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Abstract
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Doctor of Philosophy
PARTICLE SIZE AND SUBSTRATE EFFECTS IN ELECTROCATALYSIS

By Jens-Peter Suchsland

A novel high throughput technique has been developed for the investigation of the
influence of supported metal particle size on electrocatalytic activity. This technique
was based on a physical vapour deposition (PVD) and has been applied to the synthesis
of libraries of supported gold particles on amorphous sub-stoichiometric TiO, and
carbon supports. Array electrodes with a gradation of catalyst particle sizes are
fabricated on the different support materials. Simultaneous electrochemical
measurements at all electrodes in the array, together with determination of the actual
particle size distribution on each of the electrodes by Transmission Electron Microscopy
(TEM), then allows rapid determination of the activity as a function of particle size and
support.

The TiOy substrate stoichiometry can be varied or kept constant across a supporting
sample, and subsequent deposition of particle sizes on supports are controlled through
the nucleation and growth process. TEM measurements indicate nucleation and growth
of Au particles takes place, with the smallest particles initially observed with a diameter
of 1.4 nm with a maximum density of 5.5 x 10> cm™? on titania, and 2.6 nm with
concomitantly lower density on carbon. Mean gold particle diameter varied in the range
1.4 to 6.6 nm on titania and 2.5 to 7 nm on the carbon support as measured by TEM.
The 1.4 nm particles on titania exhibit a binding energy shift in the Au (4f) core level of
0.3 eV from bulk gold, and the shift is ~ 0.1 eV by the time particles grow to a mean
size of 2.5 nm. These shifts are associated with final state effects, and the supported
gold particles are metallic and appear to be relatively stable in air.

The reduction of oxygen on gold nano-particles supported on the two support
materials was studied, as well as on polycrystalline gold, and the conclusions were
verified using voltammetry at rotating disc electrodes. At particle sizes below 3 nm, a
rapid decay of the catalytic activity for oxygen reduction on both supports was
observed.

The electrooxidation of carbon monoxide on titania and carbon supported gold
nanoparticles, as well as polycrystalline gold, was studied in acidic media. For the first
time evidence for modified properties of metal nanoparticles through support
interactions is presented, as well as a particle size effect on the oxide support. Particles
supported on carbon were found to behave similarly to polycrystalline gold, while the
titania supported nanoparticles showed a decrease in overpotential of almost 200 mV for
CO oxidation. The variation of particle size revealed that the maximum enhancement in
activity on this oxide support is evident at particles of the diameter of 2.5 to 2.6 nm.
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Introduction

1 Introduction

Generally the aim of a “good” catalyst is to lower the activation energy and/or increase
the selectivity [1] for a certain reaction. For the purpose of comparison the
characterisation of reactions in heterogeneous catalysis is usually done by quantification
of activity. In gas-phase reactions generally the occurrence of a desired reaction per site
in terms of the total turnover frequency per unit time (TOF, commonly per second) is
used. In Electrocatalysis specific current densities at a fixed overpotential (specific
activity) are a common way of quantification. Obviously the highest utilisation from a
catalyst is desired, particularly if the catalyst contains precious metals such as platinum
or gold. Therefore the highest dispersion in the form of one single monolayer on a
support material would suggest itself to be most advantageous. But this does not take
into account the observed structure sensitivity of many reactions. This phenomenon was
first classified by Boudart [2], who subdivided reactions to be structure sensitive, if they
depend on the metal dispersion, or structure insensitive if they are independent. A
structure sensitive reaction could either lead to higher activity with increasing
dispersion or deactivation. Insensitive reactions would have the highest mass activity
with respect to the metal content if a monolayer could be achieved. A prominent
example for structure sensitive reactions in electrocatalysis is probably the deactivation
of the oxygen reduction reaction with platinum particle sizes below 3 nm. This has a
major impact on the commercialisation of low temperature fuel cells. Particle size
effects usually occur when the particle diameter is smaller than ~ 5 nm and therefore the

fraction of surface atoms becomes non negligible being > 10 % [2].

One frequently used “particle” only explanation for particle size effects are geometric
effects such as special gedmetries of particles having an effect on the activity, such as
low coordinated sites, preferential crystallographic orientations with smaller particles
and strain in particles changing the bond diétance in small particles which has been
theoretically suggested to change the binding energies of adsorbateé [3]. The latter

effect is also regarded as an electronic effect. Another electronic effect that was
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suggested to influence the catalytic activity at around room temperature is the molecule
like behaviour of small particles; the so called “quantum size effect” [4]. Manifestation
of this effect is that the valence band was suggested to have discrete energy levels rather
than the continuous energy band structures of bulk metals [5], i.e. the density of states
close to the Fermi level is believed to decrease and the valence band centre moves
towards higher energies[6]. Examples of quantum size effects at gold nanoparticles have
been reported for ligand protected gold clusters, titania supported gold particles, as well
as for nanometre sized electrodes in electrochemical measurements [4, 7-12]. For gold
nanoparticle sizes of smaller ~< 2.5 nm (< 400 atoms) at room temperature the thermal
energy (kT~ 0.025eV) is expected to be smaller than the spacing of the energy states
near the Fermi energy, which would then lead to a molecule like behaviour [5]".
Experimentally this effect was for example observed by femtosecond laser pulses [13],
scanning tunnelling spectroscopy [4] and electrochemical methods [7-9, 11, 14].
Particle size effects have also been found to depend on the physical properties of the
support. Two effects have been observed: metal support interactions and support
induced spillover effects (refer for example to section V. "Particle Size, Support, and
Promotional Effects” in [15]). Strong metal support interactions have been first reported
by Tauster et al [16] for group 8 transition metals supported on titania. The authors [16]
used SMSI to explain the observed suppression of chemisorption of hydrogen and
carbon monoxide by annealing of the samples. The unexpected high catalytic activity of
titania supported gold nanoparticles in gas phase CO oxidation is an example where
both strong metal support interactions (charge transfer from gold to titania enhances the
stabilisation of an oxygen species on the gold) and support spillover effects (oxygen
species is stabilised by the support and reacts at the interface with the CO adsorbed at
gold), have both been suggested [17] to be responsible for the surprising catalytic

activity of this system (for other explanation refer to chapter 1.3.3).

This thesis describes the application of a combinatorial synthesis and screening method

that allowed rapid characterisation of supported gold particles as a function of size

!'“Rubo” criterion describing the spacing of the energy states &(Ej) in the vicinity of the Fermi energy Er

3 E,

for small particles: 0(E) = 5 > kT , where N, is the number of metal atoms, k the Boltzman

V4
4
constant, z the valence of the metal (gold =1) and T the temperature.
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applied to the electrochemical study of the gold/gold oxide couple, the electrocatalytic
reduction of oxygen (ORR) and oxidation of carbon monoxide (CO). In recent years
combinatorial approaches have rapidly gained in popularity for optimizing the
composition of materials for specific physical or chemical properties in, for example,
electrocatalysts or battery materials [18-23]. Recently, a physical vapour deposition
system has been developed for the high throughput synthesis of thin film materials [24].
It employs source shutters to achieve controlled gradients of depositing elements across
a substrate or an array of pads [24]. This allows, for example, the synthesis of a
compositional library of alloys [25] and particle centres supported on homogeneous
supports. The system has been applied to the optimization of Pd/Pt/Au [25]. This thesis
combines characterisation of arrays of electrodes and compares results with single

electrode measurements on rotating disc electrodes to confirm the validity of the results.

Titanium dioxide was chosen for the investigation as support material because of its
high conductivity in the sub-stoichiometric or doped forms, its stability in acidic
environments and recent studies that showed support induced interactions, which
positively influenced the catalytic activity of gas phase CO oxidation on gold

nanoparticles.

The following introduction aims to give an overview of the relevant literature. As the
reactions studied (ORR and CO oxidation) are relevant to fuel cell application a brief
description of the low temperature fuel cell is given. In fuel cells currently carbon
supported platinum and platinum alloy nanoparticles are the state of the art catalysts and
hence are intensively studied. Some of the recent findings of CO oxidation and ORR on
platinum are summarised below as some general concepts of these system will be used

in the discussion of the results presented on gold nanoparticles.

1.1 The Polymer Electrolyte Fuel Cell

The operating principle of a fuel cell has been known for nearly two centuries, since the
work in 1839 by Sir William Robert Grove. Nevertheless, the first usage of this “cold
burning” process of oxygen with hydrogen was made for the outer space missions
Apollo and Gemini, in the mid-sixties. Nowadays, fuel cells are experiencing a

renaissance due to the high efficiencies compared with internal combustion engines on a
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small scale (up to the low MW range). There are a variety of different fuel cell types,
which are commonly characterised by their electrolyte, such as: Molten Carbonate,

Phosphoric Acid and Alkaline Fuel Cells.

The most promising fuel cell types in terms of commercial potential appear to be the
Polymer Electrolyte Membrane Fuel Cell, PEMFC (and its sub form the Direct
Methanol Fuel Cell DMFC), Molten Carbonate Fuel cells MCFC and Solid Oxide Fuel
Cell, SOFC. Other types of fuel cell have been tested but constraints such as the
necessity of very clean fuel gases are a barrier to their application (e.g. the PAFC and

AFC require a high purity of hydrogen).

Higher operating temperatures of PAFC’s (~200 °C), MCFC’s (~650 °C) and SOFC’s
(~1000 °C) allow their use as combined heat and power units in the power range of low
kilo watts to mega watts. The MCFC and SOFC reveal electrical efficiencies greater
than 50 % and phosphoric acid fuel cells 40 % [26]. A major advantage of the first two
fuel cells is the variability of fuels: hydrogen, CO, methane and other hydrocarbons.
Automotive companies (e.g. General Motors, Ford, Toyota, Daimler Benz etc.) are now
concentrating on the polymer electrolyte fuel cell. This is mainly because of the low
operating temperatures, relatively good “cold start” behaviour combined with a high

power/volume ratio.

Figure 1.1 presents a simplified diagram of a Polymer Electrolyte Fuel Cell (PEMFC).
The main parts of these devices are the bipolar plates for the gas distribution across the
active area of the fuel cell, the membrane electrode assembly (MEA), composed of two
gas diffusion layers, a polymer membrane and two catalyst layers. The extension views
in the same diagram visualising the “heart” of the fuel cell in greater detail. The gas
diffusion layers are normally carbon fibre papers, responsible for distributing the fuel
gases homogeneously to the catalyst layer, heat removal from the electrodes and
conductor carrying away the electrons formed by the catalyst layer, necessitate a high
porosity, heat and electrical conductance. The catalyst layers consist commonly of
platinum highly dispersed on a high surface area conducting support material, which is
soaked in an ion conducting polymer. Widely used as support material is carbon black
such as Vulcan XC 72. Recently metal oxide supported fuel cell catalyst seem to gain

some attention as some studies claim enhancements such as CO and methanol tolerance

4
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of the supported metal oxide catalyst for both anode (hydrogen oxidation) and cathode
(oxygen reduction) reactions over carbon supported catalysts [27-34]. The membrane is
a polymer with incorporated ionic groups enabling proton transport from anodic side to
the cathode. In a hydrogen/oxygen powered fuel cell at the anode the oxidation of

hydrogen would take place and at the cathode the reduction of oxygen to water.

One of the drawbacks of the PEMFC are the high initial costs caused by the high
loading of precious metal catalysts required due to the low temperature range. While on
the anode (hydrogen or methanol) side contamination from fuels or by-products in the
reaction pathway is the major problem, the cathode (oxygen electrode) has to deal with
large overpotentials caused by small exchange current density in the low temperature

range for oxygen.

| [Membrane]

|
Bipolarplate |—

Gas diffusion layer i
Catalyst] |

. " Enectrolyte (Nafion)

== | [cotalyst particle
End piate] [— 5

Anode Cathode

Figure 1.1. Schematic diagram of a Polymer Electrolyte Fuel Cell (PEMFC).

1.2 Titanium oxide

1.2.1 Titanium oxide structure

Titania has several crystal structures but the most common ones are rutile, anatase and
brookhite [35]. The most widely studied structures are rutile and anatase [35, 36] and
the crystal phases are shown in Figure 1.2. “Both crystal structures are tetragonal with
each Ti atom octahedrally coordinated to six O atoms, and each O atom coordinated to
three Ti atoms. In both structures, TiOg octahedra are slightly distorted, but the
distortion is larger for anatase than that for rutile. In rutile, four Ti-O bonds of 1.949 A
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and two Ti-O bonds of 1.980 A are present. For anatase these values are 1.937 and
1.965 A respectively. Bond angles of O-Ti-O are 81.2° and 90.0° in rutile, whereas for
anatase they are 77.7° and 92.6°, respectively [37].”

[001] Rutile

Anatase
1.966 A b L Lo
§ 102.308°
<32.604" 7 QP
o VR
/1937 A
SN

Figure 1.2, The bulk structures of the unit cells of rutile and anatase titanium dioxide(figure taken from
[35]).

1.2.2 Titanium oxide an n-type semiconductor

Stoichiometric titanium dioxide has a band gab of ~ 3 eV [38] and is therefore in its
intrinsic form essentially an insulator. The energy required to make it electrically
conducting would be quite significant if one considers that the thermal energy (given by
as kT) at 25°C is only 0.0257 eV [39]. In reduced forms of titanium oxide a variety of
defects can be formed. Common defects in crystals are oxygen vacancies (doubly
charged - oxygen sublattice), titanium interstitials or vacancies (cation sublattice [40])
where Ti is in the oxidation state 3" and 4" and planar defects like crystallographic shear
planes (CSPs) [35]. For the defect equilibria more details are available for example in
Bak et al [40]. Which defect form is dominant depends on preparation method and
oxygen defect density (stoichiometry) [35]. As a simplification, additional electrons in
thereduced form can be imagined to occupy energy states in the band gap region close
to the conduction band and act as electron donor levels, n. (Figure 1.3, n-type SC). The
energy position of the conduction band edge Ec for TiO, was estimated to be - 4.21 eV

and the valence band edge respectively -7.21 eV [41].
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Assuming that one oxygen deficient site would contribute one electron nc to the donor
levels, then for a sub-stoichiometric TiO,s (approximate density ~4 g cm™ for TiO,
assumed for the calculation), the doping level would contribute charge carriers in the
order of ~2.5 x 10*' cm™ and for TiO1.9999 ~5 x 10" cm™. For doping levels of 10*® to
10" ¢m™ the position of the Fermi level Er would shift to a position within less than
0.1 eV of the conduction band edge Ec, and at higher doping levels the system becomes

a “quasi-metal” [39]. This can be expressed as [42]:

Ey=E; +kTln-¢ (.1

C
Where Nc is the “effective” density of energy levels at the conduction band edge [39]

and can be estimated to be on the order of ~10%' cm™ [42].

\ Conduction band (empty at 0 K))
iy sl ——————— —— T T EF
? ) Edonor
= fr(E) o
? Band gap (TiO;~3-3.2¢eV)
=
=
Valence band (fully occupied at 0 K)
0 1

Fermi-Dirac distribution fr(E)

Figure 1.3. Band scheme of an n-type semiconductor (e.g. sub-stoichiometric fitanium dioxide). Ezonor =
electron donor level introduced into material, fF(E) the Fermi-Dirac distribution giving the probability
of electrons to occupy an energy state and Ep = Fermi energy (adapted from [43]).

Titania is an oxide which is easily reducible due to the variety of stable phases
available. These are shown in the phase diagram in Figure 1.4 [35]. The phases at O/Ti
ratios above Ti;O; to TiO, are known as Magneli phases with a structure TiO2zn.1.
Stoichiometric and hence intrinsic titania is essentially a non-conductor as pointed out

before due to the wide band gab of ~ 3 eV, with a resistivity at 300 K in the order of ~
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107 Q cm (perpendicular to the c-axis of rutile) [44]. In the reduced form the resistivity
drops significantly and for example the Magneli phase titania exhibits resisitivities of
the order 10” to 10 Q cm [45], and, are therefore, ideal to act as catalyst supports,

where high conductivity is required.

N
L°C o TLO+L | [ TLO+L \h'lno,,,_,
|

/]
/] ne4-10
1600 i%. 10 el b |
L] \ =<
b’] L o |ls
T 7.0 \1o0. |[% [
1200 + P || e (IO 3
a IO or’ '9
h O | L -
\ |F ;
T1i,0 = [
800 . |Ti.0 I\ [[9 |l &
NG B
400 | | | il |
0 0.4 0.8 1.2 1.6 2.0
O/Tl ratio

Figure 1.4. “Phase diagram of the Ti-O system”, where a and b are different titanium phases, L — liquid,
ht- high temperature and lt-low temperature [35].

Titanium dioxide: preparation by evaporation techniques

Thin film titanium dioxide has been prepared by several different techniques as for
example: plasma enhanced chemical vapour deposition [46], R.F sputtering, magnetron
sputtering [47, 48], and physical vapour deposition (PVD) [49]. Generally thin film
formation by evaporation of titanium oxide onto room temperature substrates leads to
amorphous materials with only a small quantity of anatase and rutile structures [49, 50]
and crystallinity is only achieved if annealed or the temperature is raised to
temperatures above 350 °C [49]. In a study by Mikhelashvili and Einstein [50] they
showed a significant dependence of the flat band voltages with annealing temperature

(negative shift by 0.6 V for a 25 nm film and 0.8 V at a 15 nm film).

1.2.3 The Titanium oxide/electrolyte junction

The position of the band edges and therefore band gap is crucial for semiconductor (SC)
electrodes and will significantly influence their expected electrochemistry. The energy
band edges and Fermi levels Er of materials are in material science generally quoted

against Fermi energy scale or also called the Vacuum scale (Figure 1.5 a) [39]. The
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comparison to the electrochemistry energy scale is useful as the redox processes are
generally expressed for example against a standard hydrogen electrode in Volts.
Therefore the Fermi level for redox couples is defined as the reversible redox potential
and the energies of the oxidised and reduced forms are defined as the lowest unoccupied
and highest occupied energy states (assuming that the energy states are symmetrically
distributed positive and negative to the redox potential)[41]. Following this definition
the potential of the standard hydrogen electrode (by definition 0 V in electrochemistry)
can be estimated to be close to -4.5 eV vs. the absolute vacuum scale (Figure 1.5 a)[43].
If SC electrodes in electrolyte are biased by a potential for example during the
electrochemical experiments the position of the flat band potential is an important
parameter, as it determines the ability of electrons to transfer across the interface. The
flat band potential is the potential as presented in Figure 1.5 (c), where no charge

accumulation (d) or depletion (b) at the SClelectrolyte junction occurs.
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Fermi Electro-
energy chemical
scale E vs. scale ¢ vs.
Eva./eV  'SHE/V

o f-45; N N N
— SCL ~ SCL <

7
-45=1 0 i -1 E'Hy/H) Er

Ev

Ev /

75413
V>V V=V V<V

(@) (b) (c) (d)

Figure 1.5. Semiconductor (n-type)/electrolyte boundary (here for a HyH" couple at a substoichiometric
titania surface). (a) Fermi energy scale and electrochemical energy scale. (b) n-type Semiconductor (SC)
with a band gap of 3 eV in contact with an electrolyte at positive bias potential to the flat band
potential(Vy ). The Electrolyte is on the right to the arrow indicating the boundary. In the figure only the
band edges of conduction (E¢) and the valénce band (Ey), as well as the Fermi energy (Eg) are shown. (c)
n-type SC at a potential equal fo Vg, and (d) n-type SC at a potential negative to Vg, (adapted from [39]).
For titania electrodes a direct correlation of the potential with conductivity (electron
transfer ability) was shown [51]. The conductivity drops significantly as expected by
several orders of magnitude (Figure 1.5 (b)) positive (SHE scale) of the flat band
potential. The flat band potential V' at the point of zero charge pcz, where the drop
across the Helmholtz layer AVy is zero (equal amounts of H and OH on the surface[52])
can be experimentally determined for example using electrochemical impedance
spectroscopy by the Mott Schottky analysis [53]. The Vs can be related to the
conduction band edge by [39]:

10
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Vc — Vﬂ _ (Ec _EF)
q
With the Er being dependent on the doping level according to equation 1.1 [39, 52].

(1.2)

Here V¢ is the conduction band-edge and q the electron charge. At pH different to the
pzc a Nernstian change of the flat band potential with hydronium ion/hydroxide
concentration was observed [39]. As the hydroxide and hydronium ion concentration
adsorbed at the surface will cause the flat band potential to deviate from the equilibrium
at the pzc [39]:

23RT
Vﬂ = Vﬂ(PZC) - ( F j(pH - pH(pzc)) (1.3)

00597 w 2K
The conduction band edge of titanium dioxide (as calculated from the
electronegativities of titanium and oxygen) was reported to be approximately -4.16 eV
and the flat band potential -4.21 at pHy,. (pH ~ 5.8)[41]. It should be noted that the
reported flat band potential varies considerably by almost + 0.25 eV dependent on the
reference [36]. In this thesis acid with a hydronium concentration of 0.5 Mol was used
which would lead to a flat band potential for crystalline titania using equation 1.3 of

approximately -0.015 V.

The electrochemistry will also depend on the crystallinity, doping level and surface
states [39, 52, 54]. The crystallographic orientation of anodically grown titanium oxide
films has been found to influence the band gap (measured by photoelectrochemistry),
where less crystalline, thinner passive films have a wider band gap and amorphous thin
films have no direct band gap [55]. The same author proposed that amorphous titania
has localised energy states in the band gap region [54] (Figure 1.6 (b)). Surface states
(e.g. oxygen vacancies or titanium interstitials) are also known to influence the
electrochemistry of titanium dioxide significantly by accessible energy states in the

band gap region [39, 52] (Figure 1.6 (c)).
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Figure 1.6. Electronic structures and energy states in metal oxide films (taken from [56]). Band structure
in the case of (a) crystalline materials, (b) for amourphous materials and (c) for materials with surface

states.

1.3 Nano-dispersed metal catalysts
1.3.1 Non supported particles

1.3.1.1 The thermodynamically stable form of nanoparticles: Historic view

Particle morphology has been the subject of interest over the last three decades, mainly
due to the development of more sensitive surface analytical tools and has been widely
theoretically and experimentally studied (reviews [57-59] and references therein). The
shape of particles depends strongly on the method of preparation. The rate of
deposition, the particle size [2, 60], and the temperature of annealing. Also the
interaction with the underlying support materials was shown to strongly influence
particle shape and truncation [6, 60, 61]. A few examples of the polyhedra commonly
proposed for faceted particles are presented in Figure 1.7 [2]. The coordination number i
for atoms at different coordinative environments are presented in Figure 1.7. The
particles exhibit mainly two low index planes, (111) with the coordination of the gold
atom being 9 and (100) i = 8. Edges and corners are lower coordinated between 3 and 7

depending on the particle shape as well as on the phase boundary. In terms of the
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energetics of these idealised shapes total Gibbs free energy G ? calculations showed
that the lowest and therefore most stable construction would be the truncated octahedron
(G : truncated octahedron < octahedron << cube, valid for particles greater than

~3 nm in diameter ) [62].

In this first sub-section a thermodynamically stable particle construction in equilibrium
with the surrounded gas phase at low temperatures was assumed. This was characterised
as early as 1901 when Wulff described particle shapes in terms of the surface free
energies and is consequently known as the “Wulff-construction”[63]. The equilibrium
shape for face centred cubic (fcc) metals was concluded to be “... an octahedron with
(1,1,1) external facets, which is truncated by a cube having (100) facets and centred on
the octahedron and possibly further truncated by a second cube with (100)
boundaries”[64] (c.f. Figure 1.7 (d) presents one possible configuration). The surface
truncation depends on the ratios of the surface tensions of the low index faces. The

optimal shape after Wulff would than fulfil:

Y 00y _ h(100) (1.4)
Y h(111)

where the surface energies y are given for the low index planes (100) and (111) and h
represents the distance of the planes from the centre of the particle for (100) and (111)

respectively [57].

Thus particles would preferentially form truncated octahedrons with the truncation

depending on their number of atoms and the surface energies of the crystal planes.

% Calculation of the Gibbs free energy G for gold particles greater 3 nm ignoring edge and corner

influences:

GTotal — Gbulk +G:urface

Where the single terms of the free energy G are sums of the free energy contributions of the bulk and

surface respectively [62].
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Figure 1.7. Selected polyhedrons for fcc metals, (a) tetrahedron, (b) cube, (c) octahedron (d) truncated-
octahedron, i quote the coordination number of the atoms at different position at the particle surface.
Figure taken from [2].

The statistics of uninfluenced (or supported on non interacting (“inert”) supports)
particles in polyhedral constructions were calculated by Van Hardeveld and Hartog
[65]. In the following Figure 1.8 the relative frequencies of the different phases of a
gold “fcc cubo-octahedron” (sic!) [65] as presented in Figure 1.7 (d). As can be seen,
the accumulated frequency of edge and corner sites significantly increases when the
particle diameter gets smaller ~3.5 nm. At this particle size already ~ 27 % of the
surface atoms are at corners or edges and as the diameter further decreases this
proportion increases. Another way of looking at this is the average coordination
number. For the surface atoms at a particle size of around 3.5 nm, an average
coordination number of 8.29 can be calculated which is not significantly different from
the 8.63 at particle sizes of ~10 nm. The average surface atom coordination number
decreases then rapidly down to 6.75 for particles around 1 nm. Another interesting
observation is the relative ratio (100) to (111) low index planes. For particles over 5 nm
in size 20 - 23 % of the planes are (100). Below 5 nm this number decreases down to

10% at ~ 1.8 nm and 0 % at ~1 nm.

A series of closed shell particles of this fcc truncated-octahedron would contain 38, 201,
586, etc. atoms respectively. Any particle that does not reach the close shell “formation”
might as consequence form thermodynamically favourable not perfectly truncated-

octahedral constructions.
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Figure 1.8. Presentation of the relative frequency of appearance of phases in an fec truncated octahedron
(previous figure (d)) particle. The edges are distinguished by the boundary of the low index planes they
are separating (111/111 or 111/100). Calculated after [65], with a constant gold bond length of 0.288

nm. The points on the graphs indicate closed shell configurations.

1.3.1.2 Nanoparticle morphology: “non crystalline structures”

For small particles, as seen before the surface to volume ratio is high, therefore the
energy of corners and edges is likely not to be negligible. Hoare and Pal concluded from
their potential energy and thermodynamic calculations that clusters with less than 50
atoms are not likely to exist in their crystalline fcc structure [66]. Non fcc crystalline
structures were suggested to be icosahedral and decahedral constructions [58] and were
frequently experimentally observed in supported particles [59]. Under non crystalline
constructions fivefold rotational axes orientations of atoms are understood, which could
not exist in bulk material and the atomic distances are commonly strained [57]. Some of
the most common examples of icosahedral and decahedral constructions are shown in
Figure 1.9. They show closed packed structures with only (111) like low index planes
(if not truncated as in figure 2.3 (b) and (c)) exposed at the surface. Truncated
decahedrons expose at the cutting planes (100) like faces. The mentioned strained bonds
were quantified for a regular decahedron (Figure 1.9 (a) and (e)) after Ino’s model by

Koga and Sugawara [67]. They found the gold bond length along the fivefold axis to be
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+0.527% elongated, distances normal to the axis are strained by + 1.09% and all other

interatomic distances are contracted by - 0.396%.

Figure 1.9. Multiple twined non crystalline particle structures. Decahedrons: (a and e) regular, (b) Ino
truncated and (c) Marks truncated decahedron. (d) Mackay Icosahedron (f) “icosahedron, made up of 20
tetrahedral units meeting in a common point at the centre”[68]. Figures (a) fo (d) taken from [57]. (e)
and (f) taken from [68].

For “free” nanoparticles > theoretical studies suggested the transition from non - to
crystalline structures to be energetically favoured at around 500 gold atoms (this
transition size would be approx. 2.5nm) [69, 70]. The structure for smaller clusters
(<500) was suggested to be a Marks decahedra as shown in Figure 1.9. It must be
pointed out that in these theoretical studies particles were “free” (non support
influenced). Another conclusion of their calculations was that icosahedral constructions
are only possible in the case of clusters smaller 100 atoms of gold (generally not
favoured)[57]. Generally very small clusters are assumed to be the most stable as

icosahedrons, with a transition to decahedral clusters for the mid range (a few hundred

? Free nanoparticles: Particles are experimentally formed without interaction with support materials (e.g.

inert gas aggregation sources).
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atoms) and then a further transient to truncated octahedrons (as mentioned above 500

atoms for goid).

The particle morphology of gold particles prepared in an inert gas aggregation source
in the size range 3-18 nm has been characterized by Koga and Sugawara [67]. They
found predominately icosahedral shaped particles at sizes of 3 nm (~90 %), and a
smaller population of decahedral particles (~10%). With increasing particle size (up to
18 nm) an almost monotonic decay of the relative frequency of icosahedral particles
down to ~ 70 % was observed with an accompanied increase of the population of
decahedrons (~30%). Only a very small population of fcc particles were observed. At
first glance the high population of icosahedrons is contradicting to the energetically
stability calculation of free nanoparticles [57], but was explained by kinetic limitations
during growth of particles. The idea behind this is kinetic trapping during growth that
allows the energetically less favourable icosahedrons to grow. The “seed” is the
decahedron construction, which are building blocks of the icosahedrons [57]. The study
shows nicely how strong growth conditions (here high initial temperature and then

cooling in the inert helium gas stream[67]) influence the particle shape.

The excess energy differences for the non crystalline and fcc structures are very small
[69, 70] making it probable, that under supersaturation (non equilibrated) conditions as
present in vapour deposition several constructions are likely to coexist [58].
Experimentally an interesting effect was observed during HRTEM that showed that
“gold particles of ~2 nm fluctuating between the cubo-octahedral, icosahedral, and
single twined structure” [58]. Two theories arose trying to explain the observed effect.
One proposed melting of the particle by energy supplied from inelastic scattering of
electrons during microscopy, and subsequent re-crystallisation of the particle. The
second theory tried to explain the transition by low energy barriers to convert between

local energy minima for different crystal orientations [58].

Some other aspects of nanoparticles

The melting point of gold particles was shown by Buffat and Borel to be a strong
function of particle size [71]. At a particle size of ~ 2 to 3 nm they reported a melting
point as low as ~300 to 600 K (dependent on model applied and experimental data

incorporated in analysis). To the best of my knowledge neither possible influences of
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the gold particle/electrolyte interface have been reported, nor the influence of adsorbed
species. Structural changes on single crystal surfaces have been reported for gas phase
adsorption of species on metals by Somorjai [72] and therefore the suggestion, that from
the electrolyte adsorbed species in hte liquid phase might influence metal particle
structures seems to be reasonable. In the case that bonding occurs at the surface leading
to ionic forms of atoms at the metal atoms the surface change of the radii of the ionic
atoms are to be expected (e.g. Au(0) d ~0.288 nm, Au(I) 6 coordinated, ~0.274 nm, and
Au((III) 6 coordinated, 0.17 nm [73]), which are also likely to influence the shape.

1.3.2 Supported nanoparticles

The previous discussion of particles did not account for the behaviour of particles which
are interacting with a support. If particles would have an isotropic energy distribution
they should behave similar to liquids on a surface and consequently could be described

by the Young Dupre equation [74]:

9= Vsv = Vst (1.5)
Vv

CcOs

The contact angle 6, as shown in Figure 1.10 (a) is a unique property of an interface of
two materials and is described by the angle between the surface and the tangent of the
curvature of the drop at the interface. The contact angle therefore is a function of the
ratios of surface tensions y (or energies) of the différence of the support to vapour
(surface energy of the support) SV tension and the support/liquid SL (surface particle
interaction) to the free liquid/vapour interface L'V (surface energy of the particle). This
approximation does not adequately describe thermodynamically equilibrated particles
(e.g. crystalline particles) as it neglects the surface anisotropic energies due to low index
planes and the surface angle does not represent the relative interfacial energies.
Therefore as discussed for “free particles” a Wulff like construction was adapted to
account for interfacial energies with the support, as presented in Figure 1.10 (b) - the so
called Gibbs-Wulff construction. The ratio of the length (vectors) from the centre 4 to
the surface and surface energies y of the low index planes is a constant (equation 1.4).
The particles “sink” into the substrate by Ah. The truncation is therefore dependent on
the adhesion energy E,s and the surface plane energies. The interfacial energies can then
be expressed as [60, 74]:
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Eg=v+ri-v" (1.6)

and

A E

—=— L7
h oy,

Where the superscripts are: oxide O, metal M and metal oxide MO. If adhesion energy
would be twice or more than the metal energy, the metal would fully wet the substrate
(oxide). This 2D growth mode [75] is often referred to as Frank van der Merwe mode.
Weak adhesion energy (Ah > 0) crystalline particles would be formed without
truncation. Individual particle growth in 3D (also with truncation) is also called Volmer-
Weber growth [75].

Vs

A

Oy

mo

Vs Vs

(@)

Figure 1.10. Truncation of particles at the support particle boundary (Reproduced after [60]). (a)
Isotropic surface energy as present in liquids (b) anisotropic surface energy distribution, hence Gibbs-
Wulff constructed particle interface interplay.

The interaction of gold with the supports under investigation in this report: carbon
(graphite [76-78]) and titania [75, 79, 80] is generally considered to be weak. The
interaction of gold with defect free stoichiometric [81] and non-stoichiometric titanium
dioxide (rutile) was calculated by several groups [82-85]. The calculations showed that
only at very low coverages of gold at stoichiometric TiO, considerable binding energies
are observed [81, 86] but get weakened by addition of more metal. In reduced titania
oxygen vacancy sites have been shown to have larger adsorption energies compared to
the defect free surfaces and have been therefore considered to be the main nucleation
sites during the growth of gold particles [82-85] this has been directly shown by STM
measurements [84, 87]. UHV nucleation and growth studies [75, 80, 88] agree well with
the theoretical studies. At very low coverages monolayer growth of gold on titania is
observed (higher binding energies) up to a critical temperature and defect density

dependent thickness (e.g. the critical coverage for an annealed titania crystal at 293 K 1s
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0.15 monolayers of gold [80] and at less defected surfaces 0.093 monolayers) in the low
sub-monolayer coverage with subsequent Volmer-Weber 3D growth [75, 80]. The
truncation of gold particles on titania was experimentally found to be high; from
particles that are initially only one to two atomic layers thick at low coverages with a
particle diameter of 0.6 — 2 nm, to hemispherical at particle diameters of 2.5 - 4 nm and
finally increasingly spherical at particle diameters above 4 nm [60, 89]. The truncation
was also shown to be dependent on the density of surface defect and oxygen vacancies

[85].

Nucleation and growth of metal deposited on different support materials have been
widely studied. Reference [6, 61, 90, 91] review the literature of transition metal to
oxides interfaces. Briefly the main routes of the metal arriving at the surface are
presented in Figure 1.11 [61]. Atoms reaching the metal oxide surface have to adsorb or
they could, if not thermally accommodated, elastically scatter, which has not yet been
observed. The atoms either condense at the surface or could (usually observed at higher
temperatures) re-evaporate (desorption). The atoms will subsequently diffuse across the
surface until they either reach a surface defect, where they nucleate (heterogeneous) or
if no defect is reached within the travelling distance but another atom (homogenous)
they could nucleate by aggregation. A critical number of atoms have to be reached to
form a stable cluster. Homogenously formed clusters which have not reached the critical
size can “redissolve” (atoms in the cluster can be separated) [61]. The number density
of particles on the surface is determined for homogenous nucleation by the diffusion
coefficient (temperature dependent) across the substrate and the deposition rate. In the
case of predominantly heterogeneous nucleation the number density should be

independent of deposition rate and diffusion coefficient [61].
After saturation additional surface diffusing atoms will be captured by clusters and

particle growth is observed which will eventually coalesce. The growth mode

(interfacial energies of the metal and oxide) will now determine the further growth.
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Figure 1.11. Metal deposition: mechanisms. Figure taken from [61].

1.3.2.1 The Metal semiconductor boundary - Schottky barrier

Semiconductor/metal boundaries similarly seek to equilibrate their chemical potentials
(Fermi energy). In Figure 1.12 a scheme of the band structure of an n-type
semiconductor and a thick layer of metal (2) before and (b) after they have been brought
to contact is shown. The Fermi energies of both materials are different, and after contact
they equilibrate. A depletion layer on the semiconductor will be formed (a similar effect
can occur on the metal side but is very small). The driving force is the work function of
the metal, which is greater than the electron affinity of the SC [92]. The energy
difference of the (“bending”) conduction band of the semiconductor to the Fermi energy
is called a Schottky barrier. It must be noted that the thickness of the depletion layer (as
well as the Schottky barrier) is strongly dependent on the doping level (replacement of
the electrons). For high doping levels the thickness would decrease significantly [93].

The Schottky model assumes that the metal energy bands are continuous. The work
function of gold measured by different groups was summarised by Trasatti in 1971 [94]
and is approximately 4.68 + 0.12 eV , which would imply that a Schottky barrier of
0.47 eV would be formed with a thick metal layer. In contrast for thin gold films (10-50
nm) on titania a Schottky barrier of 0.9 V (eV) was reported by McFarland and Tang
[95]. Kiyonaga et al [96] quote a work function for gold of 5.4 eV significantly different
from the one reported by Trasatti [94].
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Figure 1.12. Metal- Semiconductor (n-type) barrier: Schottky barrier. (a) before contact of the metal and
semiconductor and (b) after. (adapted from [93])

For small gold particles coulomb blockage phenomena are reported [9, 11, 97],
indicating, that small gold particles do not have continuous energy states that are
accessible for electrons, but rather discrete “molecule like” quantizised energy levels,
which suggest that the energetics of the barrier should also change. Also electrons
transferred to small particles of a metal will probably have quite a significant influence
on the Fermi level, as the electron density can be considered to be a finite entity to the
entire number of electrons available, while at thicker films the number of electrons will
be high compared to the transferred electrons. Indeed Kamat et al [42, 98] reported for
UV irradiated titania nanoparticles supported gold nanoparticles a particle size
dependence of the apparent Fermi level as characterised by a redox reaction (using
Ceo/Cs0 ). The biggest effect was observed for the smallest nanoparticles (3 nm) under
investigation [42, 98] with a shift of -0.06 V (eV) negative with respect to the apparent
Fermi level of pure titania, indicating an electron transfer from the gold to the titania
with UV irradiation, while particles of 8 nm only exhibited an apparent Fermi level

shift of -0.02 V.
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Studies under UHV conditions using synchrotron-radiation light for photo-emission
(PES) and medium energy ion scattering (MEIS) on rutile (110) by Okazawa et al [99]
also led to results, which strongly suggested a charge transfer from the gold particles to
reduced and stoichiometric titania with concomitant lowering of the gold work function.
This effect was explained by the creation of positively charged surface states (oxygen
deficient sites leaving a Ti*" (x < 3) behind) on the reduced form and by a surface dipole
on the stoichiometric titania. In contrast Minato et al [87] in a PES and STM study
interpreted a shift of the O 2p nonbonding peak with a simultaneous decrease in
intensity of the Ti 3d peak with gold coverage as evidence for charge transfer to the
gold. Obviously there is no common agreement about the nature of the interface. A vast
amount of literature using theoretical calculation addressed this issue and pointed out
the vital role of the interface to gas phase CO oxidation activity on titania supported
gold. Vittadini and Selloni found using “DFT” calculations, that gold clusters on
stoichiometric and reduced anatase (101) have a tendency to cluster. Also they showed
that the interaction of CO with positively charged gold clusters is stronger than on
negatively charged ones [100]. Lopez and Nerskov discuss their DFT results on the
Au/Ti0,(110) interface in terms of a partial charge transfer from the gold to the
titania[81]. Liu et al [101] showed by DFT that positively charged titanium ions at the
interfacial region with gold facilitate electron transfer from the gold to oxygen. In
contrast Okumura et al. [102], Vijay et al. [83] and Sanchez et al.[103] (on magnesia)
all favour, on the basis of their DFT calculations, a charge transfer from the oxide to the

gold.

1.3.3 Nano particulate gold in catalysis

Gold was long seen as a metal that is catalytically inactive [104, 105], but after Haruta
et al [106] reported that Au nanoparticles supported on metal oxides were highly active
for the gas phase oxidation of CO, Au gained a lot of attention. This was in contrast to
the bulk form, where Au was known to be non reactive at low temperatures [107], and
explained the relative low importance of Au for catalysis before this discovery.
Subsequently “activated” Au in the nanoparticulate form was found to catalyse a
number of reactions such as: partial oxidations, hydrogenation reactions, decomposition
of halogenated compounds, etc. [108]. There was general interest in the phenomena, and
a number of explanations were put forward to account for the activity of the supported

Au phase ([105, 107, 109, 110] and references therein).
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An experimental study by lizuka et al [111] revealed that small (76 nm) non-supported
Au particles showed moderate CO oxidation at temperatures as low as 249-294 K| in
contrast to defect free single crystals that did not show any adsorption of O, at
temperatures up to 500 K, (at pressures of 1400 Torr) and consequently did not catalyse
CO oxidation [105]. Valden et al reported the highest activity of CO oxidation at
particles sizes of around 3 nm [4]. A correlation of activity with gold particle size has
been shown by Haruta and Tsubota [17]. They also point out that freshly prepared
titania supported gold particles do not fit the correlation, as they have a one order of

magnitude higher in activity, which they believed is the support induced effect [17].

A number of authors [79, 109, 112] favour the argument of an “Au only explanation”
for the increased activity towards CO oxidation. They suggest that special geometries of
very small Au nanoparticles exist which are stabilised by the metal oxide (non Wulff
constructed particles in the range of ~ 1-5 nm) and expose a high density of low
coordinated Au sites, and geometries that influenced (i) the adsorption energies of CO
and (ii) stabilised small molecules by neighbouring sites [79, 109, 112]. The Au in this
explanation was believed to be active in the neutral form (Au®) with experimental

results apparently to confirm this [79].

Support induced effects were a second route to try and explain the reactivity, where the
active sites were proposed to be cationic gold atoms at the metal/metal oxide interface
[107, 113]. In a comparative study [114] between zirconia (ZrO,) and titania (TiOy),
positively charged gold atoms were observed at ZrO; as well as TiO,. Interestingly,
higher densities of Au’ sites were observed at the ZrO,, and this coincided with a

smaller number of low coordinated sites in comparison to that for TiO,.

Another suggested contribution to the catalytic activity was the strain induced due to a
mismatch of the lattice parameters at the interface, between the support and metal
nanoparticle, leading to variation on the adsorption energies and therefore lower

activation energies [115].

Yet another metal support induced contribution to the catalysis of CO is that of “spill-

over” of an oxygenated species at the support metal particle interface [116]. This is
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believed to occur only at reducible oxides like TiO; and Fe,Os, [117] either directly at
the interface by bridge bonding between the support and metal, or by oxygen that
adsorbs exclusively at the support in the vicinity of the Au particle leading in the case of

TiO; to a minor charge transfer of the oxygen with the CO adsorbed on the gold [109].

Valden, et al attributed the higher activity to quantum sizes effects, i.e. an alteration of
the electronic band structure, resulting in a transition from metallic to non-metallic

particles in clusters only a few atoms thick [4].

Water vapour was shown to promote the catalysis of CO and was explained by the
adsorption of H;O at the gold with subsequent cleavage to form carbonyl intermediates
and adsorbed OH at the particle perimeter (Langmuir-Hinshelwood L-H kind
mechanism) [118, 119]. While some authors favour the L-H kind mechanism [118, 119]
Bongiorno and Landman [120] showed in their theoretical calculation, that an Eley-
Rideal mechanism (CO reacts from the gas phase with an adsorbed oxygen water
complex) has a energy barrier as low as 0.5 eV which was similar to the activation
energy of a L-H mechanism and hence suggested that both mechanisms would be

possible.

Lopez et al. tried to quantify the vast variety of proposed origins of the high catalytic
activity of gold towards the CO oxidation and they came to the conclusion that the main
contribution and in there eyes most likely origin of the high activity comes from specific

low coordinated adsorption sites at neutral gold atoms in small particles [121].

1.4 The surface redox chemistry of gold

The electrooxidation of noble metal such as platinum and gold has been extensively
studied, and an excellent review is available [122]. Gold surface oxide formation is
believed to proceeds via a place-exchange of electrosorbed oxygenated species (OH)
with Au atoms in the vicinity of the surface lattice (see Figure 1.13, further oxidation by
deprotonation of the hydroxide not considered in presentation). The effect was
explained by relieving the stress or lateral repulsion in the surface layer due to charge

accumulation [123].
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Initial electrosorbed OH reversible OH

rearranged AuOH

Figure 1.13. Initial electrosorption of 2 dimensional OH on Pt or Au which subsequently “place
exchanges” to form quasi 3 dimensional surface structure (adapted from [122]).

The structure formed at saturation is a compact AuO (or Au(OH),) layer which then
further forms multilayered oxide films. The state of the oxide film was found to be a
function of the experimental condition and several oxide forms have been suggested for
the initial compact layer for different growth conditions (such as AuO, Au(OH),,
Au(OH); and Au,03) [123-127]. The subject of this section will only be the initial oxide
growth and not discussed are “aggressively” formed oxide films (e.g. extended cycling
with very positive potential limits or those formed potentiostatically at very positive
potentials) often referred to as B oxide or hydrous oxides (reviews of this are available
from Burke [123, 128, 129]). These “B oxide” films formed at very high overpotentials
and extended times, form less dense structures and eventually form thick yellow films,

which can “peel off”.

The following steps of initial oxide formation in aqueous electrolytes (0.5 M H,SO4 and
KOH) seem to be accepted [130]:

Au+H,O0—— AuOH +H" +e” (1.8)

place exchange

AuOH —22=2 2088 5 AyO+H™ +e” 1.9)

At the very initial oxide formation stages water gets activated at the surface to form a
gold hydroxide species with subsequent lattice place exchange in the surface atomic
layers. Further oxidation to form Au,O3; or AuOH; (Au’") requires significantly higher
overpotentials (well above 1.5 V vs. SHE) or prolonged holding times at oxidative
potentials:

24u0+ H,0—— Au,0, +2H" +2e” (1.10)

This stoichiometric reaction equation for the oxide formation has been chosen for the

convenience of presentation. Even so stoichiometric oxides are only to be expected for
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“thicker” films as argued by Conway [122] and, therefore, a presentation that accounts
for non-stoichiometryic films would be more accurate. Also hydrated oxide forms are

not covered in the reaction schemes.

The onset of gold oxide formation is still under discussion and generally the formation
of irreversible (at very initial stages some reversible adsorption of OH involved) oxide
in 0.1 M HCIOs occurs at ~ 1.22 V vs. RHE and for 0.05 M H;SO4 at ~1.36 V [131].
The potential region below the onset of gold oxide formation is often referred to as the
double layer (DBL) region where charges are solely due to the surface charging. Careful
investigation showed that this is not the case. For example it was convincingly shown
by electrochemical radioactive labelling [132] and STM measurements [133] in acidic
solution that anion (sulphate) adsorption takes place. Anion adsorption in the double
layer region (onset as low as 0.4 V vs. RHE) should according to Angerstein-
Kozlowska et al [134, 135], be treated in terms of a pre-oxidation of the surface, due to
the competition for adsorption sites of the anion with OH and they suggested the
involvement of OH in the surface adsorbates. In fact surface-enhanced infrared
adsorption spectroscopy supplied direct evidence that perchlorate adsorption begins at
0.4 V (at highly orientated Au (111)) [136] as has been claimed on basis of
electrochemical analysis earlier by Angerstein-Kozlowska et al. [137]. The former study
[136] did not show evidence for the presence of surface OH formation in the double
layer DBL region, but rather show ice like water orientation (hydrogen ends orientated
towards electrolyte and hydrogen bonded to a second layer) at potentials greater than
the potential of zero charge (< 0.55 V) and strongly hydrogen bonding at potentials <
0.9 V, caused by the interaction with perchlorate anions (one hydrogen is blocked by
weak interaction with one anion). In alkaline solution, where no water activation is
required, reversible adsorption of OH was found with an onset as early as 0.3 V (vs.
RHE in 0.1 M KOH) [138]. Interestingly in the potential range where anion adsorption
was observed on single crystals a surface reconstruction effect was observed (lifting of
the surface from hex to (1x1) orientation) in both alkaline as well as acidic electrolytes

[139-142].

Electrochemical quartz crystal microbalance measurements (EQCM) [126, 143-145]
and Ellipsometry measurements [126, 127, 146] have been employed to characterise the

nature of the oxide films and their thicknesses respectively. Interpretation of the data is
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difficult, as EQCM measures the incorporation of water (hydrous oxides) and binding of
water at the oxide film as well as dipole coordinated water to adsorbates and anion
adsorption, as pointed out by Conway [122]. In sulphuric acid (0.1 M) [126] as well as
in perchloric acid (0.1 M) [145] a reduction of the crystal frequency, hence a mass
increase was observed commencing from approximately 0.4 V to 0.7 V vs. RHE . The
mass increase at the onset of the irreversible oxide formation was not found to be.
greater than the mass increase in the pre-oxidation region [126, 145]. The mass increase
in the pre-oxidation region was rationalized as anion adsorption (neutral electrolytes)
[144] or hydroxide/water (water H bonding to a OH species at the surface) adsorption
[126, 145]. The oxide species in the potential range (below 2 V, where hydrated
multilayered oxide structures are formed) of irreversible oxide was dedicated to the
formation of o oxides either of the nature of AuOH or AuO [143, 145]. Xia and Birss
[126] concluded from a combined ellipsometry and EQCM study that the irreversible
oxide in 0.1 M sulphuric acid must be of the form of AuO (thickness 0.3 nm) in the
potential range of 1.3 to 1.5 V vs. RHE and of a mixed AuO and Au,0; (thickness of
0.5 nm) nature between 1.5 and 1.7 V. A similar o oxide film thickness using
ellipsometry was found by Tremiliosi-Filho et al. [127], but they believed it to be solely
the formation of either AuO or Au(OH),. At potentials of 1.7 V vs. SHE in 0.5 M
H>SO04 Juodkazis et al [124] concluded from XPS measurements, that gold in the
oxidation state 3+ is present from the beginning of the irreversible gold oxide

formation, and that this is most likely to occur as the hydroxide (Au(OH)s).

To the best of my knowledge, there are no investigations exclusively on the gold oxide

formation/reduction behaviour on supported gold nanoparticles.

1.5 The oxygen reduction reaction (ORR)

The oxygen reduction reaction (ORR) has been widely studied in recent years because
of its role in the cathode reaction of fuel cells. Even if a precious metal such as platinum
is used as cathode catalyst, which is known to promote almost exclusively the four
electron reduction of oxygen to water, relatively high overpotentials and low exchange
current densities are observed. Platinum appears to be one of the most effective catalyst
for the oxygen reduction reaction (especially in the low temperature range), but due to

the high price it is not suitable as catalyst from an economic point of view [147, 148].
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For commercialisation of fuel cells to be realised, catalyst prices have to be significantly

reduced.

More conservative approaches are carbon supported high surface area catalysts. The aim
is to maximize the active surface area of platinum while reducing the platinum loadings
[147]. This approach yields a significant cost reduction but at the same time exhibits
quite significant potential losses of < 0.4 V during operation (fuel cell potentials under
load are commonly in the range of ~ 0.6 V to 0.85 V), due to the associated low
kinetics and hence high overpotentials. To increase the mass activity the metals used as
catalysts are usually finely dispersed, but in the case of platinum there seems to be
“critical” particle size (approx. 3 nm in diameter), where further dispersion leads to a
loss in mass activity and hence an economic penalty [149]. The ongoing catalyst -
research for a more effective catalyst for oxygen reduction faces catalyst material
dependent reaction pathways, which either lead to direct or indirect reduction to water.
In this work only the ORR in acidic electrolytes is investigated and three reduction
reactions with associated standard potentials £ (vs. SHE) are involved [43]:

The direct reduction;

O, +4H" +4¢- ——2H,0 E°=1.229V 1.11)

Indirect reduction:

O,+2H" +2¢- —H,0, E°=0.695V (1.12)

H,0, +2H" +2¢ —2H,0 E°=1.763V (1.13)

E’ values after [150] at standard conditions.

The pathways are also strongly dependent on the surface reaction kinetics of the
adsorbed oxygen or hydrogen peroxide, i.e. further reduction from hydrogen peroxide to

water, must be fast compared with the loss into bulk solution.

29



Introduction

direct pathway

diffusio | i indirect pa£hway \l/
0 X0« 0, —> H,0, —> H,0

2 LN

disproportionation

H,0,°
\Ldifﬁlsion
H,0;

Figure 1.14. Reaction scheme of the oxygen reduction reaction (adapted affer [43, 151]).

In Figure 1.14 a sifnpliﬁed reaction scheme of the reduction of oxygen is presented [43,
151]. Oxygen dissolved in the bulk, b, of solution diffuses towards the electrode vicinity
s, where it subsequently adsorbs, * followed by either a two electron reduction to
hydrogen peroxide (often referred to as the indirect pathway), or a direct four electron
reduction to water (direct pathway). During indirect reduction the hydrogen peroxide
intermediate disproportionates at the surface and then either undergoes further two
electron reduction to water or desorbs from the surface and diffuses to the bulk of the
solution. As an example gold, carbon [152-154], and titania [155, 156] are known to
promote the 2 € or indirect pathways of ORR, whereas bulk platinum and silver
promote almost exclusively the 4 electron reduction to water [157] (the series of the
four electrons transferred during the reduction is not yet fully understood and the exact
reaction mechanism is still under discussion) at potentials positive to the hydrogen

underpotential deposition region [152].

Analogous to the simple system of the hydrogen oxidation reactivity, where it was
shown that the activity is a function of the hydrogen adsorption strength [158, 159] on
different metal surfaces the ORR shows a characteristic peak like shape (volcano plot);
the oxygen adsorption strength as calculated using DFT calculations [160] led to a
volcano type plot as shown in Figure 1.15. The authors [160] used a simplified ORR
mechanism, where oxygen adsorbs dissociatively (equation 1.14), hydrogenates in a

second subsequent step (equation 1.15) and forms water in a last reaction step:
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%02 +* 50 | (1.14)
O +H"+e - HO' (1.15)
HO +H" +e" > H,0+* (1.16)

The stability of the intermediates was estimated from the energies involved in water

splitting at the different metals (equations 1.17 and 1.18):

H,0+*— HO*+ Y, H, 1.17)

H,0+*>0*+H, ' (1.18)

In all reaction equations * signifies a metal surface site. The authors point the role of
surface coverage out and used for apporximation a coverage with oxygenated species of
0.25. They also compared a mechanism, where the dissociation of oxygen
(equation 1.15) takes place after the hydrogenation (they proposed the name
“associative mechanism”). They concluded that the free energy path of this ORR
mechanism has a similar energy pathway and hence would not dramatically change the
volcano plot (for more details of their calculation refer to [160]). Evidently from their
calculations the platinum group elements are the most favourable metals for the ORR.
They point out that gold is so inactive for the ORR because of the instability of oxygen
at the surface and that due to weak oxygen bonding at the gold surface the dissociation
barrier of oxygen is high (see also for the importance of the stability of intermediates as
given by the chemisorption energy, Norskov et al. [161]). Rao et al pointed already in
1963 the vital role of the d band electrons to the activity of oxygen reduction (in the
case of gold no unpaired d-band electrons are present)[162], and there seems to be a
clear correlation with the d-band electrons and chemisorption strength [163]. The
shape of the volcano plot (Figure 1.15) is very similar to that found experimentally for
some of the metals if the adsorption potential of —O or —OH during CV’s vs. the activity
of oxygen reduction at 800 mV is plotted [158].
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Figure 1.15. Volcano plot of the oxygen reduction activity as a function of oxygen binding energy at 0.25

coverage of the surface with oxygenated species (taken from [160]).

ORR on platinum

As mentioned above platinum is the most widely studied catalyst for the reduction of

oxygen, due to its high importance in low temperature fuel cells. Many reaction steps

and hence intermediates during oxygen reduction on platinum have been suggested (e.g.

[164, 165]) for the purpose of presentation one (Pt-(OHOH)) is shown in equations

(1.19) to (1.22), which was identified to be the lowest energy pathway as calculated by

Anderson et al. using ab-initio DFT calculations [166, 167]:

Pt-0,+H*(aq)+e” — Pt—0O0OH (1.19)
Pt—OOH + H"(aq)+e™ — Pt—(OHOH) (1.20)
Pt - (OHOH )+ H" (aq)+e™ — Pt—OH + H,0 1.21)
Pt-OH +H"(ag)+e — Pt-OH, (1.22)

They concluded that the oxygen dissociation during ORR on Pt takes place during the
second electron transfer (equation 1.20), which is supported experimentally for example

by Markovic and Ross et al. [168].

A significant electrolyte dependent oxygen reduction activity on platinum was reported
and explained by specific anion adsorption [169]. The activity was found to increase in
the order of H,SO4 ~ CF3SO3H < H3PO4 < HC1O4. To elucidate the mechanistim of the
ORR on platinum, investigations have been undertaken at several systems, including
studies on polycrystalline electrodes (e.g.[170-174]), low Miller index single crystal
Pt(h,k,]) (reviewed in [168]) and supported platinum particle electrodes [19, 149, 175-
178].
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Damjanovic et al proposed a mechanism for oxide free platinum in 1967 [165], where
they concluded from Tafel analysis that at high overpotentials the oxygen coverage is
low and hence the oxygen adsorption follows the Langmuir isotherm and the rate
determining step is the addition of the first electron to the oxygen (again probably the
protonation step of the oxygen equation 1.17) with an associated Tafel slope of 120 mV
dec’. They found that the reaction is first order with respect to the oxygen pressure as
well as pH. At low current densities and hence low overpotentials the surface coverage
with oxygenated species (probably Oags, OHags and O;Hags [178]) is high and the kinetics
follow Temkin isotherm like behaviour with a Tafel slope of 60 mV dec™ and a reaction
order of 1.7 with respect to pH. Interestingly Gewirth et al [179] could identify a Pt-OH
intermediate in the reduction of H,O, by surface enhanced Raman spectroscopy in the

region where platinum is usually OH (oxide) free.

The Damjanovic mechanism did not account for surface anion adsorbed species and
therefore a rate law was proposed including this effect which seems to be generally

accepted [164, 168, 180]:

| . ( pFE 7 Oon, |
j=nFKe, (1-6,,) exp(— ﬁ} exp[_ R—OJI“{ (1.23)

Where n is the number of electrons, F the Fafaday constant, K the chemical rate
constant, 0,4 the covérage of anions (Hypg, OH, O, 0,%, H,0, and spectator anions from
the electrolyte), Oomada the hydroxide coverage, x either 1 or 2 for the surface site
requirement of the adsorbates, E the electrode potential, B and y are the symmetry
factors (assumed 0.5) and r accounts for the coverage dependent adsorption isotherm

behaviour with increasing coverage.

The oxygen reduction on platinum is a structure sensitive reaction with respect to the
Pt(hkl) planes [181, 182]. The activity in weakly adsorbing perchloric acid was found to
increase in the order (100)<(110)=(111) with only small differences in the rate of ORR,
while in sulphuric acid, where strongly adsorbing HSO4 is present, the difference
between highest and lowest activity was two orders of magnitude following the order
(111)<<(100)<(110).
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Measurements on stepped single crystal electrodes in sulphuric acid showed higher
activity, which was explained by a lowering of (bi)sulphate adsorption, whereas in
perchloric acid the activities of the stepped surfaces were not found to be enhanced
significantly, in agreement with the single crystal Pt(hkl) [183, 184]. Electrochemical
reduction of oxygen on platinum nanoparticles represents surfaces with a high density
of steps, i.e. several crystallographic orientations c.0. have to be expected, as
summarised in Chapter 1.3. The correlation between mass-activity and dispersion of
platinum has been reported to b non-linear in sulphuric, and strong phosphoric (T = 180
°C, 97 - 98%) as well as perchloric acid electrolytes [19, 149, 178]. This phenomenon is
often referred to as the particle size effect. It must be noted, that there is an ongoing
dispute, about possible reasons and recently it was convincingly reported, that in weakly
adsorbing electrolytes like perchloric acid no particle size effect was observed, when
particles with similar crystallographic orientations are used (as determined by the
relative XRD intensities of the different planes) [185]. The authors [185] argued on the
basis of NMR measurements, that only small electronic perturbation of the surface
atoms for particles as small as a mean particle size of 1.6 nm are observable and
therefore the activity (rate constants) remained unchanged to bulk platinum. They
reported apparent activation energy of 37 kJ mol™ at overpotential of -0.525 V vs. E°.
The recent findings from Yano et al [185] find support in Stonehart’s earlier work
[177], where it was found that the specific ORR activity was independent for particles
separated at least 10 times the size [186].

Nevertheless there is little doubt, that in electrolytes containing anionic adsorbents (like
HSO4 or PO4) a particle size effect occurs. Kinoshita [149] explained this effect using
the statistics for small particles presented in Chapter 1.3. He reports, that the activity
drop for particles smaller than 3-5 nm is a function of the decrease of higher active (i.e.
(100)) surface planes. Markovic et al [181, 182] showed that the activities for the
different crystallographic orientations of Pt(hkl) agree well with this argumentation.
Some author’s emphasise the possible influence of the OH adsorption on the ORR
activity. Generally the OH adsorption strength seems to decrease as the particle size
decreases, i.e. the platinum oxide formation/reduction was found to become more
irreversible [19, 176, 178, 181] and also a progressively positive shift in binding energy

of the f —states of platinum was observed for smaller particles [176].
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Figure 1.15 implies that further improvement of activity could be achieved if the oxygen
binding energy is slightly weakened. Such an effect was achieved by alloying platinum
with transition metals like Ni, Co,V, Fe and was studied on bulk alloys [187-192],
supported particles [193-197]. Theoretical calculations seem to confirm the
experimental findings [198-202].

1.5.1 ORR on gold

Gold in contrast to platinum is oxide free in the potential range where oxygen reduction
occurs. It is significantly less studied than platinum because of the lower impact on
-energy conversion technology due to the two electron reduction of oxygen in acidic
media following equation 1.12 with hence a lower free energy change. Even so studies
have been carried out on polycrystalline [203-206], single crystal [207-210] and
supported nanoparticle electrodes. The oxygen reduction on gold was found, as on
platinum, to be dependent on the crystallographic orientation of the low index Miller
planes in alkaline [207, 208], neutral [209] and in acidic media [210].

The activity decreased at all pH’s in the order [207-211]:

(100) >> (110) >(111) (1.24)

Special attention was given to the (100) crystallographic orientation of gold [207, 212-
216] because of the ability to catalyse oxygen in a four electron reduction to water over
a pH range of 3 > pH > 14 [214] at potentials where OH appears to be stable at the
surface. This was generally explained by specific adsorption of an intermediate
(possibly a superoxide) which is favoured on the “missing row” configuration of Au
(100) (bridge adsorption with prolonged O-O bond). It was shown in several studies,
that ad atom such as lead and bismuth on Au (111) can create bridge sites to promote
four electron oxygen reduction [204, 210, 217].

The reaction scheme was generally concluded to follow an indirect pathway (as shown
in Figure 1.14) using electrochemical linear sweep experiments in rotating ring disc
electrode (RRDE) experiments. Also from the kinetic data obtained in electrochemical
experiments the addition of the first electron was interpreted to be the rate determining

step (Tafel slope -2RT / F) in the reduction to from hydrogen peroxide [205, 216]:

0,+e =0, (1.25)

Recent studies using infrared spectroscopy techniques during the reduction of hydrogen
peroxide [179, 203] and oxygen [204, 218] on roughened [179, 203, 204] and thin film
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gold [218] revealed some interesting aspects of the oxygen reduction on gold: Unlike
on platinum (as quoted before) no OH stretching bond was observed in the potential
range of the reduction of hydrogen peroxide showing, that no or little bond cleavage of
the O-O bond occurred. At potentials as low as 0 to 0.2 V during oxygen reduction
(mass transport controlled potential region) a superoxide (HO;) stretching bond was
observed which suggested that this is a reaction intermediate [204]. And Shao and
Adzic [218] observed a very weak band for such a superoxide in acidic media and
concluded therefore, that this might be an indication, that the lacking stability of the this

intermediate and fast protonation might be the reason for the 2 € reduction of oxygen.

1.5.1.1 ORR on gold particles

Only recently the number of publications treating the oxygen reduction reaction on
supported gold nanoparticle electrode rose [219-235]. Deab and co-workers studied the
ORR on electrodeposited gold nanoparticles on gold [219, 222] and glassy carbon [221,
223, 225, 236] supports in acidic, neutral and basic solutions. The particles studied are
tens to hundreds of nanometre in size [236]. They observed, that in acidic media on very
low coverages of electrodeposited gold on a gold electrode a positive shift could be
observed over bulk gold, i.e. lower overpotential leading to higher activity [219, 222]. A
similar increase in activity they observed on gold nanoparticles supported on glassy
carbon in acidic [223] and alkaline media [225]. Also they believe that a further
reduction of hydrogen peroxide to water takes place on small Au particles [219, 222] on
gold electrodes. A similar effect they observed on glassy carbon supported gold
nanoparticles in alkaline and acidic media[223, 225]. In neutral media they observed a
selectivity enhancement towards the hydrogen peroxide formation inhibiting the further
reduction to water on glassy carbon supported small gold particles [221]. They
explained there results by the specific tuning of their nanoparticles by controlling the
growth conditions achieving particles exposing the more active planes at the surface
electrolyte interface such as (100) and (110) which then effects the structure sensitive
reduction of oxygen. Hernandez et al. [226, 227] reported another study on carbon
supported gold nanoparticles, leveraging from the possibility of controlling the specific
planes exposed at the electrolyte surface interface by the addition of iodide and
sulphides during reduction of gold chloride from a water-in-oil micro emulsion. The
mean particle size under investigation was 3.7 to 4.8 nm [226] and in the presence of

iodide they were able to synthesise nanoparticles with preferential (100) orientation as
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analysed by lead underpotential deposition and enhanced catalytic activity with a shift

towards four electron reduction of oxygen.

The oxygen reduction of evaporated [228] and electrodeposited [229, 230] gold
deposited nanoparticles has been studied on boron doped diamond electrodes by two
groups. Both groups claim that they observed an increase in activity over bulk gold.
There is no conclusive information given about the particle sizes studied in these
investigations. Tammeveski et al.[231, 232] studied the reduction of oxygen at gold
deposited on glassy carbon and multi walled carbon nanotubes. They have seen no
change of oxygen reduction activity. and mechanism on glassy carbon (no conclusive
information about the particle sizes at equivalent thicknesses were particle growth is to
be expected has been given) for equivalent gold coverages (thicknesses) in the range
0.25 nm till 50 nm and bulk gold [232]. Whereas they observed slightly higher
activities at the multiwalled nanotubes supported gold particles (no information is given

for the particle size) but no change in mechanism[231].

Recently Baker et al. [235] reported the ability of tin dioxide supported gold
nanoparticles (particle diameter d ~ 1nm) to reduce oxygen in 0.1 M perchloric acid to
water. The RRDE measurements indicate, that only very little hydrogen peroxide was
formed. They speculated that either an electronic effect or a “bifunctional” mechanism
might be responsible for this behaviour. The electronic effect, they explain by the
charge transfer from the support to the gold particles, which then influence the ability of
stabilising oxygen and reaction intermediates. During their proposed “bifunctional
mechanism” oxygen adsorbs and forms an Oy radical at the support and the reaction
takes place at the perimeter with the gold particle. This is to the best of my knowledge
the first study that shows a significant change (enhancement) of the oxygen reduction

reaction due to metal support interactions.

Some metal oxides are known to promote the oxygen reduction reaction and are found
in solid oxide fuel cells at higher temperature [237-239]. Nonetheless most possible
candidates which show high degradation stability in acidic media, high surface area and
required conductance at room temperature such as titanium dioxide are known being
poor catalyst for the oxygen reduction in alkaline solution [155, 240] and non active in

acidic media.
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The results on the gold nanoparticle catalysed oxygen reduction are scarce at best as
evident from the summary of experimental investigations as presented before. In
summary:

- Nanoparticles can be grown with specific crystallographic orientations.

- Particles with preferentially (100) were successfully synthesised which reduce
oxygen at least in alkaline solution in a sequential reduction to form water

- In acidic solution there were claims that, at least partially, oxygen might undergo
sequential four electron reduction on gold particle gold electrodes as concluded
from the number of electrons involved in the reduction as determined by Levich
analysis varying between 2 and 4 [219].

- Convincing four electron reduction data in acid was only presented for SnO,
supported gold nanoparticles. This was explained by metal support interactions
[235].

- There is little information about mechanistics involved in the reduction of oxygen

at gold nanoparticles.

Van Brussel and co workers [241, 242] present a method to prepare gold supported
platinum particles by electrodeposition. They claim that a four electron reduction of
oxygen takes place which exhibit a higher activity in the oxide free scan than a smooth
| platinum surface. A significant hysteresis between positive and negative going scan was
observed, so that the negative going sweep (platinum oxide formed on the surface)

showed the same or slightly lower activity then smooth platinum.

1.6 The electrochemistry of carbon monoxide oxidation

The oxidation of carbon monoxide (CO) in the gas phase and in electrochemical
systems is an important reaction for example for the removal of the catalyst poisoning
CO from reactant stock gases in fuel cell applications. Traces of CO can signiﬁcantly
affect the performance of a Polymer Electrolyte Membrane Fuel Cell (PEMFC) due the
strong CO adsorption on the catalyst commonly (platinum) used. Almost monolayer
coverage of platinum arises if traces of CO (~10 ppm) are present in the feedstock gas
hydrogen in fuel cell application at temperatures below 100 C [243]. Blyhoder [244]
explained the strength of adsorption of CO (for linearly bounded CO) by a back

donation concept. In this electrons are donated from the 5 o orbital of CO to the metal
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and back donated from the metal d band to the 2 ©* antibonding orbital of CO. For
platinum the adsorption energy was found to strongly dependent on the CO surface
coverage, which also influences the adsorption type. Three adsorption types on platinum
(111) were identified by infrared reflection absorption spectroscopy: atop, 2-fold bridge
and threefold bridge [141]. The overall electrocatalytic oxidation of CO could be

expressed as:

CO+H,0——CO, +2H" +2e” E°=-0.106 (1.26)

With a standard potential of E°= - 0.106V (SHE) [245] which is a slightly corrected
value ([150, 2451%). The detailed mechanism, especially the form of the oxygenated
species, at different catalyst materials is still under discussion. For the platinum
catalysed CO oxidation Gilman proposed in 1964 a Langmuir Hinshelwood’ (L-H, see
[246]) like “reactant pair mechanism” [247], where CO and water are adsorbed at
surface sites and a hydroxycarbonyl like reaction intermediate (“activated complex™) is
formed, that than oxidises to form CO,. The dissociation of water takes place in this

proposed mechanism during the activated complex step [247].

As mentioned above, the reaction intermediates especially the role of the oxygenated
species is not yet fully understood, but widely a L-H like mechanism is accepted for
polycrystalline as well as single crystal platinum surfaces [168, 248]. The general

simplified reaction mechanism can be written as:
H,O-OH, ,, +H" +e 1.27)

CcOo, +0OH,, —>CO,+e +H" (1.28)

In a first reaction step water dissociation at a surface site on platinum takes place (1.27)
and in a second reaction step surface adsorbed CO and OH react to form CO,.
The L-H mechanism might not account for the preoxidation wave region during CO

stripping experiments on platinum with almost CO saturated surface at potentials ~ <

* The uncorrected potential using the enthalpy and entropy from reference [150, 245] would lead to a
standard potential of E’= -0.098 V.
3 Langmuir-Hinshelwood mechanism: Reaction educts are adsorbed at the surface, prior to the surface

catalytic reaction. The reaction should follow a second order law and the rate v is a function of the rate

constant & and the surface coverage 0 of the educts (here CO and OH): v = k6, 6., [246].
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0.4 (RHE), where no oxygenated species is believed to be present at the surface. As a
consequence an Eley-Rideal like mechanism has been suggested by Bergelin et al [249,

250].

A mechanism having a hydroxycarbonyl intermediate similar to the “reactant pair

mechanism” from Gilman [247] seems to be more and more agreed [251]:

HO-OH,  +H" +e | (1.29)
co,, +0OH,, — COOH (1.30)
COOH ,, > CO,+e +H" (1.31)

Again water dissociation takes place (1.29), but then an intermediate reaction step
fofming hydroxycarbonyl (1.30) is needed to form finally the CO, (1.31). This
mechanism was proposed on basis of spectroscopic evidence for an COOH [252, 253]
reaction intermediate during the reaction, as well as on basis of slower reaction kinetics
(Tafel slope of around 75 mV dec™ e.g. [254, 255]) as would be present at a simple L-H
mechanism (equations (1.25) and (1.26)).

Herrero and Feliu report an apparent activation energy of 132 kJ mol™ [256] for the
oxidation of adsorbed CO on Pt(111) surface, which was in good agreement, as they
report, with molecular orbital theoretical calculation by Anderson and Grantscharova
[257], where an activation barrier of 135 kJ mol! was found assuming a
hydroxycarbonyl intermediate. CO oxidation occurs on almost fully CO pre-covered
surfaces at overpotentials ~< 0.4 V. Assuming a L-H mechanism the activation of water
has to take place at Pt sites on the almost fully covered surface. Experimental evidence
of McCallum and Pletcher on the basis of chronoamperometric measurements [248]
suggested that CO “monolayer” oxidation proceed via a nucleation and growth, where
nucleation “seeds” in form of oxidised platinum is formed and then the oxidation
propagates across the surface as fronts (with increasing PtOH domains), which
eventually overlap. In this mechanism the reacting species are considered to be
immobile [258]. Recent studies showed that CO oxidation can be analytically fitted by
the “mean field approximation” [259], which works on the assumption, that the CO
surface mobility is higher than the reaction rate and hence a homogenous mixture of the
reactants forms [260]. The authors of this studies assume an active site concept, where

the OH formation occurs at surface defects with lower coordination number [260-262]
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CO oxidation can be enhanced by adatoms at platinum or alloys PtM, such as PtSn
[263, 264], PtGe [265] and the most active alloy appears to be PtRu [266-272].
Generally two different explanations are formulated. The first often referred to as a
“ligand effect” explains the higher CO oxidation activity by an electronic modification
of the CO Pt interaction and hence lowering in CO adsorption strength due to the
second metal [273-276]. The second so called bifunctional mechanism [277, 278],
proposes, that the less noble second element activates water at lower potentials and
supplies in a L-H mechanism the OH required for the oxidation of CO to CO,[263].

The platinum particle size effect on the CO oxidation was recently intensively studied
([19, 279—284] and literature therein). Generally in CO stripping experiments multiple
peaks with a general displacement towards higher potentials at particles below ~ 3 nm

have been observed [19, 281, 285].

1.6.1 CO oxidation on gold

The electrocatalytic oxidation of CO on supported Au nanoparticles, unlike on Pt is not
very extensively studied [15]. While the oxidation on polycrystalline [286, 287] and
single crystal Au surfaces [138, 141, 288] has been studied, in both alkaline and acidic
electrolytes in great detail, studies of supported gold nanoparticles are rare. In contrast
to the adsorption of CO on platinum the interaction with gold is weak; hence surface
coverages are low. Weaver et al. [288-290] only observe very low coverage at single
crystal Au surfaces by surface infrared spectroscopy (6<~0.1 ML), while Blizanac et al.
using forced convection techniques (high rotation rate in RDE experiments : 2500 rpm
during adsorption at -0.05 V vs. RHE) achieve almost full coverage of 0.95 ML on
Au(110)-(1 x 2), 0.72 on (100)-“hex” and 0.3 on (111)~(1 x 23) [141] in 0.1 M HCIO,
(CO stripping experiment). Guesta et al. studied CO adsorption by an electrolyte electro
reflectance (EER) method on gold and suggested that electrons are donated to the 2 ©t*
orbital of the CO (antibonding) from a Au surface state positive the Fermi level [291].
They concluded that the potentials required to adsorb CO are very negative in acidic
electrolytes and hydrogen evolution hence would prevent CO adsorption. It must be
noted that they suggested an inhibition of CO adsorption for Au(100)-hex which has
been proven to adsorb CO up to a coverage of 0.72 at potential of -0.05 V [141].
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For the mechanistic of gold catalysed CO electrooxidation on single crystals a
Langmuir-Hinshelwood mechanism was suggested by Weaver et al [290] in analogy to

metal complex catalysed CO oxidation in homogenous solution:

CO,, +H,0 > COOH , +e +H" (1.32)
COOH , »>CO,+e +H" (1.33)

They found the reaction order to be unity with pH, i.e. the kinetics is directly correlated
to the OH concentration over a wide range of pH: 4 to 13.5. The water activation was
shown experimentally by a deuterium isotope deprotonation experiment to only taking
at place pH’s lower than 4 (equation (1.32)), apparently no water activation is required
for higher pH. They also observed a unity reaction order with pH range 0 - 2 which
would be inconsistent to a rate determining step (rds) being reaction (1.32) and hence
suggested that the rds might be the decomposition of the hydroxycarbonyl intermediate
(1.33). In contrast to the water activation argumentation by Weaver, Blizanac et al
suggested that the real onset of OH formation on gold surfaces takes place as low as 0.3
V vs. RHE in both in alkaline (0.1 M KOH) as well as acidic (0.1M HCIQy)
environment [138, 216] and hence the difference in activity are mainly due to

competing adsorption of perchlorate with hydroxide.

A structure sensitivity of the CO oxidation activity towards the crystallographic
orientations was observed on single crystal gold electrodes [141, 288] with the activity

decreasing in the order:

Au (110)> Au(100)>Au (111) (1.34)

As already outlined in chapter 1.4 a potential dependent surface reconstruction takes
place at single crystal surfaces to form (1x1) (unreconstructed structures) surfaces both
in alkaline [138, 292] and acidic electrolytes [216] as measured by STM and surface X-
ray scattering (SXS). It was found that CO oxidation is sensitive to this transition with
the unreconstructed surfaces appear to be more active, i.e. the CO oxidation activates in
repetitive cyclic voltammetry experiments from the first (fully reconstructed) to second
cycle (transition to unreconstructed surface) both in alkaline and acid [138, 290]. This

was explained by the increased number of low coordinated sites during transition [138].
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1.6.2 CO oxidation on supported gold nanoparticles

Very view publications cover the CO electrooxidation on supported gold nanoparticles.
Jaramillo et al claimed in their studies [293, 294] that an enhancement of the
electrochemical CO oxidation activity takes place on iridium/tin oxide (ITO) with
decreasing particle size in alkaline solution. Kumar, et al. report on a very similar
system that higher current densities (referred to the “real electrochemical surface area”)
are non catalytic effects, and show lower activities on smaller particles [295]. The
former group also published a combinatorial electrochemistry study of TiO, supported
gold nanoparticles, and claimed to observe an enhancement in catalytic activity towards
CO oxidation [293].

1.6.3 CO tolerance at fuel cell anodes

Due to the aforementioned catalyst poisoning effect df CO research has tried to increase
the catalyst tolerance ([296, 297] and reference therein) for CO poisoning and to lower
the usage, as far as possible, of expensive precious metals and/or the need to clean
reformate gases of CO.

The common methods applied for reformate gas cleaning are methanation, preferential
oxidation, water gas shift or cleaning by permeation through a palladium membrane
[298, 299]. The common disadvantages of these techniques are that they employ
precious metal catalysts and are energy consuming.

The second approach is to make the fuel cell catalyst more CO tolerant or to have
“partial oxidation” of CO. Four methodologies to solve this problem have been
practically applied: Increasing the temperature of the PEMFC, use of alloying metals to
alter the CO tolerance, use of an air bleed and use of CO tolerance altering supports.
Increased temperature would lead to a much higher CO tolerance, from around 10 ppm
at 80 °C to 1000 ppm at 130 °C [243]. The operating temperature of a PEM fuel cell is
currently restricted to between 50 and 100 °C, due to the lack of heat stability of most of
the polymers, and problems of lowering the humidification at higher temperatures
leading to a higher membrane resistance and therefore voltage losses [300].

The approach of an air bleed is based on the idea that oxygen is added to the fuel gas,
which then reacts with the catalyst to inhibit the CO poisoning [301, 302]. However,
this non specific reaction does not only oxidise CO but also the hydrogen, leading to
exothermic heat production which sinters the catalyst particles and leads to degradation

of the catalyst.
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Another approach to enhance CO tolerance of the catalyst is a supportive effect by
metal oxide semiconductors. Recent studies by Tseung et al have shown higher CO
tolerance of platinum particles supported on tungsten oxides (on carbon) over
platinum/ruthenium [29, 303]. These results seem to be confirmed in a very recent
study by‘ Maillard et al [304]. Another promising oxide support material for the anodic
oxidation of impure hydrogen and methanol seems to be molybdenum oxide [28].
Recently a combination of gold (Au) supported on titania (TiO,) combined with a
Pt/Ru as a methanol electrocatalyst was proposed [305], which apparently increased the

activity.
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2 Experimental

This chapter describes the experimental instrumentation and parameters that were used
throughout this work for the sample preparation and characterisation. Descriptions are
generalized and subsequent results chapters include more specific information when

parameters deviated from the description below.

2.1 Physical Vapour Deposition

The samples for the surface characterisation and electrochemical experiments were
prepared in an ultrahigh vacuum (UHV) molecular beam epitaxy system (MBE, DCA
Instruments) modified, to allow the parallel synthesis of thin films (co-deposition), as
well as controlling their deposition rate [24]. In Figure 2.1 a schematic of the system is
shown. The system consisted of two physical vapour deposition (PVD) chambers, one
low pressure chemical vapour deposition (LPCVD) chamber (not used in this work)),
and a surface characterisation chamber (CC), all interconnected by a transfer chamber
(TC). The entire system was kept under UHV with the base pressure in the range 1 to 5
x 10™° mBar. Sample access was achieved through a load lock, which could be vented
to atmospheric pressure. All samples could be transferred between chambers by a
transfer “Railway” and transfer arms. The “railway” consisted of two trolleys on rails
transporting the samples along the TC. Next to each chamber a pick up mechanism
allowed changeover to the transfer arms. Once picked up and placed on the transfer arm
they could be brought into the chambers for deposition. The PVD deposition chambers
were cryo- (Helix Tech. Corp.) and titanium sublimation (Varian) pumped, the TC and
CC was ion- (Varian) and titanium sublimation pumped. The load lock was pumped by

an oil free rotary pump (Pfeiffer) and a turbo-molecular pump (Pfeiffer).
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Figure 2.1. Schematic presentation of the UHV deposition system. TA: transfer arm.

The deposition by PVD was undertaken in the growth chambers incorporating
evaporation sources as presented in Figure 2.2. Chamber I was equipped with three off
axis Knudsen Cells (K-Cell, DCA HTKS) and one centred electron-beam (e-gun,
Temescal) evaporator. Chamber II consisted of six off centred sources, three K-Cells
and three e-gun evaporators. Mainly the off axis K-Cell 1 (titanium) and K-Cell 2 (gold)
of chamber I were used for sample preparation in this work. Gold was also deposited
from K-cell 3 in chamber IT using a low temperature source. The effusion source for the
titanium (granules 99.95 %, Goodfellow Metals) was a high temperature cell for
operation up to 2000 °C using a pyrolitic graphite 10 cm? (Sintec Keramik) crucible.
Gold (pellets 99.99 %, Goodfellow Metals) were evaporated from a low temperature K-
cell for operation up to 1400°C equipped with a 30 cm?® Fabmate crucible (Kurt Lesker).
Sub-stoichiometric TiOx layers were deposited by the oxidation of the titanium during
deposition by a beam of molecular oxygen (BOC Special Gases, N6 Grade) directed at
the sample face (the collimating molecular oxygen source is shown in Figure 2.2 as an
arrow). Carbon layers were deposited using the centred e-gun 1 evaporation source and

graphite rods (Alfa Aesar, type 231-955-3). Carbon layers were also deposited (where
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indicated) by means of an arc carbon coating system (BOC Edwards) using carbon rods
(BOC Edwards, type E085-19-030).

(a) (b) K-cell 3

K-cell 3

Buffer-

Buffer- line

line

K-cell 1 K-cell 2 K-cell 1

E-gun 1

Figure 2.2. Off axis alignment of the effusion sources in the deposition chambers I and Il. Chamber I (a)
was equipped with three off centred Knudsen cells and one centred e-beam (e-gun) evaporation source
and chamber II (b) with three Knudsen and three e-gun sources (all off centre). Blue arrow indicates the
position of the molecular oxygen source.

The graduation of material across a wafer was achieved using “wedge shutters”. Figure
2.3 presents the methodology. Guerin and Hayden described the methodology in detail
[24]. Every off axis source was equipped with a movable aperture (also called wedge
shutter), which could be shifted into the free atomic stream of evaporated material. Due
to the finite size of the source, C, and the sample, A, the aperture, will shadow the free
pass of atoms from the source to the sample depending on the length, B, in Figure 2.3. If
we considered one possible scenario, where the aperture was thought to be set to
position B1, the sample at position Al would “see” all the material from the source size
C1 to C2. At the position B2, the atomic flux from the source position C2 would not
reach the sample, and only material from the vicinity of C1 would be deposited. The
result would be a linear gradient and, taking the chamber geometries into account, a
graduation of material of ~ 98% at position Al would be expected and ~ 61% at
position A2 (for a detailed trigonometric/mathematical description see [24]).
Experimental results demonstrating the method will be presented in chapter 2.3.2 for the
deposition of gold. For uniform depositions such as carbon and titania support materials
the sample holder was equipped with a motor drive which allowed rotation of the

substrate during deposition.
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Figure 2.3. Off-axis evaporation source/sample schematic with shutter aperture [24].

Depositions were carried out onto (a) silicon (Nova Electronic Materials Ltd); (b)

silicon nitride on silicon (Nova Electronic Materials Ltd); (c) a micro-fabricated silicon

(10 x 10) array of gold electrodes (applied Microengineering LD.) for electrochemical

measurements [25] and (d) Ti (Goodfellow, 99.6 % titanium rod) or glassy carbon

(SIGRADUR G, glassy carbon rods) discs. Glassy carbon and titanium rods (diameter 5

mm) have been cut into 4 mm length discs and subsequently polished on a microcloth®

(Buehler) to a mirror finish using alumina (particle sizes 1, 0.3 and 0.05 pum, Buehler).

The substrate choice depended on the intended experiment -and the analytical tool used

to characterise them. Samples could be masked by a 10 x 10 matrix contact mask giving
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10 x 10 squares of ~ 1.25 x 1.25 mm. Depositions without the mask were squares of ~

28 x 28 mm.

2.1.1.1 Silicon based substrates

For EDS, AFM, ellipsometry and XRD characterisation either silicon wafers (squares ~
32 mm? in area and thickness, t = 0.5 mm in), or normal glass (squares ~ 32 mm®, t = 1
mm, UQG Optics) were used. For conductivity measurements silicon nitride-covered
silicon wafer (200 nm LPCVD Si3N4 on 50 nm thermally grown SiO,, Nova Electronic
Materials Ltd.) or again glass were used as substrates, to ensure high resistivity and

therefore small influence on the measurements.

2.1.1.2 TEM specimen

Particle characterisations (size distribution and number density) were determined by
transmission electron microscopy (TEM). Gold was deposited onto small carbon coated,
copper TEM grids (Agar, 400 grid, cf. Figure 2.4) that had previously been coated with
a thin layer (20 — 60 nm) of either C or TiOx under identical conditions as the

electrochemical samples.

TEM image axis

Gold nano-particles
continuous titania or carbon film

continuous carbon

Copper mash

Figure 2.4. Schematic of a TEM specimen.
2.1.1.3 Array electrodes

Experiments have been carried out on materials deposited by PVD on silicon
microfabricated arrays of gold pad electrodes [25]. The substrate is made up of a square
silicon nitride wafer (31.8 x 31.8 mm) which has an array of 100 individually
addressable gold pad electrodes. These electrodes make up a square matrix on the
wafer, which can be masked when placed in a physical vapor deposition chamber

allowing deposition of thin films on the gold electrodes.
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Figure 2.5, below, shows a schematic drawing of the configuration. Small electrical
contact pads in gold for the individual addressing of electrodes (0.8 x 0.8 mm) are

placed on the boundaries.

100 electrical contact pads in gold for
individual addressing of electrodes 0.8

x 0.8 mm each

100 gold electrodes each 1 x 1 mm

Gold track

(T ETTILT]

Silicon Nitride Passivation

Figure 2.5. Silicon nitride sample wafer containing individual addressable square gold electrodes.

2.1.1.4 Rotating Disc Electrodes

Before deposition, the Ti discs were polished with 6 pm down to 0.1 um diamond
suspension (Kemet International) on a Microcloth® (Buehler) and subsequently etched
in a solution of 80 parts water, 18 parts HNO; (Fisher Scientific, Laboratory Reagent
grade) and 2 parts of sodium fluoride (BDH Chemicals, General Purpose Reagent
grade) at room temperature for 20 minutes to improve adhesion of the films. The
titanium discs (5 mm diameter) were mounted in a holder that allowed 16 discs to be

coated simultaneously in the PVD system.

2.2 Surface analytical tools

2.2.1 Atomic Force Microscopy (AFM)

AFM (Veeco, Autoprobe M5) was carried out in tapping mode using a silicon cantilever
with a resonance frequency of ~ 180 kHz, spring constant of 5 N m™ and approximate

tip curvature radius of 1 nm (p-mash; DP14/HI’RES/AIBS) or in non-contact and
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contact mode (ThermoMicroscope Ultralever ULO6A and UL20A) for particle height

determination.

2.2.2 Ellipsometry

Ellipsometry (Nanofilm, i-elli2000) at 532 nm was used to confirm the thickness and
gradation of deposits across the wafers. The ellipsometer was adapted to operate in a
rotating compensator mode. The values of the angles A and y have been obtained by
Fourier transformation of the intensities vs. the azimuth of the compensator [306].
Measurements were taken with a constant incident angle of 60° and a computer
controlled macro enabling an automated mapping of one hundred points over the

substrate.

2.2.3 X-ray Photon Spectroscopy (XPS)

XPS measurements were carried out in a UHV system incorporating a twin anode X-ray
source (Al Ko and Mg Ka) and a VG Clam Single Channel XPS system analyser. For
reference purposes a gold foil was placed in the UHV chamber that was subsequent to

the samples of interest measured. Measurements were taken by Laura J. Williams.

2.2.4 Four Point Conductivity Measurements

Uniformity of the resistance of the deposited films was demonstrated by four point
probe resistivity measurements at multiple points over the surface (hundred points were
measured at a square of 19x19 mm following the area of interest on the array
electrodes) using a Four Dimensions 280DI automated conductivity mapping system. A
four point probe head (Jandel, A-type, < 60g tip pressure) with 1 mm spacing or a
square array head (1 mm spacing, Jandel) were used to measure the film sheet
resistances. The tips where cleaned prior to experiments by lowering them down on a
rough ceramic slice. A diagram of the technique is presented in Figure 2.6. A current is
applied through the two outer probe tips and the voltage drop due to the resistance of the
sample across the inner tips is measured. The sheet resistance (or resistance per square

in Q) 1s given by,

/sq

R :§ @1

where p (Q cm) is the resistivity (material constant) and t the sample thickness (in m).
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Since the sample thicknesses in our research were sufficiently small (t << s/2), the
current distribution could be assumed to be in ring form [307], which led to the
expression for the resistivity, as follows,

p=Z1t Y 2.2)

In(2) 1

where V is the voltage and I is the current.

Further corrections for the lateral sample dimension and the placément of the probe
head regarding the edges is much more complicated and a summary of different
methods can be found in reference [308]. However, the error obtained for homogenous
thin layers of titanium and carbon was < 1 %, and therefore was assumed not to affect

our results substantially.

Figure 2.6. Measurement arrangement for the four point probe on a rectangular sample [309].

2.2.5 Energy Dispersive Spectroscopy (EDS)

Energy dispersive microscopy was carried out at a scanning electron microscope (Jeol,
JSM 5910) equipped with an energy dispersive X-ray micro analyser (Oxford Inca 300).
An acceleration voltage as low as 7 kV was chosen to minimize the void volume
penetrated by the electrons. For analysis, the K-line intensities were integrated and
results are presented in atomic percentage to the total number of elements, e.g. for a
sample of gold nanoparticles deposited on an amorphous carbon C coated silicon,
results would be presented as the atomic percentages of at % C, at % Au and at % Si

and also the relative ratios of gold to the sum of Si, Au and C. A macro was
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programmed to measure 100 points on a wafer, following the 10x10 matrix of the

contact masked samples.

2.2.6 Transmission Electron microscopy (TEM)

TEM images were obtained using a Jeol 3010 with an accelerating voltage of 300 kV
and incorporating a Gatan CCD camera for recording images. Measurements were

supported by Barbara Cressey.

2.3 Deposition calibration

2.3.1 Support materials: Carbon and sub-stoichiometric titanium
dioxide

Figure 2.7 shows the deposition rate variation of titanium with changing source
temperature as determined by AFM. The rate of deposition as expected increases with
increasing temperature. If not otherwise quoted, sub-stoichiometric titanium dioxide
films were prepared with a titanium source temperature of Tqe, =2073 K for 30 min. The
deposition rate of titanium was 1.6 + 0.2 nm min™. A pressure of 1 x 10”7 mBar (Ion
Gauge) was maintained during deposition, by constantly leaking oxygen into the
chamber (collimating oxygen source). Final thicknesses of titania always fell into the
range of 60 - 100 nm. Carbon depositions from the e-gun source were found to have
final film thicknesses in the range of 30 - 60 nm. Approximately 60 nm thick films were

also achieved using the arc deposition carbon coater (15 seconds deposition time).

During physical vapour deposition using the Knudsen source, substrate temperatures
ranged between 298 — 308 K. The electron gun evaporators were found to increase the
temperature to slightly higher values but with the maximum temperature never being

higher then 323 K.
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Figure 2.7. Titanium source calibration. Deposition rate of TiOy (nm min™) as determined by AFM vs.

the source temperature T.

2.3.2 Gold calibration

The gold particles were deposited from a low temperature K-cell with source
temperatures of Tqep = 1548 K or 1623 K. These temperatures were found to yield a
highly stable Au flux, equivalent to the deposition of 0.16 + 0.015 nm min™ and 0.51 £
0.05 nm min™. Deposition rates were calculated by the deposition of several thick layers
over extended times (1800 — 7200 seconds) and demonstrating that the thickness (as
determined on contact masked samples by AFM) was proportional to the deposition
time. Due to very low fluxes of gold, the source characteristic did not change over
extended periods of time (several months) because the fill level remains almost constant
and the deposition characteristics were frequently checked by test wafers.

To achieve particle covered surfaces, the deposition times were short leading to nominal

thicknesses < 3 nm (see chapter 3).

Variable coverages over the substrate were deposited under the same conditions using
the fixed “wedge” shutter technique [24]. The characteristics of the “wedge” growth
were established (Figure 2.8) from AFM and ellipsometry measurements of gold
deposited for times sufficient to achieve continuous films, and concomitantly lower
times were used subsequently to achieve the lower equivalent coverages required for

particle growth.
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Figure 2.8. Thickness determination of gold deposition onfo a bare silicon wafer using a 10 x 10 contact
mask in two geometries (See inset) using (a) AFM along the diagonal of an array of 100 electrodes, and
(b) using AFM and ellipsometry for a deposition geometry which allowed an averaging 10 fields of
identical thickness across the “wedge”(see insels). The source temperatures and deposition fimes were
(a) 1548 K, 7200 s and (b) 1623 K and 4500 s.

Two examples are shown in Figure 2.8, with different orientations of the source with
respect to the substrate (samples deposited in chamber I show a diagonal deposition
profile and from chamber II perpendicular), and different shutter positions. In Figure

2.8 (a), a uniform thickness of ca. 18 nm would be achieved in the absence of the wedge

shutter. AFM measurements show a variation of a factor of seven in coverage is
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achieved across the (10 x 10) array. This deposition geometry produces electrodes with
19 different coverages and the electrodes perpendicular to the arrow should be identical.
The Ellipsometry measurements were automated and therefore faster then the AFM
measurements. Also the measurement error (standard deviation between measurements)
seems to be smaller. In Figure 2.8 (b), gold was deposited using a geometry (inset)
which produced 10 rows of electrodes of different thicknesses, each row consisting of
10 electrodes with the same thickness (deposition perpendicular to the “wedge”
direction is constant [24]). In this case the wedge was characterised by less variation of

thickness (8.9 — 28.9 nm). The thicknesses determined from ellipsometry have been
estimated assuming for gold (;1:4.1502—0.0449i) and for the silicon substrate

(;1 =0.4666 —2.4083i ). The native oxide layer on the Si before deposition has been
ignored. The results are consistent with the AFM measurements and indicate a smooth

and linear change in film thickness in the direction of “wedge” growth.

The influences of different wedge shutter positions from the same source are presented
in Figure 2.9. The time was constant (7200s.) and the shutter position was varied.
Evidently the free deposition gives a constant film thickness over the silicon wafer of ~
61 nm (purple horizontal line in Figure 2.9). With the shutter in the atomic beam of gold
a wedge shaped deposition characteristic is visible. At wedge position of 65% the
maximum deposition thickness at 18.6 mm (Figure 2.9) was found to be 28.1 nm. This
thickness linearly decreases over the wafer down to 8.2 nm, i.e. to 29 % of the
maximum thickness. When the shutter was moved even further into the atomic beam the
deposition profile was moved downwards and the maximum was found to be 21.1 nm
linearly decreasing to ~ 0 % at the position closest to the source. Note that the 70 % fit
excluded the measurements at 0.6 and 2.6 mm, because they deviated from the expected
linear behaviour, this is probably because of different optical properties at very low
coverage of gold (grain boundaries, surface roughness, particle sizes etc.[310-314]).
Also the native oxide on silicon (on substrates used here typical oxide thicknesses of 0.5

nm and 1.5 nm have been found) influences the measurements more strongly.
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Figure 2.9. Thickness t determination of masked gold samples on Silicon wafers applying different wedge
shutter positions. The thickness of the free uninfluenced measurement (wedge shutter 0%) was measured
by AFM, due to the opaque film thickness and the wedge position of 65 and 70% were analysed by
Ellipsometry. Temperature of the source 1623 K and the deposition time was 7200s.

Alternatively the samples were analysed by energy dispersive spectroscopy. Figure 2.10
(a) shows a set of results for the ratio of the atomic percent of gold to the sum of all
elements (Silicon, carbon and gold). Measurements were taken at one hundred points.
The carbon was deposited from the e-gun for 1800 s and gold was deposited from a K-
cell placed at an angle of 120° in respect to the wafer at 1548K for 3600s. The
percentages varied as expected from the source position from the minimum at the
bottom right corner with 0.1% to the maximum in the top right corner with 1.2 %. In
Figure 2.10 (b) the average of the pads perpendicular to the deposition axis of the wafer
are shown. The wedge shaped deposition characteristic is clearly visible. This technique
is able to show qualitative trends, but is lacking in accuracy at lower coverage, because
of the signal to noise ratio during the measurement. For alloy particle work it would be

a powerful tool to analyse the relative compositions of the particles.
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Figure 2.10. Energy dispersive spectroscopy measurement of carbon supported gold samples. The gold

was deposited at 1548 K for either 1800 or 3600 s. (a) Shows the ratio of the atomic percent of gold at

the 100 measurement points at the wafer to the sum of all atomic percentages (carbon, silicon and gold).

The source and deposition axis is also shown. In (b) the average of the pads perpendicular to the

deposition axis of the wafer are shown. The errors are given as the standard measurement error of the

t-o
pads with the same coverage as calculated from [ = T where t is the student factor, o the standard
n

deviation and n the number of measurements.
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2.4 Electrochemical measurements

2.4.1 Instrumentation

The electrochemical responses of the 100 electrodes in the array were measured
simultaneously using a potentiostat, two 64 channel current followers and two data
acquisition cards controlled/monitored by a PC as shown in Figure 2.11. The data was
then visualised with software written in the laboratory. The software allowed
simultaneous monitoring either of the current, or single cyclic voltammograms (CV) or
potential step experiments at each of the 100 electrodes. This instrumentation has been
described previously [19], but the sensitivities of the current followers used here were
10 pA V', A similar set up was used for the single electrode measurements, but with a
bi-potentiostat and current followers which had the ability to switch between
measurement resistances for the disc and ring responses and therefore the sensitivity (1,

10, 100 and 1000 pA V™). An adapted single electrode version of the software was

~

used.
PC data acqulsitlon cavd:-
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Figure 2.11. Electrochemical screening instrumentation, consistent of wave generator, potentiostat,

current follower and a PC with a data acquisition card [19].
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2.4.1.1 Array electrode cell

The electrochemical experiments with the arrays were carried out at room temperature
in a cell where the body of working electrode compartment is made from PTFE (c.f.
Figure 2.12 (b)). The Au gauze counter-electrode (Goodfellow, Au-mesh 99.9%) is in a
glass compartment separated from the working electrode compartment by a glass sinter.

The array as shown in Figure 2.12 (a) was situated in an indentation of a PTFE plate to
ensure precise positioning. Electrical contact was made by pressing modified IC
connectors fitted on a circuit board onto the electrical pads of the array wafer (c.f.
chapter 2.1.1.3.). Note that the PTFE cell (round, white part in the centre of Figure 2.12
(b) is sealed against the sample wafer using a Viton® seal. The gasket was boiled before
experiments in ultra-pure water for 30 minutes to prevent contaminant leaching. The
experimental reference electrode was a commercial (Sentec) mercury/mercuric-sulphate
electrode (0.5 M H,SO4) whose tip was placed close to the array. All potentials
presented in this thesis, however, are reported against the reversible hydrogen electrode
in 0.5 M HCI1O4 (RHE). Typically the potential was close to 0.698 + 0.009 V vs. RHE in
0.5 M HC104 (measured using a digital voltmeter, Fluke), 18 mV positive to the
potential of 0.68 V reported in the literature against the standard hydrogen electrode
[315]. The shift was as expected for the pH dependency of the reference (theoretical
shift 17.8 mV).

Figure 2.12. (a) Circuit board and array electrode wafer. Abbreviations: EC-modified IC connector for
the electrical connection to the wafer, IC-IC-connector (b) Cell assembly: PTFE cell, Counter electrode

compartment (CE) and electrical connections.
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2.4.1.2 Electrochemical cell and rotator for single electrode measurements

The rotating disc electrode measurements were carried out in a standard three
electrode/three compartment, glass cell with a Haber-Luggin capillary. It also had a
water jacket to maintain a constant temperature of 298 K, water being pumped from a
thermostatically controlled water bath (Grant). In Figure 2.13 the three compartment
cell used for the measurements is presented. The gold counter electrode compartment
(counter electrode: Goodfellow Au-mesh, 99.9 %) was separated from the working
electrode compartment by a glass frit. Gases (like argon, oxygen and carbon monoxide)
can either be bled over the surface for measurements in quiescent solution or by turning
a switching valve to “bubble” them through the solution. A glass sinter ensures fine
dispersion of the gases. The experimental reference electrode was again a commercial
(Sentec) mercury/mercuric-sulphate electrode (0.5 M H,SO4) placed in the Reference
compartment. All potentials presented in this thesis, however, are reported against the

reversible hydrogen electrode in 0.5 M HCIO, (RHE).

Figure 2.13. Electrochemical cell for single electrode measurements. Abbreviation explanation: CE-

Counter electrode compartment, GS - glass sinter, WO - water outlet, HL - Haber-Luggin capillary,
GI/GS - glass inlet with glass sinter, WI - water inlet, SV - switching valve and RE - reference electrode

compartment.
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In Figure 2.14 the rotator and the exchangeable disc system are shown (all Pine
Research Instrumentation: Modulated Speed Rotator (MSR) and E4 Series ChangeDisk
RDE Tips or E6 Series ChangeDisk RRDE Tips). For measurements on
“polycrystalline” gold, referred to later as a bulk gold a disc was prepared by melting
gold foil (Alfa Aesar, Premion® 99.9985%) and machining it to a 2.5 mm length, 5 mm

diameter Au-rod. One end of the cut rod was then abraded using sand paper (400 and

600 grit) and then polished manually using alumina powder (Buehler, grain sizes of 1,
0.3, 0.05um).

Figure 2.14 Pine instrument rotator with controller unit.

In order to obtain purely kinetic information from the rotating disc experiments (RDE),
one has to distinguish between mass transport and kinetic control component of the
currents during electrochemical experiments. The mass transport regime in
electrochemistry is subdivided into: (i) diffusion, due to a gradient in concentration
following Fick’s laws (ii) convection, defined as a flow of species provoked by a
mechanical force, (iii) migration, provoked by a potential gradient in solution. If the
mass transport regime of an experiment is exactly known, interpretation of reaction

kinetics are possible.
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In RDE experiments the convection to the electrode is well defined, dominating all
other forms of mass transport, and mathematical solutions can be found in a number of
electrochemistry texts (e.g. [315]). In brief, a laminar flow to the electrode is forced by
the rotation velocity. This convection control allows the derivation of equations which
describe the solution flow and therefore the variation of diffusion layer thickness with

the rotation rate. In the steady state the Nernst diffusion layer thickness is given by:

5=16lo"v%D" @3)

Where § signifies the diffusion layer thickness (cm), v the kinematic viscosity (cm? s™)
and o the rotation rate (s ™).

The current density flowing during the reaction is limited by the transport of reactant to
the surface, i.e. the limiting current density is proportional to the concentration of
reactant in the bulk solution divided by the diffusion layer thickness in case the reaction

is mass transport controlled:
. =nFD% @.4)
-]Ilm 6 .

Where jiim is the limiting current density (A cm?), n is the number of electrons
exchanged in the reaction, F the Faraday constant (C mol™), D the diffusion coefficient
(cm? s7), A the area (cm?) and co the bulk concentration of reactant (mol cm™). If

equation 3 is incorporated in equation 4 the result is the so called Levich equation:

Jiim = 0.62nFD%a)y2v_%co (2.5)
To obtain pure kinetic information from polarization data the Koutecky-Levich equation
is used [315].

l=L+L=L+ ! (2.6)

J e o Je 062nFDB o) e,

Here ji is the kinetic current density (A cm?) uninfluenced by mass transfer. The inverse
current density j observed at each potential is plotted against the square root of inverse
rotation rate &%, By extrapolation of the resulting linear plots to o' > 0, (i.e. infinite
rotation rate) the intercept represents the inverse kinetic current.

Specific activities measured by RDE were always quoted as the kinetic current density
calculated from equation 6 normalized for the “real” surface area of the catalyst. The
real surface area was either determined by TEM measurements (as described in chapter

3) or electrochemically by integrating the gold oxide reduction peak from the
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voltammogram. The potential, where a monolayer of gold oxide was assumed to be

formed at 1.63 V vs. RHE and the associated charge was ~ 400 mC c¢cm™.¢

2.4.2 Electrochemical measurements: parameters and techniques

Generally cyclic voltammetry and chronoamperometry (potential step experiments)
were carried out at both the arrays and discs. The scan rate v was commonly 100 mV s™
during RDE experiments and 50 mV s™ at the array electrodes. The activities for
oxygen reduction and carbon monoxide oxidation at the array of electrodes were
assessed by chronoamperometry. The step potentials during chronoamperometry were
reaction dependent, i.e. dependent on the gas used to saturate the electrolyte (0.5 M

HCI10,) and are listed in Table 2.1.

Table 2.1. Parameters used during Chronoamperometry.

Initial potential | Ht® Step 1  Step 2  Step3 Step4 Step5 Hts®

Reaction
/V /s /V /V /V /V /V /s

Oxygen
0.8 45 0.5 0.4 0.3 0.4 0.5 90

reduction

Co

0 or 0.05 45 0.3 0.35 0.4 0.5 0.6 90

oxidation

"' potential where no reaction is expected to occur. For the ORR the initial also is the final potential
? Ht - holding time at initial potential
3 Hts - holding time per step

At rotating disc electrodes, steady state voltammograms were recorded at a scan rate of
v =20 mV s at rotation rates of 400, 900, 1600 and 2500 rpm. The potential limits
varied for the different reactions. For the oxygen reduction reaction the potential range

varied between the upper potential limit around E, = 1.0 V and the lower E, =- 0.3 V.

For activity measurement, the currents during the negative going scan at 0.5, 0.4 and 0.3

® As discussed in the background section gold paticles mainly expose (111) and (100) low index planes to

the electrolyte. The assumed charge of 400 mC cm™ is just an approximation.

Charge associated with a

. 2

low index planes of Au surface Atoms cm monolayer gold oxide / uC cm”
111 1.38 x 10" 442
100 1.19 x 10" 381
110 0.84 x 107 269
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V analogously to the step experiments were measured and corrected for mass transport
influences using a Koutecky-Levich correction as described above. The limiting current
was measured at potentials between 0 V and - 0.1 V, where the limiting current

densities were similar and independent of the gold surface area.

The combinatorial electrochemical experiments are best clarified by an example. Figure
2.15 illustrates a convenient presentation of electrochemical experiments at an electrode
array that allows a rapid preliminary assessment of the data and identification of trends;
more detailed and quantitative analysis requires different presentations. The figure
shows both a set of cyclic voltammograms in deoxygenated 0.5 M perchloric acid and a
set of potential step experiments in oxygen saturated 0.5 M perchloric acid. In both
Figure 2.15 (a) and Figure 2.15 (b), the arrow shows the direction from the source
during deposition. Here the highest coverage can be found in the top left hand corner
and the lowest in the bottom right hand corner (in fact, in this array the upper left hand
corner corresponds to a nominal gold thickness of 1.8 nm and the lower right hand
corner to a nominal thickness of 0.21 nm). Perpendicular to this arrow, the Au coverage
should be uniform and the surfaces should be identical. In this study of particle size
effects, the single array gives 19 data points since the electrodes immediately adjacent

to those on the diagonal provide intermediate particle sizes to those on the diagonal.
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Figure 2.15. (a) Cyclic voltammetry (v =100 mV s, between 0V and 1.63 V) on a 100 electrode array of

carbon supported gold particles in argon purged solution (b) Oxygen reduction at the same array
electrode as determined by potential step measurements from 0.8 V (baseline, 60 s.) to 0.5 V (90 s.), 0.40
V (90s.) and 0.3 V (90 s.) in oxygen saturated solution. All measurements were made in 0.5 M HCIO,
electrolyte at room temperature. The arrows indicate the direction of the graduated flux; in this array the
upper left hand corner corresponds to a nominal gold thickness of 1.8 nm and the lower right hand
corner to a nominal thickness of 0.21 nm.

From the magnitude of the gold oxide formation/reduction peaks on the cyclic
voltammograms of Figure 2.15 (a), it can clearly be seen that, qualitatively, the surface
area of the gold centres is decreasing down the diagonal while perpendicular to the
arrows the voltammograms are similar. Empty panels are electrodes, where electrical
contact has been lost during measurements. Similarly, it can be seen from the potential
step experiments that, at least quantitatively, the oxygen reduction currents reflect this
trend in surface area. Figure 2.15 also shows some limitations of the cell used for the
electrochemical experiments in this project. Firstly, the blank positions in the
presentation of the array shown indicate electrodes where electrical contact has been
broken during positioning of the array within the cell and then sealing the cell.
Secondly, in the oxygen reduction experiments, see Figure 2.15 (b), the electrodes at the
edges of the array often give lower currents and this results from the proximity of a wall
perpendicular to these electrodes. In consequence, the cell has since been redesigned to

overcome these limitations and also to allow temperature control.
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2.4.2.1 Chemicals and gases used for electrochemical measurement

0.5 M aqueous perchloric acids solutions were prepared using ultra-pure water
(Millipore, 18 MQ cm) and concentrated perchloric acid (GFS Chemicals, double

distilled). The gases used in the experiments were carbon monoxide (BOC, CP grade,

99.9%) argon (BOC, 99.998 %) and oxygen (BOC, 99.999 %).
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3 Sample characterisation

3.1 Deposition of TiOy layers

TiOx layers were initially deposited onto silicon nitride coated silicon using the Ti (K-
Cell) and molecular oxygen (10° - 10° mBar) directed at the substrate using a
collimating oxygen source positioned to one side of the sample as shown in the
experimental section. The variation of stoichiometry was qualitatively indicated by the
change in colour [35, 38] of the synthesised film with oxygen pressure and power of the
atomic source radiofrequency P,z TiOx deposited with an molecular oxygen pressure of
5 x 10°, 107 and 10° mBar produced green, blue and brown (not shown) films
respectively. Films deposited using atomic oxygen varied from almost transparent (high

Pr = 400W) to green at (200 to 300W, see Figure 3.1).
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Figure 3.1. Variation of the degree of stoichiometry of titanium dioxide films deposited on glass,
prepared at a titanium source temperature of 2073 K (constant thickness) using molecular and atomic
oxygen. Top left corner to bottom right: radiofrequency Power Py = 400W, (a), 300 W, (b), 250 W, (c),
200 W, (d), (films deposited by Dr Piers Anderson) and molecular oxygen at ppO; of 5 x 10°, (e), and
1x 107 mBar, @.

XRD indicated that the titania films were largely amorphous at all oxygen partial
pressures (see Figure 3.2), which is consistent with findings elsewhere [49]. To achieve
crystalline structures Lottiaux reported that a substrate temperature of at least 623 K
was necessary for thicker TiO; layers [49] (the films in their study were 35 - 70 nm). As
we deposited the films at substrate temperatures of 298 - 308 K, we would expect

amorphous structures.
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Figure 3.2. XRD measurement on sub-stoichiometric titanium dioxide (ppO2 = 5 x 10°). X-ray exposure
time 1800s (measurement taken by Dr Piers Anderson).

The conductivity of titania 1s known to be a strong function of stoichiometry [45, 316],
and as a support for electrocatalysis, sufficient conductivity is a requirement. An
automated resistivity measurement device enabled the mapping of 100 points in the 10 x
10 array matrix manner at positions relevant during electrochemistry. The system
measured the sheet resistance (or resistance per square / Q) of the films as a function
of position over the thin film sample using the four point probe method. The sheet
resistance assumes the current distribution at the measurement tips as being in rings
(because of the thin film geometry, see experimental section) and the material constant
resistivity is then calculated by multiplication by the thickness. Figure 3.3 (a) shows a
resistance map for a 66 nm thick TiO, film prepared with an oxygen pressure of 107
mBar. There is a variation in the sheet resistance across the sample associated with a
variation in stoichiometry due to the anisotropic exposure to oxygen of the titania
during growth. This observation provides evidence that if optimised, collimated
molecular oxygen beams may be used to synthesise graded stoichiometries of oxides for
high throughput thin film synthesis. Note that the total change of resistivity would be on
the same order of magnitude. The oxygen anisotropy could be overcome by rotation of
the sample as shown in Figure 3.3 (b). Titania films rotated during synthesis showed a

largely homogeneous stoichiometry as evident by the small resistance change across the
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sample. The deviation at sample edges could be quantified to about 2.5 % (standard
deviation) from the mean resistance. The slightly higher resistance values at the edges
coincide with a change in the colour in the vicinity of the edge (similar to a mark with a
width of ~ 1 mm). Measurements on carbon and titanijum metal films showed edge
deviation from the mean sheet resistance (caused by inhomogeneous current distribution
at the edges during the point probe measurement) of approximately 0.5 %. From this
and the change in colour it was concluded that a slight anisotropy of oxygen at the edges

was present.

(30000) . 25000
30000
s 35000

40000

leq.

19 mm

Figure 3.3. Sheet Resistance (Ohms per square) contour plots of 100 measurement points on titania thin
films. Samples prepared at a partial pressure of molecular oxygen of 1 x 107 mBar at a Ti K-cell
temperature of 2073 K over 1800 seconds. (a) Anisotropic oxygen flow: (b) Sample rotated during
deposition.

Figure 3.4 shows the variation of the conductivity of the TiOy film (calculated from the
sheet resistances and the film thicknesses determined by AFM) as a function of the
synthesis oxygen pressure. The conductivity varies over five orders of magnitude over
the pressures of molecular oxygen used for synthesis. The conductivities may be
associated with oxygen defects within the structure [316] that increase as the oxygen
pressure is lowered during deposition. In order to estimate the stoichiometry of the
TiOy, the results were compared (Figure 3.5) to materials where both stoichiometry and
conductivity are known [45, 316, 317]. For example, a significant amount of data is
available because of the interest in the Magneli phases of titanium oxides, particularly
TisO7 and TisOy, as corrosion resistant materials with conductivities high enough to be
considered as electrodes in massive form. We conclude that the titania thin film

synthesis carried out in this study using molecular oxygen produced stoichiometries in
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the range x ~ 1.7 - 1.9999. We have also been able to synthesise near stoichiometric
titania thin films using a plasma atom source, with concomitantly much higher
resistivity (sheet resistance ~ 15 MQg, = conductivity ~ 0.01 S cm™). The
experimental data in Figure 3.4 was the result of measurements taken during the entire
time of the project (3 years) and the scatter might be partially influenced by different
base pressures in the deposition chambers, which made the determination of the partial
pressure of oxygen difficult. Partial pressures of oxygen > 1x 107 mBar were
determined by the Ion Gauge, while partial pressures belbw this value are referred to the
partial oxygen pressures given by a mass spectrometer as the sum of the molecular

(weight 32) and atomic (mass 16) oxygen partial pressures.
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Figure 3.4, Experimentally determined conductivities (calculated from film thickness and measured sheet

resistance) of various sub-stoichiomelric titania films prepared at different partial pressures of oxygen.
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Figure 3.5.Comparison of titania conductivities from the literature vs. the ratio of oxygen over titanium.
Data taken fromm [317] A [45]e [316].

For the titania supported gold samples, the titania was synthesised using 1 x 10”7 mBar
of molecular oxygen, corresponding to a average conductivity 6 of ~ 3 S cm™ and a
stoichiometry of x >~ 1.96 estimated from comparison with materials produced
elsewhere (Figure 3.5). A linear regression of the data in (Figure 3.4) would lead to a
slightly lower conductivity value of 6 ~ 1.2 S em™. Comparing this fitted conductivity
value to the literature value of o ~ 1.04 and 2.48 S cm™ [316] for TiO1.9999 and TiO1 9996
respectively, points out a weakness of this method in determining the stoichiometry
accurately. Titania with stoichiometries close to 2 varies significantly in conductivity
making an exact determination of the oxygen defect concentration difficult. The stated
stoichiometry for TiOx might be better given as a range of x between 1.96 to 1.99 with a

tendency to be closer to 1.99.

In Table 3.1 an attempt was made to quantify the density of oxygen deficient sites in an
equivalent cubic centimetre of titania at different stoichiometries. It must be noted that
the oxygen deficiencies are not exact values as the density for amorphous titania is to
the best of my knowledge not quantified. Crystalline densities vary between 3.83
(anatase) and 4.24 (rutile) g cm™ [35]. Also neglected was the expected change of
density with varying stoichiometry. Anyway, the order of magnitude of the defect sites
should be approximately correct. The striking conclusion from this calculation is that

the change of conductivity of ~ 5 orders of magnitude (Figure 3.4) correlates with a
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change of five orders of magnitude of the oxygen deficient sites (Table 3.1). This
observation is reasonable as the oxygen deficient sites (Ti III) will act as electron donors

in the band gap region of the n-type titania semiconductor.

Table 3.1. Estimated quantity of oxygen deficient sites of selected stoichiometries of titanium dioxide

(TiOy)
Oxygen deficient sites in a cubic ()xyg_en deficient sites at the surface
X centimetre Ns/ cm™ (approximation no surface structure was assumed)
d / cm™?
1.70 1.5x 10% 6 x 10"
1.96 2.0 x 10% 2 x10™
1.9996 2.0x 10" 7 x 10"
1.9999 50x 10" 3x10"

"Basis for the calculation of the oxygen deficiency was an assumed density of 4 g em™ (real density difficult to

estimate as it varies for the different crystal structures) and a molar mass of TiO, of 80 g mol™

3.2 Deposition of carbon layers

Amorphous carbon layers have been deposited and the uniformity and resistivity of the
films were investigated by four point probe measurements. The films exhibited a
conductivity of ca. 3 x 10* S cm™ (arc sputtered carbon), or 4 x 10° S cm™ (PVD e-gun
deposited) and the variation across the substrate was found to be as small as 0.5 %
(Figure 3.6). The variation was found at samples edges and therefore ascribed to the

edge, effecting the four point probe measurement by inhomogeneous current

distribution.
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Figure 3.6. Sheet resistance of an amorphous carbon film synthesised by arc sputtering.
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3.3 Deposition of gold nanoparticles on TiO; layers

For electrochemical studies gold was deposited using conditions defined in the
“experimental” section. Gold particles were deposited onto TiOy and carbon on both
arrays and Ti discs using the conditions described above, but with proportionally
reduced deposition times to achieve low coverages and particle growth. Particle size
distributions were measured by TEM. Both titania and carbon (ca. 20 - 60 nm
thickness), and subsequently the gold, were deposited on TEM microscope grids under
identical conditions to those used for other substrates (support materials were deposited
for shorter times to ensure passage of the electron beam of the microscope). Figure 3.7
shows TEM images for five deposition times (50, 300, 600, 900 and 1200 seconds)
corresponding respectively to nominal thicknesses of 0.13, 0.8, 1.6, 2.3 and 3.2 nm of
Au on TiOy estimated from the known rate of gold deposition. The light field image
clearly allows the identification of the gold particles where the base of the particle is
round. Hence, it was assumed that the particles were hemispherical, distributed

randomly at low coverages, and they coalesce at higher coverages (Figure 3.7 (e)).

T T FR TES TL Ay X A A T Y T

Figure 3.7. TEM micrographs of titania supported gold particles. The nominal thickness of gold was (a)
0.13; (b) 0.78; (c) 1.56; (d) 2.33 and (e) 3.16 nm and the deposition rate was 2.6 x 107 nm s
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Figure 3.7 shows clearly, that the particles were randomly distributed and the
approximate sizes could be estimated (see below). But the clusters at the presented
magnification appeared to be round and no structural information could be obtained.
The literature as summarized in the introduction described the possibility of crystalline
and non crystalline morphologies of particles. Closer inspection at higher magnification
allowed (for a few particles) to give some further insight to the morphology of the
particle (Figure 3.8). It must be noted that there was a compromise to be made between
maximum resolution and equal behaviour during nucleation and growth of the particles.
For high resolution transmission electron microscopy (HTEM) the support thickness
used here was 20 - 60 nm (TiOy), 1.e. relatively “thick”. This support thickness was
selected to obtain best resolution at similar nucleation and growth behaviour as on the

electrochemistry samples.

Figure 3.8 (a) shows a titania supported gold particle of approximately 5.8 nm diameter.
This image showed evidence of lattice fringes. Two orientations in an angle of
approximately 100 to 110° were visible. Figure 3.8 (b) shows a possible profile and (c)
presents the corresponding fast Fourier transform (FFT) pattern. The profile suggested
an octagon. Another particle is shown in Figure 3.8 (d), which had a diameter of ~ 5.2
nm (vertically measured). Only very weak lattice fringes were observed. The profile of
the particle appeared to have a hexagonal shape (Figure 3.8 (e), possible profile
highlighted).
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Figure 3.8. HTEM images of titania supported gold particles. (a) Particle with a diameter d~ 5.8 nm, (b)
possible profile of the previous particle with respect to the image axis, (¢ JFFT of the particle shown in (a
and b), (d) particle with d~5.2 nm and (e) highlighted profile of (d). (f) FFT of a truncated cubo
octahedral (taken from reference [319])

The observed lattice fringes suggest that the beam along the images axis (beam strikes
the atomic lattice exactly at their Bragg angle) had a crystalline orientation. As lattice
fringes would not be expected in amorphous materials (particles) it could be concluded,

that the particles are crystalline.

The angle between the different lattice fringes in Figure 3.8 (a and b) was close to the
angle observed elsewhere for carbon supported cubo-octahedral gold particles in high
resolution electron microscopy (HREM) [318]. The shape of the profile of the particle
and the micrograph FFT are close to experimental as well as modelled particles with
cubo-octahedral shape (in the zone axis 113 see Figure 3.8 (f) [319] or figure 14 in
[320]). Therefore it was concluded that the particles might be Waulff (polyhedral)
constructed as it was also suggested for titania supported gold particles by Mavrikakis et
al. [321].

Clearly from the analysis of only a few particles, a general conclusion for the particle

shape is not possible, i.e. the true particle shape would be for example influenced by the
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number of atoms per particle (different particle sizes favour thermodynamically
different structures, see Chapter 1). Presented here is evidence for crystallinity of the
core of particles of around 5 nm. For non annealed particles it was reported, that the
particle shell was isotropic (round, not equilibrated) while the core of the particle
showed crystalline orientations [60]. Here we have seen profiles that are polygonal,
suggesting anisotropic surface energy distributions, i.e. particles with low index planes
exposed to the surrounding medium are likely. Further work has to be carried out on
thinner support materials to increase the resolution of imaging and different imaging

angles are essential to analyse the real particle shape.

A typical particle size distribution obtained from three TEM images with a nominal
gold thickness of 0.78 nm is presented in Figure 3.9. For the distribution a total of 349
particles were analysed. The average particle size was found to be 2.5 nm. As evident
from this example the particles are normally distributed and in the following analysis

are fitted with a normal Gaussian function.
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Figure 3.9. Particle size distribution of a titania supported gold sample (t,o, = 0.78 nm)

Figure 3.10 provides a quantitative analysis of the particle sizes as a function of
deposition time. From the particle size distributions in Figure 3.10 (a) it is evident that
at low nominal Au thickness (taep. = 50 5. = trom. = 0.13 nm) mean particle diameters
are about 1.4 nm and fall in a narrow range of sizes. As the nominal thickness becomes

higher the particle size increases and the distributions becoming broader.
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Figure 3.10.

(a) Particle size distributions of gold particles grown on TiO, obtained from TEM

measurements. Gold deposition times are shown in the figure. The data was fitted to a normal Gaussian

function. (b) The mean particle size of gold. (c) The number density of particles per cm’. The grey areas in

(b) and (c) indicate nominal thicknesses where particle coalescence is likely.
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The change in mean particle size as a function of nominal thickness is shown in Figure
3.10 (b), and the number density is shown in Figure 3.10 (c). Initial stages of growth are
characterised by an increase in the number of particles at near constant particle size (1.4
nm) in the range of nominal thickness of gold of 0.06 to 0.24 nm. This is followed by a
linear increase in particle size and reduction in number density. This initial growth stage
is associated with Au particle nucleation at titania defect sites. Several authors report
that the binding of gold to stoichiometric titania is weak [81, 83] and binding is only
favoured by higher adsorption energies to surface oxygen deficient sites (oxygen
vacancies) [83-85]. Therefore the observed growth mechanism is best described by a
Vollmer-Weber growth mode (refer to introduction). The maximum density of particles
at one centimetre square was found to be 5.5 x 10" cm™ The comparison of the
maximum particle density with the above concluded range of stoichiometry (1.96 to
1.99) and the rough estimate according surface oxygen deficient sites (Table 3.1) shows
that the number of surface vacancies and the particle number density are on the same
order of magnitude for stoiéhiometries closer to 1.99, assuming one oxygen vacancy site
per particle. Higher stoichiometries would lead to the conclusion that there is a

possibility that particle are bound to more than one oxygen deficient site.

The ability to identify particles down to 1.4 nm in ex-situ measurements, and the
stability of these particles to longer term exposure to atmosphere (over six months)
indicates that on the amorphous surface there is little tendency towards migration and
agglomeration of particles at room temperature. Agglomeration has been observed on
polycrystalline titania supports [322], and we can only speculate that this difference
may be due to the absence of grain boundaries, or an increased defect density on our
substrates, and the concomitant stabilisation of small particles. Particle sintering and
hence stability was found to be strongly dependent on the substrate defect density [323].
The growth mode observed here is similar to that observed using in-situ Low Energy
Ions Scattering (LEIS) measurements for TiO; (110) supported Au particles [75] and
subsequently ex-situ high resolution SEM [88], with the main difference being that the
number of nucleation sites is larger and the observed particle sizes are smaller on the
amorphous titania substrates. The latter may simply be associated with the higher defect
density on the amorphous titania, and interestingly they also report that the particles are

stable in air [88].
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Figure 3.11 reports the titania surface coverage by gold for the different samples.
Nominal thicknesses higher than ~ 10 monolayers (ML) were excluded due to starting
coalescence of the particles and therefore inaccurate calculation of the coverage. Also
shown is a layer growth pattern’ (2D), where the gold would grow layer by layer. This
presentation suggested again, that only at the initial growth (fraction of a monolayer)
stages a 2D growth pattern with subsequent particle thickening. At a nominal thickness
of ~ 0.5 nm the slope changes coinciding with the maximum density of particles
observed (Figure 3.10 (c)). Parker at al. reported a monolayer growth pattern only at the
initial stages of synthesis [80]. They concluded that energetically a monolayer growth
is favoured over thickening (associated energy barrier of an atom stepping up to form
multilayered structure is less favourable) of gold clusters until a critical thickness. For
gold on sputter induced defected titania (110) surfaces at 293 K they found a critical
coverage of 0.22 ML.
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Figure 3.11. Surface coverage of gold at different nominal thicknesses. Dashed line shows a 2D growth

pattern.

Figure 3.12 shows atomic force micrographs of (a) sub-stoichiometric titania, prepared

at a partial pressure of oxygen of 1 x 107 mBar and (b) gold nanoparticles of a mean

” The 2D growth was based on a gold (111) monolayer with a thickness of 0.235 nm, i.e. at a nominal
deposition thickness of 0.235 nm the surface coverage following a “Frank van der Merwe” like growth
mode would be 100%.
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particle diameter of 4.58 nm prepared on the same support. Both samples have been

prepared on silicon wafer substrates and the imaged area was 500 x 500 nm.
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Figure 3.12. Atomic force micrographs 500 x 500 nm (a) Sub stoichiometric titanium dioxide (ppO, 1 x
107 mBar) (b) 2.33 nm nominal thickness of gold (900s .) deposited on titania (ppO; 1 x 107 mBar). The

line measurement under the image corresponds fo the line shown in the image above.

There is clearly an intrinsic background roughness on titania that can be seen in the
image and in the line plot (Figure 3.12 (a)). As gold is deposited the appearance changes
and the surface showed a higher density of features. Also the surface roughness is
slightly increased as determined by the RMS roughness (Table 3.3). The major
problems as mentioned above were the tip convolution and an apparent loss of the
accuracy of lateral dimensions. For imaging in the micrometer region a so called “scan-
master” corrects the inaccuracies of the piezo-element by previous calibration
measurements on a grid with known dimensions. For scan sizes in the sub micrometer
range the “scan-master” has to be switch off, as it limits the lateral resolution. This leads
to a loss of the calibration and hence the exact lateral dimensions of the image are

unknown. This effect becomes clear at even higher resolution imaging of 100 x 100 nm
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as shown in a series of micrographs in Figure 3.13 for titania (a), 0.78 nm gold on
titania (b) and 2.33 nm gold on titania. The comparison for example of Figure 3.13 (b)
representing a gold coverage of 0.78 nm on titania with a TEM image with the same
coverage (Figure 3.7 (b)) shows a much lower density of particles, suggesting an

inaccurate lateral resolution. A further constraint restricting the use of AFM was

features in the morphology of titania that appeared similar to gold particles.
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Figure 3.13. Tapping mode AFM images 100 x 100 nm taken with a High resolution tip (compare
experimental section). (a) sub-stoichiometric titania (prepared at 1 x 107 mBar) (a’) the according line
measurement as indicated in the image (b) 0.78 nm gold deposited on titania (b’) line measurement and
(c) 2.33 nm gold deposited on titania (c’) line measurement.

And a further observation was made for example for the highest gold coverage of 2.33

nm (Figure 3.13 (c and ¢’)) that indicated that the tip did not image the background
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(titania). TEM images with the same coverage (Figure 3.7 (d)) revealed that the inter-

particular distance were smaller than 10 nm.

,,,,,,,,
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Table 3.2 showed the height and width for some size selected gold particles. Also
shown in the same table were the widths calculated for a simplified model of either
spherical or hemispherical particle shape (cf. Figure 3.14), assuming the supplier
specified tip radius of 1 nm and tip radii calculated for the simplified model (a similar
model was applied in [324]). The widths in the measurements were found to be broader
than predicted by both models assuming a tip radius of 1nm. “Real” radii for the tips
appeared bigger than specified between 2.9 — 9.2 nm. This lead to the conclusion that
the AFM tips would not be able to image accurately the background, if the particles

were not sufficiently spaced (as in higher coverage samples).

W =4 R-(—Z—j W =2JH? + 2H R

Tip \ Tip \
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Figure 3.14. Simplified model of Tip/ﬁarticle interactions — the tip convolution effect. (a) Spherical
particle (b) Hemispherical particle. H - particle height, W- apparent particle width and R - tip radius.
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Table 3.2. Comparison of particle heights and width as measured by AFM of a few particles with a

simplified model.
measurements
Width W/  HeightH/ |  He/nm  W.SP/mm Ruw HS/nm  Ru SP/nm
nm nm
14.9 42 9.2 5.8 9.2 6.7
12.9 4.1 9.1 5.7 6.2 5.1
8.1 2.8 6.6 4.8 2.9 2.9
10.3 1.6° 4.0 3.5 15.4 8.5

W.a1 HS: calculated width from the measured particle height for a hemispherical model

W.a SP; width - spherical model

Rca HS: Calculated tip radius from measured width and height using the hemispherical model
Rea SP: calculated tip radius —spherical model

Bearing in mind the described restrictions only an estimate of the particle height from
the measurements was attempted, as AFM was not able to provide sufficient lateral
resolution to confirm neither particle sizes nor particle densities as a result of tip
broadening and inaccurate handling of lateral sizes of the image.

Table 3.3 summarizes roughness factors, and heights taken as a random sample N, from
a number of AFM images. Results are included for the root mean square roughness of
the titania substrate, and for several nominal thicknesses of gold. The root mean square
roughness increases with increasing gold coverage. For gold particle height analysis line
measurements were taken at arbitrary positions of the image and it was assumed that all
features in this measurement were associated with the Au particles. Clearly this is an
approximation since the titania also exhibits a finite roughness. Comparing the ratio of
the particle diameter from TEM versus the “height” of the particle as measured by

AFM, we consistently find values close to two.
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Table 3.3 Summary of AFM characterization of titania, and fitania supported Au, surfaces.

Nom. image RMS® TEM Ratio
. Random AFM height
thickness size roughness/ particle diameter/
sample N H/nm :
goldt/nm /nm nm d/mm height
0 500 - 0.78 - - -
0 100 - 0.67 - - -
0.78 100 34 0.75 2.53 1.29 1.96
1.56 500 75 1.31 3.68 2.17 1.70
2.33 500 62 1.14 458 2.17 2.11

We conclude because of a lack of other independent measurements, such as STM, that
the observed Au particles are hemispherical, which is consistent with previous
conclusions on TiO,(110) for a particle diameter range of 2.5 — 4 nm [88]. Mavrikakis
et al. suggested, from theoretical calculation, that the thickness of titania supported gold
nanoparticles would be ~ 0.7 — 1.4 nm for particles with diameters of ~ 3 - 7 nm on
Ti0O,, which would be less than hemispherical [321]. Also Lopez et al. suggested a
similarly strong truncation by the interaction with the support. They base their results on
theoretical calculation and confirmed it by experiments on “real” catalyst (high surface
area Au/Ti0) [85].

Later in this work evidence for non bulk gold like oxide formation/reduction behaviour
will be presented. This made an electrochemistry independent estimation of the “real”
surface area necessary. Therefore the particle density, diameter and the assumption of
hemispherical shape were used to calculate the “real” surface area (c.f. Figure 3.15).
This value is important, for example, in establishing specific electrocatalytic activity in

reactions investigated on these model catalysts.

8 RMS roughness is defined as the square root of the mean value of the squares of the distance of the

1 N
points from the image mean value: R, = FZ <Z,. -Z )2
i=1
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Figure 3.15. Titania supported gold surface area estimated from the particle density and diameter for
hemispherical particles.

The estimation of the surface area was based on the assumption that the particles are
hemispherical and if they deviate from this morphology the surface area exposed to the
electrolyte would change. As discussed above, at higher coverages tip convolution
effects might not reveal the real height of particles. In the literature a change of gold
particle truncation on titania (110) was observed [60]. For three size ranges, different
truncations are reported: for particle diameters between 1.5 — 2.5 nm a quasi 2D growth
was observed (not hemispherical, only a few atomic layer thick), 2.5 - 4 nm
hemispherical growth and > 4 nm spherical 3D growth (small contact area, almost
spherical) [60]. To elucidate if a similar effect was present with the particles studied
here, the estimated cube root of the number of atoms in the particles’ was plotted
against the particle diameter (Figure 3.16). The experimentally found data points
followed linear behaviour (particle > 5Snm excluded due to particle coalescence) with an

intercept very close to zero.

tnom
by
*N= M]Lv— , where t,., is the nominal gold thickness, tyg the thickness of one monolayer
TEM

Au(111) ~0.235 nm, N4 the number of atoms in a monolayer and N+g)s the number density of particles.
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Figure 3.16. Cube root of the number of atoms per particle versus the average gold particle diameter
(TEM). The legend “average TEM" refers to the average of each of the respective deposition thicknesses.
Figure 3.17 (a) and b show XPS spectra (Au(4f)) of titania supported Au particles of 1.4
nm and 2.5 nm mean diameter. The peak positions of a gold foil, measured under the
same conditions as the particles, has been included, and provides a calibration reference
for the Au 4f7, peak of bulk Au at 84.0 eV [325]. A shift in the peaks for the 1.4 nm
particles of ~ 0.3 eV to higher binding energy is observed, and this shift decreases to ~
0.1 eV for 2.5 nm particles. The upward shift in binding energy for the small particle is
similar to that found for Au on TiO; (110) during the initial growth stages, and was
associated with final state éffects (electron screening in a small cluster) rather than any
initial state effect [326]. The shift is also similar to that found for 2 nm particles on
polycrystalline titania [322] where it was not quite clear whether a final state effect or

initial state effect contributed to the shift from the bulk value.
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Figure 3.17. XPS spectra of the Au(4f) core level for titania supported particles with a mean diameter of

(@) 1.4 nm and (b) 2.5 nm . The calibration spectrum from a gold foil is also shown. (XPS measurements

by Laura J. Williams)

3.4 Deposition of gold nanoparticles on carbon layers

Gold was deposited, using the conditions described in the experimental section at a

deposition rate of 0.16 nm min™' onto carbon coated TEM grids on which a 30 nm

carbon film was deposited to ensure the same substrate and nucleation behaviour.
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Figure 3.18 shows the TEM images for gold particles on carbon with deposition times

' -g'qtg'ijgc

alSe s e

Figure 3.18. TEM micrographs of carbon supported gold particles. The nominal thickness of gold was
(a) 0.13; (b) 0.78; (c) 1.56; (d) 2.34 nm and the deposition rate was 1.7 x 10% nm 57!,

These images were analysed to give the particle size distributions shown in Figure 3.19
(a), while Figure 3.19 (b) reports the variations of the mean particle diameter and Figure
3.19 (c) the number density as a function of the nominal thickness. Comparison of these
data with those in Figure 3.10 for the deposition of gold particles on TiOy indicates a
number of differences on the carbon support. The initial number of nucleation sites on
carbon is considerably smaller than on titania during the initial Au deposition resulting
in larger particle sizes. As the number of nucleated particles grows at low nominal
thickness, the average particle size is 2.5 — 3 nm. Particles coalesce at higher nominal
thicknesses (at particles sizes where coalescence is observed on titania), and a
concomitant reduction in particle number density is observed. At substrate temperatures
of ~ 300 K, we were not able to observe particles of Au on carbon below 2.6 £ 0.7 nm
average particle size. The observed “critical size, compared to a fcc truncated-
octahedron was close to the steep increase of the relative frequency of corner sites and
close to the maximum of edges, leading to a higher density of low coordinated gold sites
(c.f. Figure 1.8). The average particle diameter was with 2.6 + 0.7 nm close to a closed

shell configuration which would exhibit in the truncation presented in Figure 1.8
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diameter of 2.66 nm. For other shapes (e.g. differently truncated octahedron) a similar

steep increase of surface atoms with low coordination number have to be expected.
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Figure 3.19. (a) Particle size distributions of gold particles grown on carbon obtained from TEM

measurements. Gold deposition times are shown in the figure. The data was fitted to a normal Gaussian

Jfunction. (b) The mean particle size of gold. (c) The number density of particles per em’.
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As for the titania supported gold particles, high resolution TEM measurements on
carbon supported gold particles revealed polygonal shaped particles (Figure 3.20). The
particle profile in Figure 3.20 (a) was highlighted in the same picture in (b). One could
draw a hexagonal profile. The profile Figure 3.20 (c) and then highlighted in (d) could

be drawn as an octagonal.

The partially visible lattice fringes in the Figure 3.20 (a) and (c) provide evidence, that
the particles are crystalline, even so they where grown at room temperature. The
presented particles provide evidence of crystallinity, but it was not possible to elucidate

which particle shape was present at the sample.

Figure 3.20. High resolution TEM images of carbon supported gold particles.

The “total” gold surface area per centimetre square of geometric electrode area was
again estimated the same way as for titania supported gold. Hemispherical particles
were assumed and the diameter from TEM and the number density lead to the plot of

the particle diameter dependent surface area shown in Figure 3.21. The particle height
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was attempted to be measured by AFM, but due to the high intrinsic background
roughness of roughness, it was even more difficult to conclude heights. To ensure
uniformity between data sets, the specific electrochemical activities for the different
reactions discussed below were corrected under the assumption of hemispherical
particle shape. For carbon supported samples also the electrochemical determined

surface area was used and results were presented for both normalisations.
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Figure 3.21. Calculated surface area of carbon supported gold particles using particle diameter, number

density and hemispherical particle shape.

3.5 Conclusions

A system designed for high throughput physical vapour deposition (HT-PVD) of
materials [24] has been applied to the synthesis of libraries of supported metal particles.
Amorphous TiO, supports have been synthesised with a controlled variation in
stoichiometry in the range x = 1.7 - 1.99 as evidenced by their range of conductivities.
A range of Au nanoparticles have been synthesised as a function of position across
titania substrates at a temperature of ca. 300 K. TEM measurements indicate that during
nucleation, a mean particle size of 1.4 nm is observed, and increasing coverage leads to
an increased number of such nuclei to a maximum density of 5.5 x 10'* cm™. Particle

sizes increase at higher Au coverages with a concomitant decrease in density. The small
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particles exhibit a binding energy shift in the Au(4f) core level of 0.3 eV from bulk
gold, and the shift is 0.1 eV by the time particles grow to a mean size of 2.5 nm.
Nucleation and growth of Au on carbon support is also observed, but the initial particle
size is significantly larger at ca. 2.5 nm and the maximum particle density (3.1 x 10'?
cm™) lower when compared to titania. The HT-PVD technique is a powerful method of
producing supported metal samples of controlled particle size, and when combined with
multiple source deposition [24] should allow similar control of supported alloy particles
as a function of particle size and alloy composition. When combined with suitable
screening methods [24] the methodology provides a powerful route to the elucidation of

particle size effects in catalysis on well characterised model catalysts.
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4 Electrochemistry of the support materials titanium,

titania and carbon

4.1 Introduction

This chapter briefly summarises the electrochemical response of the substrate materials
titanium, titania and carbon in HClIO4. The aim was to compare the electrochemical
behaviour of the substrate with reported behaviour and to investigate possible

contributions of the substrate to oxygen reduction on the catalysed surfaces.

4.2 Electrochemical behaviour of a pure titanium disc

The electrochemical measurements were carried out on a polished titanium disc (area
0.196 cm?, preparation described in the experimental section). Figure 4.1 shows the first
six potential cycles after immersion into the deaerated electrolyte at 50 mVs™ and then
scanned to more positive potentials (upper potential limit 1.63 V). The first cycle shows
an oxidation wave associated with the oxidation of Ti to TiO,. The charge passed during
the scan from the initial potential to the upper potential was 7.5 mC cm™. Assuming 4
electrons for the oxidation of one titanium atom to titanium dioxide would indicate that
4.5 x 107 titanium atoms were oxidised. Assuming a density of atoms of ~ 1.5 x 10"’
atoms cm™ an area of 7.9 cm® would have been oxidised. The electrochemical titanium
surface area oxidised was hence much higher than the geometric surface area and
therefore multiple layer oxidation could be concluded. Subsequent cycles (2™ to 6™) did
not show significant charge transfer that could have been associated to oxide thickening
and were rather ascribed to the double layer charging. Hence a higher overpotential

would be required to thicken the titania layer formed on the surface.
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Figure 4.1. Cyclic voltammetry (six cycles) on a polished titanium disc in argon purged 0.5 M HCIO4 at a

scan rate of v= 100 mV s™'. The temperature was maintained at 298 K.

Standard potentials for titanium oxidation to TiO, are difficult to determine [327], but
are known to be significantly lower than the potential range investigated here (>- 0.5V
vs. SHE) [327].

4.3 Electrochemical behaviour of sub-stoichiometric titanium

dioxide

Titania samples (prepared at a pp Oy of 1 x 10”7 mBar on an etched titanium disc) have
been measured and results are shown in Figure 4.2. Shown are the first three potential
cycles. The first cycle showed a similar oxidation wave at potentials > 0.5 V as on the
polished titanium disc but the oxidation wave was shifted towards more positive
potentials. The subsequent cycles again showed only small oxidation charges.
Measurements on the 10 x 10 array electrodes (and therefore smooth gold substrates)
did not show significant oxidation charge. Furthermore the disc colour did not change
from before and after electrochemical modification. This indicates that no significant
change of the thin film stoichiometry occurs. Therefore it was concluded that the
oxidation charge was mainly due to oxidation of titanium metal exposed to the
electrolyte. Before the deposition the titanium disc have been etched to insure adhesion

of the deposit. The etched surface has a much higher roughness and hence holes could
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have been formed, which were not entirely covered by the TiOx and oxide

formation/thickening occurred at free sites during the first potential cycle.
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Figure 4.2. Cyclic voltammetry (first three cycles) on sub- stoichiometric TiO, in argon purged 0.5 M
HCIO, at a sweep rate of v = 100 mV s and 298 K. The electrode was transferred into solution under
potential control at 50 mV.

Figure 4.3 (a) shows a voltammogram (one cycle) again on a titania electrode, but this
time cycled to more negative potentials. The voltammetry did not change with cycling

after approximately 10 cycles (as shown in the figure).
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Figure 4.3. (a)Cyclic voltammetry (1 0™ cycle) on a titanium dioxide disc at a scan rate of v=100mV s
The electrolyte was purged with Argon. (b) Steady state voltammetry (continous cyling, 13" cycle
onwards) in oxygen saturated electrolyte at a scan rate of v = 20 mV s The rotation rate was varied
between 400 and 2500 rpm as indicated in the figure. The electrolyte was 0.5 M HCIO, and the

temperature was maintained at 298 K.
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Substoichiometric titanium dioxide did not show any activity towards the oxygen
reduction reaction in acidic (HCIO4) media in the potential range of Ejowe= - 0.3 V and
Eupper = 1.2 V (Figure 4.3 (b)). In alkaline (NaOH) media a direct 4 e reduction of
oxygen to water was found by several groups to be dominant on titania (e.g. Ebonex,
CVD deposited, reduced rutile single crystals and anodically oxidised titanium)
electrodes [155, 240, 328]. Consistently a significant overpotential was reported (>> 1
V) [155, 240, 328]. A transition in the reduction pathway with changing pH towards a 2
electron process with H,O; as the product in acidic electrolytes was reported [240, 328].
The overpotential must again be greater than ~ 1 V as there is no apparent reduction at

potentials as low as - 0.3 V in Figure 4.3 (b).

As a model electrochemical system the reduction of the metal complex ferricyanide was
studied, as it has been widely studied at semi-conducting titania electrodes [329, 330].
The measurements were undertaken in a solution of 1 M potassium chloride (BDH
Laboratory Supplies, AnalaR) containing 5 mM of potassium hexacyanoferrate (III)
(Fisons Scientific Equipment, Analytica Reagent). The reference electrode was a
Saturated Calomel Electrode (SCE, Cole Parmer) and the results are presented against

the standard hydrogen electrode (corrected for 0.241V).

The redox potential of the ferro/ferricyanide couple is E° = + 0.361 V (SHE) [331]. This
potential will be strongly influenced by the supporting electrolyte [331]. Therefore
cyclic voltammetry of 5 mM ferricyanide in a 1M supporting electrolyte of potassium
chloride on a stationary gold disc was measured (Figure 4.4). The voltammetry has the
typical shape reversible shape and the peak separation was found to be 64 mV, close to
the theoretical 59 mV. The ,,apparent redox potential'® of the ferri/ferrocyanide couple
during the measurement was 0.46 V close to the potential of 0.469 + 0.002 V (vs. SHE)
found elsewhere [332] in 1 M KCI. Note that the exact position of the peak potentials is

not very accurate and an error of + 10 mV associated to them was estimated.

10 7,70 E;: +E;1 0 . Cc .
app = T , where Eq,p is the apparent redox potential, £, the cathodic peak potential

(potential at maximum peak current and E,,A the anodic peak potential.
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The peak current density (j,=1.18 mA cm™) allowed the estimation of the concentration
using the Randles Sevéik'! equation and lead to a concentration of 5.05mM close to the

expected 5 mM (as prepared).

10 1
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Figure 4.4, Cyclic voltammetry on titania (black solid curve- three cycles, cycle No. 20 to 22) and on a
bulk gold disc (blue solid curve- first cycle) in SmM K3;Fe(CN)s in IM KCI supporting electrolyte. Also
shown are the flat band potential [41](red dotted line, pHy,. 5.8) and the apparent redox potential E° e
~0.46 V (black dotted line). The temperature was maintained at 298 K, the scan rate was v=100 mV s™

and the electrolyte was purged with argon prior {o experiments.

The comparison of the voltammogram on the gold with a titania electrode (Figure 4.4)
revealed some major differences. At TiOy the reduction peak potential was ~690 mV
negative during the first cycle and 650 mV during subsequent cycles compared to the
peak observed on gold. There was a 50 mV activation after the first cycle. The
maximum peak current density on titania was approximately 35 % less of that observed
at gold and the peak was much more drawn out, as would be expected for an irreversible

electron transfer. Furthermore during the anodic potentials scan direction no re-

1
Ac‘)D%V%

, where n is the numbers of electrons transferred (n = 1), F the

nk
i =_-0.4463nF| —
Tz [RT)

Faraday constant, R the universal gas constant, ¢’ the bulk concentration of the electro active species, D

the diffusion coefficient (D[Fe(CN)5]3' =0.76 x 10° cm?s™ in IM KCl) and v the scan rate.
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oxidation peak was observed at currents below 0.8 V. At more positive potentials a
small amount of charge was transferred. This charge is most likely associated to the re-

oxidation of ferrocyanide to ferricyanide. It does not approach diffusion control.

The electrochemistry of a model redox system on the TiOy electrodes prepared in this
work was found to be similar to the behaviour reported literature [36, 330].

The literature value for the flat band potential of - 0.34 V at pH = 5.8 [41]"* is shown as
a red dotted line in Figure 4.4. The relatively wide band gap of ~ 3 eV (or 3 V) would
extend positive to this value (see Introduction). The standard potential of the
ferro/ferricyanide couple hence lies in the band gap region. A simplified band bending
model (see Introduction) could explain the electron transfer from the electrode to the
redox couple by an electron that must be transferred from the conduction band (CB) to
the electroactive species:

[Fe"(CN)e]> + e'cp > [Fe'(CN)]*

This simplified model explains why the reduction peak was shifted significantly
negative towards the flat band potential, were electrons are available due to the thermal
excitation. The similar band bending model could also apply to re-oxidation where a
hole must be created in the valence band at the surface to allow an electron transfer into
the electrode.

[Fe"(CN)s]* + h'vg > [Fe™(CN)s]*

The observed small oxidaiton charge seen in the voltammetry hence must be due to the
creation of holes at the semiconductor surface. The premise for this explanation would
be that a thin space charge layer, so that electrons can tunnel from the highly bended
valence band edges at the electrolyte/semiconductor interface into the conduction band
of the bulk. Not discussed in this discussion is the influence of a ferri/ferrocyanide

surface species stabilised by the titania [36, 329, 330].

12 Finklea [36] summarised 187 reported values and the fit through them is at the same pH very close to
the potential of - 0.34 V but the scatter = ~ 0.25 V was significant. The flatband potential was reported to
depend on the doping.
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4.4 Electrochemical behaviour of amorphous carbon

In Figure 4.5 the electrochemical response of amorphous carbon as prepared by physical
vapour deposition (MBE), is shown. In Figure 4.5 (a) the potential was cycled in the
potential range 0 V and 1.3 V in deaerated electrolyte. The current density (based on the
geometric surface area) is in the order of pA cm™. The voltammetry was similar to that

reported in the literature [154].

In oxygen saturated solution at different rotation rates (Figure 4.5 (b)) slightly
increasing currents towards the negative limit attest to a small activity to the reduction

of oxygen, but yet again the currents are very small compared to metal electrodes like

platinum.
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Figure 4.5. (a) Electrochemical response of titanium supported carbon in nitrogen purged 0.1 M HCIO,
at a sweep rate of v = 100 mV s’ and 298 K. (b) Steady state voltammograms of carbon in oxygen
saturated 0.1 M HCIO, at a sweep rate of v =20 mV s™.

4.5 Conclusions

The electrochemistry of the support materials titania and carbon was found to be in
good agreement with the literature (e.g.[39, 52, 154]) . In the potential region where the
reactions of interest in this investigation, i.e. gold oxide formation/reduction, oxygen
reduction and CO oxidation, no or little electrochemistry of the supports is observed,

which would make the interpretation of data more difficult.
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5 Electrochemistry of gold oxide

5.1 Gold oxide formation on polycrystalline gold

The oxidation of gold to gold oxide (AuO) has been intensively studied and the
influence of the positive potential limit, scan rate etc has been reported; a brief summary
can be found in the Introduction. Figure 5.1 (a) reports the cyclic voltammetry on a
freshly polished bulk gold electrode after immersion into a deaerated solution of 0.5 M
HCIO4. The first nine cycles showed an anodic peak with an onset potential of ~
1.225 V for the AuO formation (see Figure 5.1 (b)). This onset potential was similar to
potentials reported in the literature; it was pointed out that adsorption of anions compete
with the gold oxide formation and this may increase the overpoténtial [131]. The onset
potential was taken therefore as a measure of system cleanliness. On the reverse scan an
AuO reduction peak was observed with a peak potential of ~ 1.142 V. Evidently from
the changing voltammetry a “clean up” or surface reconstruction was observed,
manifested in the growth of an anodic peak marked as Al with increasing cycle numbers
at a peak potential of ~ 1.324 V, while a second peak AIl got smaller. Also in the same
voltammogram in the reverse scan the AuO reduction peak seemed to increase with
cycle number. In the 30™ and 31% cycle as shown in Figure 5.1 (¢) the voltammogram
was totally reproducible and all subsequent experiments on bulk gold, such as CO
oxidation and oxygen reduction were subjected to this pre-treatment of the surface.
Throughout the cycles, the total anodic charge and the total cathodic charge appear to be

‘equal.

The AuO reduction peak was found not to be perfectly symmetrical and showed a
shoulder at ~ 1 V. Charge observed at potentials negative to the gold oxide features in
acid was mainly due to double layer (DBL) charging (see Figure 5.1 (d)), although the
voltammogram in this potential range was not featureless. On the positive going scan a
maximum was observed (denoted DAI) as well as on the negative going scan (denoted
DAII). On single crystal Au(110) three waves in the DBL regions were identified [137]
and have been ascribed to the adsorption of hydrated perchlorate anions (approx. peak

potential 0.4 V), discharge of adsorbed anions (approx. peak potential 0.7 V) and metal
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anion hydroxide complex formation (approx. peak potential 0.9 V). In contrast to this
interpretation of anion adsorption, Burke suggested [129], that hydrous oxide might
form in this potential region with an estimated standard potential of 0.33 V vs. SHE as
was evident from a peak in cyclic voltammetry on “activated” surfaces in 1 M sulphuric
acid. These activated surfaces exhibit gold sites which are highly active and undergo

oxidation at very low potentials.
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Figure 5.1. Cyclic voltammetry on a bulk gold disc. (a) first cycle (b) first to 9" cycles shown. (c) 30"
and 31" cycle (d) double layer charging region of (b) blue dotted line surrounded region. Measurements
were taken in argon purged 0.5 M HCIO, at a temperature of 298 K and a scan rate of v=100mV s™.

Figure 5.2 (a) shows a series of cyclic voltammograms, where the scan rate was varied,
using 100, 200, 500 and 1000 mV s™'. The upper potential limit was chosen to be 1.5 V.
The positive going scan showed the oxide formation with an onset potential being just
above ~ 1.2 V, in good agreement with the literature [131]. With increasing scan rate, as
it would be expected, the current density increases. On the negative going cycles two
AuO reduction peaks are evident (CII and CIII). The oxygen species which is reduced
in peak CIII was reported to be limited to the formation of oxide at a certain number of

surface sites [333] and will be dominated by the peak CII as the coverage with
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oxygenated species is increased. This was evident in the CV of Figure 5.1, where a

surface coverage with oxygenated species of greater 1 is to be expected.

In a potential opening experiment (Figure 5.2 (b)) a third cathodic peak numbered CI
could be identified at the very early stages of AuO formation. The wave formed during
positive sweep was mirrored on the negative scan, in a reversible manner, acting
electrochemically like a surface adsorbed species. This reversible peak was also found
elsewhere at very short time scales of oxidation of a gold electrode at a potential held in
the AuO formation region [333]. All three peaks can be resolved in 0.5 M sulphuric
acid, but with the major difference being that CIII has a significantly smaller influence
(experiments not shown). This was attributed to the inhibiting adsorption of bisulphate
to sites that are reduced in CIII [122]. The peak nomenclature Al, All, CI, CII and CIII

will be used hereafter.
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Figure 5.2. Cyclic voltammetry on a bulk gold disc in argon purged 0.5 M HCIO, at 298 K. (a) The scan
rate was varied as indicated on the graph. (b) Potential opening experiment (10 mV each cycle) at a scan
rate of 100 mV 5.

In the literature the determination of the “real” gold surface area by integration of the
charge transferred during reduction of an oxide layer is a common measure of gold
surface area, but it disputed wheather or not a monolayer of gold oxide is formed. Many
different potentials or holding times at oxidising potentials have been suggested [334].
Also the formation of gold oxide is temperature, electrolyte (gold oxide formation
competes with anion adsorption) and surface structure sensitive [131, 134, 141, 335,

336]. The electrochemically measured surface area here was built on the assumption,
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that gold forms a monolayer of its oxide if cycled to an upper potential limit of 1.63 V
versus RHE and that a charge of ~ 400 uC per cm™ surface area is required (see
experimental section) to form it. This assumption was chosen in the range of potentials
suggested and is applied throughout this study for comparison. It must be noted that
throughout the experiments on bulk gold a charge balance between the anodic and

cathodic gold oxide features was found (at potentials before oxygen evolution).

5.2 Gold oxide formation on carbon supported gold nanopartieles

Figure 5.3 reports the behaviour during cyclic voltammetry in argon deaerated 0.5 M
HCIO; of varying gold nanoparticle sizes deposited on carbon array electrodes. Figure
5.3 (a) and (b) present six voltammograms with nominal gold coverages of 3.6, 2.4, 1.5
nm (all (a)) and 0.78, 0.58, 0.33 nm (all (b)). The corresponding mean particle sizes are
10.1,7.1,4.9, 3.2, 3.0 and 2.8 nm respectively. For each coverage, the voltammogram is

the third cycle (note change in current density scale).

As the gold coverage decreases and hence the gold surface area (refer to chapter 3) the
charge passed in the Au/AuO region decreased. For coverages shown in Figure 5.3 (a)
the electrochemical response was found to be bulk gold like. At the three lower
coverages shown in Figure 5.3 (b) gold oxidation appears to become more difficult. A
gradual decrease of the anodic peak AI in favour of AIl appeared to occur. Also the
gold oxide reduction peak CII shifts to slightly more negative potential, as the peak
potential for the nominal gold coverage of 3.6 nm is ~ 1.175 V and for 0.33 nm ~
1.152 V. Both the relative gain in influence of the peaks AII over Al and the slight shift
of CII by ~ 23 mV to more negative potentials are evidence of slightly more irreversible
redox behaviour of the electrochemically formed gold oxide. There seemed to be a
charge balance between anodic and cathodic cycle in the third cycle. Cy.cles thereafter

were found to be reproducible and were stable upon cycling.
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Figure 5.3. Cyclic voltammograms on carbon supported gold nanoparticles on selected electrodes of an
array of electrodes. (a) and (b) show third cycles of voltammograms of electrodes with a varying nominal
gold coverage of lum = 3.6 nm, 2.4 nm, 1.5 nm, 0.78 nm, 0.58 nm and 0.33 nm as indicated in the
legend. (c) first three cycles of an electrode with t,o, of 1.5 nm (d ~ 4.9 nm), (d) first three cycles of an
electrode with t,pm = 0.78 nm (d ~ 3.2 nm). The scan rate was 50 mV s'. All measurements taken in
argon purged 0.5 M HCIO,. —

The transition from bulk gold like behaviour to more irreversible formation reduction
behaviour seemed to occur between nominal gold coverages of 1.1 nm and 0.94 nm or
mean particle sizes 4.0 and 3.6 nm. These particle sizes coincide with a beginning of

oxygen reduction activity (cf. chapter 6).

The voltammetry of the carbon supported gold nanoparticles has been found to be
reproducible after three potential cycles. During the first three cycles the surface was
found to undergo changes as shown in Figure 5.3 (c) and (d) for particle sizes above (d
~ 4.9 nm) and below (d ~ 3.2 nm) the apparent transition diameter. A slight charge
imbalance was observed, where more charge was transferred during oxidation of the
gold surface, then during the reduction. It is not certain whether all charge transferred is

due to the oxidation of gold, or if some carbon oxidation occurs. Again as in the case of
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bulk gold, in the voltammograms shown in Figure 5.3 (c), a surface reconstruction or
cleaning is evident. The anodic peaks shifted from All to Al For particles that showed
more irreversible behaviour (see Figure 5.3 (d)) the anodic charge decreased during the

first three cycles, but no significant shift of the charge distribution was observed.

Cyclic voltammetry on the array electrodes allowed the determination of the apparent
electrochemical surface area of the gold nanoparticles by integration of the AuO
reduction peak (upper potential limit 1.63 V) as described in the experimental section.
Figure 5.4 presents the estimated surface areas from electrochemistry (A.c, A) and the
best fit from the TEM surface area determination (calculated for hemispheres from the

model TEM specimen, prepared independently from the electrochemical samples, see

also Figure 3.21).
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Figure 5.4. Comparison of the surface areas as determined by TEM (red line, only the best fit is
presented as determined in the sample characterisation chapter on model TEM specimen, shown are the
areas for hemispherical particles) and by electrochemical determination from the CV of carbon
supported gold nanoparticles. The data was taken at six different array electrodes.

In Figure 5.4 (a) the surface area is plotted against the nominal gold thickness and in (b)
against the particle diameter as measured by TEM. The surface areas measured by
electrochemistry and TEM follow a similar trend, but the TEM derived areas are
slightly lower than the electrochemically determined surface areas. The reasons for this

mismatch might be that a monolayer of gold oxide is formed earlier than the potential of
1.63 V.
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The deviation of plots at higher Au coverages results from overlap of the centres, The

plot of Figure 5.4 (b) reflect the absence of centres of < 2.5 nm on the Au on C surface.

In Figure 5.5 a correlation plot of the electrochemistry surface area versus the TEM
surface area for hemispheres is presented (data taken from Figure 5.4). The correlation

is linear but the slope is not one.
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Figure 5.5. Correlation of the electrochemically determined surface area versus the surface area
calculated for hemispherical particles using the diameter and number density from TEM measurements
Jfor carbon supported gold nanoparticles.

In summary gold nanoparticles bigger than 4 nm in diameter deposited on carbon
behave similar to bulk gold. For smaller particles (d ~ 2.6 nm) a slight irreversibility
was observed. Unfortunately particle sizes below a critical size of ~ 2.5 nm could not be
prepared, due to their nucleation and growth mechanism (see chaptef 3) and therefore

no statements about their behaviour can be made.

5.3 Gold oxide formation on TiOy supported gold nanoparticles

In Figure 5.6 (a) the electrochemical response of titania supported Au nanoparticles
(deposited on a titanium disc electrode) in a potential sweep experiment is shown. The
electrode was immersed under potential control at 50 mV and the first 10 potential

cycles in 0.5 M HCIO4 are shown. The behaviour shown is typical for all gold
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coverages under investigation. The nominal gold thickness presented was 0.78 nm
which corresponds to a particle diameter of ~ 2.4 nm (according to the calibration on
model TEM specimen). The first cycle showed during the positive going scan an
oxidation wave that contained two regions. The first region in the potential range of
approximately 0.7 to 1.225 V showed a similar shape as the wave observed on a RDE
covered with a ~ 80 nm titania film as presented in chapter 4. In the second potential
region (1.225 to upper potential limit of 1.63 V) where gold oxide formation occurs on
bulk gold, a further increase in current density is observed which seems to be dedicated
to the charge transferred during oxide formation and is “mirrored” in the charge
transferred during the negative going cycle in the gold oxide reduction peak. The second
cycle was lacking the first wave of the support influenced electrochemistry and showed
only the gold electrochemistry. During this cycle the peak AIl was dominant over the
AT peak. Subsequent cycles showed a general decrease in charge transferred during the
gold oxide formation, while the ratio of the anodic peak All to Al seemed to change in
favour of Al. On the negative going scans the current density of the gold oxide
reduction peak CII (£, ~ 1.117 V) decreased with cycling and a peak broadening arose.
This could be seen as an increasing gain of influence of the oxide states reduced in CIII
(Ep ~ 0.98 V). The peak broadening, the decreased oxidation and reduction charge and
apparent splitting of the reduction response into two overlapping peaks, where the CIII
appeared to gain influence all give evidence for a strong modification of the gold
particles. Throughout the anodic and cathodic charges associated with Au/AuQ are

always equal.

109



Electrochemistry of gold oxide

jImA cm2 (geo)

. Cll
_0'3_IIIJL 1 | I R | IS S W [N SR TR A S U YD TR A T (N U S YN WA (OO T U ST DU Y S S T 1
02 00 02 04 06 08 10 12 14 16 1.8
Evs. RHE!V
0.30 T T T T T T T T T
o — cycle 1
(Y 0251 cycle 2 ]
[y} — cycle3
©® 020Ff —— cycle4 1
8 — cycle5
c ——— cycle6
8 045 .. cycle 7 ]
% ———— cycle 8
O o010f —— cycled ]
Q. — cycle 10
(=
& o005} .
S
E 0.00
E : C——‘_—
-~ 005 E
"~
0.10 1 1 1 1 i 1 1 1 i
02 00 02 04 06 08 10 12 14 16 18
Evs. RHE/ v

Figure 5.6. Cyclic voltammogram (v= 100 mV s”) on titania supported Au in argon purged 0.5 M
HCIO, (a) and 0.5 M H,SO, (measurements taken by Laura J. Williams using a meniscus contact cell),
(b). The first 10 cycles are shown. The nominal thickness of gold were 1,0, = 0.78 nm (which corresponds
to a particle size of approx. 2.5 nm as determined by TEM measurements on model samples).

For comparison an analogous experiment of a disc with the same nominal gold coverage
on titania measured in 0.5 M H,SO4 using a meniscus contact cell is presented in Figure
5.6 (b) (for detailed experimental description compare Laura J. Williams: Transfer
report [337]). The voltammogram is presented to point out that in sulphuric acid a
similar peak broadening (double peak) was observed with a relative increase of the
oxide species reduced in CIIL. This is surprising as the oxide species reduced on bulk
gold in at similar potentials was strongly inhibited in sulphuric acid, because of

competing adsorption of sulphate anions [122, 333]. It is therefore only speculative that
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the peak CIII formed on the Au/TiO4 samples has a common origin in comparison with
bulk gold. The measurements presented in Figure 5.6 (b) show that the gold features are
getting smaller with continuous cycling until they vanish. XPS measurements [337]
before and after the cycling experiment presented in Figure 5.6 (b) showed no
difference in binding energy (BE) of the gold nor a decrease in the intensity of counts,
suggesting a constant amount of gold on the surface and no change of oxidation state.
The determination of the oxidation state by XPS has to be taken with care because of a
diversity of interpretation of effects that can cause initial state effects (effects that were
made responsible for positive core level shifts: e.g. lattice strain increase with small
particles, metal insulator transition of small clusters, particle geometry and coordination
number, etc.) as well as the problem that initial and final state effects might be overlaid
and final state effects are known to be a strong function of substrate conductivity (e.g.
[75, 76, 326, 338]). For example Fu et al. were able to identify gold oxide species on
titania supported gold nanoparticles using a time-of-flight secondary ion mass

spectroscopy technique [339] which are not evident in XPS.

Therefore, it has to be noted that the reasons for the apparent increase in irreversibility
are still not understood. Possible explanations could include particle loss of Au,
sintering or spreading of the Au atoms over the surface to form thinner layers, a loss of
conductivity of the support, encapsulation or conversion of the gold to an oxidised form
which is not apparent in a shift towards higher BE in the XPS. Particle sintering seems
to be unlikely, as bigger gold particles supported on carbon at similar nominal gold
coverage show clearly gold oxide formation and reduction features (see Figure 5.9 and
accompanied discussion). Also the unchanged BE position seems to be weak evidence,
that no dramatic loss of conductivity occurred [326]. The XPS also rules out massive

Au corrosion and further conclusive evidence will be presented later.

The third cycle of voltammetric measurements on RDE’s with different equivalent gold
film thicknesses (0.13, 0.39, 0.78, 1.17, 1.95, 3.16 nm) and hence different particle sizes
(diameter ~ 1.4, 1.7, 2.4, 3.1, 4.5 and 6.6 nm (particles coalesce)) have been overlaid in
Figure 5.7. The AuO reduction peaks decrease as expected in the particle size range of
2.4 to 6.6 nm with the surface area. At the particle sizes of 1.7 nm a peak broadening
was observed from the first cycle onwards and at the third cycle the peak almost

disappeared. At the smallest particle size no gold redox behaviour was observed.
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Figure 5.7. Cyclic voltammogram (v= 100 mV s?) on titania supported Au different coverages
(thicknesses as indicated in the legend) in Argon purged 0.5 M HCIO, (3" cycle shown).

Quantification of these trends with particle size are presented in Figure 5.8 where the
electrochemical surface area and surface areas as calculated from the TEM (Argm)
images are plotted against nominal gold thickness (a) and particle size (b). The data led
to similar plots as presented for the carbon supported gold nanoparticles (see Figure
5.4). For particle sizes above approx. 2 nm the electrochemical surface area followed a
similar trend as the surface areas as determined by TEM for hemispheres. At particle
sizes below ~ 2nm (see Figure 5.8 (b)) the surface area was found to be almost zero
(this was confirmed by array electrode measurements - plots are not shown). Particles
below this critical diameter were therefore concluded to behave in non bulk gold like
manner. Unfortunately particles of these diameters could not be synthesised on carbon

for direct comparison.
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Figure §.8. Comparison of the surface areas as determined by TEM (only the best fit is presented as
delermined in the sample characterisation chapter, shown are the estimated for spherical and
hemispherical particles) and by electrochemical determination from the CV for titania supported gold
nanoparticles deposited on RDE’s.

An attempt is made in Figure 5.9 to compare equivalent gold thicknesses of 0.13 nm on
the support materials under investigation. Figure 5.9 (a) and (b) shows a voltammogram
of the second and tenth cycle of 1.4 nm gold nanoparticles supported on titania and
Figure 5.9 (c) and (d) equivalent voltammograms of the second and tenth cycle of 2.5
nm gold nanoparticles supported on carbon are shown. The voltammogram of the titania
supported sample had the appearance of a thin titania layer without Au (see chapter 4),
while the voltammogram of the carbon supported sample shows clear Au/AuO response
albeit more irreversible than on bulk Au. The estimated surface areas from TEM for
hemispheres are 0.1 cm? for the titania sample and 0.06 cm?® for the carbon sample. The
higher surface area for the titania supported sample results from a higher dispersion of
the gold as evident in the TEM images (see chapter 3). Again these voltammograms
clearly show the loss of metallic behaviour for titania supported gold nanoparticles. The
initial conductivity can be assumed to be sufficient to oxidise and reduce the gold (as
shown before for bigger particles) and it appears therefore to be unlikely, that this effect
was triggered by a resistive substrate effect. The carbon voltammetry showed again
slightly higher charge transferred during the first three cycles accompanied with a
charge imbalance. Cycle 10 and subsequent cycles appeared not to change further and

charge balance was observed.
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Figure 5.9. Comparison of titania (a), (b) and carbon (c), (d) supported gold particles on RDE
electrodes. The nominal gold thickness on both disc samples was 0.13 nm and the particle diameter 1.4
nm and 2.5 nm respectively. (a) and (c) show the 2 cycle and (b) and (d) the 10" cycle. Both

voltammograms were measured in argon purged 0.5 M HCIO, at a scan rate of 100 mV s™.

Not surprising on the basis of the above presented data a correlation between surface

areas determined by electrochemistry and TEM do not follow linear behaviour as shown

in Figure 5.10. For surface areas (TEM) below ~ 0.28 cm® no apparent gold oxide

reduction peak was observed and hence no electrochemical gold surface area could be

designated to the electrodes. This coincides with a particle diameter of 2 nm in array

measurement in good agreement with RDE samples. Thereafter a steep increase of the

electrochemical surface area or charge during AuO reduction is evident in the plot.

Interestingly the plot seems to be linear at surface areas above ~ 0.55 cm®.
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Figure 5.10. Correlation of the electrochemically determined surface area versus the surface area
calculated for hemispherical particles using the diameter and number density from TEM measurements
Jfor titania supported gold nanoparticles (data from five arrays, first cycle).

In chapter 4, it was established, that titania does not exhibit significant oxygen reduction
activity below a particle size of approximately 2 nm. The question arose as to whether
the surface modification as shown in Figure 5.6 leads to catalytically inactive gold for
the oxygen reduction. An experiment was designed to test this on a titania supported Au
sample with diameters of 5.1 nm. A series of experiments was conducted, where the
RDE electrode was immersed into oxygen saturated 0.5 M HCIO4 and
chronoamperometric measurements were made between repetitive cycling between 0 V
and 1.63 V at 100 mV s’ to modify the electrode. The step experiments were
undertaken before any cycling (0 cycles) and after 1, 11, 22 and after 44 cycles (see
Figure 5.11 (a)). For the chronoamperometry, the potential was stepped from an initial
potential of 0.8 V where no oxygen reduction is expected (holding time 45 s) to 0.5, 0.4,
0.3, 0,4 and 0.5 V (holding time 90 s) and back to the initial potential (see Figure 5.11
(a)). For a more thorough discussion of the oxygen reduction behaviour on gold and
supported gold nanoparticle the reader is referred to chapter 6. The results from this
experiment are summarised in Figure 5.11 (b). The primary y-axis shows the oxygen
reduction activity in terms of the current density (geometric electrode area) of the last
ten seconds of the steps to 0.5 and 0.4 V in dependence of the cycle number. On the
secondary y-axis the apparent electrochemical surface area was plotted. The first step
experiment showed low oxygen reduction activity but activation occurred after one

potential cycle. The activity thereafter remained constant, while the gold oxide
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reduction peaks diminished. Apparently the electrodes modified by potential cycling

remained active for oxygen reduction.
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Figure 5.11. (a) Potential step experiments on an Au/TiO, disc electrode sample (gold nominal thickness
2.34 nm) in oxygen saturated 0.5 M HCIO,. The step potentials were 0.8, 0.5, 0.4 and 0.3 V (holding time
t ~ 90 s. per step). (b) Average of the current densities of the last 10 seconds of the steps at 0.5 and 0.4 V
(primary y-axis). In between the potential step experiments the disc has been cycled between 0 and 1.63 V
in the same electrolyte (oxygen saturated) at a scan rate of 100 mV 5. On the secondary axis the

apparent electrochemically determined surface area with increasing cycle number is shown.
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The described experiment was also conducted on a TiO,/Au disc electrode, with a mean
Au particle size of 1.4 nm. There was no apparent charge transfer due to the redox

couple of Au and the oxygen reduction activity remained constant.

5.4 Conclusions

Bulk gold electrodes showed two anodic peaks Al and AII for the oxidation/formation
of AuO species. On the reverse scan three cathodic peaks CI, CII and CII are resolvable
depending on the experimental time scale and potential limits during the formation of

AuO. The findings are in good agreement with the literature [122].

Carbon supported gold nanoparticles with mean diameters in the range of 2.6 to 10 nm
(starting to coalesce from approx. d ~ 7 nm) have been prepared and electrochemically
characterised using .array electrodes. It was found that the electrochemistry is similar to
bulk gold, with a slight tendency of smaller particles being harder to oxidise and reduce.
This was manifested in a gain of influence of the more positive anodic AuO formation
peak AIl over Al, as well as a slight negative shift of the AuO reduction peak towards

more negative potentials (23 mV shift for particle sizes d ~ 10 nm to d ~ 2.5 nm).

Titania supported gold nanoparticles where found to be strongly modified
electrochemically during potential sweep experiments. Although the charge for the
Au/AuO electrochemistry decreased with cycling, XPS measurements and oxygen
reduction experiments suggested that no gold was lost from the surface. Therefore it can
be concluded that the reason for inhibition of the gold redox couple has a different
origin. With decreasing size, the Au oxidation requires a higher overpotential and below
a critical particle size of ~ 2 nm, the centres were found to exhibiy non-metallic
behaviour in potential sweep experiments throughout the characterisation, i.e. they

showed no characteristic gold oxide electrochemistry.

Later studies must attempt to elucidate possible electronic changes to the substrate (loss

of conductivity), particles (oxidation state) and/or possible morphology changes.
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6 Electrochemistry of the oxygen reduction reaction on

supported gold particles

6.1 Results and Discussion

6.1.1 ORR on polycrystalline gold

Voltammogfams taken in oxygen saturated electrolyte at a scan rate of 20 mV s’
(Figure 6.1) showed three peaks in addition to those for gold in deaerated solution. On
the negative going second scan a cathodic wave associated with the reduction of oxygen
was evident (marked as peak I). The peak potential E,; was found to be approximately
0.37-V and the peak current density 0.3 mA cm™. A second peak convoluted with the
first one (peak II) was evident at potentials negative to the first at £,;~ 0.06 V and j,i1
~ 0.4 mA cm’. On the positive going scan peak (III) was observed. The peak potential
was approximately E,” ~ 1.045 V and the peak current j,* ~ 0.1 mA cm? A linear
sweep voltammogram was also recorded for a solution of 1 mM H,0; in 0.5 M HCIO,.
A reduction peak with potentials close to those for peaks II and III in the oxygen
reduction experiment was observed (the inset to Figure 6.1 shows the reduction peak for
H,0,).
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Figure 6.1. Bulk gold cyclic voltammogram in oxygen saturated 0.5 M HCIO, The second cycle is
shown. The inset shows the negative going scan of a cyclic voltammogram of in Argon purged electrolyte
to which ~ 1 mM H,0, was added. The scan rate was 20 mV s™' and the temperature 298 K.

In Figure 6.2 scan rate normalised cyclic voltammetry is shown, where the current
densities was divided by the square root of the scan rate. The scan rate in oxygen
saturated solution was varied over three orders of magnitude. Respectively the second
cycles of cyclic voltammetry at scan rates of 0.02, 0.05, 0.1, 0.2, 0.5, 1 and 2 V st are
shown. The peaks dedicated to the gold oxide behaviour were discussed in the previous
section. The peaks associated with the solution oxygen electrochemistry are again

signed by roman numbers (I, II and III).
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Jp/vp was constant for peak I showing that the reduction of oxygen is diffusion

controlled'?, while the peak potentials are shifting to more negative potentials'®.
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Figure 6.2. Scan rate normalised cyclic voltammetry (second cycle) at a bulk electrode in oxygen
saturated 0.5 M HCIO,. The scan rate was varied to be 20, 50, 100, 200, 500, 1000 and 2000 mV s and
the temperature was 298 K.

Figure 6.3 (a) shows voltammograms of bulk gold RDE in oxygen saturated 0.5 M
HCIO4 maintained at a temperature of 298 K at a sweep rate of 20 mV s™. The rotation
rate was varied to 400, 900, 1600 and 2500 rpm. The slow scan gold voltammograms at

all rotation rates showed the onset of the oxygen reduction waves at potentials < 0.65 V.

'3 During irreversible voltammetry the peak current density Jp follows:

: ] W =1
Jp = (— 2.99.10° >1(acna )/2 CODAVA , where n is the number of electrons involved in the

reaction, o the transfer coefficient for the reaction, n, the number of electrons involved in the rated
determining step, c® the bulk concentration (here the oxygen solubility in the electrolyte), D the diffusion
coefficient (of oxygen) and v the scanrate. [Electrochemistry Textbooks]

'“The peak potential changes according to: Ef; =K - ﬂlog v where
2t I
k=B -2 | g73- 23 0g 27D
acnF 2\ (k°FRT
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The limiting current densities (geometric surface area) should be a function of the
square root of the rotation rate at mass transport dominated overpotentials. The inset
presented in Figure 6.3 (a) showed the Levich plot at 0 V. Due to the lack of a plateau
region in the reduction wave, this potential was selected and the reaction assumed to be
mass transport controlled. Using the slope B and values for the oxygen solubility, 1.3
10 mol cm, a diffusion coefficient 1.93 + 10° cm’ s™ and a kinematic viscosity for
water of ~ 0.00891 cm? s [340] (the true viscosity might be closer to 0.01 cm® s [341]
as in acid generally the viscosity rises with proton concentration, but as no exact value
was found in the literature and it did not significantly influence the result the viscosity,
of water was used), the electrons involved in the process (n) can be calculated and found
to be ~ 2.14+ 0.03. This value is slightly higher than the theoretical value of two for a
reduction involving two electrons to form hydrogen peroxide. Another observation
made during Levich analysis was that the linearly fitted limiting current densities
intercepts at approximately 0.6 mA cm™, providing evidence that the reaction was not
purely mass transport controlled, suggesting that further reduction of hydrogen peroxide

contributes to the currents.
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Figure 6.3. (a) Steady state polarization curves under an oxygen atmosphere at a bulk gold disc electrode

in 0.5 M HCIO, at a scan rate of v= 20 mV s and a temperature of 298 K. The rotation rates are 400,

900, 1600 and 2500 rpm. The inset presents the Levich plot for an assumed mass transport limited

potential of OV during the negative scan direction. (b) Koutecky-Levich plot at the potentials 0 (IL), 0.1,

0.2, 0.3, 0.35 and 0.4 V. Again on the negative going scan. (c) mass transport corrected Tafel plot

(limiting current assumed to be 0 V) of the negative going potential sweep at 900 rpm.

Figure 6.3 (b) shows Koutecky-Levich plots at the potentials 0, 0.1, 0.2, 0.3, 0.35 and

0.4 V. The currents were taken from the polarisation curves shown Figure 6.3 (a). The

inverse current densities (geo) increased with the inverse square root of rotation rate; i.e.
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at lower rotation rate the mass transport contribution to the inverse current density was
dominant over the kinetic inverse current density. The extrapolation to zero in this plot
would give the kinetic “rate” (current") of the reaction (see experimental section). The
behaviour followed the theory. The slope of the linear regression was found to be
steeper at more positive potentials, compared to the potentials close to the limiting
currents. This change in slope was associated with a change in the number of electrons
involved during the reduction of oxygen. Sarapuu et al., [232] concluded from the
change in the slopes of the Koutecky-Levich plots for potentials lower than ~ - 0.1 vs.
SCE (measurements taken in 0.5 M H,SO,) a further reduction of hydrogen peroxide,
which is similar to the findings here and analysis by rotating ring disc electrode
measurements, where at potentials negative of 0.3 V (vs. RHE in 0.1 N H,S0,) in the
contribution of hydrogen peroxide being further reduced to water was observed [205,
342].

Kinetic Tafel analysis (Figure 6.3 (b)) results in Tafel slopes of ~ 115 mV per decade™,
close to the theoretical value (2.3RT/anF) of 118 mV per decade™ for a reaction with o

= 0.5 and a one electron transfer rate determining step.

6.1.2 Oxygen reduction on carbon supported gold nanoparticles

In the experimental section (Chapter 2) the electrochemical response of an array
electrode with gold nanoparticles supported on carbon was shown. The combinatorial
approach will also be basis of the data sets in this section and will be compared to disc
electrodes prepared with the same coverages and hence particle sizes as presented in the
sample characterisation chapter. In Figure 6.4 cyclic voltammograms in oxygen

saturated 0.5 M HCIO, are shown. Figure 6.4 (a) shows the electrochemistry of disc

'3 For comparison of the electrochemistry conducted in this work one might want to compare the
activities at a fixed potential. In this work the specific activity j, (surface area and mass transport
corrected at the negative going scan) of the oxygen reduction reaction on bulk gold at 0.4 V vs. RHE (at
900 rpm rotation rate) was found to be 0.46 + 0.04 mA cm™ in 0.5 M perchloric acid and 0.06 +
0.005mA cm> 0.5 M sulphuric acid (Aldrich, 99.999%). The surface area was estimated from cyclic
voltammetry measurements, where the upper potential limit was 1.63 V vs. RHE and the scan rate 100
mV s”. The charge transferred during gold oxide reduction was then determined by integration and to
determine the charge was subsequently divided by 400 uC cm™ for normalisation (compare experimental

section).
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electrodes of gold nanoparticles supported on amorphous carbon (arc-sputtering system)
on glassy carbon discs. The coverages were 0.13 nm, 0.78 nm and 2.33 nm. At all three
samples, oxygen reduction is observed as an irreversible peak/wave in the potential
range 0.4 V — - 0.2 V. The limiting currents were found to decrease, the response
becomes less steep, and shifted negative as the gold loading was decreased, i.e. the
overpotential for O; reduction increases with diminishing gold loading. In the positive
going cycle hydrogen peroxide formed during the oxygen reduction is oxidised in the
potential range 0.85 to the upper potential limit during the cyclic voltammetry (here
1.63 V and 1.7 V). In this potential range a peak was observed typical for a diffusion
controlled electrode process. At potentials higher ~ 1.25 V gold oxide formation has to
be expected (refer to chapter 5 gold oxide electrochemistry) and the CV showed that the
currents recorded did not decay as expected for a change of diffusion profile after
passing the peak maximum by the increase of the diffusion layer thickness, suggesting a
convoluted peak ascribed to the gold oxide formation. In addition, the peak at ~ 1.16 V
on the negative going scan is characteristic of the reduction of the oxygen covered

surface back to gold.

Figure 6.4 (b) shows an equivalent experiment on carbon supported gold nanoparticles
prepared by the wedge shutter method across an array electrode. The main diagonal of
the electrodes is shown. This presentation clearly presents the great advantage of the
combinatorial approach. All electrodes have exactly the same conditions such as scan
rate, potential limits, mass transport and temperature. The nominal thicknesses of gold
as determined by calibration samples were of 0.21, 0.39, 0.56, 0.74, 0.92, 1.09, 1.27 and
1.44 nm. The features were the same as discussed above for the disc samples (see
Figure 6.4 (a)). For comparison Figure 6.4 (c) presents a CV on a bulk gold disc using
the same conditions. The charge ratio transferred during ORR and H,O, oxidation was
found to be within experimental errors the same on bulk gold and carbon supported gold
(Figure 6.4 (d), primary y-axis). With decreasing particle size the potential of the H,O,
oxidation peak maximum shifted positive, i.e. the overpotential increased (Figure 6.4
(d), secondary y-axis). Respectively the peak maximum during oxygen reduction did

move negative with decreasing particle size (see Figure 6.4 (b)).
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Figure 6.4. Cyclic voltammograms of carbon supported gold particles in O, saturated 0.5 M HCIO,. (a)
Glassy carbon disc samples (nominal thicknesses 2.33 nm, 0.78nm and 0.13 nm). (b) Selected electrodes
in an array electrode (nominal thicknesses 1.44 nm, 1.27 nm, 1.09 nm, 0.92 nm, 0.74 nm, 0.56 nm, 0.39
nm and 0.21 nm). (c) bulk gold disc (d) primary axis oxygen reduction to hydrogen peroxide oxidation
charge ratio of the voltammograms in(b) and on the secondary axis the peak potentials E,,A of the
hydrogen peroxide oxidation. Also shown as dotted lines are the according values for the bulk gold
voltammogram in (c). The Potential scan rate was v = 100 mV s”. The responses shown are the second

cycles. The temperature was thermostated to 298 K (a) and (c) and room temperature (d).

The oxygen reduction/hydrogen peroxide oxidation became more irreversible. At higher
coverages, i.e. bigger particles, the peak potential converged close to bulk gold like
behaviour. Moreover, the steady state voltammetry showed bulk gold like behaviour
(Figure 6.5) with a Tafel slope at 900 rpm of 112 mV dec™ close to the 115 mV dec’
observed on bulk gold.
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Figure 6.5. Carbon supported gold nanoparticles (d ~ 7 nm) (a) Steady state polarisation curves
(negative scan) under an oxygen atmosphere in 0.5 M HCIO, at a scan rate of v= 20 mV s and a
temperature of 298 K. The rotation rates are 400, 900, 1600 and 2500 rpm. The inset presents the)
Koutecky-Levich plot at the potentials -0.05 (IL), 0.1, 0.2, 0.3 and 0.35 V. (b) mass transport corrected
Tafel plot (limiting current assumed to be -0.05 V) of the negative going potential sweep at 900 rpm.

For quantitative definition of the effect of the particle size upon the oxygen reduction

reaction chronoamperometric measurements have been taken. Surface area corrected

current densities enabled quantitative analysis. In these experiments the potential was
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stepped from an initial potential, where no reaction occurs (0.8 V) to oxygen reducing
potentials (0.5, 0.4 and 0.3 V). The electrode potential was held constant for a period of
90 seconds at reducing potentials and 45 seconds at the initial potentials. In the
experimental section (Figure 2.15), a set of one array electrode step experiment on all
100 electrodes was shown. For a more detailed presentation one electrode out of an
array of electrodes of carbon supported gold nanoparticles is shown in Figure 6.6. At
0.3 V, there is a small initial decay in current perhaps due to some influence of non-
steady state diffusion. The figure also confirms that when the direction of the potential
steps is reversed, the same constant currents are obtained at both 0.4 V and 0.5 V. The
data at 0.5 V was not further analysed because of the small magnitudes of the currents
compared to the noise and the currents at 0.4 V and 0.3 V were used as a measure of

oxygen reduction activity.
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Figure 6.6. Enlarged presentation of the current vs. time responses to a potential step sequence, 0.80 V
= 050V—> 040V—> 030V - 040V—> 050V — 080V, in O, saturated 0.5 M HCIO,; at an

electrode in a 10 x 10 array with nominal gold thickness of ~ 1.65 nm on carbon.

Every experiment on the array electrode produced a complete data set of measurements
at one hundred electrodes of the type presented in Figure 6.6. For analysis an in house
written Matlab® program was used. The software allowed analysis of the potential step
experiments in the following way. The baseline was set to the current at 0.8 V and
outputted the average of a time interval at each step (in here the average of the last 10
seconds of each step was used). Figure 6.7 shows the current densities normalised for

the geometric surface area of carbon supported gold particles at 0.4 and 03 V
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depending on the particle sizes. Evidently the current density (geo) increased with

increasing particle size. This statement is not valid, however, as the coverage increased

and the surface area also increased.
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Figure 6.7. Oxygen reduction activities obtained from potential step experiments at 0.4 (a) and 0.3 V (b).

The x error bars indicate the standard deviation of the particle size distribution and the y error was the

standard deviation of the main diagonal (n=10) of the array of electrodes.

For more quantitative analysis mass normalisations and real surface area corrections of
the current densities are common. Figure 6.8 shows three different ways of correcting

the geometric current densities at 0.4 and 0.3 V: Mass activity j», electrochemical

surface area normalised specific activity j4 (ec) and TEM surface area normalised

specific activity j4 (TEM).
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Figure 6.8. Analysis of ORR on carbon supported gold nanoparticle. (a) Mass activity at 0.4 and (b) 0.3
V. (c) electrochemical surface area corrected “specific activities at 0.4 and (d) 0.3V. (e) TEM determined
surface area corrected “specific activities” at 0.4 and (f) 0.3 V. The error bars along the particle size
axis indicate the range of particle size (in fact, the standard deviation of the particle size) observed by
TEM. The error bars on the specific activity axis reflect the standard deviation of the currents measured

at the 10 electrodes on the array with a mean particle size.
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The mass activity was calculated from the volume of an equivalent thin gold film on the
electrode area multiplied by the density of gold. The error bars indicate (i) the standard
deviation of the particle size distribution resulting from each deposition and (ii) the
variation in the currents at the arrays as estimated from the standard deviation of the

currents across the row of electrodes with the same particle size.

Evidently the mass activity was a function of particle size as can be seen in Figure 6.8
(a) and (b). The data has a peak shape with a maximum of 27.1 A g' at particle
diameters 3.6 nm at 0.4 V. At higher overpotentials (step potential 0.3 V) the peak
seems to be at slightly bigger particle diameters ~ 4 nm and a maximum mass activity of
62.9 A g was observed. The activity showed a steep drop at smaller particle sizes,
being only ~ 13 % (0.4 V) or ~ 23 % (0.3 V) of the maximum activity at a particle size
of 2.7 nm. At bigger particle sizes, the mass activity decays as a smaller % of Au atoms
are exposed to electrolyte. This effect was more pronounced at 0.3 V, where as seen in
Figure 6.6 by the decay of current with time the mass transport gains influence on the
current. The steep decay of mass activity at smaller particles indicates a structure

sensitive reaction.

Figure 6.8 (c) and (d) show the particle size dependent “specific activity”, where the
current density was corrected for the electrochemical determined surface area as
described in the experimental section. At 0.4 V the specific activity remained constant
in a range of particle sizes with a diameter of ~ 4 — 10 nm. At particle sizes below a
critical diameter of ~ 3.1 nm a steep decrease in activity was observed. The same trends
where observed at 0.3 V, where the kinetic currents are influenced by the mass transport
effects as evident by slightly less deactivation. The steep decay of activity lies at a

particle size between 3.1 and 4 nm.

Figure 6.8 (e) and (f) shows the particle size dependent “specific activity”, where the
current density was corrected for the surface area determined by TEM assuming
hemispherical particles as described in the experimental section. The trends are
qualitatively the same as for the electrochemically determined surface area. The steep
decay in specific activity started in this characterisation method at particle sizes of

~4nm (0.4 V) or 3.6 nm (0.3 V). In the gold oxide section (Chapter 5) the surface area
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determined by the two characterisation methods (TEM and EC) was compared and it
was found that they differed for the hemispherical particle assumption. Therefore the
specific activities as determined by TEM are about 20 % higher at the maximum

activity than for the electrochemically corrected specific activities.

6.1.3 ORR on TiO, supported gold nanoparticles

Figure 6.9 shows expansions of cyclic voltammograms for an O, saturated 0.5 M
HCIO,4 recorded at three eleétrodes in an array of Au/TiOy electrodes, as well as on
three disc electrodes. The scan rate was 50 mV s™ at the array electrode and 100 mV s™
at the disc electrodes. The three voltammograms in Figure 6.9 (a) and (b) correspond to
surfaces with different nominal thicknesses of gold as indicated in the legend,
corresponding to similar particle sizes on the array as well as on the disc electrodes. At
all three surfaces, oxygen reduction is observed as an irreversible peak/wave in the
- potential range 0.4 V — 0.0 V. The limiting currents are very similar (as expected for a
diffusion controlled process) but the reduction of oxygen clearly shifts to a more
negative potential as the gold loading, hence the particle size decreased, i.e. the
overpotential for O, reduction increases with diminishing gold loading and particle size.
With the highest loading of gold (particle sizes ~ 4.6 (array) or 5.2 (disc) nm), the
features on the voltammogram are similar to those at a bulk gold electrode; the positive
scan showed a peak with an peak potential at the current maximum of approx. ~ 1.2 V
for the oxidation of the hydrogen peroxide formed during the reduction of oxygen. At
more positive potentials, charge for the oxidation of the gold surface was observed. In
addition, the peak at 1.18 V on the negative going scan at the array electrode was
characteristic of the reduction of the oxygen covered surface back to gold. The gold
oxide reduction peak at the disc with the same coverage showed a slightly more
negative shifted peak (1.12 V). Also the sizes were smaller than on the array. It must be
noted, that on titania supported samples the behaviour of the gold oxide was very
sensitive to electrochemical modification and any slight differences in the pre-treatment

lead to significantly different responses (see chapter on gold oxide).

At the lower loading Au surfaces, the responses at more positive potentials are more
surprising. Firstly, the anodic current for the oxidation of hydrogen peroxide is much

diminished. This is partly because less hydrogen peroxide is formed in the experiment
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but more importantly the oxidation appears to become more irreversible on the lower

loading of gold. Secondly, the oxidation of the gold surface appears to become more

irreversible.
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Figure 6.9. Cyclic voltammogran;s of TiO, supported gold particles (a) array electrodes (nominal
thicknesses 2.0 nm, 0.82 nm and 0.24 nm 2 respectively particle sizes of 4.6, 2.5 and 1.5 nm). Potential
scan rate 50 mV s (b) (nominal thicknesses 2.33 nm, 078 nm and 0.13 nm = respectively particle sizes
5.2, 2.4 and 1.4 nm). Potential scan ratev = 100 mV s™'. All measurements were taken in O, saturated 0.5
M HCIO,. The third cycle were shown

Oxygen reduction was examined as a function of gold centre size using rotating disc
voltammetry. Figure 6.10 (a) reports a set of steady state voltammograms as a function
of rotation rate for a Ti/TiOx/Au disc (mean Au centre diameter is 1.7 nm) in O,
saturated 0.5 M perchloric acid. Each voltammogram has a well formed wave for the
reduction of oxygen with E;, close to 0.2 V and a mass transport controlled plateau
negative to 0 V. This is close to the response at a massive gold electrode although the
waves are slightly shifted towards more negative potentials. The inset shows Koutecky-
Levich plots at a series of potentials confirming by their linear behaviour model system
like behaviour. Figure 6.10 (b) showed the Tafel plot at 900 rpm. The slope was found
to be close to the theoretical slope of 118 mV per dec” (o = 0.5) for a one electron rate
determined reaction with 117 mV dec’. Voltammograms were also recorded in O,
saturated 0.5 M HCIO, solution for eight further Ti rotating disc electrodes with TiOx
substrate layers but gold deposits with different nominal thicknesses ranging from 0.13
nm to 3.1 nm or particle sizes varying between 1.4 and ~ 6.6 nm. It must be noted that
at the biggest particle size of 6.6 nm the particles start to coalesce. Figure 6.11 reports
voltammograms obtained at 900 rpm for five selected coverages with nominal gold
thicknesses (and particle diameters d) of 0.13 nm (d ~ 1.4 nm), 0.78 nm (d ~ 2.4), 1.17
nm (d ~ 3.1), 1.56 nm (d ~ 3.8 nm) and 1.95 nm (d ~ 4.5 nm). It can be seen that the

132



Electrochemistry of the oxygen reduction reaction on supported gold particles

limiting current density for oxygen reduction (based on the geometric area) is
independent of the amount of gold on the surface. Also, with the thicker deposits
(nominal thicknesses 1.17 — 1.95 nm), the response is very similar but with the thinner
gold deposits, the reduction wave shifts to significantly more negative potentials. The
kinetic currents at 0.4 V and 0.3 V as determined by Koutecky-Levich correction (refer
to experimental section) were again taken as a measure of activity of the surfaces for
oxygen reduction. In addition, the kinetic currents as a function of potential were used
to construct Tafel plots. At all surfaces studied, the log ji vs. E plots were linear with a
slope of (120 + 12 mV)™ and this is the Tafel slope reported for other gold surfaces in
the literature [205, 232]. This confirms that the mechanism for oxygen reduction at the
small gold centres was the same as at bulk gold and that the reaction is initiated by the

transfer of a single electron.
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Figure 6.10. Steady state polarizations (a) for oxygen reduction on gold particles (nominal thickness 0.4
nm) supported on a thin film (66 nm) of TiO, (deposited on a titanium disk electrode). The insert shows
the Koutecky-Levich Plot for the potentials -0.05 (assumed limiting current density), 0.30, 0.35 and 0.40
V. All measurements have been made in oxygen saturated 0.5 M HCIO, at a temperature of 298 K.(b)
Mass transport corrected Tafel plot (limiting current assumed to be -0.05 V) of the negative going

potential sweep at 900 rpm.
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Figure 6.11. Polarization measurement (v = 20 mV's”) for oxygen reduction on Aw'TiO, RDE electrodes
with different gold coverages, nominal thicknesses shown in the figure legend. TiO, film thickness 66 nm.
Rotation rate 900 rpm. O, saturated 0.5 M HCIO,. Temperature of 298 K.

The most appropriate measure of catalytic activity is the current density based on the
exposed gold/electrolyte interface. In order to interpret the data in terms of the mean
diameters of the gold centres and real surface area, it is necessary to characterise the
surface structure. The characterization of the gold deposits for such an analysis was
achieved by TEM and is reported in more detail in the sample characterisation section.
For TiOx supported gold particles solely the surface area correction from TEM data was
undertaken, because as discussed in the previous chapter the gold oxide
formation/reduction behaviour, did not allow one to estimate the electrochemical
surface area for small particle sizes. The following Figure 6.12 (a) shows the kinetic
mass activity'® ji» for the eight different coverages at a potential of 0.4 V. The mass
activity was found to be maximal at a particle size of ~ 3.1 nm. At particle sizes bigger

and smaller ji,, decayed. The surface area (TEM) corrected specific kinetically

' Kinetic correction using the Koutecky-Levich equation: — = — + —, (compare experimental
J e UL

section)
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corrected activity ji4 15 shown in Figure 6.12 (b). Again the maximal activity was
observed at ~ 3.1 nm particle diameter, steeply decreasing at smaller particle sizes. At

bigger particles (> 3nm) a slight decrease was observed.
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Figure 6.12. Kinetically (Koutecky-Levich equation) corrected mass activity at rotating disc electrodes
Jem (@) and kinetic specific activity ji4 (b) for the negative scan direction in oxygen saturated 0.5 M
HCIO,. The x- error bar is the standard deviation of the particle size distribution and the y error bar the
standard deviation of three measurements at the same coverage.

The activity for oxygen reduction was also assessed quantitatively using the potential
step technique as described above for carbon supported gold. Figure 6.13 shows one
electrode out of an array of electrodes at a similar coverage of gold as the carbon
supported sample in Figure 6.6. The current time response had a similar appearance to

that at the carbon electrode.

3t rw

Current ] yA
N

— Au/TiOx 1.62nm

5 1 1 1 . . 1 L
0 100 200 300 400 500 600 700

timet/s.

Figure 6.13. Enlarged presentation of the current vs. time responses fo a potential step sequence, 0.80 V
= 050V—> 040V—> 030V - 040V—> 050V — 0.80 7V, in O, saturated 0.5 M HCIO, at
electrodes in a 10 x 10 array with nominal gold thickness of ~ 1.62 nm (particle size d ~ 3.9 nm) of Au on
TiO,
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Figure 6.14 presents the data from a 10 x 10 Au/TiOy array as contour plots. Figure
6.14 (a) shows the amount of gold deposited over an array of Au/C at the same wedge
shutter position as for the titania supported array as estimated by EDS; the decrease in
gold from the top left to the bottom right is clearly seen while perpendicular to the
arrow the reiative uniformity is apparent. Figure 6.14 (b) reports the specific activity
for oxygen reduction (from chronoamperometric measurements), in fact the current
densities for oxygen reduction at 0.30 V (based on the geometric surface area of the
electrode), again as a contour plot. The correlation between the two figures is clear and
it can again be seen that the oxygen reduction rate drops off with the amount of gold on

the TiOy support.
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Figure 6.14. Comparison of (a) the amount of gold as determined by EDS (arbitrary units) in calibration
and (b) the oxygen reduction current density (A cm™) (based on geometric area) at 0.3 V. 10 x 10 titania
array. The nominal gold thicknesses ranged from 0.6 nm to 0.07 nm. The crosses indicate electrodes
where electrical contact has been broken.

Again the current responses at 0.4 and 0.3 V during chronoamperometry (Figure 6.13)
have been used for the quantitative analysis (geometric current densities as presented in
Figure 6.14 divided by the “real” surface area) of the activity. Figure 6.15 therefore
summarises the data from the array electrode experiments for the activity of the surfaces
(TiO4/Au) for oxygen reduction as a function of the mean particle diameter. Figure 6.15
(a) and (b) show the mass activity at 0.4 and 0.3 V and (c) and (d) the specific activity
based on the total real area of gold exposed to the solution as calculated from the
number density and mean diameter of the gold particles as described in the sample
characterisation chapter for the potentials 0.4 V and 0.3 V respectively. Again in the
mass activity a maximum was observed at ~ 3nm particle size at 0.4 V and at a higher

overpotential at ~ 2.5 nm particle size at 0.3 V. The mass activity decreased at higher
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dispersion smaller particles as on the disc electrode. At bigger particles again a decrease
was observed (Figure 6.15 (a) and (b)). The specific activity reached a maximum at ~ 3

— 3.5 nm particle diameter. At smaller particles a dramatic decrease in activity was

observed.
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Figure 6.15. The mass oxygen reduction activity of TiO, supported gold particles at (a) 0.40 V and (b)
0.30 V vs. RHE. (c) Specific activity (TEM corrected) at 0.4V and (d) at 0.3 V. The error bars along the
particle size axis indicate the range of particle size (in fact, the standard deviation of the particle size)
observed by TEM. The error bars on the specific activity axis reflect the standard deviation of the
currents measured at the 10 electrodes on the array with a mean particle size.

The trends identified from the array and the rotating disc electrode experiments are
identical. At both potentials, the dramatic conclusion is the loss of activity for oxygen
reduction (as measured at the constant potentials) for gold centres smaller than 2 nm. In

addition, the plot shows a maximum in activity at a mean diameter of 3 nm.
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6.2 Conclusions

The combinatorial approach to the study of particle size effects in
catalysis/electrocatalysis was successfully applied to characterise the reduction of
oxygen of dispersed gold on titania and carbon. Trends in the activity vs. particle size
could be identified and data from the array and the disc electrodes on titania supported
samples are identical. It was found that particles of gold with diameters below 2.5 - 3.0
nm are less active for oxygen reduction, independent of the supporting material. In both
cases a steep deactivation of the ORR was observed. For commercial application the
mass activity is an important measure. The presented technique allowed identification of
mass normalised catalyst activity trends. For a structure sensitive reaction, an optimum
dispersion of the catalyst might be desired to avoid an economic penalty in using more
precious metal. In here a maximum of the oxygen reduction to hydrogen peroxide at
particle sizes around 3 nm was found on titania supported samples and at 4 nm on

carbon supported gold particles.

The electrochemical reduction of oxygen was found to be support independent and to
undergo mainly a two electron reduction to hydrogen peroxide. At higher overpotentials
a further reduction of a small fraction of the hydrogen peroxide seems to undergo
further reduction to water as identified by a non zero intercept of the Levich plot and the
number of electrons n (as determined by the slope of the Levich plot) being always

slightly higher than two with 2.3.
The mechanism of the ORR on titania supported samples seems to be support and

particle size independent, as the Tafel slope was always within experimental errors

similar to the one found on bulk gold.
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7 Electrochemical oxidation of carbon monoxide on gold

7.1 Introduction

In this chapter, the electrocatalytic oxidation of CO on polycrystalline and both carbon
and sub-stoichiometric titanium dioxide (TiOy) supported gold nanoparticles will be

discussed.

7.2 Results and Discussion

7.2.1 CO oxidation on polycrystalline gold

Figure 7.1 shows a set of rotating disc electrode measurements at a slow scan rate v =
20 mV s? (to ensure steady state polarisation) at rotation rates of 400, 900, 1600 and
2500 rpm on a polycrystalline gold electrode (in the following called bulk gold). The
measurement was carried out in CO saturated 0.5 M HCI1O4 at a temperature of 298 K.
The positive and negative scans are marked by an arrow in the figure. During the
positive sweep, the current density associated with CO oxidation rises rapidly in the foot
of the wave at around 0.5 V. The Tafel plot (kinetic current versus potential) in Figure
7.1 (b) was linear for this initial rise with a slope of 118-150 mV dec™ (900 rpm) in the
range of 0.5 to 0.7 V which was close to the theoretical value of 118 mV dec” (T =
298K and a = 0.5) for an electron transfer reaction, where one electron is transferred in
the rate determining step. In the potential range of 0.7 and 1.0 V a mixed mass transport
and kinetically controlled region was evident. Subsequently between 1 and 1.35 V a
well defined mass transport controlled limited plateau was evident. At ca. 1.35 V a steep
decay of the current is observed and is result of the formation of non-reactive gold oxide
overlayer, as suggested by Blizanac et. al. [141], and which is completed at ~ 1.6 V. The
overlaid cyclic voltammogram in Figure 7.1 (a) confirmed that the observed current at

potentials higher than 1.6 V, may be mainly attributed to further oxidation of the gold.
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Figure 7.1: (a) Steady state polarisation for the carbon monoxide oxidation on a polycrystalline gold
electrode. The insert shows the Levich plot at 1.2V for the anodic sweep. The measurement was taken at
v=20mVs” in CO saturated 0.5 M HCIO,. The dashed voltammogram shown is a base voltammogram
of the same electrode in an Argon deaerated electrolyte under identical conditions at a stationary
electrode. (b) Mass transfer corrected (limiting current density at 1.2 V') Tafel presentation of the
positive scan at 900 rpm. Dashed red line is the Tafel fit with a slope of 118 mV dec’.
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During the negative going scan reactivation at all rotation rates occurred at an onset
potential of ~ 1.3 V. This corresponded to a potential at which only a very small area of
the clean gold has been reformed, since the oxide reduction has only just started at this
potential. For comparison during a CV in argon purged solution, only ~1.3 % of the
AuO reduction charge was transferred. At a potential where the oxidation was
reactivated to almost full activity (potential on the steep increase on the negative going
scan) the potential is still positive to the AuO reduction peak and only 2.1 % of the
charge, associated with the surface reduction as disclosed again from the CV in argon
purged solution at the same scan rate, was found to be transferred. The described
reactivations at small areas of gold being reduced to neutral gold suggest that very few
gold sites are required, to oxidise CO efficiently at high over-potentials. The
deactivation on the positive going sweep of the CO oxidation at potentials more positive
than 1.6 V suggests that the surface is already fully covered with a gold oxide layer.
Clearly, surfaces with only a small fraction uncovered by oxide are very active for CO

oxidation.

A Levich analysis at 1.2 V is shown in the insert of Figure 7.1(a) and, is fitted using a
linear regression with an intercept very close to zero, suggesting full mass transport
limitation of the current density. The slope is 0.178 mA cm” 5™/ which was the same as
- that observed experimentally for single crystal gold electrodes [141]. This value agreed
within experimental errors to a two electron process, when the slope was expected to be
0.174 mA cm? s using the parameters of the solubility of CO in water as ¢’ ~ 0.99
10 mol cm™ [341], the diffusion coefficient D ~ 1.8 -10° c¢m® s? [141], and the
kinematic viscosity was estimated to be close to v ~ 0.01 cm® s™ (0.5 M HCIO, at T =

298 K).

7.2.2 CO oxidation on carbon supported gold nanoparticles

Figure 7.2 shows the cyclic voltammograms measured at four carbon supported Au
samples from two 10 x 10 arrays. The measurements have been carried out in CO
saturated (red curves) and argon purged (blue curves) 0.5 M HClOs electrolyte. The
four voltammograms correspond to surfaces with different nominal thicknesses of gold,

these correspond to mean particle sizes of 2.7, 3.3, 4 and 7.5 nm.
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Figure 7.2. Third cycle of a cyclic voltammetry measurement at an array of carbon supported gold
electrodes (particles sizes 2.7 (a), 3.3 (b), 4 (c¢) and 7.5 (d) nm) in CO saturated (red curves) and Argon

purged (blue curves) electrolyte (0.5 M HCIO,). The measurement was taken at room temperature at a

scan rate of v=50mV s,

The argon purged voltammograms were included to show the gold surface redox
behaviour, and to give an indication of the real surface area. For further discussion of
the gold oxide behaviour the reader is referred to Chapter 5. Especially at the larger Au
particles, the voltammogram has many of the characteristics of that for bulk Au; with
decreasing size some further changes are seen. The onset of the oxidation wave
occurred at 0.6 V (d) to 0.8 V (a) at a significant overpotential compared to the standard
potential of the CO oxidation to CO; of ~- 0.124 V in 0.5 M acid at 298 K calculated
using, the standard potential of - 0.106 V under standard conditions [245]. The onset of
the oxidation wave was a function of particle size, i.e. the smaller the particles the
greater the overpotential of CO oxidation. The onset for the CO oxidation on model
single crystal surfaces has been reported to be in the range of 0.2 to 0.45 V vs. RHE in
0.1 M HCIO,4 [141].
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The CO oxidation wave in the voltammograms of all four particle sizes had common
features: an initial region of kinetic control, followed by a mixed kinetic and mass
transport controlled region can be observed analogous to the RDE experiment on bulk
gold. The CO oxidation peak position was strongly dependent on the particle size and/or
surface area (this will be discussed in the following section) leading to a peak potential
shift from ~ 0.97 V at the biggest particles of 7.5 nm mean diameter to ca. 1.3 V on the
smallest mean particle size of 2.7 nm. The maximum peak currents for the particle sizes
of 7.5, 4.0 and 3.3 nm were similar to those expected for diffusion controlled reactions.
For the smallest particle size (2.7 nm) the maximum peak current was ~25% lower. The
reason for this could be that the reaction did not reach full diffusion control and was
therefore suppressed by the competing formation of gold oxide The peak potential
(potential at current maximum) was observed to fall ~ 50 mV anodic to the onset of

gold oxide formation at 1.25 V.

At the bigger particle sizes (e.g. 7.5 and 4 nm) a second péak was observed at around
1.4 V, associated with the charge transferred for the AuO formation (compare argon
CV’s). This peak decreased as the gold surface area decreased at particle sizes below 4
nm and was only visible as a shoulder at particle sizes around 3.3 nm. At even smaller
particle sizes (2.7 nm) the CO oxidation peak and the gold oxide formation peak

merged.

Overlay of the CV’s obtained in CO saturated solution for various Au particle sizes is
shown in Figure 7.3 and reveals a particle size dependent deactivation/reactivation
associated with the surface redox behaviour. The larger the particle size the later the CO
oxidation is deactivated by the gold oxide formation. The reactivation on the negative

sweep occurs at higher positive potentials for larger particles.

Overall, it appears that the overpotential for CO oxidation increases as the Au particles
decrease in size. This is a major shift as with the smallest particles, mass transport
control is not reached before AuO is formed. It is also surprising since at bulk Au, only
a small fraction of Au surface is needed to give a high rate of CO oxidation. This may

indicate a change in the electronic properties with size of the Au centre and/or reduced
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CO,4 mobility on smaller particles as was suggested electrochemical CO oxidation on

platinum nanoparticles (assumption of L-H like mechanism).
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Figure 7.3. Third cycle of a cyclic voltammetry measurement at an array of carbon supported gold

electrodes (particles sizes 2.7, 3.3, 4 ‘and 7.5 nm) in CO saturated electrolyte (0.5 M HCIO,). The

measurement were taken at room temperature at a scan rate of v=50 mVs™.

Figure 7.4 shows the first two cycles for a particle size of 3.3 nm. The electrolyte was
saturated with CO over a period of 15 minutes, whilst the potential was held at ~ 0.7 V
where CO oxidation occurs at a slow rate. The first positive scan showed a significant
shift towards higher potentials and had a similar shape to the subsequent cycles for the
smallest particle size of 2.7 nm. All the investigated particle sizes showed activation
from the first to subsequent cycles. However, the activation was far less pronounced at

larger particle sizes.
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Figure 7.4. First (black curve) and second (red curve) cycle of an electrode with an average particle size
of 3.3 nm.

The activity for CO oxidation was assessed quantitatively using a Tafel analysis and the
activities at 0.8 V were compared. At lower coverage this required extrapolation of the
Tafel plot from the active region (data points) to the potential of 0.8 V (see Figure 7.5).
A potential of 0.8 V was chosen to minimise the distance of extrapolation/interpolation
for the different Au coverage. In Figure 7.5, the Tafel presentation at three electrodes
for arrays of Au/C is presented. For the determination of the Tafel slope the kinetically
controlled region (approximately a range of 200 mV) at the lower part of the
voltammogram was used for the regression. In the figure the slopes for the Tafel plots of
the particle sizes 3 and 7.5 nm appear to have a similar slope (199 and 191 mV dec™),

whereas the slope of the smallest particle size 2.7 nm deviates slightly (223 mV dec™).

a T ' T 7 T T
N% 100 F /I( EJ‘A 1
E | ]
G e

g Ay 7 _
E ".(' | 7

'@ z ; 1
'§ .} .ZAT J-'h e 7.5nm)|]
13 /' | A 3nm

g # | / = 27nm
a 1 lt I | I / 1 1 1

0.6 0.7 0.8 0.9 1.0 1.1

Evs. RHE IV

Figure 7.5. Tafel presentation of three selected Array electrodes (particle size 2.7, 3 and 7.5 nm).
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To ease comparison of the kinetics of the CO oxidation, the current density at a constant
potential had to be corrected for the influence of the surface area. For this, and
analogous to the investigation on oxygen reduction in Chapter 6, the apparent currents
were corrected for the estimated “real” surface area, i.e. for the catalytic sites exposed to
the electrolyte. The real surface areas have been estimated both from the TEM images,
using the particle diameter and the number count for hemispherical shape of the particle,
or from the electrochemical response in the AuO reduction reaction in the Argon purged
solution voltammogram measured, with an upper limit of 1.63 V. The data corrected for
this surface area, and the results are presented in Figure 7.6 (b). The error bars are
expressed as the error of an indirect measurement result, where the error of the currents
and surface area are estimated from the standard deviation at the main diagonal of the

same particle size. The error is than calculated using the Gaussian law of error

propagation by:
. . 2 2
A..]real — |A]82" + ‘Af‘ , (7.1)
.]real | jgeg | A |

Where Aj,.q is the standard deviation of the specific activity, ;real the average of the
specific activity, Ajgeo is the standard deviation of the geometric current density, ;geo

the average of the current density, AA the standard deviation of the surface area and A
the average electrochemical surface area (all standard deviation values are estimated at
the main diagonal). The error for the TEM was for simplification assumed to be the

same as for the electrochemical measurement.

Independent of the surface area determination, there appeared to be a “particle size
effect” in the catalysis of CO oxidation similar to that observed for oxygen reduction. If
the particle size decreased below a particle size of 3 nm a steep cut off in activity was
observable. The two different surface area analysis methods showed some difference
regarding the profile and quantitative values. Firstly use of the TEM surface area (as
determined by the TEM model specimen) led to a slightly steeper increase of specific
activity between the particles sizes of 3 to 10.1 nm, if compared to the electrochemical
surface area correction. This effect was explained in chapter 5 and was probably due to
the underestimation of the TEM surface area for larger particles, which are likely to

agglomerate and, therefore, have a higher surface area because of an intrinsic roughness
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effect. Secondly the higher quantitative values of the specific activity obtained by TEM
correction are likely to occur due to the uncertainty of the positive limit during potential

cycling, which will give a monolayer of gold oxide.

Irrespective of this slight difference, there seemed to be a further activation of the
reaction, when the particle size is further increased in the range of 3 to 10.1 nm. This
further increase would agree with the higher activity found on a bulk gold disc electrode
in an identical investigation, where the specific activity at 0.8 V was found to be

~ 250 pA cm? (EC).
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Figure 7.6. Particle size dependent specific activity for the CO oxidation at gold nanoparticles supported
on carbon. (a) Real surface area corrected currents at 0.8 V using TEM determined surface areas. (b)

Currents corrected using electrochemically determined surface area.

Further evidence for this almost linear increase in activity was evident from the mass
activity plot shown in Figure 7.7 (a). Except for the characteristic decrease in activity
below 3nm, the mass activity remained relatively stable and only decreased to ~ 72 % of

the original value.

For a specific activity that remained at unity, i.e. was structure insensitive, a decrease as
estimated from a plot of the ratio of the surface area to mass vs. the mean particle
diameter would be expected with a decrease to 48 % of the maximum for a particle size
of ~ 3 nm, expected for the largest particle of 10.1 nm. The shape of this plot in Figure

7.7 (b) is a function of mainly three parameters the dispersion of the metal (i.e.
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particle/number density), particle shape (intrinsic “roughness”) and particle diameter.
As evident from this plot the activity in the range of 3 - 10 nm still increased and did not

reach bulk gold specific activity.
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Figure 7.7. (a) Mass activity plot for the CO oxidation at 0.8 V at carbon supported gold electrodes. (b)

Ratio of the (electrochemically determined) surface area and mass of gold vs. the mean particle diameter.

In the Tafel presentation of the voltammograms of Figure 7.5, an increase of the slope
for particles of 2.7 nm was observable. Figure 7.8 summarises the average particle size
dependent Tafel slopes during cyclic voltammetry with a scan rate of v =50 mV s? for
two array electrodes. Within experimental errors the Tafel slope was found to be

constant over the particle size range of 2.6 — 10.1 nm with 207 £ 9.6 mV dec™.
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Figure 7.8. Tafel slopes at cyclic voltammograms (v = 50 mV s™) with varying particle sizes. Error bars
indicate the standard deviation of the main diagonal and the error was calculated to be ~ 6 - 7 %

(depending on the array).

7.2.3 CO oxidation on sub-stoichiometric titanium dioxide supported

gold nanoparticles

7.2.3.1 CO oxidation on RDE disc electrodes

In the red and blue curves in Figure 7.9 (a), the oxidation of CO was investigated in
0.5 M HCIOy at gold nanoparticles with an average particle size of 2.8 nm, supported on
sub-stoichiometric titanium dioxide. Also shown in the figure is the i-E response for CO
oxidation on bulk gold electrode (turquoise) for comparison. The estimated surface area
by TEM of the Au/TiOx electrode was ~ 0.4 cm?, and the electrochemically determined
surface area of the bulk gold disc was found to be ~ 3 cm® The direct comparison of
these electrodes, even though the surface area was significantly larger on the
polycrystalline gold, showed that the titania supported gold particles were more active
at lower overpotentials. As the overpotential increased a cross over in activity occurred
at around 0.625 V. In the literature the onset potential of CO oxidation on single crystals
was reported to occur at values as low as ~ 0.2 (face 110) and ~ 0.45 (face 111) Vs rux
in acidic solution but only with very low current densities. This was confirmed by an
observable CO, band in the infrared spectra and a Faradaic current during CO electro-

oxidation [141]. A close inspection of the Tafel-like presentation of the titania
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supported gold particle electrochemistry in Figure 7.9 (b) indicated, that the onset
potential, if compared to a polarisation curve recorded in argon purged solution started
at potentials as low as 0.1 to 0.15 V this was 50 to 300 mV before CO electrooxidation

occurs at single crystal gold surfaces.

Another finding of Figure 7.9 (b) showed that the slope (if fitted) would not lie in the
region of the theoretical 118 mV dec” (o = 0.5). The observed slope was at 328 mV
dec” (in the range of 0.25 to 0.4 V), much higher than expected for a one electron rate

determined transfer reaction.
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Figure 7.9. (a) Polarization curves of bulk gold (turquoise curve) and fitania supported gold
nanoparticles (particle size 2.8 nm) in CO (red and light blue curve) and Argon (dark blue curve)

saturated electrolyte. (b) Tafel presentation for the titania supported sample. Steady state voltammetries

~

recorded at v=20mV s”, 400 rpm and an initial holding time at OV of 120 seconds.

After these experiments on CO oxidation, a cyclic voltammogram extended to more
positive potentials did not show any Au/AuQ features. Apparently the Au centre and/or

support were already modified.

For particles with a mean diameter of 4.4 nm, a voltammogram in CO saturated solution
was recorded afier a steady state polarisation in oxygen (rotation rate 400, 900, 1600
and 2500 rpm) saturated solution, as presented in Figure 7.10 (a). During the first
positive sweep there were two regions observable: (i) < 0.6 V, where an increase in
current was observed that was highly activated in comparison to polycrystalline (pc) or
carbon supported gold, and (ii) a region > 0.6 V (distinguishable by an inflexion point),

where the current continued to increase with potential but the value was less than pc Au,
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with a well defined peak at a potential of 1.04 V. The peak has the appearance of a
diffusion controlled peak where the rise in current with E is rather drawn out.
Interestingly the reaction was not deactivated beyond the peak if the potential reached
the value.where gold oxide formation was expected and observed. Only slight
deactivation during AuO formation was observed as indicated by subsequent minor
reactivation during the negative sweep.
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Figure 7.10. (a) Cyclic voltammogram of disc electrodes of titania supported gold nanoparticles (red
curve, d ~ 4.4 nm) and bulk gold (dashed blue curve). The scan rate was v = 100 mV s’ (b) Rotating
disc electrode measurement on the titania supported gold particles in CO saturated 0.5 M HCIO, at 298

K using a scan rate of v= 20 mV s". The rotation rate was varied as indicated in the legend.

In Figure 7.10 (b), a set of polarisation curves at different rotation rates (400, 900, 1600
and 2500 rpm) are shown. It can be seen that the limiting currents decrease with
increasing rotation rate. This behaviour is usually only seen when the electrode reaction
mechanism involves formulation of a solution free intermediate that is also a catalyst for
the reaction; rotation of the electrode is then sweeping this intermediate away from the
reaction layer. Whether diffusion controlled peak was observed in the measurement
prior to this set of measurement with forced convection (Figure 7.10 (a)), could not be
observed during the rotating disc tests. The expected mass transport limiting plateau
would be expected to be ~ 1.2 mA ecm™ (geo) at 400 rpm (see oxidation at bulk gold
beginning of this chapter). The highest current density during the scan at 400 rpm was
0.47 mA cm™, this was less than half the expected mass transport controlled faradaic
current, and in subsequent cycles at higher rotation rates the current reduced even more
dramatically. The observed deactivation during forced convection voltammetry might

not necessarily be due to the mass transport towards the electrode, but rather an effect
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due to the upper potential limit during voltammetry. It will be shown later the activity
during chronoamperometric measurements at low potential did not show dramatic
deactivation with time. A CV after the CO oxidation once again did not show the AuO
formation/reduction couple as stated previously. To exclude the possibility of loss of the
gold during this experiment a second set of steady state polarisation curves in oxygen
saturated electrolyte were measured. The measurement showed “normal” gold like
voltammetric responses with the typical ill-defined diffusion controlled plateaus at the
different rotation rates, as for pc Au during ORR. It must be noted that that the activity
at 900 rpm and 0.4 V dropped, from initial value of 218 down to 58 pA cm” (geo). It is
only speculative that this drop, to approximately a quarter of the initial activity was due
to loss of gold during cycling or if during CO oxidation reconstruction to form an inert

surface in the particle took place

The results presented above indicate, that the changes in the surface as observed from
the AuO feature in the voltammogram are associated with the interaction of the gold
particles with oxygenated species (hydroxide). Therefore, the role of hydroxide at the
surface of the' gold particles had to be further investigated. In a range of experiments,
the “re”- activation of the oxidation by holding the potential at very reducing potentials
(ie. -0.3 V vs. RHE for different times e.g. 5-30 sec.) was attempted. This was not

successful and the reaction continued to deactivate.

As might be indicated by the strong deactivation at higher rotation rates mass-transport
was believed to be a limiting parameter as a consequence of the slow supply of
hydroxide. Avramov-lvic, et al., found, for example that methanol oxidation only
occurred at very slow scan rates of 0.1 mV s™ on gold (111) in acid solutions [343]. For
these reason measurements at slow scan rates (2 mV s limit of ramp generator) were

carried out, however no reactivation and no diffusion controlled regions were observed.

7.2.3.2 CO oxidation on Array electrodes

Figure 7.11 shows the electrochemical response of four selected electrodes out of two
arrays of electrodes of TiOx supported gold particles. The gold particle size varies from
2.6 nm in (a), 3.2 nm in (b), 3.9 nm in (c) and 6.1 nm in (d) as indicated in the figure.

The red curves show the CV’s in CO saturated electrolyte and the blue curve CV’s in
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argon purged electrolyte. The electrodes have been selected to be similar in particle size
as in the above presented equivalent Figure 7.2 for carbon supported gold particles. The
green curves for the CV’s at Au/C in CO saturated electrolyte (particle sizes from (a) to
(d): 2.7, 3.3, 4.0 and 7.5 nm) have been included for direct comparison.

The argon purged CV’s (blue curves, first cycle/experiment on the array electrode) are
again included to give an indication of the relative gold coverage on titania. The unusual
behaviour of the gold oxide redox couple as discussed in Chapter 5 are again apparent
in the peak broadening of the gold oxide reduction peak even in this first cycle. The
gold oxide featufes are diminishing with consecutive electrochemical modification as
shown on the discs above (not shown for the array, but the behaviour was found to be
analogous). At the highest coverage with gold hence biggest particle size (d ~ 6.1 nm), a
well defined gold oxide formation wave (blue curve) and gold oxide reduction peak are
observable. With decreasing gold coverage/particle size the peak broadens and the

recorded faradaic current decreases (Figure 7.11 (c) to (a)).

During the cyclic voltammetric experiment in CO saturated solution the potential was
initially held at 50 mV (red curve) and then scanned positive at 50 mV s1. On the
biggest particle size of approx. 6.1 nm shown in Figure 7.11 (d) an oxidation wave was
observed with the wave onset at approximately 0.2 V and a diffusion controlled peak
current at a potential of ~ 0.92 V. At around 0.6 V a change in slope was observed. At
potentials, where the formation of gold oxide is to be expected the CO oxidation did not
deactivate as dramatically as in the case of carbon supported gold particles (green
curve) or bulk gold (see Figure 7.10). The change in slope might give indication of a

change of mechanistic for different potential regions.

On the reverse negative going scan CO is still oxidized and a small gold oxide reduction
peak was observed with a peak potential of ~ 1.19 V, at the same potential as in argon
purged solution. A similar potential was found during gold oxide reduction on carbon
supported sample and bulk gold. Most importantly, there is again no need for a
reactivation phenomenon as the CO oxidation is not stopped by the AuO formation.

At smaller particle sizes Figure 7.11 (a) to (c) the positive going scan was found to be

similar in shape. As a difference it should be pointed out, that the current peak potential
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for the mass transport limited CO wave was shifted to more positive potentials by ~ 200
mV. Surprisingly the region before the change in slope described above was steeper in
Figure 7.11 (b) and (c) for particle sizes of d ~ 3.9 and 3.2 nm. Currents at these particle
sizes are higher at lower overpotentials. This is in contrast to the significant deactivation
on the carbon supported samples as well as the potential region greater ~0.6 V where
the peak potential was shifted more positive. Again the observation suggested that there
are two processes present: at potentials below 0.6 V a mechanism which is favoured by
smaller gold particles and at potentials positive this region a more irreversible as evident

in a positive shifted peak.

On the negative going scan the gold oxide reduction peaks for smaller particles get
smaller as expected for smaller gold surface areas until they are not apparent in Figure
7.11 (a). For particle sizes below 2 nm in diameter no mass transport limited peak

during CO oxidation was observed (not shown).
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Figure 7.11. First cycle of a cyclic voltammetry measurement at an array of titania supported gold
electrodes the particles sizes was 2.62 nm ( a), 3.22 nm (b), 3.94 nm (c) and 6.1nm (d) in CO saturated
(red curves) and argon purged (blue curves) electrolyte (0.5 M HCIO,). The measurements were laken at

a temperature of 298 K and the scan rate was of v =50 my s,
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For the determination of the activity at different potentials chronoamperometry was
used, similar as discussed for the oxygen reduction. For direct comparison
chronoamperograms for an Au/Ti0O, (a) and Au/C (b) array electrode with a particle size
of 2.7 nm, are presented in Figure 7.12. The potential was held at either 0 V (Au/TiOy)
or 50 mV (Au/C) to produce a base line where no activity was expected, and then
increased in steps to 200 (titania supported sample only), 300, 350, 400, 500 and 600
mV. The potentials were held for 90 second at each step. For the Au/TiOy, an oxidation
current is clearly seen at each potential, it increases as the potentials is made more
positive and almost no deactivation is seen over 90 s in these constant potential
experiments. For the carbon supported electrodes no apparent activity was observed,

whilst the titania supported samples clearly showed activity.
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Figure 7.12. Chronoamperometry at selected array electrodes (a) TiO, supported 2.7 nm Au particles;
(b) carbon supported 2.7 nm Au particles. The potential was initially held at the first potential (0 or 0.05
V respectively) for ~ 45 seconds and then stepped, to the potentials as indicated in the figure, holding
them 90 seconds at each potential. Measurements were taken in CO saturated 0.5 M HCIO, at room

temperature (b) and 298 K (a).

The geometric current densities obtained from this measurements where corrected for

<

the mass of gold deposited and the “real” surface area as determined by the TEM.
Figure 7.13 presents trends the mass activity (a) and (b) and the specific activity (c) and
(d) at 0.3 and 0.5 V as a function of the particle sizes measured at five array electrodes.
Not included are the activities for the carbon supported samples as they were to low to

be distinguished from the noise.
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Figure 7.13. Titania supported gold particle size dependent mass activity (a and b) and specific activity
(c and d; TEM corrected) of the bulk CO oxidation in 0.5 M HCIO, at potentials of 0.3 V (a and ¢) and

0.5V (b andd).

The mass activity was found to have a maximum at a particle size of ~ 2.7 nm at both

potentials of 0.3 and 0.5 V. At particle sizes smaller 2.7 nm a steep decrease in activity

was observed, as well as for particle sizes greater 2.7 nm. The specific activity follows a

similar trend at the presented potentials, having a peak in activity at ~ 2.7 nm. Again for

particle sizes smaller than this maximum the reaction strongly deactivates as it does at

particle sizes after passing the maximum towards bigger particles. The most important

observations for the titania supported Au nanoparticles are, that they were initially

highly active for the oxidation of CO at very low overpotentials and were deactivated

with subsequent electrochemical modification in experiments where an extended

potential range was used. The entire gold particle seemed to be affected during
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deactivation, as no CO oxidation at higher potentials was observed suggesting a non

gold metal like state.

7.3 Conclusions

Gold in the polycrystalline form is a surprisingly good catalyst for the electro-oxidation
of carbon monoxide. With CO oxidation occurring well negative to AuO formation on
the other hand, in real terms the overpotential is large, > 700 mV. The results here
follows behaviour which was similar to model single crystal catalysts work elsewhere
[141, 216]. At some stage of gold oxide formation (between 1.4 and 1.6 V) a non-
reactive oxide form is formed inhibiting the CO oxidation. This is most likely attributed
to the bond strength of oxygen and was found to be reactivated during a scan in negative
scan direction, when gold oxide starts to reduce. Only a few regenerated gold surface

sites are apparently necessary to totally reactivate the reaction to its full activity.

Carbon support gold nanoparticles show particle size dependent catalytic properties
during CO oxidation. The size dependent activity was found to have two distinct
regions: (i) Particles with diameters smaller 3 nm are found to deactivated and (ii) a
slow increase of activity was observed for particles in the range of 3 -10 nm. The
change of activity in region (i) was not found to coincide with a change in Tafel slope
suggesting no change in mechanism. Therefore the reduced activity has other sources.
As in the case of oxygen reduction on carbon supported gold (see chapter 5) deactivates
in the same range of particle size. Again, the similarity to ORR on platinum could be
mentioned. As evident here the activation with increasing particle sizes was found to be
two- to fourfold (depended on the surface area determination). Possible explanations for
this activation are pure speculation. One suggested activation mechanism was a particle
crystal face argument [65, 149], where it was proposed, that fcc truncated octahedral
particles have predominantly (111) faces exposed at their surface. For structure sensitive
reactions which are less active on (111) faces a deactivation should occur. The activity
towards CO oxidation seems to decrease on single crystal surface in the order of
Au(111) < Au(100) < Au(110) [141] and would therefore fulfil this criteria.

The electrooxidation of carbon monoxide on sub-stoichiometric titanium dioxide

supported gold nanoparticles showed extraordinary high activity at low overpotential
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and during constant potential experiments little deactivation is observed. The electrodes
showed activity in a region, where no or only small currents for the CO oxidation was
observed on Au (hk,l) surfaces [141]. The gold nanoparticles have been found to
neither behave like neutral metallic gold nor like carbon supported nanoparticles during
CO oxidation, whilst the reduction of oxygen seemed to be “normal”. The non gold like
behaviour was manifested due to relative slow kinetics at higher potential, which
prevent electrochemical modified electrodes and particle sizes < ~ 2 nm to reach mass
transport limitation. Apparently two different processes are present at different potential
ranges during CO oxidation. The first one highly “active” at potentials below 0.6 V and

a second irreversible process at potential > 0.6 V.
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8 General discussion

Thié section seeks to discuss the behaviour of the gold nanoparticles observed during
this project. It has been reported that there is both a substrate and a particle size effect.
A crucial difference of the two support materials under investigation is that carbon is
conducting and titania is semiconducting. Stoichiometric titania is essentially a non-
conductor.

The “inert” carbon supported gold particles showed:

e In the particle range of 3 — 7 nm essentially bulk gold-like properties

e In the particle range 2.5 — 3 nm a loss in catalytic activity for both oxygen
reduction (ORR) and CO oxidation

e Au/AuO features at all particle sizes under investigation (no information was
attainable for particles < 2.5 nm as during preparation this was the critical
nucleus size). No loss of charge was observed with cycling.

On the semiconducting (sub-stoichiometric) titania support, two particle ranges have -
been identified with apparently different properties.
Nanoparticles with diameters in the range ~ 2 - 6.3 nm:

e Show much enhanced activity for the electrochemical oxidation of CO,
particles at the lower end of the range showing the highest activity.

e Similar activity to bulk Au for the cathodic reduction of oxygen.

e Over most of the range, the voltammetry for the Au/AuQO. couple was
initially similar to bulk gold. For all particle sizes the charges associated with
the Au/AuO couple decreased with potential cycling and eventually
vanished.

e Even when the Au/AuO peaks had disappeared, the activity for ORR was
maintained and XPS showed that most of the gold remained on the surface.

Nanoparticles with diameters in the range <2 nm
o Showed reduced activity for both ORR and CO oxidation
e No features associated with the Au/AuO couple were observed even when

the positive limit was 1.63 V (and higher).
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The observations could be discussed as “substrate only”, “particle size only” and

“substrate and particle size” effects as follows:

Titania (substrate) electrochemistry

Changes in titania (substrate) electrochemistry have been observed in both acidic and
neutral (using a ferri/ferrocyanide model redox couple) electrolytes. In the CV of titania,
oxidation current was observed, strongly suggesting the oxidation of defects in the film.
CV’s in 1M KCI with 4 mM Fe;(CN)s on freshly prepared titania samples (not shown)
demonstrate modification during repeated cycling experiment which is indicative of the
electron transfer ability becoming more irreversible. This has been observed as a
displacement of the onset potential of the reduction of ferricyanide to more negative
potentials and a decrease of charge transferred during ferrocyanide re-oxidation.
Nevertheless after equilibration (voltammogram was reproducible after ~20 cycles) the
ferri/ferrocyanide voltammetry on titania (as presented in chapter 4) still showed some
ferrocyanide oxidation current in the potential region, where no current has been
observed on crystalline titania samples [330]. Hence it can be concluded that not all

energy states are lost in the band gap region due to aging by cycling.

Substrate and particle size effect on titania supported gold particles: the gold redox
couple

Titania supported gold particles with particle diameters > 2 nm show initially surface
gold redox behaviour, where the onset potential of gold oxide formation and also the
reduction peak potentidls is similar to bulk gold. With subsequent cycling for all
coverages, i.e. at all particles sizes in this range (d ~ 2 to 6.3 nm) the features vanish
with cycle number. Even with large quantities of Au (e.g. > 10 monolayers) loss of
Au/AuO features was observed with cycling. This implies that the vanishing of the gold
redox couple during repeatedly cycling at all particles sizes in this range is probably
best explained by an “aging” of the substrate by cycling. Under the concept of “aging”
two possible effects are combined: Firstly the thin film support starts of with doping
levels which are high (probably almost “quasi-metal” like) and due to partial oxidation
of defects during electrochemical modification there is a loss of doping states in the
band gap region. Secondly localised defect states which are likely to be present at the

beginning of the amorphous thin film titania, which might be lost due to changes in
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morphology. This effect was suggested to occur by ion mobility [55] in an electric field
which would be present during potential cycling. It must be noted, that the authors [55]
did not observe significant aging of titanium passive films, if the electrode was held at a
potential of 1.5 V (vs. SHE). Both effects would form a Schottky diode like behaviour
of the junction between gold and titania, where the time constant of the depletion layer
is high and hence would suppress electron transfer during oxidation reactions at
potentials which fall into the band gap region. Interestingly for PtRulr/TiOy samples a
deactivation towards the oxygen reduction was observed if cycled to potentials positive
of 1.6 V, which was explained by a loss of conductivity and the authors overcame this

by niobium doping [22].

The reasons for the complete loss of gold redox features in voltammograms for particles
with mean diameters < 2 nm is not likely to be originated solely by the loss of
conduction of the support, as the initial (before aging) electron transfer ability should be
high enough to enable oxidation of the gold. Also no gold was lost during the
electrochemistry (as determined by XPS) [337]. The literature of metal oxide metal
particle interfaces showed/suggested the following properties:

- charge transfer from gold particles to the support [99] or contradictorily charge
transfer from titania to gold particles (both at particle sizes of generally < 3nm) [87,
326]

- “molecule” like behaviour of small gold particles often referred as quantum size
effect [89]

As the transition coincides with suggested transition of small (gold) particles to

molecule like behaviour, the electronic coulomb blockade might be responsible for the

effect. Moreover charge transfer at the interface might modify the gold nanoparticles
and make them more susceptible to either oxidation or being inert towards oxidation. As
there was no evidence for a binding energy shift in X-ray photoelectron spectroscopy
before and after aging of the surface [337] it seems more likely that the surface redox
behaviour becomes more irreversible. Unfortunately carbon supported gold
nanoparticles nucleate at room temperature with an initial critical particle size of
approximately 2.5 nm, therefre no statement of the redox behaviour at smaller particle

could be made on this support. Nevertheless at particles sizes < 3 nm the oxidation and
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reduction waves of gold oxide already showed an increase in irreversibility, similar to

the observation for carbon supported platinum particles [19].

Substrate independent particle size eﬁ’eci; Oxygen reduction reaction

The oxygen electrochemistry was shown to be essentially insensitive towards the
support materials of carbon and titania and changes in activity seem to be particle size
induced. The substrate aging of titania does not seem to influence the electrochemistry
suggesting that the electron transfer from the electrode to the electroactive species
(oxygen) is not hindered. Danzfuss and Stimming [54] claim that localised states exist
in the vicinity of band edges in amorphous semiconductors. The approximate
conduction band edge position (on basis of literature values ) of titania of ~ -0.015 V
(vs. SHE) [41] and the fact that titania is a n- type semiconductor (electron donor levels
positive with respect to the electrochemical scale of the conduction band edge) leads to
the conclusion that up to potentials where ORR occurs electron transfer is possible.
Generally on both supports the reduction proceeded via a two electron reduction with
the final product being mainly hydrogen peroxide. But a pronounced particle size effect
was observed manifested in a decrease of ORR activity at particle sizes below ~ 3 nm.
The similarities to the particle size effect on platinum are apparent and the statistics for
small particles [149] where the activity drops due to a decrease of more active crystal
planes (100) for particles smaller than 3-5 nm appear to be the most likely explanation,
as the activity towards the ORR on gold single crystals was reported to be strongly
dependent upon the crystallographic orientation. The activity in perchloric acid was
reported to in the order (100)>>(110)>(111) [210]. Therefore it is believed that the
major contribution towards the deactivation is caused by a crystallographic orientation
effect on small particles exposing predominantly (111) phases to the electrolyte. Even
so the role of changes in OH adsorption that has been suggested for platinum
nanoparticle catalysed ORR (platinum oxide formation on Pt becomes more
irreversible at smaller particles [19, 176, 178, 181]) can not be excluded, but seems
unlikely as the ORR occurs on gold at potentials where no OH is believed to absorb at
the surface. Nevertheless the increasing irreversibility of the gold redox couple as
shown above might be indicative of a decreasing stabilisation of reaction intermediates
(as was proposed in a general concept by Nerskov et al [344]) such a species could be

0,24 Which then negatively influences the reactivity.
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Substrate dependent particle size effect: CO oxidation
As presented in chapter 7 it has been found that the electrocatalytic oxidation of CO at
TiOx supported gold nanoparticles takes place at low overpotentials with a maximum in
activity at 3 nm. In electrocatalytic CO oxidation it has been shown, that even gold
single crystals are somewhat active [141, 216] the suggested mechanism was a
Langmuir-Hinshelwood mechanism [290], with an onset potential as low as
approximately < 0.3 V (with very low current densities) [141]. The onset potential
found here for the titania supported gold particles is centre size dependent and was at
the most active particle size (d~ 2.8 nm) as low as approx. < 0.2 V. The current
densities during linear sweep voltammetry have been found to be significantly higher
than on polycrystalline gold for potentials < 0.625 V. Since in gas phase CO oxidation
titania supported gold has been reported to be a highly active catalyst and also have a
maximum in activity at ~ 3 nm [4], it suggests itself to comparison of the concepts
developed in the gas phase discussion with the system under study here even though the
reaction partner is not oxygen but hydroxide from activated water. The extraordinary
high CO oxidation activity in heterogeneous catalysis has been explained in several
different ways and a plenitude of factors have been reported which might influence the
catalytic activity: For example it was reported [345] that the heat of adsorption of CO
increased substantially at small titania supported gold particle diameters For example
the heat of adsorption of bulk gold was reported to be 12.5 kcal/mol and for particles of
~2.5 nm 18.3 kcal/mol. Also oxygen seem to interact stronger with small thin gold
particles as determined by an increase in desorption temperature during TPD [346].
Active sites for the resulting higher CO activity have been suggested to be:
I) Special particle properties as for example:
¢ Low coordinated gold atoms at small particles which have a high degree of
unsaturation and are specifically stabilized by the support (titania) [85, 112, 114,
347]
¢ Quantum size effects
e Most active Au particle size was observed where the a band gap of 0.2-0.6
eV was measured by STS, which are centres which are ~ 2 atomic layers

thick and ~ 3 nm in diameter [4]
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¢ In a study of monolayers of gold supported on thin TiOy films it was shown
that a “bilayer” of gold was the most active structure (and it was suggested
that there is no influence by perimeter) [348]
IT) Support related effects
¢ Perimeter effects, such as spill over effects of oxygen at the particle support
interface, activated oxygen at the interface or facilitated charge transfer to the
oxygen [101, 349, 350] ,
¢ Charge transfer from the gold particles to the support forming Au®" at the
interface [99] (e.g. the presence of positively charged gold ions was shown to be
crucial for the activity in Water Gas Shift reaction where zero-valent gold atoms
were found to be inactive [351])
¢ Charge transfer from the support to gold forming negatively charged gold atoms
which enhance the oxygen stabilization at the surface [103]
IIT) Influence of gold oxidation stﬁte
¢ Role of positively charged Au" on the CO oxidation activity - some authors
show higher activities for partially oxidized gold clusters [113, 352]
Applying theses concepts to the electrocatalytic oxidation of CO on the basis of the
presented data is difficult. The following discussion is an attempt to distinguish between
“what appears to be likely and what more unlikely”. Firstly a relatively high density of
low coordinated sites, as well as a variety of particle structures should be present in both
carbon and titania supported samples (see Introduction). Also there was no activity
enhancement observed over bulk Au electrodes in the case of carbon supported Au
particles, on the contrary rather a deactivation was evident at particle diameter <3 nm.
As a general rule Haruta and Tsubota [17] reported that in the gas phase the smaller the
gold particles become the more active they are which was explained by the increase of
low coordinated sites. In electrolyte this is clearly is not the case. On the other hand a
quantum size effects [4] at small particles can not be excluded as a possible explanation
and there is indeed evidence for unique properties during the gold oxide
formation/reduction which is probably support induced and strongest at smaller particles

as discussed above.
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Also effects at the perimeter cannot be excluded as the maximum perimeter between
gold and titania was observed at d ~ 2.5 nm (see Figure 8.1). This is similar to the
particle size where the maximum in CO oxidation is observed (d~3 nm).
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Figure 8.1. Calculated perimeter for titania supported gold particles (the particles have been assumed to
be perfect hemispheres, diameters taken from TEM images presented in Chapter 4).

CO stripping experiments on titania supported gold particles in agreement with
experiments on bulk gold did not show any adsorbed CO (the potential was held at 0 V
vs. RHE for 15 minutes, experiments not shown) therefore a significant increase in
surface coverages was ruled out and hence might imply that there is no significant
increase in adsorption energy. Also there was no direct evidence from XPS that an
oxidized gold species was present in the gold nanoparticles. Negatively charged gold
sites at the particle perimeter have been reported to mediate the electron transfer to the
oxygen and hence led to a stronger interaction [101-103, 350]. It is only speculative that
this effect also enhances activation of water as it seems to be generally accepted to be
the rate determining step during the electrocatalytic oxidation of CO. The similar onset
potential to single crystal gold but with higher rates at lower overpotential implies that
the key to the enhanced catalytic activity on titania supported gold is the activation of
water. Interestingly Daté et al reported [118, 119] a crucial role of water during gas
phase CO oxidation at metal oxide supported gold particles and proposed mechanisms,
where water activates at the particle perimeter forming hydroxyl carbonyl and/or
bicarbonate species. In electrocatalytic CO oxidation on both platinum and gold a
hydroxyl carbonyl intermediate is believed to exist as a reaction intermediate [118,

119].
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9 Conclusion and further work

A high throughput procedure [24] for investigating the influence of catalyst centre size
on electrocatalytic activity has been demonstrated. The approach has required the
development of physical vapour deposition (PVD) methods for the synthesis of libraries
of supported metal particles and techniques for characterisation of the surfaces produced
as well as the application of methodology for carrying out 100 simultaneous
electrochemical experiments. It has been shown conclusively that there are both catalyst
particle size effects and substrate effects on activity for cathodic oxygen reduction and
CO oxidation using Au as the active metal. It has also been shown that the Au/AuO

electrochemistry is influenced by both particle size and substrate.

In more detail amorphous TiOy supports have been synthesised with a controlled range
of conductivities. A range of Au nanoparticles have been synthesised as a function of
position across titania substrates. TEM measurements indicate that during nucleation, a
mean particle size of 1.4 nm is observed, and increasing coverage leads to an increased
number of such nuclei to a maximum density of 5.5 x 10'> cm™. Particle sizes increase
at higher Au coverages with a concomitant decrease in density. The small particles
exhibit a binding energy shift in the Au (4f) core level of 0.3 eV from bulk gold, and the
shift is 0.1 eV by the time partiéles grow to a mean size of 2.5 nm. Nucleation and
growth of Au on carbon support is also observed, but the initial particle size is
significantly larger at ca. 2.5 nm and the maximum particle density (3.1 x 10'> cm™)
lower when compared to titania. Combined with suitable screening methods [24] the
methodology provides a powerful route to the elucidation of particle size effects in
catalysis. Applied to the study of carbon supported gold nanoparticles it was shown
that they behave electrochemically similar to bulk gold with respect to the gold/gold
oxide features, with a slight tendency of smaller particles being harder to oxidise and
reduce. This was manifested in a gain of influence of the more positive anodic AuO
formation peak All over Al, as well as a slight negative shift of the AuO reduction peak
towards more negative potentials (23 mV shift for particle sizes d ~ 10 nm to d ~ 2.5

nm). Titania supported gold nanoparticles where found to be strongly modified
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electrochemically during potential sweep experiments. Although the charge for the
Au/AuO electrochemistry decreased with cycling XPS measurements and oxygen
reduction experiments suggested that no gold was lost from the surface. Therefore it
could be concluded that the reason for inhibition of the gold redox has origin in the
substrate or substrate gold interface chemistry. With decreasing size, the Au oxidation
requires a higher overpotential and below a critical particle size of ~ 2 nm, the centres
were found to behave non-metallic in potential sweep experiments throughout
characterisation. They showed no characteristic gold oxide electrochemistry. Future
experiments have to try to elucidate possible electronic changes to the substrate (loss of

conductivity), particles (oxidation state) and/or possible morphology changes.

Trends in the oxygen reduction activity vs. particle size could be identified and data
from the array and the disc electrodes on titania supported samples are identical. It was
found that particles of gold with diameters below 2.5 — 3.0 nm are less active for oxygen
reduction, independent of the supporting material. In both cases a steep deactivation of
the ORR was observed. In here a maximum of the two electron reduction of oxygen
reduction to hydrogen peroxide was found at particle sizes around 3 nm at fitania
supported samples and at 4 nm on carbon supported gold particles. The mechanism of
the ORR on titania supported samples seems to be support and particle size
independent, as the Tafel slope was always within experimental errors similar to the one
found on bulk gold.

Carbon support gold nanoparticles show particle size dependent catalytic properties
during electrochemical CO oxidation. The size dependent activity was found to have
two distinct regions: (i) Particles with diameters smaller 3 nm are found to deactivated
and (ii) a slow increase of activity was observed for particles in the range of 3 -10 nm.
The change of activity in region (i) was not found to coincide with a change in Tafel
slope suggesting no change in mechanistic. The electrooxidation of carbon monoxide on
sub-stoichiometric titanium dioxide supported gold nanoparticles showed extraordinary
high activity and during constant potential experiments little deactivation is observed.
The electrodes showed activity in a region, where no or only small currents for the CO
oxidation was observed on carbon supported gold, bulk gold and Au (h,k,l) surfaces

[141]. The gold nanoparticles have been found to neither behave like neutral metallic
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gold nor like carbon supported nanoparticles during CO oxidation, whilst the reduction
of oxygen seemed to be “normal”. The non gold like behaviour was manifested due to
relative slow kinetics at higher potential, which prevent electrochemical modified
electrodes and particle sizes < 2 nm to reach mass transport limitation. Apparently two
different processes are present at different potential ranges during CO oxidation. The
first one highly “active” at potentials below 0.6 V and a second irreversible process at

potential > 0.6 V.

To help to answer some of the open questions future work will involve STM
measurements to achieve more morphological information about the supported particles.
Also the electronic properties of the TiOy support as well as Au/TiOx will be further
studied by electrochemical impedance spectroscopy (EIS) to obtain information about
the band positioning, doping level and doping level after electrochemical modification.

The influence of metal doping will also be investigated.
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