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Abstract

This thesis focuses on combining Scanning ElectroChemical Cell Microscopy (SECCM)
and aberration-corrected High Angle Annular Dark Field (HAADF) Scanning Transmission
Electron Microscopy (STEM) to obtain new insights into the relationship between the struc-
ture and electrochemical properties of nanoscale platinum. Carbon-coated Transmission
Electron Microscopy (TEM) grids were utilised as substrates for electrochemical experi-
ments, which were performed with SECCM probe tips with diameters of ca. 1 ym, forming
electrochemical cells with a working electrode areas in the um? scale. The location of the
droplet landing areas were identified using ex situ STEM, which permitted the visualisation
of the whole meniscus-substrate contact area. Micrographs with dimensions of ~10* nm?
were employed to obtain statistical data about the size and spatial distribution of the Pt
NPs, and high magnification images, with subatomic resolution, were utilised to obtain
mechanistic information about the studied systems. Two main studies are presented in this
thesis. Briefly, the first focuses on the Oxygen Reduction Reaction (ORR), catalysed by

mass-selected Pt nanoclusters; the second investigates the nucleation and growth of platinum

during electrochemical deposition.

Mass-selected nanoclusters (NCs), with ca. 3 nm diameter, were generated in a cluster
beam source and deposited onto TEM grid supports, which permitted the preparation of
well-defined ensembles of Pt NCs due to the independent control of particle size, density,

and impact energy during deposition. These samples were used as model catalyst systems



for ORR, which is vital in energy-related applications, such as fuel cells. The SECCM setup
provided a high mass-transport system with a three-phase (gas-liquid-solid) configuration,
which mimics fuel cell conditions. Voltammetric studies revealed a loss of electrocatalytic
activity with time which was more pronounced when Pt loading was low. Analysis of
the samples utilising STEM and X-ray photoelectron spectroscopy (XPS) provided strong
evidence that the degradation of the activity of the Pt catalysts was due to poisoning of the
platinum surface by carbon/oxygen-containing species, generated by the reaction of reactive
oxygen intermediaries of the ORR with the carbon support. Additionally, it was found
that whereas Pt NCs deposited with impact energies of 1.6 eV per atom were stable on the
substrate, those deposited at 0.54 eV per atom became mobile as a consequence of the ORR
and formed characteristic aggregates containing up to 15 or more clusters, with edge-to-edge

nearest neighbour distances of ca. 1.5 nm.

The electrochemical deposition of platinum onto carbon-coated TEM grids was investi-
gated employing a high-throughput methodology in which the SECCM probe is sequentially
brought into contact with the substrate, and where experimental parameters can be systemati-
cally varied with each landing. Here, the nucleation and growth of platinum nanostructures
was studied by chronoamperometry in a series of experiments where the deposition time
was held constant and the applied potential was decreased from 0V to —0.9 V vs. Pt(II)/Pt(0).
It was shown that particle density increases and size dispersion decreases with increasing
driving force. Furthermore, it was found that single atoms, small clusters and larger parti-
cles coexist, independently of the applied potential, supporting a non-classical nucleation
and aggregative growth mechanism, and a correlation was established between a structural
transition of clusters at d ~ 2 nm from amorphous to monocrystalline, and the critical size at

which growth by direct addition is impeded.
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Chapter 1

Introduction and Literature Review

1.1 Overview

The work presented in this thesis focuses on the electrochemistry of platinum at the
nanoscale, and how scanning electrochemical cell microscopy (SECCM) and high angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM) can be
combined to provide new information about the nano and atomic scale processes that take
place in nanocluster systems. SECCM permits the study of the electrochemical properties of
a relatively small number of particles, and STEM can provide high resolution images of a
large portion of the studied population. By combining these techniques, correlations between
the electrochemical results and particle morphology, size and spatial distributions can be
established. Additional insights can be gained by complementary techniques, such as X-ray

photoelectron spectroscopy.

This chapter provides a background to the topics that are relevant to this thesis. The
material covers the importance of platinum and nanoscale materials, focusing on nanoscale

platinum, its role as an electrocatalyst and the structure of Pt nanoclusters (section 1.2).



1.1 Overview

The development of nucleation and growth theories for the electrodeposition of metals onto
low energy substrates is explored, and a summary of recent studies, which challenge the

traditional models, is provided in section 1.3.

Platinum is a rare noble metal which has applications in several fields and industries due
to its qualities, including high resistance to corrosion, high melting temperature, durability,
and catalytic properties (vide section 1.2.1). As a catalyst, it plays an especially important
role in energy conversion and related technologies, e.g. it is commercially employed in
anodes and cathodes in fuel cells (FCs), and a significant portion of the annual platinum
consumption (~=40% globally and 70% in Europe) goes into autocatalysts. As a catalyst,
platinum is most often employed as highly dispersed nanoparticles on high surface area

carbon supports.

Nanoscale materials, usually defined as having dimensions <1 pum, are of great interest
due to their unique properties, which differ from those of their constituent atoms or molecules
and from bulk materials and can be highly dependent on the material’s structure, size and
composition (see section 1.2.2). Our understanding of the properties of such materials grows
as new technology is developed, allowing the generation, control and investigation of systems
and processes at decreasing scales. A better knowledge of the relationships between the
characteristics of NPs and their properties can lead to the development of novel materials

with higher efficiencies and lower costs.

Studies about the structure of small Pt clusters are explored in section 1.2.3, and the

electrocatalytic properties of such particles are introduced in section 1.2.4.

Platinum is the most efficient catalyst material for the oxygen reduction reaction (ORR).
This reaction is especially relevant for fuels cells (cathodic reaction), which convert chemical
into electrical energy, and Pt is employed in cathodes of such devices in the form of highly

dispersed NPs on high surface area supports. Section 1.2.5 sumarises works which have
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demonstrated that the size, structure and particle density of Pt nanocatalysts, as well as the
nature of the support, can affect the overall performance and selectivity of a catalytic system,

and highlights contradictory findings.

Electrodeposition is a technique in which metallic ions are reduced and deposited at an
electrode’s surface. The potentiostatic electrodeposition of metals is explored in section 1.3,
starting with the classical nucleation and growth (N&G) models (section 1.3.1). Recently,
through the combination of electron microscopy and electrodeposition studies, significant
discrepancies have been revealed between predicted parameters (nucleation density and
particle size) and experimental results. These studies, and new proposed mechanisms to

exaplain them, are discussed in section 1.3.2.

1.2 Nanoscale Platinum

1.2.1 Importance of Pt

Platinum is a vital raw material in today’s economy. It is a very scarce element (approxi-
mately 0.5ng g~! in the upper continental crust[1]), whose main supplies come from South
Africa (73% of all primary supplies in 2018).[2] The total platinum deposits are estimated to
be about 66 000 t,[3] and resource depletion is not currently considered a danger; however,
social, economical and environmental issues put this metal at critical supply risk.[4] Globally,
the annual gross demand for platinum is of about 250 tonnes, a significant portion of which
is used in various technology-related industries.[2] Due to its high cost, there is a strong mo-
tivation to recover this metal. However, some loss is unavoidable, and currently, only ~25%
of the total world’s Pt supply is from secondary sources (figure 1.1(B)), such as recycled
or recovered end-of-life industrial products including catalysts (especially auto-catalysts),

electrode assemblies and electronic equipment.[3]



1.2 Nanoscale Platinum

Figure 1.1(A) shows the evolution of platinum demand in the last 5 years, globally and in
Europe, and how the demand for platinum is distributed into three broad categories: auto-
catalysts ("A-cat.", blue), other industrial use ("Ind.", green), and jewellery and investment
("J&I", red). The automotive sector is the biggest single consumer of this metal, at 35 to
40% of global platinum use. It is clear, from the data presented in figure 1.1(A), that this
demand is being driven by Europe, which is responsible for 48% of total platinum catalysts
for automotive converters. However, legislative changes are predicted for China and India,

and an increase in demand for the metal is expected as a consequence.[2]
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FIGURE 1.1: Annual platinum usage in Europe and the world. Data obtained from [2].

New, green technologies and energy-related industries are especially heavily dependent

on platinum. For example, it is vital in catalysts that reduce air pollution (autocatalysts),
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which convert harmful exhaust gases, such as carbon monoxide (CO), hydrocarbons and
nitrogen oxides (NOx) into CO,, N, and H;O.[5, 6]. In fuel cells (FCs), which convert
chemical into electrical energy, platinum is still the most efficient electrocatalyst material for
the reduction reaction (usually oxygen reduction), which is the rate-limiting step in these
devices. Overall, this noble metal is indispensable in several industries, including chemical,
electrical®, glass, (bio)medical, and petroleum. Especially valuable properties include its
inertness / resistance to corrosion, biocompatibility, high melting point (1768.3 °C), good
performance as an (electro)catalyst and good conductivity. Figures 1.1(C) and 1.1(D) show

the detailed breakdown of platinum use by sector for Europe and the world, respectively.

Although strategies are being actively pursued to minimise current technologies’ depen-
dence on platinum due to its high cost and scarcity, forecasts predict the demand for this
element to rise in the near future. Understanding the mechanisms that underlie platinum’s
properties, especially as a catalyst and electrocatalyst, is one of the key ways to develop
better alternatives, that will either make platinum more efficient (per unit mass), or that will

allow the discovery of different materials that can match or even surpass platinum.

1.2.2 Nanoscale materials

Nanoscale materials are customarily defined as having dimensions between one and
hundreds of nanometers. In this thesis, the term nanoparticle (NP) is used generally to
describe particles in this size range, whereas the term nanocluster (NC, or simply cluster)
refers to species having just up to a few nanometers, or up to approximately 10° constituent

atoms.

The scientific study of nanoparticles only began in 1857, when Michael Faraday first

identified that suspensions of "metallic gold in a state of extreme division" produced fluids

“mainly in hard disk drives (HDDs)
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of different colours, depending on the size of the gold particles.[7] Since then, "nano" has
become indispensable to modern technology and much has been learned about the peculiar
properties of nanoscale and nanostructured materials, which differ from both those of the
same material in bulk and from those of their constituent atoms or molecules. At this scale,
both size (number of atoms) and structure can affect the physical and chemical properties
of materials due to the quantum confinement of electrons and to the high surface area to
volume ratio in these species.[8—10] This variation as a function of size can happen smoothly
or discontinuously, depending on the property and size regime. Properties that have been
shown to be size-dependent at the nanoscale include: interatomic bond distances,[11, 12]

melting point,[13—15] optical and electronic properties[7, 12, 16], and reactivity.[17-20]

For example, it has been shown that for large metal NPs, assuming a spherical shape
(with radius R), several properties, including melting temperature (7;,), chemical reactivity,
absorption frequency and electrical conductivity, generally vary with 1/R, or N~ 1/3 (where
N is the number of constituent atoms).[10, 14] This relation arises from the dependence of

these properties on the ratio of surface area to volume.

At the smaller end of the nanoscale, a particle’s properties become even more strongly
dependent on the number of constituent atoms and this law breaks down, often resulting
in oscillations about the smooth trend.[10] In this size range, the closing of electronic and
geometric shells becomes increasingly important, influencing also the material’s structure,
interatomic bond distances and structural stability.[21] For the smallest clusters, electronic
shell closure (e.g. having 2, 8, 18, 34, 58, 92...shared electrons[8, 22]) contributes most
strongly to the species stability. As the NC’s size increases, the spacing between its electronic
orbitals decreases and geometry becomes a more important factor.[23, 24] The number
of atoms necessary for closing electronic or geometric shells are usually termed "magic

numbers".
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Due to their tunability of behaviour and versatility, nanoscale materials already are
employed in many technologies, including in fields such as optics,[25] energy,[26] biol-
ogy/medicine (therapy and diagnostics)[27-29] and catalysis.[30, 31] For example, most
industrial heterogeneous catalysts employ NPs in the size range between 1 and 20 nm dis-
persed on high surface area solids.[30] Improving the performance of nanoparticles in such
applications can not only make such products more efficient, it can help in the development

of new technologies.

1.2.3 Structure of Pt Nanoclusters

For clusters with well-defined structures, three structural motifs are generally distin-
guished: icosahedral (Ih), decahedral (Dh) and octahedral (Oh). As the names imply,
icosahedra, decahedra and octahedra are based on geometric shapes possessing 20, 10 and
8 facets, respectively. However, structures of all three motifs include variations on the
geometrical shape after which they are named. For example, Oh and Dh can be truncated to

obtain lower surface to volume ratios.

The octahedral motif is the only of these three with a crystalline structure. Oh are
composed by two square pyramids which share a basis, and have a face-centred cubic (FCC)
structure. The resulting facets are closed packed (111), however, this structure has a very
high surface to volume ratio. Truncated octahedra can be generated by "cutting" the vertices
so that the resulting structure has eight close packed (111) and six square (100) facets. This
results in a more spherical shape, with lower surface to volume ratio but higher surface

energy due to the (100) facets.[9]

Icosahedra and decahedra are non-crystalline structures with 5-fold symmetries. They are
closer to a sphere in shape (the Ih more so than the Dh) and are delimited by close-packed

facets but have very high internal strains.[9]
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Generally, icosahedral motifs tend to be favoured at the smallest sizes, FCC structures
(i.e. truncated octahedra) at large sizes, and decahedral motifs in the intermediate range.
The exact size at which these transitions (Ih — Dh and Dh — FCC) occur depend on the
material.[9] It is worth noting that clusters are metastable and that a NC may become trapped

at a higher energy structure due to growth effects or kinetic trapping.[32]

Experimental studies about the morphology of Pt NCs are rare, and theoretical calcu-
lations tend to focus on small sizes (N < 60).[32] However, theoretical studies report a

dominance for FCC structures, even at the small sizes that were studied. [32, 33]

Lambie et al.[32] combined experimental and theoretical studies to investigate the struc-
ture of Pt clusters with up to 600 constituent atoms. Mass-selected clusters, ranging in size
from 10 to 600 atoms, were generated in the cluster source at NPRL and soft-landed (at
ca. 1eV per atom) onto TEM grids. The structures of these clusters were categorised, for
each size, into one of the three motifs described above (Ih, Dh and FCC) or as unidenti-
fied/amorphous (UI/A). Figure 1.2 summarises their findings, and shows that, for clusters
with N < 200 atoms, the majority does not have a recognisable structure or is amorphous.
The percentage of FCC clusters rises steadily from N = 200 to 300, and for larger NCs, ~2/3
of the population could be identified as FCC. A small portion of clusters with more than 200

constituent atoms revealed Dh motifs, but no Ih were observed.
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FIGURE 1.2: Overview of the size-dependent motif populations for platinum clusters with
10 to 600 constituent atoms. Four groups were distinguished based on structural motifs:
FCC (blue), decahedral, Dh (red), icosahedral, Ih (black), or unidentified/amorphous
(UI/A, green). Sample size: 700 clusters. Image taken from [32].

The magic numbers for truncated octahedral structures are given by the expression:

2m3 +ny
= ’T —2n2 . —3n%, — new (1.1)
where n; = is the length of the edges of the complete octahedron and n., is the number of
layers cut at each vertex.[9] Cuboctahedra are a specific case of truncated octahedra where
n; = 2n¢,; + 1 and the hexagonal facets degenerate to triangles. This structure has large (100)

facets.[9]

According to equation 1.1, the magic numbers for cuboctahedral clusters are 13, 55, 147,
309, 561, 923, 1415, 2057.. . The same number of atoms is necessary to close the shells for

icosahedra and Ino-decahedra.[9]
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1.2.4 Nano-structured Pt as an electrocatalyst

Nanoparticles possess several characteristics that make them desirable as (electro)catalysts,
such as their high surface area to volume ratio, the high proportion of active undercoordinated
sites (e.g. corners and edges), the tunability of their properties by changing their compo-
sition, size and structure, and the decreased amounts of material needed for comparable

performance.

Three parameters relating to activity are especially important to consider when assessing

a catalyst’s efficiency: i) the mass activity (MA), which is defined as the catalytic current per

unit mass of catalyst material (i.e. Pt in this case), usually in A gl‘)tl, ii) the electrochemically
active surface area (ECSA) per unit mass of the catalyst (in m%,t g;tl), iii) and the specific

activity (SA), the electrocatalytic current normalised by ECSA (in A cml‘)tz).[34—36]

Platinum-based materials are highly efficient and stable electrocatalysts for several energy-
related reactions, especially those occuring in fuel cells, including the oxygen reduction
reaction (ORR), hydrogen oxidation reaction (HOR), and the oxidation of small organic
molecules (e.g. methanol, ethanol, formic acid).[34, 37] For this reason, Pt is employed
commercially as the catalyst in direct methanol fuel cell [37, 38] and hydrogen-fed fuel cell
anodes, as well as in the cathodes of polymer electrolyte (proton exchence) membrane fuel

cells.[39]

Strategies are being sought to improve the performance of catalysts and decrease their
cost. For platinum in particular, there are two main objectives: i) to increase the resistance of
the catalyst to poisoning (especially CO poisoning)[38, 40], and ii) to decrease the amount

of platinum used, in order to decrease the final price of the device.

10
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1.2.5 ORR activity, particle size, and interparticle distance

This section will focus on Pt as a catalyst for the ORR, giving a brief overview of the
ORR reaction mechanism and a summary of the main findings addressing the relationship
between Pt catalyst size, structure and interparticle distance, and catalytic activity, as well as

discrepancies and challenges in such studies and results.

The overall reaction for the reduction of oxygen is as follows:

O, +4H" +4e- —2H,0  (E°=1.23V) (1.2)

It can occur in acidic, neutral or basic solution, and depending on the system (catalyst,
overpotential, etc.), the reaction pathway can be direct (1-step, 4-electron reaction; equation

1.2), or in two steps, via the production of oxygen peroxide:

Os+2H' +2¢” — Hy0,  (E°=0.70V) (1.3)

HyO,+2H"+2¢” —2H,0  (E°=1.78V) (1.4)

Generally, the first, 1-step pathway is preferred for energy-related applications.

Platinum catalysts can promote either of these mechanisms depending on their structure

and loading.[35, 36, 41]

In fuel cells, the efficiency of the cathodic catalyst is especially important due to the
sluggish kinetics of the ORR, which results in a high overpotential (ca. 0.3 —0.4V), limits
the device’s performance and brings up its cost because of the need for higher amounts of
catalyst material (usually platinum).[42—45] Another challenge for Pt catalysts in FCs is

poisoning, usually by CO.[37]

It is known that size, shape and morphology of nanostructured platinum affect its electro-

catalytc efficiency strongly. [46-54]

11
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The effect of the particle size on the catalytic activity has been the subject of many studies
over the past decades. However, discrepancies have been reported between different studies,
and the relationship between size, structure and activity is still under debate. Difficulties in
understanding which factors affect catalyst NPs’ performance arise from the the variety of
relevant parameters which cannot be fully controlled independently or easily isolated. Such
factors include particle size, morphology, the substrate, density, and interparticle distance.
For example, in many studies, when particle size is varied, so are the total catalyst loading and
interparticle distances (vide infra). Differences in experimental methodology and techniques
used to study and characterise the catalyst systems can also influence the experimental

outcomes and resulting conclusions.

Maxima in the mass activity, MA, have been found for specific particle sizes (or size
ranges) by some groups for small NP sizes (3 - Snm). [46—48, 52, 53] This effect was
explained by Kinoshita[49] as being directly related to the NP structures at different sizes
and the resulting "types" of surface atoms. The author considered the effect of the Pt-NP
structure at small sizes, especially the ratios of (111) and (100) plane atoms, corner and edge
atoms on the NPs’ mass and specific activities, assuming face-centred cubic structures and
cuboctahedral morphologies at all investigated sizes. The results of Kinoshita’s simulations
showed a non-linear increase of specific activity with increasing size (the curve’s slope
decreased with increasing size in the studied range of up to 15nm), and a maximum in
mass activity for particles with diameters of ~ 3.5 nm - the author attributed this effect to
"the maximum in the surface fraction of Pt atoms on the (100) and (111) crystal faces" in
cubo-octahedral particles. More recently, Shao et al.[51] compared the activity of Pt NPs
ranging in size between 1 and 5 nm toward the ORR by employing density functional theory
(DFT) studies,, and found that particles with a diameter of 2.2 nm and cubo-octahedral shape

had the maximum mass activity.

12
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Size-independent mass activities have been reported for NPs with small dimensions (1 -
5nm) by Gamez and coworkers,[55] while other works [35, 45, 46, 56-59] have reported
a variation in mass activity for Pt NPs as a function of size, but without a maximum in
mass activity. Instead, the mass activity increases monotonically with decreasing particle

dimension (increasing ECSA).

When a wide range of Pt NP catalyst sizes are considered (from about 150 m? ¢!, or
~2 nm, to extended surfaces with ECSA <1 m? g™!), the mass and specific activities of Pt as
a function of particle size tend to fall about "master curves", as illustrated in figure 1.3, which
gathers the results of several experimental studies. For both specific and mass activities,
the curve is steeper at low ECSA values (larger particle size), and flatter for high surface
areas (smaller NPs). This behaviour has been attributed to a shift in the potential of zero
total charge to lower values as the particle size decreases, caused by a higher portion of
undercoordinated Pt atoms at the surface, which leads to higher oxophilicity than in larger

particles.[45, 60]
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FIGURE 1.3: Relative a) mass and b) specific activity towards the ORR for different Pt
catalysts. Activities recorded at 0.9 V vs. RHE and are normalised by the current values
at ECSA = 35m? gl‘)tl. Image and adapted caption from [61].
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Contradictory results have also been found for the specific activity, SA, of Pt NPs, with
some works reporting a decrease of the SA with decreasing particle size (see figure 1.3)
and others[59] a size-independent behaviour for NPs with ECSA 240 m? g~!. Indeed,
Nesselberger et al.[59] reassessed the model explored by Kinoshita [49], comparing it to
more recent results obtained by employing a more refined methodology which compensated
for the electrolyte resistance and capacitive current contributions from the high surface
area carbon supports. The authors could find no agreement between the model and their

experimental data.

The effect of interparticle distance (IPD) has not been as widely studied as the effect of
the size, however, strong indications have been found that this parameter affects not only the

catalyst activity, but also the reaction mechanism for the ORR.[41, 54, 62]

Watanabe[63] tested several samples with different high surface area carbon substrates
and Pt NP sizes. The author found that, when the IPD was large enough (ca. 18 nm in
pure oxygen and ca. 20 nm in air), the specific activity was independent of particle size,
but it decreased at smaller intercrystallite distances. This effect was attributed to a "mutual
inhibition" for the ORR, possibly caused by diffusion or mutual interaction, which effectively

reduced the NP surface area that could be used to catalyse the reaction.

More recently, Nesselberger et al.[54] studied a series of catalysts prepared by depositing
Pt NPs, with diameters ranging from 0.6 to 2.3 nm, onto planar, glassy carbon (GC) supports
to investigate the effect of the IPD. The least dense sample had an average edge-to-edge
interparticle distance of ca. 3nm. The authors reported that the surface-area-normalized
catalytic activity of Pt NPs increased significantly for edge-to-edge distances of <1 nm, and
was almost unchanged for distances between 1.5 and 3 nm. This particle proximity effect was

attributed to a change in the structure of the electric double layer and its potential distribution.

14
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Yang et al.[41] also employed GC-supported Pt catalysts to investigate the effect of the
IPD on the ORR catalytic activity. The Pt NPs in this study ranged in size from ca. 2.2 to
4.5 nm and the average IPDs from ~11 to 57 nm. The authors found that the SA decreased
with decreasing particle size, and that H>O, formation increased with decreasing particle size
and with increasing IPD. The decrease in SA was associated with a change in the reaction

mechanism from a 4-electron to a 2-electron process.

An increased H,O» yield with decreasing Pt loading (i.e. increasing distance between the
Pt catalysts) was also reported by Seidel et al.[64] for GC-supported arrays of Pt nanodisks

(d = 100nm). The SA for these samples was independent of the Pt loading.

The same pattern for H,O; formation with decreasing IPD was also reported for high
surface-area carbon-supported Pt catalysts.[35, 36, 62] For example, Taylor et al.[35] studied
the effect of loading on the activity of Pt NPs towards the ORR. The authors found that
when Pt loading was increased from 20 to 80 wt-%, the morphology changed, transitioning
from isolated NPs to agglomerates, interparticle distance decreased from 9.7 to 4.0 nm,
specific activity increased from 16.1 to 26.3 uA cm™2p;, and mass activity decreased from
9.99 to 8.15mA mg_lpt. Selectivity was also affected: the amount of HyO; decreased with

increasing Pt loading.

Finally, another factor to consider is the effect of the substrate, which can impact the
catalyst’s activity.[65, 66] The whole catalytic system must be taken into account. It is
imperative that the catalyst itself is stable, but the support must also be chemically and
mechanically stable under the operating conditions. For example, carbon corrosion is a

known problem in fuel cells, and can lead to massive degradation of the electrodes.[37]
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1.3 Electrodeposition: Nucleation and Growth

Electrodeposition (sometimes also called electrocrystallisation) is a technique in which
metallic ions in solution are reduced at the interface between the electrode and plating
solution, forming a new phase at the electrode’s surface. In this thesis, the focus will be
mainly on the electrodeposition of discrete metal nanoparticles onto a low energy substrate,

i.e. where there is a low interaction energy between the metal and substrate (e.g. carbon).

Several steps are involved in electrodeposition: 1) diffusion of ions (M"*) in solution to
the electrode’s surface, 2) electron transfer from the electrode to the metal ion, 3) partial or
complete loss of the solvation sheath surrounding M"** and adsorption of the reduced neutral
atom onto the substrate’s surface (formation of "ad-atoms"), 4) surface diffusion of ad-atoms,
5) formation of critical nuclei (nuclei with radius r > r., where r. is the critical radius,
below which the nucleus is not stable) on the electrode’s surface through the clustering of
multiple ad-atoms, 6) incorporation of ad-atoms at lattice sites of the growing particle, and
7) development of crystallographic and morphological characteristics of the newly formed

metallic deposits.[67]

The critical radius depends on the applied overpotential, 1, and it becomes smaller with
higher overpotential. The relation between r. and 11 depends on the shape of the nucleus
and on the nucleus-substrate interaction. For a sphere (minimal contact area with substrate),
reoc 1/ nz; for a cylinder, r. o< 1 /7. Nuclei with r < r, are unstable, whereas those with

r > r. will tend to grow.[67]

In theory, any of the first 6 steps listed above can be rate limiting (or rate determining),
1.e. the slowest step in the process, which determines the overall rate. However, generally,
for electrodeposition, it is assumed that steps 2 and 3 (electron transfer and subsequent
changes in the solvation sheath) are fast.[67] In practice, nucleation and growth (N&G) are

usually classified into one of two categories: interfacial (or charge) controlled, or diffusion
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1.3 Electrodeposition: Nucleation and Growth

controlled. In the former case, the nucleus growth is determined (limited) by the rate at which
ions can be reduced and incorporated into growing nuclei. For the latter, charge-transfer is
rapid, and growth is controlled by the rate at which M"* ions are transported to the electrode

surface.[68]

Electrodeposition has several advantages as a method to produce (nanoscale) electrocata-
lysts: this technique results in highly electroactive nanostructures because the new metallic
phase grows directly on the conducting or semiconducting substrate, ensuring good electri-
cal connection, and is therefore especially well-suited for applications in which electrical

connectivity is important, such as fuel cells[69, 70] and (bio)sensors.[71]

However, despite the intensive study of electrodeposition processes, precise control
of the deposited nanoparticles, especially their size and size distribution, remains a major
challenge for this technique. This issue has been extensively studied by Penner et al..[72, 73]
Penner(73] attributes the difficulty in controlling the size distribution to "diffusional cross-
talk" between neighbouring metal structures on the electrode surface, or an "interparticle
diffusion coupling" (IDC) mechanism. Nuclei are formed in a pseudo-random manner,
preferentially on defects on the substrate surface, and depletion regions develop in the
vicinity of each particle which grow with time until they overlap with neighbouring depletion
zones; after enough time, these depletion zones cover the entirity of the substrate’s surface.
As a result, the size distribution of the electrodeposited particles becomes monotonically

broader with deposition duration.[74, 75]

Penner[73] has found that this "cross-talk", or IDC mechanism, can be minimised by
either of two strategies when electrodepositing metals by chronoamperometry. The first
consists in separating nucleation and growth in time and reducing the growth rate; the second

strategy uses the co-evolution of Hj to control the size of the growing particles.
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1.3 Electrodeposition: Nucleation and Growth

Separation of nucleation and growth is achieved by using a double pulse technique,
in which first, a high overpotential (n ~ —0.5V) is applied for a very short time ( =~ 5 -
10ms) to force instantaneous nucleation. A second, longer pulse is then applied, at a low
overpotential (1] > —0.2 V) to induce growth under electron-transfer control (instead of under
a diffusion control regime). This results in a slow growth of the electrodeposited particles,

and reduces the radius of the depletion layer around them.

The H; co-evolution method works by generating a localised convective mixing of the
solution in the vicinity of each nucleus as bubbles of molecular hydrogen are formed at, and
then released from, the surface of the growing metal particles. A quantitative description
of the convection generated by the gas evolution can be found in the literature.[76, 77]
Penner[73] notes that an equivalent mixing effect cannot be achieved with commercially
available rotating disks electrodes (RDEs). The maximum angular rate of rotation for the
RDE is @ ~ 10° s~!, whereas the rate of rotation required to achieve the same effect as the

H; bubbles would be 2 orders of magnitude higher.[76, 77]

Although these two strategies result in narrower particle size dispersion, they cannot
be employed for all systems and desired particle sizes. Generally, they work well for
obtaining mesoscopic particles, with diameters ranging between hundreds of nanometers up
to a micrometer. Furthermore, the H, co-evolution method has only been shown to work
for certain metals, such as Ni, Co and Fe, but has been unsuccessful for silver or other
nonferromagnetic metals. It is possible that the magnetic properties of the growing nuclei

plays an important role in this growth mechanism.[73]

1.3.1 Classical Nucleation and Growth Models

Traditionally, electrodeposition has been studied by depositing large numbers of nanopar-

ticles, usually by chronoamperometry (CA) and analysing the electrochemical data (current-
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1.3 Electrodeposition: Nucleation and Growth

time transients) by fitting them to continuous mathematical models to obtain mechanistic

information about the electrodeposition process.[21, 68, 78]

The most frequently used analytical models are based on the assumption that the nuclei

are formed according to the following rate law[79]:

dN L
— = AN, ! 1.5
7 oe (L.5)

N:No(l—e—*‘f) (1.6)

where 7 is the pulse duration (in seconds) , N is the number of nuclei at a given time, Ny is
the saturation nucleus density and A is the potential-dependent nucleation rate constant (in
nuclei per second). The limiting cases of equation 1.6, with large A and A — 0 correspond to

instantaneous and progressive nucleation, respectively.

Several adaptations have been developed to describe the nucleation and growth processes
analytically based on equation 1.5 and different diffusional models. The most successful

models take the overlap of neighbouring fields into account.

Sharifker, Hills and coworkers[80] attempted to solve this problem by assuming hemi-
spherical diffusion to hemispherical nuclei. The resulting equations, which describe the
current-time transients for the cases of instantaneous and progressive nucleation according to

the Sharifker-Hills (SH) model are:

ZFD'/%¢ _
ZFD'/2%¢ _ 112
ISH7 progr — 7r—1/2t1/2 |:1 —e ANtk Dt /2:| (1.8)
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where k = (8mwcM/ p)l/ 2, k' = 4/3k, A is the steady state nucleation rate constant, N is
the total number of nuclei, and N, is the number density of active sites; zF is the molar
charge, D is the diffusion coefficient, c the bulk concentration of the depositing species, M
is the molecular weight, and p the density of the deposited material. Equations 1.7 and 1.8
describe the expected currents for instantaneous and progressive nucleation, respectively,
and experimental chronoamperograms can be compared to the theoretical curves in their
dimensionless forms, using / 2 / I,%m VS. t/tyax, Where Lyqy and £,y are the peak current and

time.

The Scharifker and Mostany (SM) model[81] builds on the SH model, but assumes
cylindrical diffusion fields around the growing nuclei, and does not distinguish between

progressive and instantaneous nucleations. The time-dependent current is then described by:

Isy = m {1 —~ e—“(f"—lﬂ’A’)} (1.9)
where
o= (27m)*?D (%)3/2% (1.10)
1/2

In all cases, for long enough times, the current decays with / o< ¢~ '/“, according to the

Cottrell equation:

_ zFD'%¢

A more comprehensive review of analytical and numerical models which describe the
nucleation and growth processes during electrochemical deposition, their strengths and
flaws, can be found in the literature.[68] Each model tackles the problem in a different
way, but all have certain things in common. According to these models, nuclei start being

formed in an initial phase, distributed randomly on the electrode surface. At this stage,
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the interaction between their diffusion fields is negligible, and the current grows with the
amount of deposited material. As the number and size of these nuclei increases, so do their
surrounding diffusion fields, which begin to overlap with those of neighbouring particles.
This results in a slowing down of the growth of the new phase. After long times, the
overlapping diffusion fields cover the entirety of the electrode’s surface. These processes
are reflected in the I-f characteristics as an initial increase in current, followed by a decrease
in its slope, and eventually an exponential decay. Good agreement has been found between
this model and experiment, except for the initial milliseconds, where usually there is a
high current and a sharp decay, generally attributed to the charging of the electrochemical

double-layer.[80, 82]

It is worthy to note that, according to classical N&G models, growth by direct attachment
is assumed. In this case, under diffusion control, the resulting diffusion zones surrounding
each growing nucleus will expand to ca. 10 times the radius of the particles which originate
them. Consequently, assuming a random distribution of particles, the whole electrode surface

will be covered by diffusion fields at a surface coverage of ~1%.[83, 84]

Fitting dimensionless /-t characteristics (normalised by the peak current and correspond-
ing deposition time from an experimental choronoamperogram) allows the extraction of
parameters such as the number of growing nuclei and the nucleation rate constant, as well as
identifying if nucleation occurs via an instantaneous, progressive, or hybrid mechanism, due

to the distinct, characteristic shapes of this curves.[68]

Instantaneous and progressive nucleation result in different current-voltage-time features,
as illustrated in the chronoamperograms (CAs) that are shown in figure 1.4: figure 1.4(A)
shows a typical experimental CA obtained during the electrodeposition of silver, and a control
CA in just electrolyte solution (absence of Ag*). The current and time characteristics are
then normalised by the peak current and time, respectively, and compared to simulated,

dimensionless curves according to the models for progressive and instantaneous nucleation
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(figure 1.4(B)). For some metals, such as Ag, a good fit can be obtained. The decreasing
current that was registered in the initial millisecond during the chronoamperogram can be

attributed to the charging of the electrochemical double layer.[80, 82]

— Ag containing solution on TEM grid
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(A) Experimental chronoamperograms ob- (B) Dimensionless chronoamperogram (A)

tained during the electrodeposition of sil- and simulted chronoamperograms for pro-
ver and control registered in electrolyte gressive and instantaneous nucleation.
solution.

FIGURE 1.4: Experimental and dimensionless /-f transients obtained during the electrode-
position of silver from a AgNO3 solution (1 mM AgNO3 in 0.1 M KNO3; WE = carbon-
coated TEM grid; E = —0.4V vs. Ag/AgCl.) Images obtained from [85].

The analysis of the electrochemical data is usually coupled with additional imaging or
spectroscopic techniques, such as optical microscopy[68], FE-SEM,[86] AFM/STM,[68]
and/or TEM[87]. This can be done in situ or ex situ. However, most of the techniques em-
ployed in such studies are limited to averaging over a large number of particles, encompassing
areas that are much greater than the size of the electrodeposited particles. Consequently,
mechanistic information about atomic scale processes is lacking and must be inferred by

extrapolation.

For example, the horizontal (x,y) resolution in AFM/STM is strongly affected by the
tip geometry, and the tip can "pick up" particles and move them[88] and FE-SEM cannot

resolve features/NPs with diameters smaller than ~5 nm.[89] Species with small dimensions,
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from single atoms up to small clusters with dimension of just a few nanometers become

undetectable.

The classical nucleation and growth (N&G) models predict that nuclei can be formed
either by instantaneous or progressive nucleation, and that growth then proceeds by the
irreversible direct addition of atoms onto particles until the reaction (application of a driving
force) is halted. It is worth noting that particle growth according to these models should lead
to a majority of the electrodeposited NPs to have defect-free, monocrystalline structures, and

that growth proceeds irreversibly once a particle’s radius exceeds the critical radius.

1.3.2 Non-classical N&G Models

Although the classical N&G models have been used and reviewed frequently,[68] they
have been shown to fail to explain experimental observations appropriately in recent studies,
bringing their validity into question. As the available microscopy techniques become more
potent and able to achieve higher resolutions, discrepancies between the classical N&G
models and experimental results started to become apparent, especially when comparing the
values for the particle density, Ny, and size (usually expressed as the radius, r or diameter,
d, assuming spherical or hemispherical particles) extracted from the current-time transients
(expected value) and from experimental micrographs (usually employing AFM or electron

microscopy).

Such discrepancies have been reported for several metals, including copper,[87, 90]
palladium[91], silver,[21, 85] and platinum[78, 92]. Most commonly, the experimental
island (or particle) density is 1 - 5 orders of magnitude higher than that determined by fitting
classical N&G models to current transients.[78, 85, 87, 90, 92] Additionally, traditional
models often cannot explain an initial high current, which decays exponentially, and can last

up to a few seconds. Although this is usually attributed to the charging of the electrochemical
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double layer, evidence suggests that it may be generated by the adsorption of atoms onto the
substrate,[87] or by the formation of mainly small, primary clusters, which then aggregate to
form larger particles,[84] in contradiction to the assumption by classical models that growth

only occurs by the direct attachment of atoms onto growing nuclei.

Sections 1.3.2.1 and 1.3.2.2 highlight some of the works which have explored these
discrepancies between experimental results and the classical N&G models, focusing on
research which employed in sifu and ex situ characterisation techniques, respectively, in

combination with the electrochemical studies.

1.3.2.1 In situ TEM studies: adatom adsorption

In a series of studies on the potentiostatic electrodeposition of copper, Radisic and
coworkers.[87, 93, 94] investigated the early stages of copper nucleation and growth from
solutios containing 0.1 M CuSO4-5H>0 with 1 vol.% H>SO4 (pH = 1), carried out at
different potentials (Egep), onto a Au substrate employing in siftu TEM. This allowed the
authors to correlate the current-time characteristics with the number and size of the copper
deposits as a function of time. The experiments were carried out at potentials of —0.05 <
Egep < —0.10V vs. Cu, in 0.01 V increments. Growth was found to be under diffusion
control for Egep < —0.07V, and under kinetic or mixed control for more anodic potentials

(—0.05 < Egep < —0.07V).

Images were recorded at a (video) rate of 30 s~!, with a typical frame size of up to ~ 2 um
(field view area = 2.64 um?, about 1/760 of the total working electrode area). The spatial
resolution, which was limited by the thickness of the windows and liquid in the cell, was
about 5 nm, and particles with diameters < 20 to 30nm did not produce a strong enough

contrast and could not be analysed.[93]
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For the chronoamperograms registered under diffusion control, good agreement was
found between the current transients and the Sharifker-Hills (SH) model after an induction
period (fing =~ 0.05 to 2s, depending on Egep), as shown in figure 1.5. The current-time
characteristics (for ¢ > tj,q) reflect two main stages of growth: the first is consistent with
nucleation under 3D diffusion limited growth of isolated hemispherical clusters, and the
particle radii are expected to grow with r(r) o< 1'/2, followed, at longer times, by 1D diffusion
limited growth as a consequence of the overlap of the diffusion fields of individual growing
nuclei, when the current magnitude decreases as |I(r)| o< r~!/? and the particle growth rate

slows down to r(r) o< 11/,

|

SH model

-0.02¢

Time (s)
FIGURE 1.5: Experimental chronoamperogram (dots) and fit to the Sharifker-Hills model
(solid line) for the electrodeposition of copper at Egep = —0.08 V. Details in text. Image
and caption adapted from [93].

Despite the regular features of the current-time transients, the authors found significant
discrepancies between the expected (calculated from the CA) and experimental (obtained
from the micrographs) nucleation density (Ny) and particle size (expressed as the radius, r),
which are summarised in figure 1.6. The experimental growth rate (slope in figure 1.6(A)) is
in good agreement with the modelled rate at short times (¢ < fax), With a growth exponent
of ~ % for Egep < —0.07V, however, the experimental average particle radius is ca. 20 times

smaller than predicted, resulting in average particle volumes that are ~8000 times too low.
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The experimental island density, Ny, on the other hand (shown in figure 1.6(A)), is ca. 3 —4

orders of magnitude higher than expected based on the SH model for all studied potentials.
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FIGURE 1.6: Plots of (A) average particle radius, r, as a function of time (Egep = —0.07V),
and (B) particle density, Ny as a function of potential, Egep, for the potentionstatic elec-
trodeposition of copper (details in text). Experimental values (red) were extracted from
in situ TEM micrographs; expected values (blue) were calculated from the current-time
transients. Images and caption adapted from [87].

Radisic and coworkers[87, 93] propose an explanation for these discrepancies based on
adatom adsorption, in which two processes may be occurring in parallel: i) adsorption of ions
onto the electrode surface, followed by surface diffusion and nucleation, which is stronger
during the earlier stages (¢t < t,q), and ii) conventional growth by direct attachment of ions

from the solution onto existing metal nuclei, which becomes more dominant with time.

The formation of adatoms at the electrode surface would also explain the initial current
decay in the chronoamperograms during the "induction period". Usually, this feature in a
current transient is attributed to the charging of the double layer; however, this process should
not last more than milliseconds, and in the experiments reported by Radisic et al.,[87, 93,
94] the duration of this exponential decay ranges from 0.05 to 2 s. The current contribution
of this process (adatom adsorption) decreases with time, because the electrode surface
area available for adatom formation decreases as nuclei are formed and start to grow. The

adsorption/formation of adatoms at the surface leads to a higher density of nuclei than is
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predicted by classical N&G models, and the higher island density leads to smaller particle

dimensions.

1.3.2.2 Ex situ (S)TEM studies: aggregative growth mechanism

HAADF-STEM was first employed to investigate the early stages of electrochemical
deposition of metals by Ustarroz and coworkers.[78, 84, 85, 89] The authors deposited
silver and platinum onto carbon-covered TEM grids (CCTGs), which permitted the analysis
of the as-deposited particles with high-resolution electron microscopy techniques, such as
HR-TEM, FE-SEM and HAADF-STEM to obtain the deposited particle number density, size

distribution and morphology .

The authors first used cyclic voltammetry to compare the performance of CCTG and
glassy carbon (GC) as electrodes. It was found that the cyclic voltammograms (CVs)
displayed the same characteristic features on both carbon electrodes, which were also in
good agreement with the literature, confirming that silver electrodeposition and stripping

follow the same mechanism on these different surfaces.[89]

The electrodeposition experiments were carried out using chronoamperometry. With the
exception of the initial current decay (¢ < 1 ms), a good agreement was found between the
experimental CA (in its dimensionless form) for the deposition of silver and the Sharifker-
Hills (SH) theoretical model for progressive nucleation, as shown in figure 1.4, which
allowed the extraction of the particle number density, N., and nucleation rate, A (vide
equation 1.8). However, this was not the case for platinum, which displayed a behaviour
that was intermediate between the progressive and instantaneous SH models (figure 1.7).
Furthermore, the authors also found discrepancies between the calculated particle number

density (from the /-¢ transients) and that extracted from HAADF-STEM images.
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FIGURE 1.7: Current-time transients recorded during the electrodeposition of platinum at
different deposition potentials. Image obtained from[84].

Interestingly, HAADF-STEM images revealed a bimodal size distribution for both metals.
The average diameter for the "small" clusters in the bimodal distribution is different for
Ag (dsman, Ag =~ 1.8 = 0.6nm) and Pt (dsman, pc = 2.9 &= 0.9nm), but independent of the
deposition time or surface coverage, indicating that there is a self-limiting growth mechanism
which is species-dependent. Due to the large size dispersion of the small particles (= 32%),
the authors argue that the most likely cause for the stabilisation of these clusters at small
sizes is specific adsorption on the exposed facets of the small clusters.[84] The interplay
between small and large silver and platinum NPs, deposited at high overpotentials, and how

they evolve with time is depicted in figure 1.8.

For silver, it was observed that the small NPs were not distributed randomly on the
substrate, being found preferentially close to larger particles. (Classical N&G models predict
a random distribution.) The density of the small clusters increased with deposition time until,
approximately, 10 ms, then decreases and, after ca. 30 ms, they become undetectable. The
population of large silver NPs starts to grow, while maintaining a constant diameter, up to,

approximately, 30 ms (when the small particles disappear); after this period, the density of
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FIGURE 1.8: Evolution of Ag and Pt "small" and "large" particle (A) diameter and (B) den-
sity with electrodeposition time. Electrodeposition potentials were —0.4 V and —0.6 V vs.
Ag/AgCl for Ag and Pt, respectively. The light blue background marks 7 <30 ms & fiyq A¢
and the orange background ¢ > 10 s ~ tipq p;. Image and caption adapted from [84].

large particles stabilises, but their average size strongly increases with time. The behaviour

of the "large" Ag-NPs is consistent with the SH model for progressive nucleation.[85, 89]

For platinum, large particles can only be detected after a longer period, approximately
10s, and their evolution is different for the high and low overpotential regimes. For high
overpotentials (figure 1.8), the behaviour of platinum is similar to that of silver. Initially,
there is an increase in the particle density for both small and large NPs. After a certain
time (= 10 s for Pt), both density and average diameter of the large particles grow, while the
number of small clusters stabilises. For low overpotentials, almost no isolated small clusters

are observed, independently of deposition duration.[78, 84]

Whereas, traditionally, an induction period is associated with the charging of the electro-
chemical double layer (steps 1 to 3 described in section 1.3, page 16) and expected to last
for microseconds, Ustarroz and coworkers[84] proposed that the time elapsed between the
start of the cathodic pulse and the appearance of large NPs, which is reflected by a current
decay in chronoamperograms, corresponds to an "induction period" (#i,q4), which the authors

define as the time necessary for small particles to form and start aggregating. The induction
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times are represented as orange and blue backgrounds (for platinum and silver, respectively)

in figure 1.8.

It is worth noting that the "small" clusters cannot be accurately identified and characterised
with the imaging techniques that have traditionally been employed in electrodeposition
studies, which lack atomic-scale resolution. Their formation is also not reflected in /-t
transients during electrodeposition because the currents they generate are much smaller than

that of larger particles.

Regarding surface coverage, Ustarroz et al. observed that particle density stabilises
for Ag at ~1-2%, and no small clusters can be observed at higher coverages. This is in
accordance with classical N&G theories, which predict the radii of diffusion fields to be
approximately 10 times that of the particles that originate them. Consequently, the entirety of
the electrode area should be covered by overlapping diffusion fields at surface coverages of
>1%, preventing further nucleation. For platinum this is not the case, and small NPs can be
detected even at surface coverages of ~30%. This implies that the nucleation and growth of
Pt NPs is not governed by diffusion. Kinetic control and blocking of the platinum surface by
hydrogen evolution were also excluded by the authors.[78, 84] Instead, it is proposed that the
growth of the NPs is controlled by the self-limiting mechanism that also limits the growth of

the small clusters.

The morphology of the clusters, which was investigated thoroughly by HAADF-STEM
and electron tomography, also provided new mechanistic insight into the early nucleation
and growth processes of metals.[78, 84, 85, 89] The classical N&G models predict sustained
growth by the direct addition of atoms onto particles for as long as a driving force is held,
which would lead to defect-free monocrystalline structures. Instead, more than half of the
large silver NPs displayed defects such as stacking faults and twinning planes, and some

"medium"-sized Ag-NPs a polycrystalline structure (figures 1.9(B) and 1.9(C)). In the case of
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platinum, all large NPs had highly porous, dendritic morphologies; This effect was stronger at

low overpotentials (figure 1.9(D)) and less pronounced at high overpotentials (figure 1.9(E)).

Taking all this new evidence into account, the authors propose a revised nucleation and
growth mechanism: a "generalised electrochemical aggregative growth mechanism"[84]
for metal electrodeposition onto low energy surfaces, which is summarised in figure 1.9(A).
First, small (or "primary") clusters are formed, randomly distributed throughout the electrode
surface, and grow by direct attachment, with a monocrystalline structure, until a self-limiting
mechanism (the exact mechanism is still unknown) stabilises them at a certain, species-
dependent size. This period, which will have different lengths depending on the metal, is
denoted as an "induction period" by the authors, because larger particles are not formed

yet.[84]

After the induction period, the primary clusters diffuse over the substrate surface, driven
by the applied electrochemical potential, facilitated due to their small size and the weak van
der Waals forces between them and the carbon support. When primary nanoclusters meet
other particles, they aggregate, in "aggregative-nucleation events", forming larger aggregated
particles (case 1 in figure 1.9(A)). Further growth by direct attachment is strongly dependent
on the rate and degree to which the aggregates undergo recrystallisation. This factor also

determines the final structure of the larger electrodeposited NPs.

If the depositing metal undergoes recrystallisation easily and to a high degree, as is the
case for silver (2a in figure 1.9(A)), particles will tend towards monocrystalline structures at
long deposition times. As a particle grows and recrystallises, the self-limiting mechanism
ceases and growth by direct attachment resumes.[84, 85] Once surface coverage reaches
~1%, the diffusion zones of the growing recrystallised particles become large enough to
encompass the entirety of the electrode surface. Once this happens, no more nucleation can
occur, and growth can only continue by the aggregation of the remaining primary clusters;

the density of small particles starts to decline, and that of the large particles stagnates. In the
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(A) Schematic diagram of the Generalised Electrochemical Aggregative Growth Mechanism
proposed by Ustarroz et al.[84]. Small dots represent the small, "primary” clusters, larger
particles that have recrystallised are depicted as red shapes (the black lines within these
represent defects), whereas the porous structures formed by the aggregation of small primary
clusters, without significant recrystallisation, are shown as agglomerates of small green dots.
The blue circles around particles indicate the projection of their diffusion fields.
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(E) Pt, low overpoten-
tial. Image adapted
from [78].
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Image adapted
from [85].
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FIGURE 1.9: (A) Schematic diagram of the Generalised Electrochemical Aggregative
Growth Mechanism proposed by Ustarroz et al.[84]. (B) and (C) HAADF-STEM images
of large Ag-NPs; Electron tomography reconstructions of typical large Pt-NPs deposited
at (D) a high overpotential, and (E) a low overpotential.
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chronoamperogram, this stage is reflected by a peak in the current, after which the current
decays monotonically. In such a case, the /-f transient will be in good agreement with the

classical model for progressive nucleation and growth, except for the initial induction period.

For platinum, two cases are differentiated, depending on the applied overpotential, which
determines the rate of recrystallisation in larger particles, formed by the aggregation of
primary clusters. These differences are also reflected in the resulting chronoamperograms
(figure 1.7). In either of these cases, classical nucleation and growth models fail to provide
us with a correct interpretation of the experimental results, and, in both cases, the aggregates’
behaviour falls between that of traditional growing islands and that of non-growing particles,
and only small diffusion fields are generated surrounding these species. Consequently, new
primary clusters continue to be formed for longer periods, and into higher surface coverage

rates, because the diffusion fields fail to enclose the entire substrate surface.

At high overpotentials, partial recrystallisation occurs. These cases are characterised by a
broad wave in the chronoamperogram, and will result in structures with "medium" porosity,

but smoother than in the last case (figure 1.9(D)).

If the degree of recrystallisation is very low, such as in platinum electrodeposition at low
overpotentials, growth can only occur via aggregation of primary clusters with other particles
(other primaries or aggregates), and does not lead to an increase of the active surface for
metal cation reduction. In these cases, the current-time transients never rise with time and

lack a peak; the resulting particle structure is dendritic and highly porous (figure 1.9(E)).

An aggregative growth mechanism for the electrochemical deposition of metals was
further supported by studies carried out by Unwin’s group.[21, 95] In these investigations,
the authors employed SECCM to electrodeposit silver[21] and palladium[95] onto carbon

substrates, which were then characterised using high-resolution techniques.
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1.3 Electrodeposition: Nucleation and Growth

Electrodeposition of silver on a macroscale HOPG electrode resulted in only an imperfect
agreement with classical N&G models, especially at longer deposition times. The best fit
was obtained using the SM model (equation 1.9), which was used to estimate the number of
apparent nucleation sites. However, ex situ analysis of the samples by FE-SEM and tapping
mode (TM)-AFM revealed experimental densities of nucleation sites of about 107 to 108 cm™2,
3 orders of magnitude higher than that provided by the SM model (=10 cm™2), even though
the microscopy techniques that were employed in this study could not resolve particles with

diameters smaller than 100 nm and 10 nm for FE-SEM and TM-AFM, respectively.

The electrodeposition of silver was also carried out using SECCM, with a double-barrel
pipette with a tip with d ~ 400 nm. This experiment resulted in a very different /-7 transient,
as can be seen in figure 1.10, which shows the current-time traces obtained at n =—-0.1V.
These are comprised of successive "events", with a fast current rise initially, and then a decay
that can be described by a modified Cottrell equation for a micro- or nano-electrode.[21]

This is followed by a period with no current. These events repeat periodically.

=100 mV
0
< -100 —
=~ 200 —
-300 — 10 ms

FIGURE 1.10: Current-time transient for the electrodeposition of silver in a SECCM setup
with a pipette diameter ~400 nm at an overpotential 7 = —0.1 V (black connected circles).
The red lines are the fitted modified Cottrell curves. Each current event corresponds to the
nucleation and growth of one silver NP. Image and caption adapted from [21].

Although the /-t transient registered approximately 100 to 150 discrete events during
the entire contact time (1 s), high-resolution FE-SEM only revealed "a few" NPs.[21] Two
control experiments were performed to elucidate what had happened. The same experiment

was repeated, with and without AgNO3 in solution and, after the application of the potential
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1.3 Electrodeposition: Nucleation and Growth

pulse, the tip was broken onto the electrode surface, leaving a small volume of the solution

on the surface.

No particles were detected from the solution containing only electrolyte, but a large
number of large (d = 28 £ 11 nm) NPs were found after the electrodeposition of silver. This
set of experiments confirmed that a majority of electrodeposited Ag-NPs detach from the
solution after being formed and reaching a certain size, going into (and remaining in) the

solution.

The findings of this work, combining electrochemistry and microscopy, are consistent
with a "nucleation-aggregative growth-detachment" mechanism for the electrodeposition of

silver NPs onto HOPG, which is summarised in figure 1.11.

(@) t=0-200 ps (b) 200 us<t<~4ms (0 t~4ms (d) t >~ 4 ms (to next event)

\ /
' Induction
time

1
[Ag*]/ mMIO

FIGURE 1.11: Nucleation-aggregative growth-detachment mechanism proposed by Lai et
al.[21]. Description in text. Image from [21].
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) and growth

Initially (fig. 1.11(a)), many small, randomly distributed critical nuclei are formed at
the electrode surface. This is reflected in the initial current spike of each event (z < 200 ps).
These nuclei grow fast, consuming all the silver ions at the electrode surface and entering
a diffusion-controlled growth regime, in which the growth rate is determined by the linear
diffusion of the silver cations down the pipette barrel and into the meniscus (fig. 1.11(b),
200 us to 4 ms). At the same time, these small nuclei, which are mobile on the electrode
surface, aggregate to form larger NPs. This is in accordance with the findings of Ustarroz et
al.[84, 85]. Finally, after ~3 to 5 ms, the NPs reach a critical size at which it becomes more

energetically favourable to diffuse into the solution than to remain adsorbed on the substrate.
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1.3 Electrodeposition: Nucleation and Growth

The NPs then detach from the surface and diffuse/are transported into the electrolyte solution,

up the barrel of the pipette (fig. 1.11(c)).

Before this cycle can begin again, the silver ions at the electrode surface need to be
replenished. The time it takes for them to diffuse down to the surface is reflected in the
"induction time" between current events (a few ms, fig. 1.11(d)). The duration of this
induction time, observed experimentally, is in accordance with the expected diffusional time
needed for the Ag ions to diffuse onto the surface.[21] Further evidence for detachment
during electrodeposition (as opposed to due to the lifting/removal of the meniscus from the
surface) comes from experiments that were run for longer durations. In such experiments, it
was found that the frequency of the events (= 100-150 events/s) does not decrease with time.
Assuming that each event produces a NP with an average diameter of 30 nm, and the whole

surface should be covered by Ag.

It is important to note that this mechanism is specific for SECCM: the size and geometry
of the meniscus setup encourage the detachment of the electrodeposited NPs and diffusion
into the solution due to the small contact area between the droplet and electrode combined

with the relatively high volume of solution.[21]

In another electrodeposition study using SECCM, Kim et al.[95] deposited palladium
onto HOPG using double potential step chronoamperometry (DPSC), employing a cathodic
pulse (potentials and durations were varied between +0.2 > E. > +0.025V and 0.6 <17, <
1 s) to generate Pd-NPs, whose surface was then oxidised to palladium oxide (PdO) during the
subsequent anodic pulse (always E, =1V vs. Ag/AgCl QRCE, 7, =1 s). The reduction and
oxidation charges (integrated current as a function of time) for each experiment were used to
calculate the total amount (volume) and electrochemical surface area of the electrodeposited
Pd-NPs, respectively. Particle size (radius) and density (particles cm™2) were also estimated

using these parameters, assuming spheres and monodispersed particle size.
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1.3 Electrodeposition: Nucleation and Growth

Before performing electrodeposition experiments on a TEM grid, the authors compared
the cyclic voltammetric (figure 1.12) and chronoamperometric (not depicted) responses
on HOPG and a CCTG.[95] Each time, the same setup was used with a 2 um diameter
micropipette. Kim et al. found evidence for slower kinetics on the TEM grid substrate,
reflected in a longer lag time and lower current magnitudes for this electrode. The authors
suggest that this difference may be due to the lack of features such as step edges, which are

abundant on the HOPG used but absent on the CCTG.
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FIGURE 1.12: Cyclic voltammograms for I mM K,PdCly in 0.1 M HCIO4 on (A) HOPG
and (B) CCTG electrodes with a SECCM setup using a 2 um diameter micropipette; scan

rate v = 0.2 Vs~'. The arrows indicate the scan direction. Images and adapted caption
from [95].

Palladium was deposited onto a carbon-coated TEM grid using a single pulse, at E,,,; =
0.05V vs. Ag/AgCl QRCE and for a longer duration, ¢ = 14 s, in order to compensate for the
slower kinetics on this substrate. The TEM images obtained from this sample revealed areas
with aggregated large Pd structures, such as region 3 in figure 1.13(A), and a gradient in the

degree of aggregation with distance from these large structures (e.g. region 2 vs. region 1 in

figure 1.13(A)).[95]
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FIGURE 1.13: A) TEM image of electrodeposited Pd NPs, and B) schematic illustration
showing the proposed electrochemical nucleation and growth processes. Image and
adapted caption obtained from [95].

Higher magnification images revealed a mean particle size of d = 1.0 4+ 0.1 nm and den-
sity of Nypm = 7 X 102 cm™2 in region 1 and d = 2.2+ 0.4 nm and Ntgm = 1.2 X 10"3 cm™2

in region 2. Region 3 shows evidence of being built of smaller NP aggregates.

The TEM results (particle size and density) were found to be in good agreement with
those calculated from the /-¢ transients, with radii ranging between 0.8 and 1.7 nm and
densities between 1.3 and 6.5 x 10'? particles /c?>m, depending on the deposition conditions.
The higher value for r and lower densities obtained from the electrochemical data can be

attributed to the aggregation of the NPs.

These results are consistent with a nucleation and aggregative mechanism([84], and Kim
and coworkers[95] propose a model, illustrated schematically in figure 1.13(B), in which
the first step consists in the rapid and reversible nucleation and dissolution of discrete NPs.
The electrodeposited particles are mobile on the substrate[21, 96] and must attain a critical
size (and aggregate) to become stable on the substrate. Consequently, the resulting /-¢
transient is determined by the NPs that survive. The model developed in this work allows the

determination of the potential-dependent rates for nucleation, dissolution and aggregation
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from the /-t characteristics registered during the DSPC, and the authors propose that this
model could be used to help control the number of deposited NPs by tuning the deposition

time and potential.

1.4 Summary and objectives

A majority of electrochemical studies about the activity of Pt nanoscale catalysts is
performed on relatively poorly defined systems, with NPs having relatively broad size
distributions (e.g. > 30% [35]), or, more often, with only an average particle size being
given, without information about the size dispersion.[47, 54, 59, 63, 97] Additionally, in
several studies, catalysts are prepared by conventional, wet-chemistry synthesis methods in

which the particle size and catalyst loading cannot be controlled separately.[54]

Well-defined and -characterised Pt NP systems are essential in order to reliably identify
the effects of particle size, structure, and interparticle distance on the electrocatalytic activity.
Ideally, the studied catalytic systems should have NPs with minimal size dispersion and good
control over the Pt loading / interparticle distance. Finally, characterisation of a representative
and sufficiently large section of each sample should be performed with the highest possible

(ideally, atomic) resolution.

Traditional nucleation and growth models are based on the assumption of immobile nuclei,
which become stable after reaching a critical size, grow as long as a cathodic overpotential is
applied, and only by the direct incorporation of atoms. However, recent studies have reported
significant discrepancies between predicted and experimental results, challenging the validity
of these models, especially during the initial stage. Notably, evidence has been found for
processes which occur in parallel with the growth of metal nuclei by direct attachment,
especially before the diffusion fields expand to cover the entire working electrode area. These

processes are the adsorption of atoms onto the substrate, and the formation of small, "primary
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clusters", which undergo self-limiting growth (the size seems to depend on the metal, but
not on the applied potential). Such primary clusters can aggregate to form larger particles.
Recently, a generalised aggregative growth mechanism has been proposed, however, the

details are still under discussion.

The objective of this thesis is to gain new insights into the electrochemistry of platinum
at the nanoscale. The work presented here is divided into two parts: the first, presented in
chapter 3, explores the catalytic activity of size-selected Pt clusters, and the second (chap-
ter 4) investigates the electrodeposition of platinum. Throughout this thesis, a combination
of electrochemical experiments performed by scanning electrochemical cell microscopy
(SECCM, described in section 2.2) and sample characterisation by high angle annular dark
field scanning transmission electron microscopy (HAADF-STEM, vide section 2.3) is em-

ployed.

In chapter 3, a magnetron sputtering, gas aggregation cluster beam source with a lateral
time of flight mass filter (described in section 2.1) was employed to generate well-defined
samples, with mass-selected platinum clusters with 923 atoms, Ptgy3, (relative mass disper-
sion AW’" ~ 5%) which were deposited onto carbon-covered gold TEM grids (CCTGs) with
controlled particle densities. These samples were used to study the electrocatalytic activity
of the Ptg>3 clusters (diameter d ~ 3nm) and the effect of the Pt loading on the ORR, while
maintaining the particle size constant, and to investigate the changes in the Pt/C system as a

consequence of driving this reaction.

CCTGs were also utilised as working electrodes for the study of the electrodeposition of

Pt onto a carbon substrate, described in chapter 4.

In both cases, SECCM was employed to perform electrochemical experiments in small
areas (up to a few um?) on the same TEM grid samples, ensuring that the same system would

be investigated multiple times. The use of this technique also allowed the imaging of a large
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1.4 Summary and objectives

portion of the total effective working electrode for each experiment with ex situ HAADF-
STEM. A thorough statistical analysis of the micrographs was performed to characterise the
platinum NPs and correlate changes in the samples with the electrochemical data to gain a
better understanding of the mechanisms which occur during the ORR and electrodeposition,

respectively.
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Chapter 2

Experimental Methods

2.1 Cluster Source

Size selected platinum clusters were generated and deposited onto TEM grids using a
magnetron sputtering, gas aggregation cluster beam source[98] with a coupled lateral time of

flight mass selector.[99] This equipment is referred to as just "cluster source" in this thesis.

A schematic illustration of the equipment is shown in figure 2.1. The cluster source
consists of four sections: the condensation chamber (C1), the ion optics section (C2), the
lateral time-of-flight (LTOF) mass filter (C3), and the deposition chamber (not depicted). All
sections of the cluster source are differentially pumped to a base pressure of ~10~/ mbar.
The performance of the rotary and turbo vacuum pumps is monitored by pirani and penning

gauges.
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FIGURE 2.1: Setup of the magnetron gas condensation cluster source with LTOF mass
filter: (a) The magnetron gun with a gold target; (b) an adjustable-diameter nozzle; (c)
electrostatic skimmers; (d) a high voltage lens; (e) an Einzel lens for controlling the kinetic
energy of the clusters; (f) X—Y deflector plates for spatial control of the cluster beam;
and (g) and (h) Einzel lenses. The red arrows indicate the trajectory of the (sizeselected)
clusters in the instrument. Figure and caption adapted from [100].

2.1.1 Magnetron Sputtering and Gas Condensation

Clusters are formed in the condensation chamber, where a 2 inch disk of the target
material (e.g. metal, alloy or oxide) is mounted in front of a magnetron on a movable, axial
arm (a in figure 2.1). For the work presented in this thesis, a 99.95% pure platinum target was
used, purchased from PI-KEM. Argon, the sputter gas, enters the chamber in a controllable
flow, and a plasma is ignited by applying a high voltage to the target; the Ar* ions are
accelerated to the target, which is negatively biased, creating a dense vapour of sputtered
atoms, ions and small clusters in front of the target. The introduction of helium gas cools the
sputtered species, inducing the condensation of clusters. Small cluster "seeds" are formed in
three-way collisions with He atoms, which dissipate excess kinetic energy from the sputtered
species. Larger clusters can be formed by two-body (e.g. cluster-cluster) collisions[101] or

by atomic vapour condensation onto cluster seeds.[102] The formation of larger clusters is
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further encouraged by liquid nitrogen cooling of the chamber. The flows of the two gases are

adjustable independently by mass flow controllers.

An advantage of magnetron sputtering is that it readily ionises ~30%[103] of the sputtered
material in the plasma, allowing the use of ion optics and mass filter without the need for a

further, ionisation step.[98]

The cluster size range that is generated in the condensation chamber can be controlled
by regulating the flows of Ar and He (up to 200 sccm), the aperture of the nozzle (b) (up
to a 10 mm diameter), the distance between the magnetron head (a) and the nozzle (b)
(which determines the volume in the chamber; can be varied between 150 and 250 mm),
and the magnetron power. Modifying the conditions in the condensation chamber can also
influence the proportions of different structural isomers[104] or the composition of bimetallic

clusters.[105]

2.1.2 Ion Optics and Lateral Time of Flight Mass Filter

The gas, including clusters in a wide range of sizes, exits the condensation chamber
through the adjustable nozzle (b) into the ion optics chamber (C2) through supersonic
expansion. There, cationic species can be accelerated and focused by a set of electrostatic
lenses and plates (c-g) through the application of tunable negative potentials. The focal point
of the beam is set to the small aperture at the opposite (right side) end of the mass selector’s

wall.

Mass selection is achieved by using a lateral time of flight (LTOF) mass filter (C3); a more
detailed schematic can be seen in Figure 2.2, and an in depth discussion of this technique can
be found in the literature.[99, 106] Plates 1 and 4 are connected to high-voltage switches,

plates 2 and 3 have mesh-covered openings so that the cluster beam can transverse them.
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The regions between plates 1 and 2, and between 3 and 4 are called the acceleration and

deceleration zones, respectively. The area between plates 2 and 3 is a field-free region.
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FIGURE 2.2: Schematic of the LTOF mass selector. A detailed description is given in the
text. Image and adapted caption from [99].

As the focused ion beam enters this chamber, it is "bent" laterally (upwards) through the
application of a high voltage pulse on plate 1, which generates an electric field perpendicular
to the beam’s original direction. The duration of this pulse is set so that the clusters will travel
a distance a upwards (smaller than, but close to the height of the acceleration region), ensuring
that no particle can leave the acceleration zone while the pulse is applied. Consequently, all
ions gain the same momentum, and the upwards velocity of each ion depends on its mass.
The length of the opening in plate 2 determines the length of the ion package, /, that travels

upwards through the LTOF filter.

The beam travels a distance x, crossing the field-free region and into the deceleration
zone. Here, the lateral momentum of the beam is cancelled by a second pulse (applied to
plate 4), of equal magnitude and duration, but in the opposite direction as that applied by

plate 1, returning the beam to its horizontal flight direction. (Note that b corresponds to
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the distance travelled by the ion beam between the end of the upwards and the start of the
downwards pulses.) The result of the lateral displacement of the beam is that the original ion
beam is separated into parallel beams according to the mass of the ions, and only the portion
of this beam with the desired mass range is allowed to exit through the exit aperture and into

the deposition chamber. [99]

The mass resolution for the LTOF mass filter is independent of the mass of the selected
ions. It is determined by the ratio of the lateral displacement, x, and the width of the exit

aperture, Ax:[99]

R=-—=— 2.1)

The current setup has a height of 180 mm, and throughout the work done for this thesis,
the maximum aperture height was used for the exit aperture (Ax = 8 mm). Accordingly, the

theoretical (maximum) mass resolution is R = ﬁ =22.5.

The real mass resolution needs to be calibrated from a peak of known mass (e.g. Ar*
or Pt;* ions), and it varies with time. Factors such as the liquid nitrogen cooling condition,
temperature of the condensation chamber, deformation of the target surface, material precipi-
tation on the lenses are difficult to control and can impact the focus of the beam, which will
influence the real mass resolution.[98] For example, figure 2.3 shows two mass spectra of
Pt;*. The peak position and full width half maximum (FWHM) of the best fitted Gaussian
were used as m and Am to calculate the experimental values for the resolution (eq. 2.1) and
relative mass dispersion (%”). The results were 18.4 and 17.4, or 5.4% and 5.8%, for the

spectra in figures 2.3(A) and 2.3(B), respectively.
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FIGURE 2.3: Mass spectra of Pt;* obtained under different conditions. Red markers:
experimental data, black lines: fitted Gaussian curves, dotted lines: height and FWHM of
the Gaussian.

2.1.3 Deposition

Finally, the beam of size-selected clusters enters the deposition chamber. Here, it can be
deposited onto an appropriate substrate, e.g. a TEM grid or an electrode material, such as a
glassy carbon disc. The size-selected cluster beam current is measured by an electrometer

with a noise level of ~ 1 pA.

The impact energy of the species in the beam is predominantly determined by the substrate
voltage (<1500 V). There are 3 landing regimes, depending on the NC’s acceleration energy:
soft-landing, pinning, and implantation.[107] The exact energies needed for these thresholds
depends on the composition of the clusters and substrate, but generally they are ca. <10eV
per atom for soft-landing and >20 eV per atom for implantation. Soft-landed NCs will suffer
the least degree of deformation upon impacting on the substrate; however, they may diffuse
on the surface and aggregate due to the relatively weak cluster-surface interaction. Pinning
occurs when the impact between the cluster and the (carbon) surface causes a point defect in
the substrate, which binds the cluster more strongly to the surface than in the soft-landing
regime, suppressing cluster diffusion.[108] Clusters deposited at very high energies can be
implanted into a soft substrate (e.g. graphite), creating a "well", the depth of which can be

controlled.[109] Such an impact can deform or damage the NCs.
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In the work presented in this thesis, substrate voltages of 500 and 1500 V were used to
deposit Ptgo3 clusters in a soft-landing regime, corresponding to energies of 0.54 and 1.63 eV

per atom, respectively.

2.2 Scanning Electrochemical Cell Microscopy

Scanning electrochemical cell microscopy (SECCM) is a droplet-based scanning probe
microscopy (SPM) technique that allows the conduction of highly localised electrochemical
experiments. The probe in SECCM is usually formed by a pipette or capillary, whose tip
dimensions can be in the range of tens of nanometres[110, 111] up to micrometres. A
cell is formed when the liquid meniscus touches the sample, confining electrochemical
measurements to the contact area between the droplet and specimen and providing spatially
resolved topographical and electrochemical information about the sample’s surface. The
probe can approach, make contact, retract, and move parallel to the substrate’s surface
repeatedly. The spatial resolution of the technique is determined by the contact area between
the droplet meniscus and the substrate, which depends on the size of the tip of the pipette

and the wetting of the specimen’s surface.[112]

SECCM probes are shaped from borosilicate or quartz pipettes in a laser puller. By
adjusting the puller parameters, tips with specific diameters can be fabricated easily and
reproducibly. Pipettes with different geometries can be used to create SECCM probes,
depending on the application. Single-barrel or single-channel pipettes (represented in figure
2.4(A)) can be used on semiconducting and conducting substrates, and make the use of the
smallest tips possible. Double-barrel (or theta/ 0) pipettes (figure 2.4(B)) can be used for the
same types of experiments as single-barrel probes, but, additionally, they can also be used on

non-conducting surfaces.[113]
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The probe is filled with a solution containing an electrolyte and/or electrochemically
active species, and a quasi-reference counter electrode (QRCE) is inserted into each com-
partment at the top of the pipette. At the bottom, under the tip, the liquid naturally forms a
small droplet which, in the case of probes with inner divisions (e.g. 0 pipettes), electrically
connects all sections of the probe.[114] The ouside walls of the pipette probes can be silanised
with dimethylchlorosilane ([Si/CH3),Cl;]) to help confine the meniscus formed by aqueous
solutions,[115] and a thin layer of silicone oil can be used to cover the surface of the solution
at the top of the pipette in order to minimise evaporation of the liquid.[116] Chloridized silver
(Ag/AgCl), Pd-H; or Pt wires are often used as QRCEs. The two QRCE:s in a double-barrel
probe should be identical.[117]
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(A) Electrochemical cell configuration with a (B) Electrochemical cell configuration with a
single barrel probe (adapted from [118]). double barrel probe (adapted from [114]).

FIGURE 2.4: Schematic overview of scanning electrochemical cell microscopy cell configu-
rations with probes with different geometries.

The electrical circuit is closed, forming a cell, when the liquid below the tip touches the
surface of the sample. The shape of the meniscus, when in contact with the substrate, depends
on the wetting properties (hydrophilicity/hydrophobicity) of the surface and the volume of
the liquid in the droplet under the pipette. Electrodeposition experiments can be used to
accurately determine the meniscus contact area and have provided evidence that, typically,

the contact radius is mostly determined by the radius of the tip, varying only by up to 20%
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of the pipette radius for silanised tips.[112] Furthermore, simulations using finite element
method (FEM) models have shown that the diameter of the meniscus contact area and the

height of the droplet have limited effect on the steady-state, diffusion-limited current.[119]

Generally, the sample is held at ground, and the potential difference is driven through the
QRCE(s)[114]. For a cell with only one QRCE, the potential at the sample’s surface, Eg,, ,
will be Egr = —Eqp) (see figure 2.4(A)) and for a 6 pipette with two QRCEs, in a typical
case in which the barrels are symmetrical and the septum is in the centre of the pipette (as in

figure 2.4(B)),[112] the potential at the substrate’s surface is given by:

Esurf = — (E] +E2/2) =—-F —E2/2 (22)

In the case of the double-barrel, two-QRCE probe, in addition to iy, r, there is also a
current component that is measured, in parallel and simultaneously with iy, r, between the
two QRCEs. The potential difference, E;, results in direct current (DC) component, ipc,
due to the migration of ionic species (e.g. electrolyte) in the solution between the barrels
"ton conductance current across the liquid meniscus".[112] Additionally, an alternating
current (AC) component, isc, can be generated when the probe is oscillated sinusoidally
in the z-direction (normal to the sample). This component oscillates about ip¢ at the same
frequency as the vertical movement because of the reversible deformation of the droplet.
The magnitude of the AC component (i4c) of the barrel current depends strongly on the
meniscus height (see figure 2.6). It is detected by lock-in techniques[112] and can be used as

a "feedback parameter" to control the distance between the tip and the substrate.

A typical SECCM workstation is illustrated in figures 2.5(A) and 2.5(B), which depict
the detailed setup of probe and sample, and the arrangement of the complete workstation,
respectively. The sample (1 in figure 2.5(A) - fig 2.5(A)-1) is mounted on a sample holder

(fig. 2.5(A)-2), which is usually placed on x, y piezoelectric positioners (fig 2.5(A)-3). The
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pipette (fig2.5(A)-4) is secured onto a probe holder (fig 2.5(A)-5) which is mounted on a
z piezoelectric positioner (fig2.5(A)-6). A coarse control of the probe’s position relative
to the sample is achieved through a manual x, y, z stage (fig2.5(A)-7), onto which the z
piezoelectric positioner (and probe holder) is attached. An optical microscope can be placed
under the sample stage and cameras with zoom capability can be used to help visualise the

position of the tip relative to the sample’s surface.

x,y,z stage (7)
= Z piezoelectric (6)

D — Probe holder (5)

Probe (4)

x,y,z stage (7)

Sample (1)
Sample holder (2)

Xx-y piezoelectric (3)

(A) Schematic of the SECCM setup, including probe and
sample holders and positioners.

Piezoelectric positioner
amplifier/servo

PC-LabVIEW
interface
FPGA card

Lock-in
amplifier

Bipotentiostat

| I:) | Faraday cage with
%% acoustic foam insulation

L e
\v— Optical table

(B) Schematic overview of the whole setup (full instrumentation).

FIGURE 2.5: Scanning electrochemical cell microscopy setup (adapted from [114]).

The piezoelectric positioners can be employed in one of two configurations: sample
scanning (as shown in figure 2.5(A)), where the x and y positioners are mounted beneath

the sample holder, or tip scanning, where all piezoelectric components (x, y and z) control
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2.2 Scanning Electrochemical Cell Microscopy

the probe holder. The sample scanning configuration allows for greater spatial resolution,
whereas tip scanning is preferred when samples are impractical to move (e.g. samples that

are too heavy, large or bulky).

The sample stage (figure 2.5(B)) is placed inside a custom-made Faraday cage with
acoustic foam lining and heat sinks, and mounted on a vibration isolation optical table (BM-8,

Minus K., U.S.A.) to minimise noise due to electric, acoustic and vibrational interference.

The instrument is controlled from a personal computer (PC) with a data acquisition
(DAQ) or field programmable gate array (FPGA) card (piezoelectric positioners) and a
bipotentionstat (electrochemical signals), through custom-made LabVIEW programmes, as
shown schematically in figure 2.5(B). A lock-in amplifier can be also be connected to the

FPGA card or DAQ array to generate oscillation signals. [114]

Different methods can be employed in order to detect contact between the droplet and
sample surface. For a single barrel probe, a potential difference is applied between the QRCE
and working electrode during the approach, at which a jump in current, igf, is expected, but
where no conflicting electrochemical reactions occur, which might modify the system. The
probe’s downward movement is halted when the magnitude of i, exceeds a pre-determined
value. In the case of double-barrel pipettes with two QRCEs, the same methodology can be
used, if both E| and E; are held constant. Alternatively, ip,re; can be used to detect contact
instead of iy, ¢. In this case, a potential difference is applied to the two QRCEs (E;), which
induces an ionic conductance current, ipc, across the droplet beneath the tip of the probe.
(The relative potential of the (semi)conducting specimen is controlled through E; and E, as
described above (eq. 2.2). Typically, E; is maintained constant throughout an experiment,
whereas E can be fixed (chronoamperometry) or varied (voltametry).) The currents between

the QRCEs (iparre1) and at the surface of the substrate (ig,f) can be measured independently.
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In the case of the dual barrel probe and once the droplet has made contact with the
substrate, the alternating current (AC) component, generated by a sinusoidal oscillation of the
probe in the z-direction, can be used as a feedback signal to determine the height of the droplet
meniscus (figure 2.6). This methodology can be used to obtain topographical information
on not only conducting samples, but also semi-conductors and insulators. In the case of
(semi)conducting specimens, electrochemical experiments can also be performed, allowing
current-time-voltage characteristics to be obtained simultaneously with topography.[112,

120, 121]

Figure 2.6(A) shows typical responses of the AC and DC components of ip,.; as a
1 um-diameter probe filled with a 50 mM KCI electrolyte solution approaches a HOPG
surface. The downward speed is 50 nm s~! before contact is made, and decreases to 2 nms~!
after. Before the droplet comes into contact with the sample’s surface, both the DC and
AC components of the current are constant, with negligible magnitudes. When contact is
established, there is a large jump in both components (different magnitudes) due to the
deformation of the meniscus. As the probe continues to move toward the HOPG surface, the

droplet is pressed between the tip and the sample, causing a slight decrease in ipc, but an

increase in ipc due to the reduced meniscus height.[112]

Figure 2.6(B) compares simulated and experimental ipc and iac as a function of the
meniscus height (my,), which are in excellent agreement, and demonstrates how these data
can be used to estimate the separation between the tip and substrate. In this study, a 1 pm
tip was used (simulated), filled with 50 mM KCI solution, and oscillated at an amplitude of
50 nm and frequency of 70 Hz As the tip moves closer the substrate, ipc decreases and iac

increases with increasing gradient of ipc. [112]

The SECCM probe can be used to make discrete point measurements or, alternatively,
it can be scanned laterally, following the surface’s topography (using the barrel current as

the feedback signal with a O-pipette). Scan patterns can be defined by the user; for example,
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FIGURE 2.6: Dependence of ipc and iyc on the tip-substrate separation. Adapted from
[112].
parallel lines (constant scan), spirals[122] or discrete point measurements have been used.

Comprehensive reviews of SECCM can be found in the literature.[112, 114]

2.2.1 Locating SECCM experiments ex situ

In order to analyse the effects of the SECCM experiments ex situ by microscopes, it is
important to locate these areas. Two different strategies have been used in the work presented

in this thesis, which are described in the following subsubsections.

2.2.1.1 Inverted Microscope

In a configuration where an inverted microscope with zoom capabilities can be introduced
beneath the sample stage, such as the one shown in the schematic illustration in figure 2.7(A),
it is possible to see, control, and capture images of the position of the tip relative to both the
boundaries of the square it’s on and relative to the centre of the TEM grid (vide figure 2.7(B)).

The centres of TEM grids have asymmetrical features, such as the ones shown in figure
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2.7(c), which permits the unambiguous identification of every square in its mesh. Images
taken from the inverted optical microscope at a higher magnification, showing clearly both
the tip and the edges (and corners) of the square where it is being landed, can then be used to

calculate coordinates of the position of the probe in relation to the corners of the square.

For ex situ characterisation of the SECCM experiments, for example in STEM, the
procedure is repeated in reverse order to find the tip-landing location again: first, the centre
features of the TEM grid are identified, and the correct square located. Then, the coordinates
of its corners are registered, and the STEM coordinates are obtained by translating the relative
coordinates that were calculated previously. The resulting "final" coordinates have some
error associated to them, typically of a few microns. However, if the SECCM experiments
leave a visible residue/footprint, this method allows for the correct position to be located

relatively quickly.

(B) Image taken with from the inverted mi-
croscope including the tip location and the
centre of the TEM grid.

(A) SECCM setup with inverted microscope. (C) Detail of the assymetrlcal features at the
Image obtained from [123]. centre of a TEM grid.

-
o~

FIGURE 2.7: (A) SECCM setup with inverted microscope, and (B) and (C) micrographs of
TEM grids.
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In addition to the method described above, salt markers can be deposited near areas
of interest. Figure 2.8(A) shows a NaCl crystal that was left on the CCTG’s surface after
a SECCM tip (=1 um diameter), filled with 0.5 M NaCl solution, was landed and held in
contact with the substrate for 60 s, then lifted. The NaCl is resistant to the electron beam at
low magnifications, however, when the beam is highly focused, it "dissolves" the crystal,
revealing the Pt clusters beneath it (figure 2.8(C)), and leaving behing a "hole" in the crystal
(figure 2.8(B)). Due to this behaviour, the salt "markings" can easily be distinguished from

other large, bright features in the STEM (e.g. contamination).

(A) NaCl crystal. The scale (B) NaCl crystal after expo- (C) High magnification image

bar indicates 300 nm. sure to the electron beam at of Ptgp3 "under" the NaCl
high magnifications. The crystal. The scale bar indi-
scale bar indicates 300 nm. cates 5 nm.

F1GURE 2.8: HAADF-STEM images of a NaCl marker on a sample of Ptg>3 clusters on a
CCTG.

2.2.1.2 Breaking the Carbon Film

Using a setup with environmental control prevents the use of an optical microscope
beneath the sample stage, which would allow control over where the SECCM tip lands in
relation to the TEM grid, as well as recording the tip position as described in the previous

section. It is therefore necessary to visualise the grid by an alternative way. This can be
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accomplished by creating a topographical map of (a region of) the TEM grid prior to starting

experiments.

This is achieved by using a "hopping" programme to raster over a wide range in the
x and y directions. Briefly, the process is as follows: The tip begins above the sample’s
surface, not touching it. A potential is set for the approach as before (so that a jump in current
will be provoked when the droplet touches the substrate, but at which no electrochemical
reaction will occur). The tip is then sequentially lowered onto the substrate at determined
x, y coordinates, lifts back up as soon as the current increase is detected, moves to the next
location in the x, y plane, and the process is repeated until the entire pre-defined area is
covered. The coordinates of the probe (x, y and z) as well as current and tip potential are

recorded throughout.

In this work, the full range of the piezo elements (300 um x 300 um), and hop dis-
tances of 7.5 um were used. Figure 2.9(A) shows a topography map created following this

methodology.

Locations for the experiments are chosen based on the features that are made visible
through this map. For this work, the experiments were performed close to the centre of the

squares in the TEM grid (green lines in figure 2.9(A)).

After the experiments are concluded, a set of 3 unused squares, forming an asymmetrical
pattern, are chosen to be damaged from the "map" (circled red crosses in figure 2.9(A)).
The carbon film on these squares is damaged by driving the probe through them, creating
a hole which inevitably grows. Figure 2.9(B) shows an optical micrograph of a TEM grid
after this procedure. The centre of the grid is also visible (green circle), which permits the
unambiguous identification of the square where the experiments of interest were performed
(orange square in the schematic map in figure 2.9(C)), which allows the ex sifu analysis of

the SECCM experiments.
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FIGURE 2.9: (A) Topography map obtained with SECCM. The red encircled crosses mark
the positions where the tip was punched through the carbon film, the orange lines and
blue dots indicate where the ED experiments were performed and where markers were
placed, respectively. (B) Optical micrograph and (C) schematic map of the TEM grid,
including the centre of the grid (green circle) and the area in (A) (yellow square). In (C),
the red crosses indicate the squares with damaged carbon and the orange square is where
the electrodeposition experiments were carried out.

2.2.2 SECCM Workstations

Localised electrochemical experiments were performed in two different home-built
scanning electrochemical probe microscopy workstations (WS) in the WEIG labs. For
simplicity, the workstation used for the work presented in chapters 3 and 4 will be referred to
as the "ORR-WS" and "ED-WS", respectively. A FPGA card (PCle-7852R) and a LabVIEW
(National Instruments, U.S.A.) interface running Warwick Electrochemical Scaninng Probe
Microscopy (WEC-SPM) software (www.warwick.ac.uk/electrochemistry) was employed in

both cases to control the equipment and acquire data.

Both workstations have a sample scanning configuration, employing an xy-piezoelectric
positioner (ORR-WS: P-622.2CL PIHera, Physik Instrumente; ED-WS: Nano-Bi0300, Mad-
CityLabs, U.S.A.) underneath the sample stage, and a z-piezoelectric positioner (P-753.1CD

LISA and P-753.3CD, Physik Instrumente, Germany, for the ORR-WS and ED-WS, respec-
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tively; both having a 18 um range) behind the probe holder. A coarse approach was carried

out with the help of a picomotor (Newport, 8303 Picomotor Actuator in both cases).

For the work described in chapter 3, the experiments were conducted in contact to air.
For the electrodeposition experiments in chapter 4, the TEM grid substrate was mounted
inside a custom environmental cell, which was continuously purged with humidified high-
purity, argon gas. After exiting the environmental cell, the gas was passed through a bubbler,
ensuring that the cell was a closed system. A more detailed description of the environmental

cell can be found in the literature.[118]

Data was set to be acquired every 2.56 ms (10 us per data point, averaged 256 times) and
516 us (516 ps, averaged 128 times) for the measurements executed at ORR-WS and ED-WS,

respectively. The resulting data acquisition rates were ~390s~! and 1938 s™!, respectively.

2.2.3 Chemical Reagents and Electrode Materials

All solutions were prepared with deionised water (Integra HP, Purite, U.K., resistivity =

18.2 MQ at 25 °C). All reagents were used as supplied by the manufacturer.

Amorphous carbon-coated 200-mesh gold TEM grids (C200Au, EM Resolutions, U.K.)
were used as the working electrode (WE) for all SECCM experiments reported in this thesis,
and are referred to here as CCTGs (carbon-coated TEM grids). For each experiment, a
TEM grid was mounted in a home-built holder (for the work discussed in chapter 3) or in
an aluminium TEM grid holder on SEM pin stub (Agar, U.K., product code AGG3662)

(chapter 4).

The SECCM probes were shaped using a CO»-laser puller (P-2000, Sutter Instruments,
U.S.A.). Solution was introduced into the pipettes with MicroFill syringes (World Precision
Instruments Inc., U.S.A.). For the experiments presented in chapter 4, a thin layer of silicone

oil (DC 200, Sigma-Aldrich) was applied on top of the solution to minimise its evaporation.
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For the work described in chapter 3, dual-barrel borosilicate capillaries (TGC 150-10,
Harvard Apparatus, U.S.A.), pulled to generate a tapered tip with a diameter of ~1 um, were
used to fabricate the SECCM probe. Two Pd wires (0.25 mm diameter, purity >99.95%;
MaTecK GmbH, Germany) were used to prepare Pd—H, QRCEs by applying —3.0 V for

30min in 0.1 M HCIOy4 solution before being iserted into the barrels of the pipette.

For the electrodeposition experiments (chapter 4), the probes were shaped from single
chamber, borosilicate filamented capillaries (GC120F-10, Harvard Apparatus, U.S.A.) to
obtain tips with an inner diameter of 1.6 um. One platinum wire (d = 0.25 mm, Goodfellow,
U.K.) was used as the QRCE, cleaned by fame annealing with a Bunsen burner before use.
The potential of the Pt QRCE was calibrated in the solution of interest against a commercial
leakless Ag/AgCl electrode (3.4 M KCl, ET072, eDAQ, Australia), which has a theoretical
potential of +0.206 V vs. the standard hydrogen electrode (SHE). The Pt QRCE had a stable
potential of (+0.55+0.01) V vs. Ag/AgCl (3.4 M), equivalent to +0.756 V vs. SHE

The experiments reported in chapter 3 were performed using air-saturated 0.1 M HC1O4
(70%, Acros Organics) electrolyte solution. The effect of HyO; was assessed employing the
same electrolyte solution, but with the addition of H,O» in concentrations ranging between 1
and 5 mM. The electrochemical cleaning procedure described in section 3.2.1 was executed
by immersing most of the TEM grid into 0.1 M HClOy4 solution and carrying out CVs
between —0.29 and +1.05 V vs. Ag/AgCl (ca. —0.08 and +1.26 V vs.Pd/H) at v = 0.5V s..
A 3-electrode cell was employed, with a commercial Ag/AgCl reference electrode (3.4 M,
ET072-1, eDAQ, Australia) and a Pt wire counter electrode. The SECCM LSVs performed

before and after cleaning were carried out using a pipette with d ~ 500 nm.

The electrodeposition solution was composed of potassium tetrachloroplatinate(II),
K, [PtCly] (Sigma-Aldrich, 99%), diluted to 1 mM, in 0.1 M hydrochloric acid (HCI, VWR,
37%).
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2.3 Scanning Transmission Electron Microscopy

The scanning transmission electron microscope (STEM) works by scanning a focused
electron beam (the probe) over a sufficiently thin specimen, and an image is formed by
collecting the desired transmitted signal.[124] One of the main challenges for electron
microscopes has been the imperfection of electron lenses, which unavoidably introduce
aberrations that limit the microscope’s resolution. The introduction of spherical aberration
correction (Cy) allows the generation of smaller electron probes with higher currents, which
has greatly improved the sensitivity and spatial resolution of the STEM. Today, scanning
transmission electron microscopes are among the most powerful tools for the characterisation

of materials at the nanoscale (<1 nm to ~100 nm).

Figure 2.10 shows a simplified schematic of the components of a dedicated STEM with
aberration correction, such as the one in NPRL. Electrons are generated from a source and
accelerated through a set of condenser lenses, the aberration corrector and an objective lens,
to be focused into a point on the sample. Multiple detectors can be used to form an image,

either alone or simultaneously.
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FIGURE 2.10: Schematic of the components of an aberration-corrected STEM. Image taken
from [125, 126].

Electrons are generated by an electron source, usually a thermionic gun or a field-emission
gun (FEQG). In this case, a ZrO/W Schottky field-emission gun is used. The FEG consists
of a fine needle (or "tip") and electrons are produced when a strong electric potential is
applied between it and two anodes,causing electrons to be extracted from the tip (first anode)
and accelerated (second anode).It is vital that the surface of the tungsten needle be free of
contaminants and oxide, it must therefore be kept in ultra-high vacuum (UHV) (at room
temperature) or in high vacuum (HV) and heated. FEGs produce an electron beam that
is brighter, more coherent and monochromatic than thermionic guns, which is especially

important for the STEM.

Spherical aberration is caused because the lens field in magnetic lenses is stronger the
further off-axis it is, as illustrated in the ray diagram in Figure 2.11. The result is that a
point object is imaged as disk of finite size, surrounded by a halo of decreasing intensity;
this degrades detail and limits resolution.[127] It is now possible to correct for spherical

aberration by forcing the rays to re-converge.[128, 129]
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FIGURE 2.11: Spherical aberration; image taken from [127].

When the electron beam interacts with a thin specimen, the electrons can be scattered in
different ways, and the transmitted electrons can be collected at different angles, as shown
in Figure 2.12. Collection of the direct beam results in coherent, phase-contrast bright-field
(BF) images; these are formed by mass-thickness and diffraction contrast: areas that are
thicker (assuming constant composition), or that have higher-mass (higher atomic number,

Z) (assuming constant thickness) or that are of high crystallinity will be darker.

Annular dark-field (ADF) images are formed by incoherent, elastically scattered and
coherent, diffracted electrons. Collecting electrons that have been scattered to high angles,

>50 mrad (=~ 3deg), the effect of Bragg scattering (by electron clouds) is minimized, and

63



2.3 Scanning Transmission Electron Microscopy

Coherent
Incoherent incident beam ‘
elastic || Incident
backscattered SEs from | [convergent
electrons within | | beam

the specimen

Specimen

Thin specimen 3
N\ >50 mrads off axis
0, >10->50 mrads ~ | s e

Coherent [l |\ \
elastic Incoherent Z 7 4 i/ [ \ 0, \\
scattered inelastic 4 Y I pe 0 \
electrons scattered Incoherent i [ | | \ \
electrons elastic HAADF ]84 " V" HAADF
Direct forward detector ADF | ="' ADF detector
beam scattered detector pgp detector

electrons
detector

(A) Different kinds of electron scattering (both back- (B) Schematic of the different detectors (BF,
ward and forward) from a thin specimen. ADF, HAADF) for STEM imaging and
the range of electron scattering angles

gathered by each of them.

FIGURE 2.12: Different types of electron scattering, angles and STEM detectors. Figures
adapted from [127].

it can be assumed that Rutherford scattering (by the nuclei) is the dominant phenomenon.
These high-angle ADF (or HAADF) images are also called Z-contrast images, because
the intensity is proportional to the atomic number, Z, and to the thickness of a sample, ¢,
according to the relation:

Ioct-Z% (2.3)

(mass-thickness contrast), where the exponent ¢ is ideally 2 (usually 1 < o < 2 in experimen-
tal conditions). The use of HAADF imaging makes it possible to “count” atoms in clusters; it
has been shown experimentally that the relationship between the HAADF integrated intensity
and the size of the cluster is linear for up to N = 1500 atoms.[130] It can also be used to

calculate the size of clusters made of more than one element (if the composition is known),

I (Za\*
= (Z_B) 2.4)

using the relation:
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The value of o has been calculated experimentally for our STEM using size-selected Augys
and Pdg,3 clusters and it was found to be o = 1.46 + 0.18 for an inner collection angle of 62

mrad.[131]

2.3.1 Operation Conditions

The samples in this work were imaged and characterised by scanning transmission
electron microscopy employing a spherical aberration (Cs) corrected (CEOS, Germany)
JEM-2100F field-emission electron microscope (JEOL, Japan), with a beam acceleration of
200kV. Unless stated otherwise, the images were obtained using inner and outer collection
angles of 62 and 164 mrad, respectively, a convergence angle of 19 mrad (camera length of
10 cm), an image resolution of 5122 pixels, and a pixel dwell time of 38 us (corresponding to

10.0's per image).

The equipment was operated using DigitalMicrograph software (Gatan, U.S.A.[132]).

2.3.2 Magnifications

Throughout the work described in this thesis, the STEM was used in SM-MAG mode.
The magnifications utilized range from 20k to 15M. Table 2.1 lists the magnifications that

were routinely used during the works described here, as well as the resulting image widths.

For the work described in chapter 3, all statistical analysis was performed on 2M or 1 M
images, unless stated otherwise. In chapter 4, different magnification ranges were used and

referred to as described below:

Very low (20k - 50k): overview of entire droplet footprint; estimation of the droplet
areas. Low (100k - 500k): statistical information about the particles (including particle

number density, size and spatial distributions). High (1M - SM): structural information
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about medium-sized and larger NPs. Very high (> 10M): atomistic information; presence

of single atoms.

TABLE 2.1: Magnifications used routinely for recording HAADF-STEM images throughout
the work presented in this thesis, including the respective image width and nominal pixel
area (for images with 5122 px).

Magnification Abbreviation Image Width Nominal Pixel Area

20 x 10° 20k 7.87 um 2.36 x 10> nm?
50 x 10° 50k 3.15um 3.79 x 10! nm?
100 x 10° 100k 1.57 um 9.40 nm?
250 x 10° 250k 0.63 um 1.51 nm?
500 x 103 500k 315nm 3.79 x 107! nm?
1 x 10° IM 157 nm 9.40 x 1072 nm?

2 % 10° M 78.7 nm 2.36 x 1072 nm?

3 x 10° 3M 52.5nm 1.05 x 1072 nm?
5% 10° 5M 31.5nm 3.79 x 1073 nm?
10 x 10° 10M 15.7 nm 9.40 x 10~4 nm?
15 % 10° 15M 10.5nm 4.21 x 107* nm?

2.4 Image Analysis

The STEM images were analysed using the ImageJ2 software package (FiJi distribu-
tion).[133] The Imagel] programming language was employed to automatise as much as
possible through the use of custom-written programmes, or "macros". As a rule, each
programme opened an image from a specified folder, waited for the user to adjust the in-
tensity threshold, then automatically identified and analysed the particles according to its

programme, and saved the required outputs. This was repeated for all images within the
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folder. Information obtained from each image included the 2D projected area, perimeter,
integrated HAADF intensity, centre of mass and parameters of the best fitting ellipse (centre
coordinates, major and minor semi-axes, angle) for each particle. Generally, each macro
ran twice over each image, to extract this data when including and excluding edge-touching

particles.

24.1 Atom Counting

The platinum in individual NPs was estimated by using the HAADF integrated intensity

of single Pt atoms as "weights" to calibrate that of particles and nanoclusters.

Simple ImageJ macro programmes ("macros") were written in order to automatise as
much as possible in the process, and measures were taken with the objective of reducing

user-associated errors.

To estimate the amount of platinum in each particle and in the meniscus footprint as a
whole, the first requirement was to obtain a "weight" with which to calibrate the HAADF
intensities of particles in the STEM images. For this purpose, the background-corrected
HAADF intensities of ~200 single Pt atoms were calculated using very high magnification

(15M) images, in order to obtain statistically significant single-platinum intensity value.

The carbon-platinum boundaries were defined by manually setting an intensity threshold
(using Imagel’s threshold function) for each image. This allowed all Pt atoms and clusters
to be identified, their areas calculated, and two concentric ellipses to be drawn surrounding
each platinum-containing species (called "object" from here onwards), as demonstrated in

figure 2.13(C).

Information was collected from each object defined by the thresholding function, in-
cluding its area, equivalent radius, centre of mass, and parameters for the best fitted ellipse

(centre, semi-major and semi-minor axes). These were then used to draw the ellipses around
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FIGURE 2.13: (A) and (B): Schematic diagrams showing Pt atoms surrounded by con-
centric ellipses: (A) single Pt atom, (B) two Pt atoms with overlapping inner ellipses.
(C) Representative high magnification image showing a small, amorphous cluster and
surrounding single platinum atoms. The red, orange and blue arrows indicate, respectively,
a dimer, single atoms with overlapping inner ellipses, and atoms that are close but with no
overlap. The scalebar represents 1 nm.

each object. The same lengths (AL; and AL,) were set between the radius of the object and
the semi-major axis of the inner ellipse (AL{), and between the semi-major axes of the inner
and outer ellipses (AL;) for every object in one image, but these lengths could be manually

adjusted for each image independently of each other.

The integrated intensity within the area delimited by the two ellipses (pink area in figures
2.13(A) and 2.13(B)) was used to obtain the background intensity density surrounding each
object as follows:

(Ilep —11ey)

IDpg = ———= 2.5
BG (A —A)) (2.5)
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where the symbols A, I1 and ID represent the area, integrated intensity and intensity density,
respectively. The subscripts el and e2 indicate the inner and outer ellipses, respectively, and

BG signifies background.

The background-corrected integrated intensity for each platinum atom (//p;) was calcu-
lated from the area enclosed by the inner ellipse to minimise the error associated with the
manual thresholding:

IIpy = IInp — IDgG - Al (2.6)

In the case of neighbouring atoms whose inner ellipses have some overlap, such as in
figure 2.13(B), any overlapping area was excluded from further calculation. For example,
considering the blue atom in figure 2.13(B), only the visible part of the blue disk would be
used to calculate its background’s intensity density, and only the portion of its inner ellipse
that is untouched by the red inner ellipse would be used to extract this atom’s area and

intensity.

Atoms which touched or overlapped with the inner ellipse of a neighbouring object, as
well as dimers, were discarded (e.g. the objects indicated by the orange and red arrows in

figure 2.13(C)).

The background-corrected intensities of all suitable single Pt atoms were plotted as a
histogram, and a Gaussian fit was optimised. The peak location was used as the single atom

intensity for further calculations (see figure 2.14).

2.4.2 Measuring Projected Areas

The determination of projected areas of Pt NPs reported in chapter 3 was carried out
employing custom-written ImageJ macros, as described at the beginning of this section

(section 2.4), with the intensity thresholds being set manually for each image.

69



2.4 Image Analysis

Count
Count

40 45 50 55 60 65 0 1 2 3 4
Integrated Intensity Density Integrated Intensity
/(103 a.u. nm’) /(103 a.u.)
(A) (B)

FIGURE 2.14: Histograms of (A) the background integrated intensity normalised by area
(nm?) and of (B) the integrated intensity of a single platinum atom. Black markers with

dotted lines indicate the experimental data and the red curves correspond to the Gaussian
fits.

The most suitable value for the intensity threshold can depend on factors such as the
image magnification, the particle density on the image, the size of the particles, the particles’
maximum intensities, the background intensity, and the ratio of pixel size to particle size.
For this reason, determining the projected areas of objects from HAADF-STEM images is
not trivial, and setting the boundaries for the particles is a subjective process, which can
introduce some error, as well as increase the variation of, for example, the particle diameter

in samples with high homogeneity (e.g. the Ptgy3 samples studied in chapter 3).

With this in mind, very high magnification images of size-selected Ptgy3 clusters were
analysed, in order to estimate the "real" mean cluster size, and to ensure that the projected
areas obtained from lower magnification images were accurate. The aims of this analysis
were to identify and minimise subjective bias in measuring the projected cluster area / cluster
diameter. ImageJ macro programmes were written and employed to minimise user input and

associated error. The steps for each analysed 10 M image were the following:

1. The noise in the image was reduced by applying a soft filter ("mean", radius = 2).
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2. A threshold was set manually, and the resulting shape delimiting the clusters was

saved.

3. The image was reverted into the original and cluster parameters were measured,

including the centre of mass coordinates, (Xcwm, Youm)-

4. Centred at (Xcm, Yom) for each cluster, 6 lines were drawn at different angles, in 30°

steps (as shown in figure 2.15(A)).

5. The "length" of the cluster along each line was calculated at different intensity per-
centages relative to the cluster’s background-corrected maximum intensity (horizontal

lines in figure 2.15(B)).

6. The average of the cluster lengths calculated in the previous steps is taken as the cluster

diameter.

This is illustrated in figure 2.15. Figure 2.15(A) shows a 10 M image with two clusters,
each is overlayed by the 6 lines through its centre of mass. Figure 2.15(B) shows the plot
profiles along the lines on the cluster NC1. The three horizontal lines indicate, from bottom

to top, 15%, 20% and 25% of the cluster’s background-corrected maximum intensity.

It is important to point out that the threshold set in step 2 does not affect the diameters
obtained for the clusters in step 5, as it was only used to obtain the centre of mass for each

cluster.

As expected, the thresholds set in step 5 (indicated by the horizontal lines in fig-
ure 2.15(B)) all fall within the regions in the plot profile where the intensity has the steepest
slopes (at the edges of the clusters), and identifying a precise intensity boundary would
be very difficult with only the naked eye. The results for this analysis of high magnifi-

cation images are summarised in table 2.2. It can be seen that the thresholded diameter
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(dipr = 3.22£0.11nm) is only slightly less than that obtained at 15% of the cluster intensity

(dy59, = 3.24 +0.14nm).
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FIGURE 2.15: A) Very high magnification (10 M) image of two Ptg»3 clusters (NC1 and
NC2), overlayed with lines which cross the clusters’ centre of mass at different angles.
B) Line profiles for NC1. Each line plot is shifted vertically by 0.3 a.u. relative to the
previous plot. The dotted horizontal lines indicate 15%, 20% and 25% of the cluster’s
background-corrected maximum intensity.

72
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TABLE 2.2: Diameters of Ptgy3 clusters obtained from 10 M images. The values for A, and
d;n» were obtained by setting an intensity threshold manually; the remaining diameters
were obtained from the plot profiles of the clusters.

Cluster Ay, /nm? d;p, mm di59, /nm drog, /mm dy59, /nm
1 7.92 3.17 3.18+0.09 | 3.10 £ 0.13 | 3.01 £ 0.15
2 7.40 3.07 3.11 +£0.22 | 296 £ 0.19 | 2.86 + 0.18
3 8.97 3.38 334 +£0.19 | 3.19+0.18 | 3.02 £ 0.16
4 7.46 3.08 3.11 £0.30 | 291 £ 0.27 | 2.79 £0.22
5 8.48 3.29 3.16 £ 0.19 | 3.06 £ 0.14 | 2.95 +£0.12
6 8.95 3.38 337+0.17 | 3.19 £0.14 | 3.08 £ 0.11
7 8.58 3.30 323 +£0.20 | 3.08 = 0.17 | 2.95 £ 0.25
8 8.43 3.28 3.52+£0.27 | 3.33 +£0.21 | 3.21 £0.16
9 7.95 3.18 340+ 0.46 | 3.21 £0.39 | 3.08 £ 0.29
10 7.71 3.13 3.13+0.15 | 3.02+£0.14 | 293 £0.16
11 7.76 3.14 3.13 £0.09 | 3.02 +0.10 | 2.90 £ 0.09
12 8.24 3.24 3.19+£0.14 | 3.08 =+ 0.13 | 2.99 £ 0.13
day. — 3224+0.11 | 324 +£0.14 | 3.10 £0.12 | 298 + 0.11

These results will be referred to later in this thesis, when discussion the results in chapter 3.

2.4.3 Droplet area

The contact area between the droplet and the CCTG support ("droplet area") for the elec-
trodeposition experiments (chapter 4) was calculated by fitting regular shapes (i.e. ellipses) to
the meniscus footprint in 50 k magnification images. This magnification was chosen because
it is the highest magnification which encompasses the whole droplet area. This is exemplified

in figure 2.16.
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FIGURE 2.16: 50k-magnification image used to calculate the droplet area. Platinum
deposited potentiostatically at E,,, = —0.9V for #,,, = 10s. The scalebar indicates
0.5 um.

For the electrodepositions performed for a duration of 10, only E,j,, < —0.7 V resulted
in enough deposited platinum to be visible at a very low magnification, (this can be seen
very clearly in figure 4.4, in chapter 4). Consequently, only the footprints of the 3 highest

overpotentials could be utilised to extract the droplet area.

The contact area between the SECCM droplet and amorphous carbon substrate was
calculated to be 4.21 + 0.08 um?, which corresponds to a diameter of daropler = 2.31 £
0.02 um. These values represent increases of 209% and 145% relative to the tip area and

diameter, respectively.
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Chapter 3

Oxygen Reduction Reaction on
Carbon-Supported, Size-Selected Pty
Clusters: Poisoning and Mobility of the

Pt Catalysts

The work presented in this chapter was done in collaboration with the Warwick Elec-
trochemistry and Interfaces Group (WEIG) under the supervision of Prof. Pat Unwin and it
has been published in a peer-reviewed journal.[123] Dr. Guohui Zhang and Dr. Jon Ustarroz
executed the SECCM experiments to test the ORR, Dr. Minkyung Kang carried out the
whole-grid electrochemical cleaning and the H,O; tests, and Dr. Marc Walker performed
the XPS experiments and deconvoluted the spectra discussed in this chapter. The author has
prepared all samples and carried out all STEM imaging and analysis. Figures which were

not prepared by the author are clearly referenced.
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3.1 Introduction

Electrochemical energy conversion and storage plays a vital role in sustainable energy
technologies, because it facilitates the conversion of electrical into chemical energy, and vice
versa. This is especially vital for the storage of energy from renewable sources (wind, solar,
etc.) when supply exceeds demand. For example, electrolysis cells use electrical energy to
drive nonspontaneous electrochemical reactions, storing it as chemical energy. The inverse
process is carried out in fuel cells, where spontaneous electrochemical reactions (oxidation
of the fuel and reduction of the oxidant) occur in galvanic cells, transforming the previously

stored chemical energy into electrical energy.[134]

The oxygen reduction reaction (ORR) is the cathodic reaction in polymer electrolyte
membrane fuel cells (PEMFCs), where O, is converted into H,O or HyO,. However, the
ORR is the rate limiting reaction in such devices due to its high overpotential and sluggish

kinetics, even with the most efficient catalysts (platinum).[135-137]

The state of the art catalysts for the ORR are platinum-based, generally employed as
highly dispersed nanostructures on a high surface area, inert support (typically carbon).[134,
136] However, the mechanisms of the ORR are not yet fully understood, and the effect of
parameters such as particle size and size dispersity, interparticle distance and catalyst loading
are still under discussion.[135, 138] These factors are interrelated and affect stability, selec-
tivity and the reaction pathway (i.e. a 2e~ (equations (1.3) and (1.4)) or 4e~ (equation (1.2))
mechanism). Furthermore, the practical application of catalysts for the ORR faces significant
challenges, especially regarding resistance to degradation of the catalyst systems under FC

working conditions.[139]

In most experimental studies about the catalytic activity of Pt NPs toward the ORR, there
is little control over particle size distribution and loading, and separating the effects of these

two parameters becomes very difficult. However, recently, subtle differences in the spatial
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distribution, size and loading of Pt nancocluster catalysts have been shown to significantly

affect their activity and selectivity.[54, 59, 140-142]

In this work, SECCM was employed to test the electrocatalytic activity and stability of
mass-selected platinum clusters, Ptgp3 (923 constituent atoms, d ~ 3 nm), with a very narrow
size distribution (theoretical size dispersion of 4 4%), which were deposited onto a carbon-
coated TEM grid from a cluster beam. The electrochemical investigations were performed
in a small area (ca. 1 um?), containing <5000 to 20 000 particles, depending on the sample.
The SECCM setup results in a very high mass transport rate for oxygen (> 0.1 cms™") due to
the high surface-volume ratio and the three-phase nature of the droplet cell, which allows
additional O, to come into the electrolyte solution through the liquid-air interface.[137] The
changes in this system were then investigated with ex situ HAADF-STEM, which allowed the
visualisation of the whole droplet footprint, easily identified by the change in the background
HAADEF intensity, as well as to obtain images of a large portion of the Pt NCs in the footprint
area with subatomic resolution. This permitted the performance of a statistical analysis and
comparison of the cluster populations inside such areas and outside. The "outside" areas
were untouched by the SECCM probe, and hence can be used as a control, equivalent to
"before" electrochemical testing. For the statistical analysis, a minimum of 3 images (> 100
clusters) was used for each condition, i.e. each experiment / footprint and each corresponding

"outside" area.

The low platinum loadings (<0.9 ug cm™2), the carbon support (amorphous carbon film),
the high mass transport rates, three-phase configuration (gas-liquid-solid) and wide potential
windows employed in this work serve to mimic PEMFC conditions and allow the study of

the changes undergone by the system due to the ORR.
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3.2 Sample preparation and characterisation

The cluster source, described in section 2.1, allows for independent control of cluster
size (mass), coverage (or density), and deposition (impact) energy. In this work, samples
were prepared by depositing mass-selected platinum clusters with 923 atoms (Ptgo3) onto
gold TEM grids covered by a thin amorphous carbon film. Two different densities and two
different impact energies were chosen, and the three samples studied here are referred to as
LD-LIE (low density, low impact energy), LD-HIE (low density, high impact energy), and
HD-HIE (high density, high impact energy). The Pt loadings on the samples were chosen
so that there would be a ~10-fold difference between them, while ensuring a good enough
signal-to-noise ratio for the electrochemical response of the LD samples, and minimising

cluster aggregation for the HD sample.

The characteristics of each sample, including their particle density, surface coverage
and platinum loading, are summarised in table 3.1. Representative HAADF-STEM images
are shown in figures 3.1(A), 3.1(C) and 3.1(E), and the size distribution (expressed as the
clusters’ projected area) for each sample is presented in figures 3.1(B), 3.1(D) and 3.1(F).
Note the separate peaks in the histograms for monomers (Ptyy3, referred to as "singlets"),
dimers (or "doublets", Ptgy3,2, formed by the aggregation or merging of two Ptgy3 NCs) and

larger particles ("bigger"), generated by the sintering of 3 or more singlets.

TABLE 3.1: Impact energy (Eimpact), particle density, surface coverage and platinum loading
for each of the three samples employed in this study.

Sample Eimpact Particle Density Surface Pt loading
(eV/atom) (um~2) Coverage ug cm™2
LD-LIE 0.54 5200 - 6100 55+ 1.1% 0.10
LD-HIE 1.6 6300 - 6500 6.1 £ 1.0% 0.10
HD-HIE 1.6 16000 - 20000 369 + 1.9% 0.85
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FIGURE 3.1: (A), (C), (E): Representative STEM images of the three samples in areas
where no EC was performed. The yellow and orange arrows in (C) point to doublets
and bigger aggregated clusters, respectively. (B), (D), (F): Cluster area histograms. The

colour scale indicates the cumulative percentage of the clusters at each size.
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As described in section 2.1.3, there are three landing regimes: soft-landing, pinning and
implantation. Generally, soft-landing occurs when the cluster impact energy is $10eV per
atom, but the exact value at which the transition into pinning occurs depends on the cluster
and substrate. More specifically, a cluster is thought to be soft-landed when its kinetic energy
per atom on impact (during deposition) is smaller than the binding (or cohesive) energy of
its constituents. This prevents fragmentation of the NC, but deformation of its structure is

possible.[107]

For platinum, the experimentally determined binding energies have been reported to
be 5.8eV per atom for a bulk crystal, and between 2.6 and 3.7eV per atom for the Pt
dimer.[143]It is reasonable to assume that the cohesive energy for Ptgy3 will fall between that
of Pty and that of bulk platinum. However, even considering the lowest of these reported
cohesive energies (2.6 eV/atom), it is significantly higher than the highest impact energy used
in this work (1.6 eV per atom). Therefore, all samples prepared for this work should be within
the soft landing regime. This is confirmed by the analysis of the HAADF-STEM images
of the samples, which show no evidence of cluster fragmentation. Instead, the histograms
(vide figure 3.1) show distinct Gaussian-shaped peaks for Ptgy3 and its dimers (for the LD

samples) and multiples (in the HD sample).

Please note that for the histogram for the high density sample, HD-HIE (figure 3.1(F)),
only ~81.3% of the clusters are represented in the included size range. The remaining
~18.7% of the clusters are larger agglomerated particles, ranging in size (projected area)
from 30 to 376 nm>. For the low density samples, the histograms shown in figures 3.1(B)
and 3.1(D) include 99.8% and 99.6% of all Pt NCs, respectively, and the maximum observed
particle projected areas were ca. 50 and 37 nm? for the LD-LIE and LD-HIE samples,

respectively.

It is worth noting that a difference in the morphology of the clusters in the LD-HIE

and LD-LIE samples was observed, with the former having rounder shapes (aspect ratios,
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AR, closer to 1), and the latter a bigger variation in shape (wider AR distribition). These
differences are not obvious to the unaided eye, but they are reflected in the shape descriptors
of the NCs, as shown in the aspect ratio histogram depicted in figure 3.2. The different
morphologies of the clusters in these samples do not seem to have any effect in their

electrochemical response, however, as will be shown in section 3.3.
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FIGURE 3.2: Aspect ratio of the singlet clusters in the LD-LIE and LD-HIE samples.

3.2.1 Electrochemical Cleaning

Typically, prior to electrochemistry studies employing platinum, the working electrode
is cleaned, usually by repeated voltammetric cycling in a wide potential range to include
the potentials at which hydrogen is adsorbed onto the Pt surface at the cathodic limit and
at which its surface is oxidised at the anodic limit.[144] The potential cycling is generally
carried on until consecutive CV cycles are identical, indicating that impurities have been
successfully removed from the platinum surface. However, this process can result in changes

to the working electrode, which is sometimes undesirable.

For the work presented in this chapter, having a well-defined sample, with randomly
distributed clusters of a pre-determined size and narrow size distribution was vital. For that
reason, two HIE samples (1.6 eV/atom) were cleaned by electrochemical cycling, in order

to evaluate the effect of this process on the size-selected Ptgy3 clusters. A high deposition
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energy was chosen for this purpose to ensure a stronger adherence of the NCs to the substrate
and reduce cluster mobility. Two different cluster densities, "low" (LD) and "high" (HD),

were employed (vide table 3.2).

For these experiments, the TEM grid samples were submersed almost entirely into a
0.1 M HCIOy solution and the potential was cycled between —0.29 and 1.05V vs. Ag/AgCl

atascanrate v=0.5Vs

The electrocatalytic activity of the Pt NCs was investigated before and after this cleaning
procedure using the SECCM configuration, with a pipette with tip diameter of ~0.5 um.
Figure 3.3(A) shows linear sweep voltammograms (LSVs) performed on the LD sample,
and figure 3.3(B) shows LSVs performed on the HD sample, after cleaning, in two different
locations. Representative STEM images of these samples obtained before and after cleaning
are depicted in figure 3.4, and table 3.2 summarises the main results from the size analysis

performed based on images such as those shown in figure 3.4.

The LSVs obtained before and after cleaning (figure 3.3(A)) reveal (i) a decrease in the
ORR onset potential, and that (i1) the apparent limiting current (before the onset of HER)
remains broadly unchanged. The onset of the ORR shifts by ca. +0.1 V, confirming faster
kinetics after the treatment. However, even in the "clean" sample, the overpotential remains
larger than those typically obtained in RDE setups with higher Pt loadings, indicating that
the large 1 measured in this study (vide section 3.3) are a consequence of the system used
herein (i.e. high mass transport due to the SECCM setup and low platinum loading), and
not due to contamination of the catalyst surface at the start of the experiments. Furthermore,
the cleaning process does not change the limiting currents in our specimens (=—0.7 pA
for the LD sample, figure 3.3(A)), which remain significantly lower than that expected in
the diffusion control regime (ca. 6 mA cm™2, or ~12 pA for a 4e~ process and a working

electrode with d = 0.5 um), even if a 1e™ process is considered.
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FIGURE 3.3: LSVs obtained on the (A) LD-HIE and (B) HD-HIE samples before (black
curves) and after (red curves) electrochemical cleaning. Scan rate v =0.1V s~!, solution:
0.1 M HCI1O4. Images obtained from [123].

As for the Pt clusters on the samples, STEM imaging after electrochemical cycling
revealed harsh alterations to particle spatial distribution, as well as causing some platinum
loss and NCs to aggregate. This is reflected in the different LSVs that were obtained on the
HD sample in different areas (vide figure 3.4), where significant differences between the
ORR limiting currents were observed when the tip was landed in different locations on the
TEM grid’s surface, probably due to the uneven distribution of the agglomerated clusters

after cleaning.

Whereas the catalyst activity of the samples towards the ORR only improved slightly, the
changes to the NCs, reflected in their morphology, size and spatial distribution, is drastic,
as illustrated in the STEM images in figure 3.4 and particle size histograms in figure 3.5,
especially for the HD sample. Table 3.2 lists relevant parameters obtained from the analysis
of HAADF-STEM images, including the percentage of "singlets", their projected area, the

substrate’s covered area, cluster density and average particle area. For this analysis, 1 M
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FIGURE 3.4: HAADF-STEM images of LD-HIE and HD-HIE samples before and after
electrochemical cleaning. Two different locations are depicted of the sample after EC
cleaning (indicated as "after 1" and "after 2"). The scale bars indicate 50 nm.

images were used (at least 5 images per sample and state (i.e. before and after)). The relative
quantity of singlets is a measure for cluster aggregation, and a decrease in their size reveals
platinum dissolution. The percentage of the substrate area that’s covered by Pt, cluster density
and the average NP area (including particles of all sizes) all depend on particle aggregation,

detachment and platinum loss.

Note that, although it was not possible to take images in the exact same locations before
and after the EC cleaning, all images presented here were recorded in the same square in
each of the TEM grid samples. Significant changes were observed for all these parameters

and both samples.
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FIGURE 3.5: Cluster area histograms of the LD and HD samples before and after electro-
chemical cleaning.

TABLE 3.2: Size and Pt loading descriptors obtained before and after electrochemical
cleaning of LD-HIE and HD-HIE samples: percentage of singlet NCs, singlet projected
area (average and standard deviation), surface coverage (Acovered), Cluster density and
particle projected area (average and standard deviation, including particles of all sizes).

Singlet Singlet area Acovered cl. density Particle area
Sample

% nm? % cm™2 nm?
LD before 90.1 7.44+0.50 3.3 4.1 x 10! 8.15+2.30
LD after 76.1 7.00+1.10 2.9 3.0 x 101! 9.70+6.45
HD before 63.3 7.74+0.57 17.6 1.4 x 102 12.45+8.50
HD after 20.9 6.39+0.57 12.6 3.2x 101 | 39.17+35.49
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3.3 Oxygen Reduction Reaction

Analysis of the images obtained of the Ptgy3 samples before and after EC cycling confirms
more dramatic changes in the HD specimen, but the same trends were observed for both
samples. Although the cluster size histograms obtained after EC cleaning still shows distinct
peaks for singlet and doublet particles, there is a shift to smaller sizes, and in the HD sample,
the peaks for the larger particles broaden and merge after the treatment. This is accompanied
by a decrease in the proportion of singlets and increase in the percentage of larger particles.
Whereas before electrochemical cycling only 0.35% and 14.5% of all particles were larger
than 20 nm?, after, these percentages grow to 6.5% and 61.3% for the LD and HD samples,
respectively. Additionally, particle density and surface coverage decrease (see table 3.2), and

average particle size increases.

For both samples, there is strong evidence for particle movement (evident in the STEM
images, vide figure 3.4), sintering (i.e. increase in particle average size, decrease in proportion
of singlets, decrease of particle density and surface coverage), and of loss of platinum

(indicated by the decrease in singlet and doublet size, decrease in covered surface area).

The results presented here clearly demonstrate that electrochemical cleaning of the
samples leads to a loss of the properties, such as narrow size distribution of the Pt catalysts
and their random spatial distribution, which were vital in this study (vide infra). For that
reason, further experiments were executed with samples "as deposited", without further

processing steps.

3.3 Oxygen Reduction Reaction

The electrocatalytic activity of the as-deposited (not pre-cleaned, as discussed in sec-
tion 3.2.1) Ptoy3 clusters towards the ORR was investigated by linear sweep voltammetry.
Figure 3.6 presents LSVs obtained at v = 10mV s~! (1% cycle) on the three samples and

compares their performance. The LSVs are plotted with the current density normalised by
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3.3 Oxygen Reduction Reaction

the tip area (=1 um?, figure 3.6(A)) and by the Pt surface area (figure 3.6(B)). The droplet
contact area and total platinum surface area employed to normalise the currents in figure 3.6
were estimated using the results from the particle size analysis by considering hemispherical

particles.

The LSVs in figure 3.6 reveal onset potentials for the ORR of ca. 0.7 V vs. Pd/H for the
HD sample, and ca. 0.6V for the low density samples, and a wide kinetic or mixed-control
region down to ca. 0.2V vs. Pd/H. For the HD sample, the current plateaus between ~0.2 V
and 0.05 V. At 0.05V vs. Pd/H, the current increases strongly due to the hydrogen evolution
reaction (HER) for all samples. Similar curves have been reported for the ORR on platinum

in setups with very high mass transport rates.[137, 142, 145]
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FIGURE 3.6: LSVs (1% scan) obtained on the three samples studied in this work with a
SECCM setup. Details in the main text. Image obtained from [123].

Finite element method (FEM) simulations have been carried out for a SECCM configura-
tion that is comparable to the one used in this work and is available in the literature.[120,
137] The concept of the model is described in detail in [137] (Supplementary Information,

section 2). Briefly, the simulation was carried out for an air-saturated 50 mM H;SO4 solution
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and a tip with d ~ 0.5um and the boundary conditions took into account the permeability
of the meniscus walls to air (the concentration of oxygen at the meniscus walls was set
to that of air-saturation (coz = 2.5 x 10~/ moldm™). The theoretically expected diffusion-
limited current for the 4e~ ORR (equation 1.2 in section 1.2.4), calculated from the FEM

simulations,[120, 137] was found to be ~6 mA cm™2.

For the samples studied in this work, the apparent limiting current densities are ca.

2.7mA cm™2 and 0.3 mA cm™2 for the HD and LD samples, respectively.

For the HD sample, this implies that, if the current measured just before the onset of
HER is limited by the diffusion of O; to the electrode’s surface, the ORR occurs viaa2e~
mechanism (equation 1.3). Although HER only starts at E ~ 0.1V, hydrogen adsorption
starts at £ < 0.3V for platinum,[146—151] preventing the 4-electron ORR from occurring.
In this case, the 2e~ pathway is expected, in agreement with the experimental results for this

sample.

For the LD samples, the current density is much lower than the expected value, indicating
that the process is not limited by mass transport, even in the case of a 1e~ mechanism. The
most probable reason for the low limiting currents in the LD samples is the blocking of
catalytically active sites on the Pt surface due to adsorbed species.[147—152] The current
densities for the LDs samples are lower than that of the HD sample even when normalised by
the platinum surface area (figure 3.6(B)). The low currents for the samples with low platinum
loadings indicate that O, is not fully reduced at the clusters; instead, the reduction reaction is
incomplete, and intermediate species are free to move and attack the carbon support (vide
infra). This is further promoted by the mass transport asymmetry in the SECCM setup, where
the oxygen flux is enhanced (due to the air/solution interface at the droplet) and any products

of the ORR are confined to the solution.
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3.3 Oxygen Reduction Reaction

Figure 3.6(B) also shows that LD-HIE and LD-HIE are very similar, confirming that the
different impact energies employed to deposit the clusters and the small changes in their

shape (section 3.2) do not affect the NCs’ catalytic activity.

3.3.1 Stability of the electrocatalytic activity

Figure 3.7 shows the cathodic scans of CVs with multiple cycles. Figures 3.7(A) and
3.7(B) were performed on the LD-LIE and LD-HIE samples, respectively, at v = 10mV s~!

and figures 3.7(C) and 3.7(D) on the LD-HIE and HD-HIE samples at v = 100 mV s7L,

Figures 3.7(A) and 3.7(B) compare the performance and stability of the LD samples. The
current density (normalised by the tip area) is slightly higher for the LD-HIE sample than
for the LIE sample just before the onset of the HER (at 0.05 V vs. Pd/H). In the 1% cycle,
the current densities were ca. —0.33 mA ¢cm™2 and —0.27 mA ¢cm 2 for LD-LIE and LD-HIE,
respectively. This reflects the slightly higher Pt loading in the LD-HIE sample (=6400 NCs
pm_z) relative to that in the LD-LIE (/5650 particles pm_z) specimen (see table 3.1). In both
cases, the performance of the Ptg,3 catalysts degrades at a similar rate, and the current density
falls to ~—0.1 mA cm~2 by the 10th cycle, indicating that the deposition impact energy has

no effect in the catalyst stability over time.

Comparing figures 3.7(B) and 3.7(C), both performed on the LD-HIE sample but with
different scan rates, there are two main differences: (i) the apparent limiting current density
(at E = 0.05V vs. Pd/H, just before the onset of HER) at v = 100 mV s7lis ca. 1.5x that
recorded at v = 100 mV s~!, and (ii) the current magnitude decreases faster with each cycle

at a slower scan rate, suggesting that the degradation of the Pt catalysts is time-dependent.

This decrease in the electrocatalytic current magnitude is much slower in the HD sample

(figure 3.7(D)). Whereas the current magnitude is reduced by ~ 1/3 at the LD-HIE sample,
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FIGURE 3.7: Repeat LSVs recorded in the SECCM configuration (d;jp ~ 1 um) in air-
saturated 0.1 M HCIO4. Currents were normalised by the geometrical area. Image
obtained from [123].
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3.3 Oxygen Reduction Reaction

it only decreases by ~10% for the HD-HIE specimen. This suggests that the degradation

mechanism is retarded at a higher Pt loading.

The possible causes for the catalyst degradation which were considered in this work
are Pt dissolution, cluster migration-aggregation, Ostwald ripening, Pt surface poisoning,
and carbon corrosion (vide schematic illustration in figure 3.8). Platinum dissolution leads
to a decrease in catalyst loading and in electrochemically actice surface area (ECSA),
reducing the catalytic current. Cluster migration-aggregation and Ostwald ripening also
results in a decrease in ECSA due to aggregation of smaller particles into larger ones. Finally,
carbon corrosion can induce Pt migration and/or detachment due to a weakening of the Pt-C

interaction.[134, 139, 153-156]

<

v;v lfé

Platinum Dissolution

Particle Detachment

Agglomeration

FIGURE 3.8: Schematic illustration of the possible degradation mechanisms for a carbon/Pt
catalytic system. Image obtained from [139].

Small carbon-containing species (expecially CO) can block active sites on platinum
catalysts, causing a deterioration of their performance.[156, 157] Such contaminants may
originate from the carbon support itself, catalysed by the Pt clusters. It has been shown
that Pt catalyses the oxidation of carbon to CO; electrochemically at £ > 0.207 V vs. RHE.

[158] Although the kinetics of these reactions are very slow at E < 1V vs. RHE,[159] it is
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3.4 Hydrogen Peroxide Damage

catalysed by small platinum clusters.[160] Alternatively, the carbon can also be attacked by

reactive intermediaries (RIs) and oxidised chemically. [161-164]

Possible RIs include hydrogen peroxide, H,O», [161, 163] , superoxide anion radical,
0,°7, [165-168] hydroxil radical, *OH,[169—-171] and hydroperoxyl radical, *OOH,[172]
and all of these have been identified as products of the ORR in PEMFCs.[169, 173, 174] and
in acidic solutions [166, 172, 175] and suggested as possible intermediates.[149, 150, 176]
Due to the high mass-transport rates in the SECCM configuration, these species can wander
off as soon as they’re formed, and attack the carbon substrate.[160] The products of those

reactions can, in turn, be adsorbed on the surface of Pt NCs, effectively poisoning them.[163]

In the following sections, these possible causes for the catalyst degradation after driving
the ORR are explored. The effect of H,O», an oxidative product of the ORR, was investigated
employing cyclic voltammetry (section 3.4), Pt migration and aggregation was assessed
through HAADF-STEM imaging (section 3.5), and the stability of the carbon support was

studied with the help of X-ray photoelectron spectroscopy (XPS) (section 3.6).

3.4 Hydrogen Peroxide Damage

Possible damage done on the amorphous carbon / Ptgy3 catalyst system by hydrogen
peroxide (which is generated during the ORR) was assessed by landing a SECCM tip (d ~
1 um), filled with 0.1 M HCIOy4 solutions containing 1 and 5 mM H;0O,, and holding the
droplet in contact with the substrate during 3 min. CVs were obtained as soon as the tip

landed, and after this period, and are presented in figure 3.9.

Figures 3.9(A) and 3.9(C) show CVs recorded immediately after contact was established
between the SECCM droplet and the TEM grid sample (black curve) and after a 3-minute

wait period (red curve), where no electrochemical reaction was driven. Similar currents were

92



3.4 Hydrogen Peroxide Damage

recorded before and after the wait period for both HyO, concentrations used. Additionally, a

series of consecutive CVs were performed on the same sample. The 1% (black curve) and

5th (green curve) scans are represented in figures 3.9(B) and 3.9(D), revealing decreases in

current as observed previously in HC1O4 solutions with no added H,O; (section 3.3.1). It is

worth highlighting that, for a potential window of 1.1V and a scan rate of 0.1 Vs~!, the 5

scan is performed <2 min after the 15. These results are clear evidence that the degradation

of the NC catalysts are not a result of hydrogen peroxide and must be generated by other

reactive species formed during ORR.
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FIGURE 3.9: CVs recorded at 100mV s~! in a SECCM configuration on a LD-HIE sample
with HO;-containing 0.1 M HCIO4 solutions immediately upon landing of the SECCM
tip and after a 3 min holding period. Image obtained from [123].
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3.5 Cluster Mobility and Aggregation

3.5.1 STEM analysis

HAADF-STEM was employed to explore the changes to NC size distribution, spatial
distribution, particle density and surface coverage as a consequence of electrochemical
experiments. This information is utilised to assess the occurrence of dissolution, detachment,
Ostwald ripening and migration-aggregation during the ORR, and to help determine the

cause for the gradual loss of electrocatalytic activity reported in section 3.3.1.

The SECCM landing locations were estimated as described in section 2.2.1.1 and areas
where the ORR was executed were identified due to the resulting increase in the background
intensity. Examples of such bright areas can be seen in figure 3.10. Clusters were imaged
in these locations ("inside", or after ORR) and also in nearby areas ("outside"). The "out-
side" clusters were used as a control, as their state is equivalent to before performing any
electrochemical tests. Unfortunately, due to the brightening of the carbon background, a
quantitative analysis of the integrated HAADF-intensity of individual clusters to determine
their size (number of constituent atoms) was not possible. For that reason, the size analysis
was performed employing the NCs’ projected area and corresponding diameter (assuming

spherical clusters).
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3.5 Cluster Mobility and Aggregation

(A) 50 scans, 100mVs~!. (B) 50 scans, 1000 mV s™'.

FIGURE 3.10: STEM images of the LD-HIE sample showing the brightened background
after ORR. The scalebar indicates 250 nm.

Figures 3.11 (A)-(C) show representative STEM images of the LD samples after ORR.
Figure 3.11(A) was recorded after 15 cycles at a scan rate v = 10mV s~! on the LD-HIE
sample, highlighting the lack of obvious changes to the clusters (in size or spatial distribution)
compared to pristine areas (see figure 3.1(C)), even after subjecting the sample to the
lengthiest ORR testing (total time = 3300 s, or 55 min). Figures 3.11(B) and 3.11(C) were
obtained from the LD-LIE sample after 20 scans at v = 50mV s~ and 50 scans at v =
100mV s~!, respectively. Both images show a change in the NC spatial distribution: instead
of randomly distributed clusters (compare to figure 3.1(A)), a significant portion of the
Pt clusters deposited with a low impact energy form groups of closely arranged clusters,
revealing clear evidence of particle movement. Interestingly, although the NCs get very close
and can form groups of 15 clusters or more, the NCs do not touch or merge to a significant

extent (vide infra). This "clustering" of the NCs is typical for this sample.

The change in spatial distribution is reflected in a shortening of the nearest neighbour
distances (NNDs). Centre-to-centre NND histograms were created for clusters after the
ORR experiments and in nearby, pristine areas for both low density samples using 2M
magnification images. Histograms corresponding to each of the images in figure 3.11 (A)-
(C) are shown below the respective STEM image: figures 3.11 (D)-(F) show the "inside"
NNDs and figures 3.11 (G)-(I) the "outside" results; cumulative NND histograms for both LD
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(A) LD-HIE; 15 cycles, v =

% Clusters

% Clusters

10mV s}, f,or = 3300s.

251 L RE—
T 0 20 40 60 80 100
20__ Cumulative %

15 LD-HIE out
104 15x 10 mV/s
i 3300 s

5 —

O_—l_l_l_|_'_'_|_'_'_|_'_'_|_'_'_|
3 6 9 12 15 18
NND (nm)

(D) Outside.

25 —_—

7 0 20 40 60 80 100

20__ Cumulative %

15 LD-HIE in
104 15x 10 mV/s
i 3300 s

5 -

O_—l_'_'_'_'_'_'_'_'_'_'_'_'_'_'_‘
3 6 9 12 15 18
NND (nm)

(G) Inside.

(B) LD-LIE; 20 cycles, v =

% Clusters

% Clusters

50mV sty = 880s.

25+ | I
) 0O 20 40 60 80 100
20__ Cumulative %
154 out
104 20x 50 mV/s
880 s
5 —
O_—l_'_'_|_'_'_'_'_'_|_'_'_'_'_'_|

3 6 9 12 15 18
NND (nm)

(E) Outside.

25+ o SN
T 0 20 40 60 80 100
20__ Cumulative %
15 LD-LIE in
104 20x 50 mV/s
880 s
5 —

oL
3

6 9 12 15 18
NND (nm)
(H) Inside.

(c) LD-LIE; 50 cycles, v =

% Clusters

% Clusters

100mV s, f,o = 1100ss.

25 =" —
1 0 20 40 60 80 100
20__ Cumulative %
15__ out
104 50x 100 mV/s
J 1100 s
5_
O__'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_‘
3 6 9 12 15 18
NND (nm)
(F) Outside.
25
7 0 20 40 60 80 100
20__ Cumulative %

15 LD-LIE in
10 4 50x 100 mV/s
i 1100 s

5 —

O_—l_'_'_'_'_'_'_'_'_'_'_'_'_'_'_‘
3 6 9 12 15 18
NND (nm)

(1) Inside.

FIGURE 3.11: (A)-(C) HAADF-STEM images of areas of the LD samples where CVs were
performed. The scalebars indicate 25 nm; f is the total CV duration. (D)-(I) Centre-to-
centre nearest neighbour distance histograms of areas (D)-(F) outside and (G)-(I) inside

the droplet footprint.
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samples and all ORR tests discussed in this work can be found in the appendix, in section A.1,

figures A.1 (LD-HIE) and A.2 (LD-LIE sample).

Analysis of the NND histograms revealed a shift to shorter distances for the LD-LIE
sample (compare figures 3.11(E) vs. 3.11(H) and 3.11(F) vs. 3.11(1)), which was observed for
all "inside" areas (vide figure A.2). The same was not observed for LD-HIE (figures 3.11(D)
vs. 3.11(D) and figure A.1), nor for the HD-HIE sample, which did not reveal significant

changes in particle spatial distribution.

In pristine areas of the LD samples, there is a continuous distribution of the centre-to-
centre NND between ~3.5 nm and ~13 nm, with a maximum at the shorter lengths and a
gradual decrease as the distance increases. This arrangement remains unchanged for the LD-
HIE sample even after executing consecutive CVs for almost 1 hour (3300 s; figure 3.11(G)).
In contrast, the nearest neighbour distances for the LD-HIE sample, a shift to shorter cluster
separation can be seen for all experiments: the NND histograms reveal increased frequency

at ~4-6 nm and only very small percentages beyond ca. 7 nm.

An additional set of experiments were performed, where a SECCM probe was landed
on the LD-LIE sample and held there for times comparable to those used to investigate the
ORR. No potential was applied during this waiting time, and the probe was lifted, removing
the droplet from the substrate. No changes in the spatial arrangement or size of clusters
were detected in those cases. This indicates that the cluster movement and "clustering" is

promoted by the potential cycling and/or the ORR.

Something similar to this characteristic arrangement of the NCs into groups has been
observed for Pt NCs soft-landed on HOPG, with very low impact energies (0.1eV per
atom).[177-179] These patterns formed by Pt clusters have been attributed to small amounts
of lightweight species, probably CO,[179] which readily adsorb on the platinum surface

even under ultra-high vacuum (UHV) conditions. In the LD-LIE sample, the nearest neigh-

97



3.5 Cluster Mobility and Aggregation

bour edge-to-edge distance is ca. 1.5 nm, which is close to the ~1.2 nm identified in the
UHV/HOPG studies. This supports the proposition that the loss in the Pt catalysts is caused
to poisoning by small organic species, resulting from degradation/corrosion of the amorphous
carbon support due to attack by reactive intermediates generated during the ORR. Such small
chemical species would act to both block catalytic surface sites on the carbon, and protect the
clusters from aggregation. HAADF-STEM cannot detect or identify such small, lightweight
species. However, the brightening of the carbon support in areas where the droplet probe
was landed and where ORR was driven is reminiscent of the contamination build-up which
can occur during STEM imaging. This contamination is generated by the polymerisation of
carbonaceous species, induced by the electron beam. [180, 181] Changes in the chemical
environment of carbon (from the support) were confirmed by XPS (this will be explored in
section 3.6). It is not unreasonable to speculate that, in the case of the samples studied in this
work, the brightening of the background may be caused by a similar process, but induced

electrochemically rather than by the electron beam.

Particle size was also compared in areas where the ORR was driven and in the vicinity of
each droplet footprint. Although there is a slight shift to smaller NC sizes in some "inside
areas", as illustrated in figure 3.12(B), this was not always the case (e.g. figure 3.12(A)),
and no correlation could be found between experimental parameters during the CVs and
the resulting histograms. Instead, the differences are more likely to be due to the manual
thresholding step, which determines the carbon-platinum boundaries. A threshold was set
manually for each image, which necessarily introduces some error. In this case, this problem
is exacerbated by the changes in the background brightness, which varied even within the
same footpring and must influence the thresholding process. In fact, there is a greater size
(diameter) dispersion between different "outside" areas (or between different "inside" areas,
as well) than between "inside" and "outside", as is exemplified in table 3.3. The same

pattern was found for the other samples. Furthermore, where there is a change (mainly in
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the LD-LIE sample), the difference between outside and inside is always smaller than the
standard deviation, which is especially large in the "inside" areas of the LD-LIE sample.
However, even if there is a small degree of platinum loss (Pt dissolution from the clusters),
the extent to which this occurs is minimal and cannot explain the loss of electrocatalytic

activity observed during the voltammetric experiments.
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FIGURE 3.12: Particle diameter histograms obtained before and after the same procedure
(50 CV cycles, v = 1 Vs™) on two distinct locations of the LD-LIE sample.

Further evidence against platinum dissolution is found when comparing the diameters in
tables 3.3 and 3.4 with those in table 2.2. The average diameters for the LD-HIE sample are
d(LD-HIE, out) = 3.23£0.05 nm and d(1 p-HiE, iny = 3.12+0.09 nm, and for the LD-LIE sample,
d(LD-LIE, outy = 3.11 +20.10 nm (outside) and d(1 p-LiE, in) = 3.14 £0.07 nm. The values for
d(LD-HIE, in)> d(LD-LIE, outy and d(1.p-LIE, in) are very close to each other, and consistent with
thresholding at 20% of the background-corrected maximum cluster intensity (for a cluster
imaged at a very high magnification and clean background). The average for d(1 p-HiE, out) 18
slightly higher, similar to the d;5¢, in table 2.2, and it is very probable that the discrepancy is

due to manual threshold setting step.
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TABLE 3.3: Singlet diameter (average and standard deviation) and particle density before
and after driving the ORR on the LD-LIE sample employing different number of scans
and scanning rates. All the CVs were performed from £ = 1.1V to E =0V vs. Pd/H.

EC Total @it d; Nout N;
Experiment Duration (nm) (nm) (10" em™2) (10" cm™?)
15x 10mVs~! 3300s 3.22+0.09 3.23+£0.16 6.8 6.3
50 x SOmVs™! 2200s  3.07+0.15 3.09+0.11 6.4 6.3
50 x 100mV s~ 1100s  3.024+0.11 3.10+0.10 6.4 6.4
50 x 500mV s~! 220s 3.20£0.10 3.1940.10 6.6 6.4
50 x 1000 mV s~ 110s 3.02+£0.11 3.07+0.14 6.6 6.4

TABLE 3.4: Singlet diameter (average and standard deviation) and particle density before
and after driving the ORR on the LD-HIE sample employing different number of scans
and scanning rates. All the CVs were performed from £ = 1.1V to E =0V vs. Pd/H.

EC Total et d; Nout N;
Experiment Duration (nm) (nm) (10" em™2) (10" em™?)

10x 10mVs™! 2200s  3.294+0.12 3.14+0.30 5.6 5.1
50 x 100 mV s~! 1100s  3.16£0.15 3.09+£0.15 5.5 5.6
20 x 50mV s~ 880s 3.224+0.14 2.98+0.26 6.0 5.7
50 x S500mVs~! 220s 3.224+0.12 3.11£0.14 6.1 6.0
50 x 1000mV s~! 110s 327+£0.12 3.264+0.12 6.1 6.0
50 x 1000 mV s~! 110s 3.224+0.16 3.11+£0.19 6.1 6.1

Finally, figure 3.13 summarises the results from a coalescence analysis, showing that there
is no significant change in the relative amounts of "singlet" or merged particles. Looking at
each ORR spot individually (not depicted), no correlation was found between the number
of cycles, scan rate, or CV total duration and changes to the NC population. These results
confirm that no significant coalescence of clusters occurs in any of the studied samples, as

was intuited from visual inspection of the STEM images.
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F1GURE 3.13: Relative quantities of singlets, doublets and larger particles for areas where
ORR was driven ("inside") and pristine nearby areas ("outside") of the samples investigated

in this work.

The results from the STEM analysis reveal that there is no significant platinum loss or
coalescence of the NCs, allowing Ostwald ripening, migration-aggregation, and Pt dissolution

or detachment to be excluded as causes for the loss of electrocatalytic activity of the Pt clusters

in this study.

3.6 Changes in the Chemical Environments of Pt and C

X-ray photoelectron spectroscopy (XPS) was employed to identify changes in the chemi-
cal bonds of the species in the samples (carbon and platinum [182]), before and after a series
of 200 voltammetric scans, performed at 0.2 V st fromE=0VtoE=1.1V vs. Pd/H. It
should be noted that the CVs ended at E = 1V, and it is expected that the Pt clusters will be
partially oxidised. LD-HIE and HD-HIE samples were used for these tests, as well as a bare

(as received) TEM grid. The XPS spectra can be found in the annex, in section A.2.

Table 3.5 shows the relative quantities (in atomic %) of carbon and platinum for the two
samples, before and after electrochemical cycling. The remaining elements detected in the

survey spectra (not included in this table) are oxygen (including atmospheric O, H,O and
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oxygen bound to Si, C or a metal), Au (from the metal frame of the TEM grid), Si, N, and

very small percentages of Sn, F, and CI.

An uncertainty of 2% must be taken into account when considering the XPS results
presented here, however, it is interesting to notice that the loss of platinum is much stronger
(~80%) for the LD sample than for the HD sample (/=34%). The changes in composition of

these elements will be explored in more detail in the subsequent subsections.

TABLE 3.5: Relative amounts (in atomic %) of carbon, platinum and oxygen before and
after ORR, obtained from XPS survey spectra.

LD HD
Element | Before After Change Before After Change

C 80.18 63.51 -16.67 (-20.8%) | 64.58 6740 +2.82 (+4.4%)
Pt 082 0.16 -0.66 (-80.5%) | 8.16 538 -2.78 (-34.1%)

3.6.1 Platinum

Table 3.6 presents the relative atomic amounts of metallic Pt and platinum oxide (PtO) in
the LD-HIE and HD-HIE samples. The results show that the as-deposited platinum is fully
reduced (100% metallic). After driving the ORR, the ratios of Pt oxide to metallic platinum
are 14.6% and 6.1% for the LD and HD samples, respectively, indicating that the surface of
the NCs are oxidised more extensively when their density is lower. This again shows that the

damage done to the carbon/Ptg;3 system is more severe with a low Pt loading.
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TABLE 3.6: Relative amount (RA, in atomic %) of of metallic and oxidised platinum based
on fitting the Pt 4f; , spectra before and after ORR in the LD-HIE and HD-HIE samples.

LD HD

Environment | Before After | Before After

metallic Pt 100 87.27 100 94.26
Platinum oxide 0 12.73 0 5.74

PtO/Pt ratio 0 14.6% 0 6.1%

STEM images were used to estimate the surface area to volume ratio of the platinum
deposited at high and low densities (vide section 3.5). Singlets were assumed to be spheres
(withV =4/37nr3 and A, = 471> = 4A p)» Whereas larger particles, due to their more irregular
shapes, were approximated as having the shape of their 2D projection and a uniform height
equivalent to the average diameter of a singlet, so that their volume and surface area were

calculated according to the following relations:

V = A, dying (3.1)

Ay =24, + P dying (3.2)

where A, is the projected (2D) area, Ay is the (3D) surface area, dy;y, is the average diameter

for a singlet cluster, and P is the particle’s perimeter.

The results of this analysis for the LD-HIE and HD-HIE samples, which were also used
for the XPS studies, are presented in table 3.7. It is interesting to note that, although the
values of the surface area and volume for these samples was estimated using a simple model,
the ratio of total volumes for the LD and HD sample obtained in this manner (V.p/Vyp =
11%) is in good agreement with the relative amounts of Pt obtained from the XPS analysis
(8.16% for the high density and 0.82% for the low density samples, vide table 3.5). This

agreement validates the methodology used to estimate the parameters presented in table 3.7.
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3.6 Changes in the Chemical Environments of Pt and C

As expected, the A;/V ratio is higher for the low density sample because of the higher
proportion of singlets. However, the ratios of the surface area to volume ratios of these
samples (HD/LD) is low, ca. 1.2, only about half of the ratios of platinum oxide to metallic
platinum obtained from the XPS analysis (vide table 3.6, 14.6/6.1 = 2.4). Instead, the higher
extent of the oxidation of the platinum surface in the LD samples corroborates a mechanism
in which the low density of Pt catalysts allows RlIs to travel from the site where they are
formed before being fully reduced and to attack the carbon, forming carbon oxides which
can then poison the platinum surface. When the platinum coverage is higher, there is a
greater probability of the RIs from the ORR process to meet another platinum catalytic site,

decreasing the concentration of such poisonous species.

TABLE 3.7: Surface area and volume densities for the HD-HIE and LD-HIE samples.

Ag 174 As)V
Sample V /Vup
nml%t pm‘2 nm13,t pm‘z nm™!

HD-HIE  1.91 x 10° 1.29 x 10° 1.48 100 %
LD-HIE 2.56 x 10° 1.40 x 10° 1.82 11%

It is also interesting to note that the binding energies corresponding to oxidised platinum
have different energies in the LD (Ejp;,,q = 73.6 V) and HD (Ej;,,q = 74.2 eV) samples after
ORR. Due to the low Pt density in the LD sample and consequent noise in the Pt 4f7
spectrum (shown in section A.2.1, figure A.3), no definitive conclusions can be drawn from
this. However, it implies that the oxidation of the platinum surface does not differ just
in degree depending on the Pt loading, the Pt surfaces are very probably also chemically

distinct.
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3.6 Changes in the Chemical Environments of Pt and C

3.6.2 Carbon

The results obtained from the carbon 1s XPS spectra are summarised in tables 3.8
(LD-HIE), 3.9 (HD-HIE) and 3.10 (bare grid), and the experimental spectra and their de-
convolution into the contributions of the different carbon bonds can be found in the annex

section A.2.2, figure A.4.

For the LD sample, the XPS results reveal significant changes to carbon’s chemical
environment (vide table 3.8), with a decrease in the graphitic carbon content from ~53% to
~22%, accompanied by a comparable increase in the C—C and C—H (~34% to ~53.5%).
The amount of C—OH/C—N bonds increased by ca. 1.3, O—C=0 by 1.5, and there was a

small decrease in C=0.

The changes in the chemical environment of C werenot as drastic in the HD sample, as
shown in table 3.9. The C—C/ C—H content remained almost unchanged, there was a ~17%
decrease in the proportion of graphitic carbon, and the remaining bonds species increased by
~40-50% each. Interestingly, the changes observed for the HD-HIE sample (table 3.9) are

comparable to those undergone by the bare TEM grid, with no platinum (table 3.10).

TABLE 3.8: Relative amount (RA, in atomic %) of the different chemical environments for
C based on fitting the C 1s spectra and changes in RA (ARA) due to ORR in the LD-HIE
sample.

LD-HIE sample

Environment | Before After | ARA (abs.) ARA (rel.)

Graphitic C 5294 2242 —30.52 —57.7%
C-CorC-H | 34.12 5352 | +19.40 +56.9%
C-OHorC-N| 597 1391 +7.94 +133%
C=0 422 330 —0.92 —21.8%
0-C=0 275  6.85 +4.10 +149%
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TABLE 3.9: Relative amount (RA, in atomic %) of the different chemical environments for
C based on fitting the C 1s spectra and changes in RA (ARA) due to ORR in the HD-HIE
sample.

HD-HIE sample

Environment | Before After | ARA (abs.) ARA (rel.)
Graphitic C 47.76  39.44 —8.32 —17.4%
C-CorC-H | 33.08 32095 —0.13 —0.4%
C-OHorC-N | 11.84 16.85 +5.01 +42.3%
C=0 3.71 5.32 +1.61 +43.4%
0-C=0 3.62 5.44 +1.82 +50.3%

TABLE 3.10: Relative amount (RA, in atomic %) of the different chemical environments
for C based on fitting the C 1s spectra and changes in RA (ARA) due to ORR in a bare
(no Pt) TEM grid.

bare TEM grid (no Pt)
Environment | Before After | ARA (abs.) ARA (rel.)
Graphitic C 53.13 41.13 —12.00 —22.6%
C-CorC-H | 31.64 36.29 —0.13 —0.4%
C-OHorC-N| 9.11 11.12 +2.01 +22.1%
C=0 422 7.59 +3.37 +79.9%
0-C=0 1.90 3.87 +1.97 +103.7%

The differences in the integrity of the carbon films in the samples with a low and higher
platinum loads, after undergoing the same ageing procedure, indicate that a greater amount
of platinum protects the carbon from degradation, in agreement with the electrochemical
evidence discussed in section 3.3.1. This is further supported by the comparable changes

recorded for the carbon on the TEM grid in the absence of platinum.

Overall, the XPS results support a mechanism in which damage is caused by reactive
species generated during the Pt-catalysed ORR, possibly *OH and *OOH radicals.[153, 162]

At low loading, these species can escape the platinum surface and reach the carbon to react
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and generate small organic molecules, which can adsorb on the Pt surface, blocking it. On
the other hand, with higher Pt densities, there is a higher probability of such RlIs being
electrochemically reduced on NCs to H,O, or H>O, mitigating the corrosive consequences

of driving the ORR.

3.7 Summary and Conclusions

Model catalyst systems for the ORR were prepared by depositing mass-selected platinum
nanoclusters (Ptg23, having 923 constituent atoms and d ~ 3 nm) with a very narrow size
dispersion (ca. 4 %) onto gold TEM grids which were covered by thin amorphous carbon
films. The cluster source employed to generate and deposit the Pt NCs allows for independent
control of cluster size (number of constituent atoms), density and deposition energy, allowing

the preparation of well-defined systems.

Two NC densities, "low" (LD, ca. 6% surface coverage) and "high" (HD, ~37% surface
coverage) were chosen and two impact energies were employed to soft-land the clusters onto
the substrate (0.54 and 1.6 eV per atom; LIE and HIE, respectively), allowing the effects
of Pt loading and adherence of the NCs to the carbon support to be investigated. Table 3.1
summarises the characteristics of each of the samples used in this chapter, and representative

STEM images and particle size (projected area) histograms are presented in figure 3.1.

It is customary to clean platinum catalyst surfaces before electrochemical tests, usually
employing cyclic voltammetry, but it was found that extensive potential cycling lead to drastic
changes to the Pt NCs in the samples utilised herein, as evidenced by the STEM images
presented in figure 3.4. Strong evidence was found for cluster migration-aggregation and
platinum loss (vide figures 3.4 and 3.5 and table 3.2). Cyclic voltammograms obtained before
and after this procedure employing the SECCM setup (shown in figure 3.3(A)) revealed

a shift of +0.1V for the ORR onset potential, but no significant change to the apparent
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diffusion-limited current. CVs recorded on the HD sample after cleaning revealed a large
variation in the currents obtained from different locations on the grid, probably due to the
irregular distribution of the aggregated platinum NCs (vide figure 3.3(B)). Further tests were

therefore carried out on as-deposited samples.

Linear sweep voltammograms, obtained with a SECCM setup (pipette tip with d ~
1 um) from a 0.1 M HClOy solution, revealed ORR onset potentials of 0.7 V for the HD-HIE
sample and 0.6 V vs. Pd/H for the LD-HIE and LD-LIE samples, and a HER onset potential
of 0.05V vs. Pd/H in all cases. All samples had broad kinetic or mixed control regions, due
to the high mass transport rates for O,. For the specimen with the high Pt loading, a plateau
is reached at E ~ 0.2V, possibly due to blocking of active sites by adsorbed hydrogen.
The apparent limiting current densities (normalised by the area of the SECCM tip) were
ca.2.7mA cm™? and 0.3 mA cm™2 for the HD and LD samples, respectively. This value
is below the theoretical diffusion limited current density (=6 mA cm~2) for a 4e~ process,
indicating that ORR occurs via a 2e~ mechanism for the HD sample, and is kinetically
limited for the LD samples. Further evidence for different mechanisms for the substrates with
different platinum loadings is found when the currents are normalised by the Pt surface area
(figure 3.6(B)), which shows that the current density obtained with the HD sample remained
significantly higher than those obtained on the low density samples. The activities of the two
LD samples were however very similar, confirming that the impact energy during deposition
(i.e. strength of the adhesion of the clusters to the substrate) and the slightly different shapes

(see figure 3.2) of the NCs donot have a significant effect on the catalysts’ activity.

Repeat voltammetric scans revealed a degradation of the catalytic activity of the Pt NCs
for all densities. This process was found to occur more rapidly when the Pt loading was
lower (vide figure 3.7). Several degradation mechanisms were considered as reasons the
decreasing catalytic performance: Pt dissolution, cluster migration-aggregation, Ostwald

ripening, Pt surface poisoning, and carbon corrosion.
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The effect of hydrogen peroxide was assessed by bringing droplets of 0.1 M HClO4
solutions containing 1 mM and 5 mM H;O, into contact with the surface of the LD-HIE
sample and running CVs before and after a holding period, where the droplet was kept in
contact with the substrate but without driving electrochemical reactions. Figure 3.9 shows
that, after a 3 min contact period, no significant activity loss was found. However, when
consecutive CVs were executed immediately after landing the tip, the apparent limiting
current was reduced by ~50% after <2 min, providing strong evidence that the loss of

catalytic activity was not due to H>O».

A statistical analysis of the samples using STEM images provided no evidence for
significant particle coalescence (vide figure 3.13), platinum dissolution or NC detachment,
even after extensive electrochemical cycling, suggesting that the degradation of the catalyst

system must be caused by poisoning of the Pt surface.

Interestingly, significant particle movement was observed for the HIE sample (see figure
3.11). This was evidenced by a change in the spatial arrangement of the NCs, which
aggregated to form groups up to more than 15 clusters. The NCs in such aggregates didnot
touch, exhibiting instead centre-to-centre separations of ca. 4 - 5 nm, equivalent to ~1.5 nm
edge-to-edge distances. Similar patterns had been reported for soft-landed (0.1 eV per atom)
Pt NCs on HOPG substrates in UHV. The most likely cause for such aggregates was found to
be adsorbed lightweight species, most probably CO, in the HOPG/UHYV study.

Finally, X-ray photoelectron spectroscopy was utilised to assess the changes to the
chemical environment of carbon and platinum in the LD-HIE and HD-HIE samples, with
the same procedures being performed on a bare TEM grid as a control. XPS spectra were
recorded before and after carrying out 200 CVs at a scanrate v=0.2V s™! between Eqq =

0V and E,, = 1.1V vs. Pd/H, ending at the anodic potential.
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Survey XPS spectra revealed platinum losses of ca. —80% and —34% for the LD and
HD samples, respectively, as well as loss of carbon to a smaller extend, with accompanying
increase in the oxygen content (vide table 3.5). The platinum was partially oxidised in both
cases, but to a higher extent for the LD-HIE sample (table 3.6). This difference could not be
explained solely by the different surface area to volume ratios of the two samples (due to the
higher degree of merged Ptgy3 NCs at higher Pt loading - see table 3.7). Instead, this result

indicates that the degradation of the platinum clusters is more severe at lower NC densities.

The carbon 1s spectra also provided evidence for more severe corrosion in the LD sample
(see table 3.8), whereas the changes observed for the HD sample (listed in table 3.9) were

comparable to those suffered by the control grid (table 3.10), with no platinum.

Overall, the evidence provided in this work strongly points to poisoning of the platinum
surface as the cause for the decrease in the NC electrocatalytic activity toward the ORR. The
degradation is worse for the samples with a very low Pt content (=5 - 6% surface coverage).
The results presented in this chapter are in agreement with a mechanism in which reactive
oxygen intermediates (ROIs), such as *OH and *OOH radicals, are formed as products of the
ORR and attack the carbon substrate. This is promoted by the high mass transport rates and
asymmetric flux of reactants and products (due to the increased O, flux from the liquid/air
interface) in the SECCM setup. The corrosion of the carbon support results in the formation
of carbon/oxygen groups (e.g. CO) which can be adsorbed on the platinum surface, poisoning

the catalysts.
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Chapter 4

Electrodeposition of Pt

The work presented in this chapter was done in collaboration with Dr. Cameron Bentley
under the supervision of Prof. Pat Unwin of WEIG, University of Warwick, and it has been
published in a peer-reviewed journal.[118] Dr. Cameron Bentley performed all electrochem-
istry experiments discussed in this chapter and prepared figure 4.1. All STEM imaging and

analysis was carried out by the author.

Although the processes involved in nucleation and growth of metal nanoparticles on low
energy substrates have been increasingly investigated in the past decade, much is still not
fully understood, especially at the atomic scale. The state of the art in this field was reviewed
in section 1.3. In this work, the possibilities of combining two powerful techniques, SECCM
(section 2.2) with atmospheric control and ex situ HAADF-STEM (section 2.3), are explored
to develop a novel, high-throughput methodology to study and obtain new insights into the
electrodeposition of metals (i.e. platinum) onto a low energy substrate (i.e. amorphous

carbon) under different conditions (deposition potential) at the atomic scale.
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4.1 Electrochemistry

4.1.1 Electrodeposition of platinum by cyclic voltammetry

Cyclic voltammetry was used to test the electrodeposition of platinum onto amorphous
carbon-coated gold TEM grids in the SECCM configuration (d;jp, = 1.6 um; CVs shown in
figures 4.1(A) and 4.2) and compared to the same process (reduction of Pt(Il) to Pt(0)) on
a macroscale glassy carbon (GC) electrode (dgcg = 0.95 cm) in a conventional 3-electrode
cell (figure 4.1(B)). Please note that in figures 4.1(A) and 4.1(B) the current is normalised
by the tip area (Agp = 2.0 pm2) and by the electrode’s geometrical area (Agcg = 0.707 cm?),
respectively, for easier comparison, and that all electrodeposition experiments were performed

in argon-saturated solutions (absence of oxygen).

On the GC electrode (figure 4.1(B)), the CV presents a classical shape, with 2 sets
of redox peaks (centred around E = —0.49 and —0.58 V) which can be attributed to the
reversible adsorption and desorption of hydrogen onto the platinum surface, and a reduction
peak at E = —0.67 V corresponding to the reduction of Pt(II) to Pt(0). The current at the
cathodic limit of the CVs, which is due to the evolution of hydrogen catalysed by Pt, grows
strongly with each cycle in an initial phase (ca. first 4 cycles), and slows down with later

cycles, reflecting the evolution of the platinum electroactive surface area.

In the case of the CCTG substrate and employing the SECCM technique (figures 4.1(A)
and 4.2), the resulting CV lacks these classical elements: it can be seen in the inset of
figure 4.2 that these characteristic platinum electrodeposition features (platinum reduction
and hydrogen adsorprion/desorption) are absent. Instead, the only feature in these cyclic
voltammograms is the reduction peak at E < —0.6 V vs. Pt(II)/Pt(0), which corresponds to
the hydrogen evolution reaction (HER). Despite the lack of the characteristic features of an

electrodeposition of a metal onto a low energy (i.e. carbon) support, the consistent increase
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FIGURE 4.1: CVs (20 cycles) recorded from an argon-saturated solution containing 1 mM
K,[PtCls] in 0.1 M HCI at a scan rate v = 0.5 Vs~ on (A) carbon-covered TEM grids
using a SECCM setup and on (B) a macroscale glassy carbon electrode. The pink
(Eapp < —0.6'V) and purple (E,p, > —0.6 V) backgrounds in (A) indicate the potential
region where HER does and does not take place. The arrows identify current density J = 0
and potential £ = 0. Image adapted from [118].

in current magnitude with each cycle confirms that platinum is being deposited and that its

surface area is growing with each CV cycle. The absence of the current peaks corresponding

to hydrogen adsorption/desorption and platinum reduction is a consequence of the small

quantities of deposited Pt on the TEM grid: the currents generated by these processes are too

small relative to the nonfaradaic baseline current and are therefore indistinguishable from the

background current on the CCTG electrode.
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FIGURE 4.2: Representative CV obtained on CCTG from an Ar-saturated solution contain-

ing 1 mM K,[PtCly] in 0.1 M HCl at a scanrate v = 0.5V s~! with a SECCM tip with a

1.6 um diameter. Inset: detail of the low current regions.
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4.1 Electrochemistry

The slower growth rate on CCTG, evidenced by the much lower current density mag-
nitudes obtained on this substrate, indicates that Pt nucleation kinetics is slower on this
substrate than on GC. For example, after 2 cycles, the current density on the GC substrate
at the cathodic limit, J_g gy) was ~3.5 mA cm™2. This current density is only reached on
the TEM grid electrode after 18 cycles. Slower nucleation kinetics on CCTGs have been

reported in the literature for Pt,[84] Pd[95] and Ag.[21]

4.1.2 Reproducibility of electrochemical experiments

A series of repeat cyclic voltammograms (CVs) were performed on the grid, in the vicinity
of the potentiostatic electrodeposition experiments discussed in section 4.1.3 and in adjacent
squares. This procedure was repeated 32 times in total. A representative CV is shown in
figure 4.2. Initially, a potential of Ey;, =—0.5 V was applied to the tip during approach (Eapp =
+0.5 V at the substrate upon contact), then the CV ran for 20 cycles between E. = —0.8 V
and E,y = 0V. Finally, the potential was ramped back to Egy,t = +0.5V (Eyjp ==0.5V) and
the tip was retracted. An anodic value for E,s during approach, Eg,f > +0.4 V, was chosen
to protect the electrode anodically and avoid the spontaneous deposition of platinum upon

contact.[78].

In order to assess the reproducibility of the SECCM experiments on the TEM grid, the
current at the cathodic limit for each cycle was compared for all repetitions. Figure 4.3(A)
shows the average current at Eqye = —0.8 V ((_o gv)) for each cycle. For the last cycle, the
sample standard deviation for the current represents 18% of the average current, showing

good reproducibility of results using this methodology.

Figure 4.3(B) shows the /- transients recorded at E,,, = —0.9V during three distinct
potentiostatic electrodeposition experiments, revealing excellent agreement for these curves.

A comparable similarity between CAs was found for every studied electrodeposition potential.
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FIGURE 4.3: (A) Average current at the cathodic limit (Ec, = —0.8 V vs. Pt(II)/Pt(0)) of
the CVs for each cycle. The error bars indicate the sample standard deviation. (B) I-¢
transients obtained during 3 distinct chronoamperometric electrodepositions (¢t = 10s,
Eupp =-0.9V).

4.1.3 Potentiostatic Electrodeposition

The electrodeposition of platinum was explored in more detail by chronoamperometry
through a series of experiments where the potential was varied (from OV to -0.9V,in 0.1V
steps) and the duration was held constant (rt = 10s). A hopping programme was employed
for these experiments, where the depositions were performed in the pattern shown in figure
4.4. The resulting chronoamperograms (starting at E,,, = —0.3 V) are depicted in figure
4.5. (The CAs for E;p, < —0.3V are very similar to that for E,,, = —0.3V.) Generally,
for all I-¢ transients, there is a current spike as soon as contact is established, which lasts
<12 ms. Such a current spike has often been attributed in the literature to the charging of
the electrochemical double layer.[80, 82] When comparing the CAs, it can be seen that the

current magnitude increases with overpotential, 1) (decreasing Ep)).

For low overpotentials, E,,, > —0.6 V (figure 4.5(A)), the current magnitude decreases

with time, and the /-7 transients stabilise at / ~ O after ca. 0.5s
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FIGURE 4.4: Low magnification (20k) HAADF-STEM images showing the landing areas
for the 10s potentiostatic EDs of platinum. Only E,,, < —0.6 V generated platinum
deposits that were visible at a low magnification. The yellow inset represents the pattern
that the tip followed during the hopping programme; the triangle and square mark E,, =
0 and —0.9V, respectively.

The higher overpotentials are presented in figure 4.5(B). For E;;,, = —0.6 and 0.7V,
after the initial spike, the current increases with time for the duration of the applied pulse. For
Eupp -0.8 and —0.9 V, the current increase is stronger, and it reaches a plateau. For —0.8 'V,

this occurs at about 8 s, for —0.9V, at ca. 4s.

The current registered at potentials E,;, < —0.6 V can be attributed to the hydrogen
evolution reaction (HER) and the contribution of platinum reduction can be assumed to be
negligible relative to Iygr, as evidenced by the CV (vide discussion around figure 4.2 in

section 4.1.1), which lacks features other than HER.
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Although the currents obtained during chronoamperograms with £, < —-0.6 V cannot
be used to quantify the electrodeposited platinum (by integrating the current relative to the
pulse duration to calculate the charge) due to being predominantly generated by the hydrogen
evolution reaction, it can be used as a reflection of the evolution of the electrochemically
active platinum area, because HER is primarily a surface controlled process. Therefore, the
behaviour of the /-f transients at the highest overpotentials studied in this work indicates
that, as Pt is deposited, the electrochemically active surface area grows up to a limit, remains
stable for a short time, and, in the case of the highest overpotential studied here, finally

decreases very slowly.
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(A) ED at low overpotentials. Please note (B) ED at high overpotentials.

that the I-¢ transients are offset in the y
direction, as indicated by the arrows.

FIGURE 4.5: Chronoamperograms corresponding to the potentiostatic electrodeposition of
platinum at different potentials (z,,, = 10s).

The plateauing of the current at E,p, = —0.8 and —0.9 V, which reflects a stalling in
the growth of the available platinum surface area, could be caused by the blocking of nu-
cleation sites by adsorbed hydrogen (H,qs) or by H, nanobubbles, or due to the decrease in
the (platinum) surface area despite continued growth of the platinum deposits. Hydrogen
is known to adsorb onto platinum surfaces, and has been shown to impede the addition
of Pt onto Pt structures (self-terminating growth)[183] however, classical nucleation and

growth theory predicts that metal nuclei will grow for as long as a driving force (i.e. negative
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overpotential) is applied and Hygs would not prevent the deposition of Pt onto the carbon
support. Hydrogen nanobubble nucleation,[184] generated during the HER, is also unlikely
to block the electrode’s surface in this case (the carbon film and deposited Pt particles) due
to the fast gas exchange across the gas-liquid interface that occurs in the droplet-cell configu-
ration,[ 137, 185] which encourages detachment. Furthermore, STEM imaging suggests that
platinum nucleation and growth occurs throughout the duration of the applied pulse (vide
section 4.2). Instead, it is more plausible that, after a certain quantity or concentration of
platinum is reached on the substrate, aggregation processes,[78, 84] leading to a decrease in
Pt surface area, become dominant relative to parallel nucleation and growth. This proposition

is supported by the STEM data, which will be explored in the following section.

4.2 STEM imaging and analysis

STEM is a powerful tool to investigate the characteristics of electrodeposited metals
due to its large dynamic magnification range, especially when combined with SECCM,
where the contact area between the droplet and substrate encompasses only up to a few um?.
At the lowest magnification with our microscope (vide section 2.3.2), 20k, which records
images with areas of 7.87 x 7.87 um?, the entire droplet area can be imaged, providing a good
overview of the area of interest, as shown in figure 4.4. At very high magnifications (>10 M)
subatomic resolution is obtained, revealing the atomic structure of the deposited NPs and
clusters, as well the presence of single atoms. Such images can be utilised to gain an atomistic
view of electrochemical nucleation and growth.[84, 89, 186] Magnifications higher than 15 M
are possible, but this increases undesirable beam effects such as contamination[187], damage
to the integrity of the carbon film, changes to the morphology of deposits, and knocking out

of atoms from clusters and NPs (vide section 4.2.1), and were therefore avoided in this work.
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In this chapter, magnifications of 50 k and 20 k are referred to as "very low", 250k and
500k as "low", IM - 5M as "high, and >10M as "very high" magnification. Very low
and very high magnification images were employed for the purposes stated above. Low
magnifications (250 k - 500 k) were used to obtain statistical information on particles (particle
number density, size distribution, spatial distribution on the substrate). High magnifications

provide valuable structural information about medium-sized and larger NPs.

Furthermore, the intensity in HAADF-STEM (also known as Z-contrast) imaging, is
dependent on the atomic number and thickness of the species being investigated, and this
allows the quantification of the deposited platinum, as described in section 2.4.1. All of these
qualities of STEM will be made use of in this section in order to understand the processes

that govern the electrodeposition of platinum under different conditions.

4.2.1 Effect of the electron beam

It is possible for the highly focused electron beam during STEM imaging to damage
samples. In metal specimens, the irradiation can cause single atoms to be knocked out of
their atomic site.[127] This effect is stronger for higher magnifications. In order to assess
the effect of the electron beam of our STEM on platinum NCs, a cluster was continuously

imaged, at 15 M magnification, during, approximately, 35 min.

The background-corrected integrated intensity of this cluster was calculated for each
of the images in this sequence. In order to do this, first, the background intensity was
measured in platinum-free areas of each image and normalised by the sampled area to obtain
an intensity density (IntDengg). The average of all IntDengg values was used for further
calculations in this subsection. Then, the boundaries of the cluster were defined for each

image by manual thresholding, excluding adjacent atoms from the cluster area. Finally, the
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background-corrected cluster intensity was obtained from the following equation:

I = Icl, aw — Ac X IntDengg (41)

where [ is the cluster’s background corrected integrated intensity, I, raw 1S the cluster’s
"raw" (as extracted from the image) integrated intensity, and A is the cluster’s projected

(2D) area.

Figures 4.6 (A) - (D) display a sequence of images that were taken during this experiment
and illustrate the changes that the cluster undergoes due the highly focused irradiation. Figure

4.6(E) shows the evolution of the cluster background-corrected integrated intensity with time.

I 1s proportional to the number of atoms (i.e. volume) of the cluster, and was therefore
used as a measure for the total amount of platinum and its evolution with irradiation duration.
The graph in figure 4.6(E) reveals that the cluster’s intensity decreases with irradiation time:
1.1 (i.e. mass) loss for the NC happens at a rate of ~0.43% per minute. After 35 min of being
exposed to the highly focused electron beam, the cluster has lost ~14.5% of its volume, and

an increased number of single Pt atoms can be seen surrounding it.

Typically, images used for the work presented in this thesis were recorded with a dwell
time of 38 us, and a very high magnification image (10 M - 15 M) is taken right after the
beam’s focus has been optimised (generally only a few seconds in areas of interest), in order
to minimise both beam effects on the platinum and contamination build-up. It is therefore
reasonable to assume that some of the single atoms surrounding Pt NPs and clusters are
knocked out of the NP due to the e-beam. However, even after an extremely long time
(35 min, over 50 times longer than under "normal" imaging conditions, assuming a 30s
"re-focus time" and taking the imaging time (10 s) into account), most of the single Pt atoms
can be found within a ~5 nm radius from the edge of the cluster (vide figures 4.6(F) and

4.6(G)). In contrast, for the images with the electrodeposited platinum, single atoms can be

120



4.2 STEM imaging and analysis

(A) t = Omin, 100% Pt. (B) t = 2 min, 98.6% Pt. (C) t = 5min, 96.3% Pt.
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(D) t = 35 min, 85.5% Pt. (E) Cluster integrated intensity vs. time.

(F) Before. (G) After. (H) Control.

FIGURE 4.6: (A) - (D): Sequence of images taken of the same cluster as it was exposed to
the highly focused electron beam, at 15 M magnification, for ca. 35 min. (E): Evolution of
the cluster integrated intensity with time during continuous imaging at 15 M magnification.
(F) - (H): High (5 M) magnification images of the same cluster taken before (F) and after
(G) the continuous imaging at 15 M, and of control clusters (H) from a different area on
the grid, not exposed to prolonged e-beam irradiation. The yellow shapes delimit an area
with a ~15 nm diameter surrounding each cluster.
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4.2 STEM imaging and analysis

found at greater distances than that around particles that were not irradiated for very long

periods, as can be seen in figure 4.6(H).

4.2.2 Quantification of the electrodeposited platinum

Low magnification images (250 k) were used to carry out a statistical analysis of the
particle size. This will be discussed in more detail in section 4.2.4, and representative
low magnification images are shown in figure 4.8. Due to the irregular shapes and spatial
distribution of the deposited NPs, it was impossible to extract an intensity for the background
(BG) surrounding each particle, and the value calculated from high magnification images, as

described in chapter 2, section 2.4.1, was utilised.

A threshold was set manually for each 250 k image to distinguish the carbon from the
platinum, and the integrated intensity, area, location and shape parameters were extracted
from each particle (or object). Objects touching the edges of the images were excluded
for the purposes of particle size analysis but included to estimate the total Pt mass in each
meniscus footprint (vide infra). The number of platinum atoms in each particle, Np;, was

estimated according to the following equation:

IInp — IDpG - Anp
Np; = 4.2
Pt Tl 4.2)

where N is the number of atoms, /] is the integrated intensity, /D the integrated intensity
density, and A the area. The subscripts NP, BG and Pt denote "nanoparticle", "background"
and "platinum", respectively. The integrated intensity of single Pt atoms, //p; was calculated

as described in section 2.4.1.

The mass of each particle was calculated using the estimated number of atoms in each NP
and the mass of a single platinum atom (3.24 x 10722 g). The size distribution and particle

density obtained from the 250k images was assumed to be representative of the whole
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4.2 STEM imaging and analysis

meniscus area, and the total deposited Pt mass was calculated using the droplet area obtained

as described in section 2.4.3.

The estimated total platinum mass for the footprints left behind by the SECCM droplet

for each of the studied electrodeposition potentials is given in table 4.1, page 130.

4.2.3 Morphology

Figure 4.7 shows high magnification images which are representative of the full range of
morphologies that were observed after 10 s electrodepositions. Ustarroz and coworkers[78,
84] have reported differences in morphology for platinum deposited at lower and higher
overpotentials, with the latter being smoother and the former more porous (vide subsection
1.3.2.2, figure 1.9). However, no obvious trends in particle morphology could be identified in

this work, probably because of the shorter electrodeposition time.

Independently of E;,,, high magnification STEM images reveal that generally, the
smallest clusters (d S 2 nm) lack a well-defined structure (e.g. cluster 1 in figure 4.7(A), d =
2.0nm) , medium sized clusters tend to be monocrystalline (such as cluster 2 in 4.7(A), d =
2.4nm, and the smallest cluster in figure 4.7(B) ), and, starting at about d g 4 nm, one or
more grain boundaries become apparent within the same particle (figures 4.7(B)-4.7(D)). A
particle’s morphology seems to become more irregular and complex, with higher porosity,
the larger its size. Based on their structure, larger particles seem to be constructed through
the aggregation of smaller clusters, in agreement with an aggregative growth mechanism.[78,

84]

Interestingly, single Pt atoms were found surrounding all NPs, indenpendently of size or
electrodeposition potential, as exemplified in the images shown in figure 4.7. The frequency
of these atoms doesnot seem to depend on their vicinity to larger structures and can be seen at

distances >>5 nm, indicating that they must have been generated during the electrodeposition
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4.2 STEM imaging and analysis

(A)E=-09V. (B)E=-09V

(CO)E=-06V (D) E=-05V
FIGURE 4.7: Representative images of the range of morphologies found after 10s elec-
trodepositions. Images taken at (A) E = —0.9 V (insets: FFT of the indicated clusters),
(B) E=-09V, (c) E=-0.6V (upper right corner: overlay of the same image, but with
different brightness and contrast settings), (D) £ = —0.5 V; all images were taken at SM
magnification. The scale bars indicate 5 nm.

124



4.2 STEM imaging and analysis

process, as opposed to being a product of beam damage to nearby clusters. Again, this
finding is consistent with a nucleation-aggregative growth mechanism in which the direct
addition of atoms onto growing nuclei is disfavoured. In such a scenario,[84] the reduction
and adsorption of Pt atoms on the carbon substrate would be encouraged, leading to their

presence throughout the meniscus contact area, as has been observed here.

4.2.4 Size Distribution

The particle size analyses were performed using data extracted from images recorded at
a low magnification (250 k), in order to include a large enough number of particles to obtain
statistically-relevant information. At this magnification, each image encompasses an area of
ca. 0.4 um?, and at least 3 images were used for each potential for this analysis, so that the
total analysed area was at least 28% of the total droplet footprint. Figure 4.8 shows examples

of the images utilised for each electrodeposition potential.

Due to the lower amount of Pt NPs deposited at E,;,, < —0.6V, the resulting particles
could not be resolved at a low magnification. Consequently, no statistical information could

be extracted from electrodepositions carried out at low overpotentials.

Visual inspection of figure 4.8 reveals that the total amount of deposited platinum
increases with overpotential, strongly from E,,, = —0.6 V to -0.8 V, then only weakly
from E,,, = -0.8V to Epp, = —0.9 V. This is in good agreement with the electrochemical
data, considering the current registered at the end of the chronoamperograms as a measure
of the available platinum area. At ¢ = 10s, the currents are ~ -0.3, -10, -60 and -90 pA
for E;pp = —0.6, —0.7, —0.8 and —0.9'V, respectively (vide figure 4.5 and table 4.1). The
images also show that the projected area of the largest particles decreases with increasing 1,

while the number of small particles increases.
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— 100 nm — 100 nm
(A)E=-0.6V (B)E=-0.7V

2 F

C— 100 nm C— 100 nm
(C)E=-08V D E=-09V

FIGURE 4.8: Representative images, taken at 250k magnification, of platinum electrode-
posited for t = 10 s at different potentials.
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4.2 STEM imaging and analysis

In order to verify these observations, the size of the deposited particles was analysed statis-
tically. Two parameters were studied as a function of the applied electrodeposition potential:
particle diameter (calculated from the projected area and assuming spherical particles),” and

the number of platinum atoms per particle (calculated as described in section 4.2.2).

The statistical analysis of these images confirm the observations noted above, and are
summarised in the graphs presented in figure 4.9 and in table 4.1 - figures 4.9(A) and 4.9(C)
show a breakdown of the relative abundance of particles of different sizes (expressed as
particle diameter and constituent atoms, respectively), figure 4.9(B) displays the average
particle diameter and its dispersion, and figure 4.9(D) shows the cumulative histogram of
the number of platinum atoms per particle. It is worth noting that there isnot a linear
relationship between a particle’s cubed diameter (or radius) and its number of constituent
atoms (o< volume) because the particle shapes are irregular (i.e. not spherical). Consequently,
the information that can be obtained from the histograms in figures 4.9(A) and 4.9(C) isnot

identical.

The graph in figure 4.9(B), which depicts the average particle diameter as a function of
deposition potential, confirms the observation made above, that, overall, the particle size
decreases with increasing overpotential. It also reveals that the size dispersion decreases as

well, resulting in a narrower size distribution at E,p, = —0.9V than at —0.6 V vs. Pt(ID/Pt(0).

Inspecting the breakdown of relative frequency of each size (figure 4.9(A)), it can be
seen that, at every analysed electrodeposition potential, there is a bimodal size distribution,
with a narrow peak at small particle sizes (d < 2nm), and a broad wave at larger sizes. This
is consistent with the literature.[84] At the lowest overpotential, the majority of particles
(ca. 60%) belongs to the smallest size category. The broad wave peaks at 4.5 nm, and about

10% of all particles have diameters larger than 10 nm. At the other end of the E,;,, range,

*Although the electrodeposited Pt NPs and NCs are not spheres, especially at larger sizes, the particle
diameter was chosen to illustrate the size distribution because it is more commonly used in the relevant literature.
Reporting size in this manner makes it easier to compare these results with those reported elsewhere.
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4.2 STEM imaging and analysis

for =0.9'V, only approximately 30% of all particles belong to the smallest category, and the
broad peak in the histogram (for the larger sizes) is asymmetrical, peaking at 3.5 nm and
decaying slowly at larger sizes. The percentage of particles with diameters greater than 10 nm
is negligible. The size distribution for —0.8 V is very similar to that for —0.9 V; the shape
of the histogram for —0.7 V is intermediate between those obtained for higher and lower
overpotentials. This is most obvious in the cumulative histogram depicted in figure 4.9(D).
The largest particle diameters observed were 21.3, 21.0, 13.8, and 13.4 nm for E,;,, = —0.6,

—0.7, —0.8 and —0.9 V, respectively (see table 4.1).

The distributions of number of platinum atoms per particle (figures 4.9(C) and 4.9(D))
follow the same patterns as those for particle diameter. It is interesting to note that the
overwhelming majority of "small" particles has only up to 200 constituent atoms, while the
frequency of particles with 200 to 500 atoms is comparatively low (only up to 5% for each
additional 100 atoms). This suggests that the Pt growth inhibition (self-limiting mechanism)

becomes dominant once Pt particles reach < 200 atoms, especially at lower overpotentials.

The bimodal size distribution of the platinum particles, observed for all deposition
potentials studied here, and the broader size distribution for larger (d < 2nm) NPs for
higher overpotentials are in good agreement with an aggregative growth mechanism, first
reported by Ustarroz and collaborators[78, 84]. Furthermore, it is shown that the small,
"primary" clusters, are limited to ~200 constituent atoms in the case of platinum. Taking
the morphological information obtained from high magnification images (4.7) into account,
which revealed that a diameter of d ~ 2nm is a critical size at which amorphous clusters
change into a monocrystalline structure, it is reasonable to assume that the self-limiting

growth mechanism is related to this size-dependent structural transition.

The effect of E,, on the Faradaic efficiency is sometimes analysed in electrodeposition
studies. Unfortunately, this analysis could not be performed in this case because reliable data

about the Pt deposits could only be extracted from the STEM images for high overpotentials
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FIGURE 4.9: Size distribution of the electrodeposited platinum at different applied potentials
(t=105).

(Eapp < —0.6V), and a charge for the electrodeposition of platinum cannot be calculated

from the chronoamperograms recorded at E,;,, < —0.7V because of the current contribution

from the hydrogen evolution reaction.

Table 4.1 summarises the results presented in this chapter, listing the particle number
density, average and maximum particle diameter, estimated total platinum mass deposited
at each potential, and the current measured at r = 10s for every chronoamperogram. It
also includes data obtained from two distinct droplet areas where electrodepositions were

performed at E,,,, = —0.6 V (experiments A and B). Although the NP density for droplet B
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is 30% higher than that of A, the values are within one standard deviation of each other, and
all other parameters are in good agreement (the average particle size is ~7% larger for A

than B, resulting in a very close value for mpy.)

TABLE 4.1: Particle number density, average and maximum diameter (d), total estimated
deposited platinum mass (mp¢) and current at the end of the electrodeposition CA (11¢s)
for each of the studied deposition potentials (Ep)).

E.pp ~ NP density averaged maximum d Mpt Los
V) (um™) (nm) (nm) (1007 g)  (pA)
-0.9 1236 £20 4.4 +78 13.4 54+04 -90
-0.8 978+26 42+73 13.8 39+04  -60
-0.7 264+11 4.84+10.7 21.0 1.6+02  -10

-0.6 (A) 20+£11 7.8£10.7 21.0 041+0.17 -0.3
-0.6 (B) 269 73+£64 21.3 042+0.23 -0.3

4.3 Summary and Conclusions

In this chapter, a novel methodology was presented, which allows the performance of
series of localised electrochemical (i.e. SECCM) experiments, where several experimental
parameters can be varied to be studied systematically, and under environmental control (i.e.
inert gas atmosphere). The locations of these experiments can then be identified by ex situ
high resolution microscopy (i.e. HAADF-STEM) and electrochemical parameters can be
correlated with characteristics, depending on the experiments and materials, such as particle
number density, size distribution, spatial distribution of specific species, particle morphology
or change in total (estimated) mass. The electrodeposition of platinum from an acid solution
under different potentials was chosen as a model system for this work, but other experiments

and additional parameters could be investigated using this methodology.
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Cyclic voltammetric experiments performed employing the CCTG/SECCM configura-
tion revealed sluggish kinetics relative to the same reaction on a macroscale GC electrode
(figure 4.1). The CVs lacked the classical features (a reduction wave due to the reduction of
Pt(II) and pairs of redox peaks corresponding to the reversible adsorption/desorption of hy-
drogen onto the surface of deposited platinum) usually registered during the electrochemical
deposition of this metal, but the growth of Pt deposits was evidenced by the steady increase

in the current magnitude at E,,, < 0.6 V vs. Pt(II)/Pt(0) due to the HER (figure 4.2).

The deposition of platinum was investigated in more detail by chronoamperometry. A
"hopping" programme was employed to perform electrodeposition experiments in a sequence
of 3 um "hops", where the applied potential was varied between 0 and —0.9 V vs. Pt(II)/Pt(0)

in —0.1V steps, following the pattern shown in figure 4.4.

Comparison of repeat experiments, voltammetric (figure 4.3(A)) and chronoamperometric
(figure 4.3(B)), revealed good to excellent reproducibility of the electrochemical response

obtained with this system.

The I-t transients registered during the electrodeposition experiments had nonclassical
shapes. At low overpotentials (E,,, > —0.6 V; figure 4.5(A)) the current decreased sharply
after an initial peak, attributed to double layer charging, and reached I = 0 after ~0.5s.
At higher overpotentials (figure 4.5(B)), E;,, < —0.6'V, the current can predominantly be
attributed to HER. For —0.6 and —0.7 V, there is a steady increase of / with time for the
entire duration of the experiment (after the initial peak). For the highest overpotentials, the
current plateaus after ~4 s and ~8s for —0.8 and —0.9 V, respectively. The most probable
cause for this behaviour is the dominance of an aggregative mechanism (in parallel with
continued nucleation of new clusters) after a certain quantity or density of deposits is reached,
in agreement with the general nucleation and aggregative growth model first proposed by

Ustarroz and coworkers.[78, 84]
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HAADEF-STEM images provided further evidence for parallel nucleation and aggregative
growth processes. High magnification images (figure 4.7) revealed the coexistence of single
Pt atoms, small (d < 2nm) amorphous clusters, monocrystalline NCs (2nm < d < 4nm),
and polycrystalline NPs (d > 4 nm) at all studied electrodeposition potentials. The single
atoms were observed throughout the meniscus contact area, and no correlation could be
established between their presence and that of NCs, and it was shown that these atoms could
not have been generated by the electron beam (section 2.2.1). Interestingly, the presence
of single atoms (along with amorphous and structured clusters) was also reported for the
potentiostatic electrodeposition of gold at short ED times (¢ < 30 ms).[186] It is possible
that atoms are deposited onto the carbon substrate due to the self-limiting mechanism that

prevents the direct addition of atoms onto clusters after a critical size.

A statistical analysis of the size distribution of particles deposited at E,,, < —0.6 V vs.
Pt(I)/Pt(0) revealed bimodal size distributions for all potentials, with a sharper peak (in
the histograms) for "small clusters" with d < 2nm (N < 200) and a broader one for larger
species. The separation between these two size groups was stronger for E,,, = —0.6 V and

softer for the highest overpotentials.

A bimodal distribution has also been reported by Ustarroz et al.[78, 84] and is indicative
of a mechanism where initially, nucleation and growth by direct incorporation of new atoms
takes place. Once these small clusters reach a certain size (d ~ 2nm or N ~ 200 atoms for
Pt), further growth by direct addition is inhibited (self-limiting growth mechanism)[183] and

can only occur through aggregation.

In this work, it was possible to correlate the diameter of the "small" clusters (d < 2 nm)
with the number of constituent atoms (up to ~200 atoms) and with a structural transition
from amorphous to structured. This implies that the self-limiting mechanism, which prevents
the growth of such small particles by direct addition, must be tied to the cluster’s atomic

structure.
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The lower percentage of small clusters and the broader wave for larger particles at higher
overpotentials (figures 4.9(A) and 4.9(C)) suggests that the aggregation of primary clusters
is accelerated at more cathodic potentials. This could be due to the greater concentration
of primary clusters, higher mobility, faster recrystallisation,[84] or a combination of these
factors. Pt NPs deposited at higher overpotentials also have a narrower size dispersion
(4.9(B)) than those resulting from lower overpotentials. In part, this is due to the smaller
proportion of "small" NCs, but also, the largest NPs generated at E,,, = —0.8 and 0.9V
are significantly smaller (<14 nm) than those originating with lower overpotentials (=21 nm;
see table 4.1). The narrower size distribution under high overpotentials may be due to faster

aggregation of clusters.

Particle number density and total deposited Pt mass were also extracted from the STEM
images (see table 4.1). These results are in good agreement with the relative magnitudes of
the currents at the end of the electrodeposition pulse, which reflects the electrochemically

active (Pt) surface area.

In conclusion, the work presented in this chapter has shown the feasibility of a new
methodology to combine environmentally-controlled SECCM with HAADF-STEM, and has
provided new insights into the atomistic processes which dominate the nucleation and growth
processes during the electrodeposition of platinum. Notably, it has allowed a correlation
to be established between cluster size, number of constituent atoms and structure to a
self-limiting growth mechanism which sets in once NCs reach d ~ 2nm. Furthermore,
this combination of techniques offers the possibility to systematically study the effects of
several electrochemical parameters (e.g. applied potential, time, combination of pulses in
chronoamperometry or potential range, scan rate and number of cycles in voltammetry) and
to correlate electrochemical data with statistical (i.e. particle size and spatial distribution),
structural (i.e. particle morphology) and quantitative (i.e. atom counting) information

obtained at the nano- and subatomic scale.
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Chapter 5

Conclusions

Platinum electrocatalysts are vital to green and energy-related technologies. Because this
metal is so rare and costly, there is a drive to understand the mechanisms of the reactions
which it catalyses, as well as to develop methods of generating Pt nanoparticles with good
control over size, shape, and NP density, so that the platinum mass activity can be optimised,

reducing costs.

With the development of more refined techniques in electrochemistry, microscopy and
NP synthesis, discrepancies have been found between traditional models and experimental
outcomes. For example, in studies of Pt NPs as a catalysts for the ORR, the effect of the
particle size for small Pt clusters (d < 5nm) and the role of the interparticle distance are
still not fully understood. In electrodeposition studies, contradictions between the classical
nucleation and growth theories and experimental results, especially in the early stages, have

lead to the proposal of new models, which are still under debate.

The work in this thesis aims to gain a better understanding of Pt at the nanoscale through
the study of well-defined and well-characterised systems. For that reason, carbon-coated

gold TEM grids (CCTGs) have been employed as supports for localised electrochemical
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experiments, performed in a SECCM configuration, and correlated with aberration-corrected
HAADF-STEM imaging. The objective was twofold: to obtain new insights into the relation
between structure and electrochemical properties of platinum nanostructures through the
combination of these two techniques, and to demonstrate the potential of the SECCM/STEM

platform to acquire information about the studied systems at the nano and subatomic scale.

SECCM can use any semiconducting or conducting surface as a working electrode,
however, for STEM, the material must be transparent to the electron beam, which limits its
thickness. Commercially available TEM grid coating materials include formvar (a polymer),
different types of carbon (lacey, holey, or continuous amorphous carbon films), silicon
monoxide, dioxide, and nitride, graphene oxide and metallic thin films (Au, Pt, Pd). Usually,
such films have thicknesses around 30 — 50nm, however, films as thin as 3 nm (e.g. ultra-thin
carbon support films and metallic thin films) and as thick as 500 nm (e.g. silicon nitride) are
also available.[188, 189] Each film material and thickness has advantages and disadvantages,
which must be weighed when designing experiments, e.g. resistance to being manipulated,
stability under the electron beam (depending on the beam acceleration), thickness of the
film relative to that of the materials being studied, and hydrophilicity. For the grid itself,
considerations include resistance to chemicals and mesh size, which can also affect the

stability of the coating.

CCTGs present some challenges, especially related to their fragility and cleaning before
experiments. For example, ozone/UV TEM cleaners can affect the film’s hydrophilicity,
which affects the size and stability of the droplet during SECCM experiments, and electro-
chemical cleaning can corrode the film, making it less resistant to manipulation. However,
amorphous carbon films were selected for this work due to their relevance to fuel cells, which
usually employ high surface area carbon supports, and for consistency with studies about

electrodeposition of Pt, which tend to employ carbon supports as well.
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Two systems were investigated in detail in this thesis: the degradation of platinum

catalysts after driving the ORR (chapter 3), and the electrodeposition of Pt (chapter 4).

In chapter 3, well-defined and characterised ensembles of mass-selected Ptgr3 (d ~
3 nm) were employed to study the ORR under high mass transport rates and low platinum
loadings, comparable to those found in fuel cell cathodes. The catalytic activity of the
samples was found to degrade with consecutive voltammetric scans, and the effect was
worse for the samples with lower platinum loading. No significant differences were observed
between the LD-HIE and LD-LIE samples, indicating that the strength of adherence of
the clusters to the substrate had no influence in their catalytic activity. The causes for
the loss in performance were explored employing STEM and XPS. Several mechanisms
were considered, including platinum loss, NC detachment, migration-aggregation, Ostwald
ripening and poisoning of the Pt surface. HAADF-STEM imaging exposed an increase in
brightness in the meniscus-substrate contact areas, indicating changes to the carbon film
after ORR. A thorough statistical analysis of the clusters in areas where the ORR had been
driven and in nearby, pristine areas (equivalent to "before" ORR) revealed mostly unchanged
size and spatial distribution for the clusters deposited at a high impact energy (LD-HIE and
HD-HIE, i.e. stronger adherence to the substrate). Interestingly, in the LD-LIE sample, the
clusters had migrated, forming characteristic groups of non-touching NCs, with a median
edge-to-edge nearest neighbour distance of ~1.5 nm. No concrete evidence was found for
platinum loss (dissolution or detachment) or cluster coalescence in any of the samples. The
lack of loss of platinum surface area, the increase in the HAADF intensity of the carbon
substrate and the characteristic separation of the NCs in the groups in the LD-LIE sample
indicate that the degradation of the platinum catalysts was caused by poisoning. Further
evidence for this was found in the XPS spectra, which confirmed that changes in the chemical
environment had occured for both the platinum and carbon in the analysed samples (LD-HIE

and HD-HIE), with the alterations being more severe for the lower platinum loading.
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In chapter 4, the electrodeposition of platinum onto an amorphous carbon-covered TEM
grid substrate, from an acidic Pt(II) solution and in an inert atmosphere, was investigated using
anew methodology in which a series of "hops" of the SECCM probe was employed to perform
the potentiostatic deposition of Pt at different potentials in sequence. The resulting ensemble
of "footprints" was located and characterised utilising aberration-corrected HAADF-STEM.
Information about droplet-substrate contact area, particle size and spatial distribution, and
NP morphology was obtained employing the full range of magnifications of the microscope.
It was found that the /- transients recorded during deposition had non-classical shapes,
indicating that the platinum active surface area started to decrease after a time at high
overpotentials. STEM images revealed the coexistence of single atoms, small clusters, and
larger particles. Analysis of the morphologies of the Pt deposits as a function of size revealed
that NCs with <2 nm tended to be amorphous, clusters from ca. 2 to 4 nm monocrystalline,
and larger particles polycrystalline. A statistical analysis of the particle size distribution was
carried out for E,j,, < —0.6 V. The resulting histograms presented bimodal size distributions,
with a sharper peak for small species (d <2 nm or ~200 constituent atoms) and a broader one
for larger sizes. The evidence obtained in this work is in good agreement with a mechanism
in which growth occurs initially by direct incorporation of atoms into small clusters, up to
a certain size. At ~2 nm, there is a transition in the clusters’ morphology from amorphous
to structured, and a self-limiting growth mechanism becomes dominant. After this size,
further growth must proceed by the aggregation of particles. Growth is facilitated at higher

overpotentials (more negative E)),), resulting in a narrower size distribution.

In conclusion, the new methodologies utilised in this work have been successfully em-
ployed to obtain new insights into the degradation processes that occur for carbon/platinum
catalyst systems under high mass transport rate conditions, and into the atomic scale mech-

anisms of the nucleation and growth of platinum during potentiostatic electrodeposition.
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Correlative SECCM/STEM has been demonstrated as a powerful tool to gain new knowledge

about the structure-function relationship of NPs at the nano and atomic scales.

The work presented in this thesis can be considered as a starting point from which to
expand the study of a variety of metal NP systems. The combination of SECCM and HAADF-
STEM, on bare TEM grids or using samples with pre-deposited size-selected clusters, is ideal
for the investigation of electrocatalytic activity of arrays of highly dispersed nanoclusters,
with controlled particle densities and narrow size distribution. Electrodeposition studies can
be carried out employing a hopping programme, allowing several experiments to be run on

the same TEM grid. Time and potentials can easily be varied with such a methodology.

Future work employing correlative SECCM and STEM studies could explore different
combinations of TEM grid materials and mesh sizes, and both bigger and smaller SECCM
tips. For example, different substrates could be employed, which might help overcome
some of the difficulties encountered during this work, mentioned above. A smaller working
electrode area would make it easier and faster to analyse the entire droplet area at higher
magnifications. The main challenge in this case would be locating the areas where the
electrochemical experiments were carried out for ex sifu imaging. TEM grids with smaller
mesh sizes might be useful for such experiments. Smaller mesh pitch sizes in TEM grids
could also be helpful in locating areas where SECCM experiments do not lead to obvious

alterations to the substrate or deposited particles.
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Appendix A

Additional Figures for Chapter 3

A.1 Cumulative Nearest Neighbour Distance Histogram for
the LD Samples

Cumulative NND histograms for the LD samples. Discussion of these results can be
found in section 3.5.
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A.1 Cumulative Nearest Neighbour Distance Histogram for the LD Samples

A.1.1 Low Density, High Impact Energy Sample
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FIGURE A.1: Nearest neighbour distance (NND) cumulative histograms for the LD-HIE
sample for areas where ORR was executed ("inside") and in neighbouring, pristine areas
("outside"). Experimental conditions are given inside each graph.
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A.1 Cumulative Nearest Neighbour Distance Histogram for the LD Samples

A.1.2 Low Density, Low Impact Energy Sample
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FIGURE A.2: Nearest neighbour distance (NND) cumulative histograms for the LD-LIE
sample for areas where ORR was executed ("inside") and in neighbouring, pristine areas
("outside"). Experimental conditions are given inside each graph.
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A.2 XPS Spectra

A.2 XPS Spectra
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FIGURE A.3: XPS spectra of the Pt4f peaks for (A)-(B) a HD-HIE and (C)-(D) a LD-HIE
sample. (A) and (C) were obtained before, and (B) and (D) after 200 CVs at 0.2V 571
between £ =0V and 1.1 V. Exp, BG and Env indicate the experimental curve, background

and envelope, respectively.
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A.2 XPS Spectra

A.2.2 Carbon 1s Spectra
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FIGURE A.4: XPS spectra of the C 1s peak for (A)-(B) a HD-HIE sample, (C)-(D) a LD-
HIE sample, and (E)-(F) a bare TEM grid (no platinum). (A), (C) and (E) were obtained
before, and (B), (D) and (F) after 200 CVs at 0.2 Vs~! between E =0V and 1.1 V. Exp,

BG and Env indicate the experimental curve, background and envelope, respectively.
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