Haissinsky first
indicated that deposition could occur at an ‘under-voltage’ from studies on the
electrochemical deposition of bismuth and polonium on gold and silver electrodes [7].
Kolb, Przasnyski and Gerischer suggested the original theory of UPD in 1974, which
attributed the favourability of the monolayer adsorption on the substrate to an ionic
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contribution in the chemical bonds from partial electron transfers [8]. Since then,
processes have been discovered in many metal-substrate systems and understanding of the
phenomenon has developed. Nowadays, the stability of the metal ad-layer is ascribed to
the greater binding energy between the substrate and the metal deposit compared to the

binding energy between the metal atoms deposited on the same metal.

UPD has been shown in numerous metal adsorbate-bulk metal substrate systems involving
polycrystalline and monocrystalline substrates, including Pb/Au(111), Cu/Au(111),
Ag/Pt(100), and Tl/Ag(100) [9]. Each system has a different ordered adsorption process,
resulting in drastically different phase structures. Cyclic voltammograms that display
multiple peaks are used as indicators that ordered adsorption has occurred in a system
[10]. These peaks are shown in the UPD region and can be correlated to their associated
adsorption structures by various analytical techniques, such as scanning tunnelling

microscopy (STM), X-ray diffraction (XRD), and atomic force microscopy (AFM).

Surface-limited reactions of UPD layers have been successfully exploited for a variety of
applications. In electrocatalysis, the surfaced-limited nature of UPD is used to create Pt-
bimetallic catalysts [12]. Moreover, underpotentially deposited metal monolayers are
exploited in the so-called surface-limited redox replacement (SLRR) depositions. The SLRR
process is based on the red-ox replacement of an underpotentially pre-deposited
‘sacrificial layer’ with an alternative more noble metal than the UPD metal [11]. The
result of a single SLRR deposition cycle is the production of an epitaxial monolayer that
cannot be achieved by other conventional deposition methods. The atomic precision
attained in a SLRR deposition has been used to deposit alternate atomic layers of

compound semiconductors [13, 14, 15].

This thesis aims to analyse the capability of using UPD and SLRR depositions to controllably
deposit a metal monolayer on a diamond film for applications in thermionic emissions (See

Section 1.3.1) and electrocatalysis (See Section 1.3.2).
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1.1.3 Underpotential Deposition Theory

The UPD phenomenon, which involves the reduction of metal ions onto a foreign substrate
(Equation 1) at potentials more positive than the Nernst equilibrium potential, appears to
disobey the thermodynamics predictions. The rationale arising from the Nernst equation
(Equation 2) is that metals should deposit onto a foreign substrate at potentials lower than
the Nernst equilibrium potential [4]. This rationalisation suggests that UPD contradicts the

Nernst thermodynamic law of equilibrium for the metal/metal ion system.

The equilibrium reaction between the electrodeposited metal (M) and the metal ions in

zZ+

solution (M5

) is given in Equation 1. The Nernst equation for the bulk metal under

equilibrium conditions is shown in Equation 2 [5].

M= M +Ze” (1)
a, z+
_ 0 RT M{ag)
Ewptly = By * 27 75, @

EM/M(z;q) is the Nernst equilibrium potential for the bulk metal deposit and the metal ions,

EA‘ZI/M(H) is the standard equilibrium potential for the reaction, aM(z+)and ayare activities
aq aq

of the metal ions and the bulk metal deposited, respectively, with a,, defined as 1, T is

temperature, and R and F are the gas and Faraday constants, respectively.

The Nernst equilibrium for the bulk metal represents the potential at which the rate of
metal deposition onto the surface equals the rate of dissolution of the deposited metal.
Bulk deposition occurs when the electrochemical system is supersaturated with metal ions
at potentials smaller than the Nernst equilibrium (the overpotential deposition region).
Conversely, the equation predicts the dissolution of the metal adatoms on the substrate in

undersaturated systems at potentials greater than Nernst equilibrium.

UPD can be treated as a surface-limited metal adsorption process because it is a two-

dimensional process that continues only until all the available surface sites on the
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substrate are occupied [5, 16]. Treatment of the metal adatoms (My) adsorbed onto a
substrate (S) at a certain surface coverage according to the UPD phenomenon in a quasi-

Nernst equation is shown in Equation 3 [5].

a, z+

o+ L (—a (3)

E z+ = EO
(Mg /S)/M(qq) (Mg/S)/Miaqy ~ zF AM(mg/s)

E g s)/mz, 1S the equilibrium potential for the metal adatoms adsorbed at the fractional

coverage 6 and the metal ions, E°

(Mo/S)/MEL is the standard equilibrium potential for the

reaction, apzs is the activity of the metal ions, and A/, is the activity of the metal

adatoms adsorbed at the fractional coverage 6.

An adsorption isotherm (coverage-potential curve) is used to best describe the activity of
the adsorbed species at specific coverages and the multiple energy states in a monolayer
[4, 17]. Subsequently, the adatoms adsorbed onto the substrate to form sub-monolayers
and monolayers have an activity less than the activity of a bulk metal deposit (which is
equal to 1) [5]. The smaller activity of a metal sub-monolayer and monolayer shifts the
equilibrium for UPD to a more positive potential than calculated by the Nernst equation

(Figure 1).
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Figure 1: Illustration of the UPD potential shift as the difference between the equilibrium potential for two-
dimensional UPD ad-layer (red dotted line) and the Nernst equilibrium for the reaction (black line). Image

taken from reference [5].

The difference between the equilibrium potential for monolayer quantities of metal to be
deposited on a foreign substrate and the Nernst equilibrium potential for a system has
been denoted as the UPD potential shift, represented by AE'?® in Figure 1 [4]. The UPD
potential shift indicates that stable two-dimensional phases of metal adatoms are feasible

at potentials more positive than the Nernst equilibrium from the Nernstian considerations.

1.1.4 Thermodynamics

The ability for UPD to occur is primarily attributed to the greater binding energy achieved
for adsorbing a metal adatom onto the surface of a foreign substrate (M-S) relative to the
deposition of a metal atom on a surface of the same metal (M-M) [4, 18, 19]. The stronger
attraction between the substrate and the metal adatoms makes the adsorption of metal
onto the substrate more favourable than bulk depositing the metal [20]. Thus, the
favourable UPD electrodeposition on the substrate surface constructs a two-dimensional
phase rather than a bulk deposit. Consequently, UPD phases are generally limited to an
epitaxial monolayer and is why UPD can be considered as a surface adsorption-like

process.
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In earlier studies, the UPD potential shifts, AEUPP(©), were initially correlated to the
differences in work functions of the substrate and the metal ad-layer deposit, A®, shown

in Equation 4 [8].
AEUPD(@) = 0.5 AD (4)

However, the correlation was shown not to be universal for all UPD systems because the
process is particularly sensitive to the crystal orientation of the substrate [22]. Generally,
different single-crystal surface faces, for example (111) and (100), in the same metal-
substrate system have different UPD potential shifts, even though the same difference in
work function is exhibited. Nevertheless, the difference in work function does have a
notable importance in determining the magnitude of the UPD shift and thus the stability of

the monolayer.

Kolb et al. and Schmickler subsequently derived the concept of the UPD potential shift
from different perspectives [6]. Kolb et al. equated the chemical potentials for the
reduction of metal ions onto the same metal to the reduction of metal ions onto a
substrate. This attained a general UPD expression for the surface coverage of adatoms on
a substrate. Schmickler’s derivation produced an analogous equation in terms of the
binding free energy of a metal deposited onto a substrate and the binding free energy of a

metal deposited onto an atom of the same kind [21].

Formation of a metal monolayer utilising the UPD phenomenon involves several different
processes (Figure 2). The solvated metal ions in the electrolyte move to the reaction zone
at the electrode surface. At the reaction zone, the electron transfers are facilitated,
which consequently leads to the adsorption of adatoms [23]. The accumulation of
different charges between the solid electrode and the electrolyte causes a potential
difference at the interface and thus the electrochemical double-layer formation. The
inner Helmholtz plane (IHP) of the electrochemical double-layer is the distance from the

electrode surface where species are adsorbed onto the electrode and corresponds to the
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reaction zone regarding the UPD phenomenon. The outer Helmholtz plane (OHP) of the
double-layer represents the plane of closest approach of solvated ions. In UPD, work is
done to move the metal ions from the OHP to the IHP. The work done instigates the loss of
the solvation shell surrounding the metal ions and displaces solvent on the electrode

surface to allow the chemisorption process to occur [24].
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Figure 2: Representation of the adsorption process of metals onto a substrate in the underpotential deposition

phenomenon. Image adapted from reference [23].

The electrons are transferred at the electrode surface causing a partial or full reduction of
the metal ions. The partial electron transfer in the chemisorption process can be
considered as a thermodynamic property of electro-sorption valency and leads to the co-
adsorption of anionic species in the electrolyte [25]. The favourability of the electron
transfer process to the metal ions is dependent on the work function of the substrate as a
determining factor on the ability to release electrons [23]. The energy of the electron
transfer, atomic rearrangement and the work done moving the metal ions to the reaction

zone, including the desolvations, must be overcompensated by the substrate-metal
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bonding interaction to enable the metal to be deposited as an adatom and prompt

monolayer formation.

Different isotherm models can describe the adsorption of metals in UPD systems. These
adsorption isotherms account for different types of interactions between ions and
substrate. The Langmuir adsorption isotherm assumes that all the adsorption sites are
equivalent, independent of the presence of surrounding adatoms and that maximum
adsorption is limited to a monolayer [26]. Thus, the Langmuir adsorption isotherm has
greater applicability to UPD systems at a low coverage, generally below 6 = 0.2, because it
is more viable to neglect the surrounding interactions [4]. At increased monolayer
coverage, adsorption sites are not all energetically identical and different adsorption
energies are associated with different sites. The Temkin isotherm model accounts for
changes in surface coverage, assuming the free energy of the monolayer decreases linearly
with coverage [4]. Additionally, lateral particle-particle interactions contribute to
variations in the monolayer free energy. Depending on the charge transferred, the lateral
interactions in UPD systems are either between fully discharged metal atoms or partially
discharged metal ions. The partially discharged systems result in repulsion between the
adsorbed species, which is relieved to a certain degree by the co-adsorption of the anionic
species in the electrolyte. The lateral interactions were resolved in different adsorption
isotherms for different approximations by Honig, Frumkin, and Fowler and Guggenheim to

provide better correlations at higher monolayer coverages [27].

Experimental investigations are used to determine the most appropriate adsorption
isotherm to describe a system. The adsorption isotherms that best fit the experimental
data provide information on the phase transitions that occur and the activity of the metal

adatoms adsorbed at certain fractional coverages in particular systems.
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1.1.5 Kinetics

The significant kinetic aspects involved in the UPD phenomenon are the bulk diffusion of
the solvated metal ions, charge transfer from the substrate, surface diffusion of the metal
adatoms, and the first- or high-order phase transitions [27]. The kinetic controls for UPD
systems can depend on the potential applied at the electrode and lead to mixed
controlled systems, for instance, favouring charge transfer control at more positive

potentials and mass-transport control at more negative potentials [17].

UPD systems are generally deposited in dilute solutions, giving the bulk diffusion processes
greater significance in the kinetic control of the monolayer formation [4]. In mass-
transport controlled processes, the ions are immediately adsorbed upon reaching an
available site on the substrate surface regardless of the adsorption energy. The adatoms
deposited in the less favourable sites would eventually migrate in a surface diffusion
process to the more energetically stable positions on the substrate. Thus, the electrode
surface is modified by the chemisorption of metals, which changes the double-layer
capacitance and initiates double-layer effects that interfere with the mass flux data to the
electrode in UPD systems [28]. Rotating ring-disk electrodes (RRDE) and thin-layer
techniques have been widely exploited in UPD studies to distinguish between current and

mass flux data in determining the kinetics at the electrode [28].

The inhomogeneous substrate surface approach was developed to describe the kinetics of
UPD systems that accounts for the surface inhomogeneities and surface diffusion in
systems, which are not controlled by bulk diffusion [27, 29]. In this approach, the charge
transfer at discontinuities is differentiated from the less favourable charge transfers at
the terraces and includes the surface diffusion of the adatoms. The model accounts for
the differing charge transfer resistance on the inhomogeneous substrate surface. However,
the model neglects the bulk diffusion of the solvated metal ions and lower dimensional

adsorbed phases affecting the electrode [29].
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1.1.6 Phase Structure

UPD processes are sensitive to the crystallographic orientation of the substrate. Different
substrate crystallographic orientations can considerably affect the UPD shift and the type

of structural phases that are deposited.

UPD processes generally start at the substrate defect sites. Crystal defects - steps, kinks
and vacancies - provide additional substrate metal bonding sites and a more energetically
favourable site for the metal to deposit [30]. The defects in the substrate surface
subsequently act as growth sites for the formation of the monolayer and significantly

influence the initial steps of 2-D monolayer electrodeposition.

The 2-D metal adatom structural arrangement varies according to different aspects
regarding the substrate and the metal. The metal monolayer is classified from the
crystallographic misfit with respect to the substrate either as commensurate, higher order
commensurate or incommensurate (Figure 3) [29]. Generally, the phase structure
formation initially proceeds via an expanded commensurate or random ad-layer structure
on the substrate terraces. First-order phase transitions occur at an increased surface
concentration and drive the formation of the 2-D metal monolayers [27, 31].
Commensurate arrangements (Figure 3a and 3b) are the result of translational symmetry
of the monolayer-substrate lattice enabling the adsorbed metal atoms to occupy the most
favourable adsorption sites [32]. Either higher-order commensurate (Figure 3c) or
incommensurate (Figure 3d) arrangements form when there is significant lattice misfit
between the substrate and the metal ad-lattice. The arrangement formed is determined
by the most energetically stabilising structure. Higher-order commensurate structures
involve a compressed ad-lattice with occasional adatoms occupying the most favourable
adsorption sites. Conversely, adatoms in the incommensurate arrangements are unable to

occupy the most favourable adsorption sites.
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(a)

8000820880008

Figure 3: Representation of the metal ad-layer crystallographic misfits with respect to a single-crystal

(

(X

substrate; (a) and (b) are commensurate ad-layers, (c) is a higher order commensurate ad-layer, and (d) is a

incommensurate ad-layer. Image taken from reference [27].

Stabilised UPD ad-layers can show vastly different surface structures and interfacial
properties compared to the bulk metal. The three well established Cu phases that form on
Au(111) in a sulfate solution (Figure 4) show the array of surface structures that can be
observed in a system [33]. The lattice spacing in bulk Cu is much smaller than that of Au,
which means the Cu UPD (1 x 1) monolayer formed on Au(111) is particularly strained
from stretching [34]. The strained metal monolayer phase and the distinct (+/3 x v/3) R30°
honeycomb superstructure exemplify the broad range of structural arrangements that can
be formed by UPD in comparison to the bulk metal deposits. The differing ad-layer
arrangements formed by UPD systems affect the electronic properties, altering the
properties relative to the bulk deposit. These tuneable features of the UPD metal
monolayers provide significant opportunities in electrocatalysis applications (See Section

1.3.2).
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Figure 4: (a) Cyclic current density-potential voltammogram and (b) adsorption isotherm 6(E) for the Cu (light-
grey spheres) monolayer formation on Au(111) (black spheres) in a 0.05 M H;SO4 + 1 mM CuSO4 solution at a

scan rate of 1 mV s*'. Image taken from reference [33].

In UPD, the anionic species in the electrolyte are also a vital component. The anionic
species have the ability to considerably alter the structure of UPD ad-layers [35]. Diverse
structures observed in some UPD ad-layers are attributed to the repulsive forces
associated with the co-adsorbed anions or partial charges on the metal adatoms [36]. The
stabilising capacity that co-adsorbed anionic species provide to monolayer structures that
are expected to be unstable is most notably demonstrated by the (v3 x v/3) R30°
honeycomb Cu ad-layer on an Au(111) in sulfate solution (Figure 5) [37]. Consequently, the
substrate and the electrolyte solution both considerably influence the UPD phases that are

formed in a system.
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Figure 5: Illustration of the (V3 x +/3) R30° honeycomb superstructure in Cu UPD on Au(111) in a sulfate

solution. Image taken from reference [34].

1.2 Diamond

1.2.1 Properties of Diamond

Diamond has been distinguished from other materials for a variety of purposes. It
possesses the highest thermal conductivity at room temperature and is one of the hardest,
stiffest, and least compressible known materials [38]. Therefore, numerous industries
have aimed to utilise diamonds and exploit these exceptional physical properties. The high
cost of diamonds and the inability to attain natural diamonds in a desired structure are
the limiting factors that initially hindered the ability to widely harness these specialist
properties, some of which are shown in Table 1 [39]. Despite these factors, natural
diamond applications were established in certain industries for abrasive purposes, utilising
the poor-quality stones, whereas the premium-quality costly diamonds have been widely

reserved for use as gemstones for the ornamentation of extravagant items [39, 40].
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Table 1: Some impressive properties that diamond possess. Image adapted from reference [41].

Property Value Units
Hardness 1.0 x 10* kg mm™
Strength, tensile >1.2 GPa
Strength, compressive > 110 GPa

Density 3.52 gcm’
Young’s modulus 1.22 GPa

Thermal conductivity 20.0 Wcem' K
Dielectric constant 5.7 Dimensionless
Work function Negative On [111] surface
Bandgap 5.45 eV
Resistivity 103-10'¢ Qcm

After combustion experiments on diamond in the late 1700s, chemists determined that
diamond consisted of carbon only and thus was an allotrope of graphite [42]. Diamond is
comprised of tetrahedral sp® hybridised carbons in a face-centred cubic crystal structure
(Figure 6) and is the metastable carbon allotrope at room temperature [43]. The strong o-
bonds and dense packing of the carbon atoms in a three-dimensional tetrahedral network
(Figure 6) are responsible for inducing the impressive array of physical properties. The
thermodynamically stable graphite allotrope consists of stacked sp? hybridised carbon
hexagonal layers with weak van der Waals bonding interactions, due to the delocalised n-
system between the adjacent layers. These significantly different structures consequently
cause very different properties to be exhibited, even though both structures are made up
solely of elemental carbon [44]. A large phase transition activation barrier separates the
two allotropes and contributes to the rarity and kinetic stability of diamonds on the

Earth’s surface.
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Figure 6: A representation of a diamond unit cell with the face-centred cubic crystal structure positions
indicated in dark grey (left) and the three-dimensional diamond tetrahedral network (right) - each sphere

corresponds to a carbon atom. Image taken from reference [43].

The demand for diamonds has increased globally and is in disjuncture with the current
excavation rate of natural diamond. This limits the sustainability of the natural diamond
industry. In 1955, the ambitious process to replicate the synthesis of diamonds under high
pressure-high temperature (HPHT) conditions in a laboratory was attempted and
determined that the process could not reproduce diamonds at grades similar to those
produced naturally [45]. Nevertheless, due to their lower cost relative to natural
diamonds, small diamond grains synthesised from the HPHT conditions have been able to
act as a substitute for the lower quality natural diamonds used in industry; it is estimated

that synthetic diamonds now account for 90 % of the diamonds used in industry [39].
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1.2.2 Chemical Vapour Deposition of Diamond

Rather than replicating the HPTP conditions in nature, alternative metastable growth of
diamond at low pressures was postulated from precursors with high chemical potentials
[45]. The diamond phase that forms under these specific conditions are unable to convert
from the metastable configuration to the thermodynamically stable graphite phase
because the energy to surpass the phase transition activation barrier is unattainable. With
this understanding, Eversole first synthesised diamond in a chemical vapour deposition
(CVD) process from a carbon-containing gas [46]. Eversole’s experimental work prompted
groups to further this research, which subsequently led to the development of the hot

filament (HF) and microwave plasma CVD reactors in 1982 and 1983 respectively [47, 48].

The initial investigations found that the diamonds synthesised in the CVD had a mixture of
diamond and graphite phases. Angus et al. discovered that including atomic hydrogen was
the critical element required to develop high quality CVD diamond films [49]. The
inclusion of hydrogen was the crucial piece of the puzzle for removing the graphite
impurities in the CVD diamond syntheses. This is because of the hydrogen etching rate,
which in certain conditions exceeds the graphite growth rate but not the diamond growth
rate [50]. Furthermore, the hydrogen is also considered as a vital component in other
processes in CVD growth: termination of the dangling bonds on the diamond surface,
driving faster diamond growth rates by reacting with the neutral carbon-containing gases,
and preventing the accumulation of long-chained hydrocarbons [38]. The importance of
atomic hydrogen is reflected in the gas mixing ratio for typical CVD diamond syntheses of

1 % vol. CH4 diluted in hydrogen.

Homoepitaxial and heteroepitaxial diamond nucleation have been established in literature
[51]. The homoepitaxial method requires a diamond substrate to provide nucleation sites.
The diamond substrate enables carbon addition to expand on the existing diamond
tetrahedral lattice. Heteroepitaxial growth on non-diamond substrates cannot provide a

diamond tetrahedral lattice for additional carbons to extend. Non-diamond substrates are
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required to form a carbide interfacial layer that stabilises the diamond nucleation. The
carbide interfacial layer reduces the lattice mismatch between the substrate and diamond
at the interface. Substrates are only feasible to use if the material’s melting point is
above the reactor operation temperature, have a thermal expansion coefficient similar to
that of diamond, and are able to form an appropriately thick carbide layer [38]. Si wafer is

one example of a commonly used substrate in CYD diamond synthesis.

1.2.2.1 Doping

Undoped diamond has a wide-bandgap (5.45 eV) that restricts the flow of electrons into
the conduction band, making diamond an electrical insulator. However, incorporating
certain impurities, known as doping, can alter the electrical conductivity of CVD diamond
films to make diamond a semiconductor. N-type doping requires donor atoms to have an
excess of valence electrons with respect to carbon, such as nitrogen or phosphorus. By
contrast, p-type doping requires acceptor atoms with one less valence electron than

carbon, like boron, to be introduced into the diamond lattice.

The excess electrons in n-type doping fill a new donor energy level in the band gap. As the
electrons can be excited into the conduction band from the donor energy level, less
energy is required to promote the electrons into the conduction band (Figure 7). Nitrogen-
doped diamond produces a deep donor energy level and therefore only provides a
relatively small decrease in the energy gap to the conduction band (to 4 eV). However,
thermal vibrations broaden the donor energy level for nitrogen-doped diamond, which
consequently causes a further decrease in the energy gap to reach the conduction band
(Figure 7) [52]. In p-type doping, an acceptor energy level above the valence band
maximum in the band gap is generated and can accept excited electrons (Figure 7). The
electrons promoted to the acceptor energy level produces electron holes in the valence
band, which enables the electrons in the valence band to move and the material to

become conductive. The boron-doped diamond (BDD) acceptor energy level is generally
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situated 0.4 eV above the valence band maximum and subsequently can be considered as a

semiconductor.
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Figure 7: Band diagrams illustrating the boron acceptor energy level accepting electrons from the valence
band maximum (left) and the nitrogen donor energy level donating electrons to the conduction band without

the broadening shown (middle) and with broadening shown (right). Image taken from reference [52].

1.2.2.2 Surface Terminations
The diamond films formed by CVD are terminated with hydrogen. The typical CVD gas

mixture primarily consists of hydrogen and consequently occupies a predominant number
of the diamond surface sites. Therefore, in the CVD process the dangling carbon bonds are
most likely to react with the atomic hydrogens at the surface sites, subsequently resulting
in hydrogen-terminated diamond. The hydrogen termination preserves the sp® diamond
lattice and prevents graphitisation at the surface [38]. Alternatively, diamond films can be
exposed to hydrogen plasma to produce a hydrogen-terminated surface. This hydrogen
plasma treatment is also a commonly used method to clean diamond film surfaces and re-
terminate the surface following oxidation. Hydrogen-terminated diamond has been

demonstrated to have a negative electron affinity (NEA) (See Section 1.2.2.3).
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Oxygen-terminated diamond is another common stable termination used in literature,
which can be achieved by using an oxygen plasma or ozone exposure [53]. The different
surface terminations on diamond can significantly affect the surface properties, changing
the surface conductivity and the electron affinity vastly [54]. Oxygen-terminated
diamond, in contrast to the hydrogen-terminated surface, exhibits a positive electron

affinity.

1.2.2.3 Negative Electron Affinity

A material is defined to have a negative electron affinity (NEA) when the energy of the
vacuum energy level is lower than the conduction band minimum, while the converse
applies for a positive electron affinity (Figure 8) [55]. As the vacuum energy level is lower
in energy than the conduction band, electrons donated into the conduction band can be

emitted to the vacuum energy level without an energy barrier [56].

A Vacuum Energy Level
Conduction Band Min. Conduction Band Min.
\

Vacuum Energy Level

Energy

Valence Band Max. Valence Band Max.

Positive Electron Affinity

Negative Electron Affinity

Figure 8: Simplified band diagrams for a material that exhibits a negative electron affinity (left) and a positive

electron affinity (right).
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The NEA in hydrogen-terminated diamond is induced by the surface dipole, resulting from
hydrogen being less electronegative than the carbon in the diamond lattice [57]. The
surface dipole subsequently causes the work function to decrease sufficiently, which
produces the NEA property for the material. The electron affinity (EA) of a material can

be determined from Equation 5 [58].
EA=¢ + (Er — Evgm) — Egg (5)

EA is the electron affinity, ¢ is the work function of the material, E is the energy of the
Fermi level, E, gy is the energy of the valence band minimum, and Ej; is the energy of
the band gap. Materials that can generate a stable negative electron affinity have the
potential to be utilised in applications such as thermionic energy converters (See Section

1.3.1).

1.3 Underpotential Deposition Applied to Diamond

There have been few studies on the UPD of metals onto diamond. One study by Bouamrane
et al. investigated Cu UPD onto diamond thin film electrodes [59]. Their research showed
that an activation process was occasionally needed for the diamond electrode to exhibit
UPD (Figure 9). The activation process involved polarising the electrode at -2.0 V for a
few seconds and then cycling between 400 mV and 600 mV for a few minutes, measured
with respect to a saturated calomel electrode (SCE) [59]. Prior to the activation step, no
UPD was indicated for one electrode (Figure 9a). However, clear peaks in the UPD region
of the cyclic voltammogram became visible after the electrochemical activation (Figure
9b), which signified the occurrence of UPD. For a different BDD electrode, which had the
same pre-treatment, clear UPD peaks were present without the requirement of an

activation step (Figure 9c).
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Figure 9: Cyclic current density-potential voltammograms for Cu UPD on BDD; (a) prior to activationina 0.1 M
H2S04 solution (dashed line) and a 0.1 M H;SO4 + 1 mM CuSO4 solution (solid line), (b) post electrochemical
activation in a 0.1 M H;SO4 + 1 mM CuSO4 solution on the same BDD sample used in (a), and (c) without
activation on a different BDD in a 0.1 M H;SO4 solution (dashed line) and a 0.1 M H;SO4 + 1 mM CuSO4 solution

(solid line). Image taken from reference [59].

Bouamrane et al. stated that the Cu monolayer formed at a low surface coverage of less
than 2 % [59]. The interpretation given for the low monolayer coverage achieved was that
the Cu UPD either only occurred on the graphitic carbon in the BDD electrode or

alternatively at the polycrystalline grain boundaries [59].

Surface pre-treatment techniques are widely utilised to ‘activate’ the surface of
electrodes. Various methods, including chemical, electrochemical and thermal pre-
treatments, have been used to make electrodes electrochemically active [60]. The pre-
treatments activate the electrode by exposing specific sites that allow electrons to be
transferred at a faster rate. This occurs by removing surface contaminants, exposing a
clean surface layer, or increasing the surface area through roughening [60]. Diamond

electrode surfaces can be cleaned through plasma treatment processes. Alternatively, BDD
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electrodes can be electrochemically activated. A hydrogen-terminated BDD electrode was
demonstrated to exhibit enhanced electrochemical activity after a cathodic polarisation
[61]. The cathodic polarisation activated the surface by replacing adsorbed oxygen with
superficial hydrogens, increasing the number of active sites [60]. It was also reported that
exposing a BDD electrode to alternating current pulses resulted in the electrochemical

activation of the electrode [62].

The pH of a solution has been determined to significantly affect the surface charge of
hydrogen- and oxygen-terminated diamonds. In neutral and basic solutions, hydrogen- and
oxygen-terminated diamond were discovered to have a negative surface charge [63]. The
negative surface charge on a diamond surface in a neutral solution would provide a more
favourable Coulombic interaction between the diamond surface and metal ions. The more
favourable Coulombic interactions in neutral solutions were hypothesised to encourage the
formation of metal monolayers, aiding the occurrence of UPD. However, only a small
number of studies have investigated UPD at a neutral pH. Recently, a study successfully
demonstrated Cu UPD in a neutral solution of 2.5 mM CuSO4 + 0.5 mM KCl on an Au(111)
electrode [64]. Thus, it was hypothesised that a greater quantity of Cu would be
underpotentially deposited onto a BDD film in a neutral solution of 2.5 mM CuSO4 + 0.5 mM
KCl compared to the more acidic solution used by Bouamrane et al. (0.1 M H;S04 + 1 mM

CuSO.).

SLRR depositions expand the range of metal monolayers that can be deposited with high
sensitivity. A successful SLRR deposition applied to a Cu UPD ad-layer on a BDD film would
produce a more noble metal monolayer on the diamond surface. Therefore, various metal
monolayers could be controllably deposited onto diamond surfaces if a SLRR deposition
could be applied to a BDD. However, the coverage of a metal deposited in a SLRR process
depends on the coverage of the ‘sacrificial’ UPD metal layer. This thesis investigated the
Cu monolayer coverage that could be achieved by UPD on BDDs and subsequently the

ability to use SLRR depositions to deposit more noble metal ad-layers. The ability to
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deposit monolayer amounts of Cu and other metals onto diamond electrodes may facilitate
advances in various applications, including thermionic energy converters (See Section

1.3.1) and electrocatalysis (See Section 1.3.2).

1.3.1 Thermionic emission

Thermionic emission devices act as effective heat engines by converting external thermal
energy applied at a hot cathode into electrical power (Figure 10) [65, 66]. Schlichter first
conceived this as an alternative process to harvest renewable solar energy [65]. Thermal
energy applied to the cathode increases the average kinetic energy of the electrons in the
material sufficiently to overcome the material’s work function. This results in electrons
being emitted from the surface. The emitted electrons are collected at a cooler anode,
which has a greater work function than the cathode, after travelling through a gas filled or
vacuum interspatial region between the electrodes. The work function difference between
the cathode and the anode instigates the electron transfer process, which subsequently
generates a potential difference and induces the flow of electrons back towards the hot
cathode to be reemitted. The resultant current is primarily driven by the thermal energy

applied to the cathode and the work function difference between the two electrodes.
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Figure 10: A representation of the process in a thermionic energy converter to generate electricity.

The use of thermionic energy converters has been restricted by the high operation
temperatures required to produce appreciable currents and space charge developments
between the electrodes in vacuum devices. Using a Cs-filled device provided many
benefits, including mitigating the space charge effects [67, 68]. However, Cs is toxic and
the cathode lifetime generally remains limited due to the cathode evaporating as a result
of the extreme conditions [69]. These limitations have constrained the applicability of the
thermionic energy converters to the space industry, which used thermionic energy

converters to produce electrical energy for nuclear reactors on-board spacecrafts [70].

A successful thermionic energy converter would require the cathode emitter to have a
small work function and a very high melting point. Thus, electronically conductive doped
diamond became a particularly promising candidate as a low-temperature thermionic

emitter as it can tolerate the extreme temperatures and exhibits a small effective work
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function; as low as 0.9 eV for hydrogen-terminated n-type diamond due to its NEA [71].
The thermionic emission current of a doped diamond films is characterised by the
Richardson equation (Equation 6) with increasing temperature until exceeding 750 °C, at

which point emission current declines [72].
] = AT?e~®/ksT (6)

J is the current density, A is the Richardson constant, & is the work function of the

diamond, kg is the Boltzmann constant, and T is the temperature of the cathode.

The diminishing emission current coincides with hydrogen desorption from the diamond
surface at temperatures over 500 °C [73]. The hydrogen desorption leads to a positive
electron affinity and inhibits electron emission. Therefore, a hydrogen-terminated doped
diamond is not a viable emitter for a thermionic energy converter as the hydrogen-

terminated surface is not thermally stable at the ideal operating temperature.

Various studies have investigated alternative terminations and ad-layers that could also
generate NEAs. These studies established that atomic layers of certain metals deposited
on diamond have the potential to generate NEAs [74]. These developments led to research
investigating metal-terminated BDD films that could facilitate a commercially viable

thermionic energy converter.

Consequently, research has since determined a lithium-oxide-terminated doped diamond
has great potential as a thermally stable thermionic emitter to function in solar
thermionic energy conversion devices [71]. Theoretical studies into lithium-oxide-
terminated diamonds have suggested that a NEA would be induced while exhibiting a high
binding energy, up to 4.7 eV per Li atom [75]. This indicates that a LiO surface
termination would have sufficient thermal stability required for a thermionic energy
converter. Recently, a further theoretical study has also stated that C(001) diamond

terminated by certain transition metal oxides (TMOs) in specific stoichiometries exhibit
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large NEAs [73]. In addition, the thermal stability of the titanium-oxide-terminated
diamond (Figure 11) was predicted to surpass that of H- and LiO-terminated diamond,
requiring an estimated 7 eV to desorb TiO; from the diamond surface or 7.60 eV to desorb
Ti from the oxygen-terminated diamond [73]. Thus, a TiO-terminated diamond is an
alternative candidate for a diamond emitter that could make thermionic energy

converters achievable.

Figure 11: Representation of a diamond (001) surface with a chemisorbed layer of titanium oxide - black, red

and grey spheres represent carbon, oxygen and titanium, respectively. Image taken from reference [73].

The current UHV deposition methods that are being explored have so far been unable to
achieve the desired monolayer termination for a diamond emitter. These UHV techniques,
including evaporation and subsequent deposition of metals, either deposit too much metal
or deposit the metal in patches, which reduces the ability for the material to emit
electrons. These shortfalls could be overcome if UPD was utilised, achieving a metal
monolayer onto an oxygen-terminated diamond film. This method would be more sensitive
to depositing the optimal monolayer termination than the UHV techniques. Thus, the
feasibility of using UPD to attain the ideal monolayer termination on BDD films was

investigated.
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If the theoretical calculations can be reproduced practically, the initial aspiration for
thermionic energy converters to provide a viable renewable energy source could be
fulfilled. Despite the advances in forming diamond films with a thermally stable NEA, the
ability to produce a feasible thermionic energy converter remains impeded by additional

obstacles, including reducing the resistance within doped diamond films [71].

1.3.2 Electrocatalysis

In electrocatalysis it is imperative for electrodes to display high stability and exhibit
minimal undesirable side reactions. Conventional metal electrodes and electrode supports
are limited by undesired interfacial reactions and corrosion, unlike diamond because of
the material’s high chemical stability [76]. BDD electrodes have superior stability
compared to conventional metal electrodes, resulting from the strong network of o-bonds
in diamond. Therefore, BDD electrodes have the potential to be significantly more
versatile. Additionally, BDDs have properties of a low background current, weak
adsorption of molecules, and a wide electrochemical window of polarizability in aqueous
solutions [77, 78]. These features make BDDs a promising alternative material for use a

catalyst support.

The surface of BDD electrodes can be tuned for electrocatalytic applications by depositing
metals onto the surface. Primarily the electrocatalysis studies of BDD electrodes have
been focused on methanol oxidation for direct methanol fuel cells and water treatment
applications [79, 80]. The diamond electrodes developed for methanol oxidation are
modified at the surface to support a metal catalyst. Various techniques, from
electrodeposition to microwave-assisted polyol synthesis, have been developed to load the
metal and metal oxide catalysts, including Pt, Pt-based alloys, Pt/RuO; and Pt/TiO,, onto
diamond [81, 82]. However, these techniques are unable to attain an epitaxial monolayer,
which would ideally be achieved to optimise the catalyst for the electrocatalysis
applications.
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A monolayer termination of a catalytic metal on a BDD film would reduce the amount of
catalytic metal used and could increase the catalyst durability. Thus, if UPD in
conjunction with SLRR depositions can be used to accurately deposit a monolayer of
catalytic metals onto BDD surfaces, it would optimise the catalyst coverage on the highly
versatile BDD electrode. Moreover, this technique has the potential to pave the way for
the development of further electrocatalysis applications involving BDD electrode supports
as the loaded catalysts deposited via UPD could be formed in a variety of crystallographic
structural arrangements. The various crystallographic structural arrangements potentially
attainable could result in the altering of the catalytic behaviour, subsequently enabling

wider electrocatalysis applications [83].

1.4 Objectives
The objectives of this thesis were to determine whether UPD is a viable method to deposit
a monolayer of metal onto doped diamond films and to indicate the potential applications

in thermionic emission devices and electrocatalysis.
The objectives of this thesis were demonstrated by:

e Investigating Cu UPD on hydrogen-terminated hot filament chemical vapour
deposition (HFCVD) and electrochemical grade BDD films in a 0.1 M H,SO4 + 1.0 mM
CuSO4 solution.

¢ Investigating Cu UPD on an oxygen-terminated HFCVD BDD film in a 0.1 M H,SO4 +
1.0 mM CuSO;4 solution.

¢ Investigating whether Cu UPD on hydrogen- and oxygen-terminated BDD films is
more favourable at a more neutral pH.

e Investigating the application of SLRR based depositions of Pt using Cu UPD on a BDD

film.
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Chapter 2: Experimental

2.1 Diamond

2.1.1 Diamond Growth

Diamond films were grown in a HFCVD reactor on an n-type silicon wafer substrate (1 cm
x 1 c¢m). The silicon substrate surface was abraded with 1-3 ym graded diamond powder
(Diadust, Van Moppes) before being rinsed with methanol and subsequently dried with
compressed air prior to the synthesis. The HFCVD reactor was run using tantalum wire
filaments (0.25 mm diameter) 3 mm above the substrate surface. The process gases input
into the reactor were diborane, methane and hydrogen at 0.071, 2, 200 sccm (standard
cubic centimetre per minute), respectively. During the diamond growth the reactor was
maintained at a constant temperature and pressure (~20 Torr) while a current of 25.0 A

was sustained through the filament.

The diamond films were grown over two sets of 6 h. This produced two CVD-synthesised
BDD film samples A and B, each with ~3 pm-thick BDD film on the silicon wafer. A two-
point probe was used to determine that the samples had a similar resistivity between 0.25

- 1.05 kQ (measured between opposite corners of the samples).

The diamond films were submerged in hot nitric acid (60 °C) for 10 mins to ensure the
absence of impurities and rinsed with ultrapure Milli-Q water before being dried with Ar

gas.

Raman spectroscopy and scanning electron microscopy (SEM) were used to characterise

the BDD films.

2.1.2 Electrochemical Grade Diamonds

Electrochemical grade BDD diamond film, with a high boron concentration in the range of
2 to 6 x 10%° atoms cm™, was purchased from Element Six [84]. The film was refluxed in a

100 ml solution containing KNOs3 (6.5 g) and 95 % H;SO4 (both purchased from Sigma

37



Aldrich) to remove any contaminants and were then dried with Ar gas. The
electrochemical grade diamond film was then characterised using SEM and hydrogen-

terminated in a hydrogen plasma reactor (See Section 2.2.1).

A two-point probe was used to determine that the sample had a resistivity of 18.9 Q

(measured between two opposite corners of the sample).

2.2 Termination Techniques

2.2.1 Hydrogen plasma termination

The BDD films were hydrogen-terminated in a microwave plasma CVD reactor. The
hydrogen was flowed into the reactor at 300 sccm. The samples were held initially at a
pressure of 80 Torr while 1200 W were applied for 2 mins - equating to a substrate
temperature ~900 °C. Subsequently, the pressure and electrical power were reduced to 40
Torr and 750 W for 2 mins, leading to a substrate temperature ~550 °C. The samples were

allowed to cool at 40 Torr, while hydrogen flow was maintained, for a further 2 mins.

All the diamond samples were hydrogen-terminated in a microwave plasma reactor after
being submerged in hot acid or acid refluxed to ensure the surface was clean and
hydrogen-terminated. Sample A was then used for the electrochemical deposition
investigations onto a hydrogen-terminated BDD film surface, while sample B was also
hydrogen-terminated to clean the surface of contaminants prior to an oxygen termination
procedure (See Section 2.2.2 and 2.2.3). Subsequently, sample B was used for

electrochemical deposition investigations onto an oxygen-terminated BDD film surface.

2.2.2 Oxygen plasma termination

The oxygen termination in the oxygen plasma reactor was achieved after exposure to an
oxygen plasma for 10 s. The reactor was operated at a pressure and voltage of 0.7 Torr

and ~1.35 kV, respectively, while the oxygen was flowed into the reactor at 10 sccm.
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Sample B was oxygen-terminated using the oxygen plasma reactor for the first
electrochemical experiment. However, due to that unavailability of the reactor, a
different oxygen termination procedure using ozone exposure in UV was required for the

next oxygen termination (See Section 2.2.3).

2.2.3 Ozone exposure in UV

A UVO cleaner was used to expose the diamond surface of sample B to ozone in UV, which
generated atomic oxygen to terminate the surface. This surface termination was run for

30 mins to ensure full oxygen surface coverage.

Sample B was oxygen-terminated with this method following on from the first

electrochemical deposition experiment.

2.3 Electrochemical Experiments

2.3.1 Copper Underpotential deposition

Cyclic voltammetry Cu UPD experiments were conducted under nitrogen deaeration in a
three-electrode cell using either hydrogen- or oxygen-terminated BDD films as the working
electrodes, Pt wire as a counter electrode and Cu wire (Cu/Cu®*) as the reference

electrode.

Cu UPD was investigated in a 0.1 M H,SO4 + 1.0 mM CuSO4 solution for samples A, B and the

hydrogen-terminated electrochemical grade diamond.

Prior to further electrochemical depositions in more neutral solutions, samples A and B
were both re-terminated with hydrogen and oxygen, via ozone exposure, respectively (See
Section 2.2). Electrochemical deposition experiments were then investigated in a 2.5 mM

CuSOs4 solution, pH 5, followed by a 2.5 mM CuSO4 + 0.5 mM KCl solution, pH 6.
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Before all electrochemical experiments, the diamonds were submerged in 95 % H,SO4 for
10 mins to remove surface contaminants, and thoroughly rinsed with ultrapure Milli-Q
water. The Cu and Pt electrodes were cleaned in 70 % HNOs for 10 s, thoroughly rinsed
with ultrapure Milli-Q water and dried with N, before each experiment. Additionally, the

Pt electrode was flash flame annealed just before inserting into the cell.

Cu was underpotentially deposited on sample A, at 0.080 V vs. Cu/Cu? for 5 mins, in a 2.5
mM CuSO;4 solution. The Cu covered BDD film was rinsed with ultrapure Milli-Q water and

then dried with N, before characterisation using X-ray photoelectron spectroscopy (XPS).

2.3.2 Surface-limited redox replacement (SLRR) deposition of Pt

Cu was underpotentially deposited onto sample A (which had been re-terminated prior to
the experiment) in 2.5 mM CuSO, at 0.080 V vs. Cu/Cu? for 5 mins. The Cu UPD ad-layer
was replaced with Pt in a SLRR deposition in a solution of 0.5 mM K;PtCls + 0.1 M HCLO4,
while maintaining the N; environment. The BDD was in the Pt solution until the open-
circuit potential stabilised, for ~45 mins. After the SLRR deposition was completed, a CV

was run in a 2.5 mM CuSO;4 solution on the Pt covered sample.

Cu of an equivalent charge to a monolayer was deposited onto the hydrogen-terminated
electrochemical grade BDD film at a low overpotential, -0.120 V vs. Cu/Cu?®* for 17 s, in
2.5 mM CuSOs4. The electrochemical grade BDD film was re-terminated prior to the
experiment. The Cu deposit was replaced with Pt in a SLRR deposition, performed
identical to that described above. Afterwards, a CV was also run in a 2.5 mM CuSO4

solution.

The Pt deposit on sample A was characterised using XPS after being rinsed with ultrapure
Milli-Q water and then dried with N;. While the Pt deposit on the hydrogen-terminated
electrochemical grade BDD film was characterised using SEM and XPS after also being

rinsed with ultrapure Milli-Q water and then dried with N;.
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Chapter 3: Results and Discussion

3.1 Characterisation of Diamond Films

3.1.1 HFCVD Diamond Films

SEM and Raman spectroscopy were used to prove that the HFCVD diamond growth was
successful and to determine the quality of films. The SEM images illustrated that
polycrystalline diamond (crystal size ~0.7 - 3.6 pym) was visible on the silicon wafer
substrates, as shown in Figure 12 and 28. Raman spectroscopy, using a green 514 nm laser,
evidently showed a sharp peak at 1329 cm™ that is characteristic of the first-order band
corresponding to sp® hybridised carbon (Figures 13 and 29) [85]. A bulge in the intensity
with a peak at 1554 cm™ was also apparent in Figures 13 and 29. The bulged correlated to
sp? hybridised carbon, referred to as the G peak [86]. This indicated that a small quantity
of graphite was included in the diamond films, although at a low concentration. The
distinctive diamond peak was observed to be asymmetric. The asymmetry of the peak
occurs due to the Fano effect resulting from the inclusion of boron in the diamond lattice

[86].
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Figure 12: SEM image of a boron-doped diamond film, denoted sample A, synthesised in a hot filament CVD

reactor.
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Figure 13: Raman spectrum using a green 514 nm laser of a boron-doped diamond film, denoted sample A,

synthesised in a hot filament CVD reactor.
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The SEM images and Raman spectra conclusively demonstrated that the HFCVD diamond
films were successfully synthesised and of a quality that is typically reported in literature
[87]. The grain boundaries in polycrystalline diamond films provide sites in which less
diamond-like material is located between the crystals [88]. Consequently, the graphitic

carbon was most likely located at the polycrystalline grain boundaries.

3.1.2 Electrochemical Grade Diamond Films

The electrochemical grade BDD film surface was also characterised by SEM. These diamond
films possessed a roughened side and a smooth polished surface on the opposite side,
which were identified in SEM Figures 14 and 30, respectively. The roughened side of the
electrochemical grade BDD faced the counter and reference electrodes for the
electrochemical experiments because the surface was more comparable to the HFCVD
synthesised polycrystalline BDD films, as opposed to the smooth polished side. However,
the crystal faces exposed on the electrochemical grade diamond’s roughened side were

larger than that of the HFCVD synthesised diamond films (Figure 12).
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Figure 14: SEM image of the roughened side of the electrochemical grade boron-doped diamond film.

The electrochemical grade BDDs had a significantly higher boron concentration compared
to the HFCVD synthesised BDDs. The high boron concentration in the electrochemical
grade diamond (in the range of 2 to 6 x 10?° atoms cm™) was used to investigate whether

the Cu UPD was influenced by the conductivity of the BDD electrode.

3.2 Cu Underpotential Deposition

3.2.1 Hydrogen-terminated Diamond Films

3.2.1.1 Solution: 0.1 M H2S04 + 1 mM CuSO4

Cu UPD on sample A was undertaken in a 0.1 M H;SO4 + 1 mM CuSO; solution in order to
replicate Bouamrane et al.’s work (Figure 15) [59]. However, this research used a Cu wire
(Cu/Cu?) (0.34 vs. standard hydrogen electrode) as the reference electrode rather than a

SCE (0.24 vs. standard hydrogen electrode) [100]. There was no indication of a peak in the
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UPD region without an activation process, only a bulk stripping peak at 0.03 V. Following
the same activation process that was used by Bouamrane et al. involving a cathodic
polarisation, a peak in the UPD region during the stripping of the CV was identified at 0.16
V, as shown in Figure 15. The small UPD peak indicated that a small charge transfer
occurred, and thus a low quantity of Cu was underpotentially deposited. No corresponding

UPD peak for the deposition of the Cu onto the BDD film was apparent.
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Figure 15: Cyclic voltammograms with sample A as the working electrode in a 0.1 M H;SO4 + 1 mM CuSO4
solution - scan rate 50 mV s'. The activation process involved a cathodic polarisation at -2.10 V for 3 s and a

subsequent cycling between 0.40 V and 0.60 V for 2 mins.

The low quantity of Cu UPD showed that the interactions between the Cu ad-layer and the
BDD surface were not particularly favourable in the conditions used. Thus, the electron
transfer across the interface was only favourable for the Cu deposition at the most

energetically favourable sites. Consequently, the low quantity of Cu deposition most likely
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corresponded to random deposition into the crystal defects and polycrystalline grain

boundaries, which are the most energetically favourable surface sites.

The Cu UPD deposition peak was not visible. The absence of the peak was attributed to
the slow deposition of Cu over a broad potential range, suggesting that the process was
potentially kinetically controlled. Accordingly, as a low quantity of charge was transferred
over a broad potential range, an obviously identifiable peak in the current density was not
displayed. In contrast, the stripping peak was apparent because the Cu UPD ad-layer was

completely stripped from the BDD surface over a small potential range at 0.16 V.

The Cu UPD stripping peak has been shown to initially decrease after the first cycle, while
the bulk peak at 0.03 V increases. The observed changes can be correlated with the initial
structural changes that occur in the deposition of the Cu ad-layer and potential inhibition

of the activated available sites over time.

The appearance of the UPD peak is dependent on the cathodic polarisation at -2.10 V and
subsequent cycling between 0.40 V and 0.60 V (vs. Cu/Cu?). Previous studies have
suggested that the cathodic polarisation favourably alters the BDD surface. The favourable
alteration of the BDD surface has been ascribed to the conversion of some C-O
functionalities into C-H functionalities [60]. This surface modification was supported by
the experimental observation that bubbles, presumably of hydrogen, formed on the
surface of the film during the cathodic polarisation. The purpose of cycling between 0.40
V and 0.60 V (vs. Cu/Cu*) was to remove Cu that was bulk deposited during the cathodic
polarisation. The emergence of the UPD peak after the polarisation and the experimental
observation supported the occurrence of the surface modification. This modification was
suggested to lead to an increase in the number of active sites available for Cu to deposit
as a greater surface area of the BDD film was hydrogen-terminated. However,

confirmation and quantification of the surface change was unable to be achieved.
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Even though the procedure described in Bouamrane et al.’s paper was followed, the
results obtained did not replicate their published results (Figure 9) [59]. In comparison
with their results, a smaller UPD stripping peak at a less positive potential was observed
and no comparable UPD deposition peak was identifiable. This signified that a lower
quantity of Cu UPD occurred than expected because a lower quantity of charge was
transferred. Also, the shift in the potential of the UPD stripping peak suggested that there
was a higher energetic barrier for the electron transfer to overcome than in the system

shown in Figure 9.

The lower quantity of Cu UPD and greater energetic barrier relative to the system in
Figure 9 could be ascribed to a change in the surface quality of the BDD electrode. A
change in the surface quality could have led to less energetically available active sites for
the Cu to underpotentially deposit. The surface quality of an electrode is affected by
adsorbed contaminants on the surface as well as oxidation of the hydrogen-terminated
surface. The number of contaminants on the surface of the BDD electrode used was
assumed to be similar to the electrodes use by Bouamrane et al. as the same cleaning
procedure was followed. Therefore, oxidation of the hydrogen-terminated electrode
surface was expected to have altered the surface quality to a greater extent than the
presence of surface contaminants. The grain boundaries in polycrystalline diamond are
established to be occupied by less diamond-like material and consequently are more
susceptible to oxidation; up to 100x faster than diamond single-crystal (100) faces [88].
Thus, the 19 days between the hydrogen plasma termination of the BDD electrode and its
use in the electrochemical experiment may have enabled the oxidation of the
polycrystalline grain boundaries. Provided the oxidised surface hindered Cu UPD, the
increased oxidation of the BDD film would account for the decrease in the Cu UPD

observed and the potential shift relative to the expected results.

Cu UPD onto a hydrogen-terminated electrochemical grade BDD film in a 0.1 M H;SO4 + 1

mM CuSO4 solution was analysed. After the cathodic activation at -2.10 V (vs. Cu/Cu®)
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and subsequent cycling to remove the bulk deposited Cu, similar graphical features to the
Cu UPD on sample A were observed; a Cu UPD stripping peak at 0.21 V and no definitive
UPD deposition peak (Figure 16). However, the CV of the Cu UPD region showed a larger
background current with the electrochemical grade diamond film as the working electrode

compared to the CV that used a HFCVD synthesised BDD film (Figure 15).
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Figure 16: Cyclic voltammograms with a hydrogen-terminated electrochemical grade BDD film as the working
electrode in a 0.1 M HzSO4 + 1 mM CuSO4 solution - scan rate 50 mV s'. The activation process involved a

cathodic polarisation at -2.10 V for 3 s and a subsequent cycling between 0.40 V and 0.60 V for 2 mins.

The greater background current is correlated to the increased capacitance of the
electrode. The greater capacitance current exhibited by the electrochemical grade BDD
film was attributed to the increased boron concentration relative to the HFCVD
synthesised film, as well as an increase in the surface area of BDD film exposed to the
solution [89]. A greater surface area of the electrochemical grade BDD film was exposed to
the solution because it possessed a rougher surface than the HFCVD synthesised BDD film.

Apart from the increased background current, the increased doping of the electrochemical
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grade BDD film was shown not to have a significant influence on Cu UPD onto a BDD

surface.

3.2.1.2 Solution: 2.5 mM CuSO4
In the 2.5 mM CuSO; solution, Cu UPD peaks were exhibited at 0.12 V and 0.26 V (Figure

17). The peak at 0.07 V corresponded to the stripping of the bulk deposited Cu from the
electrode. The UPD phenomenon did not require an activation process to exhibit the UPD
peaks. However, the UPD peaks exhibited a small current, which suggested a small amount
of charge was transferred, albeit more than in the 0.1 M H;504 + 1 mM CuSO4 solution.
Subsequently, only a small quantity of Cu was underpotentially deposited onto the BDD
film. This was at a quantity significantly less than a monolayer, which ideally would have
been achieved. The UPD stripping peak was present at a more positive potential than in
the 0.1 M H;SO4 + 1 mM CuSO;4 solution. The positive potential shift of the stripping peak
indicated that the UPD ad-layer was more stabilised in the 2.5 mM CuSO4 solution. The
increased Cu UPD in the more neutral solution coincided with the more favourable

Coulombic interactions, which were hypothesised to encourage UPD.
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Figure 17: Cyclic voltammograms with sample A as the working electrode in a 2.5 mM CuSO4 solution - scan
rate 20 mV s'. The activation process involved a cathodic polarisation at -2.10 V for 3 s and a subsequent

cycling between 0.40 V and 0.60 V for 2 mins.

The peaks in the UPD region were definitively associated with the UPD phenomenon rather
than bulk deposition. This determination was achieved by cycling to a lower potential,
which did not result in an enlargement of the peaks relating to Cu UPD (Figure 17). This is
a diagnostic feature of UPD peaks as UPD is a surface adsorption-like process, which can
deposit only until all energetically available surface sites are occupied. This differs from

bulk deposition as a bulk associated peak increases upon cycling to lower potentials.

The Cu UPD stripping peak in the 2.5 mM CuSO; solution are shifted to a more positive
value compared with the Cu UPD stripping peak experimentally recorded in 0.1 M H;SO4 +
1 mM CuSOs, Figure 15. The shift of the peak to a more positive potential indicated that
the Cu ad-layer was more stabilised in the 2.5 mM CuSO4 solution, assuming the same UPD
process occurred and that the surface quality of the electrode was the same [90]. Thus,

considering the experimentally obtained results, a greater quantity of Cu UPD was
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demonstrated in the 2.5 mM CuSO, solution, which supported the hypothesis that the more

favourable Coulombic interactions in more neutral solutions encourage UPD.

The Cu UPD deposition and stripping peaks in Figure 17 are clearly identifiable and
comparable to the results obtained by Bouamrane et al. in Figure 9b and c. The peaks in
Figure 17 are shifted to slightly less positive values relative to those shown in Figure 9b
and c. The shift of the peaks can be accounted for as a result of using a Cu wire reference
electrode rather than a SCE. Additionally, the greater concentration of Cu?*" ions in the 2.5
mM CuSO4 solution is another contributing factor that would have influenced the peak
position [91]. The UPD peaks published by Bouamrane et al. were shifted to different
potentials for each different electrode (Figure 9) [59]. Thus, the peak shifts can also be
related to the unusual nature of the polycrystalline diamond electrodes, as well as the

quality of the hydrogen-terminated surface.

A cathodic polarisation was not required to observe UPD in the 2.5 mM CuSO; solution. The
lack of a prerequisite treatment process illustrated that the specific surface sites where
Cu UPD occurred were already activated, or alternatively less inhibited. Thus, the
activation process had a redundant effect on Cu UPD in the 2.5 mM CuSO;, solution (Figure
17). This was in significant contrast to the Cu UPD in the 0.1 M H;SOs + 1 mM CuSO4
solution, in Figure 15, which required an activation process to exhibit UPD. As UPD is
particularly sensitive to the electrode surface, any contamination or variation in the
surface quality could account for the dependence of UPD in the 0.1 M H;SO4 + 1 mM CuSO4

solution on the activation process.

The electrochemical experiment in the 2.5 mM CuSO4 solution was undertaken 24 h after
the surface of sample A was hydrogen-terminated. This time delay was minimal compared
to the 19 days between the hydrogen termination of sample A and its use in the
electrochemical experiment in the 0.1 M H;SO4 + 1 mM CuSO;4 solution. The extended time

delay in the electrochemical deposition investigation in the 0.1 M H;SOs + 1 mM CuSO4
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solution would have enabled greater oxidation of the hydrogen-terminated BDD film
surface to occur. As stated previously, the oxidation of the diamond film takes place most
readily at the polycrystalline grain boundaries, which are the most favourable deposition
sites for the Cu to deposit. Therefore, the increase in Cu UPD observed and the peak shift
in the 2.5 mM CuSO4 solution, relative to 0.1 M H;SO4s + 1 mM CuSO4 solution, was
correlated to the more favourable Coulombic interaction between the BDD film and the
Cu® ions, as well as the better surface quality of the electrode. However, it was

undetermined which factor had greater influence in increasing the Cu UPD.

3.2.1.3 Solution: 2.5 mM CuSO4 + 0.5 mM KCI
The CV of the Cu UPD region in the solution of 2.5 mM CuSO4 + 0.5 mM KCl (Figure 18) did

not produce the similarly stable UPD peaks recorded in the 2.5 mM CuSO4 solution.
Instead, only a UPD stripping peak was displayed at 0.20 V after the activation process,
which involved a cathodic polarisation at -2.10 V (vs. Cu/Cu?"). Thus, this replicated the

results obtained in the 0.1 M H;SO4 + 1 mM CuSO, solution (Figure 15).

52



j.o'1 /uA.S.V'1 .cm™2

2" Cycle After Act.

) —— 15t Cycle After Act.
-980.0 - - - - No Activation

: : — — .
-0.1 0.0 0.1 0.2 03 04 05 06 0.7
E/V (vs Cu/Cu?*)

Figure 18: Cyclic voltammogram with sample A as the working electrode in a 2.5 mM CuSO4 + 0.5 mM KCl
solution - scan rate 20 mV s'. The activation process involved a cathodic polarisation at -2.10 V for 3 s and a

subsequent cycling between 0.40 V and 0.60 V for 2 mins.

The Cu UPD peak in the 2.5 mM CuSO. + 0.5 mM KCl solution was distinctively similar to
the results obtained in the 0.1 M H;SO4 + 1 mM CuSO4 solution rather than the 2.5 mM
CuSO0; solution. Therefore, it was rationalised that the change in the CV, compared to the
result obtained in the 2.5 mM CuSOQ4 solution, was attributed to either the addition of KCl

in the electrolyte or a variation in the electrode surface quality.

Diamond electrodes have been shown to display unusual electrochemical behaviour in KCl
electrolytes. Nevertheless, this has not been conclusively explained [93]. However,
additional interaction between the Cl" ions and the BDD film as well as Cl ions complexing
with the Cu®* ions could have decreased the favourability of forming a Cu ad-layer [92].
Despite the more favourable Coulombic interaction hypothesised in the more neutral
solution, these additional interactions in the KCl electrolyte solution could potential

account for the reduction in Cu UPD observed.
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Alternatively, the reduction in the Cu UPD observed could be associated with the oxidation
of the BDD film prior to use in the electrochemical investigation. The oxidation of the BDD
film would maintain the hypothesised favourable Coulombic interaction but decrease the
favourability of the electron transfer to the Cu* ions [94]. Therefore, the partial oxidation
of the surface sites would result in a decrease in the energetically available sites for Cu
UPD to occur. The time between the surface termination and the electrochemical
investigation was 15 days. This time delay between the termination of the surface and use
in electrochemical deposition experiment may have been sufficient for partial oxidation in
the polycrystalline grain boundaries. Hence, oxidation of the surface would have
contributed to the reduction in UPD observed as long as the oxidation of the surface

inhibited Cu UPD.

The addition of KCl and the decreased quality of the electrode would have both
contributed to the decrease in the Cu UPD observed in comparison with the UPD achieved
in the 2.5 mM CuSO4 solution. However, the oxidation of the surface was determined to
have a more profound effect in decreasing Cu UPD than the addition of KCl. This is
because the UPD achieved was similar to that in the 0.1 M HzSO4 + 1 mM CuSO4 solution
after the cathodic polarisation, which presumably replaced C-O functionalities on the
surface into C-H functionalities. Subsequently, the dependence of UPD on the activation
process indicated that C-O functionalities on the surface were the most significant factor

inhibiting the Cu UPD.

Comparing the UPD achieved in the three solutions, the quantity of Cu UPD decreased as
the time between the hydrogen termination of sample A and its use in the electrochemical
investigations increased. This correlation illustrated that the surface quality of the
electrode decreased with time, as the electrode surface oxidised. Therefore, ensuring the
electrode surface has not been oxidised is a pivotal factor in obtaining Cu UPD on a
hydrogen-terminated BDD film. Additionally, the increased favourable Coulombic

interactions between the BDD surface and the metal ions appeared to aid the occurrence
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of UPD. However, further investigations would be required to fully establish the influence

that the more favourable Coulombic interactions have on encouraging UPD on BDD films.

3.2.1.4 X-ray Photoelectron Spectroscopy (XPS)
Cu UPD, deposited in 2.5 mM CuSO4, on sample A was analysed using XPS. The sample was

not heated prior to the XPS to ensure the Cu ad-layer did not evaporate from the surface.
The XPS analysis clearly identified C 1s, O 1s and two Cu peaks at 284, 533, 952 and 933
eV in the survey scan, respectively (Figure 19) [95]. The Cu peaks corresponded to the Cu
2p (1/2) and 2p (3/2) (Figure 20) [95]. Trace impurities of Si were also detected. This

impurity may have originated from the Si substrate.
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Figure 19: XPS survey scan of the Cu UPD ad-layer on sample A from 0 to 1000 eV.
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Figure 20: XPS spectrum of the Cu 2p peaks of the Cu UPD ad-layer on sample A.

The presence of the Cu peaks proved that Cu was underpotentially deposited onto the BDD
surface. The Cu ad-layer remained relatively air stable as it was not completely etched
from the surface between deposition and analysis. The Cu peak intensities were
determined to represent a -2 % monolayer coverage on the BDD film surface. This
evaluation agreed with the amount of Cu UPD estimated by Bouamrane et al. [59]. The
low quantity of Cu UPD correlated to the small Cu UPD peaks observed in the 2.5 mM
CuSO0;4 solution, and thus the small quantity of charge transferred (Figure 17). The 2 %
monolayer coverage corresponded to the coverage expected had the Cu only been

deposited at the polycrystalline grain boundaries of the BDD film.

The Raman spectra (Figures 13 and 29) identified graphitic carbon present in the BDD films
polycrystalline grain boundaries. Thus, the Cu deposited could correspond to the Cu
deposition onto graphitic carbon rather than diamond sp* carbon [59]. However, it was not
established whether the Cu was deposited onto the graphite or diamond, although the Cu

was assumed to deposit on the diamond sp* carbon.
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The oxygen peak present was attributed to the oxidation of the Cu deposit and the
diamond film surface. The identification of the O peak supports the inference that
oxidation of the film had occurred and altered the quality of the electrode surface over
time. This further supported the conclusion that the time between the hydrogen
termination procedure and an electrode’s use in the electrochemical experiments is an

important factor to maintain a high-quality hydrogen-terminated surface.

Despite minimal time between the termination and deposition in the 2.5 mM CuSO,
solution, Cu UPD was only indicated to be achievable at a low monolayer coverage. The
low UPD metal monolayer coverage currently shown to be attainable onto a BDD film
makes it an unfeasible method to deposit an electrocatalyst on a BDD or to synthesise a
thermionic emitter. However, this conclusion is not definitive as further investigations
with alternative metal systems are required to support the finding that a high UPD metal
monolayer coverage cannot be attained. Further, it was strongly indicated that oxidation
of hydrogen-terminated BDD films must be avoided and minimised to increase the

likelihood of observing UPD.

3.2.2 Oxygen-terminated Diamond Films

Cu UPD onto an oxygen-terminated BDD film (sample B) was investigated in the same
solutions as the hydrogen-terminated BDD films - 0.1 M H;SO4 + 1 mM CuSO4, 2.5 mM CuSO4
and 2.5 mM CuSO4 + 0.5 mM KCL. The CVs for each of these solutions exhibited no signs of
Cu UPD, only a bulk stripping peak at 0.04 V (Figure 21). This illustrated the highly
sensitive surface nature of the UPD process and demonstrated that the oxygen termination

inhibited Cu UPD.
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Figure 21: Cyclic voltammograms with sample B as the working electrode in 0.1 M H;SO4 + 1 mM CuSQOg4, 2.5 mM

CuS0O4 and 2.5 mM CuSO4 + 0.5 mM KCl solutions - scan rate 20 mV s™.

Oxygen plasma termination and ozone exposure were the two oxygen termination
procedures used. These treatments terminate the BDD film surfaces with different ratios
of ether- and carbonyl-bonded oxygens [96]. The different types of oxygen terminations
did not appear to affect the Cu UPD observed because all the results were consistent,

showing no signs of Cu UPD.

Oxygen-terminated BDD surfaces have been suggested to provide anchor points for Cu
electrodeposition [97]. However, the results obtained did not confirm this. Instead, the
oxygen termination was determined to inhibit the Cu UPD. The inhibition of Cu UPD was
attributed to the large work function and low surface conductivity of the oxygen-
terminated film relative to the hydrogen-terminated BDD films. The greater work function
would have decreased the thermodynamic favourability of forming a Cu ad-layer, while
the reduced surface conductivity would have decreased the ability for the electrode to

interact with the Cu?* ions in solution [94]. Consequently, these properties would have

58



decreased the favourability of the electron transfer process from the BDD film to the Cu?*

ions, resulting in the inhibition of Cu UPD on the oxygen-terminated BDD film.

Thus, the UPD of Li and other metals onto oxygen-terminated BDD films to produce a
diamond emitter with a metal oxide monolayer terminated surface appears unattainable.
However, investigations into the electrochemical deposition of Li and other metals onto
oxygen-terminated BDD films remain worthwhile to support the observations and
conclusions arising from the inhibition of Cu UPD. As Li has a high affinity for the oxygen-
terminated BDD surface, Li UPD onto an oxygen-terminated BDD film may occur more

favourably than Cu UPD and overcome the energetic barrier proposed to inhibit Cu UPD.

The absence of Cu UPD on oxygen-terminated BDD films supported the conclusion that
oxidation of the hydrogen-terminated BDD films would have reduced or inhibited Cu UPD
over time. Therefore, no oxidation of a hydrogen-terminated BDD film surface is required

to obtain the maximum UPD coverage.

3.3 Surface-Limited Redox Replacement (SLRR) Depositions

SLRR depositions were used to replace Cu ad-layers on hydrogen-terminated BDD films
with Pt in 0.5 mM K;PtCls + 0.1 M HClO4. These films were terminated 24 h prior to
experimentation to minimise the oxidation of the electrode surface. CVs were run in the
2.5 mM CuSO; solution on the Pt covered BDD films produced after the replacement of the
Cu deposits. This was undertaken to identify changes in the CVs that corresponded to Cu

deposition onto the Pt that covered the surface of the BDD film.

The CV in the 2.5 mM CuSOs solution after the SLRR deposition of Pt with the Cu UPD on
sample A did not show a distinctive change in the CV that would have indicated Cu
deposition onto Pt (Figure 22). Subsequently, the CV did not signify that Pt covered the

BDD film. This suggested that the SLRR deposition was either not successful or only
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produced a small quantity of Pt on the surface of the BDD film. Thus, the Cu deposition

peaks on Pt were not identifiable.
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Figure 22: Cyclic voltammograms with a hydrogen-terminated sample A as the working electrode in a 2.5 mM

CuSO04 solution before and after a SLRR deposition in 0.5 mM K;PtCls + 0.1 M HClO4 - scan rate 20 mV s™.

The Cu UPD ad-layer was shown to achieve a -2 % monolayer coverage rather than the
ideal epitaxial monolayer. Therefore, even if the Cu deposit had been fully replaced with
Pt, only a very small quantity of Pt would have been deposited onto the surface of the
BDD film. Consequently, the absence of new peaks in the CV after the SLRR deposition was
accounted for as a result of a very small quantity of Pt covering the surface of the

electrode.

XPS analysis of the Pt-covered HFCVD BDD film confirmed a small quantity of Pt was
present on the diamond film (Figure 23). The Pt 4f (5/2) and 4f (7/2) peaks at 76 and 73
eV, respectively, had a 0.05 % atomic percent relative to the C peak, while no peaks
corresponding to Cu were evident (Figure 31) [95]. This proved that a SLRR deposition was
able to replace the Cu UPD layer with Pt on a BDD film surface. However, this procedure
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only achieved a small quantity of Pt on the electrode surface. The quantity of Pt
deposited via the SLRR deposition was not close to the ideal epitaxial monolayer that
could be achieved if a full Cu UPD monolayer deposit was attained. Nevertheless, this
established that the SLRR procedure could be applied to BDD electrodes. Thus, if an
epitaxial monolayer of a less noble metal can be underpotentially deposited, a SLRR
deposition can be utilised to deposit a more noble catalytic metal onto a BDD with atomic

scale precision for use in electrocatalysis.
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Figure 23: XPS spectrum of the Pt 4f peaks of the Pt ad-layer on sample A after the SLRR deposition of Pt with

Cu UPD.

The SLRR procedure was modified to deposit a Cu layer, which was equivalent to a
monolayer, at an overpotential. The modified procedure was undertaken to demonstrate
the idea that SLRR depositions could be applied to BDD films provided that an increased
UPD ad-layer coverage could be achieved. The charge of the Cu deposited was equivalent

to the charge expected to form a monolayer to follow a SLRR based concept where a
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controlled amount of metal deposited is replaced with a more noble metal on the surface

of a substrate.

The quantity of Cu deposited to produce a layer equivalent to a monolayer was calculated
from the considerations that the Cu lattice has a face-centred cubic crystal structure and
the ad-layer had a (111) close-packed arrangement on a flat substrate. These
considerations enabled the determination of the nearest neighbour distance between
atoms, 2.6 A, and subsequently the area of the unit cell from the lattice spacing, 3.6 A
[98]. From Equation 7 the area of the unit cell (4,) was used to determine the number of

atoms per unit area (N).

N == (7)

The number of atoms per unit area (N) and elementary charge (e) were used to calculate
the charge transferred per unit area (Q) that would correspond to the deposition of Cu

equivalent to a monolayer (Equation 8).
Q = 2eN (8)

A charge per unit area of 540 puC cm? was calculated to deposit an amount of Cu
equivalent to the amount ideally achieved by UPD. Therefore, 300 uC of Cu was deposited
onto 0.5 cm? of the electrochemical grade BDD film at a low overpotential. This quantity
of charge transferred was determined to be a reasonable estimate for the sample because
it accounted for the surface roughness and imperfections with a ~10 % overestimate of the
charge. The overpotentially deposited Cu was assumed to cover the surface, however not

uniformly.

The CVs in the 2.5 mM CuSO;4 solution with the electrochemical grade BDD film before and
after the modified SLRR deposition displayed significant differences. New peaks at 0.15 V

and 0.40 V signified that Cu deposited onto the Pt that was on the surface of the BDD film
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(Figure 24). The new peaks were smooth and covered a wide potential range, which is
comparable to the CV of Cu UPD onto a polycrystalline Pt surface [99]. Therefore, these
new peaks indicated that Pt was on the surface of the BDD. The current density after the
SLRR deposition was also significantly greater than in the CV before the SLRR deposition.
The greater current demonstrated a larger activated area than prior to the SLRR

deposition, which is assumed to result from Pt covering the surface of the BDD film.
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Figure 24: Cyclic voltammograms with a hydrogen-terminated electrochemical grade BDD film as the working
electrode in a 2.5 mM CuSO4 solution before and after a modified SLRR deposition in 0.5 mM KyPtCls + 0.1 M

HClO4 - scan rate 20 mV s™'.

The distinct changes in the CV are strong evidence that the modified SLRR deposition was
successful and hence the electrochemical grade BDD film was covered in Pt. However, as
the Cu was initially overpotentially deposited, an epitaxial monolayer was not formed, and
subsequent characterisation of the structure was required. SEM showed numerous clusters
present on the surface of the electrochemical grade BDD film (Figure 25). These small

clusters are apparent on the surface after the SLRR deposition but not prior to the
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electrochemical experiments (Figure 14). Thus, these clusters were formed from the SLRR

deposition and likely corresponded to clusters of Pt on the surface.

Figure 25: SEM image of the roughened side of the electrochemical grade boron-doped diamond film covered

in small clusters of Pt (visible as small spots on the diamond surface) after the modified SLRR deposition.

XPS analysis clearly identified Pt 4f peaks (Figures 26 and 32). These Pt 4f peaks further
established that the clusters observed in SEM corresponded to Pt. The Pt 4f peaks were
about 7.5 times greater in intensity than the Pt 4f peaks identified after the Cu UPD ad-
layer was used in the SLRR deposition (Figure 23). The increased quantity of Pt deposited
supported the idea that a SLRR deposition could be applied to a BDD film. In the modified
SLRR procedure investigated, clusters of Pt were formed as opposed to the ideal epitaxial
monolayer. However, if an epitaxial metal monolayer can be deposited on a BDD film, this
research suggests that a SLRR process could be applied to deposit an electrocatalyst

monolayer onto a BDD electrode with high sensitivity.
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Figure 26: XPS spectrum of the Pt 4f peaks of the Pt ad-layer on the electrochemical grade boron-doped

diamond film after the modified SLRR deposition of Pt with Cu.

XPS detected small quantities of Cu with peaks at 952 and 933 eV (Figure 27). The Cu
peaks had 0.4 % atomic percent relative to the C peak. This indicated that the Cu was not
completely replaced with Pt in the SLRR deposition. The small quantity of Cu remaining on

the BDD film most likely related to the partial alloying of Cu with the Pt deposit.
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Figure 27: XPS spectrum of the Cu 2p peaks present in the Pt ad-layer on the electrochemical grade boron-

doped diamond film after the modified SLRR deposition of Pt with Cu.

The finding that Pt was deposited onto the BDD film in the SLRR deposition demonstrated
that an electrocatalyst could be deposited onto a BDD via this electrochemical deposition
technique. However, the ability of this technique to deposit a monolayer of a catalytic
metal onto the surface of a BDD film relies on achieving a homogenous high coverage ad-
layer of a metal that is less noble than the noble metal being deposited. This ideal UPD
metal monolayer coverage could not be attained with Cu on a BDD film. Nevertheless,
further investigations into alternative metals or deposition methods may facilitate the
ability to produce an epitaxial monolayer on a hydrogen-terminated BDD film. If achieved
this would enable the use of SLRR depositions to deposit catalytic metals on BDD films

with atomic scale precision for use in electrocatalysis.
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Chapter 4: Conclusions

Cu UPD was achieved on hydrogen-terminated BDD films in solutions at various pH values.
In a 2.5 mM CuSO;, electrolyte solution, Cu UPD was displayed at -2 % monolayer coverage.
Thus, it was suggested that the Cu deposited in the favourable sites located at the grain
boundaries of the BDD films. Cu UPD was observed at a lower extent in a 0.1 M HzSO4 + 1
mM CuSO; solution relative to a 2.5 mM CuSO4 electrolyte solution. The greater quantity of
Cu UPD exhibited in a 2.5 mM CuSO4 solution correlated to the increased favourable
Coulombic interaction between the BDD film surface and the Cu?* ions, as well as the
better surface quality of the electrode. The presence of 0.5 mM KCl in the 2.5 mM CuSO4
electrolyte resulted in a decrease in the Cu UPD observed. The corresponding decrease in
UPD was suspected to partially result from additional interactions between Cl ions and the
BDD film, as well as Cl ions complexing with the Cu?" ions. These additional interactions
were assumed to have contributed to the decrease of Cu UPD. However, the poorer
surface quality of the electrode used in the 0.1 M H;SO4 + 1 mM CuSO4 and 2.5 mM CuSO, +

0.5 mM KCl solutions was the main factor that caused to the reduction in UPD observed.

The surface quality of the BDD film was established to be a significant factor limiting the
observed UPD. Oxidation at the grain boundaries of the hydrogen-terminated BDD
electrodes, between the termination procedure and electrochemical deposition
experiments, was concluded to inhibit Cu UPD. A cathodic activation process was required
to modify the surface C-O functionalities into C-H functionalities. The activation process
was essential for a Cu UPD peak to be displayed in the 0.1 M HSO4 + 1 mM CuSO4 and 2.5
mM CuSO4 + 0.5 mM KClL solutions. Small UPD peaks were observed after the activation
process and consequently indicated that Cu was deposited onto the surface in minimal
quantities. Thus, the time between the termination procedure and electrochemical
investigations must be minimised to less than a few days to ensure that the surface quality

of the hydrogen-terminated BDD electrode is sufficient to observe UPD.
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Oxygen termination of BDD films inhibited Cu UPD. The oxygen-terminated surface
inhibition of Cu UPD was associated with the large work function and low surface
conductivity of the material relative to the hydrogen-terminated BDD films. These
properties were determined to reduce the favourability of the electron transfer process to
Cu® ions, subsequently preventing Cu UPD. Thus, using UPD to produce a metal-oxide-
terminated surface that would be suitable for applications in thermionic emission devices
consequently appears to be unfeasible. However, future investigations into metals with a
high affinity to the oxygen-terminated diamond surface, such as Li, remain worthwhile to

fully establish the feasibility of using UPD to produce a diamond emitter.

SLRR depositions were successfully applied to the BDD films, replacing the Cu ad-layer
with Pt in 0.5 mM K;PtCly + 0.1 M HClO4. The capability to deposit catalytic metals
sensitively onto a BDD surface facilitates the synthesis of BDD catalyst supports via UPD.
However, as Cu UPD was unable to attain a metal ad-layer of considerable coverage on the
BDD films, the Pt deposited by the SLRR deposition had an insufficient coverage for
electrocatalysis applications. This inability to achieve an ideal epitaxial Cu monolayer
demonstrated that UPD is currently unable to produce the metal terminations required for
extensive electrocatalysis and thermionic emission applications. Nevertheless, provided an
epitaxial monolayer of a metal less noble than the desired catalytic metal could be
achieved, a SLRR deposition would be suitable to deposit a monolayer of a catalytic metal

onto a BDD film.
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Chapter 5: Future Work

Significant optimisation of the UPD metal systems is required to make reproducible metal
monolayers on BDD films attainable. Investigating alternative metals to electrodeposit,
such as Ag, Pt and Au, onto the surface of the BDD films would be a worthwhile
investigation to determine whether alternative systems could achieve the desired
monolayer coverage. These systems should be investigated at a range of pH values to
progress the understanding identified in this research that more favourable Coulombic

interactions can encourage UPD to occur.

Terminating a diamond surface with Li via electrochemical deposition techniques remains
an interesting alternative method to produce a diamond emitter. Li UPD onto the diamond
surface using LiClO4 in acetonitrile solution was unable to be investigated in this project
and subsequently is ideal for future investigations. Even though UPD on oxygen-terminated
BDD films was deemed unfeasible for Cu, deposits of Li have been shown to have a strong
adhesion to the surface of an oxygen-terminated diamond film. Thus, characterising the
surface coverage and structural arrangement of Li on BDD deposited via UPD and
overpotential deposition would clarify whether the possibility of producing a diamond
emitter from an electrochemical technique is a realisable possibility. This experiment
would require stringent precautionary measures to ensure the absence of moisture from

the solution and environment, as moisture inhibits Li deposition.

Provided the attainment of relatively inexpensive single-crystal BDD films,
electrochemical depositions of metals onto single-crystal BDD films would be an ideal
future investigation to extend on this research, which focused on polycrystalline BDD
films. This would progress the current understanding of the electrochemical deposition of

metals onto BDD films and aid our ability to form a metal monolayer.
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Chapter 7: Appendix

Figure 28: SEM image of a boron-doped diamond film, denoted sample B, synthesised in a hot filament CVD

reactor.
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Figure 29: Raman spectrum of a boron-doped diamond film synthesised in a hot filament CVD, denoted sample

A, using a green 514 nm laser.
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Figure 30: SEM image of the smooth side of the electrochemical grade boron-doped diamond film purchased

from Element Six.
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Figure 31: XPS survey scan of the Pt covered sample A after the SLRR deposition of Pt with Cu UPD from 0 to

1000 eV.
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Figure 32: XPS survey scan of the Pt covered electrochemical grade BDD film after the modified SLRR

deposition of Pt with Cu from 0 to 1000 eV.
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