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Abstract 
 
Platinum nanoparticles have a key role in today's society as catalysts for 
pharmaceutical applications and in the energy industry. As we strive to move 
away from fossil fuels, alternative energy sources suitable for mobile applications 
such as hydrogen fuel cells are becoming increasingly important. Platinum and 
its variants are currently the best-known catalysts for the electrocatalytic 
production of hydrogen and oxygen reduction reactions, which are important for 
energy storage applications and the operation of hydrogen fuel cells; this makes 
platinum the de facto catalyst for the hydrogen economy. One of the current 
setbacks on the road towards a carbon neutral society is the cost of alternative 
energies, where noble metal catalysts account for a significant proportion of the 
cost. 
 
This thesis focuses on well-defined platinum nanoparticles, small enough that 
they are referred to as clusters of atoms. Platinum clusters were produced using 
physical methods and mass-selected before deposition to achieve high 
homogeneity. Electrochemical techniques and aberration-corrected scanning 
transmission electron microscopy have been utilised to characterise the clusters 
en masse and at the atomic scale. The hydrogen evolution performance of these 
clusters has been evaluated, which revealed a performance benefit with potential 
conditioning. Ex-situ imaging reveals that cluster migration and coalescence is 
affected by the anodic potential limit of the conditioning procedure. The results 
in this thesis have implications for the design and stability of future catalysts.  
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1 Introduction 

1.1 Alternative energies 

 
Our modern society has an ever-increasing demand for energy. World energy 
consumption increases year-on-year, and 2018 saw a 2.9 % increase in energy 
consumption compared to 20171. As we are becoming increasingly aware of the 
effect greenhouses gases are having on the environment, there is a push towards 
finding fossil-fuel alternative energies. The increasing energy demand and 
reliance on clean energies puts more demand on the electricity grid2. In 2013 the 
California Independent System Operator published a chart which showed the 
potential for energy overgeneration from photovoltaics, which came to be known 
as the ‘duck chart’3. Whilst generating excess clean energy may sound positive, in 
actuality overgeneration presents risks to generators in the grid network. More 
energy storage is needed in the grid network to provide redundancy for the extra 
energy produced by photovoltaics. 
 

 

Figure 1.1.1: Energy densities for various energy storage systems. Figure reproduced from 
reference 4. 

 
Batteries are possibly the most well-known energy storage medium. In most 
modern electronic devices energy is provided from a lithium-ion battery. In 
recent years batteries have found increasing use in transportation. The electric 
vehicle (EV) market grows year-on-year5 as battery cost decreases6. A viable 
alternative to EVs are hydrogen fuel cell electric vehicles (FCEV)7, however the 
global EV stock is orders of magnitude larger than the FCEV stock5,8, which is in 
part due to an inferior hydrogen infrastructure, but also hydrogen production and 
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storage costs9. The achievable energy densities for hydrogen surpass that of 
conventional batteries, so developing a more robust hydrogen economy has the 
potential to improve clean energy storage and transportation. 
 
The conversion of energy from battery-powered devices happens at the atomic 
level and the study of atomistic processes is often called nanoscience. At sizes of 
just a few thousand atoms nanomaterials may exhibit dramatically different 
physical properties10 and their large surface atom fraction makes them ideal 
heterogeneous catalysts. A classic example of nanoparticle catalysis are the gold 
nanoparticles of Haruta et al.11. Gold is known for being a noble metal and is not 
normally an active catalyst. Haruta et al. showed that nanoparticles of gold are in 
fact active for CO oxidation and outperform more common catalysts. 
 

1.2 Clusters 

 
Clusters are small (nano)particles normally defined as a collection of atoms, from 
a dimer up to many thousand atoms, which puts them in the size range between 
tenths of a nanometer to an upper limit of ~100 nm12,13. Clusters may be 
composed of metals14, however they can be made from many different types of 
materials including noble gases15, alloys16, and semiconductors17. They are of high 
interest in the pharmaceutical community18. At this small scale the properties of 
clusters can be dramatically different to that of their respective bulk 
materials19,20, for this reason they are an interesting class of materials to study 
and model. Despite their small size clusters have shown great promise as 
catalysts, often with activities well above bulk materials, and they have been used 
for many applications such as the removal of toxic gases from vehicle exhausts21, 
water splitting22, and in medicine for bacterial resistance17. 
 
The electronic properties of gold (Au) clusters have been shown to change 
drastically from the macroscopic yellow-tinted metal that is commonplace on 
necklines and ring fingers in society. Bulk gold is well known for being inert and 
a good electrical conductor, hence its use in jewellery and as a coating for wire 
contacts. However, gold clusters deposited on titania (TiO2) and TiC have been 
shown to exhibit non-metallic properties20,23, and in the study by Valden et al.20 
the size effects linked to the onset of non-metallic behaviour at small cluster sizes 
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(∼3 nm diameter) is correlated with an increase in the activity of the gold clusters 
for the CO oxidation reaction. 
 

1.2.1 Synthesis 

 
Many different ways to synthesise clusters have been developed over the years24, 
and by far the most common technique is wet chemical synthesis25–27. Wet 
synthesis methods are able to produce large amounts of nanomaterials, which is 
useful for catalytic applications, and these materials are often synthesised as 
colloidal liquids which can be easily transported and distributed. Wet chemical 
methods often use organic ligands as a capping agent during synthesis to limit 
growth along a specific crystallographic direction, and this proved to be a 
common technique to synthesise size or shaped controlled nanoparticles28–30. In 
the case of platinum, a common wet chemical route to synthesise nanoparticles 
is to precipitate platinum by reducing a platinum salt, often chloroplatinic acid, 
with a reducing agent such as sodium borohydride28. The synthesised 
nanoparticles are then drop cast onto a substrate, washed, and then dried before 
use. This process does not always produce clean nanoparticles however, and often 
the nanoparticles are cleaned further before use by heating or electrochemical 
conditioning29,31. 
 
An alternative to wet chemical synthesis is physical synthesis. Here a high purity 
bulk material, often a metal, is vaporised under high vacuum conditions, where 
it is condensed into larger clusters. The clusters are focussed into a beam are 
directed at a substrate for deposition. Cluster source development increased 
rapidly during the 1970’s12. A few different types of cluster source will be 
discussed here and the discussion will be limited to the production of metal 
clusters. 
 
In a supersonic nozzle cluster source a bulk metal is vaporised in a hot oven. The 
vapour is directed towards a small nozzle by an inert carrier gas, producing a 
supersonic atomic beam. A vacuum is maintained on the other side of the nozzle 
which causes adiabatic cooling of the atomic beam. The cooled mixture becomes 
supersaturated and condenses into clusters. These types of cluster sources are 
limited to low boiling-point metals32. 
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Laser ablation sources have been utilised to overcome this low-boiling point 
limitation32, and in principle can be used to produce small clusters from many 
different metals. A metal is ablated by a high-power pulsed laser which produces 
a vapour. The vapour is then cooled in an inert gas, forming clusters, and ejected 
from a nozzle. 
 
In the two cases described above clusters are formed by vapor cooling in an inert 
gas. By contrast a sputtering cluster source does not require cooling power to 
form clusters of a few atoms. Here, high-energy inert gas ions are bombarded at 
a metal to produce small metal clusters12. These metal clusters are initially hot 
and further cooling and condensation can lead to cluster growth. In this thesis a 
sputtering-type cluster source is used, and it will be discussed further in section 
2.1. 
 

1.2.2 Structures 

 
All condensed matter consists of atoms. The arrangement of those atoms varies 
dramatically from the ‘building block’ constituent atoms up to the collective 
arrangement of many hundreds of thousands of atoms into macroscopic ‘bulk’ 
materials that are visible to the naked eye. Atoms consist of a collection of protons 
and neutrons in the nucleus and a number of electrons which surround the 
nucleus. The electron energy levels in a single atom are quantized. As multiple 
atoms interact their energy levels split. As more atoms interact their collective 
energy levels are better described by a band, and this behaviour continues until 
the collection of atoms resembles its bulk energy structure. A schematic depicting 
the change in electronic band structure with cluster size is shown in Figure 1.2.1. 
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Figure 1.2.1: Geometric and electronic structures in single atoms, small clusters, and 
nanoparticles. Figure reproduced from reference 33. 

 
As cluster science was taking off in the 1980’s, Knight et al.34 noticed relatively 
more intense peaks in the mass spectrum of small sodium clusters, see Figure 
1.2.2. The relative intensity of these peaks did not change with the cluster 
formation conditions, which suggested that the mass spectrum peaks are from 
clusters sizes which are relatively more stable. The electronic energy of each 
sodium cluster was calculated by solving the Schrödinger equation with a 
spherically symmetric rounded potential well and yielded energy levels 
characterised by the quantum number l. The energy difference between 
neighbouring cluster sizes E(N)-E(N-1) is defined as Δ(N) in Figure 1.2.2, and the 
peaks therefore correspond to closed electronic shells. The result of the 
calculation agrees well with the relative abundance in mass spectra for sodium 
clusters. Knight et al. therefore showed that electronic structure determines 
abundances in sodium clusters and that clusters at these sizes are relatively more 
stable or ‘magic’. 
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Figure 1.2.2: (a) mass spectrum of small (2<N<76) sodium clusters produced by a 
supersonic  nozzle cluster source. (b)  the calculated electronic energy difference for sodium 
cluster with N atoms. Figure reproduced from reference 34. 

 
It can be seen in Figure 1.2.2 that the observable shell structure in the mass 
spectrum becomes less obvious as the cluster size increases. As the size of sodium 
clusters was increased above a hundred atoms a different type of shell structure 
was observed in the photoionization spectra, see Figure 1.2.3. The local maxima 
in the ionization energy spectra correspond to cluster sizes which are relatively 
more difficult to ionize, and therefore more stable. When plotted on the scale of 
N1/3, the local maxima occur at approximately regular intervals, and their 
corresponding cluster sizes, 1415, 2057, 2869 etc., correspond to the size closed-
shell icosahedra. It is believed that the presence of steps and under-coordinated 
sites on a surface can lower the ionization energy by creating electric dipole 
moments13. Cluster structures with incomplete shells are expected to have step 
sites, thus closed-shell structures should be relatively more stable.   
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Figure 1.2.3: (left) photoionization energy spectra for sodium clusters. (right) difference 
spectra for calcium clusters. The peaks in the spectra correspond to closed-shell 
icosahedra. Figure reproduced from reference 13. 

 
Mackay icosahedra13,35 are formed by layering atoms around a central core atom. 
The total number of atoms N for K shells is: 

 𝑁 =
10
3 𝐾! − 5𝐾" +

11
3 𝐾 − 1, 1.2.1 

such that an icosahedron composed of seven, eight, and nine closed shells have 
923, 1415, and 2057 atoms respectively. Figure 1.2.4 depicts how a partial layer is 
arranged on top of a 55-atom icosahedron. Calcium clusters have also been shown 
to have increased abundances at the sizes corresponding to closed-shell 
icosahedra13, see Figure 1.2.3. These relative abundances of closed-shell 
structures are due to increased stabilities and as such they are referred to as 
geometric magic numbers. The number of atoms for each closed-shell structure 
is unique to the geometry of the clusters, for example sodium iodide clusters and 
indium clusters are cubic and octahedral13, respectively, and the magic number 
sizes for these geometries are not the same as the icosahedral geometries 
discussed, see Figure 1.2.4. 
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Figure 1.2.4: Shells of different geometric structures. (left) a 55-atom icosahedral structure 
and portion of the next shell. (right) the next shell layering of a tetrahedron is accomplished 
by adding a layer of atoms to just one face. Figure reproduced from reference 13. 

 
The closed-shell sizes for octahedral and decahedral clusters are expected to be 
the same as icosahedra if they are truncated appropriately, which is to say their 
sizes can be calculated using equation 1.2.1. In the former case, an octahedron is 
truncated by a cube to expose {100} faces and this structure is called a 
cuboctahedron. In the latter case, a decahedron is truncated such that there are 
equal numbers of atoms along the edges of the {111} planes and the exposed {100} 
planes. These structures are depicted in Figure 1.2.5. Studies into the structures 
of small mass-selected gold clusters often focus on these structures as they are all 
predicted and observed for the same cluster size36,37. Figure 1.2.5 shows three 
possible closed-shell arrangements of 923 atoms, which is a geometric magic 
number. The {111} faces are close packed whereas the {100} faces are not and are 
expected to have a lower surface energy as a result. Octahedral structures can be 
cut directly from a face centered cubic (FCC) lattice. 
 
Icosahedra, and more specifically the Mackay icosahedra35, are a good example 
of geometric shell layering. The first ‘shell’ consists of a lone atom, and the second 
shell can be formed by layering twelve atoms around it as the vertices of an 
icosahedron. The third shell then consists of 42 atoms. These shells can be layered 
on top of the previous shell ad infinitum, however icosahedral structures are 
highly strained because the interatomic distances between shells are smaller than 
within each shell and so icosahedral structures are predicted to exist only for 
small clusters13. Icosahedra consist of 20 exposed close-packed {111} faces and 
twelve five-fold symmetry axes. 
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Figure 1.2.5: Possible closed-shell arrangements of 923 atoms which have low index 
surfaces. Exposed (100) and (111) surfaces are highlighted in blue and red respectively. 

 
Another structure with five-fold symmetry is the decahedron, which only has 
exposed {111} faces. Decahedrons are not predicted to be a preferred structure at 
any cluster size as they are internally strained and possess a large surface area. 
The decahedron shown in Figure 1.2.5 has been truncated to expose {100} faces 
which make the cluster more spherical and reduce the total exposed surface area. 
The newly exposed {100} faces, however, are not close-packed. The decahedron 
can be further truncated at the twinning boundaries to expose re-entrant {111} 
faces, this structure came to be known as Marks decahedron38. 
 
Cluster structures can be difficult to measure through transmission electron 
microscopy as the image formed is a two-dimensional projection of a three-
dimensional structure. Indirect structural measurements such as x-ray 
diffraction can be used to infer crystal structure on the sample scale, however 
these techniques are not as effective with small nanoparticles due to short-range 
fluctuations in structure39. Direct imaging techniques such as electron 
tomography have been employed to reconstruct three-dimensional structures 
from a series of two-dimensional projections, including chiral nanoparticles40 
and even defects within nanoparticles25. When nanoparticles are of the order of 
just a few tens or hundreds of atoms they can be structurally unstable and interact 
with the electron beam14 which limits the time and beam exposure of the 
experiment41. Electron tomography experiments can take hours to cover the 
range of angles required for successful reconstruction of a single nanoparticle and 
this limits the technique to study only small populations of a sample. 
 

Cuboctahedron (Oh) Decahedron (Dh) Icosahedron (Ih) 
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A common technique employed to identify cluster structures is to compare the 
images recorded in STEM with simulated images of clusters36,37,42–44. Clusters can 
adopt many configurations on surfaces and the same structure may look different 
during imaging due to its rotation with respect to the electron beam. An 
experimental STEM image can be compared to simulated images of different 
cluster structures in different arrangements to accurately identify its structure. 
Cluster modelling and simulations will be discussed further in section 3. 
 

1.2.3 Nanostructured surfaces 

 
Physical cluster synthesis is most commonly performed in the gas phase, and 
while there are techniques used to study unsupported clusters45, it is often most 
useful to deposit these particles onto a support such that they can easily be 
transported to other systems for characterisation. The interaction between a 
cluster and surface at the time of deposition can be damaging to both parties 
involved depending on the energy scale of the interaction. These energy scales 
can be categorized into low- and high-energy processes, often referred to as ‘soft-
’ and ‘hard-’ landing respectively. The deposition process is an important step 
towards creating nanostructured surfaces as the cluster-surface interaction can 
lead to different physical characteristics, despite being constituted from the same 
building blocks. Both deposition regimes can be well described by experiments 
performed with mass-selected clusters and graphite surfaces. 
 
Bromann et al.46 initially studied the controlled deposition of mass-selected silver 
clusters onto the platinum (111) surface under UHV conditions at low 
temperatures (80-90 K) with STM. They found that Ag19 clusters were initially 
located on the Pt(111) basal plane at 80 K, however the clusters became mobile  
and relocated to step-edge sites when the temperature was gradually increased to 
300 K. This was a similar finding from the same group that saw thermally 
evaporated silver atoms form branched island structures at 80 K but were 
unstable at 300 K, again migrating to step-edge sites. Ag7 clusters were then 
deposited with higher kinetic energies, 2.9 and 13.6 eV per atom, and clusters 
were found on the Pt(111) basal plane after annealing to 300 K, where the number 
density increased with deposition energy. The authors then posit that these hard-
landing conditions create defect sites in the Pt(111) surface which then act as 
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pinning centres, inhibiting cluster diffusion. In a final experiment the authors 
pre-adsorb 10 monolayers of argon onto the Pt(111) surface before depositing Ag7 
at 2.9 eV per atom. In contrast to the same experiment on the bare substrate, 
clusters were not observed on the Pt(111) basal plane after annealing to 300 K, 
showing that the buffer layer acts to reduce the impact energy and prevent cluster 
pinning. 
 
Similar experiments were performed by Carroll et al.47 and then Di Vece et al.48 
with mass-selected silver, gold, and nickel clusters onto graphite surfaces. The 
interaction between adsorbed molecules or clusters in this case and graphite 
surfaces are quite weak due owing to spz carbon bonds. The interaction of clusters 
with carbon is however of high interest in catalysis applications as carbon is 
commonly used as an electrode. In the study performed by Carroll at al. small 
silver clusters, between 50 and 200 atoms, were deposited onto graphite with a 
range of impact energies. By studying the fraction of clusters observed on the 
basal plane, the pinning threshold energy was determined to be 10.4 eV per atom. 
A similar study was performed by Di Vece at al. who found the pinning energy for 
gold and nickel clusters on graphite to be 15.6 and 5.7 eV per atom, respectively. 
In general, the pinning threshold energy is inversely proportional to the cluster 
mass. 
 
The surface mobility of hard-landed clusters may be reduced by the creation of 
surface defects on impact which prevent diffusion and therefore sintering. 
However, high impact energies can lead to cluster restructuring on impact46. Soft-
landed clusters are thought to mostly retain their gas phase structure on impact 
but are weakly bound to the surface and may diffuse to defect sites, such as step-
edges, or collide with other clusters and sinter over time. A third deposition 
regime has been studied which involves soft-landing clusters on supports with 
prefabricated defects. Palmer et al.49 and Claeyssense et al.50 have studied the 
effect of soft-landing silver clusters on graphite surfaces which had previously 
been irradiated with 500 eV argon ions. The clusters studied retained a well-
defined size distribution, due to soft-landing, and were pinned at the pre-
fabricated defect sites; thus demonstrating a method to produce well-defined, 
well-ordered nanostructured surfaces. 
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1.3 Platinum 

 
Platinum is one of the most important materials for catalysis to this day, and 
arguably the first catalyst material discovered. An experiment performed by 
Humphry Davy in 1817 discovered that oxygen and coal gas would combine at a 
reduced temperature over platinum and palladium wires, but not in the presence 
of other metals51. After the experiment the platinum wires remained chemically 
unchanged, simultaneously demonstrating the reusability and performance 
benefit of heterogeneous catalysis. Today platinum is commonly used as an 
electrocatalyst for reduction52, oxidation53, hydrogenation54, in the petroleum 
industry55, and beyond. 
 
Platinum clusters as small as a four atoms have been shown to have three 
dimensional geometries56, and more specifically tetrahedral structures, which 
represent a bulk growth mode as bulk platinum is FCC. Baletto et al.57 studied the 
lowest energy structures small platinum clusters. The authors found that 
platinum clusters transition from icosahedral to FCC motifs at a size less than 100 
atoms. Blackmore58 studied the structure of platinum clusters up to 600 atoms 
in size. The clusters were soft landed onto amorphous carbon supports and 
imaged with aberration-corrected scanning transmission electron microscopy. 
The images were compared to a series of simulated atlases for platinum in 
octahedral, decahedral, and icosahedral motifs. The results of this study are 
shown in Figure 1.3.1. The study showed a clear trend towards octahedral 
structures as the cluster size increased. As octahedral structures can be cut from 
an FCC lattice13 this finding shows that platinum prefers bulk structures from as 
few as a few hundred atoms. Throughout the size range studied a small fraction 
of decahedral structures were found, however no icosahedral structures were 
identified. By comparison Foster et al.14,42 studied the structures of small gold 
clusters and identified a large proportion of decahedral structures, which differs 
from its bulk FCC structure. 
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Figure 1.3.1: Structure of mass-selected platinum clusters up to 600 atoms in size. Figure 
taken from reference 58. 

 

1.4 Electrochemistry 

 
Electrochemistry is the study of the relationship between electricity and chemical 
changes. In many electrochemical studies an applied potential is used to drive 
chemical change, and this is useful in catalysis. Platinum is a commonly studied 
electrocatalyst for hydrogen59 and oxygen60 evolution, and methane61 and 
carbon62 oxidation due to its performance. Research efforts are being made to 
reduce platinum usage16,63–65 due to its high cost inhibiting its use at scale. At the 
same time, fundamental studies on pure platinum53,59,66,67 are able to shed light 
on the design of future catalysts. The following introduction to electrochemistry 
is based on the book Electrode Dynamics by Fisher68. 
 

1.4.1 Electrode-electrolyte interaction 

 
The electrode-electrolyte interface represents a discontinuity within the 
electrolyte that leads to different behaviour at the interface than in the bulk 
solution. A voltage is typically applied to the electrode during experimentation 
which leads to accumulation of charge at the electrode surface which attracts 
oppositely charged ions within the electrolyte. In the Helmholtz model the 
electrode charge is completely neutralised by a layer of solvated ions, see Figure 
1.4.1, termed the electrical double-layer. The plane through the center line of the 
solvated ions is called the Outer Helmholtz Plane (OHP) and it represents the 

distance from the electrode where the potential ɸ is dropped to that of the bulk 
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solution ɸs. In this model the electrode-electrolyte interaction is effectively 

represented by a capacitor where the potential drop across OHP is linear. 
 
Gouy and Chapman found that the electrode potential is not fully dropped across 
OHP due to Brownian motion of the ionic species which tends to scatter the 
excess ions at the electrode surface. In their model ionic species are represented 
as a charge density and the potential is dropped across a single ‘diffuse layer’. The 
potential drop in this model is concentrated at the electrode surface however 
some excess charge is found at a distance further than OHP from the electrode 
surface. 
 
Stern suggested that the ions have a minimum displacement from the electrode 
surface and that a diffuse layer exists further from the electrode surface, see 
Figure 1.4.2. The Stern model effectively combines both the Helmholtz and Guoy-
Chapman models. Grahame later suggested that some neutral, or even charged, 
species may adsorb to the electrode surface depending on the specific electrode-
ion interaction. These ions were termed to be ‘specifically adsorbed’. 
 

 

Figure 1.4.1: Helmholtz model for the interaction between the electrode and electrolyte 
termed the electrical double layer. (a) a layer of electrolyte ions neutralises the charge 
accumulated at the electrode surface. (b) the potential drops to the solution potential ɸs 
within the Outer Helmholtz Plane (OHP). Figure reproduced from reference 68. 
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Figure 1.4.2: (left) Guoy-Chapman and (right) Stern models of the electrical double layer. 
Figure reproduced from reference 68. 

 

An ion in solution may exchange an electron with an electrode, if the ion accepts 
an electron it is reduced: 

 𝐹𝑒#$!% + 𝑒 →	𝐹𝑒#$"% 1.4.1 

or oxidised if the ion donates an electron: 

 𝐹𝑒#$"% → 𝐹𝑒#$!% + 𝑒. 1.4.2 

In an electrochemical cell both reduction and oxidation processes happen 
simultaneously. The current borne from the movement of charge in a redox 
process is given by: 

 𝑖 = 𝑛𝐴𝐹𝑗,	 1.4.3 

where i is the current, n is the number of electrons involved in the reaction 
(assumed to be one herein), A is the electrode area, and j is the ionic flux at the 

electrode surface. The ionic flux can be written as 𝑗 = 𝑘&[𝐹𝑒!%] for the reaction 
shown in equation 1.4.1 where k0 is the reaction specific rate constant for 
heterogeneous electron transfer and the last term denotes the concentration of 
Fe3+ ions at the electrode surface. 
 
Focussing on the reduction reaction above, after the reaction has occurred the 
concentration of Fe3+ at the electrode surface has been reduced and the local 
concentration of Fe2+ has increased. For further reduction reactions to take place 
more Fe3+ ions must make their way to the electrode surface. Depending on the 
relative rates at which the reactant is replenished at the electrode surface and the 
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rate constant of the reaction, the current may be said to be mass-transport limited 
or rate-limited. The reaction is mass-transport limited when the reaction 
proceeds faster than new reactants can get to the electrode surface or rate-limited 
when sluggish reaction kinetics determine the overall current. 
 
Electrode kinetics are in many ways analogous to chemical kinetics and the rate 
constants are modelled by an Arrhenius type equation in transition state theory: 

 𝑘'() = 𝑍 ∙ exp <
−∆𝐺'()

‡

𝑅𝑇 A .	 1.4.4 

In the above equation the exponential prefactor Z represents the attempt 

frequency for the reaction, ∆𝐺'()
‡  is the Gibbs energy of activation, ie. the energy 

barrier for the reaction as shown in Figure 1.4.3, R is the universal gas constant, 
and T is temperature. 
 

 

Figure 1.4.3: Gibbs energy plot for the reduction reaction of an oxidised species O. G‡ is the 
Gibbs energy of the intermediate transition state. Figure reproduced from reference 68. 

 
The Gibbs energy of the reactants (Fe3+ and one electron) is: 

 𝐺+(!" = 𝑐 + 3𝐹𝜙, − 𝐹𝜙- = 𝑐 + 2𝐹𝜙, − 𝐹(𝜙- − 𝜙,),	 1.4.5 

and the product Fe2+: 

 𝐺+(#" = 𝑐. + 2𝐹𝜙,,	 1.4.6 

where c is a constant and ɸs and ɸm are the potentials of the solution and metal 

electrode, respectively. The Gibbs energy of the transition state is assumed to take 
an intermediate value such that: 

 𝐺‡ = 𝑐.. + 2𝐹𝜙, − (1 − 𝛼)𝐹(𝜙- − 𝜙,),	 1.4.7 
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where 𝛼 is the transfer coefficient which takes a value between 0 and 1. The value 
of the transfer coefficient provides information about the sensitivity of the 
reaction to the potential drop between the electrode and the solution. For 

example, if 𝛼~1 then the potential dependence of the transition state more closely 

resembles the products. Typically, 𝛼~1 2⁄  which suggests that the transition state 
has an intermediate dependence on potential. 

 

The Butler-Volmer equation defines the current flowing through the cell to be the 
sum of the reductive and oxidative currents such that: 

 𝑖 = 𝑖& <exp
(1 − 𝛼)𝐹𝜂

𝑅𝑇 − exp
−𝛼𝐹𝜂
𝑅𝑇 A	 1.4.8 

where 𝑖& is the exchange current for the reaction and η is the difference between 
the applied potential and the cell’s equilibrium potential and is more commonly 
known as the overpotential.  
 
When the exchange current is large both anodic and cathodic currents are driven 
from small overpotentials, this is referred to as a reversible reaction. However, 
when the exchange current is small large overpotentials are required to drive 
currents, this is known as an irreversible reaction. These behaviours are shown 
in Figure 1.4.4. In the case where the overpotential is large and positive the anodic 
process is driven and cathodic currents will be small, the Butler-Volmer equation 
then simplifies to: 

 ln 𝑖 = ln 𝑖& +
(1 − 𝛼)𝐹𝜂

𝑅𝑇 ,	 1.4.9 

and in the case where the overpotential is large and negative such that the 
cathodic process is driven: 

 ln−𝑖 = ln 𝑖& −
𝛼𝐹𝜂
𝑅𝑇 .	

1.4.10 

 

By plotting the logarithm of the measured current against overpotential the 
exchange current and transfer coefficient can be determined by the axis intercept 
and gradients, respectively. This is known as Tafel analysis and is demonstrated 
in Figure 1.4.4. The value of the Tafel slope provides information about the rate 
determining step of the reaction. For the case of hydrogen evolution in acidic 
media, which will be discussed in more detail in the next section, each possible 
reaction step possesses different kinetics. A Tafel slope value of ~120 mV/dec 
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indicates that hydrogen adsorption (Volmer reaction) is the rate limiting step, 
whereas values of ~30 mV/dec and ~40 mV/dec indicate the Tafel and Heyrovsky 
reactions, respectively69. 

 

 

Figure 1.4.4: (left) the effect of overpotential on net current from a (a) reversible and (b) 
irreversible reaction. (right) Tafel analysis. Figure reproduced from reference 68. 

 

1.4.2 The Hydrogen Evolution Reaction 

 
Hydrogen must be produced efficiently at scale in order to drive the hydrogen 
economy30. Molecular hydrogen, however, is not readily available and hydrogen 
is often found bonded to other elements, most commonly in the form of 
hydrocarbons or water. Hydrogen must be refined into molecular form for use as 
a fuel. This process occurs industrially via steam reforming, which 
simultaneously produces greenhouse gases and is energy intensive70,71. 
Alternative techniques exist which include the electrocatalytic splitting of water 
which has the overall reaction: 

 2𝐻"𝑂 → 2𝐻" + 𝑂", 1.4.11 
where the half reaction: 

 4𝐻% + 4𝑒/ → 2𝐻" 1.4.12 
is known as the hydrogen evolution reaction (HER). HER in acidic media starts 
with the adsorption of a hydrogen ion onto a catalyst surface which involves the 
exchange of an electron: 

 𝐻#$% + 𝑒/ → 𝐻#),, 1.4.13 

and is known as the Volmer reaction. The adsorbed hydrogen then reacts through 
one of two mechanisms to form molecular hydrogen. In the first case the 
adsorbed hydrogen reacts with another hydrogen ion from the electrolyte: 

 𝐻#), + 𝐻#$% + 𝑒/ → 𝐻"(1), 1.4.14 
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which is known as the Heyrovsky reaction. Alternatively, the adsorbed hydrogen 
reacts on the surface with another adsorbed hydrogen: 

 𝐻#), + 𝐻#), → 𝐻"(1), 1.4.15 

and this is known as the Tafel reaction. For platinum in acidic media it has been 
shown that recombination is the rate limiting step at low overpotentials70. As the 
overpotential is increased hydrogen coverage on platinum approaches saturation, 
and at this point hydrogen adsorption becomes the rate limiting step. In all cases 
the reaction initially proceeds by hydrogen adsorption onto a surface and so the 
surface-hydrogen interaction is of fundamental importance. If this interaction is 
too weak then hydrogen may desorb from the surface before forming molecular 
hydrogen. At the same time, it follows that if the interaction is too strong the 
adsorbed hydrogen may react to form molecular hydrogen, but the product may 
not be released from the surface. In both of these cases the surface interaction is 
antagonistic to HER. 
 

 

Figure 1.4.5: Volcano plot of exchange current density versus the theoretical Gibbs energy 
(ΔGH) of adsorbed atomic hydrogen on metal surfaces. Figure reproduced from reference 
70. 

 
The Gibbs energy of the interaction between atomic hydrogen and many different 
surfaces is shown in Figure 1.4.5. When plotted against the exchange current 
density the graph forms an inverted ‘V’ shape which explains why these types of 
plots are commonly called volcano plots. The maximum exchange current is 
centered around a Gibbs energy of ~0 eV. Materials with a negative Gibbs energy 
adsorb hydrogen more strongly. Platinum lies around the apex of the volcano 
plot, as the energy of adsorption of hydrogen onto platinum surfaces is 
approximately thermodynamic equilibrium and as a result it is one of the most 
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active HER electrocatalysts. HER performance may also be improved by alloying 
platinum with other materials, such as titanium16 and cobalt72. 
 

1.4.3 Degradation 

 
The goal of the use of catalysts is improved performance, which is more yield 
(product) for less input (energy). Arguably just as important as performance is 
durability. IUPAC describes that a catalyst is not consumed by a reaction73, such 
that a catalyst is able to be repeatedly reused. Catalyst durability is arguably most 
important in real-world use cases. The US Department of Energy has set fuel cell 
durability targets in their 2016 report74. In the drive for alternative energies it is 
important that fuel cells or batteries are able to perform as well as their internal 
combustion engine counterparts, along with reliability and convenience in 
equality. 
 
As prepared nanoparticle catalysts may change under many different conditions 
such as when they are subjected to elevated temperatures75, electrochemical 
cycling75, or, in some cases, exposure to atmosphere42. One of the most common 
aging routes is nanoparticle growth, which is driven by an overall reduction in 
surface energy. The chemical potential of a nanoparticle µ is related to its 
curvature through its radius r according to the Gibbs-Thomson relation76: 

 𝜇 = 𝜇& + 2𝛾Ω 𝑟⁄ , 1.4.16 

where µ0 is the chemical potential of an infinitely sized particle, 𝛾 is the surface 
energy of the nanoparticle, and Ω is the atomic volume. The system may do work 

to minimise its Gibbs energy77 𝐺 = ∑ 𝜇3𝑁33  which results in the growth of larger 
particles with smaller chemical potential at the expense of smaller particles. This 
process may occur through different routes78 such as nanoparticle migration and 
coalescence, known as Smoluchowski ripening37,79, or atomic processes such as 
Ostwald ripening37,80. 
 
In the case of Smoluchowski ripening supported nanoparticles have enough 
energy to undergo diffusion on the surface, which may be mediated by self-
diffusion79 due to Brownian motion of the adatoms, leading to collision with 
another nanoparticle and subsequent coalescence. Coalescence is normally 
preceded by neck growth between neighbouring nanoparticles and subsequent 
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neck elimination79,81. In the case of Ostwald ripening, atomic species migrate by 
surface diffusion or through an external medium resulting in nanoparticle 
growth37,80; this may proceed by the formation of volatile species in the vapour 
phase79 or ionic species in electrolyte75. The factors determining whether 
Smoluchowski or Ostwald ripening are dominant include nanoparticle size37, 
ease of adatom detachment80, and the interaction between the nanoparticle and 
support82. 
 
Diffusion-limited aggregation (DLA)83,84 is a model that describes nanoparticle 
aggregation and growth under the assumption that growth is limited by mass 
transport. The resulting aggregates tend to form fractal branched geometries, 
which have been observed for colloidal systems83 and also nanoparticle 
aggregation85. Celardo et al.85 studied the aggregation of titania nanoparticles 
produced by pulsed laser deposition onto different surfaces. On a graphite surface 
the nanoparticles remained isolated and spherical, whereas on silicon and quartz 
surfaces the nanoparticles formed both branched, or dendritic, and chain-like 
structures indicative of DLA on the surface after deposition. The authors 
modelled DLA using a Monte Carlo method with good reproducibility of the 
observed structures.  
 
In the field of PEMFC there have been many studies into the stability of carbon-
supported platinum catalysts. Maillard et al.86 have laid out the various known 
platinum degradation mechanisms, which include nanoparticle migration and 
coalescence on the substrate, substrate corrosion, and dissolution-redeposition 
or 3D Ostwald ripening, as outlined in Figure 1.4.6. 
 
In their study, carbon-supported platinum was subjected to accelerated stress 
testing (AST), common in the field of fuel cell research, in electrolytes purged 
with three different atmospheres: Ar, CO, and O2. They found that the catalyst 
degraded even with the modest potentials, 0 to 0.50 V vs RHE, applied during 
the AST. Nanoparticle migration and subsequent coalescence were common in 
all atmospheres, as was nanoparticle detachment. Only in the oxygen atmosphere 
was carbon corrosion clearly observed. The authors of this study also found an 
increase in 3D Ostwald ripening as the anodic potential limit was increased to 
1.23 V vs RHE. 
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Whilst ex-situ imaging provides an overview, in-situ measurements are able to 
provide more granular insights into surface processes. Wantanabe et al.87 
investigated the Pt(111) surface during potential cycling with in-situ STM. The 
adsorption of oxygen species was observed at potentials above 0.90 V vs RHE, 
with the Pt(111) surface becoming increasingly rough as the potential was 
increased to 1.30 V vs RHE. This was put down to platinum place-exchange 
during oxidation. The most significant surface morphology change, however, was 
observed in the cathodic sweep. After full platinum reduction, platinum islands 
and pits had formed on the (111) terraces, and this was coupled with an increase 
in step-site defects. 
 

 

Figure 1.4.6: Schematic showing how the applied electrochemical potential affects various 
carbon-supported platinum degradation mechanisms. Figure reproduced from reference 
86. 

 
Imai et al.88 performed a real-time study into the electrochemical oxidation of 
platinum in acidic media. They found that the surface of 2 nm platinum 
nanoparticles was covered with hydroxyl species at 1.08 V vs RHE, which was 
oxidised to Pt-Oads as the potential was increased to 1.35 V vs RHE. In potential 
step experiments at 1.40 V vs RHE they showed that the platinum surfaces were 
covered with hydroxyl species within 10 seconds, and these were further oxidised 
into adsorbed oxide species within 20 s. At times longer than 30 s up to two 
minutes platinum oxide species were formed within the first two platinum 
surface layers, and the oxide penetration depth increased with time. 
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Platinum is also a known carbon oxidation catalyst. Studies have shown that 
adding platinum to a particulate filter for diesel motors aids the production of CO 
and CO2 from carbon particulates89. More recently it has been shown that the 
electrocatalytic production of carbonate species by platinum nanoparticles 
promotes nanoparticle detachment and therefore catalyst degradation90. The 
authors of this study showed that the better carbon oxidation catalysts produced 
more carbonate species, destabilising the nanoparticle catalysts, thus leading to 
increased rates of detachment in what can be thought of as a negative feedback 
loop90. 
 
Alloyed materials may have different modes of degradation. The effect of anodic 
potentials on PtZn binary clusters in acidic conditions was explored by Bizzotto 
et al.91. PtZn nanoparticles were synthesised with a Zn-rich core, however after 
polarization at potentials larger than 1.0 V vs RHE the Zn surface atom fraction 
increased by a factor of 4. This surface segregation effect was not observed at 
smaller applied potentials, and at potentials larger than 1.25 V vs RHE the Zn 
surface atom fraction was severely reduced due to leaching. 
 

1.4.4 Electrochemical methods 

 
Commonly, electrochemical experiments utilise a three-electrode 
electrochemical cell, as depicted in Figure 1.4.7, and a potentiostat. As the name 
suggests, in a three-electrode cell there are three electrodes: the working 
electrode (WE), counter electrode (CE), and reference electrode (RE). The 
electrochemical processes on the WE will be studied and as such it contains the 
materials of interest in the experiment. The RE is used to provide a stable 
potential reference for WE and the CE provides the current to complete the 
circuit. All three electrodes are connected to a potentiostat which controls the 
applied potentials and records the current generated. 
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Figure 1.4.7: A three-electrode electrochemical cell. Figure reproduced from reference 92. 

 
Common electrochemical techniques include Linear Sweep Voltammetry (LSV) 
and Cyclic Voltammetry (CV). In an LSV experiment the potential E applied to 
the WE is changed between an initial E1 and final E2 value at a constant rate, as 
shown in Figure 1.4.8. The potentiostat records the generated current i and the 
data is typically plotted as i-E. 
 

 

Figure 1.4.8: Signals in an LSV experiment. (left) E-t graph showing how the potential 
applied to the WE is changed from E1 to E2 at a constant rate. (right) currents recorded 
during the potential sweep are commonly plotted against the applied potential in an i-E 
graph. Figure reproduced from reference 68. 

 
CV is an extension of LSV. In CV the potential is repeatedly swept between E1 and 
E2 at a constant rate, the resulting E-t graph resembles a sawtooth wave as shown 
in Figure 1.4.9. CV drives both oxidative processes in the anodic sweep and 
reductive processes in the cathodic sweep. The number of cycles performed is 
dependent on the information required from the experiment and can range from 
one to tens in the case of potential conditioning93 up to thousands in the case of 
stress testing94. LSV and CV in many ways represent a kind of spectroscopic 
analysis of electrochemical processes occurring at the WE. An example of this is 
the electrochemical response of different single-crystal platinum surfaces in 
sulphuric acid solution95, as shown in Figure 1.4.10. The data shown in this figure 
was recorded using CV, however only currents from the anodic sweep are shown 
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for clarity. The large peak around 0.1 V vs RHE is due to hydrogen desorption on 
Pt(110) facets and as such the peak intensity is reduced as the (110) step density 
decreases. The peak around 0.27 V vs RHE in the Pt(111) CV is due to hydrogen 
desorption from a small amount of Pt(100) sites, whereas the sharp peak around 
0.45 V vs RHE can be attributed to the order-disorder transition of adsorbed 
bisulphate ions on (111) terraces. The data shown in this figure demonstrates the 
use of CV as a spectroscopic tool that can provide information about both 
electrochemical processes and the structure of the working electrode at the 
atomic level. 
 

 

Figure 1.4.9: Signals in a CV experiment. (left) E-t graph showing how the potential is 
changed during one cycle. (right) i-E graph shows both oxidative and reductive currents 
depending on the sweep direction for a reversible reaction. Figure reproduced from 
reference 68. 

  
The Butler-Volmer equation predicts that current should increase with 
overpotential, however in both of the examples provided in Figure 1.4.8 Figure 
1.4.9 the current peaks at a value denoted ip. As described earlier, this is due to 
depletion of reactants at the electrode and the peak current therefore reflects the 
balance between reaction kinetics and mass-transport. Reactants may be 
replenished at the electrode surface through diffusion as described by Fick’s law. 
The reaction at the electrode may also produce small amounts of heat or products 
with different densities, this leads to natural convection through thermal and 
density gradients in the electrolyte. 
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Figure 1.4.10: Voltammetric profiles of single crystal Pt(hkl) surfaces in 0.5 M H2SO4. 
Figure reproduced from reference 95. 

 
One may introduce forced convection into the electrolyte to provide more 
consistent mass-transport to the electrode. This is commonly acheieved by 
rotating the working electrode at a fixed speed as shown in Figure 1.4.11. The 
rotation speed should be chosen to provide stable laminar flow of the electrolyte 
to the electrode. In contrast is the rotation speed is too high the fluid flow 
becomes turbulent which is chaotic and inconsistent. The Reynolds number for a 

cylindrical system is given by Re = 𝜔𝑟" 𝑣⁄ , where ω is the rotation frequency, r is 
the radius of the electrode setup, and v is the viscosity of the electrolyte. The 
magnitude of Re should be kept below ~105 to create laminar flow. 
 

 

Figure 1.4.11: A rotating working electrode setup is used to provide forced convection and 
stable mass-transport. Figure reproduced from reference 68. 

 

1.5 Nanoparticle growth 

 
In many degradation mechanisms the movement of material can lead to 
nanoparticle growth. Granqvist and Buhrman96 discussed the relationship 
between the growth mechanism and size distribution of nanoparticles. In the case 
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of growth driven by coalescence the size distribution is expected follow a log-
normal distribution with a tail towards larger particle sizes. In contrast, for 
growth driven by Ostwald ripening, the size distribution is expected to exhibit a 
tail towards smaller particle sizes and so the two growth mechanisms are 
qualitatively different. 
 
Yu et al.75 studied the effect of electrochemical conditioning on different sizes of 
platinum nanoparticles in-situ using small angle X-ray scattering. They found 
that platinum nanoparticles larger than 3-5 nm had improved stability and that 
the growth mechanism was driven by dissolution-redeposition. In this study the 
nanoparticles grew progressively when subjected to potential cycling between 
0.56 and 1.16 V vs RHE. However, growth was not observed when the anodic 
potential limit was reduced to 0.96 V vs RHE indicating that dissolved ionic 
platinum species are involved in the growth mechanism. 
 
Virkar and Zhou97 studied the effect of platinum nanoparticle growth in the 
presence of dissolved platinum ions at elevated temperatures. Significant particle 
growth occurs over the period of hours to weeks when particles are supported on 
a conductive carbon substrate. The same system exhibits no growth when the 
particles are supported on an insulting alumina substrate, despite the presence 
of platinum ions in the solution. The implication from these experiments is that 
Ostwald ripening in ionic media occurs through the coupled transport of 
dissolved ions in solution and electrons through the substrate. 

 

1.6 Electron Microscopy 

 
The advent of scanning probe microscopy (SPM), more specifically scanning 
tunnelling microscopy (STM), is often credited as the birth of nanotechnology98. 
In all forms of SPM, a probe is scanned or rastered across a specimen and the 
data acquired is used to create a map. In the case of STM a bias is applied between 
a conductive, atomically sharp tip and a surface and the gap between them is 
reduced until a tunnelling current is recorded. The tip is then rastered across the 
surface and variations in either the current or z-position of the tip are recorded 
and mapped to create an electro-topographical image. 
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Figure 1.6.1: The different types of interaction between electrons and matter. Figure 
reproduced from reference 99. 

 
In the case of electron microscopy, a beam of high energy electrons can be used 
as a probe. The electrons interact with the specimen and can be collected by a 
detector to form an image. There are many different types of electron microscopy, 
but this thesis will focus on transmission electron microscopy (TEM) and more 
specifically scanning transmission electron microscopy (STEM). 
 
The electron beam originates from an electron source, also known as an electron 
‘gun’. Common electron sources used in electron microscopes are thermionic 
source, field emission guns (FEG), and Schottky sources. Thermionic sources 
operate on the principle of thermionic emission where a material is heated to a 
temperature high enough such that the energy of the electrons within the material 
is great enough to overcome the materials work function and are subsequently 
emitted. Originally, thermionic sources used tungsten filaments as tungsten has 
a high melting temperature. More recently thermionic guns use a LaB6 crystal as 
the gun due to the low work function of the material. FEGs consist of a high 
voltage applied to a sharp tungsten tip. At the tip apex the electric field density is 
high enough to lower the material work function potential barrier for electron 
emission. The electron gun used in the JEOL 2100F TEM used in this thesis is a 
Schottky-type source. In a Schottky source a tungsten filament is coated with a 
thin layer of ZrO which acts to reduce the work function of the tip. To aid electron 
emission the tip is heated, albeit to a lower temperature than used for thermionic 
emission, and a large electric field is applied to the tip. Schottky sources have the 
advantage of producing stable emission currents. 
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Emitted electrons are accelerated to operating voltage which may be between 80 
kV and 1 MV depending on the microscope. Magnetic lenses are used in TEM to 
focus and form the electron beam. They consist of current-carrying copper coils 
surrounding a magnetically soft pole piece, typically made of iron, see Figure 
1.6.2. The current in the surrounding coil induces a magnetic field in the pole 
piece which is used to focus the electrons passing through the bore. The focussing 
ability of magnetic lenses is not perfect, however. The electrons passing through 
a lens further from its optical axis are deflected more than those at the center with 
the result that not all electron paths are focussed in the same plane, see Figure 
1.6.2, and this effect is known as spherical aberration, denoted CS. The result of 
these aberrations is that a point object will be imaged as a disk due to the finite 
width of the probe, and this reduces the effective resolution of the microscope. 
The JEOL 2100F used in this thesis is equipped with a spherical aberration 
correction system (CEOS, GmbH) which utilises hexapole lenses to create an 
effective negative CS value to compensate for the spherical aberrations induced 
by previous lenses in the illumination system. The result of this correction is that 
microscope resolution is increased to the angstrom level such that atomic 
resolution can by readily achieved. 
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Figure 1.6.2: Parts of a typical TEM. (upper left) arrangement of an FEG for electron 
extraction (V1) and acceleration (V0). (lower left) cross section of a magnetic lens. (right) 
ray diagram showing spherical aberrations created by a magnetic lens. Figures 
reproduced from reference 99. 

 
Electrons interact with matter in many different ways, a schematic outlining 
different types of interaction is shown in Figure 1.6.1. The electrons which are 
forward scattered or transmitted, shown below the specimen in the figure, are 
used as signals in TEM. The specimen must be thin enough such that it is mostly 
transparent to electrons to be suitable for use in transmission mode, this depends 
on the mean free path of the electrons in the material. As an example, at electron 
energies greater than 100 keV the mean free path of electrons through carbon is 
a few hundred nanometers, this compares with just tens of nanometers for metals 
such as gold and copper and defines an upper limit to specimen thickness. 
Electron microscopes are operated under high vacuum to minimize scattering of 
the electron beam by gaseous species. The vacuum is maintained by an array of 
pumps and cold traps and common operating pressure are on the order of 10-7 
mbar which is classified as high vacuum. 
 
Transmitted electrons either remain on their original path, known as the ‘direct 
beam’, or they are scattered through an angle. Electron scattering from the 
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specimen’s electron cloud results in small scattering angles, whereas larger 
scattering angles are observed by scattering from the nuclear potential, such as 
in Rutherford scattering. 
 
Rutherford scattering represents a type of incoherent elastic scattering. The 
Rutherford scattering cross section σR is defined as99: 

 𝜎4(𝜃) =
𝑒5𝑍"

16(4𝜋𝜀&𝐸&)"
∙
𝑑Ω

𝑠𝑖𝑛5 𝜃2
, 1.6.1 

where e is the elementary charge, Z is the atomic number, ε0 is the permittivity of 
free space, E0 is the energy of the electrons, θ is the scattering angle, and Ω is the 
solid angle of collection. It is clear to see that the scattering cross section, and 
therefore the scattering probability, is inversely proportional to the fourth power 
of the scattering angle for small angles. The scattering cross section can decrease 
by orders of magnitude as the scattering angle is increased from 0 to 180 degrees, 
which means that electrons are predominantly scattered at lower angles. Each 
scattering event can be considered as a single interaction so there is no phase 
relationship between the scattered electrons and the incident electron beam, thus 
Rutherford scattering is considered incoherent. 
 
From equation 1.6.1 it is clear that the scattering cross section has a squared 
dependence on the atomic number, such that heavy elements like gold or 
platinum scatter more than lighter elements such as carbon or oxygen. While it is 
the case that heavier elements scatter more than lighter elements, the 
dependence on Z is reduced due to electronic screening around the nucleus. 
Similar results have been found in practice and an imaging technique known as 
Z contrast imaging100 can be used to exploit the strong Z dependence of scattered 
electrons. Here the signal from high angle (greater than ~5 degrees) scattered 
electrons is collected on an annular detector and used to form an image; this 
technique is often called high angle annular dark field (HAADF)-STEM. 
 
There have been many studies to verify the screening effect of the electron cloud. 
In a study by Palmer et al.101 HAADF-STEM was used to image mass selected gold 
and palladium clusters. They found that the HAADF intensity, which is 
proportional to the number of electron collection events by the detector, was 
larger for gold clusters (Z =  79) than for the same size of palladium clusters (Z = 
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47). In the same experiment they found that the dependence Zα increased from α 
= 1.2 at low collection angles (14 mrad) to 1.8 at larger collection angles (70 
mrad), consistent with reduced electronic screening. 
 

 

Figure 1.6.3: Detector layout for Z-contrast imaging in STEM. Figure reproduced from 
reference 99. 

 
There are different STEM modes that collect electrons which have interacted 
differently with the specimen. Three different collection modes are highlighted in 
Figure 1.6.3. As mentioned above HAADF-STEM collects electrons scattered at 
high angles and leads to Z contrast. ADF-STEM has a smaller collection angle and 
is therefore less sensitive to atomic number than HAADF whilst producing more 
strain contrast102. Bright field (BF) collects the electrons in the direct beam and 
at very low scattering angles and is most similar to TEM. The inner collection 
angle of the ADF detector can be set by changing the camera length of the 
microscope. 
 
Example STEM images of platinum nanoparticles on an amorphous carbon 
support acquired with different signals are shown in Figure 1.6.4. The ADF- and 
HAADF-STEM images were acquired using a camera length of 200 and 100 mm, 
respectively. The intensity histograms show that the signal due to platinum is 
more intense in the ADF image than the HAADF image due to increased 
scattering cross section at lower collection angles. Apart from the clear contrast 
inversion between BF and ADF imaging, atomic imaging is clearer in the ADF 
signals whilst BF shows increased phase contrast in the carbon support. 
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Figure 1.6.4: Comparison of different signals in STEM. The same area of a platinum 
nanoparticle sample is imaged in all cases. (left) bright field image acquired with 
maximum collection angle of 10 mrad, (center and right) dark field images acquired with 
an annular detector with an inner collection radius of 31 and 62 mrad, respectively. 
Arrows indicate individual platinum atoms. 

 
Electron microscopy has been employed to image many different materials, 
including clusters14 and nanoparticles103, surfaces104, and biological samples105. 
More recently a technique called identical location (IL) TEM has been employed 
to study catalyst degradation31,86,94,106. IL-TEM involves reimaging the exact 
location after some process to observe any changes, in the case of platinum 
nanoparticles this may be electrochemical potential cycling86. This technique has 
many benefits which includes studying particle migration or structural changes, 
and it does not have to be governed by statistical differences. Improving on IL-
TEM are in-situ techniques, where the same processes occur in real-time during 
imaging. Whilst IL-TEM can be compared to before and after photography, in-
situ electron microscopy is the video camera. In-situ microscopy has been used 
to study particle growth107, degradation108, and coalescence109. The field of in-situ 
liquid or electrochemical TEM still has its problems however, the electron beam 
is known to induce gas formation within the liquid or change the local chemistry 
of the electrolyte110. 
 
This thesis focuses on the production, characterisation, and electrochemical 
processing of well-defined mass-selected platinum clusters. Clusters were 
produced by physical methods, without the use of ligands, and characterised by 
both electrochemical techniques and STEM. In the first experimental chapter the 
structures of platinum clusters are characterised with STEM and examples of the 
invasive effect of the electron beam are presented. In the second experimental 
chapter the same platinum clusters are characterised through electrochemical 

BF ADF HAADF 



 48 

potential cycling in acidic media and from the data it becomes clear that 
electrochemical conditioning changes the overall sample morphology. In the 
third experimental chapter an in-depth study into the effect of electrochemical 
potential conditioning is presented. And in the final chapter the effect of plasma 
treatment on well-defined clusters is presented. The effect of plasma treatment 
on the cluster samples bears resemblance in some cases to the electrochemical 
processing and comparisons between the two are drawn. 
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2 Experimental and Methods 

 
In this chapter the techniques used in this thesis to produce, characterise, and 
analyse cluster samples will be presented. This chapter is laid out in the rough 
order that the order of work follows. Firstly, the magnetron sputtering gas 
condensation cluster source used for cluster production will be presented, then 
the scanning transmission electron microscope which was used to image and 
characterise the samples. The electrochemical techniques used to characterise the 
clusters en masse will be described before an overview of the analysis techniques 
used in this thesis. 
 

2.1 Magnetron sputtering gas condensation cluster source 

 
The clusters studied in this thesis were produced solely in a magnetron sputtering 
gas condensation cluster source and is described in detail in reference 111. Within 
the group there have been many studies into clusters produced by this source, 
including gold14, platinum58, palladium112, silver42, nickel48, and molybdenum 
disulphide113. The cluster source can be separated into three regions: cluster 
formation, cluster beam focussing, and mass-selection. The schematic shown in 
Figure 2.1.1 outlines these regions and other important features within the 
source. The cluster source itself is kept under high vacuum conditions during 
operation with five turbomolecular pumps and achieves a base pressure ~10-6 
mbar. 
 

 

Figure 2.1.1: Schematic of the magnetron sputtering gas condensation cluster source used 
in this thesis. The source is split into three regions (from left to right): sputtering and 
cluster formation, beam focussing, and mass selection. Figure from reference 49. 
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Cluster formation initially begins in the condensation chamber, which is kept cold 
(~100 K) under the flow of liquid nitrogen. In this chamber a target material is 
vaporised by plasma sputtering. In this thesis a 2-inch diameter high purity 
platinum target (99.99%, PI-KEM) is predominantly used. Argon gas is bled into 
the condensation chamber around the sputtering target and the flow rate is 
controlled by a mass flow controller. A large negative DC potential, of the order 
of a few hundred volts, is applied to the target to ignite a plasma. A magnetron is 
used to confine the plasma around the target. Magnetrons have been utilized 
effectively in sputtering and coating techniques and can produce high sputtering 
yields and high purity deposits114. The high energy ions within the plasma 
bombard the target surface to produce a high density of atomic species and small 
clusters just in front of the target. These small cluster species are further 
condensed in cold helium gas which is bled into the back of the chamber. The 
total condensation time can be controlled by varying the total distance travelled 
before leaving the chamber, also called the ‘condensation length’, and this 
parameter has been shown to have an effect on cluster structural isomerization44. 
The formed clusters exit this chamber by an adjustable nozzle which can be used 
to increase the chamber pressure and tune cluster size. The operating pressure of 
the condensation chamber is typically in the range of 0.1-1 mbar. 
 
Upon leaving the condensation chamber the pressure drops rapidly to ~10-5 mbar 
due to differential pumping and the cluster beam undergoes supersonic 
expansion. A pair of skimmers are used to filter out all but the center of the beam. 
A high proportion (~30 %) of the formed cluster beam is ionized due to the 
plasma and these species are focussed by electric lenses into a well-defined 
cluster beam. A pair of deflection plates allow for fine adjustment of the beam 
trajectory. The beam energy is defined by a common potential, typically 500 V, 
throughout the focussing optics.  
 
By the time the clusters have entered the third chamber they are part of a well-
defined, focussed beam. Some cluster sizes are preferentially focussed by the 
electric lenses, however there is still a broad range of masses of clusters in the 
beam. A lateral time-of-flight (LToF) mass selector is used to accurately filter 
clusters by mass before deposition115 and a schematic is shown in Figure 2.1.2. 
LToF works by accelerating the clusters in a direction perpendicular to their 
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velocity, letting them drift along a known length, and then decelerating them to 
their original velocity. 
 
In Figure 2.1.2 the clusters enter LToF at the bottom left of the figure. A positive 
voltage pulse of plate 1 accelerates all clusters within L vertically, however only 
clusters located within l are transmitted into the field-free region between plates 
2 and 3. In this field-free region the clusters are allowed to drift. The vertical 
velocity imparted to each cluster depends on its mass. As the clusters enter the 
region between plates 3 and 4 a positive voltage pulse decelerates the cluster to 
their original velocity. As all clusters receive the same impulse the timing between 
pulses is key to mass selection. 
 

 

Figure 2.1.2: Schematics showing the operating principle of the lateral time-of-flight mass 
selector. (left) geometry of the equipment, and (right) voltage pulse timing sequence. 
Figures reproduced from reference 115. 

 
Following arguments laid out by Palmer et al.115, the duration of each voltage 
pulse TP is calculated such that the selected clusters of mass m traverse a distance 
a: 

 𝑇6 =
2𝑎
𝑣-

=
2𝑎

b2𝑒𝑈6/𝑚
, 2.1.1 

where vm is the final velocity of the cluster. The delay time Td between 
accelerating and decelerating pulses is such that the cluster is allowed to drift a 
distance b before receiving another impulse, opposite in voltage but otherwise 
identical to the first, and during this time the cluster has then travelled a distance 
x. It then follows that if a cluster of mass M receives the same impulse it will drift 

a distance 𝑥7 = 𝑥 ∙ 𝑚 𝑀⁄ . The spread of displacements around the selected mass 
is therefore: 
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The convolution of the cluster beam profile with the exit aperture size Dx, 

determines the mass resolution of the source: 

 𝑅 =
𝑀
Δ𝑀 =

𝑑𝑀
𝑑𝑥7

∙ Δx =
Δx
𝑥 . 2.1.3 

The exit aperture can be set at different widths and was set at 8 mm in this thesis. 
The displacement length b in LToF in this source is 150 mm, which gives a mass 
resolution of 5 %. 
 
After transmission through the LToF the clusters can be focussed again with an 
einzel lens before deposition. A substrate can be inserted into the cluster source 
without breaking vacuum through a fast entry lock. The impact energy is defined 
by the bias applied to the substrate, and as discussed in section 1.2.3, can lead to 
many different types of cluster-surface interaction. In this thesis in general 
clusters were soft-landed at a kinetic energy of 1 eV per atom. An example of a 
loaded sample plate and the sample reception area is shown in Figure 2.1.3. 
 

 

Figure 2.1.3: (left) sample plate loaded with a TEM grid, which is kept in place by a cover 
and screws, and a mirror-polished glassy carbon stub. (right) the sample reception area. 
The substrates are electrically connected to the back plate but not the mask, which is at 
beam potential. The metallic tape covering half of a hole in the mask was successfully used 
to deposit onto only half of a TEM grid, demonstrating the versatility of the cluster source. 

 
Daily operation of the cluster source involves maintaining the vacuum and 
cooling the condensation chamber under a flow of liquid nitrogen for at least one 
hour prior to making clusters. Samples can be loaded through a fast entry lock, 
which takes typically 20 minutes to pump down to base pressure. Synthesising 
large clusters from scratch is an iterative process. Typically, the condensation 
length is reduced to its minimum (150 mm) and the nozzle is opened fully to 
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achieve the lowest pressure possible. A plasma is then ignited and LToF is set to 
transmit a single atom, eg. 108 amu for silver. The ion optics are then tuned to 
maximise this current, and the sample reception positions are defined. At this 
point any changes to the LToF apertures are made. To make a dimer the 
condensation length is increased to about the middle of its range (200 mm) and 
the argon flow rate is increased. This process is repeated until clusters tens of 
atoms in size are being produced by the source. Small changes to the nozzle, gas 
flow mixtures, or plasma power can have a large effect on the cluster population 
being produced by the source. 
 

 
Figure 2.1.4: Silver cluster production with the cluster source. (left) example of the 
resolution of the cluster source, and (right) how the cluster population can be tuned be 
changing source parameters, in this case the nozzle was gradually closed which increased 
the condensation chamber pressure. 

 
An example of operation of the cluster source is shown in Figure 2.1.4. In this case 
the target material was silver and was chosen for a structural study into silver 
clusters. The well-defined peaks in the mass spectrum are due to small AgN 
clusters. The mass resolution in this case was determined by fitting gaussians to 

the current peaks in the mass spectrum and on average 𝑀 ∆𝑀⁄ ≈ 34, which 
compares well to the theoretical mass resolution of 36 for the 5 mm exit aperture 
used in this case. The second graph shows how the chamber pressure affects the 
cluster population in the source. In this case the nozzle was closed to increase the 
pressure from 0.16 mbar up to ~1 mbar, and as a result the peak cluster mass 
produced by the source was increased from ~1700 to ~6300 atoms. 
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Figure 2.1.5: ADF-STEM images of Ag2255 clusters produced using the cluster source. (left) 
low magnification sample showing well-defined clusters distributed homogeneously on 
the amorphous carbon support, and (right) high magnification image showing cluster 
structures. 

 

2.2 Scanning transmission electron microscope 

 
TEM was discussed in detail in section 1.6. In this work a JEOL 2100F with 
spherical aberration correction (CEOS, GmbH) was used for imaging. The 
microscope was used in STEM mode with an accelerating voltage of 200 kV. The  
gun emission current was typically 150 ± 10 µA and the current density impingent 
on the sample was typically 3 pAcm-2. Electrons were collected by a 
photomultiplier tube type annular detector with an inner and outer collection 
angle of 62  and 164 mrad, respectively101,116. The beam convergence angle used 
for imaging  was typically 19 mrad. Images were typically recorded at a resolution 
of 512 x 512 pixels with 38 µs pixel dwell time. 
 

2.3 Electrochemical techniques 

 
Electrochemical testing was performed in 0.5 M sulphuric acid, which was 
prepared daily from concentrated sulphuric acid (96 % Ultrapur, Sigma Aldrich) 
and deionized water (18.2 MΩcm, Merck Millipore). The electrolyte was 
deaerated by bubbling nitrogen gas for 30 minutes prior to experimentation and 
the cell atmosphere was kept under nitrogen gas throughout. This procedure 
produced negligible oxygen reduction current graphite samples which were 
sputter-coated with platinum. A mercury-mercurous sulphate (MSE) reference 
electrode (RE) (RE-2CP, ALS Co., E0 = 0.687 V vs RHE) was used to avoid 

Dh 

Ih 
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potential chloride contamination. All potentials have been converted to reversible 
hydrogen electrode potential (RHE) herein. A platinum wire was cleaned daily 
with water and flame-annealed under a propanol flame until orange-hot before 
being used as a counter electrode (CE). Electrochemical cell apparatus was 
cleaned in either hot (60 ℃) piranha solution or with green acid113 prepared 
adding KMnO4 (ACS ≥ 99%, Sigma-Aldrich) to concentrated H2SO4 (96%, Alfa 
Aesar). All apparatus was washed thoroughly in deionized water and swilled with 
electrolyte before use. 
 

2.3.1 Mass-selected platinum clusters on graphite 

 
Electrochemical studies on graphite were undertaken at the National Physical 
Laboratory, Teddington, UK. Graphite (ZYH, NT-MDT) was prepared using a 
scotch tape cleave method. Platinum cluster samples were prepared using the 
magnetron sputtering gas condensation cluster source at the University of 
Birmingham, Birmingham, UK, transported under nitrogen atmosphere and kept 
in a vacuum desiccator until use. Despite the attention taken to limit 
contamination and oxidation of the samples it should be noted that the samples 
would have been exposed to ambient conditions for prolonged periods before use. 
Cluster samples were soft-landed at 1 eV per atom onto graphite at a constant 
number density of 20000 clusters per square micron. 
 
The graphite used in these experiments was cut as approximately 7 mm x 7 mm 
squares and this represented a challenge to use in an electrochemical cell, as 
available apparatus was suited to circular electrodes. It was decided that the 
electrochemical cell used in these experiments should be free of any unwanted 
solvents, such as silver paint or conductive glue, which can be used to create a 
temporary electrical contact, in order to avoid potential contamination. A custom 
electrochemical cell was manufactured to house the square graphite pieces and 
expose only the platinum decorated surface, the cell is shown in Figure 2.3.2. A 
2.5 mm radius hole cut in a silicone gasket placed directly on top of the graphite 
defined the electrolyte exposed area. The steel back contact was sputter coated 
with gold to an attempt to improve conductivity, however no discernible 
difference was observed in testing. 
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Figure 2.3.1: (left) photograph and (right) schematic of the custom built electrochemical 
cell with a solvent-free electrical graphite ‘back contact’. (1) Pt wire counter electrode, (2) 
MSE reference electrode, (3) gas inlet tube, (4) Pyrex cell, (5) silicone gasket, (6) teflon 
gasket, (7) graphite working electrode, (8) steel screw ‘back contact’, and (9) scaffolding 
used for stability and to apply pressure to the ensemble. 

 
A CH Instruments 760c was used as the potentiostat for these experiments. No 
electrochemical preconditioning was performed. Sample characterisation was 
performed using cyclic voltammetry (CV). The cathodic limit for the CVs was at 
the onset of hydrogen evolution at 0.05 V vs RHE, whilst the anodic limit was 
gradually increased. CVs were performed at different sweep rates until the 
response was stable. 
 
CO stripping experiments were performed with analytical grade CO. The working 
electrode (WE) was held at a potential of 0.1 V vs RHE during CO dosing such 
that CO would displace any adsorbed hydrogen. The electrolyte was dosed with 
gaseous CO for three minutes to ensure surface saturation, before being purged 
with nitrogen for 30 minutes to purge any dissolved CO. The stripping sweep was 
initiated in the cathodic direction to check for any hydrogen adsorption current 
before the anodic sweep to a maximum potential of 1.45 V vs RHE to ensure full 
CO oxidation. 
 

2.3.2 Mass-selected platinum clusters on TEM grids 

 
Potential conditioning experiments were performed on a TEM grid such that the 
change in sample morphology could be imaged with TEM. Platinum clusters were 
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soft-landed at 1 eV per atom onto amorphous carbon TEM grids (EM 
Resolutions). The amorphous carbon layer was supported by a gold mesh to avoid 
any potential contamination from other common mesh materials, such as copper.  
 
Multiple methods were tested to create a solvent-free electrical contact to the 
TEM grid. A 1 mm diameter gold wire was cut at one end and then crimped onto 
the TEM grid. This method yielded good results however the TEM grid was often 
damaged or ripped on removing the crimp, making it unsuitable for imaging. A 
second technique involved passing a thin gold wire through the TEM grid key to 
create an electrical contact. This method however was extremely difficult to 
perform reliably and required a very steady hand. Ultimately it was not explored 
much further due to its difficulty and doubts about the quality of the connection 
and conductivity. 
 

 

Figure 2.3.2: Configuration for electrochemical studies on a TEM grid. (top row) 
photographs of TEM grid and GC stub configuration without (left) and with (right) the 
PEEK cap. (bottom) schematic showing the internal arrangement and materials used. 

 
A cap-type electrode setup was ultimately found to be the easiest to setup, least 
invasive, and most reliable. A polyether ether ketone (PEEK) cap with 1 mm wall 
width was manufactured to fit a Pine Research E4TQ ChangeDisk RDE Tip, which 
is an apparatus commonly used to insert different electrode materials into a Pine 
Research rotator. 5 mm glassy carbon (GC) stubs (Type II, Alfa Aesar) were cut 
and polished with successively finer diamond and alumina paste (Bruker) to a 
mirror finish for use as the base electrode. The base glassy carbon stub was 
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polished daily to the 1 micron level and its quality assessed through CVs. The TEM 
grid was placed on top of the glassy carbon electrode and kept in place using the 
PEEK cap, as shown in Figure 2.3.2. The TEM grid was exposed to the electrolyte 
by a 2 mm diameter hole cut into the cap. The cap provides stability to the setup 
by ensuring that the TEM grid does not move on and remains in firm contact with 
the base electrode. The cap setup was tested up to 1500 rpm rotation speed.  
 
The rotation speed during potential cycling was maintained at 500 rpm to 
alleviate any mass transport effects. Care was taken to remove any air bubbles 
from the exposed WE surface. 
 

2.4 Image analysis 

 
The majority of analysis performed in this thesis is from data obtained through 
STEM imaging, and more specifically HAADF-STEM. In the case of platinum 
clusters on amorphous carbon substrates, the platinum clusters appear bright on 
a dark background by HAADF-STEM imaging.  
 

In TEM the images produced are a measure of the count of electrons on the 
detector over a period of time. In the simple cases of noble metals, for example 
platinum, on carbon surfaces the high atomic number of the material produces 
large amounts of high-angle scattering which we integrate over an annular 
detector to avoid the direct beam and low-angle scattering contributions. In this 
case the images produced have two well defined classes, foreground and 
background, which represent the nanoparticles of interest and the substrate 
respectively. 
 
Most of the analysis performed in this thesis is as a result of image processing. 
Python was used predominantly for analysis, and more specifically the NumPy, 
scikit-image117, and SciPy118 packages. Figures were typically produced using the 
Matplotlib119 package. Images were analysed using the Gwyddion SPM analysis 
suite120 and its underlying API. Nearest neighbour analyses were performed using 
custom scripts built upon functions in the NumPy and SciPy packages. 
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2.4.1 Image segmentation methods 

 
Common methods of image segmentation include thresholding, clustering, edge-
detection, and histogram-based methods. One of the most common automated 
segmentation techniques is Otsu’s method121 which is histogram-based clustering 
technique. The only input to Otsu’s method is the image itself, and the algorithm 
determines an optimal threshold by maximising the intra-class variance of the 
classes of pixels above and below the threshold level. 
 
An example histogram calculated from an image containing two features is shown 
in Figure 2.4.1. Two common threshold levels are located at the intersection of 
the functions describing the two features and at the valley minimum of the overall 
histogram122. Otsu’s method calculates a threshold level that is skewed towards 
the foreground feature and is inadequate in this case. 
 

 
Figure 2.4.1: Common threshold levels on a bimodal histogram. 

 
Otsu’s method is defined as the following121: consider a greyscale image which is 
made up of N pixels with grey levels [1, 2, … L]. The number of pixels at each grey 

level ni, where 𝑁 = ∑ 𝑛39
3 , can be described by a probability pi = ni/N, given that 

∑ 𝑝39
3 = 1. In order to segment the image into two classes, ie. foreground and 

background, a threshold level t is defined where 1 ≤ t ≤ L such that the 
background pixels belong to class C0 containing grey levels [1, 2, … t] and the 
foreground pixels belong to class C1 containing grey levels [t+1, … L]. The class 

means are calculated by the weighted probabilities 𝜇(𝑡) = ∑ 𝑖𝑝3:
3  and the 

probability of class occurrence at threshold level t is 𝜔& = ∑ 𝑝3 = 𝜔(𝑡):
3  and 𝜔; =
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1 − 𝜔(𝑡). The optimal threshold level is chosen to maximise the intraclass 
variance, which is defined as: 

 𝜎<" = 𝜔&(𝜇& − 𝜇=)" + 𝜔;(𝜇; − 𝜇=)", 2.4.1 

where µT is the mean of the total image. 
 
Otsu’s algorithm provides good results in many cases. In practice it calculates a 
threshold close to the intersection point between two classes, however it has been 
shown that the calculated threshold is skewed towards the class with the largest 
variance123 and this is inadequate in some cases. Yang et al.124 modified Otsu’s 
threshold by using the class medians to calculate the intraclass variance rather 
than the class means. In the case of skewed or long-tailed distributions the 
median is a more robust descriptor than the mean. 
 
The samples studied predominantly in this thesis are noble metal nanoparticles 
on carbon supports which are imaged with HAADF-STEM, a comparison of 
different image thresholding techniques is shown in Figure 2.4.2. For these types 
of samples the image histogram is composed of two main peaks: the background 
peak and nanoparticle peak. The background peak is typically narrower than the 
nanoparticle peak as background is homogeneous and the nanoparticles have 
variable thickness and therefore intensity due to their spherical shape. Otsu’s 
threshold is therefore biased towards the nanoparticle peak and the calculated 
threshold is typically too high which results in classification errors at the 
nanoparticle edges. By comparison when the median descriptor is used in Otsu’s 
method (as described by Yang et al.124) the calculated threshold is lower in 
intensity than Otsu’s method, and closer to the intersection point of the two 
histogram peaks whilst still being located within the histogram valley basin. As a 
result, the edges of the nanoparticles are classified as expected with the 
nanoparticle bulk and the overall result is more accurate. 
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Figure 2.4.2: Image thresholding analysis of platinum nanoparticles. (top left) HAADF-
STEM image. (top right) the image intensity histogram is composed of two main peaks 
from the background (amorphous carbon in this case) and the nanoparticles which have 
higher intensities. Different thresholding algorithms calculate different optimal threshold 
levels. (bottom row) the thresholding results from Otsu’s method121 (left) and Yang’s 
adaptation124 (right) are overlaid on the original image. Arrows depict missing features 
due to the calculated threshold. 

 
In some cases image histograms do not exhibit bimodality which obfuscates the 
correct threshold value and cause problems for methods such as Otsu’s 
algorithm125,126 which rely on histogram bimodality. An example of data 
exhibiting unimodality is shown in Figure 2.4.3. Here, the HAADF-STEM image 
shows Pt55 clusters which are bright against an amorphous carbon support. The 
image histogram however is unimodal and the contribution from the platinum 
clusters is a small foot in the histogram at high intensity, as shown in the inset. 
The optimal threshold level is not clear as there is no valley minimum in the 
histogram. Rosin127 explored thresholding unimodal histograms using a 
geometric triangle method with good results. In the triangle algorithm a line is 
drawn between the histogram maximum and the end of the histogram tail, 
representing the hypotenuse of the triangle. The threshold level is defined as the 
level with maximum perpendicular distance to this line. Coudray et al.125 
developed a thresholding technique they called the T-Point method which is less 

HAADF-STEM

Otsu’s Threshold 

Otsu’s Threshold 
(Median) 
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sensitive to histogram noise than the triangle method. In this case the threshold 
level segments two sides of the histogram: a steep descending slope from the 
histogram maximum and a shallow tail. The two sides of the histogram 
segmented by a threshold level are fit using linear regression and the total cost of 
the threshold is calculated as the sum of piecewise least squares residuals 
between the histogram data and the fitted line. The threshold level is increased 
iteratively, and the optimal threshold is defined as the minimum of the cost 
function. An example application of the T-Point algorithm to HAADF-STEM data 
is shown in Figure 2.4.3. 
 

 
Figure 2.4.3: T-Point algorithm applied to HAADF-STEM images of Pt55 on amorphous 
carbon (left). (center) image histogram and the evaluation of the T-Point threshold. The 
histogram is unimodal with a small foot (see inset). The optimal threshold level (dashed 
grey line) is at the minmum of the total cost function (red curve) which is evaluated for 
many different threshold levels. Each side of the threshold level a line is fitted to the 
histogram in a piecewise fashion. The first line is fit to the histogram peak slope between 
the histogram maximum and the threshold level. The second line is fit between the 
threshold level and the end of the histogram. The two fitted lines corresponding to the 
optimal threshold are shown as black dotted lines. (right) the image thresholding result. 

 
Edge-detection algorithms are also commonly employed. The Canny edge 
detector128 uses hysteresis thresholding alongside the Sobel operator to detect 
edges, or high frequency changes in the image. 
 
Figure 2.4.4 demonstrates the accuracy and validity of common image analysis 
techniques at different magnifications. Image thresholding was performed in two 
cases, using Otsu’s method, and a derivative of Otsu’s method which uses the 
class medians124, rather than the class means in the former, as the descriptor for 
threshold calculation. This calculation been shown to perform well with skewed 
histogram distributions and more accurately detects the edges of the 
nanoparticles. The Canny edge detection algorithm by comparison can have 
issues with incomplete boundaries leading to false-positive background detection 
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and missing areas, highlighted by the red and white arrows in Figure 2.4.4, 
respectively. 
 

 

Figure 2.4.4: Comparison of different image detection techniques at 4 million (top row) 
and 1 million (bottom row) magnifications. The detected areas are overlaid on the original 
HAADF image in each case. Arrows point to regions of interest. The white arrows show 
missed pixels and red arrows show incorrectly detected pixels. 

 
To compare the aforementioned analysis techniques a mass-selected Pt923 sample 
was created and imaged with HAADF-STEM. The clusters in produced here are 
well-defined to a mass resolution of less than 5 % and are therefore ideal model 
particles suitable for comparing these algorithms. The images were analysed with 
the and the projected area size distributions are summarised Figure 2.4.5. The 
peaks in each histogram are attributed to Pt923 clusters (Pt923 singlets) and two 
sintered Pt923 clusters (doublets) and were fit with gaussians to determine the 
average projected area and standard deviation in each case. The results are 
summarised in Table 2.4.1. 
 
The average singlet size deviates by as much as 20 % between the three 
techniques. Figure 2.4.4 shows that Otsu’s median-adapted threshold most 
precisely describes the nanoparticle projected area in the case of both low and 
high magnification. One disadvantage, however, is that it this technique may 
overestimate the projected area at the edges of the nanoparticles, as evident by 
some single pixel discontinuities at the nanoparticle boundaries. By comparison, 
Otsu’s threshold appears to underestimate the nanoparticle projected area due to 
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under-detection at the nanoparticle boundaries. In the high magnification case 
this actually manifests as the missed detection of atomic columns in many cases. 
Image detection can be subjective, but in the cases described here it appears as 
though Otsu’s median-adapted threshold is more accurate for nanoparticle 
detection and so it is used consistently throughout this thesis. 
 

 

Figure 2.4.5: Comparison of nanoparticle size distributions calculated by different image 
analysis techniques. (upper left) representative HAADF-STEM image of Pt923 clusters on 
amorphous carbon at 1 million magnification used to compare analysis techniques. (lower 
left) Pt923 clusters at 4 million magnification with atomic resolution showing cluster shape, 
atomic planes, and necking between clusters. (right) projected area size distributions of 
approximately 2000 nanoparticles detected using Otsu’s algorithm (blue), Otsu’s median-
adapted algorithm (red), and the Canny edge detector (green). The dashed and dotted grey 
lines show the peak position for Pt923 singlets and doublets as determined by Otsu’s 
algorithm. 

 
In any case it is useful to know the limitations of the techniques used. Despite the 
drawbacks mentioned here both algorithms are calculated automatically and are 
therefore not subject to the same degree of human error and inconsistency 
reserved for manual thresholding. 
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 Singlet area 

(nm2) 
Radius 
(nm) 

Doublet area 
(nm2) 

Doublet: singlet 
area ratio 

Count 

Otsu’s 6.77 ± 0.44 1.46 ± 0.05 13.19 ± 0.93 1.95 2003 

Otsu’s 
(median) 

8.46 ± 0.61 1.64 ± 0.06 15.82 ± 1.27 1.87 1954 

Canny 7.34 ± 0.69 1.52 ± 0.07 14.25 ± 1.99 1.94 2093 

Table 2.4.1: Fit parameters for the image analysis techniques discussed in Figure 2.4.4. 
Values are quoted with one standard deviation. 

 
Neighbouring nanoparticles in close proximity are known to sinter 109,129, and this 
is often preceded by the formation of a narrow material ‘bridge’ between the 
nanoparticles, also known as ‘necking’81. An example of necking between Pt923 
clusters is shown in Figure 2.4.6, these nanoparticles are in the early stages of 
sintering and should therefore be treated as one nanoparticle. 
 

 

Figure 2.4.6: Segmentation of sintered platinum nanoparticles by different thresholding 
algorithms. HAADF-STEM image taken at 4 million magnification after oxygen plasma 
treatment showing particle grouping, sintering, and necking. (top row) original image 
(left) and inset (right). (bottom row) the boundaries of the detected nanoparticles after 
thresholding with Otsu’s algorithm (left) and its median adaptation (right). Each 
nanoparticle boundary is represented by a different colour and its center of mass is shown 
as a cross.  

 
Otsu’s algorithm and its median adaptation were used to threshold the images in 
Figure 2.4.6. Each detected nanoparticle has been assigned a colour and the 
nanoparticle boundaries have been plotted. Otsu’s algorithm has incorrectly 

Thresholding 
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assigned the large nanoparticle as three smaller nanoparticles (red, orange, and 
green). This is because the platinum bridges between nanoparticles have not been 
detected by the algorithm and so the main bodies of the platinum clusters remain 
unbridged. By comparison Otsu’s median-adapted threshold does detect the 
platinum bridges and therefore the whole agglomerated mass is detected as one 
nanoparticle. Also of note is that Otsu’s threshold leaves undetected holes within 
the nanoparticles, evident by the coloured boundaries within the main body of 
the nanoparticles, due to the internal fine structure of the nanoparticle from 
atomic columns and lattice planes. This is a drawback of Otsu’s threshold for 
accurate nanoparticle detection at these intermediate magnifications. 
 
In order to more accurately determine the detection limit, line profiles were taken 
traversing the platinum bridges, labelled as lines 1-3 as shown in Figure 2.4.7. For 
comparison line profile 4 is taken across one Pt923 cluster. Li et al. have shown 
that the integrated HAADF intensity can be used to weigh metal clusters130, and 
that HAADF intensity is proportional to the number of atoms in an atomic 
column41. All line profiles were fit with a parabolic step in Gwyddion and the 
intensity contribution from the platinum atoms were recorded. Assuming that 
923 atoms in a Mackay’s icosahedron structure are equivalent to a width of 13 
atoms, the bridge size can be deduced from the intensity ratios. Line profiles 1 
and 2 are equivalent to ~7 and ~6 bridging atoms respectively, whilst line profile 
3 is equivalent to ~2 bridging atoms. The quoted ratios differed from integer 
values by less than 0.2 in each case. The threshold values calculated by Otsu’s 
algorithm and its median adaptation are plotted as broken grey lines in Figure 
2.4.7. In the case of Otsu’s threshold, the larger threshold intensity means that 
only the bridge described by line profile 1 is classified as connecting two 
neighbouring nanoparticles, the intensity from bridges 2 and 3 are too low to 
meet the threshold. In the case of Otsu’s median adapted threshold, which is used 
throughout this thesis, bridges 1 and 2 clearly meet the threshold whilst bridge 3 
does not. The lower bound on nanoparticle sintering is therefore by this 
algorithm is therefore defined as more than 2 bridging atoms. 
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Figure 2.4.7: Analysis of neck sizes between sintering nanoparticles. (left) HAADF-STEM 
image of Pt923 sintered nanoparticles and associated line profiles across (right). Line 
profiles 1-3 are taken across platinum bridges between two neighbouring clusters. Line 
profile 4 shows the intensity across one Pt923 cluster for reference. Line profiles are 
averaged across 3 pixels. The threshold values calculated by Otsu’s algorithm and its 
median adaptation are shown as grey dotted and dashed lines respectively.  

 

2.4.2 Nearest neighbour algorithms 

 
In many cases the arrangement of material on a substrate is of high interest, 
especially when considering nanoparticle migration93 or diffusion fields131,132. 
Real space imaging can characterise the morphology and displacements between 
regions of interest and these can be quantified through image analysis. 
 

 

Figure 2.4.8: Nearest neighbour model in two dimensions. In two dimensions each point 
is expanded by a concentric circle of radius r. The nearest neighbour distribution can be 
calculated by the product of probabilities that there are no points within radius r but there 
is a point within radius r+dr. 

 
A descriptor commonly used to quantify particle arrangements is the nearest 
neighbour distribution (NND).  In the case of discrete data NND is the minimum 



 68 

distance between any particle and its closest neighbour, and this can be extended 
to any k nearest neighbours. In two dimensions, which is the case for 
nanoparticles bound to a surface, each particle has a radius r in which no other 
particle is found, but a second particle can be found within the expanded radius 
r+dr, as depicted in Figure 2.4.8. 
 
The nearest neighbour distribution D(r) is therefore the product of probabilities 
that no particle exists within radius r, but one is contained within the radius r+dr, 
denoted P1 and P2 respectively. Given that the particles are randomly distributed 
with an as yet unknown NND w(r) and number density ρ, the probability of not 
finding a particle in radius r is: 

 𝑃; = 1 −n 𝐷(𝑟′)𝑑𝑟.,
'

&
 2.4.2 

and the probability of finding a particle within an infinitesimal radius dr is: 

 𝑃" = 𝜌 ∙ 2𝜋𝑟𝑑𝑟,	 2.4.3 

The nearest neighbour distribution is therefore 

 𝐷(𝑟)𝑑𝑟 = 𝜌 ∙ 2𝜋𝑟𝑑𝑟 <1 − n 𝐷(𝑟.)𝑑𝑟.
'

&
A.	 2.4.4 

Differentiating equation 2.4.4 gives 

 
𝑑𝐷(𝑟)
𝑑𝑟 = 𝜌 ∙ 2𝜋 r<1 − n 𝐷(𝑟.)𝑑𝑟.

'

&
A − 𝑟

𝑑
𝑑𝑟 <n 𝐷(𝑟.)𝑑𝑟.

'

&
As.	 2.4.5 

Leibniz's rule for differentiating under the integral sign is applied to the second 
term in equation 2.4.5 

 
𝑑
𝑑𝑟 <n 𝐷(𝑟.)𝑑𝑟.

'

&
A = 𝐷(𝑟) ∙ 1 − 𝐷(0) ∙ 0,	 2.4.6 

and substituting equations 2.4.4 and 2.4.6 into equation 2.4.5 gives 

 𝑑𝐷(𝑟)
𝑑𝑟 = 𝐷(𝑟) t

1
𝑟 − 𝜌 ∙ 2𝜋𝑟u.	

2.4.7 

Equation 2.4.7 can be solved by integration 

 n
1

𝐷(𝑟) 𝑑𝐷
(𝑟) = nt

1
𝑟 − 𝜌 ∙ 2𝜋𝑟u 𝑑𝑟	 2.4.8 

 lnv𝐷(𝑟)w = ln(𝑟) − 	𝜌 ∙ 𝜋𝑟" + 𝐶, 2.4.9 

and rearranging gives 

 𝐷(𝑟) = 𝑘𝑟𝑒/>∙@'# 	 2.4.10 

where the constant 𝑘 = 2𝜋𝜌 is determined by the boundary condition 

∫ 𝐷(𝑟)𝑑𝑟A
& = 1.	
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Figure 2.4.9 compares the analytical nearest neighbour distribution described by 
equation 2.4.10 and simulated random data. In this example 15000 uniformly 
distributed random data points are arranged on a 1024 x 1024 grid. The measured 
nearest neighbour histogram is described well by equation 2.4.10. However, in 
the case of impenetrable ‘hard’ particles, shown in the lower half of Figure 2.4.9, 
equation 2.4.10 does not describe the nearest neighbour histogram. Non-
overlapping hard particles with a radius of 10 pixels were simulated onto a 1024 
x 1024 grid using a random sequential adsorption (RSA) algorithm and the 
Gwyddion software120. 50 monolayers were ‘deposited’ in the simulation, 
however only the particles that did not impinge on a previously deposited particle 
were ‘adsorbed’ onto the surface. The coverage simulated by RSA was 53 % for all 
simulations which is well below the close packing fraction for disks. Considering 
the center points of the particles as data points, the minimum nearest neighbour 
distance is one particle diameter, equivalent to 20 pixels in this simulation. The 
minimum nearest neighbour histogram shows that the measured minimal 
nearest neighbour distance is 19 pixels, which is within error of the simulation. 
 
Torquato et al.133,134 have previously considered the nearest neighbour 
distribution of interacting particles in multiple dimensions. For hard disks in two 
dimensions the nearest neighbour distribution is given by 

 𝐷(𝑥) =
4𝜂 ∙ (2𝑥 − 𝜂)
𝜎 ∙ (1 − 𝜂)" ∙ expr−

4𝜂
(1 − 𝜂)" ∙ v𝑥

" − 1 + 𝜂 ∙ (𝑥 − 1)ws,	 2.4.11 

where σ is the particle diameter, 𝑥 = 𝑟 𝜎⁄  is a scaled distance, and 𝜂 = 𝜌 ∙

𝑣"(𝜎 2⁄ ) = 𝜌 ∙ 𝜋(𝜎 2⁄ )" is the reduced density, which is valid for distances larger 

than the particle diameter 𝑟 > 𝜎. The expected NND for this distribution is shown 
as a dashed red line in Figure 2.4.9 for σ=10 pixels and ρ=0.017 per pixel, which 
is in good agreement with the measured distribution. On the same graph the NND 
point model, calculated from equation 2.4.10 with the same density, is also shown 
as a black dashed curve to illustrate the models’ discrepancy with the data. 
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Figure 2.4.9: Simulated data and associated nearest neighbour distributions for point 
data (top row) and hard disks (bottom row).  (top row) 15000 randomly distributed points 
in a 1024 x 1024 grid. (left) arrangement of points in the grid and (right) first nearest 
neighbour histogram and expected distribution (black dashed curve) calculated with 
equation 2.4.10 where ρ=15000/10242=0.014 per pixel. (bottom row) simulated hard 
particles with radius 10 pixels in a 1024 x 1024 grid and a maximum coverage of 74 %. 
(left) arrangement of particles in the grid and (right) first nearest neighbour histogram 
calculated from three different particle arrangements. The black dashed curve is the 
expected nearest neighbour distribution for randomly arranged points calculated from 
2.4.10, and the red dashed curve is the expected distribution for randomly arranged hard 
disks. In both cases ρ=0.017 per pixel as measured from the images. 

   
An example of nearest neighbour analysis is shown in Figure 2.4.10. Here, the 
nanoparticles are detected by thresholding as described previously. The regions, 
often called grains, determined to be nanoparticles form a binary image, and the 
individual grains are then grouped by first-degree connectivity, where pixels are 
determined to be connected if they have a shared face. Each of these grains is then 
labelled and its center of mass is calculated. The nearest neighbour distribution 
can be calculated from the grains’ centers of mass.  
 
For regular grain shapes the center of mass is a useful descriptor. However, in the 
case of agglomerated platinum nanoparticles as discussed in this thesis the 
agglomerated nanoparticles are often branched or chain-like, many examples of 
these structures can be seen in Figure 2.4.10. A more accurate, albeit slower, 



 71 

analysis is to determine the edge-edge nearest neighbour distance. The center of 
mass and edge nearest neighbour analysis are compared in Figure 2.4.10. The two 
distributions share a common shape except that the edge nearest neighbour 
distribution is shifted to smaller distances by approximately one Pt923 diameter 
(~3nm). 
 

 

Figure 2.4.10: Comparison of nearest neighbour distributions obtained from the centers of 
mass (blue) and the edges (red) of nanoparticles. (left) HAADF-STEM image overlaid with 
the nearest neighbour vectors, and (right) first nearest neighbour distributions. 

 

2.4.3 Background subtraction 

 
It is well known that beam exposure in electron microscopy can lead to surface 
contamination from carbonaceous species which in turn reduces the image 
quality. Ennos135 has reported that the contamination seen in the electron 
microscope is predominantly due to residual organic vapours within the 
microscope which is subsequently pinned on the substrate by the electron beam. 
Takahara et al.136 have retrospectively fit an oxygen plasma device around the 
sample stage in their electron microscope in efforts to reduce carbon 
contamination to good effect. In Figure 2.4.11 the relatively higher background 
intensity seen in the center of the image is due to a previous high magnification 
scan which is used for focussing.  
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Figure 2.4.11: Background subtraction techniques. (left) 512 x 512 pixel HAADF-STEM 
image of Pt923 after oxygen plasma treatment showing higher background intensity in 
the center of the image as a result of contamination from a previous high magnification 
image. This image is then background subtracted using either a median filter (top row, 40 
pixel square kernel) or arc convolution (bottom row, 40 pixel radius). 40 pixels in this case 
is equivalent to 12.3 nm which is much larger than the features in question. The calculated 
backgrounds (center) and resultant image (right) are shown in each case. Note that the 
intensity scales are not equivalent in each case. 

 
Background contamination can lead to errors in image analysis and thresholding 
techniques are particularly affected. Two effective background subtraction 
techniques, median filtering and arc convolution, are presented in Figure 2.4.11. 
The result in both cases is a significant improvement in image quality in the 
center of the image which produces more accurate thresholding results. For 
reference calculation times for the median filter and arc convolution take 4.83 s 
and 16.3 ms respectively, making arc convolution more appropriate for batch 
processing and real-time applications. 
 
The effect of background subtraction on thresholding and therefore the 
calculation of nanoparticle size is laid out in Figure 2.4.12. The difference map 
shows that the nanoparticle edges are more accurately reproduced by 
thresholding after background subtraction. A more thorough analysis reveals that 

HAADF-STEM 

Background Result 

Median filter, 40 px 

Arc convolution, 40 px 
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the calculated threshold value is closer to the mean background intensity due to 
the removal of the contaminated areas. 
 

 

Figure 2.4.12: The effect of background subtraction on nanoparticle detection. Detected 
areas are overlaid in red. Thresholding was calculated with Otsu’s median-adapted 
algorithm. (left) grains were calculated from the raw image (which had contamination as 
in Figure 2.4.11, visible on the left side of the image) and no image processing or 
background subtraction had been performed. White arrows indicate show the edges of the 
nanoparticles which have been incorrectly detected due to image contamination. (center) 
grains were calculated after background subtraction (arc convolution, 12.3 nm radius). 
(right) The difference map between the two methods of grain detection. 

 

2.4.4 Feature segmentation 

 
It is clear that thresholding is a useful technique to separate foreground and 
background data in these types of images. In the case of Pt923 cluster 
agglomeration, as shown in Figure 2.4.13, the nanoparticles can be seen to form 
chain-like structures by sintering at one common edge. In this case it is clear by 
eye to see that the chain-like structure is formed from three individual Pt923 
singlets. Thresholding algorithms are able to resolve the chain-like structure in 
entirety, but in certain types of analyses, such as nearest neighbour distributions, 
it is useful to segment these larger structures into its constituents. 
 
A watershed algorithm can be used for greyscale image segmentation; its 
implementation is such that ‘water’ is poured into ‘basins’ at pre-defined points, 
as the water level increases the basins fill up until the water effectively pours out 
of the basin. As the water level rises, the segmentation boundary is defined at the 
point where two separate water sources meet. An example of the result of this 
algorithm applied to Pt923 agglomerates is shown in Figure 2.4.13. In this case a 
Laplacian of Gaussian filter is used for ‘blob’ detection which works to detect 

Raw image Background subtracted Difference 
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foreground peaks in the image. The result is shown as red circles in Figure 2.4.13. 
This technique can find blob-like features in larger structures and is therefore 
well suited to the type of chain-like sintered structures exhibited by Pt923. The 
blob centers are then used as basins (initial drop sites) for the watershed 
algorithm which produces a segmented result shown on the right in Figure 2.4.13. 
This example shows that image segmentation can accurately separate 
agglomerated branch-like nanoparticles into their constituents. 
 

 

Figure 2.4.13: Segmentation of sintered Pt923. (left) techniques such as blob detection can 
be used to detect nanoparticle locations in images even within agglomerated features. In 
this case a Laplacian of Gaussian detection algorithm was used, and the detected features 
are shown as red circles where the radius corresponds to s of the detection, in this case s 
» 3 pixels » 1 nm. (left) boundaries within sintered nanoparticles can be estimated using 
segmentation. The original grain mask (see Figure 2.4.4) can be segmented using a 
watershed-type algorithm, with initial basin locations determined by blob detection, to 
calculate the approximate grain boundaries. Regions segmented to different nanoparticles 
are shown coloured here.  

 
The segmentation analysis accuracy was benchmarked on many Pt923 sample 
images. Due to the predominantly 2D sintering observed between Pt923 clusters 
and the well-defined size of individual clusters, the number of clusters in an 
image is approximately equal to the ratio between the total projected area in the 
image and the projected area due to one cluster. This is equivalent to the expected 
number of clusters in an image. Figure 2.4.14 compares real raw data of Pt923 
clusters (without segmentation) to the same segmented data. In the case shown 
here, which is analysed in detail in section 6.2.1, the as-deposited sample is over 
80 % Pt923 singlets and so image segmentation does not have much of an effect 
on the number of individual detected nanoparticles. The number of Pt923 singlets 
decreases after oxygen plasma treatment at the expense of larger nanoparticles. 
Segmentation analysis shows that there is an increase in the number of detected 
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nanoparticles in these cases, and the data after segmentation is clustered around 
the expected unity ratio. In almost all cases the number of measured 
nanoparticles is less than expected from the projected area analysis, and in the 
other cases the number measured is not significantly larger than expected and 
certainly within the accuracy of the analysis. 
 

 

Figure 2.4.14: Segmentation analysis of real data. A comparison of the number of 
individual clusters measured without processing (open circles) and after segmentation 
(closed circles). Figure constructed from data shown in section 6.2.1. Grey dashed line 
represents the unity ratio for clarity. 

 

2.4.5 Integrated Intensity 

 
Images are inherently two-dimensional data. A TEM image is a measurement of 
the electron flux on the camera after the incident electrons have interacted with 
the specimen. In ADF-STEM the signal measured by the detector is proportional 
to the electron flux and therefore is proportional to the scattering cross-section 
of the specimen at every probe position. The pixel intensity is therefore 
dependent on the material and its thickness. In the case of elemental materials, 
such as pure platinum clusters, the pixel intensity is only dependent on the 
thickness of the material. The integrated HAADF intensity has been shown to 
scale linearly with cluster size for elemental clusters such as gold101,137 and 
palladium101. This linear relationship has been tested up to an cluster size of 
approximately 6500 atoms137 where dynamical electron scattering effects come 
into play.  
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Figure 2.4.15: Schematic of integrated intensity analysis. The integrated intensity (I) is 
calculated within the ellipse aresa (A) of the inner (i, solid line) and outer (o, dashed line) 
ellipses. 

 
An algorithm was developed in Python to analyse the integrated intensity of 
clusters. The integrated intensity contribution from a cluster can be calculated 
after subtracting the contribution from the local background. The schematic 
shown in Figure 2.4.15 demonstrates the principles of the algorithm which is 
outlined in Table 2.4.2. The integration boundaries for the cluster and local 
background are defined by the solid and dashed lines, denoted inner and outer 
respectively. The background contribution to the inner ellipse can be calculated 
as: 

 𝐼<B = 𝐴3 ∙
𝐼C − 𝐼3
𝐴C − 𝐴3

,	 2.4.12 

such that the intensity contribution from the cluster is: 𝐼D9 = 𝐼3 − 𝐼<B. The 
integrated intensity of materials containing N atoms with different atomic 
numbers Z are related by: 

 
𝐼;
𝐼&
=
𝑁;
𝑁&

∙
𝑍;
𝑍&

E

,	 2.4.13 

where ⍺	 is	 the	Rutherford	scattering	exponent	which	should	be	calibrated	at	 the	

required	magnification138.	

 
An example of the working algorithm is shown in Figure 2.4.16. The features in a 
HAADF-STEM image are segmented into a mask, typically using a thresholding 
algorithm, and are then tidied by filling in any holes in the features and by 
removing small features such as noise. The mask is then labelled to separate 
distinct features. A watershed algorithm is performed to define the basin of each 
feature which is used to prevent overlapping of the ellipse boundaries. The 

Ii, Ai 

Io, Ao 
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algorithm prevents overlapping of the inner ellipses which would lead to 
erroneous results in the cases where features are in close proximity. 
 

Integrated Intensity Algorithm 
Inputs: image, labelled mask 

Outputs: integrated intensity values 
1. Perform watershed on labelled image to define feature basins 

2. Fit an ellipse to each feature and scale until the features are completely contained within 
their respective ellipse- inner ellipse 

3. Fit a second larger ellipse to each feature- outer ellipse 

4. Ensure the inner ellipse is located wholly within its watershed basin by removing pixels 

that do not satisfy this condition 

5. Allow overlap between outer ellipses but remove outer ellipse pixels that overlap with any 

inner ellipses 

6. Sum intensities within inner and outer ellipses in the image 

7. Calculate local background intensities by equation 2.4.12 

8. Subtract local background from inner ellipse intensity 

9. Scale intensities by real pixel size 

10. Return intensities 

Table 2.4.2: Integrated intensity algorithm. 

 
The integrated intensity is more robust to the accuracy of the mask than other 
descriptors such as projected area and mean radius. The integrated intensity is 
also a measure of the total nanoparticle volume compared to the projected area 
which is not able to discern a spherical from a hemispherical or plate-like 
structure. 
 

 
Figure 2.4.16: Integrated intensity analysis workflow. A HAADF-STEM image of two 
platinum clusters (top left) is segmented using the T-Point algorithm to give the feature 
mask (bottom left). (right) two ellipses are then fit to the edge pixels of each feature to give 
the inner and outer integration areas which are shown.  
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3 Magic-number mass-selected platinum clusters 

investigated by HAADF-STEM 

 
Scanning transmission electron microscopy is a powerful tool for imaging of 
nanomaterials and is the primary technique used to study clusters in this thesis. 
In this chapter aberration-corrected HAADF-STEM is utilised to investigate 
mass-selected clusters at atomic resolution to study their structure. The effect of 
the electron beam, which is not benign, is also investigated, and techniques to 
measure cluster sizes are discussed. 
 

3.1 Structures of mass-selected platinum clusters 

 
The structures of platinum clusters can affect their catalytic performance. 
Platinum tetrahedra and octahedra are predicted to have superior oxygen 
reduction performance139, clusters with (100) surfaces have been shown to have 
improved ammonia oxidation activities140, and Pt(110) surfaces have been shown 
to be the most active for HER performance141.  Mass-selected platinum clusters 
were synthesised for an investigation into the structure of well-defined 
catalytically relevant nanomaterials. Clusters were produced using a magnetron-
sputtering gas-condensation cluster source, as described in section 2.1, and soft-
landed onto amorphous carbon TEM grids at 1 eV per atom in an attempt to 
preserve cluster structure. The cluster densities were kept low at 2000 per square 
micron to limit sintering. An example low-magnification (1 million 
magnification) HAADF-STEM image which shows the sample morphology is 
shown in Figure 3.1.1. 
 
The assignment of cluster structures was performed by comparing experimental 
images to simulated structures. Cluster structures can be simulated geometrically 
using the ASE software142, and STEM images can be simulated using software 
such as QSTEM143. For these simulations, kinematic scattering144,145 is a good 
approximation for electron scattering from thin materials less than ~50 atoms 
thick. In a kinematic model every electron is scattered once and the total 
scattering intensity is proportional to the number of atoms projected parallel to 
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the beam direction, which is defined as z herein. The image of a structure may be 
simulated by considering a fine grid of coordinates (x, y) onto which the atomic 
positions are projected. Every atom in the model contributes to the intensity at 
point (xj, yj) such that: 

 𝐼v𝑥F , 𝑦Fw = 	�𝐼#:C-(𝑖),
3

 3.1.1 

and the intensity contribution from each atom Iatom is: 

 𝐼#:C-(𝑖) = 	𝑍G ∙ exp(−𝛼𝑑3"), 3.1.2 

where Z is the atomic mass of each atom, n is the Rutherford scattering 
coefficient, and α is a Gaussian constant. n has a value of 2 for pure Rutherford 
scattering, although values of n between 1.2 and 1.8 have been measured101,130 
depending on the ADF collection angle. α has a value 0.55 which takes into 
account the width of the electron beam, as well as aberrations and defocus145. 
 

 

Figure 3.1.1: Pt923 mass-selected clusters soft-landed onto amorphous carbon TEM grids. 
(left) low-magnification sample morphology, and (right) high-magnification image 
detailing cluster structure. 

 
The main advantage of kinematic simulation is that it is orders of magnitude less 
computationally intensive than multislice simulation techniques. In multislice 
the structure is sliced into cross sections and the electron beam interacts with the 
atomic potentials in the incident slice before propagating to the next slice. He et 
al.144 have shown that the kinematic model is in good agreement with multislice 
simulations when applied to nanoparticles and metal oxides. 
 
Multiple projections of the same structure relative to the electron beam are 
simulated to create a structure atlas which is used for identification. Structure 
atlases have been used previously to identify the structures of gold42,146, 
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platinum58, and palladium36 clusters. An example atlas for cuboctahedral Pt923 is 
shown in Figure 3.1.2. Each simulation was produced using a grid 256 x 256 pixels 
with α=0.55 and the colour scaling is constant throughout the atlas. The 
simulated atomic model under no rotation is on the {100} zone-axis, and the 
resulting simulation is of a square lattice consistent with FCC {100}. As the lattice 

is rotated around θ or ϕ,	which	are	both	<100>,	a	hexagonal	projection	is	exposed	

at	the	orientation	where	two	{100}	and	two	{111}	faces	meet	on	the	cluster	surface.		

	

 

Figure 3.1.2: Simulated structure atlas for a Pt923 cuboctahedron. ADF-STEM images are 
simulated using a kinematic model, as discussed in the text. A ball model of a 923-atom 
cuboctahedron is shown for clarity. Experimental HAADF-STEM images of Pt923 clusters 
which can be identified using this atlas are shown. 

	

Three examples of structural identification using the atlas are shown in Figure 
3.1.2. Identification using an atlas is inherently subjective42,58, however key 
features such as the arrangement of atoms and atomic planes can be identified in 
the HAADF-STEM images and identified in the atlas. Clusters 1 and 3 have a 
hexagonal motif which can be clearly identified. Cluster 2 has atomic plane 
spacings perpendicular to its long axis but does not exhibit atomic columns which 
suggests its orientation is off-axis. Structure atlases for cuboctahedral, truncated 

1 

2 

3 
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decahedral, and icosahedral structures were simulated and used to identify the 
imaged clusters. These geometric structures are commonly considered for small 
clusters13,43,57,147. In many cases a perfect match between a simulated and imaged 
structure could not be made, however there are discernible features between 
simulated structures that aid in identification. As an example, cuboctahedral 
structures commonly exhibit parallel lattice planes, as shown in Figure 3.1.2, 
which are not present in icosahedral or truncated decahedral structures. 
Likewise, icosahedral structures have unique ring-like features when imaged near 
their five-fold axis, an example of which is shown in Figure 3.1.3.	
 
A range of mass-selected platinum cluster samples, PtN with N=55, 147, 309, 561, 
923, 1415, were prepared to study the effect of cluster size on structure. These 
cluster sizes were chosen as they are geometric magic number sizes for shell-
layered truncated decahedral, cuboctahedral, and icosahedral motifs13. All 
clusters were soft-landed onto amorphous carbon TEM grids and transferred 
through air to the electron microscope. High magnification HAADF-STEM 
imaging was performed to study the structure of these clusters and a selection of 
images are shown in Figure 3.1.3. High magnification imaging was performed 
using a ‘one-shot’ technique which has been used previously42,58 to avoid beam-
induced structural transformations which are more common at high 
magnifications due to possible heating effects42, see Figure 3.1.4. 
 
The overall trend in structure is increased crystallinity with increasing cluster 
size. At small cluster sizes the observed structures appear mostly amorphous. Pt55 
clusters do not appear to have any consistent identifiable structure or geometry. 
A large fraction of the clusters are non-spherical and many individual atoms are 
visible on the surface suggesting that the atoms are only loosely bound to the 
clusters and frequently dissociate. Pt147 have more spherical geometries and 
exhibit ‘ring-dot’58 features which are indicative of icosahedral-like structures. A 
simulated icosahedral Pt147 cluster tilted 10° off its five-fold axis is shown Figure 
3.1.3 for comparison. Whilst Pt147 exhibit icosahedral-like geometries the overall 
structure is not totally icosahedral. Blackmore58 found similar ring-dot features 
in Pt147 clusters and suggested that the structures are better matched with 
twinned structures calculated by a genetic algorithm than purely geometrical 
structures. 
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Figure 3.1.3: HAADF-STEM images of mass-selected platinum clusters soft-landed onto 
amorphous carbon films. 

Pt55 

Pt147 

Pt309 

Pt561 

Pt923 

Pt1415 
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Pt309 clusters have predominantly cuboctahedral or FCC geometries, which can 
be identified with the atlas shown in Figure 3.1.2. Lattice plane features are clearly 
visible with 0.22 nm spacings which is consistent with Pt(111). Pt561 are also 
increasingly cuboctahedral in structure, which is consistent with the transition 
from higher energy structures to bulk structure as the cluster size increases. 
These results are in agreement with Blackmore58 who also found increasing 
proportions of FCC structures with cluster size. 
 
Pt923 and Pt1415 are almost completely crystalline with FCC structures. Pt923 
structures are closely related to cuboctahedral structures whereas Pt1415 
geometries have trigonal projections in many cases indicating a possibly 
tetrahedral structure. As both octahedrons and tetrahedrons can be cut from an 
FCC lattice these results show that platinum clusters have bulk-like structures at 
sizes greater than ~900 atoms under these synthesis conditions. 
 
Baletto et al.57 have considered the energetics of platinum clusters at different 
sizes through molecular dynamics simulations. They found that icosahedral 
geometries are only favoured at small sizes less than ~100 atoms. At larger sizes 
decahedral or FCC geometries are favoured, which is in agreement with the 
observed structures. Plant et al.44 showed that Au923 clusters have increasing 
fractions of bulk-like structures at the expense of icosahedral structures when 
synthesised with longer relaxation times. The same cluster formation conditions 
were used in this study which may explain the bulk-like platinum structures 
observed. 
 
Imaging clusters at high magnification under the electron beam is an invasive 
technique. The electron beam has been shown to induce structural 
transformations in clusters42, aids the build-up of organic contamination135, 
induce sintering in neighbouring nanoparticles148, and has been used to 
manipulate and drag small clusters149. To test the effect of the electron beam the 
same area of a Pt55 sample was imaged continuously over multiple frames, shown 
in Figure 3.1.4. The cluster in the upper half of each image can be seen to 
restructure and lone surface atoms move between the frames. The two clusters in 
close proximity in the lower half of each image undergo sintering as a result of 
beam exposure. Over the course of one image the electron beam probe is rastered 
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from the top left to the bottom corner where the fast and slow scan axes are 
horizontal and vertical, respectively. In Figure 3.1.5 atomic movement is visible 
as streaks in the image within one frame between lines in the slow scan direction. 
 

 

Figure 3.1.4: Stills from a video series of Pt55 under the electron beam showing 
restructuring and agglomeration. Dose rate was 190000 electrons per square Angstrom 
per frame. 

 
When clusters are in close proximity it is common to observe sintering under 
prolonged electron beam irradiation. Figure 3.1.6 shows images from a video 
series of Pt923 clusters sintering under the electron beam. Initially the two clusters 
to the right of the frame are isolated, however a neck79 begins to form between 
the clusters which grows under increasing beam exposure. During the initial 
stages of sintering the neck between two nanoparticles grows to reduce the 
chemical potential at the boundary150, where mass transport to the neck can 
proceed by surface diffusion. 
 

 

Figure 3.1.5: HAADF-STEM image of Pt147 and agglomerate showing atomic movement 
and restructuring during scanning under the electron beam. Image taken at 25 million 
magnification. Dose rate was 520000 electrons per square Angstrom per frame. 

 

 

Initial frame 10 s 20 s 30 s 
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Figure 3.1.6: HAADF-STEM images from an image series of Pt923 clusters showing 
sintering under the electron beam. Dose rate was 330000 electrons per square Angstrom 
per frame. 

 
The neck width was estimated by fitting a parabolic step to the intensity line 
profile across the neck. The parabolic step is defined as a piecewise function: 

 𝑓(𝑥) = 𝑦& + �
ℎ ∙ (1 − (

𝑥 − 𝑥&
𝑤 2⁄ )"), 𝑥& −𝑤 2� < 𝑥 < 𝑥& +𝑤 2�

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
, 3.1.3 

where y0 is the offset and h, x0, and w are the step height, center, and width, 
respectively. The neck width and volume were measured as the total width of the 
parabolic step and the integrated HAADF intensity under the curve, respectively. 
The integrated HAADF intensity has been shown to be linear with the number of 
atoms under the assumption of kinematic scattering137. Figure 3.1.6 shows that 

Initial frame 10 s 20 s 

40 s 50 s 60 s 

70 s 
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whilst the neck width increases by only ~0.5 nm over the duration of the 
experiment, the neck volume increases more significantly. The rate of neck 
growth does not appear to be linear with time as expected sintering mediated by 
surface diffusion150. By overlaying the initial and final frame, shown in Figure 
3.1.6, it is clear that sintering is initiated by the migration of the lower cluster in 
the frame towards the upper cluster and subsequent neck formation. 
 
As two nanoparticles undergo sintering the neck region typically broadens due to 

mass transport from the nanoparticles. The dihedral angle ψ between the grain 
boundary at the neck and the cluster surface is related to system energies by81,150: 

 𝛾1 = 2𝛾,𝑐𝑜𝑠
𝜓
2, 

3.1.4 

where 𝛾g	 is	 the	 grain	 boundary	 energy	 and	 𝛾s	 is	 the	 surface	 energy.	 For	 bulk	

platinum	𝛾g/	𝛾s	=	0.29150,	which	is	equivalent	to	an	equilibrium	dihedral	angle	of	ψ	

=	163°.		

 
To estimate the dihedral angle the sintered clusters were segmented using the 
method shown in Figure 2.4.13. The edges of each cluster were used as data points 
and fit to a circle by minimizing the sum of residuals J where: 

 𝐽 = �(b(𝑥3 − 𝑥H)" + (𝑦3 − 𝑦H)" − 𝑟)".
3

 3.1.5 

In the above equation the fitted circle is described by its center (xc, yc) and its 
radius r, and each data point has coordinates (xi, yi). 
 

The dihedral points used to define the dihedral angles ψ1	and	ψ2	are calculated by 
one of two methods. In the first case the convex hull defining the edge points of 
each region are fit to a circle. The intersection points of these two circles defines 
the dihedral points. In the event where these circles do not intersect a second 
method is used. In this case the center line between the two fitted circles is used 
to define a perpendicular bisector. A line profile across this bisector is taken and 
fit to a parabolic step which defines the dihedral points. The dihedral angles are 
then calculated as angle between the dihedral points and the outward-facing 
tangents between each circle. A schematic depicting the geometric layout of the 
algorithm is shown in Figure 3.1.7. The maximal dihedral angle measured after 
70 s beam exposure is ~130°, which is less than the expected equilibrium value, 
and is approximately constant after 40-50 s exposure. Previous studies151 have 
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found that the equilibrium dihedral angle may not be reached due to surface 
tension imbalances at the grain boundary or misaligned lattice planes. 
 

 

Figure 3.1.7: Estimation of the dihedral angle ψ	during sintering of two Pt923 clusters. Two 
frames are shown from Figure 3.1.6: (left) 20 s and (center) 70 s of beam exposure. The 
cluster boundaries were fit to circles using least squares minimization (red circles). (right) 
analysis of all frames shows how the dihedral angle changes over time. 

 

3.2 Measuring cluster sizes 

 
As previously discussed, the size of a cluster can affect its electronic properties 
and catalytic performance. As such it is essential to accurately measure the size 
of nanoparticles and this is commonly achieved through image processing. In 
section 2.4 it was discussed how different size distributions may be produced 
from the same sample depending on the analysis performed. Automatic 
thresholding may be used to reduce human errors from manual analysis or 
discrepancies between users.  Large atomic number clusters on thin amorphous 
carbon films appear bright against a dark background when imaged with ADF-
STEM and are therefore easily thresholded. The thresholding result of three 
different algorithms is shown in Figure 3.2.1 where it can be seen that all 
algorithms produce different results. In all cases the center of each cluster, which 
contains the most intense pixels, is correctly segmented; the difference between 
each algorithm’s threshold level manifests in the detection of lower intensity 
pixels around the cluster edges. From visual inspection it appears as though the 
threshold level calculated by Otsu’s algorithm is set too high resulting in missing 
edges and also interior pixels. The T-Point threshold segments the clusters well 
and is less affected by the internal cluster structure such as atomic columns and 
lattice planes than the other methods. Otsu’s median-adapted124 algorithm 

20 s 70 s 
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performs well, however the segmented regions are still partially broken by 
internal cluster structure. 
 
The effect of thresholding on Pt561 analysed at different imaging magnifications 
is shown in Figure 3.2.2. At each magnification HAADF-STEM images were 
analysed by each algorithm and a histogram was produced. The primary peak in 
each histogram is attributable to the as-deposited cluster size and the secondary 
peaks are due to agglomerated clusters. The peaks were fit with multiple gaussian 
distributions and the fit of the primary peak is plotted in Figure 3.2.2 where the 
error bars represent one standard deviation of the fit. The average cluster size 
calculated by the three different thresholding algorithms tested increases as 
Otsu’s < Otsu’s with median adaptation < T-Point in agreement with the 
arguments described previously. This trend arises from the thresholding result at 
the cluster boundary which is somewhat subjective. Analysis of the images shows 
that Otsu’s algorithm tends to under-segment the clusters, whereas the T-Point 
algorithm potentially over-segments but is unaffected by fine internal structure. 
 

 

Figure 3.2.1: HAADF-STEM images of Pt561 clusters soft-landed onto amorphous carbon 
films taken at 8 million magnification. The regions thresholded by various algorithms are 
overlaid on each image in red. (from left) initial image, Otsu’s threshold, Otsu’s median-
adapted threshold124, and T-Point threshold. Scale bars are 4 nm. 

 
At magnifications below 1 million it can be seen that the measured Pt561 size is 
larger than average for both Otsu’s and the T-Point algorithms. At 800 thousand 
magnification each Pt561 cluster is described by ~40 pixels with a perimeter of 
~20 pixels which is equivalent to a boundary to area fraction of ~0.5. At 3 million 
magnification the same clusters have a boundary to area fraction of ~0.15 due to 
the reduced pixel size. As shown in Figure 3.2.1 the discrepancy between 
thresholding algorithms is mostly localised to the cluster edges, and as such the 
thresholding result on any individual pixel has a larger effect on the overall size 
at lower magnifications. If the thresholding result on every pixel on the cluster 

Otsu’s Otsu’s (median) T-Point 
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boundary is to be considered subjective then it is better to minimize the boundary 
to area fraction to alleviate this uncertainty. Assuming clusters are perfect disks 
then the boundary to area fraction scales as 2/r where r is the disk radius and so 
the magnification should be increased to minimise perimeter errors. Above 2 
million magnification the measured cluster areas remain mostly unchanged, at 
this magnification boundary to area fraction of Pt561 clusters is ~0.23. 
 

 
Figure 3.2.2: Projected area of Pt561 clusters at different imaging magnifications 
determined by different thresholding algorithms. Dashed lines are the mean projected 
area weighted by the inverse of each distribution’s standard deviation. (inset) example size 
distribution and fit for size distribution at 2 million magnification. HAADF-STEM images 
and thresholded segments by Otsu’s and T-Point methods are shown for the same clusters 
at 800 thousand (left) and 3 million magnification (right). 

 
The sizes of mass-selected platinum clusters described in section 3.1 were 
measured using Otsu’s median-adapted threshold. Figure 3.2.3 shows that the 
measured cluster sizes are in agreement with the projected areas expected by 
perfect spheres at bulk platinum density152 of 21.45 g/cm2. This finding is in 
agreement with previous studies137 of soft-landed gas phase clusters which show 
that they retain spherical geometries on amorphous carbon films. 
 
The projected area as a descriptor is commonly used in microscopy, however a 
nanoparticle’s measured size is shown to be dependent on the algorithm and 
imaging magnification used. At low imaging magnifications increased statistics 
can be accrued, however there is a trade off with the uncertainty of the 
thresholding result at the cluster boundary. At higher magnifications the 
measured size is more accurate, however more images must be acquired at the 
expense of time for better statistics and beam induced transformation effects 
must be considered. The same thresholding algorithm should be used throughout 

T-Point 

Otsu’s 

T-Point 

Otsu’s 
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analysis for consistency and automatic rather than manual thresholding aids in 
reducing human errors. A particular algorithm may produce unacceptable results 
depending on the morphology of the image, for example Otsu’s algorithm will 
under-segment features when there are small amounts of brighter features123 
commonly observed in ADF-STEM when nanoparticles sinter. In any case the 
results obtained by automatic techniques are considered to be more consistent 
than manual techniques. 
 

 
Figure 3.2.3: Comparison of sizes of mass-selected platinum clusters soft-landed onto 
amorphous carbon films. (left) projected areas as a function of number of atoms N and 
(right) equivalent radius. Red and grey dashed lines are the expected sizes for spherical 
and hemispherical clusters calculated at bulk density, respectively. 

 

3.3 Clusters as mass calibration standards 

 
Li et al.101,137,138 have previously shown that gold and palladium clusters can be 
weighed using their integrated HAADF intensity, however a relationship has not 
been established for platinum clusters. The integrated intensity of different sizes 
of mass-selected platinum clusters was analysed at different imaging 
magnifications. For this study various microscope parameters were set and 
remained unchanged between samples and magnifications. The HAADF detector 
inner and outer collection angles were 62 and 164 mrad respectively and the 
detector brightness and gain were set at 2750 such that no clipping was observed 
in the image intensity histogram. Images were acquired at a resolution of 512 x 
512 pixels with a pixel time of 38 µs. Imaging was performed over one continuous 
session to reduce any errors related to gun emission fluctuations or probe 
misalignment. The transmitted beam current measured on the phosphorous 
screen under imaging conditions was 3.3 pA/cm2. 
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Figure 3.3.1: Integrated intensity analysis of mass-selected platinum clusters. (left) 
measured integrated intensity as a function magnification. Error bars represent one 
standard deviation.  Grey dashed lines are the mean value for each cluster size weighted 
by the inverse of each distributions’ standard deviation. (right) the relationship between 
cluster size and integrated intensity. Vertical and horizontal error bars are the standard 
error of the mean and derived from the mass resolution of the cluster source N/ΔN = 20, 
respectively. The grey dashed line is a linear regression of the data with an R2 value of 
0.998. Inset is an integrated intensity histogram of Pt923 at 1 million magnification with a 
multiple gaussian fit. 

 
A histogram of all integrated intensities was produced for each cluster size at each 
magnification, an example of which is shown in Figure 3.3.1. The primary peak in 
each histogram is attributable to the as-deposited cluster size and secondary 
peaks are due to sintered clusters. The histogram is fit with multiple gaussians 
and the mean and standard deviation of the primary peak are used to describe 
the sample in each case. 
 
The results in Figure 3.3.1 show that the integrated intensity for each cluster size 
is independent of imaging magnification, confirming that the integrated intensity 
is a robust descriptor for metal nanoparticles153 which is unaffected by common 
changes in imaging conditions. The observed linear relationship between cluster 
size and integrated HAADF intensity confirms that mass-selected platinum 
clusters can be used as mass standards over the tested size range. 
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4 Electrochemical characterisation of mass-selected 

platinum clusters 

 
One of the main research directions aiming to reduce platinum group metal usage 
is the principle that ‘every atom counts’. As with heterogeneous catalysis only the 
surface atoms are able to act as binding sites, and so the subsurface atoms do not 
directly contribute to catalytic performance. Availability of all catalyst atoms can 
be achieved through both monolayer and dispersed monatomic catalysts. 
Nanoparticles containing subsurface atoms have a surface area to volume ratio 
that is less than unity, and this ratio decreases with increasing number of shells. 
 
Typically, transmission electron microscopy is used to characterise nanoparticles 
at high resolution and from the images it is often possible to determine the 
nanoparticle structure and surface facets. However, such analysis is laborious 
and the number of nanoparticles imaged, let alone analysed, is typically in the 
hundreds compared the number of nanoparticles actually deposited, which is 
~1012 for 10 percent coverage on a 3.05 mm TEM grid. This type of analysis 
therefore leads to a large extrapolation from the few nanoparticles studied to all 
of those deposited on the sample. By contrast electrochemical studies are 
macroscopic in scale, in that the whole sample is studied simultaneously, but the 
energetics are defined by interactions at the nanoscale. 
 
Mass-selected clusters represent a class of well-defined materials which can be 
used to gain insights into more fundamental processes18. Small clusters can 
exhibit vastly different catalytic properties with the addition of just one 
atom62,154,155. Previous work has shown that platinum clusters with more than 
~300 atoms are predominantly octahedral when investigated with TEM58. Here, 
mass-selected clusters supported on graphite are characterised electrochemically 
to compare the structures of individual clusters with their bulk electrochemical 
response. 
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4.1 Electrochemical characterisation of mass-selected platinum clusters 

deposited onto HOPG 

 
The interaction between platinum and carbon is of particular interest in the field 
of fuel cells, particularly PEM fuel cells. Current research in this field involved 
increasing catalytic performance and stability, and there have been many 
research efforts into both of these feats53,156–158. Graphite is a common support 
material in nanotechnology as it is stable in air, conductive, can be prepared 
easily, and, importantly, is cheap. Carbon sp2 materials such as graphite have 
attracted significant research interest since graphene became the subject of the 
Nobel Prize in Physics in 2010159, and carbon nanotube based materials have 
since found uses in medicine160. 
 
Mass-selected platinum clusters were produced with the cluster source described 
in section 2.1. The clusters were soft landed with kinetic energy of 1 eV per atom 
onto HOPG which had been pre-sputtered with 500 eV argon ions to create 
pinning centers on the graphite basal plane. Platinum clusters were deposited 
with a number density of 25000 per square micron, which is equivalent to 20% 
surface coverage for Pt923. The argon defect to cluster ratio was 10:1 ensuring 
many more defects than clusters in an attempt to prevent cluster migration and 
sintering. In this case the substrate may be more comparable to activated carbon 
than pristine graphite. The electrochemical experimental setup and apparatus is 
discussed in section 2.3.1. 
 

4.1.1 CVs of Pt561 and Pt923 

 
CVs of Pt561 and Pt923 clusters are shown in Figure 4.1.1. Each sample was first 
cycled between the onset of hydrogen evolution, 0 V vs RHE, at the cathodic end, 
and the onset of platinum oxidation, 0.95 V vs RHE, at the anodic end of the cycle 
and the CV responses are shown in blue in Figure 4.1.1. The CVs show 
predominantly capacitive response, due to the electrochemical double-layer, in 
all regions greater than 0.2 V vs RHE. In the region 0–0.2 V vs RHE there is an 
increase in current, which can be attributed to hydrogen ion adsorption and 
desorption, the s0-called hydrogen under potential deposition (HUPD) region. 
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The HUPD region for both cluster samples is undefined indicating that the 
platinum clusters are mostly amorphous at this stage. 
 
The anodic limit was then increased to 1.20 V vs RHE, an intermediate oxidative 
potential, and CVs were recorded until the response was stable (red curves). The 
HUPD area of Pt561 increases and defined peaks at 0.08 and 0.17 V vs RHE are 
now visible in the anodic sweep; these peaks are consistent with desorption of 
hydrogen Pt(110) and Pt(100) planes respectively161. Equivalent hydrogen 
adsorption peaks are visible in the cathodic sweep at the same potentials, as this 
reaction is reversible. At higher anodic potentials, above 0.8 V vs RHE, there is 
an increase in current due to oxygen adsorption and subsequent platinum 
oxidation. As the sweep is reversed a broad peak at 0.71 V vs RHE is measured in 
the cathodic sweep due to platinum reduction, or oxide stripping.  
 

 

Figure 4.1.1: CVs of Pt561 (left) and Pt923 (right) on argon-sputtered HOPG in 0.5 M H2SO4 
with different anodic potential limits. Each sample was subjected to potential conditioning 
in turn to anodic limits of 0.95, 1.20, and finally 1.45 V vs RHE, in increasing order. The 
labelled peaks are attributed to platinum oxidation (PtOx), platinum reduction (or oxide 
stripping, OS), and the adsorption of hydrogen ions onto different platinum surface sites 
(Pt(100)-H and Pt(110)-H), which have corresponding desorption peaks at the same 
potentials in the anodic sweep. Black arrows indicate the sweep direction. Sweep rate was 
0.5 Vs-1 in all cases. 

 
Equivalent CVs on the Pt923 sample also show an increase in HUPD surface area, 
however the HUPD region does not show signs of specific faceting like the Pt561 
sample, suggesting that the Pt923 samples remain somewhat amorphous. The 
oxidation region, at potentials greater than 0.8 V vs RHE, is also not well formed 
as there is only a small current attributable to oxide formation and stripping. It is 
known that oxide formation on platinum leads to surface restructuring162,163, and 
so the lack of well-defined surfaces in the HUPD region could be due to the lack 
of oxide formation and subsequent restructuring. It is more likely however that 

Pt923 Pt561 



 95 

the Pt923 sample is relatively more contaminated, or that any trace contaminants 
are more strongly bound, such that less platinum surface atoms are exposed to 
the electrolyte. This would explain the lack of HUPD definition and the small 
increase in currents from oxygen and hydrogen adsorption. 
 

As the anodic limit was further increased to 1.45 V vs RHE the HUPD area of both 
Pt561 and Pt923 samples increases and the peaks become more defined, suggesting 
that more platinum surface area is available for adsorption and these surfaces 
exhibit larger (100) and (110) fractions. The total charge transfer was calculated 
by integrating the charge under the HUPD region whilst subtracting the 
capacitive contribution from the double-layer region as discussed in section 1.4.1: 
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where Q is the charge, dV/dt is the sweep rate, I is the measured current, and V 
is the potential. The HUPD region was evaluated between Vmin = 0 V, and Vmax = 
0.30 V vs RHE, and the double-layer capacitive contribution was evaluated 
between Vmin = 0.325 V, and Vmax = 0.375 V vs RHE and assumed constant over 
the potential range of the experiment. The charge transferred by a monolayer 
deposition of hydrogen ions onto a platinum surface can be calculated 
geometrically, and is equivalent to 210 µC/cm2 164. The calculated surface area 
and capacitive contributions for both Pt561 and Pt923 are shown in Figure 4.1.2. 
For both Pt561 and Pt923 the electrocatalytic surface area increases with anodic 
limit, however the largest surface area increase for Pt561 is seen as the anodic limit 
is raised to 1.20 V vs RHE, compared with 1.45 V vs RHE for Pt923, which may be 
indicative of different amounts of trace contamination within the cells or that the 
contaminants are more strongly bound to Pt923. Given that the radius of Pt561 is 
1.22 nm as measured by STEM imaging, and the sample coverage is 20% on an 
exposed area of 1.5 mm radius, the total platinum surface area is expected to be 
1.0 mm2. Equivalent arguments for Pt923, with a measured radius of 1.51 nm, the 
total platinum surface area is 1.5 mm2. These calculated surface areas agree with 
the measured surface areas within 25%, but only after potential conditioning to 
1.45 V vs RHE. The anodic potential limit was not increased further due to the 
onset of the oxygen evolution reaction at potentials larger than 1.45 V vs RHE. 
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Figure 4.1.2: Measured surface area from HUPD measurements (left) and capacitance 
(right) values for Pt561 (closed points) and Pt923 (open points) after potential conditioning 
to different anodic limits. Grey dashed lines are linear trends to guide the eye. 

 

4.1.2 CV evolution 

 
From Figure 4.1.1 it is clear that potential conditioning is changing the sample 
morphology from the measured electrochemical response. As the anodic limit is 
increased the sample is being perturbed from its previously stable state, so the 
question remains as to at which point the sample reaches its equilibrium state.  
 

 

Figure 4.1.3: CV evolution of Pt923 sample as anodic limit was increased to 1.45 V vs RHE. 
Selected CVs are shown: 1st (blue), 20th (orange), 40th (green), and 60th (red). The first CV 
represents the first time the sample had seen potentials higher than 1.20 V vs RHE. Black 
arrows show the evolution trends as the cycle number was increased. Sweep rate was 0.1 
Vs-1.  

 
An example of the dynamic evolution of Pt923 is shown in Figure 4.1.3 as the 
anodic limit was increased from 1.20 to 1.45 V vs RHE, where the blue curve 
represents the first time the sample had been exposed to potentials greater than 
1.20 V vs RHE. The sample shows significant change, especially in the HUPD 
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region, between the first and 60th CV. The HUPD region becomes significantly 
more defined after 40 CVs.  
 
To quantify the sample evolution shown in Figure 4.1.3 the electrochemical 
surface area, as measured from the HUPD region, capacitive charge, and oxide 
stripping potential were measured as a function of sweep number, as shown in 
Figure 4.1.4. Over the course of 60 CVs to 1.45 V vs RHE the electrochemical 
surface area increases by approximately 20%, whilst the double-layer capacitive 
contribution decreases by almost 50%. The increase in HUPD surface area is 
indicative of a cleaning mechanism which creates more platinum availability for 
hydrogen adsorption. The reduction of double-layer capacitance has been 
observed in other size-dependent studies165 and is consistent with increasing 
particle size and therefore reduction in overall surface area. The oxide stripping 
potential shifts 30 mV towards smaller overpotentials indicating that the oxide 
species formed by the potential conditioning have become easier to remove. 
 

 

Figure 4.1.4: Changes in Pt923 CV response with sweep rate as the anodic limit is increased 
to 1.45 V vs RHE. (left) electrochemical surface area as calculated using the HUPD region, 
(center) change in double-layer capacitive contribution, and (right) oxide stripping 
potential.  

 

4.1.3 CO stripping analysis 

 
CO stripping analysis on platinum surfaces is a useful technique which allows for 
the characterisation of platinum electrochemical surface area surface structure, 
on both extended surfaces and nanoparticles. It has been proposed that CO 
oxidation on platinum surfaces follows the Langmuir-Hinshelwood 
mechanism166: 



 98 

 𝑃𝑡 + 𝐻"𝑂 → 𝑃𝑡 − 𝑂𝐻#), + 𝐻#$% + 𝑒/ 4.1.2 

 𝑃𝑡 − 𝐶𝑂HJ(- + 𝑃𝑡 − 𝑂𝐻#), → 𝑃𝑡 + 𝐶𝑂" + 𝐻#$% + 𝑒/ 4.1.3 

which follows a two-electron transfer process.  
 
After electrochemical conditioning to 1.20 V vs RHE and 1.45 V vs RHE, the 
electrolyte was saturated with CO gas for 20 minutes whilst holding the WE 
potential at 0.05 V vs RHE. CO adsorbs strongly to platinum and can often 
displace surface contaminants167, so will displace the weakly adsorbed hydrogen 
covering the platinum surface at the applied potential. After saturating with CO 
gas the electrolyte was then purged with nitrogen gas to displace any dissolved 
CO. CVs were then performed between 0.1 V vs RHE, initially sweeping in the 
cathodic direction, to 1.45 V vs RHE. The resulting CO stripping CVs of the Pt923 
sample, after potential conditioning to 1.25 and 1.45 V vs RHE, are shown in 
Figure 4.1.5. In both cases this sweep shows no platinum HUPD region, which is 
consistent with all platinum surface sites being occupied with CO. The double-
layer capacitive contribution is also significantly reduced. As the sample potential 
is increased above 0.7 V vs RHE there is a large increase in current which is 
consistent with CO stripping, or CO oxidation. 
 
After potential conditioning to 1.20 V vs RHE the CO stripping potential was 
measured to be 0.89 V vs RHE. The same experiment performed after potential 
conditioning to 1.45 V vs RHE shows a peak shift of 60 mV to lower 
overpotentials, and also the development of a ‘pre-peak’ at 0.70 V vs RHE. In 
studies performed on size-controlled nanoparticles, albeit with less size-control 
compared to this study, the pre-peak has been attributed to defects in well-
ordered domains in CO stripping studies on shaped platinum nanoparticles166. In 
another study165 comparing the nanoparticle size-effect with CO oxidation it has 
been suggested that the rate of CO oxidation is limited by hydroxyl anion 
adsorption onto platinum surfaces. In this study the cluster density is much less 
than a monolayer, however the effect of potential conditioning is yet unknown on 
these samples, and it is certainly possible that larger domains are formed through 
nanoparticle ripening that could lead to the formation of defects from more well-
defined cuboctahedrons. 
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Figure 4.1.5: CO stripping voltammetries of Pt923 after potential conditioning up to an 
anodic limit of 1.20 V vs RHE (left) and 1.45 V vs RHE (right). CO strip is plotted in red 
and subsequent CV is plotted in black. The vertical dashed lines indicate the CO stripping 
peak potential, and the black arrow indicates the CO stripping pre-peak. 

 
The platinum surface area can be calculated from the integrated charge 
transferred by CO oxidation. As CO oxidation is a two electron process the charge 
transferred per surface atom on Pt(111) is 420 µC/cm2 168. The charge attributed 
to CO oxidation was integrated between 0.6 and 1.0 V vs RHE, and the 
background charge, calculated between the same potential limits, from the 
subsequent baseline CV was subtracted. A summary of the measured surface 
areas from both CO stripping and HUPD techniques is presented in Table 4.1.1. 
In all cases the measured surface area is less than the theoretically deposited 1.57 
mm2. For the CO stripping experiments the measured surface area is less 
dependent on the samples previous potential conditioning than the HUPD 
measurement. As CO can displace contaminants on platinum surfaces which 
would block hydrogen adsorption164, this result also indicates a contamination 
effect. In fact previous studies have suggested that maximum achievable CO 
coverage on platinum surfaces is around 0.7 monolayers164; in this case the 
charge transferred during CO oxidation is equivalent to 70% of the total platinum 
surface area and the adjusted electrochemical surface areas as determined by CO 
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stripping are more similar to the theoretical values, and also to the HUPD value 
in the case of post-potential conditioning to 1.45 V vs RHE. 
 
  Surface Area (mm2)  

 HUPD CO stripping (0.7 L) Spherical 

1.20 V vs RHE 0.36 0.87 (1.24) 1.57 

1.45 V vs RHE 1.44 1.07 (1.53) 1.57 

Table 4.1.1: Calculated surface areas of Pt923 clusters from the HUPD region and CO 
stripping peak. The spherical surface area presented theoretically calculated from the 
number of deposited clusters as described in 4.1.1. For CO stripping measurements the 
adjusted calculated platinum surface areas for 0.7 L of CO coverage are given in brackets. 

 

4.1.4 Reversibility of potential conditioning 

 
In 4.1.1 it was shown how the anodic limit affected the CV response, and therefore 
nanoparticle structure, of Pt923, and in 4.1.2 the time scale of the restructuring 
was laid out. The question still remains as to the reversibility of potential cycling. 
 
After performing successive potential conditioning experiments laid out in 4.1.1, 
CVs were recorded as the anodic limit was reduced, and the steady-state CVs are 
shown in Figure 4.1.6. By comparison to Figure 4.1.1 it can be seen that CVs with 
lower anodic limits retain resolved HUPD peaks at 0.07 and 0.20 V vs RHE 
attributed to hydrogen adsorption and desorption from Pt(110) and Pt(100) sites 
respectively. The total surface area, as measured by the charge transferred during 
HUPD, gradually decreased with sweep number and the rate was more 
pronounced as the anodic limit was decreased, as shown in Figure 4.1.7. The 
reduction of platinum surface area is indicative of a recontamination effect, 
however the surface areas measured are still larger for lower anodic limits than 
measured before potential conditioning (see Figure 4.1.2). The oxide stripping 
peak overpotential was decreased from 0.67 to 0.73 V vs RHE as the anodic limit 
was reduced from 1.45 to 1.20 V vs RHE, and the peak potential was unchanged 
with the total number of sweeps to both anodic limits indicating that platinum 
oxide formation and reduction had reached an equilibrium by this time. 
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Figure 4.1.6: CVs of Pt923 sample after potential conditioning to 1.45 V vs RHE. CVs were 
recorded as the anodic limit was reduced from 1.45 to 1.20 to 0.95 V vs RHE to see test the 
reversibility of the performed potential conditioning. Scan rate was 0.2 Vs-1 in all cases. 

 
The discussed contamination is likely in the form of trace organics introduced 
from the experimental procedure. The cluster samples were prepared under 
vacuum but were transported through atmosphere before testing. It is possible 
that contaminants were introduced through glassware or the prepared solution 
despite large efforts to minimise this possibility. The electrochemical 
characterisation of mass-selected platinum clusters has raised more questions 
than it has answered. The peaks in HUPD peaks observed for both Pt561 and Pt923 
are consistent with (100) and (110) facets, both of which are found on truncated 
octahedral structures which have been observed previously for these clusters58 
and discussed in the previous chapter. The potential cycling and CO stripping 
experiments have indicated a dynamic system that is perturbed by the anodic 
limit, but the actual form of this change can only be inferred without direct 
observation. It is also noted that the recorded CVs exhibit an ohmic drop 
consistent with a significant resistance across WE. This possibly originates from 
the unconventional electrochemical cell setup to avoid the use of soluble pastes, 
or that graphite has low electrical conductance in the direction normal to the 
basal plane169. 
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Figure 4.1.7: HUPD surface area of Pt923 sample as the anodic limit was decreased. 

 

4.2 HER performance of mass-selected Pt clusters on glassy carbon 

supports 

 
To build on the information provided by the electrochemical characterisation of 
platinum clusters on graphite, and to alleviate any problems associated with poor 
conductivity across the working electrode, mass-selected platinum clusters were 
deposited onto glassy carbon substrates for electrochemical characterisation. GC 
is an amorphous carbon material and is a well-used support material for 
electrochemical applications due to its good electrical conductivity and corrosion 
resistance170. The GC working surface is typically conditioned before use by 
polishing to a mirror-finish. 
 
PtN clusters were synthesised with N=147, 309, 561, 923, 1415, and 2057 atoms 
to explore the size-effect on hydrogen evolution reaction performance. PtN 
clusters were soft-landed with 1 eV per atom or less onto polished GC stubs. The 
samples were characterised in argon saturated 0.5 M H2SO4. The HER 
performance of each sample was tested as a function of the anodic limit of 
previously performed potential conditioning and the experimental protocol is 
outlined in Figure 4.2.1. The samples were subjected to potential cycling between 
the onset of hydrogen evolution at 0.05 V vs RHE and a set anodic potential. The 
HER performance and electrochemical characterisation of each sample are 
therefore a function of the samples’ history of potential conditioning. 
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Figure 4.2.1: Experimental protocol to test the short-term HER performance of catalysts. 
Figure reproduced from work by J Humphrey and A J Wain at NPL. 

 
Figure 4.2.2 shows the how the CV response and HER performance develops with 
maximum anodic limit for Pt1415 clusters, and similar responses were measured 
for all platinum clusters studied. Initially the sample is characterised with CVs 
between 0.05 and 0.50 V vs RHE (red curve). The CV response is dominated by 
double-layer which is the same behaviour found in the study on HOPG. HER 
performance at this point in the sample’s development generates 10 mAcm-2 at 
200 mV overpotential based on an equilibrium standard potential of 0 V vs RHE. 
The sample is conditioned up to 1.1 V vs RHE without significant change in CV 
response or HER performance. 
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Figure 4.2.2: CV response and HER LSV of Pt1415 clusters in 0.5 M H2SO4. (left) CV response 
in argon saturated electrolyte, black arrows represent the sweep direction. HUPD region 
is clearly visible between 0.05 and 0.30 V vs RHE in the CVs performed with anodic limits 
greater than 1.3 V vs RHE (purple, grey, and orange curves). Oxide stripping peak is 
observed in the cathodic sweep around 0.7 V vs RHE for CVs performed with anodic limit 
greater than 1.5 V vs RHE. The onset of oxygen evolution is seen around 1.7 V vs RHE. 
(right) HER LSV sweeps after sample CV response had been stabilised at different 
maximum anodic limits. The black arrow represents the sweep direction. Experiments 
performed and figures produced by J Humphrey and A J Wain at NPL. 

 
As the anodic limit is further increased to 1.3 V vs RHE, a small shoulder becomes 
visible around 1.1 V vs RHE which is consistent with oxygen adsorption and the 
adsorption of hydroxyl species. This is accompanied by increased HUPD 
response and larger electrochemical capacitance, both of which can be attributed 
to a larger electrochemical surface area, either consistent with removal of 
contamination or possibly surface roughening through platinum oxidation162. 
The lack of HUPD response prior to this point in the sample’s development 
suggests that the removal of organic contamination is a likely factor, as even 
monatomic hydrogen will have HUPD response171 and its absence prior to this 
point is evidence that the exposed platinum surface sites are unavailable for 
adsorption or ‘poisoned’. 
 
The HER performance plateaus as the anodic limit is increased beyond 1.3 V vs 
RHE, however the CV response continues to develop. As the anodic limit is 
increased to 1.5 V vs RHE and beyond there is an increase in HUPD current 
density which is accompanied by resolved HUPD, which are most easily visible in 
the anodic sweep. The position of these peaks, around 0.1 and 0.2 V vs RHE, is 
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consistent with desorption of hydrogen ions onto Pt(110) and Pt(100) planes 
respectively161. At this stage in the sample’s development there is also an increase 
in electrochemical capacitance. The cathodic sweep exhibits a peak around 0.7 V 
vs RHE which is attributed to platinum reduction, or oxide stripping. The 
position of this peak shifts from around 0.7 to 0.6 V vs RHE as the anodic limit is 
increased from 1.5 to 1.7 V vs RHE, respectively, indicating that a larger 
overpotential is required to reduce the platinum. It has previously been observed 
that the oxide stripping peak is shifted to higher overpotentials for smaller 
platinum nanoparticles subjected to the same conditioning165. It is possible that 
the platinum clusters are degrading into smaller clusters by a dissolution-
redeposition mechanism, however in this case it is more likely that the increased 
anodic limit has formed more strongly bound oxide species which require a larger 
overpotential to remove. 
 
Figure 4.2.3 demonstrates how the CV response of Pt923 clusters varied with 
sweep rate. The peak positions of all features do not shift in potential, which 
would be expected for significant cell ohmic resistance, however the HUPD peaks 
are more clearly resolved for faster sweep rates. This could be due to a 
contamination removal and recontamination or platinum restructuring effect 
which are both time dependent. At faster sweep rates there is less time between 
oxide stripping and hydrogen adsorption. From the performed experiments, high 
anodic potentials are required to remove contamination so there is a smaller 
recontamination time window at faster scan rates which would lead to the 
observed, improved HUPD response. At the same time, it is known that platinum 
reduction leads to surface roughening through the oxygen place exchange 
effect162. As these oxide layers are reduced the surface platinum will restructure 
and roughen into unstable structures which will relax over time. The roughening 
effect may act to increase the exposed platinum surface area, and the relaxation 
time explains why this effect is only observed at fast sweep rates. As the total time 
between oxide stripping and hydrogen adsorption at 1 Vs-1 is on the order of 
tenths of a second, the observed behaviour is consistent with the time scales of 
diffusion and recontamination rather than atomic restructuring. 
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Figure 4.2.3: CV response of Pt923 at different scan rates. Experiments performed by J 
Humphrey and A J Wain at NPL. 

 
The HER performance for all tested cluster sizes is shown in Figure 4.2.4 and it 
can be seen that the HER performance trend is similar for all cluster sizes. The 
HER performance of the prepared cluster samples improves as the anodic limit 
of the potential conditioning is increased above 1.1 V vs RHE, which is consistent 
with adsorption of oxygen on platinum and the formation of oxide species. The 
HER performance plateaus above 1.4 V vs RHE where higher anodic limits do not 
improve HER performance.  The range of anodic limits between 1.1 and 1.4 V vs 
RHE broadly represent an intermediate regime between initial and optimal HER 
performance. 

 

Figure 4.2.4: HER performance data for PtN clusters as a function of the anodic limit of 
potential conditioning. The HER performance was classified using the overpotential 
required to generate 10 mAcm-2 geometric current density. Experiments performed by J 
Humphrey and A J Wain at NPL. 

 

-500

-400

-300

-200

-100

0

100

200

300

0 0.5 1 1.5

Cu
rre

nt
/ 

μA

Potential/ V vs RHE

1000 mV/s

500 mV/s
100 mV/s
20 mV/s



 107 

In summary mass-selected platinum clusters have been characterised 
electrochemically in sulphuric acid electrolyte. The cluster samples were 
subjected to potential conditioning with an increasing anodic limit which resulted 
in improved HER performance. The onset of improved HER performance is at 
approximately the same potential as oxygen adsorption onto platinum and 
subsequent oxidation which suggests some particle restructuring. CO stripping 
experiments also suggest that some form of restructuring is occurring due to the 
potential conditioning. Experiments at different sweep rates and at reducing 
anodic limits suggest that contamination removal may play a role in the improved 
HER performance and CV response. The origin of any contamination is not 
known, however it is most likely trace amounts or organic compounds from the 
electrolyte or atmosphere. Ex-situ STEM experiments performed in the next 
chapter directly visualise the sample at different stages in its development to gain 
further insight. 
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5 The effect of electrochemical potential conditioning on 
Pt923 clusters as studied by HAADF-STEM 

 
As discussed in the previous chapter, electrochemical potential conditioning can 
improve the HER performance and CV response of mass-selected platinum 
clusters. The electrochemical experiments provide information of the sample en 
masse but does not give direct insight into the behaviour and change of the 
individual nanoparticles. In this chapter TEM is used to study the effect of 
electrochemical potential conditioning of well-defined mass-selected platinum 
clusters on carbon supports. TEM has been used extensively to characterise 
nanoparticles before and after performance testing86,94,172 at both the population 
level and atomic scale. In TEM the substrate needs to be thin, often less than a 
few hundred nanometers, to be transparent to electrons and as such millimeter-
thick glassy carbon stubs are not suitable. TEM grids are commonly used as 
supports for drop-cast or physically deposited nanomaterials. In this case 
amorphous carbon film TEM grids were used as substrates in place of glassy 
carbon as both materials are composed of types of amorphous carbon. It is noted 
however that glassy carbon does contain some two-dimensional crystalline 
ordering which is not present in amorphous carbon173. 
 
All experiments performed in this chapter were performed in a three-electrode 
electrochemical cell. The WE was an amorphous carbon film Au mesh TEM grid 
(200 mesh, EM Resolutions) placed on top of a GC stub support which was 
polished to a mirror finish using alumina paste (Bruker), see section 2.3.2. The 
RE was MSE (ALS Co., Japan, E0 = 0.687 V vs RHE in 0.5 M H2SO4) and the CE 
was a flame annealed platinum wire. 0.5 M H2SO4 electrolyte was prepared daily 
with DI water (18.2 MΩ, Merck Millipore) and concentrated sulphuric acid 
(Ultrapur, Alfa Aesar), and was purged of oxygen by bubbling nitrogen gas for 30 
minutes prior to any experimentation. The cleanliness of the GC stub was checked 
by performing CVs over the breakdown region of the electrolyte, the potential 
region between hydrogen and oxygen evolution, commonly referred to as the 
solvent window. Once the quality of the GC stub had been confirmed it was 
washed with DI water and dried under a stream of nitrogen gas. The TEM grid 
was then placed on top of the GC stub mesh side down. A single layer of Teflon 
tape was typically used to surround the GC stub housing to ensure a good seal 
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and this was followed by a PEEK cap placed over the top of the whole WE shaft. 
The PEEK cap has a dual purpose, firstly it exposes only the TEM grid to the 
electrolyte, and secondly it acts as a clamp to ensure the electrical connection 
between the GC stub and the grid. All experiments were performed with 500 rpm 
WE rotation speed and under a constant nitrogen atmosphere. 
 

5.1 Electrochemical response of amorphous carbon film Au mesh TEM 
grids 

 
CVs were performed to test the electrochemical response of the support 
materials. The electrochemical response of the bare GC stub support after 
polishing is shown in Figure 5.1.1. The electrochemical response of GC in 
sulphuric acid is well known174 so this test was used to confirm the GC stub quality 
and the cleanliness of the preparation procedure. The CV exhibits mostly double-
layer electrochemical capacitance. The redox pair around 0.55 V vs RHE can be 
attributed to the formation of oxidised carbon species such as quinones175. At the 
turning points of the CV the current increases due to onset of hydrogen evolution 
and oxygen evolution at the cathodic and anodic ends, respectively.  
 

 

Figure 5.1.1: CVs of amorphous carbon film on Au mesh TEM grid from different 
companies: (left) EM Resolutions and (right) Agar Scientific. (left) CVs of the base glassy 
carbon support (black) and the EM Resolutions TEM grid (blue) as used in this thesis. The 
inset shows a magnification of the Au reduction peak in the cathodic sweep. (right) CVs of 
an Agar Scientific TEM grid at different scan rates clearly show Au oxidation and 
subsequent reduction at anodic potentials. CVs were recorded in 0.5 M H2SO4 after 
purging with nitrogen gas and under 500 rpm WE rotation and the sweep rate was 0.1 
Vs-1 unless otherwise stated. 

 
CVs of blank TEM grids supported on GC from two different companies were then 
recorded s supported on a GC stub in the cap arrangement described previously, 
as shown in Figure 5.1.1. The CVs of both grids contain unidentified redox pairs 
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in the range 0.2-0.7 V vs RHE which are likely due to organic residues from the 
fabrication of the TEM grids. Currents at the above ~1.30 V vs RHE in the anodic 
sweep are due to gold oxidation176. The peak in the cathodic sweep observed at 
~1.1 V vs RHE is consistent with gold oxide reduction176,177 and this confirms no 
significant potential drop across the electrode setup. Jiang et al.177 have studied 
the electrochemical response of carbon film Au mesh TEM grids in acidic and 
alkaline media and found them to have good stability over many hours across the 
applied potential range of 1.0-1.8 V vs RHE in their experiment. The authors did 
not comment on the potential range containing the redox pairs observed in Figure 
5.1.1, so the origin of these peaks is only speculation. They did find, however, that 
up to 10% of grid squares may break over the course of one experiment, and 
experience suggests that this may be due as much to handling the fragile grids as 
the experimental conditions. 
 
Pt923 was chosen as the particle size to explore as it is approximately the mean 
cluster size in terms of number of atoms and diameter from the HER performance 
testing in the previous chapter. The cluster samples were initially prepared with 
a coverage of less than 10% to limit the amount of agglomeration and sintering to 
study the effect of potential conditioning on individual clusters. Clusters were 
imaged with STEM in HAADF mode in at least three different non-neighbouring 
grid squares before potential cycling and the location of these grid squares was 
recorded. The same grid squares were imaged after potential conditioning in a 
pseudo identical-location TEM31,86,106 study. Due to the homogeneous nature of 
the cluster samples it was not possible to reimage exactly the same location 
without the use of fiducial markers, however the location could be estimated 
within the order of a micron using this technique. This methodology reduces the 
effect of any sample cluster density fluctuations which may have originated 
during the deposition process. 
 

5.2 Potential cycling up to 1.05 V vs RHE 
 

5.2.1 Intermediate density: 7000 clusters per square micron 

 
Pt923 clusters were deposited with 1 eV per atom kinetic energy onto amorphous 
carbon TEM grids with a measured density of 7000 ± 500 clusters per square 
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micron, equivalent to 6.4 ± 0.6 % area coverage. The as-deposited sample 
morphology and size distribution can be seen in Figure 5.2.1. The majority of 
clusters are normally distributed with projected area of 8.2 ± 0.6 nm2, which is 
in agreement with the expected size from bulk calculations, see Figure 3.2.3. A 
second smaller peak in the size distribution is due to clusters with approximately 
twice the projected area of the dominant peak. The origin of this peak is due to 
two sintered Pt923 clusters either at landing or after diffusion on the surface. The 
morphology of the sintered Pt923 clusters is chain-like suggesting that the clusters 
had undergone diffusion on the surface followed by collision and sintering with 
another cluster, also known as Smoluchowski ripening, as opposed to head-on 
collision at the time of deposition from the cluster beam which would produce 
more non-spherical clusters178,179. Closer inspection of the sintered clusters 
reveals that sintering is preceded by neck formation, growth, and subsequent 
elimination79 which may produce grain boundaries within the agglomerates, as 
observed in  
Figure 5.2.4.  
 
Integrated intensity analysis of the HAADF-STEM images was performed to 
‘weigh’137 the nanoparticles and the resulting distributions are shown in Figure 
5.2.2. The integrated intensity is a more robust descriptor than projected area for 
atomic clusters153 as discussed in chapter 3, and is less affected by non-uniform 
cluster shapes as it is a measure of cluster volume. The integrated intensity 
analysis reveals a clear third peak that is obfuscated in the projected area analysis 
due to a large spread in the geometries of agglomerated nanoparticles. The 
integrated intensity ratios between the secondary peaks and dominant peak are 
linear with peak number confirming that the secondary peaks are in fact due to 
multiple sintered Pt923 clusters. The sintered nanoparticles are referred to as Pt923 
singlets, doublets, and triplets herein. 
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Figure 5.2.1: Pt923 after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 deposited with a number density of 7000 ± 500 per square micron 
on amorphous carbon. (left) as deposited, and (right). The red and orange arrows show 
selected doublets and triplets respectively. (bottom row) (left) size distribution of Pt923 as 
deposited (blue) and after potential conditioning (red). (right) the population distribution 
of the sample shows a reduction in Pt923 singlets and increased Pt923 doublets after the 
potential cycling. Error bars are 1/N1/2. 

 
The nearest neighbour distribution of the as-deposited sample is shown in Figure 
5.2.3. The cumulative density function (CDF, red line) is obtained by integrating 
the probability density function (PDF, histogram) over all observed 
nanoparticles. The CDF is compared to the expected distribution from a 
randomly deposited sample of impenetrable disks of diameter d923 = 3.2 nm 
(black dashed line) and is in good agreement. During the deposition process the 
sample was rastered across the cluster beam which possesses a gaussian beam 
profile111 and distribution of cluster impacts is expected to be random. This result 
confirms that the clusters have not undergone any significant amount of diffusion 
from their impact site as they are likely pinned on defects in the amorphous 
carbon49. 
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Figure 5.2.2: Integrated intensity histogram of Pt923 clusters as-deposited. (inset) the 
integrated intensity ratios between the secondary peaks and the primary peak. The grey 
dashed line is a fit with slope 1.03 and an R2 value of 0.9999. 

 
The sample was then subjected to 25 CVs between 0 and 1.05 V vs RHE in 
deaerated 0.5 M H2SO4 at a scan rate of 0.1 Vs-1. As discussed in chapter 4 this 
anodic potential limit is less than required to improve the HER performance of 
the mass-selected platinum clusters. The sample morphology after potential 
conditioning is shown in Figure 5.2.1. Initial inspection appears to show that the 
arrangement of clusters on the surface is now more ordered and that the Pt923 
singlets have grouped together into chains or small islands. 
 
The size distribution of the sample post-conditioning shows that the singlet and 
doublet sizes remain unchanged within error. This is, however, accompanied by 
some nanoparticle sintering. The proportion of observed singlets has fallen from 
85 to 73 %, and the fraction of doublets has increased from 11 to 19 %. The 
potential conditioning appears to have induced nanoparticle migration which has 
subsequently led to small amounts of sintering. The nearest neighbour 
distribution post-conditioning shows a slight deviation from the as-deposited 
distribution, however it does not elucidate the observed nanoparticle grouping.  
 
Post-conditioning the number density is reduced by 17 % to 5800 ± 600 
nanoparticles per square micron, however the total surface coverage remains 
unchanged at 6.4 ± 0.6 %. These observations are consistent with nanoparticle 
sintering and rules out any significant amounts of nanoparticle detachment from 
the surface. The potential conditioning appears to have induced cluster mobility 
which has led to sintering in many cases. The observed behaviour is consistent 
with Smoluchowski ripening rather than more atomistic processes. 
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Figure 5.2.3: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited and 
after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1 (lower, red). The cumulative 
distributions are plotted as the red curve in each case. The black dashed curve is the 
cumulative distribution expected for a random distribution of impenetrable particles with 
number density 7000 per square micron. 

 
High magnification HAADF-STEM imaging, shown in  
Figure 5.2.4, was performed to see if potential cycling had induced any structural 
transformations in the clusters. The clusters observed after potential cycling are 
predominantly FCC structures, such as the cuboctahedrons shown, with no 
obvious signs of oxidation. Surface oxide species would normally appear as a dim 
halo42 compared to a metal cluster core as imaged with HAADF-STEM, as oxygen 
has a low atomic number and therefore a low Rutherford scattering cross-section. 
The as-deposited Pt923 clusters have predominantly FCC structures so it is 
difficult to conclude whether the potential conditioning induced any structural 
transformations from the performed experiment. 
 
Further observation of the sintered nanoparticles reveals that they often contain 
grain boundaries where the crystalline phase may be discontinuous across the 
boundary. This is consistent with nanoparticle growth due to Smoluchowski 
ripening and subsequent neck growth151. The grouping behaviour may affect the 
catalytic performance of the sample as the mass transport to nanoparticles at the 
center of these groups will be reduced due to an inhibited diffusion field131,132. 
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Figure 5.2.4: High magnification HAADF-STEM images of selected Pt923 (left) as-
deposited, and (right) after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. In both cases 
atomic columns and facets are clearly resolved and singlet clusters have cuboctahedral 
structures. Larger clusters resemble sintered singlet clusters, where the sintering 
boundary is identified with a white arrow. 

 

5.2.2 Low density: 3000 clusters per square micron 

 
To further test whether the observed sintering is due to a hit-and-stick type 
mechanism, the same experiment was performed with a reduced number density 
of 3000 ± 300 clusters per square micron. The experiment described in section 
5.2.1 suggests that the cluster-surface interaction is weakened during potential 
cycling; as a result the clusters become mobile and undergo Brownian motion on 
the surface where they may collide or interact with another cluster forming a 
group. By reducing the cluster number density the chance of finding another 
cluster during a random walk is reduced and the collision rate is expected to 
decrease180. 
 
HAADF-STEM images of the sample as-deposited and after 25 potential cycles 
between 0 and 1.05 V vs RHE at 0.1 Vs-1 are shown in Figure 5.2.5. The as-
deposited cluster arrangement is random, as expected and shown in Figure 5.2.6, 
and groups of clusters are clearly observed after potential cycling, consistent with 
the experiment performed in section 5.2.1. The cluster size distribution 
demonstrates that the majority of nanoparticles are Pt923 singlets in both cases 
and that there is no significant sintering due to the potential conditioning due to 
the reduced nanoparticle density. 
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Figure 5.2.5: Pt923 after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 deposited with a number density of 3000 ± 300 per square micron 
on amorphous carbon. (left) as-deposited, and (right) after 25 CVs. (bottom row) (left) size 
distribution of Pt923 as-deposited (blue) and after 25 CVs (red). (right) the population 
distribution of the sample shows no significant change due to the potential cycling. Error 
bars are 1/N1/2. 

 
The reduced nanoparticle density does elucidate the grouping mechanism, 
however. The nearest neighbour distributions shown in Figure 5.3.2 show that 
the clusters are initially deposited in the expected random arrangement, however 
post-conditioning the nearest neighbour distribution is strongly peaked around 
5 nm and deviates significantly from the expected random distribution. In fact, 
just 27 % of clusters had a nearest neighbour less than 7 nm apart as-deposited 
compared to 58 % post-conditioning. The modal core-core distance of 5 nm is 
equivalent  to ~2 nm edge-edge distance for Pt923 with a diameter of  ~3 nm.  
 
In both the as-deposited and post-conditioning data there are no observed 
nearest neighbour distances less than 3.4 nm. Given that the Pt923 clusters are 
have a radius of ~1.5 nm, the smallest equivalent edge-edge is less than 0.4 nm 
which is on the order of one atom. It has been previously observed that sintering 
of gold clusters may be mediated by atomic species bridging the gap between two 
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adjacent clusters129 and that gold clusters ‘jump-to-contact’ at edge-edge spacings 
of 0.5 nm. Given the distances measured in this experiment it is possible that 
platinum clusters also have a jump-to-contact sintering threshold which is on the 
order of 0.4 nm.  
 

 

Figure 5.2.6: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited and 
after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1 (lower, red). The cumulative 
distributions are plotted as the red curve in each case. The black dashed curve is the 
cumulative distribution expected for a random distribution of impenetrable particles with 
number density 3000 per square micron. 

 
The nearest neighbour distribution post-conditioning was fit by two gaussian 
distributions to approximate its bimodal nature and their intersection point was 
chosen as a threshold for cluster classification. A visual representation of this 
analysis is presented in Figure 5.2.7. Distances shorter and longer than the 
threshold are represented by red and blue lines respectively. It can be seen in the 
STEM image that the dominant peak in the nearest neighbour distribution (red) 
is due to clusters that have grouped together but not sintered. The higher number 
density in section 5.2.1 likely obfuscated the grouping effect in the nearest 
neighbour distribution, despite the presence of groups by visual inspection of the 
HAADF STEM images. 
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Figure 5.2.7: Visual representation of the first nearest neighbour distances. The low-
density Pt923 sample had been subjected 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. 
(left) first nearest neighbour distribution created from multiple images. The distribution 
was fit with two gaussian distributions, and their intersection point between them is 
shown as a black dashed line. The total fit is shown as the red-blue solid line. (right) 
HAADF-STEM image of the sample after potential conditioning. Each nanoparticle has its 
first nearest neighbour shown as a coloured solid line. Distances shorter and larger than 
the threshold value are plotted as red and blue respectively. 

 
The nearest neighbour distribution was then analysed up to each nanoparticles’ 
sixth nearest neighbour. The resulting distribution and comparison of each 
distribution’s statistics is shown in Figure 5.2.8, where the median and mode of 
each distribution are compared. It should be noted that the trend of the 
distribution means were similar to the distribution medians. For all n nearest 
neighbours it can be seen that the distribution mode is smaller than the median 
and this is consistent for distributions with positive skew. The expected n’th 
nearest neighbour distance for a random distribution181 is shown as a grey line 
and is in good agreement with the as-deposited data. Post-conditioning all 
nearest neighbour distances are reduced overall and the first and second nearest 
neighbour distances are reduced significantly. The trend in nearest neighbour 
distances after the third nearest neighbour is approximately as expected for a 
random distribution. The mode appears to be a more representative statistic for 
first and second nearest neighbour distributions post-conditioning. The grouping 
effect observed and discussed only appears to be correlated to each nanoparticle’s 
second nearest neighbour on average, equivalent to an average group size of three 
nanoparticles. 
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Figure 5.2.8: n’th nearest neighbour distribution. (left) nearest neighbour distribution of 
Pt923 as-deposited (upper) and after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1 
(lower). The first six nearest neighbours for each nanoparticle were analysed in each case. 
(right) comparison of the median (filled) and mode (open) of the nearest neighbour 
distribution for the sample as-deposited (circles) and post-conditioning (squares). The 
grey dashed line is the expected nearest neighbour distance for a random point 
distribution181. The squares are offset for clarity. The colours represent the same 
distributions in both plots. 

 

5.2.3 High density: 15000 per square micron 

 
A high-density sample was prepared to further explore how the amount of 
sintering is affected by the density. The as-deposited sample morphology and 
size-distribution are shown in Figure 5.2.9. A significant proportion of the sample 
is now agglomerated due to the high cluster density, but the clusters are deposited 
randomly on the surface, as shown in Figure 5.2.10. The nearest neighbour CDF 
has the same shape as the expected from a random distribution and the deviation 
is likely due to the fact that a significant portion of the clusters are larger than the 
singlet size. 
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Figure 5.2.9: Pt923 after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 deposited with a number density of 15000 ± 400 per square micron 
on amorphous carbon. (left) as-deposited, and (right) after 25 CVs. (bottom row) (left) size 
distribution of Pt923 as-deposited (blue) and after 25 CVs (red). (right) the population 
distribution in each case. 

 
The sample was subjected to 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. 
STEM imaging shows that ~15 % of the clusters have sintered as a result. 
Interestingly the proportion of doublets remains unchanged, although this is 
likely because they too have sintered to form larger nanoparticles. The increased 
cluster density has resulted in more sintering events when compared to lower 
densities, this is likely due to an increased amount of collisions. The cluster 
density has fallen by 24 % as a result of sintering, whereas the total coverage 
remains unchanged. Post-conditioning the nearest neighbour distribution 
represents a random distribution and is almost identical to the as-deposited 
distribution. Any cluster grouping is hard to correlate by eye at this high density 
and if it is present, as was the case in sections 5.2.1 and 5.2.2, it does not manifest 
in the nearest neighbour statistics. 
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Figure 5.2.10: First nearest neighbour distribution of Pt923 (upper, blue) as deposited and 
after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1 (lower, red). The cumulative 
distributions are plotted as the red curve in each case. The black dashed curve is the 
cumulative distribution expected for a random distribution of particles with number 
density 15000 per square micron, as measured in STEM.  

 

5.3 Potential cycling up to 1.20 V vs RHE 
 
The anodic potential limit was then increased to 1.20 V vs RHE, which is in the 
transitional region before the HER performance plateau observed in chapter 4. 
The CV response of platinum clusters conditioned to this anodic limit showed 
increased HUPD response and improved HUPD resolution overall. The CV 
response of platinum clusters at potentials above 1.0 V vs RHE showed currents 
due to platinum oxidation on the anodic sweep and subsequent platinum oxide 
reduction on the cathodic sweep. 
 

5.3.1 Intermediate density: 6000 clusters per square micron 

 
A sample identical to that in section 5.2.1 was prepared and subjected to 25 CVs 
between 0 and 1.20 V vs RHE. The sample morphology as-deposited and post-
conditioning is shown in Figure 5.3.1. The size distribution shows that the as-
deposited sample is predominantly Pt923, and the nearest neighbour distribution 
is characteristic of a randomly arranged sample, see Figure 5.3.2.  
 
Post-conditioning the sample morphology has changed such that larger chain- or 
branch-like nanoparticles are present. The This size-distribution reflects this 
observation as an increased proportion of larger nanoparticles and agglomerates 
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of three of more Pt923 singlets can be seen in Figure 5.3.1. The number density as-
deposited was 6000 ± 600 and this was reduced by 40 % due to sintering whilst 
the coverage remained unchanged at 5.1 ± 0.6 %. The size distribution remains 
quantised post-conditioning and there is no obvious change in singlet or doublet 
size compared to the as-deposited distribution. These observations are consistent 
with Smoluchowski ripening rather than more atomistic degradation 
mechanisms and rules out significant nanoparticle detachment from the surface. 
 

 

Figure 5.3.1: Pt923 after 25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 sample deposited at a number density of 6000 per square micron. 
(left) the sample morphology as-deposited, and (right) post-conditioning after 25 CVs. 
(bottom row) (left) size distribution of Pt923 as-deposited (blue) and post-conditioning 
(red), and (right) the population distribution in each case. 

 
These branch-like structures may be created by a hit-and-stick type sintering 
mechanism93. In agreement with the results seen during potential conditioning 
at lower anodic potential limits in section 5.2, the clusters appear to have 
increased mobility during potential cycling and undergo diffusion on the surface 
until they interact with another cluster or defect on the surface. At potentials 
larger than 1.0 V vs RHE platinum oxidises which may cause surface 
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restructuring162, and the high anodic potentials may oxidatively remove organic. 
These combined effects may lead to increased amounts of sintering at higher 
anodic potentials. 
 
The nearest neighbour distribution post-conditioning shown in Figure 5.3.2 
deviates significantly from the as-deposited distribution, which is in excellent 
agreement with a randomly arranged distribution of nanoparticles. The CDF 
post-conditioning is consistent with a random distribution with a number density 
of 3500 per square micron, which is the measured number density post-
conditioning, and is represented in Figure 5.3.2 as a black dotted line. This 
information suggests that despite the cluster migration and sintering the 
modified cluster arrangement post-conditioning is still random.  
 

 

Figure 5.3.2: First nearest neighbour distribution of Pt923 (upper, blue) as deposited and 
after 25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1 (lower, red). The cumulative 
distributions are plotted as the red curve in each case. The black dashed curve is the 
cumulative distribution expected for a random distribution of particles with number 
density 6000 per square micron, as measured in STEM. The black dotted line is expected 
distribution for a number density of 3500 per square micron. 

 

5.3.2 Low density: 1300 clusters per square micron 

 
A low-density experiment was performed to test how potential conditioning with 
an increased anodic limit affects the nanoparticle displacement. Pt923 was 
deposited with a density of 1350 ± 250 clusters per square micron and then 
subjected to 25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1. The sample 
morphologies as-deposited and post-conditioning are shown in Figure 5.3.3. At 
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low sample density the population distribution shows that no significant 
sintering occurs, and the mean number density post-conditioning does not 
change within one standard deviation. However the nearest neighbour 
distribution, see Figure 5.3.4, as well as the STEM images, show that the clusters 
were initially randomly deposited and have formed groups, similar to that 
observed in section 5.2.2. 
 

 

Figure 5.3.3: Pt923 after 25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 sample deposited at a number density of 1350 per square micron. 
(left) the sample morphology as-deposited, and (right) post-conditioning after 25 CVs. 
(bottom row) (left) size distribution of Pt923 as-deposited (blue) and after 25 CVs (red), and 
(right) the population distribution in each case. 

 
In section 5.3.1 potential conditioning Pt923 clusters with a higher density lead to 
significant amounts of sintering, however despite the clear migration effect this 
result was not replicated in this experiment. The nearest neighbour distributions 
in Figure 5.3.4 show that 32 % of clusters have a nearest neighbour less than 6 
nm away post-conditioning, compared to just 11 % as-deposited and the modal 
nearest neighbour distance is just 4 nm center-center which is equivalent to a 1 
nm edge-edge gap.  
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The reduced amount of sintering is the same as observed in the low-density 
experiment in section 5.2.2 and can be explained by a reduced cluster collision 
probability. Comparison of experiments at higher cluster densities in sections 
5.2.1 and 5.3.1 showed that an increased anodic potential limit led to increased 
amounts of sintering. This was not observed at low densities, despite the 
formation of groups. It is possible that there is some barrier to sintering unique 
to this sample, such as the presence of organic contaminants182. Given the low 
cluster density in this experiment it is likely that the clusters have been in close 
proximity for a shorter amount of time as they are less likely to collide. It has been 
observed previously that small gold clusters may exist in close proximity (around 
~1 nm) and will not coalesce unless mediated by a bridging atom129 or until their 
orientations are aligned in a manner that is energetically favourable183. This latter 
process, called oriented attachment, has also been observed for platinum184,185 
and iron109 nanoparticles and is believed to play a role in nanocrystal growth. Li 
et al.109  studied the coalescence of large iron nanoparticles in-situ and found that 
two nanoparticles may come into close contact for a prolonged period of time 
before oriented attachment takes place. 
 

 

Figure 5.3.4: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 1300 clusters per square micron and after 25 CVs between 0 and 1.20 V vs RHE 
at 0.1 Vs-1 (lower, red). The cumulative distributions are plotted as the red curve in each 
case. The black dashed curve is the cumulative distribution expected for a random 
distribution of particles with number density 1300 per square micron, as measured in 
STEM. 
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5.3.3 High density:  11500 clusters per square micron 

 
Given that the degree of sintering has been shown to be a function of initial 
density, a high-density experiment was also performed. The as-deposited number 
density was 11500 ± 400, equating to a coverage of 12.5 ± 0.3 %. The sample 
morphology as-deposited and post-conditioning is shown in Figure 5.3.5. The 
Pt923 clusters have again formed branch-like structures post-conditioning and the 
overall mean nanoparticle radius has increased 41 % post-conditioning from 1.83 
± 0.44 nm as-deposited. The measured number density has dropped by 
approximately 50 % whilst the overall coverage remains unchanged within one 
standard deviation. 
 

 

Figure 5.3.5: Pt923 after 25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 sample deposited at a number density of 11500 per square micron. 
(left) the sample morphology as-deposited, and (right) after 25 CVs. (bottom row) (left) 
size distribution of Pt923 as-deposited (blue) and post-conditioning (red), and (right) the 
population distribution in each case. 

 
The Pt923 singlet and doublet sizes remain unchanged post-conditioning, 
consistent with Smoluchowski ripening, and the cluster sizes remain quantised. 
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At this density approximately three quarters of the as-deposited nanoparticles 
were Pt923 clusters, whereas after potential conditioning approximately 70 % of 
nanoparticles are larger than the as-deposited size. The remaining 30 % of 
nanoparticles that have not sintered account for only 10 % of the total deposited 
platinum by projected area confirming that the sample morphology at this stage 
in its evolution cannot be accurately described as well-defined mass-selected 
Pt923.  
 
Integrated intensity analysis was performed to compliment the projected area 
analysis. The cluster post-conditioning projected area in Figure 5.3.5 shows the 
presence of three clear peaks, and possibly a fourth peak, however fitting 
algorithms were not able to reliably fit the latter. The integrated intensity analysis 
of the same dataset is shown in Figure 5.3.6. The peaks in the integrated intensity 
data are sharper and more clearly resolved than in the projected area analysis. 
The integrated intensity descriptor is more robust to nanoparticle geometry than 
projected area153 which can be affected by nanoparticle orientation with respect 
to the beam, especially in the case of non-spherical geometries. As a result, there 
are six discernible peaks in the integrated intensity analysis post-conditioning 
compared to only four in the projected area analysis. 
 

 

Figure 5.3.6: Integrated intensities of the Pt923 cluster sample as-deposited (top) and after 
25 CVs between 0 and 1.20 V vs RHE at 0.1 Vs-1 (bottom). The integrated intensity values 
(arbitrary units) are shown as a ratio of the Pt923 singlet value in both cases. 

 
The peaks in the integrated intensity data were then fit by gaussian distributions 
and their magnitudes are expressed as a ratio of the first peak in each case. The 
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result is shown in Figure 5.3.7 where it is compared to the same analysis for the 
projected areas. In Figure 5.3.7 the grey dashed lines have a unity gradient and 
represent the expected peak magnitudes if the measured nanoparticles were 
made of exactly n Pt923 clusters. The projected area and integrated intensity 
analysis are both clustered around this line, however the projected area values 
are consistently smaller than expected which may lead to the interpretation of 
some loss of material during coalescence. The integrated intensity analysis, 
however, shows that this is not the case as all of the peaks are located on the 
expected line within one standard deviation. The deviation in the projected area 
analysis is likely due to the morphology argument made previously. Only 
considering the projected area analysis, it would appear as the Pt923 clusters 
undergo Smoluchowski ripening during potential conditioning forming 
nanoparticles up to Pt923 quartets, and whilst there are clearly larger 
nanoparticles in Figure 5.3.5, they are not necessarily made from integer 
numbers of Pt923 clusters. The integrated intensity analysis extends this up to 
Pt923 sextets and larger particles may be discernible over more statistics. Whilst 
the absolute integrated intensity magnitude between the as-deposited sample 
and sample post-conditioning cannot be easily compared due to differing 
microscope parameters between imaging sessions102,137,186, it does allow for 
relative comparisons within the same sample with the same imaging conditions. 
This analysis shows that no significant amounts of material are lost during 
coalescence. It may be expected that smaller nanoparticles would undergo any 
dissolution during potential cycling at an increased rate due to their increased 
surface area, which would effectively increase the integrated intensity ratio of 
larger particles, however this analysis shows that significant amounts of 
dissolution are unlikely. 
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Figure 5.3.7: Projected area (left, points) and integrated intensity (right, squares) analysis 
of the fitted Pt923 cluster sample as-deposited (blue) and after 25 CVs between 0 and 1.20 
V vs RHE at 0.1 Vs-1 (red). The peak values are represented as a ratio of the singlet peak 
value in each case. The grey dashed lines have a unity gradient and are used to guide the 
eye. Red data points have been offset for clarity. 

 
The nearest neighbour distribution as-deposited agrees well with that predicted 
by a random distribution of impenetrable disks at the measured cluster density 
of 11500 per square micron, see Figure 5.3.8. Post-conditioning the nearest 
neighbour distribution has changed but it still agrees well with a random 
distribution albeit at the measured density of 5600 per square micron. Despite 
the formation of chain-like nanoparticles, the collective nanoparticle nearest 
neighbour distribution is still random which implies that the motion of the Pt923 
clusters under potential conditioning is random or Brownian-like. 
 
High magnification HAADF-STEM images of the coalesced platinum 
nanoparticles formed during potential conditioning are shown in Figure 5.3.9. 
The agglomerated nanoparticles have undergone significant sintering, including 
neck elimination79, but the structures still resemble their constituent Pt923 
clusters in many cases and the degree of coalescence appears to be confined to 
two dimensions. The nanoparticle edges are well defined and do not show any 
signs of platinum-oxide species which would appear as a dull halo42 around the 
nanoparticle edge due to the presence of oxygen which has a low atomic number. 
In a number of cases spherical clusters are observed and these are depicted with 
white arrows in Figure 5.3.9. These clusters have projected areas in agreement 
with Pt923 singlets. Despite the fact that these clusters are in close proximity with 
multiple other clusters they have not sintered, possibly due to lattice 
misorientation109. The observed lattice fringes are 0.22 nm in almost all cases, 
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which is consistent with Pt{111}. In some cases Fourier transform analysis reveals 
higher frequency lattice spacings such as 0.138 nm which is attributable to 
Pt{220}. 
 

 

Figure 5.3.8: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 11500 per square micron and after 25 CVs between 0 and 1.20 V vs RHE at 0.1 
Vs-1 (lower, red). The cumulative distributions are plotted as the red curve in each case. 
The black dashed curve is the cumulative distribution expected for a random distribution 
of particles with number density 11500 per square micron, as measured in STEM. The 
black dotted curve is the expected distribution for randomly arranged particles with a 
number density 5600 per square micron. 

 
It has been shown that nanoparticle coalescence may proceed by neck formation, 
growth, and subsequent elimination81,150 which is driven by a reduction in 
chemical potential in a classical sintering model151. The observed sintered 
nanoparticles have wide necks and large crystal domains through their length 
with is consistent with late stage sintering187. Many factors may influence the 
sintering mechanism, such as original crystal orientations, temperature, and 
original separation distance188, and in some cases crystallisation of originally 
amorphous clusters may initiate at the sintering boundary188. Computational 
studies of cluster sintering mechanisms have found that relative crystal 
orientation preceding sintering has a large effect on the final coalesced 
product188; the degree of sintering for two Ta clusters facing each other with 
<100> facets was less than when the same clusters were oriented with adjacent 
<100> and <110> facets and this is due to the fact that the clusters had no 
opportunity to rotate and maximise their interfacial area owing to the high 
symmetry of the initial configuration in the former case188. 
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Figure 5.3.9: High magnification HAADF-STEM images of platinum agglomerates formed 
after potential cycling Pt923 sample between 0 and 1.20 V vs RHE at 0.1 Vs-1. The white 
arrows show Pt923 clusters. 

 
The HAADF-STEM image in Figure 5.3.10 shows an inhomogeneous cluster 
arrangement in one area of this sample compared to its surroundings. This 
feature is likely due to a trapped microscopic air bubble on the TEM grid surface 
during electrochemical cycling. The nanoparticle morphologies in areas external 
to this feature are chain-like consistent with Figure 5.3.5. Inside the feature, 
however, the nanoparticle morphologies are predominantly isolated spherical 
clusters. These clusters would have been isolated from the potential conditioning 
due to the lack of any conduction path through the air bubble and so the observed 
morphology is consistent with the as-deposited morphology as expected and 
confirm that the effects seen in this chapter are due to the potential conditioning. 
 

 

Figure 5.3.10: Low magnification HAADF-STEM image of the high density Pt923 sample 
after 25 potential cycles between 0 and 1.20 V vs RHE at 0.1 Vs-1. The area approximately 
enclosed by the red dashed ellipse represents an artefact due to an air bubble on the 
sample. 
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5.4 Potential cycling up to 1.45 V vs RHE 
 
Pt923 samples were then subjected to potential conditioning with an anodic limit 
of 1.45 V vs RHE which represents the plateau region of maximum HER 
performance. At potentials above 1.30 V vs RHE it has been shown that platinum 
may oxidise to Pt4+ which represents bulk oxidation189. 
 

5.4.1 Intermediate density: 6000 per square micron 

 
The sample morphology as-deposited and after 10 CVs between 0 and 1.45 V vs 
RHE at 0.1 Vs-1 is shown in Figure 5.4.1. As was the case in sections 5.2 and 5.3, 
the Pt923 clusters have migrated to form groups and in many cases they have 
sintered to form chain-like structures.  
 

 

Figure 5.4.1: Pt923 after 10 CVs between 0 and 1.45 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 sample deposited at a number density of 6000 per square micron. 
(left) the sample morphology as-deposited, and (right) after 10 CVs. (bottom row) (left) 
size distribution of Pt923 as-deposited (blue) and post-conditioning (red), and (right) the 
population distribution in each case. 
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The size distribution confirms that the as-deposited sizes are quantised into Pt923 
singlets and doublets etc., and the fraction of larger nanoparticles observed post-
conditioning has increased. The singlet size has actually decreased from 7.7 ± 0.6 
nm2 to 7.1 ± 0.5 nm2 projected area, which is substantial as the two distributions 
only overlap now within their standard deviations. Such a significant size 
decrease was not observed when potential conditioning to lower anodic potential 
limits. It is possible that the increased anodic limit has induced increased 
platinum dissolution190 reducing the overall singlet size. 
 

 

Figure 5.4.2: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 6000 per square micron and after 10 CVs between 0 and 1.45 V vs RHE at 0.1 
Vs-1 (lower, red). The cumulative distributions are plotted as the red curve in each case. 
The black dashed curve is the cumulative distribution expected for a random distribution 
of particles with number density 6000 per square micron, as measured in STEM. 

 
The population distribution shows that significant amounts of sintering have 
occurred. The fractional decrease in singlets is more than measured after 25 CVs 
with an upper anodic limit of 1.05 V vs RHE in section 5.2.1, but less than 
observed after 25 CVs with an upper anodic limit of 1.20 V vs RHE in section 5.3.1. 
Cluster grouping are sintering are evident in the STEM images, and the nearest 
neighbour distribution post-conditioning is positively skewed and deviates from 
the expected random distribution. The positive nearest neighbour distribution 
bimodality and skew is characteristic of the cluster grouping effect observed. 
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5.4.2 High density: 14500 per square micron 

 
A high-density Pt923 sample was prepared to test whether sintering would occur 
with only a small number of potential cycles. The as-deposited in this case cluster 
density was 14500 ± 1000 per square micron. The sample morphology as-
deposited can be seen in Figure 5.4.3. The size distribution shows that the 
nanoparticle sizes are quantised and that only 50 % of the deposited 
nanoparticles are Pt923 singlets due to surface agglomeration. This cluster 
density, equivalent to a surface coverage of 23.5 ± 2.1 %, effectively defines the 
cluster threshold where the majority of the sample remains the size in the cluster 
beam after surface diffusion. This coverage threshold is likely to increase with 
cluster-support interaction and cluster size, both of which would act to limit 
surface diffusion79. Using the projected area as an effective estimate of volume, 
Pt923 singlets account for only 23 % of the deposited material at this density. 
 
The nearest neighbour distribution, shown in Figure 5.4.4, trends in agreement 
with that expected from a random distribution, however the actual values deviate 
by approximately 10 %. This is likely due to the fact that the model is based on 
uniform hard disks and not only are these clusters not hard, but half of the disks 
are larger than the modelled size d923 = 3.2 nm. 
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Figure 5.4.3: Pt923 after 2 CVs between 0 and 1.45 V vs RHE at 0.1 Vs-1. (top row) HAADF-
STEM images of Pt923 sample deposited at a number density of 14500 per square micron. 
(left) the sample morphology as-deposited, and (right) after 2 CVs. (bottom row) (left) size 
distribution of Pt923 as-deposited (blue) and post-conditioning (red), and (right) the 
population distribution in each case. 

 
The sample was subjected to 2 CVs between 0 and 1.45 V vs RHE at a sweep rate 
of 0.1 Vs-1. The sample morphology post-conditioning shows that over three 
quarters of the observed nanoparticles are now larger than Pt923 singlets. In this 
case the fraction of doublets and triplets also decreased at the expense of larger 
nanoparticles. The singlet size has decreased by approximately 10 %, which was 
observed in section 5.4.1. The number density post-conditioning decreased by 
approximately 50 % to 7500 ± 1500 per square micron, whereas the coverage 
remained the same within error at 22.0 ± 1.2 %. The trend in the nearest 
neighbour distribution post-conditioning is in agreement with a random 
distribution at the measure number density of 7500 per square micron, again 
showing a deviation due to arguments described previously. 
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Figure 5.4.4: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 14500 per square micron and after 2 CVs between 0 and 1.45 V vs RHE at 0.1 
Vs-1 (lower, red). The cumulative distributions are plotted as the red curve in each case. 
The black dashed curve is the cumulative distribution expected for a random distribution 
of particles with number density 14500 per square micron, as measured in STEM. The 
black dotted curve is the expected distribution for randomly arranged particles with a 
number density 7500 per square micron. 

 
Integrated intensity analysis, shown in Figure 5.4.5, confirms that the cluster 
volumes are quantised and that the significant amounts of platinum dissolution 
due to potential cycling is unlikely, which is expected due to the small number of 
potential cycles. 
 

 

Figure 5.4.5: Integrated intensity analysis of Pt923 sample as-deposited and post-
conditioning. (left) integrated intensity distribution of the Pt923 cluster sample as-
deposited (top, blue) and after 2 CVs between 0 and 1.45 V vs RHE at 0.1 Vs-1 (bottom, red). 
The integrated intensity values (arbitrary units) are shown as a ratio of the Pt923 singlet 
value in both cases. (right) the integrated intensity peak values as a ratio of the singlet 
peak value in each case. The grey dashed lines have a unity gradient and are used to guide 
the eye. Red data points have been offset for clarity. 
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Figure 5.4.6: Intensity analysis of Pt923 sample after 2 CVs between 0 and 1.45 V vs RHE 
at 0.1 Vs-1. (left) HAADF-STEM image and (right) corresponding line profiles. 

 
High magnification HAADF-STEM imaging shown in Figure 5.4.6 and Figure 
5.4.7 reveals that in many cases the nanoparticle structures formed by potential 
conditioning have sintered in the third dimension normal to the support. This is 
in contrast to the sintering observed at lower anodic potential limits which 
appeared to be isolated to two dimensions. This results in brighter features in the 
images due to the increased platinum thickness. In Figure 5.4.6 a line profile 
taken across a thicker region shows that the HAADF intensity is ~2.5 times more 
across this region compared to a singlet nanoparticle. The measured lattice 
spacings are consistent with low index platinum lattice spacings. The sintered 
nanoparticle geometries are still chain-like and the collision boundaries can be 
easily visualised in many cases.  
 

 

Figure 5.4.7: High magnification HAADF-STEM images of sintered nanoparticles 
conditioning after 2 CVs between 0 and 1.45 V vs RHE at 0.1 Vs-1. 
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5.5 Beyond 1.45 V vs RHE 
 
To test how the model Pt923 clusters behave under more extreme conditions, a 
sample was prepared and subjected to 125 CVs between 0 and 1.65 V vs RHE at 
0.1 Vs-1. The sample morphology after potential conditioning does not resemble 
the initial morphology at all, see Figure 5.5.1. The Pt923 clusters, initially well-
defined, have formed numerous structures including large spherical 
nanoparticles, branch-like structures, and some nanoparticles which are smaller 
than the initial clusters as-deposited. There is no order in the nanoparticle size 
distribution post-conditioning demonstrating the breakdown point of the 
initially prepared well-defined cluster sample. 
 

 

Figure 5.5.1: Pt923 after 125 CVs between 0 and 1.65 V vs RHE at 0.1 Vs-1. (top left) HAADF-
STEM image of Pt923 sample as-deposited, and (top and bottom right) post-conditioning. 
(bottom left) size distribution of Pt923 sample (top, blue) as-deposited and (bottom, red) 
post-conditioning. 

 
High magnification imaging of the nanoparticle morphologies post-conditioning, 
shown in Figure 5.5.2, reveals an array of new structures previously unseen in 
Pt923. Most of nanoparticles, including those with chain-like morphologies, had 
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FCC based structures. The observed nanoparticle also exhibit decahedral and 
icosahedral structures, both of which are twinned structures. 
 
Previous studies43 into the structures of mass-selected platinum clusters 
prepared through magnetron sputtering revealed predominantly FCC structures, 
such as cuboctahedrons. Icosahedral platinum clusters ~9 nm in edge length have 
been synthesised before191, however it is believed that the icosahedral structure is 
only favourable in small clusters due to internal strain13,191. The structures of 
mass-selected gold clusters have previously been shown to change under reaction 
conditions37. The structures observed represent a change from FCC Pt923 clusters 
and may be formed from the coalescence of smaller nanoparticles188 or possibly 
dissolution and redeposition due to potential cycling. The degradation of 
platinum at high anodic limits has been well documented86,94,106,192. 
 

 

Figure 5.5.2: HAADF-STEM images of nanoparticles observed after Pt923 cluster sample 
was subjected to 125 CVs between 0 and 1.65 V vs RHE at 0.1 Vs-1. The observed structures 
include (clockwise from top left): decahedral, FCC, twinned nanoparticle with icosahedral 
features, and icosahedron. The coloured insets are the matched simulated platinum cluster 
structures from a kinematically simulated atlas. 
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The increased anodic potentials used in this experiment have been shown to 
dissolve more platinum during potential cycling190, and when combined with the 
large number of potential cycles it is likely that significant amounts of dissolution 
and redeposition have occurred during the experiment to produce the significant 
change in nanoparticle morphology observed. The presence of nanoparticles 
smaller than Pt923 after potential cycling are indicative of dissolution and 
redeposition as these would not be produced by Smoluchowski ripening. The 
evolution of different structures due to potential cycling will require more 
experiments to elucidate their observation, however this experiment clearly 
demonstrates an upper limit to the anodic potential and number of cycles that 
would allow for benign electrochemical activation. 
 

5.6 Control Experiments 
 
The potential cycling experiments have shown that cluster migration and 
coalescence is the primary form of ripening and that the degree of ripening is 
affected by the anodic potential limit. STEM imaging of the same areas after 
electrochemical conditioning provide a snapshot of the system as it is evolving 
due to energy input, however it does not afford information as to how cluster 
migration is affected at any individual potential. 
 

5.6.1 Anodic sweep 

 
As the cluster migration appears to be affected by anodic potential, a Pt923 sample 
was prepared and subjected to one linear sweep voltammetry (LSV) experiment 
between 0 and 1.45 V vs RHE at a sweep rate of 50 mVs-1. The sample morphology 
as-deposited and after LSV is shown in Figure 5.6.1. 
 
The clusters remain mostly isolated Pt923 singlets as demonstrated in Figure 5.6.1 
and Figure 5.6.2. The LSV does not appear to have induced significant cluster 
migration, or in fact any sintering. The nearest neighbour distribution does 
appear to be more skewed towards smaller nearest neighbour distances, which is 
the behaviour consistent with cluster migration, however the deviation is small 
when compared to the potential cycling experiments. 
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This cluster density used in this experiment is consistent with that used in section 
5.2.2 where Pt923 was subjected to 25 CVs between 0 and 1.05 V vs RHE. In the 
latter case there was no significant sintering, due to the reduced potential, 
however the larger number of cycles did induce significant cluster migration. This 
experiment points towards successive oxidation and reduction as the driver for 
cluster migration. 
 
 
 

 

Figure 5.6.1: Pt923 sample after LSV from 0 to 1.45 V vs RHE at 50 mVs-1. (top row) HAADF-
STEM images of Pt923 sample (left) as-deposited, and (right) after LSV. Note the different 
image scales. (bottom row) (left) size distribution of Pt923 as-deposited (blue) and after LSV 
(red), and (right) the population distribution in each case. 

 
In this chapter all of the previous potential cycling experiments have been 
initiated in the anodic direction, meaning that on the final sweep the platinum is 
oxidised and then reduced before the experiment is terminated at 0 V vs RHE. In 
this case, however, the LSV experiment was terminated at 1.45 V vs RHE where 
the platinum is expected to be oxidised189. High magnification HAADF-STEM 
imaging was performed to observe the nanoparticle structures after LSV as shown 
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in Figure 5.6.3. The observed nanoparticles have measured lattice spacings such 
as 0.22 and 0.19 nm which are with consistent Pt(111) and Pt(200). The expected 
lattice spacings for platinum oxide are smaller than that of pure platinum due to 
its reduced lattice constant of 0.31 nm193. The imaged nanoparticles do not appear 
to have an oxide shell and have cuboctahedral structures which is as expected for 
as-deposited Pt923. 
 
 
 

 

Figure 5.6.2: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 3000 per square micron and after LSV from 0 to 1.45 V vs RHE at 50 mVs-1 
(lower, red). The cumulative distributions are plotted as the red curve in each case. The 
black dashed curve is the cumulative distribution expected for a random distribution of 
particles with number density 3000 per square micron, as measured in STEM. 

 
 

 

Figure 5.6.3: High magnification HAADF-STEM imaging of Pt923 sample after LSV from 
0 to 1.45 V vs RHE at 50 mVs-1. (left) platinum nanoparticle agglomerate with lattice 
spacings consistent with pure Pt, (center) group of platinum clusters, and (right) same 
image as center taken with different defocus and image contrast showing platinum atoms. 
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5.6.2 Potential hold 

 
Two Pt923 samples were deposited with a density of 6000 ± 500 clusters per 
square micron and one was subjected to potential holding at a cathodic potential 
of 0 V vs RHE and the other was held at an anodic potential of 1.20 V vs RHE. In 
both cases a step potential was applied with a step width of ten seconds. In both 
cases no significant amounts of sintering occurred. The nearest neighbour 
distributions are shown in Figure 5.6.4. In both cases the nearest neighbour 
distribution post-hold is slightly skewed to smaller nearest neighbour distances, 
however the deviation is small compared to the as-deposited distribution and 
expected distribution and much smaller than the change observed after potential 
cycling indicating that successive oxidation and reduction is necessary for cluster 
migration. 
 

 

Figure 5.6.4: First nearest neighbour distribution of Pt923 (upper, blue) as-deposited at a 
density of 6000 per square micron and after potential holds (lower, red) at anodic (left) 
and cathodic (right) potentials. The cumulative distributions are plotted as the red curve 
in each case. The black dashed curve is the cumulative distribution expected for a random 
distribution of particles with number density 6000 per square micron, as measured in 
STEM. 

 

5.6.3 Au923 

 
In an attempt to elucidate the effect of nanoparticle oxidation on the observed 
ripening, Au923 samples were produced and subjected to potential cycling. Gold 
is more resistant than platinum to oxidation, requiring an anodic potential larger 
than 1.20 V vs RHE. Both platinum89 and gold194 are known to be carbon 
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oxidation catalysts, so by restricting the applied potential window to between 0 
and 1.05 V vs RHE it is possible to isolate the effect of nanoparticle oxidation. 
Au923 were produced using the magnetron sputtering gas aggregation cluster 
source with an Au target (Pi-KEM) and soft-landed at 1 eV onto an amorphous 
carbon TEM grid. 
 

 

Figure 5.6.5: Au923 sample after 25 CVs between 0 and 1.05 V vs RHE at 0.1 Vs-1. (top row) 
HAADF-STEM images of Au923 (left) as-deposited, and (right) after 25 CVs. Note the 
difference image scales. (bottom row) (left) size distribution of Au923 as-deposited (blue) 
and post-conditioning (red), and (right) the population distribution in each case. 

 
The sample morphology as-deposited can be seen in Figure 5.6.5. It is worth 
noting that Au923 appears to have a different sintering mechanism compared to 
Pt923. Whilst Pt923 tends to form chain-like structures during coalescence, 
coalesced Au923 clusters form more spherical nanoparticles. This is likely due to 
many factors including cluster structure, as Au923 commonly have five-fold 
characteristics44, the differing melting temperatures of the materials195, and 
different surface energies. 
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The sample size distribution as-deposited and post-potential conditioning is 
shown in Figure 5.6.5. The size distribution is quantised as multiples of Au923 
singlets, similar to that observed with Pt923. The population distribution, 
however, shows that no significant sintering occurs due to the potential 
conditioning. Under the same potential conditions, and at a slightly smaller 
cluster density in section 5.2.1, the Pt923 sample had a 12 % reduction in singlets 
due to sintering. The nearest neighbour distribution shown in Figure 5.6.6 also 
shows no significant deviation from the initial distribution after potential cycling. 
A statistical analysis shows no change in number density or coverage, within one 
standard deviation, due to the potential conditioning. Gold clusters have been 
shown to sinter more readily than platinum182, however a change in number 
density due to the potential conditioning was not observed. 
 

 

Figure 5.6.6: First nearest neighbour distribution of Au923 (upper, blue) as-deposited at a 
density of 8000 per square micron and after 25 CVs between 0 and 1.05 V vs RHE at 0.1 
Vs-1 (lower, red). The cumulative distributions are plotted as the red curve in each case. 
The black dashed curve is the cumulative distribution expected for a random distribution 
of particles with number density 8000 per square micron, as measured in STEM. 

 

5.7 Discussion 
 
A relationship between the degree of nanoparticle ripening and the anodic limit 
of electrochemical potential conditioning in deaerated sulphuric acid has been 
established. Potential conditioning involving cyclic voltammetry has been widely 
used in the past to achieve a standard platinum surface that could be compared 
between laboratories196. As many studies now involve shaped 
nanoparticles28,30,31,197, it is important to ensure that the nanoparticle structure 
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studied is the same described and often imaged in TEM. These experiments show 
that the effect of potential conditioning on platinum nanoparticles on carbon 
supports, even to modest potentials such as 1.05 V vs RHE, is not benign and that 
this should be considered before any electrochemical activation. 
 
Specifically, potential cycling induces a nanoparticle migration effect. Hartl et 
al.93 have studied the effect of potential conditioning on physically deposited 
platinum clusters on amorphous carbon supports previously, albeit the clusters 
were not mass-selected as in this study. Cluster migration was observed when the 
clusters were subjected to potential conditioning between 0.06 and 1.06 V vs 
RHE in perchloric acid electrolyte. In the same study it was found that 
oxygenated and deaerated electrolyte led to cluster migration and sintering, 
however sintering was suppressed when the electrolyte was saturated with carbon 
monoxide, possibly due to repulsion between dipole moments of the adsorbed CO 
molecules on the platinum clusters. The authors also found that potential cycling 
in a limited potential window, up to 0.55 V vs RHE, did not induce cluster 
migration and this has been confirmed by other groups through accelerated stress 
testing86.  
 
Castanheira et al.86,172 observed platinum migration and sintering on carbon 
supports using step potential cycling between 0.6 and 1.0 V vs RHE that 
simulated PEM fuel cell load cycling. The degree of sintering and support 
corrosion increased as the anodic limit was increased to 1.5 V vs RHE to simulated 
start-up/shut-down conditions in their experiment. Similar results were found by 
Zana et al.94, who also showed that platinum migration and coalescence can be 
reduced even at high anodic potentials if platinum is not reduced during the cycle, 
ie. by cycling between 1.0 and 1.5 V vs RHE. The experiments described in this 
chapter confirm the results found by Hartl et al. in many cases, including that 
potential holds do not induce migration, but also build upon different aspects 
such as the effect of potential conditioning and the inherent suppression of 
Ostwald ripening by using mass-selected clusters198. 
 
The type of nanoparticle ripening observed due to potential conditioning is 
migration and sintering, also known as Smoluchowski ripening and sometimes 
best explained as ‘hit-and-stick’84,93. STEM imaging confirmed that the branch-
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like structures are formed from the collisions of two or more clusters, and often 
the collision leaves a characteristic grain boundary in the sintered 
nanoparticle188,199. Further image analysis, confirmed by both the projected area 
and integrated HAADF intensity distributions, confirms that the larger branch-
like nanoparticles are made up of quantised units of Pt923 clusters and that 
nanoparticles made up of precisely six Pt923 clusters have been observed using 
integrated intensity analysis. Whilst the STEM imaging clearly points towards 
predominantly Smoluchowski ripening, Ostwald ripening must also be 
considered. As an atomistic process Ostwald ripening would be expected to 
shrink and grow clusters at different rates depending on their size. This 
mechanism would produce clusters smaller and larger than singlets at sizes that 
are not quantised80. This effect has not been observed after potential cycling up 
to an anodic limit of 1.45 V vs RHE. As the driving force for Ostwald ripening is 
the reduction of overall surface energy199 by growing larger clusters at the expense 
of smaller ones, this effect is effectively suppressed by size-selection of the 
initially deposited clusters. Wettergren et al.198 have studied the effect of 
nanoparticle ripening on unimodal and bimodal mass-selected Pt22 and Pt68 
clusters. They found that both unimodal Pt22 and Pt68 samples had high sintering 
resistance at elevated temperatures over 21 hours, however Pt68 grew at the 
expense of Pt22 in the combined Pt22+Pt68 sample under the same conditions, 
showing that Ostwald ripening can be suppressed by well-defined cluster 
distributions. 
 
Cluster migration is induced at all anodic limits tested in this study: 1.05, 1.20, 
and 1.45 V vs RHE. Platinum cluster migration on carbon supports has been 
observed previously during potential cycling31,86,93. It is difficult to determine 
whether higher anodic limits induce more migration. Given that the sweep rate 
was 0.1 Vs-1 in all cases a higher anodic potential would mean that the clusters are 
at anodic potentials for longer times and therefore longer migration distances 
would be expected. LSV and anodic hold experiments at 1.20 V vs RHE showed 
that no significant migration occurred over 10 s which suggests that the observed 
migration is driven by repetitively oxidising and reducing the platinum and 
carbon support. It has been shown previously that the interaction between 
platinum and carbon is reduced when either the platinum200 or carbon201 is 
oxidised and the reduction of oxidised carbon supports has also been shown to 
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induce cluster migration202. Carbon oxidation may also lead to support 
degradation86,172 and subsequent nanoparticle detachment86,94,172,203 which is 
thought to arise from the weakened platinum-carbon interaction31. At all anodic 

potential limits tested carbon oxidation is possible (𝐸D/DL#
&  = 0.207 V vs. NHE at 

298 K) although it is well known to be kinetically slow172,204. The oxidation and 
reduction of functionalised carbon species such as quinones205 may play a role in 
weakening the platinum-carbon interaction. 
 
A classic mean free path model can be used to explain how the nanoparticle 
density and number of potential cycles affects the number of collision events 
between clusters. In the two-dimensional case, clusters may be modelled as disks 
with radius r and a collision will occur when the center of any two disks are within 
2r of each other. In this case a cluster will sweep out an area 4rvΔt over time Δt 
where the individual cluster linear velocity is v. Therefore N diffusing clusters will 

cover an area 𝐴 = 𝑁𝑟√8�̅�Δ𝑡 in the same time and so the collision probability is 

𝑃 = 𝜌𝑟√8�̅�Δ𝑡 where 𝜌 = 𝑁 𝐴=⁄  is the number density of the system. As the 
number of cycles is directly proportional to time it can be assumed that more 
cycles will induce more collisions. If every collision results in sintering then the 
behaviour may be considered ‘hit-and-stick’ as described earlier. In many cases, 
especially at 1.05 V vs RHE anodic limit, clusters are observed to have grouped 
together as a result of potential cycling with an edge-edge spacing of less than 1 
nm. The clusters have likely collided in this case and are interacting in some way 
but sintering is not energetically favourable. Mass-selected platinum cluster 
arrays have been observed before for cluster sizes 2-5 nm182,206, which exhibit a 
characteristic edge-edge separation of ~1 nm. The study by Bardotti et al.182 was 
mostly inconclusive as to the nature of the cluster-cluster gap, although the 
surface passivation of platinum due to trace species in vacuum, such as carbon 
monoxide, was considered due to platinum’s high reactivity. It is possible the 
support affects the electronic structure of the system to create a barrier to 
sintering206. As to whether sintering occurs as a result of collision is more 
complex than a simple hit-and-stick mechanism. 
 
In contrast to the migration effect observed, the degree of sintering increases with 
the anodic potential limit. At the anodic potential limits applied in this 
experiment platinum undergoes different degrees of oxidation. It has been 
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suggested that hydroxyl ions may adsorb onto Pt(111) surfaces above 0.55 V vs 
RHE207 depending on the anion interaction. At higher potentials 2D platinum 
oxide species form on Pt(111) at 1.05 V vs RHE and 3D PtO2 starts to form and 
grow above 1.30 V vs RHE207. These results have been confirmed on platinum 
nanoparticles as small as 1 nm189 using in-situ x-ray photoelectron spectroscopy. 
The HER performance trends described in the previous chapter appear to roughly 
coincide with the onset of these platinum oxidation potentials: 1.05 V vs RHE is 
the upper potential limit before HER performance improvement and 1.30 V vs 
RHE is the start of the HER performance plateau. The experiments performed in 
this chapter shed more light on the HER performance data.  
 

 

Figure 5.7.1: Comparison of the changes in particle size after potential conditioning (left) 
at intermediate cluster densities (6000-7000 per square micron) and (right) at high 
cluster densities (11500-14500 per square micron). 25 CVs were performed at anodic limits 
of 1.05 and 1.20 V vs RHE, whereas 10 and 2 CVs were performed at intermediate and high 
densities respectively for an anodic limit of 1.45 V vs RHE as labelled on the plots. 

 
A comparison of the observed population changes for each anodic limit is shown 
in Figure 5.7.1. Considering the intermediate cluster density experiments, 6000-
7000 per square micron, the data shows that the proportion of singlets decreases 
with increasing anodic limit. At 1.45 V vs RHE the sample was subjected to only 
10 CVs compared to 25 in the other two cases, however the mean free path 
argument suggests that the number of sintering events would only increase with 
more potential cycles. Despite this the decrease in the singlet fraction is larger 
than that observed at 1.05 V vs RHE. In the high-density case it can be seen that 
potential cycling to an anodic limit of 1.45 V vs RHE induces significant sintering 
such that even the fraction of doublets and triplets decrease as a result of sintering 
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into larger nanoparticles. This result was achieved with only two potential cycles, 
demonstrating that even a small number of potential cycles can have a large 
impact on the sample morphology depending on the potentials applied. It also 
shows how critical the nanoparticle density is to limiting coalescence. The higher 
degree of sintering is likely brought on by two effects. Firstly any contaminants 
adsorbed on the platinum surfaces are more likely to be oxidatively removed at 
higher potentials31, and the presence of contaminants is thought to be at the core 
of the trend in HER data shown in the previous chapter. Surface contamination 
is a possible cause for the characteristic spacing observed between neighbouring 
platinum clusters182. Secondly, it is well known that oxidation and reduction 
cycles roughen platinum surfaces and above can lead to dissolution162,189,208–210. 
As platinum surfaces are reduced they will restructure and clusters in close 
proximity may sinter due to the movement of surface material possibly bridging 
the gap129. Alternatively, platinum dissolved in the electrolyte due to surface 
restructuring may be redeposited onto neighbouring clusters and effectively 
bridge the gap. The work by Zana et al.94 confirms that platinum reduction is 
needed to induce coalescence. Full coalescence follows initial necking and 
subsequent neck growth81. At higher anodic potentials platinum will form a 
thicker oxide shell and subsequent reduction will involve the movement of more 
material, leading to increased chances of necking and coalescence between 
neighbouring clusters. 
 
From this information the behaviour of the system can be broadly explained. 
Potential cycling induces some nanoparticle mobility per cycle as long as the 
platinum is both oxidised and reduced in the cycle93,94. The platinum-carbon 
interaction is weakened by the formation of oxidised platinum200 and carbon201 
species allowing the clusters to diffuse more freely on the surface where they may 
collide and interact with another cluster. Any surface adsorbed species are 
removed due to high anodic potentials31. Platinum reduction in the cathodic 
sweep induces cluster surface roughening. For clusters in close proximity the 
movement of platinum material due to roughening may bridge the gap and 
initiate necking and subsequent sintering. This process is exacerbated for higher 
anodic limits to the reduced cluster-surface interaction and increased volume of 
material involved during platinum reduction. 
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The control experiments agree with this interpretation in a few ways. Firstly, 
anodic and cathodic potential hold experiments do not induce significant 
amounts of migration or sintering, this is in agreement with previous studies93,94. 
The observation that cycling is needed induce migration is thought to arise from 
the changing hydrophobicity of the carbon support due to intercalation of oxygen 
and subsequent cluster wetting93. The lack of observed migration by Au923 
clusters under the same conditions as Pt923 adds to this interpretation as gold 
oxidises at higher potentials and therefore does not undergo the oxidation and 
reduction needed to induce migration. 
 
In summary well-defined Pt923 clusters deposited onto amorphous carbon TEM 
grids are used as model catalysts and subjected to electrochemical conditioning 
or ‘activation’ in acidic electrolyte. HAADF-STEM imaging reveals that potential 
conditioning induces migration and subsequent coalescence. The amount of 
sintering is found to be dependent on the anodic potential limit of the 
conditioning cycles, where higher anodic potentials induce more sintering. 
Ostwald ripening is suppressed due to the well-defined cluster size, 
demonstrating the versatility of size-selection towards creating model 
nanoparticles. 
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6 The effect of plasma treatment on Pt923 clusters 

 
In the field of electron microscopy the high energy electron beam has been known 
to produce contamination build-up leading to image artefacts, due to a charge 
and heating effect135,136. A technique called ‘beam showering’42,198,211 is often 
employed in-situ which can help to mitigate this problem. Beam showering 
involves subjecting a sample to the electron beam at low current density for 
prolonged times. This technique, however, is localised to a small area of beam 
exposure, typically no more than a square micron, and it is known that prolonged 
beam exposure produces a heating effect which can cause nanoparticle sintering 
and restructuring212. 
 
Plasma cleaning is a low-cost technique that is commonly used in surface science 
to functionalise surfaces213–215 and remove organic contaminants. In contrast to 
beam showering the plasma exposure area can be on the order of tens of 
centimeters, and the choice of plasma gas can produce different types of surface 
functionalisation. Duan et al.216 showed that just 10 seconds exposure to low 
intensity oxygen plasma can be enough to remove organic and fluorine-based 
surface contaminants and Gehl et al.215 showed that other plasma gases, including 
hydrogen and nitrogen, can also achieve the same effect. Plasma etching is of 
particular importance in the field of microelectronics214,217 to increase bonding 
strengths between materials and is commonly employed to remove capping 
ligands used during wet synthesis of nanoparticles218,219. 
 
Whilst plasma treatment may remove many surface contaminants, the physical 
effect on the surface and subjects of interest must be addressed. Studies on silver 
nanoparticles have shown that oxygen plasma treatment may induce Ostwald 
ripening216,220 and coalescence216,220–222. Plasma treatment studies on platinum 
nanoparticles have shown that oxygen plasma treatment may induce sintering223 
and surface smoothing224. 
 
Gehl et al.215 studied the effect of plasma treatment on well-ordered platinum-
based nanoparticle arrays. They found that oxygen plasma mostly retains the 
array ordering, however this order is completely destroyed when hydrogen or 
nitrogen plasma is used. The nanoparticles were found to have oxidised during 
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oxygen plasma treatment, however subsequent hydrogen or argon plasma 
treatment was found to reduce these formed oxides. 
 
Williams et al.225 studied the effect of oxygen and argon plasma treatments on 
platinum thin films. Platinum surfaces treated with argon plasmas showed no 
distinct difference from non-treated surfaces in terms of optical properties and 
hydrophilicity. The surface roughness, however, had increased as a result of the 
plasma treatment due to surface bombardment with argon ions. In contrast 
oxygen plasma treated platinum surfaces had increased hydrophilicity as 
measured through water contact angle, and a reduced surface roughness. XPS 
measurements revealed that the oxygen plasma treated surfaces contained 
platinum oxide species which were not present in untreated and argon-treated 
plasma surfaces. Interestingly the authors showed that a reduced platinum 
surface can be achieved after oxygen plasma treatment by subsequent treatment 
with argon plasma, demonstrating the versatility of surface functionalisation 
through plasma treatment. 
 
Yajima226 demonstrated the that platinum surfaces can be oxidised and reduced 
by oxygen and hydrogen plasmas respectively. In the study the authors used a 
helium plasma to reduce the oxidised platinum, albeit to less effect than hydrogen 
plasma, and this was put down to oxide etching as helium has no reducing power. 
Lee et al.227 studied the effect of plasma treatment on different metals. They found 
that all plasma treatments acted to reduce the amount of surface carbon 
contamination, and that oxygen plasma treatment led to an increase in work 
function of the metals studied due to the formation of oxide species. 
 
In a more detailed study Philips et al.228 found that oxygen plasma etching 
proceeded by concomitant action by oxygen ions and electrons. The surface 
morphology of platinum films after extended oxygen plasma treatment resulted 
in the formation of small octahedral nanoparticles. The surface morphology after 
argon plasma treatment remained relatively featureless. 
 
Tsoukalas et al.220 studied the effect of plasma treatment on physically deposited 
silver nanoparticles. They found that the nanoparticle size increased with 
prolonged oxygen plasma treatment, and that samples with higher initial 
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nanoparticle densities grew quicker. As the nanoparticle diameter increased the 
nanoparticle number density decreased, consistent with Ostwald ripening. The 
plasma gas composition also had an effect; by studying the surface morphology 
after plasma treatment with different oxygen-argon plasma gas mixtures the 
authors found that the nanoparticles grew more with increasing oxygen 
concentration. In the case of silver nanoparticles, the formation of silver oxide is 
thermodynamically favourable at room temperature, and so the formation of 
silver oxide species effectively weakens the Ag-Ag bond increasing the ripening 
rate. 
 
Baümer et al.215 studied the effect of different plasma gases on ligand-protected 
nanoparticle arrays. They found that hydrocarbon-based ligands could be 
removed by all tested plasma gases, but only oxygen plasma retained the 
mesoscopic order of the sample. The authors note, however, that whilst the 
removal of ligands through plasma treatment should reveal metallic nanoparticle 
surfaces, the metallic nature of the bare nanoparticles is affected by the plasma 
exposure and the substrate. 
 
In this chapter the effect of plasma exposure on model Pt923 clusters will be 
explored. The effect of plasma treatment on ligand-protected nanoparticles and 
nanoparticle arrays have been studied as previously described, however the effect 
of plasma treatment on well-defined physically deposited nanomaterials is yet to 
be studied. These experiments have implications concerning the use of plasma as 
a cleaning mechanism for ligand-synthesised and well-defined, shaped 
nanoparticles. The effects of two common plasma gases, oxygen and argon, on 
bare clusters and its effect on the cluster-surface interaction will be studied. 
 

6.1 Experimental 

 
Pt923 clusters were synthesised using the cluster source, described in chapter 2. 
The clusters were soft-landed at 1 eV per atom onto amorphous carbon film TEM 
grids and were transferred through atmosphere between the cluster source, 
electron microscope, and plasma cleaner. After plasma exposure the samples 
were immediately reimaged and were exposed to atmosphere for no more than 
five minutes. 
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A Henniker HPT-100 plasma cleaner was used for plasma treatment in this study. 
Plasma power was typically 100 W with 10 sccm gas flow inlet unless stated 
otherwise. The chamber pressure under these conditions was ~0.6 mbar during 
treatment. Pure argon and oxygen were used as plasma gases (BOC). 
 

6.2 Pt923 

6.2.1 Oxygen plasma 

 
Figure 6.2.1 shows the effect of oxygen plasma treatment on Pt923 clusters. The 
sample morphology, size distribution, and nearest neighbour distribution of the 
as-deposited sample show high homogeneity where approximately 82 % of the 
deposited nanoparticles are Pt923 singlets. The nearest neighbour distribution 
resembles the expected distribution for randomly deposited particles. 
 
The sample was then subjected to 30 seconds of oxygen plasma treatment and 
immediately reimaged. The clusters appear to have grouped and sintered, 
forming chain-like structures not dissimilar to those found during 
electrochemical conditioning performed in chapter 5. The Pt923 singlet peak 
projected area has decreased by approximately 8 % which is likely due to the 
sputtering effect caused by ion bombardment in the plasma. The nearest 
neighbour distribution has become bimodal which is indicative of cluster 
grouping as discussed in chapter 5. The nearest neighbour bimodality consists of 
a peak centered at ~5 nm originating from nanoparticles situated in groups and 
a broader peak centered at ~12 nm. The overall nearest neighbour distribution no 
longer resembles a truly random distribution due to the oxygen plasma-induced 
nanoparticle migration. The size distribution consists of predominantly singlets 
and doublets, albeit that the reduction in projected area of the singlet peak 
suggests that the singlet size is no longer consistent with the as-deposited size of 
923 atoms. The fraction of larger nanoparticles has also increased, which can be 
put down to a migration and sintering induced by the oxygen plasma. 
 

30s O2 plasma 90s O2 plasma 
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Figure 6.2.1: Pt923 sample exposed to oxygen plasma. (top row) HAADF-STEM images of 
Pt923 sample as-deposited (left) and after exposure to 30 s (center) and 90 s (right) oxygen 
plasma. (bottom row) size distribution of Pt923 sample (left) as-deposited (blue), and after 
exposure to oxygen plasma for 30 s (red) and 90 s (green). Grey dashed and dotted lines 
represent the average as-deposited size for Pt923 singlets and doublets respectively. 
(center) population distribution calculated from the sample size distribution. (right) 
nearest neighbour distributions. Red line is the nearest neighbour CDF and the black 
dashed line is the expected CDF for randomly deposited particles at a number density of 
7200 per square micron. 

 
After a further 60 s exposure to oxygen plasma, for 90 s total, the sample was 
reimaged. The increased exposure to oxygen plasma has exacerbated the 
aforementioned migration and sintering, and the fraction of observed singlet 
nanoparticles has been reduced to 57 %. The singlet size has reduced further by 9 
% for a total reduction in projected area of 14 % from the as-deposited size. The 
size distribution shows that the size of the larger clusters remains quantised. Both 
the singlet and doublet size have decreased as a result of plasma exposure which 
suggests that this effect is as a result of ion bombardment and sputtering opposed 
to Ostwald ripening, which predicts the decrease in size of smaller particles 
(singlets) at the expense of growth of larger ones (doublets). The observed 
behaviour appears to consistent with Smoluchowski ripening combined with 
sputtering. 
 

As deposited 30s O2 plasma 90s O2 plasma 
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Figure 6.2.2: Scatter plot of nanoparticle size and nearest neighbour distance. Grey 
dashed line is the Pt923 singlet diameter. 

 
The nearest neighbour distribution has become increasingly unimodal around 5 
nm. In a hit-and-stick93 type growth mechanism as two nanoparticles sinter the 
effective nearest neighbour of the agglomerated nanoparticle may be expected to 
increase. In order to see if this is the case the correlation between nanoparticle 
size and nearest neighbour distance is shown in Figure 6.2.2. The graph shows 
clustering around the singlet and doublet sizes in all cases, as expected, but there 
does not appear to be any direct correlation between nanoparticle size and 
nearest neighbour distance. The graph confirms that the minimum centre-center 
nearest neighbour distance is the Pt923 singlet diameter. 
 
As the first nearest neighbour distance only takes into account one neighbour in 
any direction, it does not account for a possible ‘capture region’ on the surface. In 
the case where clusters agglomerate from random walks on the surface it may be 
expected that larger clusters are more immobile to due increased van der Waals 
interaction with the surface79 and therefore act as material ‘sinks’. In this case the 
larger agglomerated nanoparticles may be expected to have a larger capture 
region as they assimilate nearby colliding clusters. A Voronoi tessellation was 
computed to calculate each nanoparticles’ capture region. This analysis has been 
shown to be suitable for similar studies on ordered nanoparticles structures229. 
The capture region was determined by the area of each Voronoi cell, and the 
results are shown in Figure 6.2.4. The correlation results obtained through both 
the nearest neighbour distance and Voronoi methods look markedly similar. 
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There does not appear to be any correlation between nanoparticle size and 
nearest neighbour distance or capture region, which may be expected if the 
cluster migration on the surface is random. 
 

 

Figure 6.2.3: Voronoi tessellation analysis of Pt923 sample after oxygen plasma treatment. 
(left) visualisation of Voronoi tessellation on HAADF-STEM image of Pt923 after 90 s 
exposure to oxygen plasma. The white lines represent the Voronoi cell boundaries. (right) 
correlation between nanoparticle size and Voronoi cell area. 

 
Segmentation analysis was performed on the images after 90 s of exposure to 
oxygen plasma to further elucidate the form of the nearest neighbour 
distribution. The first nearest neighbour distribution of the segmented 
nanoparticles is shown in Figure 6.2.4. The image was convoluted with a 
Laplacian of Gaussian filter to detect the nanoparticles. As the agglomerated 
nanoparticles are chain-like the convolution can segment the agglomerated 
nanoparticles in many cases, although not with perfect accuracy. This analysis 
underestimates the number of clusters for features with this geometry. The 
number density before segmentation was 4800 ± 900 per square micron, and 
this increases after segmentation to 7100 ± 1000 per square micron, which is 
comparable to the as-deposited number density of 7200 ± 400 per square 
micron. This is consistent with cluster migration as a ripening mode and implies 
that cluster detachment from the support is limited. The nearest neighbour 
distribution after segmentation shows that after exposure to oxygen plasma 75 % 
of the nanoparticles originally deposited are now situated less than 5 nm from 
another nanoparticle, this compares to 31 % as-deposited. 
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Figure 6.2.4: Segmentation analysis of Pt923 sample after oxygen plasma treatment. (left) 
HAADF-STEM image of Pt923 sample after exposure to oxygen plasma for 90 s. Circles 
indicate the positions of the particles found by convolution with a Laplacian of Gaussian 
kernel. The circle colour is red if the cluster has a nearest neighbour less than 5 nm away 
and blue otherwise. The radius of each circle indicates the kernel size that produced the 
detection. (right) distribution of sintered nanoparticles (blue), and distribution after 
image segmentation (red). The nearest neighbour CDF is plotted as a red curve in both 
cases. The black dashed curve represents the expected CDF for a randomly deposited 
sample at the as-deposited number density of 7200 per square micron. 

 
The segmented nearest neighbour analysis for the sample as-deposited and after 
30 s and 90 s oxygen plasma exposure is shown in Figure 6.2.5. The as-deposited 
distribution is very similar to the raw data in Figure 6.2.1 and in good agreement 
with the expected random distribution. This is to be expected as a majority of the 
nanoparticles as-deposited are singlets and therefore unaffected by the 
segmentation analysis. The as-deposited segmented distribution confirms the 
validity of the analysis. It can be seen in Figure 6.2.5 that longer oxygen plasma 
exposure times lead to an increasingly unimodal nearest neighbour distribution 
as an increasing fraction of the sample have migrated into groups or sintered. The 
modal nearest neighbour distance as-deposited is 4.6 nm, which decreases 
successively to 3.8 nm and then 3.6 nm after 30 s and 90 s oxygen plasma 
exposure due to increased sintering. The segmentation analysis further confirms 
the grouping and sintering effect as a result of oxygen plasma previously 
discussed. 
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Figure 6.2.5: Segmented nearest neighbour analysis of Pt923 sample as-deposited (blue) 
and after 30 s (red) and 90 s (green) exposure to oxygen plasma.  

 
High magnification STEM imaging was performed to check for signs of 
nanoparticle restructuring or oxidation. Figure 6.2.6 shows selected high 
magnification HAADF-STEM images. In all cases the most frequent lattice 
spacing was 0.22 nm, corresponding to Pt(111). In some cases a lattice spacing of 
0.14 nm was observed, which corresponds to Pt{220}. There were no significant 
signs of nanoparticle restructuring due to oxygen plasma other than what could 
be attributed to restructuring due to sintering. The as-deposited clusters have 
predominantly FCC structures and this is unchanged after plasma exposure. 
 

 

Figure 6.2.6: High magnification HAADF-STEM images of Pt923 sample (left) as-
deposited, and after exposure to oxygen plasma for 30 s (center) and 90 s (right). 

 
One subtle sign of platinum oxidation was observed across hundreds of 
nanoparticles. Figure 6.2.7 shows a high magnification HAADF-STEM image of 
a platinum nanoparticle and its corresponding FFT. The dominant frequencies in 
the FFT are from 0.22 nm lattice spacings which are attributable to Pt(111) and 

As deposited 30s O2 plasma 90s O2 plasma 

0.22 nm 

0.14 nm 

0.22 nm 

0.22 nm 
0.22 nm 



 161 

consistent with the observed truncated octahedral structure. Closer analysis of 
the FFT reveals 0.25 nm lattice spacings which are not consistent with FCC 
platinum. Banerjee et al.230,231 have previously observed 0.25 nm lattice spacings 
in studies of platinum oxidation, which have are attributable to bcc Pt3O4(211)232 
as confirmed through x-ray diffraction. FFT filtering reveals that the 0.25 nm 
lattice spacings arise from the dull region of the nanoparticle. Platinum oxide 
would be expected to appear low intensity42 with respect to pure platinum under 
HAADF conditions due to its reduced density and small scattering contribution 
from low atomic number oxygen. 
 
For a majority of nanoparticles, no indication of platinum oxidation could be 
observed. EDX was also performed, however no oxygen signal could be recorded 
and the nanoparticles suffered severe electron beam damage due to prolonged 
exposure, sometimes completely disintegrating after 15 s beam exposure. It is 
possible that the reducing effect of the  electron beam233 could remove a thin 
oxide layer from the surface of the nanoparticles under imaging conditions234. It 
may also be possible that platinum oxide is not stable at these sizes. For example, 
gold has been shown to oxidise after during exposure to oxygen plasma235, 
however magic-number Au55 has been shown to be exceptionally resistant to 
oxidation by oxygen plasma treatment236. 
 

 

Figure 6.2.7: High magnification HAADF-STEM image of Pt nanoparticle after 90 s 
oxygen plasma exposure showing possible oxidation and corresponding FFT. 

 

6.2.2 Argon plasma 

 
To further elucidate the mechanism of cluster migration the experiment 
performed in section 6.2.1 was repeated with argon plasma. The sample 

0.25 nm 

0.22 nm 
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morphology as-deposited and after exposure to argon plasma for 30 s and 90 s is 
shown in Figure 6.2.8. The sample size distribution and first nearest neighbour 
distributions show that the sample morphology is identical to the oxygen plasma 
treatment study presented in section 6.2.1. 
 

 

Figure 6.2.8: Pt923 sample exposed to argon plasma. (top) HAADF-STEM images of Pt923 
sample as-deposited (left) and after exposure to 30 s (center) and 90 s (right) argon 
plasma. (bottom) size distribution of Pt923 sample (left) as-deposited (blue), and after 
exposure to argon plasma for 30 s (red) and 90 s (green). Grey dashed and dotted lines 
represent the average as-deposited size for Pt923 singlets and doublets respectively. 
(center) population distribution calculated from the sample size distribution. (right) 
nearest neighbour distributions. Red line is the nearest neighbour CDF and the black 
dashed line is the expected CDF for randomly deposited particles at a number density of 
7200 per square micron. The black dotted lines are the expected nearest neighbour CDFs 
for randomly deposited particles at the measured number density in each case. 

 
The sample was exposed to argon plasma for 30 s after initial imaging. The 
HAADF-STEM images appear to show an increase in agglomeration, and the 
population distribution shows that the number of singlet clusters have decreased 
from 82 to 64 % at the expense of larger clusters. These statistics are similar to 
those found after the same duration of oxygen plasma exposure. The Pt923 singlet 
and doublet peak remain well defined but have shifted to lower sizes which 
implies the ejection of material through sputtering. No small clusters of atoms 
are observed on the substrate, however, which may be expected if adatoms are 
ejected from the cluster surface. If Ostwald ripening was significant as a result of 

As deposited 

30s Ar plasma 

90s Ar plasma 
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plasma exposure the doublet size may be expected to grow as the singlet size 
decreases. This is not observed and in fact all doublets observed after argon 
plasma exposure are smaller than the mean doublet size as-deposited. This leads 
to the assumption that material is lost during plasma exposure, possibly into the 
gas phase.  
 
The nearest neighbour distribution does not appear to have changed its 
functional form as a result of argon plasma treatment, indicating that the clusters 
are still randomly arranged. The nearest neighbour CDF agrees well with the 
expected distribution for randomly arranged particles with a number density of 
6000 nanoparticles per square micron, which is the measured number density 
from HAADF-STEM and is shown as the black dotted line in Figure 6.2.8. It 
should be noted that the deviation from the expected values likely arises due to 
the fact that the clusters are modelled as uniform hard disks with diameter d923 = 
3.2 nm, however the population distribution shows that for over one third of 
observed nanoparticles this assumption is not accurate. This overall arrangement 
of clusters on the support differs from the morphology observed after oxygen 
plasma exposure since sintering has been induced but the overall cluster 
arrangement is still uniform. On the other hand, oxygen plasma exposure induces 
cluster migration and subsequent sintering. 
 
The sample was then exposed to argon plasma for a further 60 s, for 90 s total, 
and reimaged. The effects observed after 30 s of argon plasma exposure appear 
to have compounded. The size distribution shows that the nanoparticles remain 
well defined as singlets and doublets, however the size of all nanoparticles has 
decreased further such that the singlet size is now 25 % smaller than as-deposited. 
Interestingly further exposure to argon plasma has not resulted in more sintering. 
The population distribution remains unchanged from those measured after just 
30 s of exposure to argon plasma. The nearest neighbour distribution also shows 
that the sample morphology still resembles a random distribution; the black 
dotted curve in Figure 6.2.8 is calculated from the measured number density of 
4900 nanoparticles per square micron.  
 
These observations point to the conclusion that argon plasma exposure does not 
lead to cluster migration. This in turn can explain the observation that increased 
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argon plasma exposure does not lead to increased sintering. The initial small 
amount of sintering observed can be explained by cluster proximity. The argon 
plasma sputters the clusters leading to an ejection of material from the cluster 
surface and reducing the overall nanoparticle size, which is observed. Some 
ejected atoms may be vaporised, leading to and overall loss of material, whilst 
some may be ejected from the clusters but remain bound to the substrate. It has 
been shown for small gold clusters that single atoms bridging the cluster-cluster 
gap mediate a jump-to-contact mechanism129 leading to cluster coalescence. In 
this case any further plasma exposure would not lead to sintering as the initial 
exposure induced sintering between any clusters in close proximity and argon 
plasma exposure does not lead to cluster migration.  
 
As plasma treatment is a low temperature process237, and measured sample 
temperatures increased by only ~10 degrees over the sputtering time, a heating 
induced migration effect can be neglected215. The lack of cluster migration 
observed due to argon plasma exposure may be due to the creation of more defect 
sites in the amorphous carbon by the plasma. It has been reported that higher 
surface defect densities on graphite, induced be argon ion bombardment, leads 
to reduced cluster coalescence238. Theoretical calculations have showed that the 
adsorption energy for small gold clusters interacting with dangling bonds from a 
carbon vacancy may be larger than 2 eV and ten times higher than on pristine 
graphite239. Studies involving platinum clusters suggest that migration is reduced 
by cluster trapping on defects in carbon nanotubes240. 
 

 

Figure 6.2.9: High magnification HAADF-STEM images of Pt923 sample (left) as deposited, 
and after exposure to argon plasma for 30 s (center) and 90 s (right). 

 
High magnification HAADF-STEM imaging did not reveal any significant 
structural changes due to argon plasma exposure. Representative images are 
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shown in Figure 6.2.9. Atomic spacings of 0.22 and 0.20 nm are attributed to 
Pt(111) and Pt{200} planes respectively. The singlet clusters shown in the as-
deposited image and the image after exposure to 30 s argon plasma are both 
cuboctahedral in structure. The structures were identified by comparison with a 
structure atlas42,58. In the latter case the cluster is on-axis with (111) and (100) 
facets clearly visible. 
 

6.3 Oxygen plasma followed by argon plasma 

 
To further identify the migration mechanism observed one Pt923 sample was 
subjected to 60 s oxygen plasma and then subjected to a further 30 s of argon 
plasma. The sample morphology and statistics are shown in Figure 6.3.1. The 
initial exposure to oxygen plasma has led to migration and sintering in some 
cases, as evidenced by the population and nearest neighbour distribution, 
consistent with section 6.2.1. 
 
The sample was then exposed to 30 s of argon plasma and reimaged. 
Approximately 10 % of the singlet clusters sintered following exposure to argon 
plasma. The nearest neighbour distribution however remains very similar in 
shape to the distribution after oxygen plasma exposure, which suggests that the 
clusters have not migrated further. Closer inspection of the STEM images shows 
that the arrangement of nanoparticles after oxygen and subsequent argon plasma 
exposure are similar, except for the increase in sintered nanoparticles. This 
behaviour is the same as observed for argon plasma exposure in section 6.2.2; 
argon plasma exposure does not appear to lead to migration, however exposure 
leads to sintering presumably through the ejection of adatoms which 
subsequently initiate bridging between nanoparticles in close proximity. 
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Figure 6.3.1: Pt923 sample exposed to oxygen then argon plasma. (top) HAADF-STEM 
images of Pt923 sample as-deposited (left) and after exposure to 60 s oxygen plasma 
(center) and a further 30 s argon plasma (right). (bottom) size distribution of Pt923 sample 
(left) as deposited (blue), and after exposure to oxygen plasma for 60 s (red) and further 
exposure to 30 s argon plasma (green). Grey dashed and dotted lines represent the 
average as-deposited size for Pt923 singlets and doublets respectively. (center) population 
distribution calculated from the sample size distribution. (right) nearest neighbour 
distributions. The red line is the nearest neighbour CDF and the black dashed line is the 
expected CDF for randomly deposited particles at a number density of 6800 per square 
micron. 

 

6.4 Au923 

 
To test whether migration and sintering behaviours are unique to platinum 
clusters, Au923 clusters were synthesised and exposed to both oxygen and argon 
plasmas. Platinum is a well-known carbon oxidation catalyst89, and gold has also 
shown ability to oxidise carbon but is markedly worse than platinum241.  It should 
be noted however that a few studies have shown that gold nanoparticles are active 
for carbon monoxide oxidation11,19. Au923 clusters were produced using the cluster 
source described in chapter 2 and deposited at 1 eV per atom onto amorphous 
carbon film TEM grids. 
 
 
 

As deposited 60s O2 plasma 

60s O2 + 30s Ar plasma 
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6.4.1 Oxygen plasma 

 
The sample morphology and statistics of the as-deposited Au923 sample are shown 
in Figure 6.4.1, which show that the majority of clusters are well-defined Au923 
singlets. The nearest neighbour distribution confirms that the clusters are 
initially randomly arranged. Interestingly the functional form of the nearest 
neighbour CDF is that of a random distribution, however there is an offset 
between the measured nearest neighbour distribution and the expected 
distribution. The measured nearest neighbour distribution is better fit if the 
cluster size is ~0.5 nm larger, which is approximately the minimum cluster-
cluster gap before coalescence proceeds which has been observed for gold clusters 
and islands129. The structure of coalesced gold clusters is different to that of 
platinum clusters. Sintered platinum clusters form branch-like structures and the 
sintering boundary can be determined by visual inspection. Despite the energy 
input during electrochemical cycling, plasma exposure, or under a high energy 
electron beam, the platinum clusters observed in this thesis do not fully coalesce 
to form spherical nanoparticles which may be expected due to a reduction in 
surface energy199. The sintering mechanism precedes by neck formation and 
growth79, and platinum clusters do not appear to grow in the direction normal to 
the support. In contrast, coalesced gold clusters sinter to form larger spherical 
nanoparticles which is may due to the larger surface diffusivity of gold compared 
to platinum242.  This is demonstrated in the as-deposited size distributions of 
Pt923 and Au923. Pt923 doublets are on average 90 % larger than the singlets in 
terms of projected area, compared to 70 % for Au923 doublets. From a geometric 
standpoint, a spherical cluster formed from two identically sized smaller clusters 
would have a projected area that is 60 % larger than each of its constituents. This 
is in good agreement with the observed sizes. 
 
The sample was then subjected to 30 s of oxygen plasma exposure and reimaged. 
The sample morphology shows the formation of larger clusters, with a 10 % 
reduction in observed Au923 singlets. The sample size distribution remains well 
defined, consisting of singlet and doublets clusters, however the singlet size has 
decreased by ~10 %, which possibly due to the sputtering effect of the plasma as 
observed previously. The nearest neighbour distribution exhibits a small amount 
of bimodality due to migration and sintering. 
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The sample was then exposed to oxygen plasma for a further 60 s, for 90 s total, 
and reimaged. The size distribution shows that the singlet size has further 
decreased such that it is now 15 % smaller than originally deposited. The total 
fraction of singlets has not decreased after this round of plasma exposure; this 
contrasts with the behaviour observed for Pt923 (see section 6.2.1) where 
increasing oxygen plasma exposure leads to increased sintering. The nearest 
neighbour distribution shows increased bimodality which is similar to Pt923 
exposed to oxygen plasma in section 6.2.1. 
 

 

Figure 6.4.1: Au923 sample exposed to oxygen plasma. (top) HAADF-STEM images of Au923 
sample as-deposited (left) and after exposure to 30 s (center) and 90 s (right) oxygen 
plasma. (bottom) size distribution of Au923 sample (left) as-deposited (blue), and after 
exposure to oxygen plasma for 30 s (red) and 90 s oxygen plasma (green). Grey dashed 
and dotted lines represent the average as-deposited size for Au923 singlets and doublets 
respectively. (center) population distribution calculated from the sample size distribution. 
(right) nearest neighbour distributions. Red line is the nearest neighbour CDF and the 
black dashed line is the expected CDF for randomly deposited particles at a number density 
of 6000 per square micron. 

 
The measured change in sample coverage as a result of plasma exposure is in 
agreement with the expected coverage due to nanoparticles at the measured 

radius and number density, ie. 𝐶CM, ≈ 𝜌3𝜋�̅�3", which indicates minimal 

nanoparticle detachment. 
 

As deposited 30s O2 plasma 90s O2 plasma 
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High magnification imaging, shown in Figure 6.4.2, reveals that Au923 have 
cuboctahedral (Oh), and decahedral (Dh) structures, which are structures that 
have been observed previously14,42. No clear oxide shell was observed during 
imaging and EDX measurements did not yield any conclusive results due to low 
signal and beam damage issues. The structures observed after oxygen plasma 
exposure were also octahedral and decahedral in nature, which suggests that no 
significant structure change occurs due to exposure to oxygen plasma. 
 

 

Figure 6.4.2: High magnification HAADF-STEM images of Au923 sample (left) as 
deposited, and after exposure to oxygen plasma for 30 s (center) and 90 s (right). 

 

6.4.2 Argon plasma 

 
A similar experiment was performed exposing Au923 to argon plasma. The as-
deposited sample morphology and statistics are shown in Figure 6.4.3. The size 
and nearest neighbour distributions show well-defined gold clusters arranged 
randomly on the surface. 
 
The sample was then exposed to argon plasma for 30 s. The size distribution and 
sample morphology show that the majority of nanoparticles are still singlets and 
doublets, albeit the size of each nanoparticle has reduced due to sputtering. The 
fraction of singlets has reduced from 75 % as-deposited to 68 % after argon 
plasma exposure, at the expense of larger nanoparticles. The nearest neighbour 
distribution does not exhibit bimodality suggesting that the clusters have not 
migrated, which is the same behaviour as observed for Pt923 in section 6.2.2. 
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Figure 6.4.3: Au923 sample exposed to argon plasma. (top) HAADF-STEM images of Au923 
sample as-deposited (left) and after exposure to 30 s (center) and 90 s (right) argon 
plasma. (bottom) size distribution of Au923 sample (left) as-deposited (blue), and after 
exposure to argon plasma for 30 s (red) and 90 s oxygen plasma (green). Grey dashed and 
dotted lines represent the average as-deposited size for Au923 singlets and doublets 
respectively. (center) population distribution calculated from the sample size distribution, 
note that the distribution after 90 s plasma exposure is not shown as it cannot be 
determined accurately.  (right) nearest neighbour distributions. Red line is the nearest 
neighbour CDF and the black dashed line is the expected CDF for randomly deposited 
particles at a number density of 5000 per square micron. 

 
The sample was then exposed to argon plasma for a further 60 s, for 90 s total, 
and reimaged. The HAADF-STEM images and corresponding size distribution in 
Figure 6.4.3 show that the sample morphology no longer resembles a mass-
selected sample and the observed clusters range in size from a few atoms to 
approximately the Au923 doublet size. The nearest neighbour distribution 
however agrees well with a random distribution at the measured number density 
of 9000 per square micron. The wavy pattern observed in the HAADF-STEM is 
due to clusters coming into and out of focus during imaging. This is likely due to 
thinning of the amorphous carbon layering the TEM grid by the argon plasma. 
The carbon layer may have reduced conductivity due to thinning and local 
charging effects by the electron beam attract and repel the grid producing z-
oscillations and the resulting focal shift. 
 

As deposited 30s Ar plasma 90s Ar plasma 
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Selected high magnification HAADF-STEM images are shown in Figure 6.4.4. 
Despite the reduction in cluster size due to successive argon plasma exposure the 
clusters have decahedral and FCC geometries which are consistent with as-
deposited Au923 structures44. 
 

 

Figure 6.4.4: High magnification HAADF-STEM images of Au923 sample (left) as-
deposited, and after exposure to argon plasma for 30 s (center) and 90 s (right). 

 

6.5 Discussion 

 
The results presented in this chapter have two main conclusions. Firstly, the 
effect of plasma treatment on mass-selected catalytically relevant noble metal 
clusters have been quantified, confirming the invasive nature of the procedure. 
The well-defined model clusters used here exhibited a decrease in size due to 
exposure to both oxygen and argon plasmas due to a sputtering effect. Exposure 
to oxygen plasma almost certainly leads to nanoparticle oxidation, however 
observation of this effect was limited by transport through atmosphere between 
the plasma cleaner and electron microscope. For both gold and platinum clusters 
argon plasma exposure produced increased amounts of sputtering compared to 
oxygen plasma which is in agreement with the effect of argon plasma on extended 
platinum surfaces225. Secondly, for metal nanoparticles on carbon supports it 
appears that oxidation is necessary for nanoparticle migration. 
 
It has been reported by Chu et al.243 that platinum nanoparticles on alumina 
supports show increased rates of migration and coalescence when heated in a wet 
hydrogen atmosphere. The rate of coalescence was not observed under a pure 
hydrogen or oxygen atmosphere and the authors attribute the observed migration 
to repetitive platinum oxidation and reduction leading to a weakening of the 
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platinum support interaction due to the formation of water at the interface on 
reduction. 
 
Regarding gold clusters, it has been shown that exposing gold surfaces to oxygen 
plasma will form Au2O3235,244, however that this oxide is also unstable and will 
reduce under ambient conditions244. Sintering and oxidation of ligand-protected 
gold nanoparticles has also been observed after exposure to oxygen plasma245. 
XPS studies on carbon supports exposed to oxygen plasma reveal oxidised carbon 
surface species213 and previous reports have suggested that such species induce 
cluster migration by weakening of the cluster-surface interaction93.  
 
The observed results are very similar to the study described in chapter 5. In both 
cases energy input induces platinum and carbon oxidation which leads to cluster 
migration and subsequent sintering. Electrochemical studies have suggested that 
migration is mediated by repetitive oxidation and reduction, weakening the 
cluster-support interaction. The oxygen plasma experiments described in this 
chapter do not have such fine-grained temporal information and any reduction 
on exposure to air from vacuum is yet to be explored. It may be possible that 
migration proceeds during the reduction of oxidised species created by the 
plasma, this has been suggested in electrochemical environments94. Previous in-
situ environmental TEM studies have shown that even small amounts of water 
vapour introduced to an oxygen atmosphere can supress oxidation and initiate 
reduction246. The relatively high base pressures used in these experiments ~0.6 
mbar allow for the possibility of ambient water vapour to mediate nanoparticle 
reduction. 
 
The results in chapter 5 showed that an anodic potential limit of 1.05 V vs RHE 
caused migration of Pt923 clusters but not Au923. Within this potential window 
platinum was oxidised by the adsorption of hydroxyl and subsequently reduced, 
however the anodic potentials were not sufficient to oxidise gold. The weakening 
of the cluster-substrate interaction by successive oxidation and reduction 
manifested in the migration of Pt923 clusters, however this was not observed for 
Au923 due to the lack of oxidation. By comparison, both Pt923 and Au923 clusters 
are oxidised by oxygen plasma and successively reduced by exposure to 
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atmosphere which resulted in migration. Combining all this information suggests 
that nanoparticle oxidation and reduction is required to initiate migration. 
 
In contrast, exposing the clusters to argon plasma did not lead to migration. This 
adds to the oxidation-induced cluster migration argument as argon plasma does 
not have any oxidising power. It is possible that cluster migration may have been 
inhibited by the formation of defect sites in the amorphous carbon by 
sputtering247, however the amorphous carbon support is already highly defective. 
Oxygen plasma also etches carbon248, however the etching proceeds by chemical 
processes in addition to physical sputtering. The lack of migration observed after 
argon plasma treatment rules out migration due to cluster charge transfer or 
neutralisation effect249,250. 
 
In conclusion the effect of oxygen and argon plasma treatment on well-defined 
mass-selected bare platinum and gold clusters has been studied. The results show 
that the use of plasma treatment for contamination removal may be effective but 
the treatment is not benign on the nanoparticles. Both oxygen and argon plasma 
gradually sputter away the nanoparticle surfaces for an overall loss of material. 
Nanoparticles in close proximity have been shown to sinter as a consequence of 
plasma treatment. Finally, oxygen plasma treatment induces migration of both 
nanoparticle materials on amorphous carbon supports which is due to an 
oxidation effect rather than charge transfer or neutralisation by the plasma. 
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7 Conclusions and outlook 
 
The aim of this work was to characterise physically deposited mass-selected 
platinum clusters. In the first experimental chapter mass-selected clusters were 
soft-landed onto amorphous carbon films and imaged with HAADF-STEM. Pt55 
clusters did not exhibit crystalline structures and Pt147 were identified as having 
icosahedral-like features. Larger clusters, with 309, 561, 923, and 1415 atoms, 
had FCC structures as the degree of crystallinity increased with size. As platinum 
is an FCC metal these results suggest that platinum clusters have bulk-like 
structures from sizes of a couple hundred atoms. The STEM electron beam was 
shown to initiate cluster sintering at high magnifications which is likely due to a 
heating effect. The validity and accuracy of various image thresholding 
algorithms was discussed as they pertain to quantify nanoparticle sizes which is 
an important parameter used when studying nanoparticle size effects. Further 
analysis of the integrated HAADF intensity of mass-selected clusters showed that 
they may be used as mass calibration balances to quantify the size of unknown 
nanoparticles. The integrated HAADF intensity was shown to be independent of 
imaging magnification. 
 
In the second experimental chapter mass-selected clusters were characterised 
electrochemically through cyclic voltammetry. The initial electrochemical 
characterisation of mass-selected platinum clusters on HOPG showed that the CV 
response was dependent on the potential conditioning history of the sample 
which was possibly due to a contamination removal effect. Repeated 
characterisation and performance testing on glassy carbon supports by 
collaborators confirmed this trend. The hydrogen evolution performance of the 
clusters improved with increasing potential limit, in agreement with the CV 
response, and approximately in line with the onset of platinum oxidation. 
 
The effect of electrochemical conditioning on Pt923 clusters on amorphous carbon 
supports was studied with STEM in the third chapter. Ex-situ imaging revealed 
that clusters migrated due to potential cycling and the degree of sintering was 
shown to increase with sample density and the anodic limit of potential 
conditioning. Cluster migration and sintering proceeded by Smoluchowski 
ripening rather than atomistic processes and no significant amounts of material 
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were lost as a result. Control experiments on Au923 showed that migration was 
not induced because the experimental potentials were not sufficient for oxidation. 
Potential hold and linear sweep voltammetry experiments confirm that both 
nanoparticle oxidation and reduction are necessary to induce migration. 
 
In the final chapter the effect of plasma treatment on well-defined catalytically 
relevant nanoparticles was studied. Plasma treatment is commonly used in 
electron microscopy and post-synthesis to remove contamination; the results of 
this chapter, however, show that the effect of plasma treatment on the 
nanoparticles must be carefully considered. Both oxygen and argon plasmas 
resulted in sputtering of gold and platinum nanoparticles whereas only oxygen 
plasma treatment induced nanoparticle migration. 
 
Nanoparticle migration on carbon supports was shown to proceed by 
nanoparticle oxidation under electrochemical and plasma treatment conditions. 
In the former case oxidation and reduction are driven by electrochemical surface 
processes, and in the latter oxidation is driven by reaction with oxygen ions and 
radicals in the plasma and subsequent reduction with water vapour. Future 
experiments may consider whether similar behaviour is observed at different 
cluster sizes. The question remains as to the origin of the surface processes 
driving nanoparticle migration. This question is well-suited to be studied by in- 
situ electrochemical TEM108,110 which would be able to observe migration in real 
time and resolve the electrochemical potential required to drive migration. These 
experiments would be able to answer the questions raised in this thesis 
conclusively and bring the dream of ‘catalysts by design’ one step closer to reality.  
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