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Abstract

This thesis presents the researches on the size and atomic structure of the
nanoclusters including ligand protected monometallic clusters, ligand protected
bimetallic clusters and biological metallic clusters, by using aberration corrected
HAADEF-STEM. The atomic structures of Auss Schmid clusters were investigated. The
atom counting method with size selected clusters as mass balance was utilized to
“fractionate” the relative broad distributed sample and make the structure study focus
on the “true Auss” clusters. Nearly half of these clusters were found to have a hybrid
structure. A combination of geometric size analysis and atom counting method was
performed to determine both the size and composition of the bimetallic AuAg alloy
clusters. Base on these, the core atomic structures of the (AuxAg) x)312:55 clusters as a
function of AuAg composition were obtained. The Ag-rich clusters tend to have an
icosahedral structure while the Au-rich clusters prefer the fcc structure. For the
biological nanoparticles, the ferritins’ iron loadings were obtained by the atom
counting method with HAADF STEM. Different morphologies of the ferritin iron
cores were observed as a function of iron loading, suggesting the iron core growth
process in the protein shell. The HAADF-STEM was also successfully employed to
characterize the ultra-small Au and Pd catalysts supported on the TiO,, which are
helpful to understand the catalytic performance of these catalysts. A multilayer
deposition method was developed to accommodate and process the large abundance
of clusters from the new high-flux cluster source by producing the stack of support
layer-cluster-release layer sandwiches. A through focal STEM analysis was performed
on the multilayer sample, confirming the multilayer structures of the stack and the
thickness of each layer. With the similar experimental setup, size-selected colloidal
clusters were produced by dissolving the multilayer cluster-PVP stacks. The colloidal
clusters were observed by the STEM and their sizes were found to be conserved
during the dissolving process, proves the success of production of size-selected

colloidal clusters.
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Chapter 1 Introduction and Background

CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Nanoclusters

1.1.1 Introduction

Nanoscience is a new area of research that has exhibited marvelous developments in
the last 30 years. The word “nanoscience” is a combination of the word “nano”,
meaning one billionth and “science”. Nanoscience is defined as a branch of science
that is on the scale of nanometers, generally 1-100nm in at least two dimensions. It is
a cross-disciplinary branch of science that includes physics, chemistry, biology and
material science.' > One person that cannot be ignored in an introduction of
nanoscience is Dr. Richard Feynman, who was the first person to predict the rise of
nanoscience. In his famous talk “There’s Plenty of Room at the Bottom” at the annual
meeting of the American Physics Society in 1959,° he painted a fantastic picture of
the future: “By the improvement of technology, people can see, manipulate, control
and make things on a much smaller scale, for use in the research of biology, computer
science, materials science and others, all with the aim of completely changing the

world.”

In nanoscience, the study of nanoclusters is of great interest due to their unique
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properties due to their special size between small molecules and bulk materials.” "

The nanocluster is normally defined as an aggregation of atoms containing from 2 to
10° atoms. It can consist of either the same species of atoms as a homo-atomic cluster,
or different species as a hetero-atomic cluster. Atoms of almost every element can
aggregate and form clusters, from the rare gas helium to the radioactive element
uranium.'™* Although studies of nanoclusters became popular only in the last 30
years, the earliest study talking about a “cluster” can be traced back to 350 years ago,

when Robert Boyle stated a cluster in his book “The Sceptical Chymist”."

The most interesting feature of nanoclusters is their unique size and the consequent
special position between molecules and bulk materials. The size of nanoclusters is a
very important parameter for the clusters’ properties. Unlike molecules that can only
have certain composition, nanoclusters can contain any number of atoms, which give
us the opportunity to tune the nanoclusters’ properties by varying their size.” In the
1980’s, spectroscopy scientists found that, in their spectrum studies on the clusters,'®
' there were strong intensity peaks at certain sizes, which is normally called a “magic
number” now. An example is given in Figure 1.1, in which the mass spectrum of zinc
and cadmium clusters is given.'® The high intensity peaks were found at N=10, 20, 28,
35, 46, 54 and 69. The clusters with “magic number” sizes are normally considered to
be more stable than other sizes of clusters, which is based on experimental operating

.. 17,19-24
conditions such as temperature, pressure, etc.
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Figure 1.1 The “magic number” peaks in the mass spectrum of zinc and cadmium

clusters. '® The figure is from ref [16].

The unique properties of nanoclusters lead to a great number of applications. The
history of nanocluster applications is also longer than people normally think. In the
middle ages, people found the colour of glass can be tuned by adding different metal
powders, resulting in the resplendent stained glass windows in great old buildings.25

Lord Rayleigh investigated this and suggested that the stained glass’s colour is due to

small particles in the glass scattering the light.*®
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Due to their high ratio of surface to volume, nanoclusters drew a great deal of interest
in catalysis applications. As the low-coordinated atoms are believed to be the active
site in the reaction, the smaller-sized nanoclusters with a higher percentage of these

kinds of atoms in steps, edges or corners, are ideal catalysts in many reactions.””*

Gold is a good example of how properties change when an element material transfers
its form from bulk solid to nanocluster. Gold has long been regarded as an inert
element, showing no reactivity in most reactions. This property, combined with its
rareness, made gold the standard unit of accounting and formed the gold standard in
the monetary system. However, in 1970, Parravano et al. found that gold has
reactivity in oxygen transfer between carbon monoxide and carbon dioxide and

hydrogen transfer between cyclohexane and benzene, with MgO and Al,O; as

29,30 1 31-36

support. Further studies on the gold catalysis were carried out by Haruta et a
The Au clusters supported on the different metal oxides like Fe,O3;, Co304, NiO,
Al,O3 and TiO, were found to be catalytically active in many reactions like carbon
monoxide oxidation, hydrogen oxidation, carbon dioxide hydrogenation and nitrogen

. . 2831-44
monoxide reduction.”™

The most active Au catalysts were found to be fairly small
with diameters smaller than 5nm.>> A study on the catalytic activity of Au clusters
supported by three different oxides, Fe,O3;, Co3;04, and TiO,, was carried out to

investigate the influence of size on their catalytic activity.’' The Au clusters on these

three oxide supports were found to have different catalytic activities for carbon
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monoxide oxidation; the clusters on the Co3;04 supports showed the highest activity, a
lower activity appeared with the Fe,Os; and the clusters on the TiO, supports were
least active. But the influence of the cluster size is more dominant. As shown in
Figure 1.2, all the catalysts showed strong dependence on the Au cluster size. The
smaller the size, the higher turnover frequency becomes, which means higher catalytic

activity.

Figure 1.2. The turnover frequency as a function of the average Au cluster size in the

reaction of carbon monoxide oxidation at 0°C.*' The figure is from ref [31].

Single-electron transistor is another potential application of nanoclusters. The
principle of single-electron transistor comes from Coulomb blockade. When an
electron tunnels into a small nanocluster that has a very low capacitance, the charging

energy will be extremely large, requiring an extremely high corresponding bias
5
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voltage. So, if the applied bias voltage is lower than this voltage, the electron transfer
will not exist and behave like a “blockade” around the nanocluster. Klein et al.
developed a single-electron transistor with cadmium selenide nanoclusters.” The
schematic and a scanning electron microscopy image of their single-electron transistor
are shown in Figure 1.3.*° The cadmium selenide nanoclusters, with an average size
of 5.5 nm, were deposited onto a pair of closely positioned Au leads. These leads are
mounted on a silicon dioxide/silicon substrate as the gate. A gate voltage was applied
to the substrate while another voltage was applied to the leads. Their conductance can
therefore be measured and is shown in Figure 1.3(c). The single peak of the
conductance indicates the changed charge state of the nanoclusters by single electron

. 45
transition.
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Figure 1.3 (a) Schematic of the nanocluster based single-electron transistor. (b) The
scanning electron microscopy image of the single-electron transistor. (c¢) The
conductance of the single cluster transistor as a function of gate voltage with the

temperature of 4.2 K.** The figure is from ref [45].

1.1.2 Magic number clusters: electronic shell structure

To have a better understanding of nanoclusters, various theoretical models were
presented. The liquid-drop model is one of the models used for metal clusters, which

is based on classic electrostatics.*® The nanocluster in this model is regarded as a

7



Chapter 1 Introduction and Background

sphere with uniform conductivity. Based on this model, with the increasing size of the
cluster, the cluster’s ionization potential will decrease while its electron affinity will
increase. The equation of the cluster’s ionization potential (IP) and electron affinity

(EA) can be described as below™:

3 1
IP=W+(—>< )

8 4meyR
EA=W (5 ! ) 1.1
=W-—-(=xX .
8 4meyR (11)

Here, W is the work function of the bulk material, R is the radius of the cluster which

173

is equivalent to N7 (N is the number of atoms in the cluster).
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Figure 1.4 The experimental data of the: (a) ionization potential and (b) electron

affinity of a series of nanoclusters as a function of 1/R.*® The figure is from ref [16].

A series of nanoclusters were experimentally studied through their ionization potential
and electron affinity. Kappes concluded these data and found trends for each with the
variation of 1/R.*® The clusters’ ionization potential and electron affinity as a function
of 1/R are shown in Figure 1.4. Kappes demonstrated that the liquid drop model can
explain these trends well, especially for clusters bigger than 10 atoms.*® However, for

smaller (N<10 atoms) clusters, the data showed a relatively large deviation from the
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liquid drop model predictions, which is due to the quantum size effect.*

Although the liquid drop model can give a reasonably good description of many
nanocluster’s size dependent properties (at least for the large size region), it still has
drawbacks. As mentioned above, a series of experiments on the mass spectrum of
nanoclusters found the isolated strong peaks in certain, highly reproducible size
regions.'"'*1%22* The numbers corresponding to the strong peak were called magic
numbers. However, the classical liquid drop model cannot explain this phenomenon,
which indicates a new model that can take into consideration the cluster’s discrete

electronic states. Therefore, the jellium model was presented.

The spherical jellium model is the simplest jellium model and has been successfully
explained through the magic numbers found in the mass spectrum of sodium

18,23
clusters. ™

In a spherical jellium model, the nanocluster is regarded as a positive
uniformly charged sphere with electron gas inside. The electron gas is formed by the
valance electrons of the atoms in the nanocluster. In other words, the nanocluster is
treated like a “super atom”. The “super atom” also has quantum numbers like the
normal atomic quantum number: principle quantum number n, angular momentum
quantum number | and magnetic quantum number m;. When the super “atomic”
electron shells are fully filled, the super “atom” is more stable and the number of
8,20.47

atoms in the super “atom” is the magic number.

The most commonly used empirical jellium potential used in the spherical jellium
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model calculation is the Woods-Saxon potential, which is shown as'®:

— UO
U(r) = o [%] 1 1.2

Here, Uj is the combination of the work-function and Fermi energy of the bulk
material, 1 is the radius of the assumed cluster sphere, which is determined by'®:

To = TwsVn 1.3
where 17,5 1s the Wigner-Seitz radius and n is the number of atoms in the nanocluster.

o 1s a parameter that can define the potential variation at the sphere edge.18

In the case of the sodium cluster studied by Knights et al, the electronic energy of
each size cluster was obtained by solving the Schrodinger equation and found to be
discrete with a different angular momentum quantum number 1.'"* When the electronic
energy difference increases discontinuously, this means that the electron shell is fully
filled and the next additional atom will result in a new higher energy orbital. The
change of the electronic energy difference was plotted as a function of the number of
sodium atoms in the cluster in Figure 1.5(b). The peak occurred in the close-shell
number of atoms in the cluster and is consistent with the peaks in the experimental
abundance mass spectrum of the sodium clusters in the size range of 4 to 100 sodium

atoms in Figure 1.5 (a)."®

10
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Figure 1.5 (a) Mass spectrum of the sodium clusters in the size range of 4 to 100
sodium atoms. (b) The change in the electronic energy difference as a function of

number of sodium atoms in the clusters. '® The figure is from ref [18].

Although the spherical jellium mode has successfully predicted the main peaks in the
mass spectrum of the alkali metal clusters, it cannot explain the fine structure in the
mass spectrum, such as the small peaks occurring in the mass spectrum of the sodium

nanoclusters, shown in Figure 1.5. An ellipsoidal shell structure model was employed

48,49
L™

by Clemenger based on the Nilsson’s nuclei mode In this model, the spherical

11
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cluster was distorted in one direction when the jellium shell was not fully filled. In
this situation, the degeneracy of the orbital will decrease and the jellium shell will be
split to the subshell, resulting in the small peak between the close-shell peaks in the

mass spectmm.48

. [
o | s n

#dl R |

Figure 1.6 The vertical ionization potentials of Cu, clusters in the range of n =

1-123.*' The figure is from ref [21].

A study of the copper cluster’s ionization potential was carried out by Knickelbein,
for which the Cu, clusters’ vertical ionization potentials were obtained precisely with
the size range, n = 1-150.%' The vertical ionization potentials of the copper clusters
were shown in Figure 1.6 as a function of number of atoms, n in the cluster. We can
see the significant decrease after n = 8, 18, 20, 34 and 40, which is consistent with the
prediction by the spherical jellium model. The decrease after n = 10, 14, 16, 18, etc.
can be predicted by the subshell in the ellipsoidal shell structure model. However, in

the bigger size range (n>42), the close-shell peak cannot be observed, suggesting the
12
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geometric effect perturbs the electronic shell effect.’

1.1.3 Magic number clusters: geometric shell structure

The abundant mass spectrum studies of the magic number nanoclusters shown above
are all in the small size re:ggiorl.m’lg’zl’48 So, what will happen in the bigger size range?
Will the spectrum still obey the electronic shell structure? The answer seems to be no.
Martin et al. employed the mass spectrum study on sodium clusters with sizes of up to
22000 atoms.'” The mass spectrum, which is shown in Figure 1.7, has a very large
mass range. In the size range smaller than 1500, as shown in Figure 1.7(a), the
features occurring in the mass spectrum matched well with the prediction based on the
electronic shell structure. Based on the result and the jellium model, the electronic
shells of the sodium clusters have the same value of 3n+] are degenerate. The number
of atoms that need to fully fill the electronic shells, k, with the maximum shell number,

. 1
K, can be explained as':

k LK)

Nk=Z;2(Zl+1) 14

k=1

Here, [ is the angular momentum quantum number, L(K) is the highest angular

momentum sub-shell in the K shell. '’

However, in the bigger size range, as shown in Figure 1.7(b), the features did not
follow the electronic shell structure. The features found in 1980, 2820, 3800, etc. have

nothing to do with the electronic shell, but instead form a geometric, atom close

13
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packed  12-vertex  polyhedral structure (including mackay-icosahedron,
ino-decahedron and cuboctahedron). The number of atoms in the k shell close-packed
12-vertex polyhedra structure cluster can be shown as:

Ny = %(101{3 + 15k? + 11k + 3) 1.5
Based on this, the 9 shell cluster will have 2057 atoms, 10 shell clusters will have
2869 atoms and 11 shell clusters will have 3871 atoms. We can see that these numbers
are extremely close to the experimental data mentioned above. Also, the agreement
between the theoretical prediction and experimental evidence continues as the cluster
size increases to 22000, where there are 22227 atoms in the 19 shell 12 vertex

polyhedra structure cluster with the experimental feature size 21 300."
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Figure 1.7 The mass spectrum of the sodium cluster in the: (a) small size range, and (b)

large size range."”

The most common geometric structure of the cluster is the face center cubic (fcc) type
14
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twelve-vertex polyhedral structure, e.g. Mackay-icosahedron, Ino-decahedron and
cuboctahedron. The number of atoms for this full shell structure type can be
calculated by equation 1.5. While there is also the body center cubic (bcc) type
fourteen-vertex polyhedral structure like the rhombic dodecahedron. The full shell
number of this type of structure can be described as:

Ny = 4k3 + 6k? + 4k + 1 1.6

where k is the number of the geometric shells in the cluster.”*"'

Q

Figure 1.8 Structure model of the typical fcc type twelve-vertex polyhedral structure:

(a) cuboctahedron, (b) Marcky-icosahedron and (c) Ino-decahedron.

The phenomenon that the electronic shell structure dominates the magic number in the
small size region of the clusters and the geometric shell structure dominates in the big
size region can be explained by the melting temperature of the nanocluster. It is well
known that the melting point temperature is dependent on the size of the nanocluster:

the bigger the cluster is, the higher its melting point is.*>>

When the temperature is
above the melting point, the cluster will exhibit a liquid-like form. The cluster will

perform like a spherical liquid drop as suggested in the jellium model. In this situation,
15
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there is no solid nucleus to maintain the geometric polyhedral structure, so the
geometric shell structure cannot be observed and this affects the magic number of the
cluster in the mass spectrum.’® This can explain what happened in the mass spectrum
of the sodium clusters, for certain temperatures, which above the melting point of
small clusters and below the melting point of big clusters. Therefore, in conclusion,
the electronic shell structure dominates the small, melting, liquid-like clusters, while

the geometric shell structure dominates the large, solid, crystal-like clusters. ">*

1.1.4 Atomic structures of metallic clusters and their
transformation

The most common atomic structure (except for amorphous) of the metallic clusters
are fcc-type structures, which include fcc crystalline, decahedron and
Mackey-icosahedron. They were observed in many clusters and their percentage
varies in different elements, composition and size. Normally, the clusters tend to have
a low surface energy, which requires a close-packed structure with a more spherical

shape to have the lowest surface to volume ratio.

16
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Figure 1.9 Common fcc crystalline structures

(c) truncated octahedron.”® The figure is from

: (a) Octahedron, (b) cuboctahedron and

ref [20].

The fcc crystalline structure clusters have the same structure as the bulk fcc crystal,

but with optimized shape. The shapes are normally octahedron, cuboctahedron and

truncated octahedron, as shown in Figures

1.9 (a), (b) and (c), respectively. An

octahedral cluster has 8 triangular (111) facets that are close packed. Although the

octahedral clusters are close packed, its non-spherical shape has a high surface to

volume ratio, so the surface energy is relative high. To make the octahedral structure

more spherical, we can cut its six vertexes to form a truncated octahedral structure.

The truncated octahedral structure has 8 (111) facets and 6 (100) facets. When each

vertex of the octahedral structure is cut with 1/3 edge length, the 8 close packed (111)

facets are regular hexagons, and this structure is called the regular truncated

17
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octahedral structure. If the half edge is cut, the 8 close packed (111) facets will be

triangular, and this structure is the cuboctahedral structure.*

§ §
.zfé??ﬁgfs,
£§. 8 &eg 8,8
i

Figure 1.10 Structure model of Mackay-icosahedron. *° The figure is from ref [20].

Neither regular truncated octahedral nor cuboctahedral are very close to the spherical
structure. A more spherical shape was presented by Mackay, called the
Mackay-icosahedron, as shown in Figure 1.10.> The Mackay-icosahedral structure
has 30 edges, 12 vertexes and 20 regular triangular facets. All the facets in the
Mackay-icosahedral are close packed (111) facets, so the surface energy is limited
well. The drawback of the icosahedron is the relatively high volume and the high
strain inside the structure. A Mackay-icosahedron can be regarded as consisting of 20
fcc tetrahedrons. However, the tetrahedrons cannot perfectly form the
Mackay-icosahedral and spaces occur between them. To offset the spaces, these
tetrahedrons need to be distorted, the inter-shell bond is compressed while the
intra-shell bond is stretched. This distortion therefore generates high strain inside the

55
structure.

18
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Figure 1.11 Structure models of decahedral structures: (a) regular decahedron, (b)

Ino-decahedron and (c¢) Marks-decahedron.*’ The figure is from ref [20].

Another common atomic structure is the decahedron. The decahedral structure
actually has three different types: regular decahedron, Ino-decahedron and Marks
decahedron, as shown in Figures 1.11 (a), (b) and (c), respectively. The regular
decahedron can be thought of consisting of 5 tetrahedrons with a shared edge in the
fivefold axis. It has 15 edges, 7 vertexes and 10 regular triangular facets. All 10 facets
are close packed (111) facets. Similar to the Mackay-icosahedron, these tetrahedrons
also cannot perfectly form a decahedron. There are still spaces between them. To fill
these spaces, the tetrahedrons also need to be distorted, which produces strains. The
strains in the decahedron are smaller than those in the Mackay-icosahedron. The
regular decahedron is not very spherical and has a very high surface-to-volume ratio.
To overcome these factors, the edge on the side of the regular decahedron can be

19
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truncated. This type of truncated decahedron was first presented by Ino, and therefore
it was called the ‘Ino-decahedron’.”® The Ino-decahedron has 25 edges, 12 vertexes
and 15 facets. The 10 triangular (111) facets remain in the Ino-decahedron and 5
square (100) facets occur due to the truncation. Furthermore, there is another
truncated decahedron proposed by Marks, which is called the ‘Marks-decahedron’.”’
This time, the vertical side edge in the Ino-decahedron is truncated and the re-entrant
close packed (111) facets are exposed. The Marks-decahedron has 55 edges, 12
vertexes and 15 facets, 32 vertexes and 25 facets. The Marks-decahedron has a lower

surface energy than the fcc type structure, but still has the strain inside.

In these motifs, the Mackay-icosahedral structure has the strongest internal strain, the
Marks-decahedral has less strain, while the fcc crystalline structures don’t have any
internal strain. As the internal strain is proportional to the volume, the
Mackay-icosahedral is considered to be more stable in the small size region where the
surface energy optimization can overcome the internal strain effect. The fcc
crystalline structure is considered to be favored in the big size region, because it does
not have the internal strain. The decahedron with the intermediate surface energy and
strain is therefore more favorable in the middle size region. Therefore, there is a
common view that clusters with small size prefer to have the Mackay-icosahedral
structure. When the clusters grow, the favorable structure becomes decahedral and

finally, for even bigger clusters, the preferred structure is the fcc structure. >*°*
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The “favorableness” of the structures is actually the result of the comparison between
the structures’ energetics. A commonly used index for the energetics comparison is A,

which normally is explained as °’:

E — NEp

where N is the number of atoms in the cluster, E is the total energy of the cluster,
E,,p, is the cohesive energy per atom in the same elemental bulk.”® The total energy
of the cluster E can be expressed in the form *:

E=aN+bN?/3 + cN/3 +d 1.8

where the 4 terms are the contributions of volume, facet, edge and vertex, respectively.

Combine equation 1.7 and 1.8, we can get A in this form **:

a’' +b'NY3 + ¢'N2/3 +d'N
A(N) = 273 1.9

Through 1.9, we can see that A will have a different trend with variation of the
number of atoms in the different structures. With growing size, the A in the fcc
structure will decrease and reach a limit, the Mackey-icosahedral and

Marks-decahedral will decrease to a minimal point successively, then increase.***
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Figure 1.12 The A calculated for the different elemental clusters.

ref [58].

The most stable structure trend of icosahedral-decahedral-fcc

10° 10° 10

N

>% The figure is from

is the same in the

clusters, but their crossover sizes are different with respect to the different elemental

clusters. Ferrando et al, systematically studied the crossover size of different

elemental clusters with two different potentials.”® Five different elemental clusters

were included: Au, Ag, Cu, Pd and Pt. The calculation results showed that the biggest

crossover size from icosahedron to decahedron is found in the Cu cluster, which is

about 1000 atoms, while the Ag cluster has the crossover size at around 300 atoms,

the Au, Pd and Pt clusters have very small crossover size, all smaller than 100 atoms.

The A for the decahedron structure and fcc structure (in this study, a truncated
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octahedron) are very close over a large size range. The smallest decahedron-fcc
crossover size is found in the Au cluster, which is approximately 500 atoms, while the
crossover sizes of both Pt and Pd clusters are around 6500 atoms. The crossover size
is quite big in Ag and Cu clusters: ~20000 and ~53000 atoms, respectively. The
reason for this elemental dependency is due to the different energy needed to change
the interatomic distances in different elements. The higher the energy needed, the

smaller the crossover size.>®

1.1.5 Ligand-protected clusters

One of the most commonly used cluster synthesis methods is the chemical colloidal
method. In this method, the cluster is synthesized in the solution, but the bare clusters
in the solution tend to be aggregated with each other. To protect the cluster from the
aggregation, a stabilizing agent is used to form a ligand shell over the cluster metal

core. This type of clusters is called ligand-protected cluster.

Although metallic clusters were first synthesized quite a long time ago, the
Auss(PPhs);,Clg first reported by Schmid in 1981 is important due to its unique 1.4nm
size and a narrow size distribution.’ Due to its unique 1.4nm size, the
Auss(PPhs3)1,Clg clusters have very special electronic properties that provide the
potential for applications such as single electron switches and transistors in nanoscale
electronic systems.9 The atomic structure of the Auss(PPhs),Clg cluster metal core

was firstly thought to be the cuboctahedron by Schmid, while some researchers

23



Chapter 1 Introduction and Background

preferred an icosahedral structure.’’® As we’ll see in Chapter 3, a hybrid structure
with both fcc and icosahedral features was observed to be dominant in nearly half of

the clusters by the high-resolution STEM study.**

Auss(PPhs3);,Clg clusters have phosphine ligands, which have a relative weak Au-P
bond. Beside this type of ligands, thiol ligands are widely used to form thiol-protected
clusters, sometimes called monolayer protected clusters.®>® Unlike the
gold-phosphine bond, the gold-thiol bond is very strong and has significant effect on
the surface of the cluster metal core. In 2006, Hakkinen et al theoretically predicted
that the strong gold-thiol bond will form a gold-thiol cap on the surface of the pure
gold core.” In 2007, this prediction was experimentally proved by Kornberg’s
beautiful X-ray crystallography work on Au;, clusters.®® Since then a series of studies
also found this gold-thiol cap unit in the thiolate-protected gold clusters.”®* "’ Although
numerous theoretical works have been carried out on the atomic structures of the
ligand protected clusters, the experimental side was not satisfactory for a long time,
mainly due to the unsuccessful single crystallization of the clusters for the single
crystal X-ray structure analysis. The breakthrough in this area was made by Roger

Kornberg.®®

Kornberg et al. successfully crystalized (p-MBA) protected Aujp, clusters and
performed the single crystal X-ray diffraction structure analysis on them.’® The
determined atomic structure is shown in Figure 1.13. The atomic structure of the gold
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core can be described as consisting of 4 parts: one 49-atom Marks-Decahedron, two
20-atom caps on the two poles of the five-fold axis in the Marks-Decahedron and one
13-atom band along the equator.®® In this (p-MBA) protected Au;q, cluster, only the
39 gold atoms in the core have pure Au-Au interaction. All the remaining 63 surface
gold atoms have Au-S interactions, suggesting the strong influence of the thiol ligand
on the cluster surface metallic atoms.’® This Au-S staple was also found in other

thiolate-protected clusters, which is now a common feature of this type of

70,71,74,77,80,81

clusters.

Figure 1.13 (a) The atomic structure of the Aujp(p-MBA)44 cluster. Yellow is gold,
cyan is sulfur, grey is carbon and oxygen is red. The red network is the electron
density map. (b) The TEM image of Aujp(p-MBA)44 clusters, showing a relative
mono-dispersive size distribution. (c¢) The atomic structure of the Au core in the
Aujpa(p-MBA)44 cluster. Yellow are the 49-atom Marks-Decahedron, green are the

two 20-atom caps and blue is the 13-atom band.®® The figure is from ref [68].
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As well as the experimentally determined atomic structure, another interesting point
of this study is the high stability of the Aujp(p-MBA)ss clusters. This can be
explained by the electronic shell structure with the jellium mode. In the Au cluster,
each gold atom will provide one valence electron, so there are 102 valence electrons
from the gold atoms. Then, the 44 thiol ligands will accept 44 electrons from the gold,
so there are 58 electrons left in total.’® As mentioned in section 1.1.2, the 58 electrons
can fully fill the 1g shell, resulting in high stability. This is confirmed by a theoretical
electronic structure calculation study.** In this study, the HOMO-LUMO gaps of the
bare Aujg, Aujo2(SCH3)a4, Auy04(SCH3)46 and Au2(SCH3)4; clusters were calculated
by the DFT method. The bare Au,; cluster has an 0.16eV HOMO-LUMO gap which
is significantly smaller than the thiol protected Aujp(p-MBA)44 cluster (~0.54eV),
which indicates a significant influence of the ligand on the electronic structure. To
further test the electronic structure’s effect on the cluster’s stability, the Au;oa(SCH3)46
cluster with 2 extra gold atoms and 2 extra thiol ligands was performed and the
HOMO-LUMO gap is ~ 0.51eV. This also can be described as a 58 close electronic
shell structure. Lastly, the Aujo2(p-MBA)4, cluster (which has the same number of
gold atoms, but 2 less thiol ligands) has a zero HOMO-LUMO gap, which is due to

the open electronic shell structure.*

Following Kornberg’s work, more ligand protected clusters were successfully
crystalized and their structures were determined by single crystal X-ray
crystallography studies, such as Aujg(SR)i4, AuzsxAgi(SR)is, Au;nAgsn(SR)s,
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Ag44(SR)30, and Auy33(SR)sz. The single crystal X-ray crystallography is now routinely
used to resolve the atomic structure of the protected metal clusters.**** However,
this method requires very high single crystal purity to achieve the atomic resolution.
The single crystal growth seems limited by the ligand type and the cluster size. Most
successful crystallizations are found to have a ligand with a phenyl component.®”’
Single crystallizations of the big size clusters also meet with difficulty. The biggest
protected metal clusters are Aus3(SR)s,.* It is very difficult to form a high-quality
single crystal (cannot get good X-ray diffraction signal) of the next promising cluster,
Au144(SR)60,86’87 suggesting either the structures of the Auj4u(SR)ey cluster is

amorphous or the crystal has other size impurity.

As another powerful technique, high resolution electron microscopy does not require
a high quality crystal or mono-dispersive size distribution, making it a more flexible
structure characterization method. In the next section, we’ll introduce this technique

applied to the nanoclusters in detail.

1.2 Electron microscopy studies of nanoclusters

1.2.1 Introduction
To study nanoclusters, scientists have used almost every possible technique.®>>**!
Some techniques have achieved great success. For example, as mentioned above,

single crystal X-ray crystallography has been successfully presented to determine the

atomic structure of a series of ligand protected metal clusters.***® Among these
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techniques, electron microscopy is one of the most common and powerful methods

used for the study of nanoclusters.

There are advantages that electron microscopy has over other techniques. First,
electron microscopy normally has the highest contemporary resolution. In the 1980°s,
the electron microscopy’s highest resolution capability was challenged by the
scanning probe microscopy.”® However, through the development of the aberration
correction and cold field emission gun, electron microscopy now has a slightly higher
resolution than scanning probe microscopy.”””® Second, electron microscopy has
relatively high flexibility. The only requirement for successful use of electron
microscopy applied to samples, is based upon the adequate thickness of the sample,
which should be thin enough for electron transmission. Correspondingly, X-ray
crystallography requires the sample should be a high quality single crystal, which is a
requirement that very few species clusters can satisfy.®” Third, electron microscopy
can get different information about clusters. Electron microscopy can obtain more
than just the geometric information of the cluster, such as size, shape or structure.
When electrons are transmitted from the sample, they will lose an amount of energy
that correspond to the sample’s element and electronic state. Therefore, an electron
energy loss spectroscopy detector can be used to detect these electrons and provide
the electronic state and elemental information.”” Some electrons may move very close
to the atoms and be scattered by the atoms in a similar way to the Rutherford
scattering. A donut-like, high angle annular dark field (HAADF) detector can detect
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these scattered electrons and form a HAADF image, whose intensity is related to the
atomic number of the materials, which can also be considered as chemical

information of the samples.*®'%"12

There are also drawbacks to electron microscopy. As well as the economic issues like
the high operation and maintenance expenses, the major drawback is electron beam
induced damage.'”'® As an active detecting technique, the electron beam will
transmit through the sample and this process will damage the sample. However, by
applying a carefully designed experimental condition, the damage can be minimized

and the useful information can still be obtained even from very small clusters.'*'%

The following sections will mainly focus on the imaging function of the electron
microscopy study on the nanocluster. We will see that, by the development of electron
microscopy, more and more detailed information can be obtained, from the

approximate diameter in the past to the 3D atomic structure in the present.

1.2.2 EM studies of the size of clusters: diameter and mass

As one of the major parameters of the nanocluster, size can affect many of its

properties, from its melting point and atomic structure to the catalytic

. .. 41,52,53,58,110
activity.” T

Therefore, size measurement is always an important part of the
study on the cluster. Because of the low resolution requirement, the cluster or

nanoparticle size measurement should be the earliest function of the electron
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microscopy in cluster study.
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Figure 1.14 (a) Example electron microscopy image of the colloidal Au clusters. The
magnification of the image is 50,000x. (b) The size distribution of the colloidal Au
clusters with the condition: 0.5ml sodium citrate (up), Iml sodium citrate (middle)
and 2.5ml sodium citrate (lower). (¢) The size distribution of colloidal Au clusters

with different dilutions of reagents.'! The figure is from ref [111].

In 1951, Turkevich et al. used electron microscopy to study the colloidal cold cluster’s

. 11
sythesis.

They detected the variation of the cluster size distribution with the
different sythesis conditions. In the sodium citrate sols synthesis, the cluster’s size is
significantly affected by the synthesis temperature, sodium citrate amount and
reagents dilution. The decreasing synthesis temperature results in a slightly smaller
average cluster size, from ~20nm at 100°C to ~18nm at 70 °C. As the amount of the

sodium citrate decreases, the average cluster size decreases first, then rapidly
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increases. For the reagent dilution’s effect, the cluster mean size increases with the
diluting reagents. The example of the gold cluster electron microscopy image and the

distribution with the variable conditions are shown in Figure 1.14.""!

Figure 1.15 (a) A HAADF-STEM image of a Pd cluster supported on TiO,, where the
flat shape can be clearly seen. (b) Single crystal X-ray crystallography determined the

107

atomic structure of Ausg(SR);s cluster, showing the aspherical feature. " The figure is

from ref [107].

The diameter measurement by electron microscopy is a very common and
fundamental method to determine the size now. It has been successfully employed in
many different studies on nanoclusters. However, there is a significant disadvantage
of this method. The diameter reflects that the cluster size is based on the assumption
that the nanocluster has a spherical 3D shape. It works well for most situations,
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however in some special cases, the cluster cannot be treated as spherical. Many
studies reported that the support clusters (supported catalysts) tend to be flat on the
support materials (as shown in Figure 1.15(a)). It can be recognized when we observe
them on the side, but if the view point is above the clusters, we cannot easily identify
whether they are spherical or flat. Another case is the very small cluster (<100 atoms).
In this size region, the cluster’s atomic structure is not always spherical, and the

influence of the surface atoms on the diameter cannot be ignored. The example is

107

shown in Figure 1.15(b).
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Figure 1.16 (a) HAADF-STEM image of Reg clusters. (b) The integrated HAADF

intensity distribution of the Reg clusters. The figure is from ref [112].

To overcome these drawbacks, a new method of measuring the nanocluster’s size is
required. With the application of the field emission electron source, the scanning
transmission electron microscopy (STEM) became a more practical technique. One of
the most interesting parts of this technology is the HAADF imaging. In this
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incoherent imaging mode, the intensity is only due to the high angle scattered
electrons and it is dependent on the atomic number Z, so this mode is also called the
Z-contrast imaging. So, for a mono-metallic nanocluster, its integrated HAADF
intensity can directly reflect its mass. Yang et al. successfully employed the first
HAADEF-STEM analysis on the supported cluster in 1996."'> The integrated HAADF
intensities of Re clusters were measured, and the result matched well the theoretical
calculation. The long time exposure was utilized to confirm the high stability of the
Reg clusters under the electron beam. Figure 1.16 shows the example HAADF image

of Reg clusters and the corresponding integrated HAADF intensity distribution.
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Figure 1.17 The representable HAADF-STEM image of size-selected: (a) Aujs7, (b)
Auyps7, and (c) Auesas clusters. (d) The cluster’s integrated HAADF intensity as a
function of cluster size. The inset is the log fit of the HAADF intensity against the

cluster size.""® The figure is from ref [113].
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With the development of the size-selected cluster formation, the relationship between
the integrated HAADF intensity of the clusters and the corresponding mass was
studied by Young et al.'”®> They used the HAADF-STEM to image the size-selected
Au clusters with a size range up to 30000 atoms. The integrated HAADF intensities of
the clusters were measured after the background subtraction, due to the resolution
limit, the measured area is big enough to include all the atoms in the HAADF
intensity counting. The integrated HAADF intensity of the clusters as a function of
the cluster size (number of atoms) is shown in Figure 1.17. We can see that the
relationship between the integrated HAADF intensity and the cluster size displays
good linearity in the small size range. For the bigger size clusters, their integrated
HAADEF intensity increases a little slower than the smaller clusters, which is mainly
due to the multiple scattering.'”® A similar study was carried out by Zhiwei et al, who
used the different elemental size-selected cluster (Au and Pd) to find out the
dependency of the integrated HAADF intensity on the size and element. The
quantitative STEM analysis on the Pd cluster shows a good linear relationship
between the integrated HAADF intensity and the cluster size. Such a similar linearity

also suggests the relationship is not element-specific.'"*

The finding of the linear relationship between the cluster’s integrated HAADF
intensity and size provides the possibility to use the known size clusters as the mass
standards to calculate the other cluster size in the HAADF-STEM study. Zhiwei et al.
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reported using the size-selected Au clusters as mass balances to weigh the
monolayer-protected Ausg cluster.!” Three different sized clusters (Auys, Ausg and
Auss) were utilized to eliminate the possible size effect on the quantitative analysis.
The ligand’s contribution on the integrated HAADF intensity must be taken account
of. With the calibrated exponent “n” in the Z" dependent intensity, the ligands’
contribution was calculated as 8.7 Au atoms. After the subtraction of the ligand
contribution, the numbers of Au atoms in the monolayer-protected Auss clusters were
calculated to be 38.6+2.8, 38.4+2.9 and 37.5+£2.9 with the corresponding Auys, Ausg

and Auss clusters, respectively, as the mass standard.'"
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Figure 1.18 Schematic of cluster weighing with size-selected clusters. (a) The
monolayer-protected clusters and size-selected clusters were deposited separately on
the same TEM grid. The representative HAADF-STEM images of (b) size-selected
cluster and (c) monolayer-protected cluster. The integrated HAADF intensity
distribution of monolayer-protected cluster with: (d) Ausg clusters, and (e) Auys

clusters.'”” The figure is from ref [115].

1.2.3 EM studies of the atomic structure of clusters

As Dr. Francis Crick said, “If you want to understand function, study structure.”''°

36



Chapter 1 Introduction and Background

The determination of the nanocluster’s atomic structure is crucial for a better
understanding of the cluster’s properties.''” " Electron microscopy, due to its high
resolution and high flexibility, plays a very important role in the research of
nanocluster’s atomic structure. With the development of the techniques, the electron
microscopic study of nanocluster structure becomes more accurate and quantitative,
giving us more detailed information: from shape to quantitative atomic

64,89,120,121
arrangement.” 7
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Figure 1.19 Representative TEM images of: (a) Mg clusters, (b) Al clusters, and (c)

() . s = me | (B) x. 6 ss5e
Cr clusters, showing their hexagonal, spherical and cubic shapes, respectively.'** The

figure is from ref [120].

In the early days, due to the resolution limitation, the study on the nanocluster
structure was focused on the cluster’s shape (by imaging) and crystal arrangement (by
electron diffraction). Kimoto et al. performed electron microscopy research on the

evaporated big metal clusters.'?

In their study, the geometric shapes of the clusters
were obtained by electron microscopy. For example, they found the hexagonal and

columnar shape of the Mg cluster, the spherical shape of the Al cluster and the cubic
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shape of the Cr cluster. The representative images are shown in Figure 1.19."%° As the
electron microscope they used could not reach atomic resolution, they could not
directly observe the crystal lattice structure of the clusters, so the electron diffraction
pattern was used to help with the study of the crystal structure instead. The lattice of

the Mg, Al and Cr clusters are hep, fec and bec, respectively.'*

Figure 1.20 Representative EM images of: (a) decahedral cluster, and (b) icosahedral
cluster. In (c), two parallel lines were employed to show the lattices are not parallel. (d)
The irregular shape clusters. (e) The representative EM image of small Au clusters,
showing the multiply-twinned structure that confirmed the growth of the cluster

started from a small nucleus.'” The figure is from ref [122].

With the development of the instrument, Komoda studied the structure of evaporated

'22 The high resolution electron microscope allowed Komoda to study the
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structure of the Au cluster directly through the imaging. With high resolution images
(as shown in Figure 1.20), he observed the decahedral and icosahedral structure of the
evaporated Au clusters that were consistent with Ino’s research. The structure study
with the different size Au clusters, suggesting the nanoclusters started from a small
nucleus, then they grew with single close packed layers. Also, the lattices in the
clusters were found to be not exactly parallel. The spacing between the lattices tended
to be bigger in the outside part of the cluster, which suggested the existence of a strain
inside the cluster. This can explain the change of the shape and structure of the
clusters with sizes bigger than 15nm: the strain will increase with the bigger size, and
when the cluster size was big enough, the effect of the strain induced internal energy
will overcome the surface energy and force the cluster to change its structure in order

to adapt to it.'*

Although the resolution of the electron microscope now is high enough to offer very

- 89,117,123
clear images of clusters,”

its 2D nature still prevents us from resolving the 3D
atomic structure of clusters. One solution to this is 3D electron tomography, the basic
idea of this technique is to use a series of different orientation images of the
nanocluster to reconstruct the 3D image of the nanoclusters. Chen et al. successfully
employed HAADF-STEM tomography combined with the 3D Fourier filtering to

124 With this new

obtain the 3D structure of a big Pt nanocluster at atomic resolution.
technique, they found atomic steps and dislocations in the Pt cluster (as shown in

Figure 1.21) that are invisible in 2D images, showing the advantages of this
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technique.'** However, this technique requires high stability of the clusters under the
electron beam and sample tilting. This is not very practical to beam-sensitive small
clusters, which are observed to rotate and change structure under the continuous

clectron beam radiation.”®%1%

T —— b

B
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Figure 1.21 (a) An internal slice of the Pt cluster 3D image. The yellow box highlights
the dislocation. (b) The zoomed-in image of the highlighted dislocation. (c)-(e) The
finer sections of the slice in (b). (f) An image of the Pt cluster. (g) An internal slice of
the Pt cluster image in (f), showing the atomic steps that are not observed in (f).'**

The figure is from ref [124].
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As we discussed above, 3D electron tomography cannot be simply applied to a small
nanocluster. Another 3D structure determination method based on a single image of
the nanocluster was presented by Li et al*® in our group. In this study, the aberration
corrected HAADF STEM was utilized to investigate the 3D structure of size-selected
Aus clusters. A quantitative HAADF intensity analysis was performed to confirm the
Au cluster survives from landing on the carbon surface. The atomic structures of the
Au clusters were determined by comparing them with simulated images of three
structure models: cuboctahedron, Ino-decahedron and icosahedron. The result shows
that 32% of the Ausg clusters have an Ino-decahedral structure, 25% have a
cuboctahedral structure and 8% have an icosahedral structure. The rest of the clusters
did not show any ordered structure. Using this technique, only one high resolution
image is needed for determination of the cluster’s 3D structure, showing great
practical potential for small clusters. The only drawback of this method is the size of
the investigated cluster must be obtained in order to use the simulation of the correct
size structure model. In Li’s study, they used the size-selected cluster to avoid this
issue. In chapter 3, we will show that with the combination of this technique and the

cluster weighing, we can resolve the atomic structure of any size clusters we want.
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Figure 1.22 (a) A 3D plot of the HAADF intensity of a Ausgp cluster with
Ino-decahedral structure. (b) Line profile of the experimental image of an
Ino-decahedral structure Ausgg cluster. (c) Line profile of the simulated image of an
Ino-decahedral structure Aujg cluster. (d) The representative HAADF-STEM images

of clusters with different shapes.*® The figure is from ref [88].

It has long been argued by the researchers that the electron beam will affect the

125

cluster’s structure. = Recently, the application of the low dose single molecule TEM

approach applied in molecule biology on the small clusters was carried out by Azubel

1."2! The sample they used was crystalized mono-dispersive Augs(SH)3, clusters

et a
with high solubility and stability, which was confirmed by electrospray ionization
mass spectrum (ESI-MS), thermogravimetric analysis (TGA) and x-ray
photo-electron spectrum (XPS). Aberration corrected TEM images of nearly one

thousand clusters were taken with a low electron dose of around 800 electron/AZ.

42



Chapter 1 Introduction and Background

Then, the images of the clusters were put into the 3D structure reconstruction software.
The reconstruction result showed a 68-peak electron density map corresponding to the
3D atomic structure of the Augg(SH)s, cluster’s metal core. This structure was
confirmed by a DFT calculation. The model of the Augs(SH)3, cluster based on the Au
core structure obtained from the TEM images was relaxed to the minimum energy.
The relaxed structure showed a great match with the structure from the TEM, only
very few surface atoms moved from the previous position. This low electron dose
TEM with 3D reconstruction technique shows great ability on the 3D structure
determination of the small clusters. While we should notice this technique requires
very high mono-dispersive samples, all the clusters in this technique should have the

exact same size and atomic structure.

Figure 1.23 (a) The representative images of Aues(SH)s, clusters. (b) The electron
density map of the Augs(SH)s, cluster from the reconstruction software. (c) The
comparison between the TEM obtained Augg(SH)s, structure (up) and the DFT relaxed

structure (lower)."*! The figure is from ref [121].
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1.2.4 Dynamical studies of cluster structure transformation with
EM

The atomic structure of the nanocluster was strongly influenced by parameters such as
temperature, size and energy® ~***!212® Therefore, studying the parameter-dependent
atomic structure of the clusters is of great importance in better understanding the
nature of the cluster structure. Electron microscopy, due to its high flexibility, is a

suitable tool to perform this type of study.
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Figure 1.24 The structure distribution of the Au clusters as a function of cluster
diameter with different annealing temperature: (a) No annealing, (b) 1173 K, (c) 1223

K, (d) 1273 K, and (e) 1373 K.'® The figure is from ref [129].

An experimental study of the atomic structure of the Au nanocluster with variation of
size and annealing temperature was employed by Koga et al, with high resolution
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electron microscopy.'” The Au cluster samples were prepared by gold evaporation
with helium cooling. Before the helium-cooled Au cluster deposition, the clusters
were passed through a heating zone with different temperatures from room
temperature to above Au bulk melting point. Then the deposited clusters were
analyzed by high resolution electron microscopy. Each cluster was tilted to a series of
angles in order to better identify the structures. Next, the structure distribution of the
cluster with different sizes and annealing temperatures were obtained as shown in
Figure 1.24. The results show clearly the effect of the annealing temperature and size
on the structure distribution. The study confirmed the energy barriers between
structures, which has great influence on the structure distribution of the clusters with
certain sizes and temperatures.'” However, we should notice the special high
percentage of icosahedral clusters observed in the condition without the annealing as
shown in Figure 1.24 (a). This result shows contradictory to previous theoretical and
experimental studies which suggest much lower percentage of icosahedral structures
and higher percentage of decahedral and fcc structures in small size region. Koga et al
suggested that the observation of these large icosahedral clusters is due to the kinetic
trapping effect, the large icosahedral clusters were formed shell by shell from small
icosahedral cluster “seed”. We cannot rule out this possibility, especially as the cluster
formation conditions can change the structure proportion significantly. But a further
study on this result can be performed for a better understanding on the mechanism of

cluster structure formation.
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In the electron microscopy studies, the electron beam irradiation is normally regarded
as a “bad” factor due to its potential “damage” to the sample. However, in a series of
electron microscopy studies employed by Zhiwei et al., the electron beam was no
longer a potential damage-inducing factor, but a manipulation probe, which can be
used to study the most stable structure of the Au nanoclusters.*'**'” In the study on
the size-selected Auogys clusters,” the clusters were continually scanned and imaged by
the aberration corrected STEM. The structures of the clusters were confirmed by
comparing them with the simulated images of different structure motifs:
Mackay-icosahedral, Ino-decahedral and cuboctahedral. Under the continuous
electron beam scanning, as shown in Figure 1.25, the icosahedral structure was the
least stable structure, as nearly all the icosahedral structured clusters transformed to
decahedral or fcc structures after long-standing electron beam irradiation.*® The
decahedral structure seems the most stable structure: all the decahedral structured
clusters retain the same structure after electron irradiation, though the direction of the
structure was changed. The fcc structure also showed great stability, only one fcc
structured cluster transferred to the decahedral structure. Based on these results, the
icosahedral structured clusters should have a higher energy than the decahedral or fcc
structured clusters. The decahedral structure may have the lowest energy as more of
the icosahedral structure transferred to the decahedral structure. This result showed
agreement with the theoretical prediction that in this medium size range, the
decahedral should have the lowest energy, while the fcc structure has a slightly higher
energy than the decahedral structure.’® In another study on the size-selected Auy
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clusters, a similar method was employed and tetrahedral and unidentified structures
were observed during the structure fluctuation under the continuous electron

irradiation, showing the ability of this method applied to small clusters.'*

Initial state | After irradiation Examples
-
(]
A
Dh: 29 =
Ih: 42 FCC: 12
lh: 1
)
)
&3
A
< :
i FCC <110>
o
L
=
Dh: 18 Dh: 18 85
é Dh 5fold axis
o
&b
FCC: 18 Q=
FCC: 19 s 2 S
=
=

Figure 1.25 The statistical results of the structure transformation from icosahedral,
decahedral and fcc structures, with the corresponding representative images.* The

figure is from ref [89].

1.3 Aims and objectives

The main objective of this thesis has been to develop a more precise method to study

the structure of nanoparticles by using aberration corrected HAADF-STEM. To
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achieve this objective, using the incoherent nature of the HAADF-STEM imaging, the
size-selected clusters produced from a magnetron sputtering, gas condensation cluster
source were used to calibrate the integrated HAADF intensity. The sizes of the
nanoparticles were then obtained from the calibrated integrated HAADF intensity.
Using this method, the nanoparticle samples can be “purified”, and the structure of the

nanoparticle studied in a much more precise size range.

Four different systems were investigated by the method mentioned above: phosphite
protected monometallic Schmid Au clusters, thiol protected bimetallic AuAg cluster,
TiO; supported PVA protected ultrasmall Au and Pd cluster and biological ferritin iron
core. For the first system, the aim is to study the atomic structure of the
Auss(PPh;3);,Clg without the other size clusters’ influence. For the second system, the
aim is to study the atomic structure of the AuAg alloy clusters with the consideration
of their composition. For the third system, the objective is to characterize the ultra
small clusters in the TiO, supported Au and Pd catalysts to explain the unexpected
high catalysis performance. For the fourth system, we aimed to study the ferritin iron
core growth process by investigating the ferritin iron core morphologies with different

iron loading.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Scanning transmission electron microscopy

2.1.1 A brief history of electron microscopy

It was a momentous time when the first electron was transmitted through a sample in
the first electron microscope designed and built by Dr. Ernst Ruska and Dr. Max
Knoll in late 1933." From that time, the human being’s observation ability marched to

the nanoscale world.

The principle of electron microscopy can date back to 1924, when Louis de Broglie
introduced his theory of the matter wave in his famous PhD thesis, “Research on the
theory of the quanta”.® In this new theory, all small particles, not only photons, can
have wave-particle duality. So, the wavelength of the electron beam can be described

as:

h h
A== 2.1
1%

eV 1/2
[2mgeV (1 + 2m0c2)]

where h is the Plank constant, m. is the rest mass of the electron, V is the acceleration
voltage applied to the electron, e is the charge of the electron and c is the speed of
light. Note that relativistic effects must be considered because the velocity of the
accelerated electron in the TEM can be very high (electrons accelerated by 200 kV
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can be faster than the half of the speed of light!). The mass of the electron is much
larger than that of the photon, therefore accelerated electrons can have a much smaller
wavelength than light. As the resolution of a microscope is limited by its probe
wavelength, hence, it shows the great potential of the electron microscope to resolve

the features in a much lower scale than the normal visible light microscope.

2
5 N ;

Figure 2.1 (a) The first electron microscope built by Ernst Ruska (Stored in Deutsches
Museum, Munich, Gerrnany).3 (b) Ernst Ruska and Max Knoll with the electron
microscope they built.* (c) Ernst Ruska received the Nobel Prize in Physics for his

contribution in developing the electron microscope in 1986.

In 1927, Hans Busch first demonstrated how to focus the electron beam by a magnetic
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electron lens, which is the foundation of the electron microscope.® In 1933 the first
complete electron microscope with a magnification of 12,000 times was built by Ernst
Ruska and Max Knoll."> It is very interesting, that at first, Ernst Ruska was unaware
of Louis De Broglie’s new theory, but he soon realized the electrons in his new
instrument would have a much smaller wavelength than light, and would be capable
of achieving angstrom scale resolution. Two years later, in 1935, the first scanning
electron microscopy image was published by Knoll.* Manfred von Ardenne designed
and built the first STEM in 1937. He realized that the transmitted electrons could be
directly detected to form the image rather than refocused to form the image, avoiding

910 However, because of the limitation on the

the chromatic aberration of the lens.
brightness of the electron source and the spherical aberration of the electron lens, the

resolution of the first generation STEM showed no advantage compared with the

conventional TEM.’

The next significant development of the STEM was nearly 30 years later, when Albert
Crewe equipped his STEM with a field emission electron gun (FEG) to solve the low
brightness problem. In 1970, Crewe et al. reported the visualization of single heavy
atoms on thin carbon film by the new STEM equipped with a cold field emission

12 The newly developed

electron source and an annular dark field (ADF) detector.
instrument gave them a resolution of 0.5 nm."" They suggested that the annular
detector can be utilized to collect most of the elastically scattered electrons and form a

high contrast image, while the inelastically scattered electrons and unaffected
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electrons that pass through the hole of the annular detector can be separated and

11,12

analyzed by an energy analysis spectrum.

Figure 2.2. The first STEM image that observed single atoms. The new technique was
demonstrated by the ADF-STEM images of pairs of single U atoms in: (a) low
magnification, and (b) high magnification, with the Th long chain in (c) at low

magnification and (d) high magnification.'” The figure is from ref[12].

With the brightness issue having been solved by usage of the field emission electron

gun, the aberration of the electron lens became the most significant limitation of the
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instrument. Since the development of the first electron microscope, the aberration of
the electron lens was considered to be a limit on the resolution. In Otto Schezer’s
famous 1936 paper he demonstrated that the spherical aberration is positive for round
electron lenses and that it is impossible to completely eliminate.’> Many scientists
were inspired to find a way to solve this problem. However, despite some brilliant
physicists proposing elegant ideas on the aberration correction, such as
high-frequency lens, using space charge or foil lens to correct the spherical aberration,
round electron lens and mirror or the idea of the multipole system correctors, all
aberration correction projects were essentially unsuccessful until the 1990°s due to the
complication of the system and the absence of a high performance operation and

14-22

diagnostic system. The breakthrough in aberration correction was finally made in

the 1990’s by two different groups, Haider et al. developed the first capable

23-25

sextupoles type corrector for the TEM, while Krivanek et al. worked out the first

successful quadrupole-octopole type correction for the STEM.**2®

With the scientists’ more than a half century endeavor, the resolution of the electron
microscope finally achieved the sub-angstrom scale seen today. Currently, it is
reported that the best resolution is as low as 0.35 angstrom and is achieved by a
Hitachi HF3300v STEM equipped with a 300kV cold field emission gun and a
spherical&chromatic aberration corrector.”” The scanning transmission electron
microscope equipped with a field emission electron source and cs-corrector is
becoming a sort of “standard configuration” and is being distributed throughout
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laboratories in the world to improve the studies in the areas of physics, chemistry,

material science etc.

2.1.2 Overview of the STEM

All electron microscopy work contained in this thesis were carried out using a JEOL
JEM2100F STEM in our group. The general schematic of how the STEM works is
shown in Figure 2.3. Electron beam, the media between the sample and the
microscopy image, was generated by a Schottky field emission electron source. The
electrons from the electron source tip are extracted by the first anode in the electron
source, then accelerated by the second anode. The acceleration voltage applied is

200kV. The details of the electron source will be discussed in section 2.1.3.
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Figure 2.3 A schematic of the aberration corrected STEM and the picture of the JEM

2100F STEM we used in our lab.

After the generation, the accelerated electron beam is adjusted and focused by the
condenser lenses. An aperture is inserted to remove the wider scattered electrons. The
size is chosen by the compromise between the beam intensity and beam quality. After
aperture, the electron beam passes through the CEOS cs-corrector which can
compensate for most of the spherical aberration of the electron beam. Then the

spherical aberration corrected electron beam is formed to be an electron probe by the
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objective lens. The electron probe is controlled by the scan coil to scan over the
selected region of the sample. In our STEM, the size of the electron probe can be
achieved to 0.1nm and the beam current is around 30pA. Below the sample, the high
angle annular dark field (HAADF), bright field (BF) and electron energy loss
detectors are positioned to collect different electron signal. On the contrary, an energy
dispersive X-ray (EDX) detector is placed above the sample to collect the

characteristic X-ray emitted from the sample.

2.1.3 Electron source

A bright and reliable electron source is of great importance to the TEM. There are two
major types of electron sources: the thermionic emission electron source and the field
emission electron source. There is also another type, called the Schottky source,

which combines both thermionic and field emission features.*

If the free electrons of a material are given energy which is greater than the material’s
work function, then the electrons will escape from the surface of the material to the
outside. A thermionic emission electron source uses this idea by heating the material
to a reasonably high temperature to give the electrons a high thermal energy to
overcome the energy barrier of the material.* Through the Richardson’s law, we can
have a better understanding of the thermionic emission®’:

] = ATZe_kKT (2.2)
Here, J is the emission current density, A is the Richardson’s constant which is

dependent on the electron source materials, T is the temperature of the material, W is
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the work function of the material and k is Boltzmann’s constant. Through this
equation, we can see that if we want high emission current density, we must heat the
material to a high temperature in order to give the electrons enough thermal energy.
However, this requires that the materials have special properties, either the material
must have a very high melting point or a reasonably low work function. There are not
many materials available that meet these requirements, the only common material

used in the thermionic electron sources are Tungsten and LaBs.*

FEG Tip vV, —— V, ——

Second anode- -

Figure 2.4 Schematic of a field emission electron source.

Unlike the thermionic source, the field emission electron source uses an electronic
field to extract the electrons from the source materials. If a voltage, V is applied to a

round point with a radius of r, then we can find the electron field,

E=Y (2.3)

r
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Hence, through using a super small needle tip, a very large electron field is generated
to lower the work function of the tip material, the electrons can then be emitted from
the tip due to the tunneling effect. There are two anodes below the small needle tip.
The first anode always has several kV applied to “extract” the electron from the tip
material, While a much higher voltage is applied to the second anode to accelerate the

electrons to form a high energy electron beam.**!

When field emission occurs at room temperature, the electron source is called a cold
field emission electron source. However, the cold field emission electron source
requires a very smooth surface which needs an ultra-high vacuum (<10” Pa)

environment.**!

If the tip material is heated to a higher temperature, the thermal
energy will enhance the electron emission, and a lower vacuum condition (<10 Pa) is
required. This type of electron source is called the Schottky field emission electron
source.”> The Schottky field emission electron source is more reliable as it requires a
lower vacuum (compared with the cold field emission source) but still maintains a
reasonably high performance in brightness and electron energy dispersion (compared

with the thermionic emission source). It is now the most popular electron source used

in the electron microscope™**

2.1.4 Magnetic electron lenses
To converge or diverge the electron beam on electron microscope, electron lenses

must be used. A schematic of the magnetic electron lens is shown in Figure 2.5.*
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There are two major parts in a magnetic electron lens. The first is a current that passes
through a copper wire coil, which forms the magnetic field. The second is soft iron
core inside the copper coil called a pole piece. Normally there are two pole pieces
(one is up and one is down), with holes in the pole pieces called bores. The distance
between the upper and lower pole pieces is called the gap. The ratio between bore and
gap decides the magnetic lens’s ability for convergence of the electron beam. The pole
piece’s function is to form and strengthen the magnetic field in a relatively small
range, which is helpful in focusing the electron beam. In general, the magnetic
electron lens will form an inhomogeneous magnetic field which is symmetric to the
axis. A water cooling system is normally applied in the magnetic electron lens due to

the resistant heat from the copper wire.*
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Figure 2.5 Schematic of a magnetic electron lens.” The figure is from ref[4].

AAAAAAAA

A schematic of the workings of a magnetic electron lens is shown in Figure 2.5. When
the electron beam passes through the magnetic lens, the electrons will experience the

Lorentz force, F due to the magnetic field, B from the lens and the electron’s velocity,
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v. To make the description clear, we will divide the magnetic field and velocity into
two direction components: the axis directions, B, and v, and the radial directions, B;
and v;. In the upper part of the magnetic field in the electron lens, the radial velocity,
v; will experience a Lorentz force due to the axial magnetic field, B,, whose direction
is into the paper. The Lorentz force produced by the axial velocity, v, and radial
magnetic field, B; has the same direction. So a tangential velocity from the axial
rotation, v; is formed. Then the v, will cause a Lorentz force, F. with a direction to the
axis, in which the electron beam will converge. When the electron goes into the lower
part of the magnetic field, the tangential velocity will decrease due to the different
direction of the velocity and the magnetic field, while the direction will remain the
same. So, the direction of F. will also not be changed and keeps converging the
electron beam until the magnetic field is weak enough due to the long distance from

the lens.*

2.1.5 Aberration and aberration correction

If we only count the influence of the electron’s wavelength, the maximum spatial
resolution of a 200kV STEM can be as high as 0.003 nm. This is much higher than the
resolution of the most advanced STEM in the world (0.035 nm, as we mentioned
above). The reason for the gap between these two resolutions is the difference
between the perfect lens and the realistic electron lens, which is called optical

aberration.
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There are two major types of aberration: chromatic and monochromatic. For an
optical (light) lens, chromatic aberration occurs because the refractive index of the
lens varies for different colour of light (wavelength of the electromagnetic wave). In
the electron microscope, chromatic aberration is due to the convergence ability of the
magnetic electron lens differing for electrons with different energy (wavelength of the
mass wave). In our STEM, FEG electron source has a very small energy spread,
which reduces the effect of chromatic aberration. Additionally, the STEM mode does
not need the image forming lens, so the enhanced energy spread due to the electron

energy loss will not affect the STEM image as it does on the TEM.

Object plane Y » Lens plane Least confusion circle

)CO/

Figure 2.6 The schematic of the astigmatism of the lens.

The other type of aberration is called monochromatic aberration, which includes
several species: most importantly astigmatism and spherical aberration. The
astigmatism aberration is due to the lens having a different convergence ability for
different directions. In the electron microscope, astigmatism is mainly due to the

magnetic field being asymmetric to the axis in the magnetic electron lens. This
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asymmetric magnetic field can result from the imperfect production of the soft-iron
pole piece, the inhomogeneity of the material, the un-centred apertures and even the
contamination in the STEM.* A schematic describing astigmatism has been shown in
Figure 2.6. In Figure 2.6, we can see that in the y-direction, the convergent ability is
stronger than in the x-direction. The electron beam from O in the direction y is
focused in the line x; x,, while in the direction x, it is focused in the line y; y». Hence,
no matter how we change the focusing condition, we cannot focus the image in both x
and y directions. There will always be an astigmatism focus difference, Afy between
xo and yo. However, there is a point between x( and yo, where the electrons from

different directions have the same defocus, which we call the circle of least confusion.

Object Plane Lens Plane Gaussian Image Flane

Least Confusion Plane
[

Figure 2.7. Schematic of the magnetic electron lens’s positive spherical aberration.

When the convergent ability of a lens is dependent on the distance from the centre of

182228 In the magnetic electron lens, the

the lens, it is called spherical aberration.
magnetic field strength is different dependent on the distance to the optical axis, the

outside of the lens always has stronger convergent ability than the near-centre part. So
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the incident electron beam from one point will be focused on different points on the
axis, the focus point of the off-axis incident ray will be closer to the lens, while the
near-axis ray will be further away from the lens. This spherical aberration is called
“positive spherical aberration”. So, a point object, “O” before the lens will form a
circle image with a limited diameter. There is always a plane that can be found where
the circle’s diameter will be the smallest, this is called the plane of least confusion
plane. In practical STEM operation, the plane of least confusion is often picked as the

“focus point”. A schematic of the spherical aberration is shown in Figure 2.7.

For a STEM equipped with a field emission electron source, the main limitation to the
resolution is spherical aberration. Therefore, a spherical aberration correction is
required to improve the performance of the STEM. As mentioned above, all the
ordinary round electron magnetic lenses have “positive” spherical aberration. The
principle of a spherical aberration corrector is to form a lens with “negative” spherical
aberration to compensate for the positive spherical aberration of the other lens. There
are two types of spherical aberration correction systems, both with different
configurations of multipole lens: one is the quadrupole-octupole based system, and
the other is the hexapole based system.”> *****® The CEOS corrector used in our JEOL
2100F is a hexapole based system. Here, the hexapole magnetic lens system will be
described. A schematic of the hexapole magnetic lens is shown in Figure 2.8 (a).
When electrons move down into the plane of the paper, they experience the Lorentz
force, F=eqv with a direction parallel to the plane of the paper. All the electrons, that
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along the same line which is parallel to the plane of the paper and across the axis of
the hexapole lens, will experience the Lorentz force in the same direction due to the
hexapole structure, and will be deflected. The power of the Lorentz force is dependent
on the distance between the electron and the central axis of the hexapole. The closer
the electron is to the central axis, the weaker the Lorentz force will be. If we introduce
the depth of the lens, it will be a little different. When the electrons go through the
hexapole lens, those that positioned in the side which the Lorentz force point to will
be more deflected compared to the electrons in the other side. The effect of this is that
the hexapole lens will diverge the electron beam; the further the beam is from the axis,
the stronger the beam divergence will be. Through this hexapole structure a lens with
“negative” spherical aberration is formed, which is required to compensate the

“positive” spherical aberration of the magnetic electron lens.

Figure 2.8. The schematic of: (a) the hexapole magnetic electron lens, and (b) the

double hexapole lens system.

However, the hexapole lens will form three-fold astigmatism due to the hexapole
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structure. To solve this problem, a double hexapole system was developed by
combining two hexapole magnetic lenses to offset the three-fold astigmatism. The
schematic of a double hexapole system is shown in Figure 2.8 (b). When the parallel
electrons go through the first hexapole magnetic lens, H1, they will be diverged with a
three-fold astigmatism. The electrons will then pass through a doublet of round lenses
R1 and R2 with a magnification of -1 to make a point inversion of the electron beam.
Next, the inversed electrons go through the second hexapole lens, H2. The electrons
will experience another divergence with an inverse three-fold distortion. So the
electrons will be diverged further while the inverse three-fold distortion will
compensate for the previous three-fold distortion. So a double hexapole lens system
can perform as a lens with negative spherical aberration to correct the positive
spherical aberration, and without the three-fold astigmatism which is caused by the

single hexapole magnetic lens.

2.1.6 Detectors and image formation

When the high energy incident electron beam scans over the specimen, there are
different signals emanating from the sample. In the STEM, there are normally three
types of signals being collected by different detectors.® If the electrons pass through
the specimen and are scattered to a very low angle, they can be detected by either a
BF detector to form a BF image, or an electron energy loss spectrum (EELS) detector
and be used to analyse the chemical information of the sample.’***> When high energy

electrons hit the atoms of the sample material, they may transfer energy to the inner
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shell electrons, ejecting them from the atoms and leaving the atom in an excited state.
An outer shell electron give excited atom will then fill the hole in the inner shell and
emit the characteristic X-ray. The emission energy depends on the energy difference
between the inner and outer shells, which is different for different elements. So the
X-ray signal is characteristic of a given material and can be used in chemical
analysis.”® In practice, an energy dispersive X-ray detector is installed above the

sample to detect the X-ray signal efficiently.

If an incident electron is close to the atomic nucleus, then it will be elastically
scattered. Electrons that are scattered to a relatively high angle can be detected by a
HAADEF detector to form a HAADF image.'>”” As most of the STEM studies in this

thesis were performed using this HAADF mode, we will discuss this in detail below.

A HAADF-STEM image is normally formed by electrons scattered through angles

4,1238

greater than 50 mrads. Within this scattering angle range, electrons that are

elastically scattered from the nucleus dominate the signal. Elastic scattering by the
nucleus is often described by Rutherford scattering. The differential cross-section of
the classic Rutherford scattering equation is expressed as:

e*Z?

op(0) = 5d0 (2.4)
16(4meyEy)?sin 5

Here, 0 is the scattering angle of the electron, Z is the proton number in the nucleus,
Ey is the energy of the electron, and (1 is the solid angle of scattering. In Equation 2.4,

the screening effect (the effect of the electron cloud around the nucleus) is not
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considered. However, in practical conditions, the electron screening effect cannot be

ignored. To consider the screening effect in the cross-sectional equation, the term
40 . 20 8 o

sin* ~ should be corrected to [sin? >+ (70)2]2.4 Here 6, is given by:

0.117z%/3
0= E, /2

(2.5)

As the normal acceleration voltage in the STEM is above 100kV, relativistic effect

must be considered. By adding the relativity corrected wavelength (as shown in

. . h?
equation 2.1) and the Bohr radius, a, = nmi
0

oz of the atom, the screening and

relativity corrected cross-section of the Rutherford scattering is given by:
Z2 2%

ox(60) = a0 (2.6)
64maf [sin? 5 + (F)?]?

Through equations 2.5 and 2.6, we find that the scattering intensity is proportional to
Z%, where a is no bigger than 2 (where the value of 2 is for the unscreened

Rutherford scattering, as shown in equation 2.4).

Now, we discuss the incoherent nature of the HAADF-STEM. To simplify the
condition, we assume the object here has a crystal structure with a low index direction.
The standard that defines the image’s coherency is if the Airy discs of each atom’s

columns have a phase relationship between each other.”®*

This is dependent on the
comparison between the transverse coherent length and the interatomic spacing
distance. The transverse coherence length is defined as L;= 0.611/6.* To make the
image incoherent, the transverse coherent length, L; must be smaller than the

interatomic spacing distance, d, as shown in Figure 2.9.* For a 200kV STEM, the
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electrons have a wavelength of 0.00251 nm, the interatomic spacing distance, d is
normally around 0.3 nm. A normal HAADF-STEM’s detection angle is 50 — 150
mrads, the transverse coherent length is then calculated to be 0.01-0.03 nm, which is
far smaller than the normal interatomic spacing distance. So the HAADF-STEM

image is the incoherent image.

Condenser or Collector Aperture

2 Annular Aperture or Detector
|dl ldl
2\ 5 NG
<~ | [~
b 0.61A
0
a: Coherent b: Incoherent

Figure 2.9 Schematic of the coherent and incoherent imaging by TEM and STEM.*

The figure is from ref[40].

Because of the incoherent nature of HAADF-STEM, the HAADF image is soley
formed by the total number of scattered electrons at each electron probe position. As
mentioned above, the high angle scattering can be considered as Rutherford scattering,

and the cross-section is described by equation 2.6. Therefore, the relationship of the
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integrated HAADF intensity of different elemental clusters can be described as:

I n Z
a—la, e
Ip  mp Zp

)% (2.7)
Here, I is the integrated HAADF intensity, n is the number of atoms in the cluster, Z is
the atomic number of the atom, and o is the parameter that can be tuned by changing
the HAADF detection angle. In our STEM with the HAADF detection angle range of

62~164 mrads, « is 1.46+0.18.*!

2.2 Cluster formation by magnetron sputtering and gas
condensation

Cluster production has attracted research over the last 20 years due to the unique
physical and chemical properties of nanoscale cluster materials, and their potential
function in areas such as catalysis, medicine and electronics.** > The unique
properties of the clusters are mainly a result of their size range. So satisfactory
size-control of the clusters is important to enable investigation of the properties as
functions of size, such as the catalytic activity.*”*> In this thesis, size-selected
clusters are required as mass balances for atom counting. Here, a magnetron
sputtering, gas condensation cluster source with a lateral time-of-flight mass selector
is employed to produce the size-selected clusters.”®>’ The schematic of the cluster

source is shown in Figure 2.10
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Figure 2.10 The schematic of the magnetron sputtering, gas condensed cluster source

with lateral time-of-flight mass selector. The figure is from ref [56].

The cluster source can be separated into three different functional parts: cluster
formation, cluster beam tuning and cluster mass selection. Here, we will explain these

three parts sequentially.

2.2.1 Cluster formation

To achieve the size selection, the clusters must be ionized sufficiently. The magnetron
sputtering method employed here produces ionized cluster materials. There are two
main advantages of the magnetron sputtering method: First, the proportion of ionized
clusters is relatively high (~30%), therefore, no further ionization step is required.
Second, the strong magnet will enhance the plasma and improve the sputtering

efficiency.”®

As shown in Figure 2.10, a magnetron gun is setup on a long axial mount. Argon is
injected into the front of the magnetron and the gas flow rate is controlled by the exit

nozzle. A pure material (e.g. 99.99% gold) disc is placed as the target in the
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magnetron and a high RF voltage is applied to it. The Ar plasma is ignited by this RF
voltage. Due to the nature of the RF voltage, the target attracts the electrons and repels
to the Ar’ when it is in the positive cycle and the contrary in the negative cycle.
Because of the mass difference between electron and Ar’, the mobility of the electrons
is much better than the Ar'. Hence, there is a negative bias voltage on the the target
which induces the sputtering process. The strong magnet field behind the target
improves the ionization of the Ar’ by increasing the electron mobile trajectory, which

. 56
can enhance the sputtering process.

When the Ar' ions hit the target, the energy of the Ar  will transfer to the target
material surface. If the energy is high enough to overcome the binding energy of the
target atoms, then the atoms will be ejected from the target. To generate larger clusters,
He gas is injected to cool down the sputtered atoms and produce small “seed” clusters
for further growth. The process can be regarded as a three-body collision between one
He atom and two sputtered atoms. Because of their important role in the cluster
production process, the Ar’ and He pressures can significantly affect the cluster
formation. A previous study showed that the cluster size can be increased a thousand
times by introducing both Ar" and He gas, rather than Ar’ gas only. Due to the
important role in the “seed” production, the He pressure can be used to affect the
cluster size distribution. In a certain range, the cluster size increases with increasing
He pressure. However, if the He pressure keeps increasing, the size of the clusters will
decrease, this is because the formation rate of a small “seed” clusters is higher than
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the formation rate of big clusters. The small “seed” clusters can grow larger within the
condensation chamber in two ways: one is the aggregation of “seed” cluster; the other
is the condensation of atoms on the surface of the “seed” clusters. We can adjust the
condensation chamber length to control the cluster growth time, which will also affect

the size distribution of clusters.>®

2.2.2 Cluster beam optics

To ensure good performance regarding size selection and deposition, a well-focused
cluster beam is necessary. The cluster condensation process ends at the nozzle.
Following this, the clusters move to the ion optics, beam generation chamber through
two skimmers due to the pressure difference between the two chambers. The two
skimmers are used to remove the off-axis clusters and form a unidirectional beam.
The clusters are first accelerated by the extraction lens, (only specific charged clusters
can be extracted), then, the cluster beam is focused by two einzel lenses. There is a
deflection plate between the two einzel lenses, which is used to finely tune the cluster
beam trajectory. After passing through the ion optics chamber, the cluster beam is

well-featured and ready to go into the mass selector chamber.”

2.2.3 Time-of-flight mass selection
The mass selection of the clusters is achieved by a lateral time-of-flight mass selector.
The principle of this time-of-flight mass selector is to give the ionized clusters

momentum perpendicular to the beam direction by assuming an electric field pulse.
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Clusters with different masses will have different perpendicular velocities due to the
same applied momentum. After the clusters move for a certain time, an opposite
electric field is applied to remove the perpendicular momentum caused by the
previous electric field. Clusters with different masses are separated by the different

perpendicular movement.

P4

+ AD

|5

Figure 2.11 Schematic of the time-of-flight mass selector.
A schematic of the time-of-flight mass selector is shown in Figure 2.11. The clusters
enter the mass selector through the entrance slit in the lower left. A short high voltage
pulse is applied to the plate P1 to give the clusters an upward momentum. The
duration of the pulse is designed to ensure no clusters leave the acceleration
area(between plates P1 and P2), so that all the clusters are given the same upward
momentum. There is an opening with mesh in P2 where the accelerated clusters can
pass through to the field free region between P2 and P3. A similar opening in P3
allows the clusters to pass through P3. An equal but opposite voltage pulse is then
applied to P4; giving the clusters a downward momentum, which offsets the previous
upward momentum. The clusters will maintain their horizontal velocity to the right

and move out of the mass selector from the exit slit.
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The time that a cluster takes to travel from the acceleration region between P1 and P2
to the deceleration region between P3 and P4 is dependent on the perpendicular
velocity of the clusters, which is dependent on its mass. The perpendicular momentum
added to the cluster is p=mv,, where m is the cluster’s mass, and v, is the
perpendicular velocity after acceleration, and the vertical distance between the
acceleration region and the deceleration region is d. Therefore, the time interval

between the acceleration pulse and the deceleration pulse is:

d md
T,=—=— (2.8)
Up  DPp

As the perpendicular momentum, P, and the distance, d are normally fixed, the

interval time between the two pulses is used to select the cluster’s mass.’’

The mass resolution of the mass selector is determined by the ratio of the entrance and
exit slit aperture sizes and the perpendicular movement distance. If my is the mass of a
cluster, that can exactly transfer through the exit slit, for a cluster with mass m, the

perpendicular velocity is’’:

my
Um = Umo E (29)

The perpendicular movement distance can be calculated by’’:

1 1 my
Dm = Evmtp + Umtd + Evmtp = ED (210)

Here, t, is the acceleration time, tq is the field free flight time, and D is the total

perpendicular movement distance of the exactly transmitted clusters. The change rate

of the perpendicular movement distance with respect to the mass can be explained
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57
as .

dD,, moD D
— =—-— =—— (2.11)
dm m=m, M m=m, Mo

The exit slit has an opening size, AD, so clusters with a mass range will all be selected

by the mass selector. The mass range can be calculated by’

Am = dm AD = —0Ap 2.12
m= .. =-7 . (2.12)
So the mass resolution is given by:
R = o b 2.13
~Am  AD (2.13)

In practical conditions, AD is not only the exit slit size, but a convolution of both the

. .. 57
entrance and exit slit sizes.

2.3 Multislice STEM image simulation of clusters

Although the aberration corrected HAADF-STEM can provide a very high resolution
image of a cluster, it is still the two dimensional projection of the three dimensional
structure. Therefore, to investigate the atomic structure of the nanocluster, a high
resolution simulation of the HAADF-STEM images is required. In this thesis, the
QSTEM,’® which is a free software package using multislice simulation, is utilized to
simulate the STEM simulation images. The practical parameters of our STEM, such
as acceleration voltage, HAADF detection angle range and spherical aberration, is
uploaded to the software for more accurate STEM image simulations to help our

structure identification.
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Figure 2.12 Schematic of the multislice simulation.* The figure is from ref [4].

QSTEM is based on the multislice simulation method. The principle, as shown in
Figure 2.12, is to divide the model structure that will be simulated into multiple slices,
and then simulate the process slice by slice. For the multislice simulation of the
electron microscope images, the model structure is sectioned into many small slices
that are perpendicular to the incident electron beam. The potential of each slice will be
projected onto one plane in the slice. The interaction between the incident electron
wave function and the first slice is simulated first. The changes in both amplitude and
phase of the electron beam after the interaction with the first slice are calculated and
propagated to the projection plane of the next slice, as the new incident electron beam
wave function. This process repeats until the last slice is simulated. The advantage of
multislice simulation is high accuracy, as it can produce highly accurate STEM image

simulations if a very small slice thickness is used.* However, this method is fairly
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computationally expensive. To overcome this, we used the high performance
computing (HPC) system blue bear’’ to increase the computation efficiency and

accuracy.

The purpose of the multislice simulation of the STEM image is to simulate STEM
images of possible cluster structures and then compare the simulation images with the
experimental images to investigate the clusters’ 3D structures. Because the clusters
land randomly on the surface and the clusters will rotate under the electron beam
during scanning, the pattern of the clusters will change dramatically. So, every
possible beam incident orientation must be considered in the simulation. The end
result of the simulation process is a “map” of simulated STEM images for each
possible structure, at different angles of orientation, that can be compared against
HAADF STEM images to identify the atomic structure of clusters-we call this a
simulation atlas. The comparison is processed by the author and cross-tested by other
people for accuracy. In practice, some specific pattern features from the specific
structures are used to help the comparison work. A schematic of the structure

identification with the simulation atlas is shown in Figure 2.13.
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Figure 2.13 Schematic of the structure determination with STEM image simulation

atlas.

In the research on Auss clusters, the hybrid structure calculated by Garzon et al® and
the three high-symmetry full-shell Auss cluster structures: cuboctahedral, icosahedral
and ino-decahedral, were simulated for every possible incident beam orientation. For
the research on the thiolated (AuxAg)x)3i2:55 clusters, the cuboctahedral, icosahedral
and ino-decahedral models for Aujzp were used to perform the simulations. The
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simulation atlases of these motifs are shown in the appendix.
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CHAPTER 3

HAADF STEM STUDY ON THE
ATOMIC STRUCTURE OF
Auss(PPh;)1,Cls SCHMID CLUSTERS

Most of the text and figures in this chapter have been used in my publication (with me
as the first author): Jian, N., Stapelfeldt, C., Hu, K., Froba, M. & Palmer, R. E. Hybrid
atomic structure of the Schmid cluster Auss(PPh3);2Clg  resolved by

aberration-corrected STEM. Nanoscale 7, 885-888 (2015).

3.1 Overview

In this chapter, The investigation of the atomic structure of the Auss(PPhs),Clg
Schmid cluster' by using aberration-corrected scanning transmission electron
microscopy (STEM) combined with multislice simulation of STEM images is
introduced. Atom counting is employed, with size-selected clusters as mass standards,
to “fractionate” the correct cluster size in the image analysis. Systematic structure
analysis shows that a hybrid structure,” predicted by density functional theory, best
matches nearly half the clusters observed. Most other clusters are amorphous. I

believe these conclusions are consistent with all the previous, apparently

99



Chapter 3 Atomic Structure of Auss(PPh3);2Cls

contradictory structural studies of the Schmid cluster.

3.2 Introduction

The report of the ligand-stabilized Auss(PPhs);2Clg cluster by Schmid and colleagues
in 1981" was a significant event in the emergence of nanotechnology. Its size (1.4nm),
stability and electronic properties drew a great deal of attention.” '* It was quickly
seen as the basis of a future single electron transistor and, more generally, a potential

2

building block of a nanostructured system. > However, the atomic structure of

Auss(PPh;3);,Clg has long remained a mystery, not least because the cluster resisted the

crystallization which is needed to allow single-crystal X-ray diffraction analysis.'* '

The first Auss(PPh;),,Clg cluster structure model was proposed by Schmid et al in
their first report of the clusters in 1981." They used the Mossbauer spectrum and
found 4 types of Au atoms, which is consistent with a full shell cuboctahedral
structure (a shape of fcc structure). In 1990, people studied the average coordination
number of Au atoms in Auss(PPh3);2Cle clusters with the extended X-ray absorption
fine structure (EXAFS)method. *'° The results best fit the cuboctahedral model,
rather than the icosahedral or decahedral models. A combination of EXAFS,
wide-angle X-ray scattering (WAXS) and X-ray absorption near edge structure
(XANES) analysis reported in 2001, also support the cuboctahedral structure.'
However, beside the cuboctahedral, an icosahedral model is also suggested to be the

Auss(PPh;),,Clg clusters structure. The first report is by Vogel et al. in 1993, where the
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powder diffraction curve of Auss(PPhj3),,Cls agreed best with the icosahedral model."?
In theoretical area, an ab initio research of Auss(PPhs);2Clg clusters in 2010 also
support the icosahedral structure. Beyond these two assignments, the structure of the
Auss(PPhs3),Clg cluster was considered to be heterogeneous by Rapoport and
colleagues with an integrated analysis that included high resolution cryo transmission
electron microscopy (TEM), thermogravimetry (TG), X-ray scattering (XRS),
differential thermoanalysis (DTA) and analytical ultracentrifugation (AUC)."* The
TEM was utilized to study the Auss(PPh;),,Clg clusters in the past, but it was mainly
used to measure the diameter of the clusters and they all showed a diameter around

12,14,15

1.4 nm. There was no extensive TEM study on the atomic structure of the

Auss(PPh;);,Clg clusters except for a few high resolution images.

In this chapter, the systematic experimental STEM investigation of the atomic
structure of the Auss(PPh;);2Cle clusters are presented. The cluster weighing method
was used to get the correct size of cluster to study. The high resolution aberration
corrected HAADF-STEM combined with the multilayer simulation were used to
investigate the clusters structure. A hybrid structure, which was predicted theoretically
for the bare Auss cluster, was found to match about half of the clusters, while the other

half are amorphous.
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3.3 Experimental details

The Auss(PPh;3);,Clg clusters were synthesized by Christopher Stapelfeldt and Michael
Froba in Humburg with the Schmid method, which dissolving Ph;PAuCl in benzene
then treated with gaseous B,Hg at 60 °C to form the Au clusters. ! The clusters were
sent to Birmingham in powder form, and redissolved in dichloromethane (CH,Cl,)
and drop casting onto one half of a 400-mesh TEM grid covered with an amorphous
carbon film. The size-selected Ausgg clusters were deposited on the other half part of
the same 400-mesh copper TEM grid (the half grid on which the Auss(PPhs);2Clg
clusters were subsequently deposited was covered by a cap to prevent the deposition
of the size-selected Ausg clusters, in case they affected the ligand-protected clusters)
by a gas condensed, magnetron sputtering cluster source equipped with a lateral

1719 The cluster beam current was 20A and the deposition

time-of-flight mass selector.
time was 150 seconds, the number of the size-selected Ausgy clusters was ~1.9 x 10'°,
The microscopy work was performed by a 200kV JEOL JEM2100F STEM with a
CEOS spherical aberration corrector. The HAADF detector we used in this study had
a 62 mrads inner collection angle and 164 mrads outer angle. All the images were

taken within 2.7 s (with an equivalent electron dose up to 1.9x 10* electron A%) and no

beam shower was performed on the samples to minimize the beam effect.
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3.4 Results and discussion

3.4.1 “Weighing” Clusters

Although the Schmid method can synthesize fairly mono-dispersive clusters, but like
many other chemical synthesized clusters, there were also some similar size clusters
produced during the synthesis process. So, when we try to figure out the atomic
structure of the Auss(PPhs);2Clg clusters, the disturbance of the other size clusters
must be overcome. As mentioned before, using the Z-contrast property of the HAADF
intensity, we can “weigh” the clusters with size-selected clusters as the mass

20,21
balance.?*

The basic idea here is to measure the integrated HAADF intensity of the
cluster and subtract the contribution of its background. To enhance the accuracy of the
measurement of integrated HAADF-STEM intensity, the size-selected Ausgo clusters

were deposited onto half of the TEM grid, while the Schmid clusters, dissolved in

dichloromethane, were drop cast onto the other half of the same TEM grid.
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Figure 3.1 (a) The low magnification HAADF STEM image of: (a) Schmid method
prepared clusters, and (b) size-selected Ausgy clusters prepared with magnetron

sputtering cluster source.

In Figure 3.1, we can see the HAADF STEM images of both Schmid clusters and the
size-selected Ausge clusters. The size-selected Ausge clusters on the right side are
evenly distributed on the TEM grid surface, while the Schmid clusters have a little
higher concentration. We can see that some Schmid clusters in the image are
obviously large aggregations, so to improve the efficiency of the work, only the
clusters which were smaller than 1.8 nm were chosen to be included in the statistical

analysis.

Comparison of the integrated HAADF STEM intensity of each cluster prepared by the
Schmid method with the size-selected Ausge clusters shows that there is some
variation in the nuclearity of the “Schmid clusters” beyond that of pure

Auss(PPh;),,Cl clusters. But the same comparative intensity measurement enable us
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to “fractionate” the chemically prepared sample to focus on the “Auss” clusters which

are or most interest. The relative integrated HAADF intensity of both Schmid clusters

and size-selected Auzgg clusters were shown in Figure 3.2(a).
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Figure 3.2 Cluster weighing for the clusters prepared by the Schmid method. (a) The

integrated HAADF intensity distribution of Schmid clusters and size-selected Auso

clusters. (b) Fine core size distribution of Schmid clusters. The fourth peak at ~54+1.5

is assigned as the Auss(PPhs);,Clg clusters.”” The figure is from ref [22].
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The integrated HAADF intensity of the Schmid clusters were dependent on both the

Au core and the ligand .calculated to an equivalent number E of Au atoms:

n

Zu\" Ze\" Zar\" Z
E = Ny (Z—H) + N (Z—C) + Ng (Z—Cl) + Np (Z—P> =9.88 4 2.74
Au Au Au Au

Here, Ny, N¢, N¢jand Np, are the number of H, C, CI and P atoms. Also, Z represents
the atomic number of each element and the value “n” is from the previous calibration
of our STEM.” After removing the contribution of the ligands, the distribution of the
Au core size of the Schmid clusters can be obtained. A high resolution plot from this
distribution is shown in Figure 3.2(b). We can see 4 peaks at 41£2, 47+1.5, 50+1.5
and 54+1.5 for the Au atoms. The fourth peak at ~54+1.5 is closest to that of Auss.
The maximum length of clusters in the fourth peak were also measured. The
distribution of the maximum length of the clusters is shown in Figure 3.3, and we can
see a peak of 1.406 nm, which is also consistent with the previous study. Based on
these, the fourth peak is assigned as the Auss(PPhs);2Clg clusters. Our atomic structure

analysis will then focus on the clusters from this peak.
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Figure 3.3. Maximum length of the assigned Auss(PPh;3),,Cls clusters. The Gaussian

peak value is 1.406.

3.4.2 Atomic structure of Auss(PPh;),Clg

3.4.2.1 Multislice simulation atlas
Comparing the experimental electron microscopy images with the simulation images
of the predicted structure model is a common method to determine the atomic

structure of nanomaterials.”*>°

Here, the QSTEM software package was used to
simulate the HAADF STEM image.’' The parameters in the simulation program were
set as same as the parameters of the STEM operated in the experiment to enhance the
accuracy of the simulation STEM images. There were four candidate models used to

do the HAADF STEM simulation: cuboctahedral, icosahedral, ino-decahedral and the

hybrid chiral structure. The hybrid chiral structure was predicted by Garzon for bare
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Auss clusters.” In the density function theory (DFT) calculation, this structure has
been found to have the lowest energy structure compares compare with many other

structures, including the cuboctahedral and icosahedral.

m Hybrid
@ Icosahedral

Cuboctahedral

Ino-decahedral

B B E S

Figure 3.4 The example of the STEM simulation atlas of the hybrid chiral structure
(from a=0°, 6=0° to 0=60°, 6=0°), the icosahedral structure (from 0=40°, 6=0° to
0=40°, 6=36°), the cuboctahedral structure (from a=0°, 6=0° to 0=60°, 6=0°), and the
ino-decahedral structure (from 0=0°, 6=0° to a=60°, 6=0°).* The figure is from ref

[22].

As the clusters landed on the TEM grid surface randomly, the same size clusters with
the same structure can display differently in the STEM images. For example, in
Figure 3.4, the simulated image of the ino-decahedral clusters with an orientation of
a=0°, 6=0°, has a five-fold symmetric structure pattern which is rather different
compared with the hybrid clusters at a=0° and 6=60°, which has a two-fold symmetry

structure pattern. So to systematically investigate the atomic structure of the Schmid
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Auss(PPh3),Clg clusters, the STEM image simulation of the candidate models from
every possible incident electron beam orientation has been performed, as the
"simulation atlas”. The orientation range for the simulation depends on the symmetric
properties of each of the structure models. The orientation range of the hybrid chiral
structure is from 0=0°, 6=0° to 0=180°, 6=180°; the icosahedral is from a=0°, 6=0° to
0=40°, 0=36°; the cuboctahedral is from o=0°, 6=0° to 0=60°, 6=45% and the
ino-decahedral is from a=0°, 6=0° to 0=90°, 6=18°. The example of the simulation
atlas is shown in Figure 3.4, where the whole simulation atlas is shown in the

appendix.

3.4.2.2 Atomic structure analysis

The comparison between simulation and experimental STEM images is performed
manually by identifying the different patterns from the cluster 2D image, like a ring
with a central dot inside, parallel lines, or certain angle inside the pattern. The
comparison method was described in detail in chapter 2. In this research, all the
HAADF-STEM images of the clusters in the “true Auss fraction” were compared with

all the simulated images of the four candidate models in the simulation atlas.
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Figure 3.5 Typical high resolution HAADF-STEM images of the Auss(PPhs)12Clg
clusters which are assigned to have hybrid structure and orientations of: (a) a=70°,
0=40°, (b) a=30°, 6=30°, (c¢) a=60°, 6=80°, and (d) 0=100°, 6=0°. The insets are the
corresponding best matched simulated images. From (e) to (h) are the high resolution
HAADF-STEM images of the Auss(PPh;);,Clg clusters with an amorphous structure.??

The figure is from ref [22].

Figure 3.5 shows the examples of the high resolution HAADF-STEM images of the
clusters from the Auss(PPh;);2Cls peak which are designated as the “true”
Auss(PPhs3)1,Clg clusters. All 72 clusters in the “ true Auss(PPh;)2Clg fraction” were
analysed. Based on the results of the comparison between experimental and simulated
HAADF-STEM images, we found no cluster that has either a cuboctahedral,
ino-decahedral or icosahedral structure. However, there are 30 clusters best matched

the hybrid chiral structure. For example, the cluster in Figure 3.5 (d) has a pattern of

parallel fold lines, with an angle of 122°, which is very close to the parallel fold lines
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in the STEM simulation image of the hybrid chiral structure model of orientation
0=100°, 6=0°, with an angle of 128°. The slight difference may be due to two points.
Firstly, the discrete distance between the orientations in the multislice simulation of
the hybrid chiral structure is 10°. The cluster may not be at the exact angle of a=100°,
0=0°, which can cause a small deviation like this. Secondly, the electron beam may
slightly affect the cluster structure and cause the atoms to move faintly from the
original location. A deeper discussion on the electron beam effect will be presented
later. The rest of the clusters, which is more than half of the Auss(PPhs),Clg peak, are
considered to have an amorphous structure. The example of the amorphous structure

Auss(PPh;3);,Clg clusters are shown in Figures 3.5 (e) to (h).

3.4.2.3 Electron beam damage

As mentioned above, the experimental images of the Auss(PPh;);,Clg clusters did not
match the simulation images 100%. One of the reasons may be due to the effect of the
incident electron beam. In many previous electron microscopy studies on small
clusters, such as Auyy, MP-Ausg and Augo(SR).4, people reported the electron beam
can give rise to the atom motion inside the clusters during the imaging process.””*
Can the electron beam break the clusters in our research? To answer this question, a
serial integrated intensity test was performed by repetitively scanning one single

cluster over and over again with the same experimental parameter we used in the

atomic structure study. The results are shown in Figure 3.6.
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Figure 3.6. The integrated HAADF intensity of one Auss(PPhs);2Cls cluster as a
function of scanning time. The HAADF integrated intensity was obtained in a series
of continuous recorded HAADF STEM images of the same Auss(PPh;3);,Cleg cluster.??

The figure is from ref [22].

In Figure 3.6, we can see the cluster’s integrated HAADF intensity in each image did
not change significantly in the continuous imaging process. They are basically
fluctuating around the first image’s integrated HAADF intensity with a very small
fluctuation. This small fluctuation can be due to the error of the STEM instrument. As
there isn’t any obvious change that occurred during the long time scanning, we
concluded that the electron beam cannot break the clusters seriously under the current
experimental condition, at least not in the first several scanning times. But the small

variation of the atomic structure of the cluster during the electron beam scanning is
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inevitable, especially after a long time scanning. So, using the STEM images recorded
the first two scanning times to do the atomic structure analysis is very important in
order to reduce the risk of the clusters structure being changed completely by the
incident electron beam. Beside this, the effect of the electron beam may also be the
reason of the amorphous structured clusters. Of course, the interaction between the
cluster metal core, phosphine ligand and the amorphous carbon substrate surface can

also be a possible reason for the slight change in structure of the cluster.

3.4.4.4 Discussion of the new assignment

It is quite different comparing our assignment for the atomic structure of the
Auss(PPh;3);,Clg clusters, which is a combination of the hybrid chiral motif and
amorphous structures, with the previous assignments of the cuboctahedral or
icosahedral structures. What’s the reason for this? First, the hybrid chiral structure
was initially proposed in 1998 as a bare cluster.” No one before has considered this
hybrid structure as a candidate model for the Auss(PPhs3);2Clg cluster. So, in the
previous experimental study on the atomic structure of the Auss(PPhs);2Clg cluster,
people didn’t compare their data with this model.”'"'*!> Second, the hybrid chiral
structure can be considered to contain the structural elements from both cuboctahedral
and icosahedral motifs. For example, from Figure 3.4 (b), we can see that the hybrid
chiral configuration is like an assemblage of a closely packed fcc plane stick on an
icosahedral cluster. This hybrid feature where the cluster has both cuboctahedral and

icosahedral motifs, can explain the cuboctahedral feature found in the previous
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EXAFS researches, and the icosahedral-like diffraction peak found in the previous
XRD research. Furthermore, the mean coordination number of the hybrid chiral
structure is 7.78, which is very close to the mean coordination number of the
cuboctahedral structure, that is, 7.85. The previous EXAFS data also support well the
hybrid chiral structure as the average coordination number obtained in the previous
cuboctahedral assigned EXAFS studies (7.8° and 7.3'°) is closer to the hybrid chiral

structure (7.78) than the cuboctahedral structure (7.85).'""

Another issue is the high percentage of the “amorphous” structure. In this research,
the term “amorphous” is used to explain the structures that didn’t match with the
hybrid, fcc, icosahedral or decahedral structure. These structures showed asymmetric
pattern with a relatively wide range of aspect ratios. However, as the lowest energy
structure of the Auss cluster is also asymmetric, we cannot rule out the possibility that
there are other asymmetric structures with a medium energy between the hybrid
structure and the ordered structure like fcc and icosahedral. In another word, the

“amorphous” clusters can be considered as the “unassigned” clusters.

3.5 Conclusion

In conclusion, we find that the Schmid synthetic route does produce passivated
clusters consistent with the formula for the Auss(PPh3);2Clg clusters as well as

clusters containing from about 35 to 60 Au atoms. The fraction of clusters containing
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54£1.5 Au atoms, as fractionated by the cluster “mass balance” (and assuming the
standard ligand number), presents atomic structures, measured by aberration-corrected
STEM which fit best the hybrid model (42%) and amorphous structures (58%). We
found no evidence of the previously proposed cuboctahedral and icosahedral
structures. However, the hybrid structure, first proposed for bare Auss, contains both
close-packed and icosahedral-type motifs and appears to rationalize the previous
contradictory assignments. Looking forward, the combination of size-fractionation by
the STEM mass balance method and atomic structure determination in the
aberration-correction regime holds promise to reveal the isomeric structures of other

nanoparticles.
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CHAPTER 4

HAADF STEM STUDY OF THE
VARIATION OF THE CORE ATOMIC
STRUCTURE OF THIOLATED
(Au,Ag;.)312.55s NANOCLUSTERS WITH
COMPOSITION

Most of the text and figures in this chapter have been used in my publication (with me
as the first author): Jian, N. & Palmer, R. E. Variation of the Core Atomic Structure
of  Thiolated  (AuxAgi—«x)3i2ess  Nanoclusters  with  Composition  from

Aberration-Corrected HAADF STEM. J. Phys. Chem. C 119, 11114-11119 (2015).

4.1 Overview

In this chapter, the atomic structure of thiol-protected (AuxAgx)3i2:ss clusters is
investigated as a function of different composition (x) by using aberration-corrected
scanning transmission electron microscopy (STEM), on high angle annular dark field
(HAADF) mode, combined with multislice electron scattering simulations of the
STEM images. Three structural motifs are considered: icosahedral, fcc and
ino-decahedral. A combination of STEM intensity and diameter measurements is used
to “fractionate” the deposited sample according to composition for atomic resolution

imaging. We find that the structure depends critically on composition: the icosahedral
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structure dominates the Ag-rich clusters, while the fcc structure dominates the Au-rich
clusters. The ino-decahedral structure was only observed in clusters with Au content
greater than 30% Au. The result should be relevant to the catalytic application of this

new class of nanosystems.

4.2 Introduction
Nanoclusters are extensively studied because of their unique physical, chemical and
catalytic properties.'> Small alloy nanoclusters are of increasing interest®'' due to

612 which suggest a number of

their distinctive size and compositional effects,
applications in catalysis, optics, engineering and electronics. In recent years, the
syntheses of alloy nanoclusters become more efficient and accurate in size and
composition, from sub-10 nm AuAg alloy nanoparticles to size-selected
AursnAn(SR)is, AuzgnAgn(SR)2s AUiasnAgy(SR)e, etc.”?° Cu-Au, and Pd-Au
analogues of 25-atom and 144-atom species are also reported.’’**
Monolayer-protected alloy nanoparticles are an emerging target of several
researches.”> 2 Thus, the atomic structures of alloy nanoclusters need to be
investigated in order to correlate their properties with their structures. The optimum
structure of alloy nanoclusters (up to 50 metal atoms) have been investigated, which
found that the clusters’ optimum structure was not trivial and was highly affected by
their material, size and composition.”” The x-ray crystal structure of smaller

Auys.,Agn(SR) g and AgusnAun(SR)30 have been determined,’® but the structure of the

larger alloy clusters are yet to be determined. Another research for the lowest energy
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structure of Ag-Pd nanoclusters with specific size and composition, shows a strong

dependence of structure on the composition.*’

Here we present the atomic structure of phenylethanethiolate-protected (-SCH,CH,Ph)
AuyAg x bimetallic nanoclusters containing 312+55 atoms, with size and composition
determined from STEM. Samples of variable composition are imaged using
aberration-corrected STEM and compared with multislice simulation atlases. The
projected area of the cluster in the STEM images is utilized to determine the total
metal nuclearity, while calibrated HAADF-STEM integrated intensity measurements
were employed to obtain the bimetallic cluster composition. Our results show that the
atomic structures of MP-(AuxAg«)312:55 nanoclusters are completely dependent on
the composition: most Au-rich cluster structures are fcc, while most Ag-rich clusters
are icosahedral. The ino-decahedral structure was only found in clusters with less than

30% Au.

4.3 Experimental details

The clusters investigated were provided by Dr. Amala Dass and Dr. Chanaka Kumara
in Mississippi University. The detailed synthesis of 59 kDa, (AuxAgi.x)312+55 involves
three major steps. The first step: an aqueous solution (30 mL) containing 0.45 mmol
of HAuCl; and 0.45 mmol of AgNOs (1:1 molar ratio) was mixed with a toluene
solution (30 mL) of tetraoctylammonium bromide, TOABr. After stirring for 30
minutes, the turbid organic phase was separated and the phenylethanethiol was added.

This mixture was then stirred for another 30 minutes at room temperature and then
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cooled to 0°C with ice for 30 minutes. An aqueous solution of NaBH4 (20 mmol/20
mL of distilled water) at 0°C was rapidly added to the reaction mixture under
vigorous stirring. After 3 hours, the organic layer was separated and dried by rotary
evaporation. This product was washed with methanol several times to remove any
thiol and other by-products. In the second step, 150 mg of the crude product was
subjected to thermochemical treatment at 80°C with excess phenylethanethiol (0.8 mL)
to remove meta-stable nanoparticles. This process was time monitored by
matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS). After 5
hours, the reaction was stopped and the product washed with methanol several times
to remove any excess thiol and other by-products. This step narrows down the size
distribution of the nanoparticles. In the third step, the product was extracted with
toluene and subjected to solvent fractionation using a toluene/methanol mixture to
isolate the nanoparticle at 59 kDa. The monometallic, Au-only product of the above
synthesis was assigned a composition of Auz2(SCH,CH,Ph)ss, based on a peak at
76.3 kDa.**® The 1:1 molar ratio of the HAuCl;:AgNO; starting materials used in
this work yielded a peak at 59 (+4%) kDa, which is quite broad and does not lead to a
unique nuclearity and ligand number assignment per se. (We will see below that the
STEM data are able to demonstrate the range of core size and metal composition in
the nanoparticle distribution after deposition). However, based on the assumption that
the ligand number is the same as assigned previously to the monometallic species,”
and that the average Au:Ag ratio is 1:1, we obtain from the 59 kDa peak a nuclearity
of 312, and thus an estimated mean composition of Au;scAgis¢(SR)sa.
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Figure 4.1. (a) Example images taken before and after the beam shower. (b) HAADF
intensity ratio of each cluster in the STEM images taken after and before the beam
shower.
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The dried alloy cluster powder from the final synthetic product was dissolved in
toluene and drop cast onto half of a 400-mesh TEM grid covered with an amorphous
carbon film. Size-selected Augy; clusters (with an error of 5%), generated by
magnetron sputtering, gas condensation cluster beam source and mass selected with a

lateral time-of-flight (TOF) mass selector,>*°

were deposited onto the other half of
the same TEM grid as a calibration tool. The cluster beam current was S0pA,
deposition time was 60 seconds, and the number of clusters deposited was ~1.9x10'°.
Our 200 kV JEOL 2100F STEM with Cs corrector (CEOS) was equipped with an
HAADF detector operating with inner angle of 62 mrads and outer angle 164 mrads.
All images were typically taken in less than 2.7 seconds (equal to two scans over the
whole image area) with an electron dose of ~7.1x10° electrons A? at 12M
magnification to minimize the beam damage. A 15-minute beam shower without
enhanced electron beam at 400K magnification (total electron dose is ~3.4x10*
electrons A?) was employed to minimize the contamination. The beam shower did
not damage the sample: images taken before and after the 15-minute beam shower are
presented in Figure 4.1, where the results showed no evidence of cluster movement
nor significant atom loss. The multislice simulations employed corresponded to bare
magic-number Ausge clusters: cuboctahedral, icosahedral and ino-decahedral

structures were generated using the QSTEM software package®’ for comparison with

the experimental results.
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4.4 Results and discussion

4.4.1 Metal core size of thiolated (Au,Ag;.,)312:55 Nanoclusters

Before we can investigate the thiolated (AuxAg; x)312+55 nanoclusters’ atomic structure,
the size (i.e. nuclearity) and composition of individual clusters, as found on the
surface, are required. The HAADF integrated intensity distribution is shown in Figure
4.2 (a). There are three peaks in the distribution, forming a harmonic series, the first
peak around 4x10° is assigned to be the peak of the monomer, while multiples are
assigned to dimer and trimer produced by aggregation in the solution, or on the
surface. Since the sample is an alloy, the atom counting method, based simply on the
HAADF intensities as employed for mono-metallic clusters,”* cannot be applied.
Thus, since most clusters observed are approximately circular in projection, we
approximate the clusters to be spheres and convert the measured area in the STEM
images into a volume, given the bond lengths of Au and Ag are very similar (288.4
pm and 288.9 pm), we can easily calculate the total number of metal atoms in the
cluster. The validity of this method is demonstrated against size-selected Ause and

Augy; clusters, as detailed in the appendix.
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Figure 4.2. (a) Histogram of: (a) HAADF integrated intensity, and (b) Au-Ag core
nuclearity (obtained from the measured diameters) for 202 individual thiolate
protected (AuxAgix)3124s5 clusters. Both (a) and (b) show the distributions are

consistent with the discrete multiples of monomers.
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4.4.2 Composition of thiolated (Auy,Ag;.,)312+55 nanocluster core
The number of atoms in each alloy cluster obtained by the method described above is

shown in Figure 4.2 (b). With this size (nuclearity) information, we can now obtain

40
d’38

the composition of each alloy cluster from the atom counting metho using
size-selected Au clusters as the mass balance. The Au proportion is:
P, — NAu _ k _ IT - Iligand
M7 Nr k=1 Lyaom (k=1 xNp
k= G29n ()

ZAu

Here, Nt is the total number of atoms in one Au-Ag alloy cluster, Ny, is the number
of Au atoms, Za, and Z,, are the atomic numbers for Ag and Au, respectively, Ir is
the total HAADF integrated intensity of the cluster, 14, is the intensity of one Au atom
(obtained from the size-selected Augys clusters), and Ijigang 15 the intensity of a ligand,

based on the calibrated Z-contrast exponent, n.*"*

In the size region of 312455, we
use a tentative ligand number of 84, as previously assigned to the mono-metallic

composition,> which is consistent with the MALDI data as noted above.

128



Chapter 4 Variation of the Core Structure of (AuyAg;.x)312+55 with Composition

(a) MALDI

1+

L 1 4 L
50000 100000 150000
m/z
STEM

40
s
g 30
=3
Q
©
220
E
=
2

10

| 1 1

20000 40000 60000 80000 100000 120000 140000 160000 180000 200C
Mass(dalton)

Figure 4.3. (a) MALDI mass spectrometry of the thiol-protected Au-Ag alloy clusters
prepared using a 1:1 molar ratio of HAuCls:AgNOjs starting materials. The 2+ peak at
around 30 kDa is assigned to be the double charged peak of the molecular ions. The
single charged peak is around 59 kDa. (b) The mass distribution of the same thiolate
Au-Ag alloy clusters based on the analysis on the STEM data. The Gaussian fit of the

main peak is at 59.68 kDa.
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A mass distribution of the thiolated alloy clusters based on the analysis results from
STEM data was built and compared with the MALDI mass spectrum of the same
sample to test the accuracy of our method on the core size of alloy clusters. The
MALDI mass spectrum is shown in Figure 4.3 (a). The 2+ peak, at approximately 30
kDa, is assigned to be the doubly charged peak of the molecular ions with a single
charge. The single charged peak occurs at approximately 59 kDa. The number of
atoms in the metal core and the Au-Ag composition of every single thiolated cluster in
the STEM image can be obtained by analysis, as shown above. So a mass distribution
of the clusters has been formed, which is shown in Figure 4.3 (b). The first Gaussian
fit peak is at 59.68 kDa, which is very close to the 59 kDa value in the MALDI
spectrum, showing the analysis method we used had very good accuracy. We can see
that there are also other size clusters observed in the Figure 4.3 (b), and the 59.68 kDa
peak is a little broader than in the MALDI mass spectrum. This can be the result of
the aggregation of the original clusters during the experimental process, like
dissolving or drying the sample. Also, there may be some size clusters that were not
very efficiently ionized in the MALDI experiment. Beside these reasons, the error in
the atom counting also cannot be ignored. The size selected clusters have an error of

+5% which will be propagated to the result of the atom counting method.
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4.4.3 Atomic structure of thiolated (Au,Ag; ,)s12.s5 nanocluster

cores

Icosahedral

2 nm 2 nm 2 nm

Figure 4.4. Typical HAADF STEM images of thiolated (AuxAgix)3i2:s5 clusters.
(a)-(c), (g)-(1), and (m)-(0) are clusters assigned to the cuboctahedral, Ino-decahedral
or icosahedral structures, based on the corresponding simulated images (for bare Ausgo

clusters) displayed in (d)-(f), (j)-(1) and (p)-(r), respectively.

After obtaining the nuclearity and composition of the deposited alloy clusters, we can
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investigate the atomic structure of the clusters (AuxAgix)312+555Rgs with the multislice

. . 43-46
simulation atlas

as a function of composition (x). First, in the high-resolution
HAADF STEM images, all the bimetallic clusters showed intermixing alloy
formation, no significant core-shell, multishell or subcluster features were found.
Figure 4.4 shows an illustrative set of HAADF STEM images of Au-Ag alloy clusters
with their corresponding simulation images (for bare Ausgy clusters). Thus, for
example, Figures 4.4 (a) to (c) are the experimental images of clusters assigned to the
fce structures, and (d) to (f) are their corresponding simulation images. These show a
good match with the experimental images. Images corresponding to the
Ino-decahedral structures are shown in Figures 4.4 (g) to (i) whereas the icosahedral
structure images are shown in Figures 4.4 (m) to (r). Some experimental images did
not match the simulated images perfectly. We note that the models used for our
simulations are ideal, symmetric, full shell structures, but many clusters grew
asymmetrically.*” For example, in Fig. 2(i), the central axis of decahedron is markedly
off centre. Moreover, we know that the thiol ligands will have a strong effect on the
surface of the clusters, with surface Au atom incorporated into the ligand shell.**
These displaced surface atoms will affect the match between the experimental STEM
images and the corresponding simulated images. However, the core structure of the
clusters can still be recognized,“’50 via distinctive motifs like the icosahedron’s “circle

with dot inside” or the five-fold symmetry of the decahedron, as shown in given

specific panels.
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4.4.4 Variation of Au-Ag metal core structure with composition
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Figure 4.5. The proportion of the fcc, ino-decahedral and icosahedral motifs for
thiolated (AuxAgix)312+55 clusters with the composition varying from pure Ag (left) to

pure Au (right).

Figure 4.5 shows the main outcome of the work, the relative proportion of different
structural isomers of (AuxAgix)312:555Rs4 as a function of the Au/Ag compositions.
The amorphous or unidentified structure clusters (~42% of all clusters) were removed
from the statistics to focus on relative abundance of ordered structures with varying
Au/Ag composition. From Figure 4.5, the Au/Ag composition has a profound impact
on the proportion of the different isomers. There is a clear trend, namely, that in the
Ag rich region, the icosahedral structure is dominant, with the percentage declining

smoothly as the Au proportion increases, while in the fcc motif, which shows very

133



Chapter 4 Variation of the Core Structure of (AuyAg;.x)312+55 with Composition

low abundance in the Ag rich clusters, rises continuously as the Au proportion
increases. Their crossover is at a composition of around 40% Au. The decahedron was
only found in clusters with an Au content greater than 30%, after which the
percentage of decahedral clusters remains between 18% and 30% into the Au-rich
region. A comparison analysis of the structure distribution of clusters with size, of
above and below 312 atoms, has also been employed to avoid the possibility of a size
effect on the cluster atomic structure. The results show no significant difference and
remain the trend of the variation of the atomic structure. We also note that the wide
range of the Ag-Au composition ratio, and indeed the relatively broad range of size,
derived from STEM, are not reflected in the MALDI mass spectrum discussed above.
Further work is warranted to explore this discrepancy in terms of the fundamental

nature of the measurements.

4.4.5 Discussion of the atomic structure variation with
composition

Theoretical prediction of the atomic structure of noble clusters as a function of size
appears to vary widely.”' ™ The experimental results reported here are consistent with
theoretical simulations which employed the Gupta potential for clusters. Specifically,
this theoretical work finds a transition from the icosahedral to fcc structure with
increasing size. For Au clusters, the crossover size is around 30 atoms, while for Ag

51,52

the crossover size is much higher, around 300 to 400 atoms. This difference in

behaviour is associated with the relative values of bulk modulus and cohesive energy
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in Au and Ag. If we assume that the properties of Au-Ag alloy clusters vary
monotonically from Au-rich to Ag-rich clusters, as previous research suggests,'>* the
theory is entirely compatible with our data for size 312+55 atoms, showing high fcc
and low icosahedral proportions in the Au-rich cluster, the opposite for the Ag-rich

clusters.

4.5 Conclusions

In conclusion, we have exploited the capability of HAADF-STEM to determine the
size of AuAg nanoalloy cluster from the projected areas and the Au-Ag composition
from the HAADF intensities calibrated against size-selected clusters. The
experimental atomic structures of thiolated (AuxAgix)3i2:s5 clusters deposited on
amorphous carbon were compared with multislice image simulations for fcc,
icosahedral and decahedral motifs. We found that in the size range of 312+55 atoms,
the isomer proportions vary smoothly with the change in composition from pure Ag to
Au. The icosahedral structure dominates for Ag-rich composition and fcc dominates
the Au-rich region, with the decahedron observed for Au-rich clusters. The work
demonstrates the power of aberration-corrected STEM in revealing the atomic
structure of bimetallic clusters as a function of composition. The data helps to
distinguish between different theoretical approaches and may form a useful test case
for future theoretical work. We believe that the experimental approach employed has
much potential to be widely used to investigate the size, composition and atomic

structures of other binary nanostructures.
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CHAPTER 5

INVESTIGATIONS OF THE IRON
CORE OF FERRITIN BY
ABERRATION-CORRECTED
HAADF STEM

Most of the text and figures in this chapter have been used in my publication (with me
as the first author): Jian, N., Dowle, M., Horniblow, R. D., Tselepis, C. & Palmer, R.
E. Morphology of the ferritin iron core by aberration corrected scanning transmission

electron microscopy. Nanotechnology, 27, 46 (2016).

5.1 Overview

As the major iron storage protein, ferritin stores and releases iron for maintaining the
balance of iron in fauna, flora, and bacteria. In this chapter, an investigation of the
morphology and iron loading of ferritin (from equine spleen) using
aberration-corrected high angle annular dark field scanning transmission electron
microscopy is presented. In this chapter, the atom counting method, with size selected
Au clusters as mass standards, was employed to determine the number of iron atoms
in the nanoparticle core of each ferritin protein. Quantitative analysis shows that the
nuclearity of iron atoms in the mineral core varies from a few hundred iron atoms to

around 5000 atoms. Moreover, a relationship between the iron loading and iron core
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morphology is established, in which mineral core nucleates from a single nanoparticle,
then grows along the protein shell before finally forming either a solid or hollow core

structure.

5.2 Introduction

Fe is an essential trace element in living organisms. A schematic of the intercellular
Fe behavior is shown in Figure 5.1. From the schematic, we can see that Fe is vital to
many fundamental cellular processes such as oxygen transport, DNA replication and
cell division.' However, excess Fe in the body can create potential toxicity due to its
capacity to promote the formation of reactive oxygen species, which can lead to
damage of the protein and DNA.* As such, all organisms need to regulate the amount
of free Fe available for fundamental cellular processes whilst avoiding Fe-induced
toxicity. Ferritin, the major Fe storage protein, is central to this regulatory mechanism.
It can store Fe, in the ferric state, and upon cellular demand is mobilized.”® Thus,
ferritin is a protein critical to health. A deficiency of ferritin is associated with many
diseases, such as Still’s disease, Parkinson’s disease, sideroblastic anemia,

10 addition, ferritin also commands

Friedreich’s Ataxia and restless legs syndrome.
a good deal of attention in the area of bionanotechnology due to its attractive
architectural feature, such as its cage structure, stability, non-toxicity and the ability to

mineralize other elements.®!' "3

Ferritin demonstrates potential for a number of
applications, including drug delivery, magnetic recording, and quantum electronics.'*"

' Thus, a deeper understanding of ferritin is required from the perspective of public

health and for the development of bionanotechnology.
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Figure 5.1. Schematic of intercellular Fe behavior. The Fe is imported into the cell
with several medias such as divalent metal ion transporter 1 (DMT1), transferrin (Tf)
and transferrin receptor (TfR). The imported Fe is utilized in many processes like
oxygen transport, cell division and DNA replications. Excess ferrous Fe is harmful in
the body and results in DNA and protein damage. The ferritins transfer the ferrous Fe
to ferric, which is then crystalized into a protein to store the excess Fe to prevent

possible damage to the body.

X-ray structures of the ferritin shell have been known since the 1980’s, and show that
ferritin molecules in different mammals have very similar structures.”'*2° As shown
in Figure 5.2, the apoferritin shell (Fe-free form of the ferritin protein) has a hollow
symmetrical structure formed by 24 sub-units. There are two types of sub-units, H and
L, with different amino acid sequences. Apoferritin has an outer diameter of 12 nm
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and an 8 nm diameter hollow cavity inside, which is available to store mineralized Fe.
There are 2-fold, 3-fold and 4-fold symmetry axes in the apoferritin molecule. The
hydrophilic channels along the eight 3-fold symmetry axes are normally regarded as
the major channels for Fe entrance. ™ The composition of the mineralized Fe core is

believed to be similar to ferrihydrite,?**!

a hydrous ferric oxyhydroxide mineral. As
the mineralized Fe core varies in size and morphology from one ferritin molecule to
the next, X-ray crystallography is not suitable for the characterisation of the ferritin

core. Transmission electron microscopy is therefore especially useful in the study of

the structure of the ferritin core.

Figure 5.2. 3D crystal structure of ferritin protein shell viewed from” (a) 4-fold

symmetry axis, (b)3-fold symmetry axis, and (c) 2-fold symmetry axis.

Electron microscopic studies of ferritin can be traced right back to the 1950’s. In 1954,
Farrant first observed the Fe-containing mineral core, reporting a 5.5 nm Fe core
diameter and suggesting that it consisted of 4 sub-units, each 2.7 nm in diameter.”
Six years later, Muir presented a 6-sub-unit structure based on his TEM observations,

in which the 6 sub-units sit at the corners of an octahedron.” In 1965, Haggis reported
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several additional morphologies.”* To achieve a higher resolution, in 1973, Massover
et al. employed ultrahigh voltage (1-3 MeV) dark field electron microscopy on the
horse spleen ferritin and showed that a single core can contain more than one
crystallite with different sizes and shapes.”” The first dark field scanning transmission
electron microscopy study of the ferritin core was conducted in 1979 by Crewe and
his group.”® They observed the lattice spacing of the mineral core directly, which,
combined with the electron diffraction studies, lead to the conclusion that the core
structure is similar to ferrihydrite. A quantitative study with EELS in the STEM of
individual cores was presented by Pan et al., who determined the range of core sizes
and led to a proposal of a new Fe core morphology based on 8 sub-units growing from

the 8 three-fold symmetry channels in the cavity.*”

In this chapter, a study of ferritin’s mineral core using aberration-corrected STEM in
the high angle annular dark field (HAADF) mode is presented. Moreover, the atom
counting method is employed, with size-selected Au clusters as the mass balance, to
determine the number of Fe atoms in each Fe core. The Fe loading of the ferritin
molecules varies from a few hundred atoms to about 5000 atoms. A relationship
between the core morphology and the Fe loading is also observed, suggesting that the
ferritin core grows from one small nanoparticle along the protein shell to finally form

a full, either solid or hollow, Fe-containing mineral core.

5.3 Experimental details

The ferritin molecules investigated were sourced from Sigma Aldrich UK and are
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purified from the equine spleen in saline solution. The integrity and quality of the
ferritin utilised in this study was verified using SDS PAGE gel electrophoresis and
western blotting using polyclonal antibodies to ferritin (1:10 000 dilution, Abcam,
rabbit AB69090).>° The Fe content of ferritin was estimated using a ferrozine assay, a
colourimetric assay which determines total Fe concentrations post-protein degradation
and acid liberation of protein-stored Fe.’' This ferritin solution was drop cast onto one
half of a 300 mesh TEM copper grid. The TEM grid is covered with a holey carbon
film and then a graphene oxide film (EM Solutions) to maximize the contrast.
Size-selected Augyzwae clusters were deposited on the other half of the grid from a
magnetron sputtering, gas condensation cluster beam source and mass filtered by a

32734 The cluster beam current was 30pA and the

lateral time-of-flight mass selector.
deposition time was 150 s. The number of size-selected clusters deposited was
~2.8x10"°. Our 200kV JEOL JEM2100F Field Emission Gun (FEG) STEM with a
spherical aberration corrector (CEOS) was utilized in HAADF mode to image both
the ferritins and size-selected gold clusters. The HAADF detector was operated with
an inner angle of 62 mrads and outer angle of 164 mrads. The electron dose for each
image was 4x10* electrons A~ at 12 million times magnification. No beam shower

was performed on the samples in this research to prevent any damage resolving to the

sample.

5.4 Results and discussion

5.4.1 Integrity of the ferritin protein shell

As the apoferritin shell of the ferritin is formed from low atomic number elements like
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hydrogen, oxygen and carbon, the contrast is not high enough to see the protein shell
in the HAADF STEM images. However, confirming the existence of the protein shell
was crucial for this project. Both SDS PAGE gel electrophoresis (followed by
Coomassie blue staining) and Western blotting confirmed the integrity of ferritin
employed within this study. As shown in Figure 5.3, Coomassie blue staining revealed
a single band at ca. 20 kDa, which corresponds to the ferritin sub-units (19 kDa
ferritin L-chain and 21 kDa H-chain). The Western blotting revealed a single
immunoreactive band, which corresponds to a ferritin light chain (L-chain) at ca. 19
kDa. From Figure 5.3, we can see the clear ferritin band and that ferritin degradation

was not evident.
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Figure 5.3. Test of the Integrity of the ferritin protein. (a) SDS PAGE 12% gel loaded
with ferritin (15, 30 and 45pug) and stained with Coomassie blue. (b) SDS PAGE 12%
gel loaded with ferritin (15, 30 and 45ug) and subject to Western blotting with a

polyclonal; antibody specific for the ferritin light chain.” The figure is from ref [35]
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The geometrical sizes of the ferritin cores were measured from the HAADF-STEM
images. A histogram of the maximum lengths of a total of 114 mineral cores is shown
in Figure 5.4 (a). We see a peak at 7.5 nm while no core is significantly longer than 8
nm. This implies that the molecule cavities have an inner diameter no greater than 8
nm, which is consistent with previous reports.>”'® Furthermore, the most ferritin iron
cores have the relative high maximum lengh, even though their average iron loadings
are just close to the half of the maximum capacity (will be shown below), suggesting
the iron cores did not grow evenly from small ball to bigger, but grow along the
protein shell, so the low loaded ferritin iron cores can also have higher maximum
length, As shown in Figure 5.4 (b)-(e), the same maximum core length is found
independent of the different core morphology. This suggests that all core shapes are
limited in size by the protein shell which persists under electron beam irradiation. The
lowest maximum length of the iron cores observed is around 2.5nm, but it doesn’t
mean no smaller iron core exists. The Z-contrast property of the HAADF-STEM
limited the observation and characterization of the ultra-small and light elemental
cores. The smaller average iron content of the ferritin from chemical analysis
comparing with the result from the HAADF-STEM based atom counting also implies
that the existence of very small iron cores which did not characterized by the

HAADF-STEM.
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Figure 5.4. (a) Plot of the maximum length of the ferritin mineral cores. (b)-(e)
Examples of HAADF STEM images in which the maximum lengths of the cores are

all similar for different core morphologies.”® The figure is from ref [35]

5.4.2 Iron loading of ferritin

The number of Fe atoms in the ferritin cores, that is, the Fe loading, has been obtained
by the atom counting method, which compares the integrated HAADF intensity of Fe
cores to that of size selected Aug; clusters deposited in the same grid, which
functions as the mass standards. Background subtraction was carefully performed to
include the region adjacent to the mineral core so as to remove the contribution of
both the graphene oxide support and the protein shell itself assuming a 3D spherical
protein shell of 2 nm thickness. The HAADF intensity contribution by a single proton
was obtained through the HAADF intensity of the size selected Aug,; cluster divided
by the number of protons in each cluster. Then, the number of protons in the ferritin

core can be calculated by comparing the integrated HAADF intensities between the
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ferritin Fe core and single proton.’*>® The error in the Fe loading calculation is
+4.36%, based on the mass resolution of size-selected clusters and the measurement
error of the STEM intensity. A high resolution image of the Fe core crystal structure is
shown in Figure 5.5 (a), with d-spacings of 2.54A, 2.51A and 2.61A and interplanar
angles of 61.1°, 59.06° and 60.05°, respectively. These values are consistent with the
ferrihydrite crystal structure.” Assuming that the mineral cores are indeed ferrihydrite,
then the contribution of H and O atoms can be subtracted, and the actual number of Fe
atoms in the ferritin cores obtained. The resulting distribution of the Fe loading of a
total of 103 ferritin molecules is shown in Figure 5.5 (b), which shows that the
number of Fe atoms varies from a few hundred to around 5000. This is a little higher
than the maximum Fe loading capacity of 4500 Fe atoms suggested by many previous
researches™’>**°, but there were also studies that reported higher Fe loading of about
5000 or higher.'®*'** This high maximum iron loading can be explained by: first, the
4500 iron capacity is from old experimental measurements, not a theoretical limit, so
few hundreds iron atoms fluctuation on the maximum iron loading is acceptable;
second, the error of the iron loading calculation also broadened the maximum iron
loading about 200 iron atoms, which can also contribute the high maximum iron

loading.
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Figure 5.5. (a) Crystal structure analysis of ferritin Fe core. The d-spacing and angles
labelled are consistent with the ferrihydrite crystal structure. Inset, lower right: the
corresponding FFT. (b) Distribution of Fe loading in ferritin cores. The number of Fe

atoms varies from around 500 to 5000.> The figure is from ref [35]

A chemical analysis of ferritin Fe content was also performed, which estimated an
average Fe content of 2499 + 9 (SD) Fe atoms per ferritin protein by using a ferrozine
assay. The Ferrozine calibration curve which made from the standard Fe
concentrations is shown in Figure 5.6. The detail of the estimation is performed in
table 5.1. This value matches well with the average ferritin Fe content in the STEM
analysis (~2922). The number of atoms estimated by the chemical analysis is slightly
smaller, which is because the ferritin with very small Fe loading cannot be imaged by

the HAADF-STEM method.
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Figure 5.6. Ferrozine calibration curve created with standard Fe concentrations (0-10

mM) and estimated Fe concentrations of ferritin tabulated. Error denotes the standard

deviation.*® The figure is from ref [35]

Sample A B C
Absorption Reading 0.08951 0.0891 0.08877
Iron concentration (mM) 1.39174 1.3850 1.3796
Fe atoms/ L 8.3810E+20 8.3406E+20 8.3080E+20
Fe atoms/ sample 1.3409E+17 1.3345E+17 1.3292E+17
Ferritin molecules/ sample 5.34E+13
Iron/ ferritin (atoms) 2511 2499 2489
Average of triplicate 2499 + 9 iron atoms per ferritin molecule

Table 5.1. The estimation of the Fe content with a ferrozine assay.” The figure is from ref [35]
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5.4.3 Morphology of the ferritin iron core

As detailed above, different types of morphology are observed in the ferritin cores.
We classify them by their 2D projection shape as follows: “small circle”, “dumbbell”,
“crescent”, “doughnut” and “full raft”. The difference between ‘“small circle” and
“full raft” is simply the maximum length, with the maximum length of the “small
circle” being lower than 4 nm, e.g. Figure 5.7 (a). The “dumbbell” type is defined as
an Fe core with aspect ratio larger than 1.5, e.g. Figure 5.7 (c). The “crescent” type
cores are the ones that have low intensity at the centre and an imperfect outer shell,
e.g. Figure 5.7 (e). The “doughnut” types are the cores that also have low intensity at
the centre, but in this case the outer shell is complete, e.g. Figure 5.7 (y). The different
types of mineral cores are in the different regimes of Fe loading. The “small circle”
cores are in the region of a few hundred to around one thousand Fe atoms, whereas
the “dumbbell” cores contain from one thousand to three thousand Fe atoms, while
the “crescent” cores contain from 1500 to 4000 Fe atoms, the “doughnut” cores
contain from 2500 to 5000 Fe atoms, and the “full raft” cores contain from 1500 to
5000 Fe atoms. The data indicates that each morphology seems to dominate in a
specific regime of Fe loading, which should be relevant to understanding the process
of the growth of the mineral core. It should be noted that the regimes of different
morphology overlap each other somewhat. This is because the STEM images have
been classified by their 2D features, which means that in certain regimes of
nuclearities, different morphology types can actually reflect the same 3D morphology
with different 2D projections. For example, if a disk-like Fe core contains around
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2500 Fe atoms (so the protein shell is half full) and has a hole in its centre, it will be
considered as “doughnut”. However, if it stands vertically on the surface, the image

will show a “dumbbell” type core.

5.4.4 Relationship between morphology and iron loading of the
ferritin core

From the analysis of Fe loadings and morphologies of the ferritin mineral cores, a
morphology “atlas” was generated and is shown in Figure 5.7. This shows how the
morphologies change with Fe loadings. The smallest Fe loading corresponds to the
“small circle” morphology, then as the Fe loading increases, the morphology changes
in the following sequence: from 1000 Fe atoms, the “dumbbell” type morphology
appears up to 3000 Fe atoms, from 1500 Fe atoms, the “crescent” type morphology
emerges and persists up to 4000 Fe atoms, the “doughnut” is observed from 2500 to
4500 Fe atoms; finally the “full raft” appears from 1500 to 5000 Fe atoms, with the

largest Fe loading matching the “full raft” morphology.
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Figure 5.7. The morphology “atlas” of the ferritin Fe core with different Fe loading
regions. From (a) to (z) are the representative images for every type of morphology
oberserved in dfferent size ranges. For example, there is only one morphologic “small
circle” found in the size range of ~500 Fe atoms, as shown in (a), while all four types
of morphology, (j) “doughnut”, (k) “crescent”, (1) “dumbbell” and (m) “full raft”, are
observed in the size range ~2500 Fe atoms. The frame size of the ferritin example

image is 8.24x8.24 nm.> The figure is from ref [35]
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The 8 channels which correspond to the 3-fold symmetry axes of apoferritin are
regarded as the main entrances for Fe mineralization. The dissolved Fe?" ions are
oxidized to form Fe®" in the catalytic ferroxidase site, which is located in the centre of
the helical bundle of ferritin sub-units and atom mineralization takes place on the H
sub-unit of the protein shell to form the initial mineral core.>”'"" Previous research
suggests that when the mineral core is formed, the surface of the growing core will act

2,42-45 o . .
’ such that deposition on the mineral core is

as a site for oxidation deposition,
faster than on the inside of the protein shell. This accounts for the well-defined
quasi-spherical morphology of the cores at low Fe loading. Many of the mineral core
structures in Figure 5.8 of higher mass can be rationalized as connected assembles of
these “small circle”, formed nucleation at two (Figure 5.7 (b)), three (Figure 5.7 (e))
or more (Figure 5.7 (w)) different sites within the protein cavity. Moreover, the
“crescent” shapes observed, like in Figures 5.7 (e) and (q), suggest a tendency for
these individual precipitates to nucleate on the inner surface of the protein shell. The

observation of a quasi-hollow (almost) full mineral core can be seen as a further

manifestation of the preferred nucleation in the inner wall of the protein shell.

5.4.5 Discussion of electron beam damage

In all electron microscopy research, there is the question of how much the electron

beam itself affects the sample. In our work, the electron dose is 4x10* electrons A~

27,29

Research on the electron beam damage to ferritin used electron energy loss
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spectra (EELS) to detect the valence change of Fe in the ferritin Fe core. At 200kV in
the transmission electron microscope (TEM), Fe* began to be reduced to Fe*" when
the electron dose was above ~10° electrons AQ, so our ~10* electrons A~ can be
seen as a “safe electron dose”. In a 100kV STEM study, the electron beam had no
influence on the Fe valence state at an electron dose of 10° electrons Afz, but the
percentage of the Fe-O octahedral coordination did decrease from ~75% at 10
electrons A to ~63% at the dose we employed in our research. Overall, it is
reasonable to deduce that the electron beam effect is not very significant in our study.
Furthermore, the maximum length analysis in Figure 5.4 showed that no ferritin core
is larger than the ferritin protein shell inner diameter of 8 nm, which again suggests
that the Fe core and protein cavity morphology is not changed significantly by the

electron beam.

5.5 Conclusions

The morphology of the ferritin mineral core has been investigated via
aberration-corrected HAADF STEM. The Fe loading of the ferritin cores has been
determined by the atom counting method with size-selected Au clusters as mass
balances. The number of Fe atoms in the core varies from a few hundred to ~5000
atoms. Analysis of the closest separation distances between the cores and their
maximum length has confirmed the preservation of the ferritin protein shell. Different
types of morphology of the Fe-containing cores were identified and classified as a

function of their Fe loading. Growth of the mineral core begins with a small circle
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morphology. Nucleation and growth of further such nanoparticles on the internal
surface of the protein shell accounts for the “dumbbell” and “crescent” morphologies
observed before near complete filling of the cavity with a solid or hollow,
quasi-spherical core. The mineralization process we found will be helpful in a more
accurate nanoparticle synthesis in ferritin protein and improve the performance of the
ferritin based drug delivery system. The method we used to determine the Fe loading
of ferritin can be extended to other metal containing proteins and can also be a new
medical test method to develop more specific therapies for the ferritin-related

diseases.
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CHAPTER 6

CHARACTERIZATION OF SMALL
SUPPORTED CATALYST PARTICLES
BY HAADF STEM

Some of the figure and text in section 5.2 of this chapter have been used in my
publication (with me as a co-author who is responsible to all HAADF STEM related
part): Rogers, S. M. , Catlow, C. R., Chan-Thaw, C. E., Gianolio, D., Gibson, E. K.,
Gould, A. L., Jian, N., Logsdail, A. J., Palmer, R. E., Prati, L., Dimitratos, N., Villa,
A., Wells, P.. Tailoring Gold Nanoparticle Characteristics and the Impact on

Aqueous-Phase Oxidation of Glycerol. ACS Catal. 5, 43774384 (2015).

6.1 Overview

Heterogeneous catalysis is notable for its importance in the modern chemical
industry and for its key role in pollution control.'> Nanocluster based catalysts are of
great interest in heterogeneous catalysis due to their unique size, high
surface-to-volume ratio and resulting high activity.*® In this chapter, the
polyvinylacohol (PVA) protected Au and Pd nanoclusters supported by TiO, were
synthesized by colloidal methods under various conditions. Three solvents, H,O,
ethanol and their 1:1 mixed solution were used in the preparation, while different

preparation temperatures were employed from -75°C to 75°C. The size ranges of the
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metal catalyst particles, produced with different synthesis conditions, were
determined by a BF TEM study. The catalytic activity of the nanoclusters with
similar size but different synthesis conditions showed different catalytic activity,
which suggests there is a difference, between the different active species, that was
undiscovered by the BF TEM study. Therefore, in this work, the high resolution
aberration-corrected HAADF STEM was employed to study these catalysts with

atomic resolution.

6.2 Au/TiO, characterization by HAADF-STEM

6.2.1 Introduction

Until small Au nanoparticles supported on transition metal oxides were found to be
active to CO oxidation, gold was not believed to have catalytic properties.'® Since
then, a great deal of research has been performed on Au catalysis for many different
reactions.” """ The size of the Au particle is found to be critical to their catalytic

. 1,8,21,22
properties."**""

The smaller sized Au particles are normally thought to have a
higher activity due to the high surface to volume ratio, and the high percentage of
low coordinated atoms at the edges and corners of the particles. For the oxide
supported Au clusters, the Au atoms that are adjacent to the support are also thought

to be of great importance in the catalysis process.l’&22

The preparation of supported Au nanoparticles with tailored properties/conditions is a

fast developing area in catalysis research.” > With the variation of synthesis
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conditions, characteristics such as size, shape and structure can be tuned, which also
affect their corresponding catalytic activities. Research on the systematic synthesis
approach of PVA stabilized Au/TiO, catalysts with different preparation conditions
were presented for increasing catalytic activity and durability. Two preparation
conditions were modified during the synthesis of the PVA protected Au clusters
supported on TiO,: one is the ratio of water and etanol in the solvent'; the other is the
colloidal generation temperature which was varied from -75°C to 75°C. The different
solvents and temperatures employed for each batch of the Au/TiO; catalyst is shown

in Table 6.1.

Sample abbreviation | Temperature (°C) H,O/Ethanol ratio | Average particle size(nm)
Al 1 100

2.0+0.6
A2 25 100 2.31+0.5
A3 50 100 2.810.9
A4 75 100 3.3x0.8
B1 -30 50 1.84+0.5
B2 0 50 2.0%0.6
B3 30 50 41%1.8
Cl -75 0 24+1.0
C2 -30 0 29+1.2

Table 6.1 Different temperatures and solvent variations for synthesis of the Au/TiO,

catalyst.

Bright field TEM was employed to investigate the size (diameter) of the Au
nanoclusters in the catalyst system. The average sizes of the Au particles in each
catalyst batch are shown in Table 6.1. It is very clear that for the same solvent, the

average size of the Au particle will increase if the temperature is increased. Also,
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higher temperature will broaden the size distribution of the Au particles. The
influence of the solvent type on the particle size can also be obtained by comparing
the batches with similar preparation temperatures, for example by comparing
between A1l and B2, A2 and B3 or Bl and C2. We can see that there is almost no
difference in size between Al and B2. However a big difference has occurred
between A2 and B3: the Au particles in the low H,O/Ethanol ratio (batch B3) are
significantly larger than Au particles in the high H,O/Ethanol ratio (batch A2)
(4.1£1.8nm in B3 compared to 2.3+0.5 in A2). The trend continues when we
compare B1 and C2, where C2 contains a lower H,O/Ethanol ratio but has a much
larger average particle size than B1. This suggests that the Au particle size increases
when the H,O/Ethanol ratio decreases. This may be due to the insolubility of PVA in
ethanol, which will reduce the stabilization ability of PVA during the synthesis

Process.
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Figure 6.1. Examples of the TEM images of different batches (A:A1, B:B1, C:C1) of
Au/TiO; clusters and their corresponding size histogram.*® The figure is from ref

[26].

All batches of the Au/TiO, catalyst were tested for catalytic activity in the liquid
phase glycerol oxidation reaction. The catalytic activity is highly dependent on the
temperature and solvent. The H,O prepared Au/TiO, catalyst showed the highest
activity. Batch Al, synthesized in H,O with the lowest temperature is most active
(TOF 915 h'l). The catalyst in B2, which has the same Au particle size distribution

but a different H,O:ethanol ratio, showed a much lower activity (TOF 95 h™)
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compared with Al. There are two possible reasons for this difference in catalytic
activity: firstly, the stabilization agent (PVA) may be affected by the different
preparation temperature and solvent systems; and second, there may be ultra-small

Au clusters which are hard to detect by the bright field TEM method.

In this section, the aberration corrected HAADF-STEM is employed to investigate
the existence of ultra-small Au clusters in the Al and B1 catalyst systems. Although
small Au clusters (smaller than 2 nm) were found in both catalyst systems, the
ultra-small clusters, consisting of only a few Au atoms, were only found in the Al
Au/TiO; catalyst system. A quantitative integrated HAADF intensity analysis of the
ultra-small Au clusters was prepared and it was found that these ultra-small clusters
consist of between 1 and 5 Au atoms. This result can explain the extraordinarily high
activity in the A1 system, compared with other catalyst batches of similar Au particle

size.

6.2.2 Experimental details

The PVA protected Au/TiO; clusters were prepared by our collaborator, Scott Rogers,
by the colloidal sol-immobilization method. Chloroauric acid (HAuCls-3H,0) of a
gold concentration of 1.26x10*M was dissolved in H,O0, ethanol or 1:1 H,O/ethanol
solution. The PVA solution (1wt% solution, My, = 9000 - 10000 g/mol) was then
added to make the molar ratio of PVA/Au 0.65. Red-brown sols were formed by

adding the solution of 0.1M NaBH, dropwise to obtain a NaBHs/Au ratio of 5:1.
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Continuous stirring is performed during the addition process. After the reduction of
the chloroauric acid, the colloidal solution was immobilized onto the quantitative
support material TiO,, which formed the 1% weight ratio of Au and TiO; with strong
stirring. Sulfuric acid was then used to acidify the resulting mixture to reduce the pH
to 1.2. The mixture was then stirred for one hour before being filtered. After the filter
is cleaned by washing with double distilled water, and dried over night at room

temperature, the solid catalysts remains.

The Au/TiO; catalysts were sent to our group in powder form. They were dissolved
in pure ethanol then dispersed with sonication. The solution was then drop cast with a
pipette onto a 400-mesh copper TEM grid covered with amorphous carbon film. The
HAADF-STEM study was carried out using a 200kV JEOL JEM 2100F
HAADF-STEM equipped with CEOS spherical aberration corrector. The HAADF
detection angle used in this study is 62 mrads for the inner angle and 164 mrads for

the outer angle.

6.2.3 Ultra-small Au cluster characterization

Through the representative BF and HAADF STEM images of the Au/TiO; catalyst
shown in Figure 6.2, it is very clear that the BF image is not suitable for detecting
small Au clusters. This is because the phase contrast in the BF image gives the BF
mode higher sensitivity to light elements, so we can see a very clear TiO; crystal

lattice structure, but the pattern of the ultra-small clusters will not be distinguishable
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from the TiO, and the carbon film. Within the HAADF STEM, the Z-contrast allows
even single heavy atoms to have almost the same electron scattering ability as the
whole support material and carbon film. So HAADF-STEM is clearly a better

characterization tool for the small, high atomic number clusters (such as Au, Pt, etc).

Figure 6.2. Representative STEM image of Au/TiO; catalyst in: (a) bright field, and

(b) high angle annular dark field mode.

The ability to detect the small Au clusters has been dramatically improved by using
the HAADF-STEM method. The representative HAADF-STEM images of the
Au/TiO; catalysts from batches Al and B1 are shown in Figure 6.3 (a)-(c) and (d)-(f),
respectively. We can see that small Au clusters (around 1 nm), that cannot be seen in
the BF TEM images, exist in both Al and B1 samples. The image contrast of the
large Au clusters on the thin TiO, support becomes slightly lower than in the BF
TEM images, but their atomic structures can still be recognised. Only the clusters o
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the thicker regions of the TiO, support are barely distinguishable. Through the TEM
study, we already know that the average size of the large Au clusters in Al and Bl
batches are identical. The small size (around Inm) Au clusters from these two
batches in the HAADF-STEM images are also similarly distributed. Therefore, the
ultra-small Au clusters (see Figure 6.3 (a)), that were only observed in the Al sample,
are the only difference between A1l and B1 and could be the explanation for the large
gap between their catalytic activity towards the liquid phase glycerol oxidation

reaction.

Figure 6.3. Representative HAADF STEM images of Au/TiO, catalysts batch: Al

((a)-(c)), and batch B1 ((d)-(f)). The ultra-small cluster are circled.

A quantitative analysis was performed on the ultra-small Au clusters found in Al.

27-29 t

The large Au clusters with clear background were used as mass balances, WO
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representative images of these clusters are shown in Figures 6.4 (b) and (c). Their
sizes were calculated from their projected area with the method described in Chapter
4. Their integrated HAADF intensities were then obtained by a careful background
subtraction. The integrated HAADF intensity of the ultra-small Au clusters were
obtained and compared with the intensity of the Au clusters of known size (the mass
balances). This analysis enabled the number of Au atoms in the ultra-small clusters to
be determined and is called the atom counting method. The size distribution of the
ultra-small Au clusters is shown in Figure 6.4 (a). Their size range is from 0.5 to 5
Au atoms. The appearance of the half number of Au atoms is due to the error in the
background subtraction, influence of the PVA ligand and the STEM itself. But the
majority of the clusters have an integer number of Au atoms, showing the relative

accuracy of the atom counting method.
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Figure 6.4. (a) Size distribution of the ultra-small Au clusters. The representative

images of the mass balance Au clusters are shown in (b) and (c).
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Figure 6.5 shows the ultra-small Au clusters with resolved number of atoms
presented in the form of a 3D plot of the HAADF-STEM intensity. We can see that
all five ultra-small Au clusters in Figure 6.5 look similar to a single atom in the 2D
projection. However, the HAADF intensity analysis result indicates that they are
actually clusters with different sizes. Three of them are single Au atoms, one is a Au,
cluster and the last is a Aus cluster. This suggests that some of the ultra-small Au

clusters are standing vertically on the TiO, surface.

The existence of the ultra-small Au clusters in the A1 catalyst can be regarded as the
primary reason for its extraordinary catalytic activity. Many studies suggested that
the Au atoms with low coordination numbers are the active sites in the Au catalyst,

2,22,30-33
o For the

allowing for higher adsorption of oxygen and carbon monoxide.
ultra-small Au clusters containing less than 5 atoms, all of the Au atoms have very
low coordination number, which suggests an extremely high ratio of active site/mass
for the A1 catalysts. Previous studies also suggest that for supported metal catalysts,
there are special active sites at the boundary between the support and the Au

22,34

clusters.”””" For the ultra-small Au clusters observed here, nearly all the Au atoms are

at the boundary, which may contribute to the high catalytic activity.
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Figure 6.5. 3D plot of the HAADF-STEM images of ultra-small Au clusters on the

TiO, support.”® The figure is from ref [26]
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6.2.4 Conclusions

In summary, the HAADF-STEM was successfully employed to investigate the small
Au clusters in the Au/TiO, catalyst. The small Au clusters with size around 1nm, that
are difficult to detect in the BF TEM, are found in both A1 and B1 catalysts. While
the ultra-small Au clusters were only observed in the Al catalyst. The quantitative
analysis of the ultra-small Au clusters in Al is carried out by using the large Au
clusters as a mass balance for atom counting. The ultra-small Au clusters are found to
consist of 1 to 5 Au atoms. These ultra-small Au clusters can have very high catalytic
activity due to the high percentage of low coordinated Au atoms and the large
proportion of atoms at the Au-oxide boundary. Therefore, the existence of the
ultra-small Au clusters in the Al catalyst explain the Al catalyst’s extraordinarily

high catalytic activity.

6.3 Pd/TiO; characterization by HAADF STEM

6.3.1 Introduction

Furfural, obtained directly from the acid-catalysed dehydration of xylose, is an
important platform intermediate in the generation of various biofuels and chemical
intermediates.” >’ The unsaturated molecule is reactive and generates a large product
distribution, with the pathway depending on the type of catalyst used and reaction
conditions. Furfuryl alcohol and tetrahydrofurfural are produced when furfural
undergoes hydrogenation at the aldehyde group and furan ring, respectively. Furfuryl

alcohol is used in the manufacturing of various chemical products including resins,
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synthetic fibres and adhesives.”® Further hydrogenation of furfuryl alcohol and
tetrahydrofurfural yields tetrahydrofurfuryl alcohol, which is considered a green
solvent, often found in printer inks as well as being commonly used for agricultural
purposes.”’ Based on the success of the Au/TiO, catalysts with tailored synthesis
conditions,”® Pd/TiO, catalysts were also synthesised with varying conditions to find
the most stable and selective catalyst to complete hydrogenation of furfural with

minimal side product formation.

In this section, the aberration corrected HAADF-STEM was employed to investigate
the morphology of the Pd/TiO, catalysts, focusing especially on the existence of
ultra-small Pd clusters. Ultra-small clusters consisting of only a few Pd atoms were
found in the A1 Pd/TiO, catalyst system, while was synthesized with a H,O solution
at 1°C. While in the Bl Pd/TiO, catalyst system, which was synthesized with a 1:1
H,O/EtOH solution at -30 °C, no ultra-small Pd cluster was observed. A quantitative
integrated HAADF intensity analysis of the ultra-small Pd clusters was carried out
and determined that these ultra-small clusters consist of from 1 to 3 Pd atoms. The
catalysts were also imaged after the catalytic test. For the Al catalyst, a significant
amount of aggregation was observed, indicating low catalytic stability of the Al

catalyst.

6.3.2 Experimental details

The PVA protected Pd/TiO, catalysts were prepared using a standard
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sol-immobilisation method similar to the Au nanoparticles preparation described
above with controlled temperature during the reduction process.”® The dipotassium
tetrachloropalladate (K,PdCl,) with designed Pd amount (1.26 x 10™* M) was
dissolved in the ratio controlled H,O/ethanol solution. The PVA solution (1wt%
solution, My, = 9000 - 10000 g/mol) was added while controlling the 0.65 PVA/Pd
mass ratio. The dark brown/black sols were then formed by adding 0.1 M NaBH,4
solutions drop-wise to all different solutions within one minute, with continuous
stirring. After the reduction of the Pd clusters, the colloidal solutions were
immobilised onto a controlled mass of the TiO, support material, to form the 1%
weight ratio of Pd and TiO,, with strong stirring. For temperatures above 50°C, the
immobilisation process of the Pd clusters taken 15 minutes, while for temperatures
lower than 50°C, the process taken 30 minutes. Sulphuric acid was added to the
prepared mixtures to acidify them to 1-2 pH. The full immobilisation of the Pd
clusters onto the TiO, support was then accomplished. The resulting solid was
obtained from the filtered slurry. It was then washed with distilled water and dried

over night at room temperature.

The Pd/TiO; catalysts were sent to our group in powder form. They were dissolved in
pure ethanol, then dispersed with sonication. The solution was drop cast with a
pipette onto a 400-mesh copper TEM grid covered with amorphous carbon film. The
HAADF-STEM study was carried out by using a 200kV JEOL JEM 2100F
HAADF-STEM equipped with a CEOS spherical aberration corrector. The HAADF
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detection angle used in this study is 62 mrads for the inner angle and 164 mrads for

the outer angle.

6.3.3 Pd cluster characterization

6.3.3.1 Pd cluster characterization: before catalysis test

Figure 6.6. Representative HAADF STEM images of the Pd/TiO; catalysts from Al

((a)-(d)), and B1 ((e)-(f)). The ultra-small cluster are circled.

Both Al and Bl samples were imaged prior to the catalysis test by the
aberration-corrected HAADF STEM. The small Pd clusters (smaller than 2 nm) can
be found in both A1 and B1 samples. In the TEM analysis of these two samples, the
average sizes of the Al and B1 samples are 2.5+0.8nm and 1.4+0.4nm, respectively.
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The ultra-small Pd clusters (consisting of a few atoms) are only found in the Al
sample, which compensates for the relatively high average particle size, resulting a
similar catalytic activity in Furfural hydrogenation (Al: 464 and 620 mol (mol
Pd)'h! and at 25°C and 50°C; B1: 491 and 470 mol (mol Pd)'h™! and at 25°C and
50°C). The atomic number of Pd is 46, which is significantly smaller than that of Au
(79), consequently, with the same TiO, support, the contrast of the Pd cluster is lower
than that of the Au clusters studies on the previous section. Therefore, it is necessary
that we image the Pd clusters at the edge of the TiO, support, or on the thinner
regions of the TiO, support. The representative images of the Pd/TiO, catalysts are
shown in Figure 6.6. We can see that the structural patterns of the Pd clusters on the
TiO; support are not very clear due to the low contrast, while the Pd clusters on the
edge of the TiO; support show a relatively clear structural pattern.
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Figure 6.7. (a) Size distribution of the Pd clusters, obtained by the cluster weighing
method. The representative images of the Pd clusters used as mass balance in the

cluster weighing are shown in (b) and (c).
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A quantitative analysis was performed on the ultra-small Pd clusters found in Al.
The big Pd clusters with clear background were used as the mass balances in the
cluster weighing, two representative images of these clusters are shown in Figures
6.7 (b) and (c). The size of the mass balance clusters was calculated from their
projected area with the method described in Chapter 4. The integrated HAADF
intensities of the clusters were obtained through a careful background subtraction.
The integrated HAADF intensities of the ultra-small Pd clusters were obtained and
then compared with the mass balance clusters’ intensity. The numbers of Pd atoms in
the ultra-small Pd cluster was therefore determined by the atom counting method.
The size distribution of the ultra-small Pd clusters is shown in Figure 6.7 (a). Their
size range is from 0.5 to 3 Au atoms. As discussed above, the appearance of the half
number of Pd atoms is due to the error in the background subtraction, influence of
the PVA ligand and instrument error. However, as we can see, the majority of the
clusters have an integer number of Pd atoms, showing the relative accuracy of the

atom counting method.

6.3.3.2 Pd cluster characterization: after catalysis test

The furfural hydrogenation was performed using a stainless steel reactor equipped
with a heater, mechanical stirrer, gas supply system and thermometer. The furfural
solution with suspended Pd/TiO, catalysts was added into the reactor and the

hydrogenation reaction was performed. After the test, the catalyst was then dried and
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imaged (for the second time) by the aberration corrected HAADF STEM.

Figure 6.8. Representative HAADF-STEM images of Al tested Pd/TiO, catalysts.
Both the regular small and large Pd clusters can be found in (a)-(c). The large

irregular Pd clusters are shown in (d)-(f).

The representative HAADF STEM images of the Al Pd/TiO, catalysts that have
undergone catalytic testing are shown in Figure 6.8. The small Pd clusters can still be
observed in the tested Al sample (as shown in Figures 6.8 (a)-(c)), showing the
stability of the catalyst. Large Pd clusters, similar to the large ones in the untested
sample, were also found. However, there were additional clusters observed that are
larger and irregular in shape(as shown in Figures 6.8 (d)-(f)), which did not appear in
the untested sample. Here, the large irregular clusters are defined by two features:
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large geometric size, which should be bigger than 3nm; and irregular shape differing
from the normal quasi-spherical or quasi-elliptical shape of the untested Pd clusters.
From the HAADF STEM images, we can see features in the large irregular clusters
that suggest they are aggregations of the Pd clusters. For example, in Figure 6.8(d), it
is obvious that the upper left part of the irregular cluster was a 2 nm quasi-spherical
Pd cluster, its icosahedral structurs is different from the crystal structure of the rest of

the cluster.

(@

Figure 6.9. Representative HAADF-STEM images of tested B1 Pd/TiO; catalysts.

The representative HAADF STEM images of tested B1 Pd/TiO, catalysts are shown
in Figure 6.9. Similar to the tested Al sample, both regular small and large Pd
clusters can be observed. However, unlike the tested Al, no large irregular clusters
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were observed. Only two ~2 nm Pd clusters attached to each other were observed, as
shown in Figure 6.9 (c), which may be due to the effect of the furfural hydrogenation
process. The preserved small Pd clusters demonstrate the stability of the B1 Pd/TiO,
catalyst. The presence and absence of the large irregular Pd clusters in the Al and B1
samples respectively, combined with the catalysis stability test, signify that B1 has a

better catalysis stability than A1.

6.4 Conclusions

In conclusion, the HAADF-STEM was successfully employed to investigate the
small Pd clusters in the Pd/TiO, catalyst before and after the catalysis test. For the
catalysts which were not tested in the furfural hydrogenation process, the small Pd
clusters with size around 1 nm, that are difficult to detect in the BF TEM, are found
in both the Al and B1 samples. However, the ultra-small Au clusters were only
characterized in the Al catalyst. Quantitative atom counting analysis of the
ultra-small Pd clusters in A1 was achieved by using the large Pd clusters as mass
balances. The ultra-small Pd clusters were found to consist of 1 to 3 Pd atoms. The
presence of these ultra-small and potentially higher catalytically active Pd clusters in
the Al catalyst explain why the catalytic activity of A1 and B1 are similar, despite Al
having a larger average size than B1. The existence of the small Pd cluster in both Al
and B1 samples after catalytic testing, shows the high stability of both catalysts.
However, the large irregular Pd clusters that were only observed in the tested Al

sample suggest that the Al catalyst has a lower catalytic stability than the Bl
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catalyst.
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CHAPTER 7

MULTILAYER DEPOSITION OF
SIZE-SELECTED AU CLUSTERS AND
POLYMER LAYERS

7.1 Introduction

Understanding and tailoring the novel properties of nanoclusters has been a
longstanding cornerstone of nanoscience research.' * Nanoclusters display unique and
size-dependent physical and chemical properties, providing great potential for use in
electronics, optics, biology and catalysis applications. ' There are three major cluster
production routes: physical cluster beam deposition, chemical synthesis, and
biological formation.™*'® Compared with the chemical and biological synthesis
routes, cluster beam deposition has advantages in its precise size control, tuneable
interaction with the deposition support, low contamination and convenience in

producing multi-elemental clusters.'®

However, despite such advantages, cluster beam technology has not been
industrialized on a large scale. The greatest issue limiting the large-scale exploitation
of cluster beam technology is the low cluster deposition flux, which to date has made
this route uncompetitive compared with the chemical synthesis methods.'"'® To

address this issue a new cluster beam technique, the “Matrix Assembly Cluster
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Source”, has been developed at NPRL, which shows great potential for scaling up the
cluster beam flux; from currently achievable beam currents of the order of nanoamps
to the milliamp regime.'*?° The challenge is how to accommodate and process this
large abundance of clusters. The current deposition method relies on depositing
clusters onto planar substrates with a typical area of square centimetres.'*'® However,
MACS can easily deposit sufficient clusters to cover an area of square metres to even
square kilometres with a high density of clusters in a matter of hours, which is far
beyond the ability of the normal cluster beam deposition methods. Therefore, a new
deposition scheme, which is capable of accommodating the new high flux cluster

source, is required.

Here, we present a new multilayer cluster deposition scheme. The key element of this
scheme is the sequential deposition of a stack of three-layer sandwiches each
comprising: (a) a thin support film, (b) a layer of clusters, and (c) a soluble release
layer. The sandwich stack is then diced into small pieces and immersed in a solvent
to dissolve the soluble release layers to create small platelets covered with clusters.
For the proof of principle demonstration of this scheme, the support film was a
carbon film produced using an e-beam evaporator, the soluble layer was a PVP layer
(either spray-deposited using a pulse valve or vapour-deposited from an evaporator),
and the cluster layer comprised size-selected Augys clusters generated by a magnetron
sputtering inert gas aggregation cluster source. With the same instrument setup, we
also demonstrate the ability to use PVP-cluster stacks to produce size-selected
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colloidal clusters. The characterization of the multilayer structure was performed
using through-focal aberration-corrected high angle annular dark field (HAADF)

scanning transmission electron microscopy (STEM).

7.2 Experimental details

The carbon support layers were produced with a Mantis EBE-1 e-beam evaporator,
which was added to the deposition chamber of the magnetron cluster source. The
thickness of the carbon layer was controlled by the deposition flux measured by the
integrated flux monitor. The carbon support film was simultaneously deposited on
both a 1 X 1 cm silicon substrate and a 400-mesh TEM grid (for the STEM
characterization of the multilayer structure). The size selected Augy; clusters were
deposited onto the carbon support layer from a gas condensation magnetron
sputtering cluster source equipped with a lateral time-of-flight mass selector.''*"**
The mass resolution of the cluster source is M/AM = 20. The deposition energy of the
clusters was set to 0.5eV per atom by controlling the bias applied to the substrate.
The PVP layer was deposited on top of the cluster layer by either pulse valve spray
deposition or thermal evaporation. The spray deposition was performed using a First
Sensor series-9 high performance pulse valve, where the pulse time is as short as 160
us. The thermal evaporation is performed using a home-built thermal evaporator. The
applied voltage was set to 1.2 V. The dicing of the samples was performed using

either a diamond saw (DAD321 Automatic Dicer), or a laser cutting system (the

Lasea laser micro machining centre). Then the diced samples were immersed in
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isopropanol to dissolve the PVP release layers to produce the small supported cluster
platelets. The multilayer deposited stacks, diced stacks and the released sample were
analysed by a JEOL JEM 2100F HAADF STEM, equipped with an spherical
aberration-corrector (CEOS GmbH). The acceleration voltage employed was 200 kV
and the electron beam was produced using a field emission electron source. A
HAADF detector was utilized with 62 mrads inner angle and 164 mrads outer angle.
To minimize the effect of the sample’s flatness level, the through focal analysis was

performed in a region smaller than 31 nm X31 nm.
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7.3 Results and discussion

7.3.1 Supported Au clusters from multilayer deposition

7.3.1.1 Multilayer deposition
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Figure 7.1. Schematic of the multilayer deposition process: First, the carbon layer
was deposited onto the substrate by e-beam evaporation; then the Au clusters were
deposited on top of the carbon layer; the PVP layer was formed on top of the cluster
layer by either pulse valve spray deposition or thermal evaporation. This process was

repeated to form a multilayer stack of carbon-cluster-PVP sandwiches.

A schematic illustration of the multilayer deposition is shown in Figure 7.1. First, the
C support layer was deposited onto a Si substrate by e-beam evaporation. The
size-selected Augy; clusters were deposited onto the deposited C support layer. The
landing energy was set to 0.5 eV per atom to achieve the soft landing. After the
cluster deposition, the PVP layer was either pulse valve sprayed or evaporated on top

of the Au clusters to produce a C-cluster-PVP sandwich. These three steps were
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repeated to form multilayer stacks of the C-cluster-PVP sandwiches.

(a)

Focus Plane 1

2 nm
Defocus= 28nm

(b)

Focus Plane 2

Defocus= 13nm 2 nm

Figure 7.2. Schematic of the through-focal HAADF STEM analysis on the multilayer
sample. The electron beam was focused on: (a) upper cluster, and (b) lower cluster,
respectively. The cluster’s centres were estimated in their corresponding focal plane 1
and 2. Therefore, the defocus difference between these two planes corresponds to the

depth of the whole C-cluster-PVP sandwich.

Through the development of aberration correction technology, the vertical resolution
of the aberration-corrected HAADF STEM has been dramatically improved.

Experiments have been successfully employed to detect the 3D information on
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dopants, buried defects and even single atoms using through-focal HAADF STEM
analysis.”> *® Here, we employ a similar through-focal method to investigate the
multilayer structure of the sample. An illustrative schematic and the corresponding
experimental HAADF STEM images of the through-focal method are shown in
Figure 7.2. In a sample comprising two carbon-cluster-PVP sandwiches, when the
electron beam is focused on the upper Au cluster, an image of a clear upper Au
cluster and blurry lower Au cluster is obtained. Then, the electron beam is focused on
the lower cluster. Assuming the focal planes are located at the centre of the clearly
imaged clusters, the focal difference between these two focal planes can be

considered as the thickness of the whole C-cluster-PVP sandwich.

To test the reproducibility of the multilayer deposition, an 8-layer sample (where
each ‘layer’ is a carbon-cluster-PVP sandwich) was produced using identical
deposition conditions. The 8-layer sample deposited on the TEM grid was analysed
by HAADF STEM. In the analysis, 6 layers of Au clusters were observed by the
through-focal HAADF STEM, as shown in Figure 7.3. The focal range is from -28
nm to 13 nm. The focal differences between the neighbouring layers are 9 nm, 9 nm,
9 nm, 8 nm and 6 nm moving from the low defocus to high defocus values, which
indicate the corresponding thicknesses of the sandwiches. The layer thickness is quite
even especially for the first 4 layers. The reason for the slightly smaller 6 nm
thickness layer may due to the following reasons. First, the error of the through-focal
analysis, as the standard of judging whether the cluster under is focus or not depends
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on whether the atomic structure of the cluster can be resolved clearly. This may give
an error in the measured radius of the cluster, which for Aug,; is about 1.35 nm.
Second, there are weak patterns in the background of the support, demonstrating that
the layers are not exactly flat. So the clusters on either side of the 6 nm-thick layer
may be in a locally “thin” region of the layer. But in general, the thicknesses of the

successive layers are still reasonably uniform.

Defocus=13nm (b) Defocus=7nm

ve &
¥

Figure 7.3. (a)-(f) Through-focal HAADF STEM images of a multilayer sample
comprising eight carbon-cluster-PVP sandwiches deposited under identical
conditions. The clusters which were focused are marked by the red circles. (g) A
schematic diagram of the 3D structure of the multilayer sample with the thickness
values determined from the through-focal STEM analysis.
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It was not possible to identify clusters from all eight discrete layers in a single STEM
image. At most, it was only possible to identify clusters from six discrete layers in a
single STEM image. The reason for this can be due to the relatively small region we
used for the through-focal analysis. Since the sample cannot be aligned exactly
normal to the electron beam, and in order to minimize the effect of this, the analysis
region is set to no larger than 31 nm X 31 nm. In this small region, it is hard to
include all 8 layers of clusters. Evidence of the missing layers can be found in other
series of the though-focal HAADF STEM images. In one series, only four layers of
Au clusters were identified, but the focal difference between the highest and lowest
cluster layers is 47 nm, which is even larger than the 41 nm difference in the 6-layer
series. This suggests that there may be at least three more layers in this region that
have not been identified by the through-focal analysis and this may be due to the lack

of Au clusters in the small imaging region.

7.3.1.2 Dicing process of multilayer hybrid material

Two methods were adopted for the dicing process. The first is dicing by an automatic
dicer with a diamond saw. This method has been successfully employed to produce
powder-supported size-selected clusters.”” Using this method, the multilayer sample
can be diced into 0.5 mm X 0.5 mm pieces. To check the effect of the dicing process
on the multilayer sample, the multilayer sample deposited on the TEM grid (shown

in Figures 7.2 and 7.3) was diced by the diamond saw into 0.5 mm X 0.5 mm pieces.
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One of these small pieces was then sandwiched between two copper TEM grids
without any support layer, as shown in Figure 7.4 (e). The aberration-corrected
HAADF STEM was used to image this sample. The HAADF STEM images of the
dicing edge are shown in Figures 7.4 (a) to (d). From Figure 7.4 (a), we can see that
the observation window is quite small, because we cannot match the two support
copper grids perfectly. The observation window is actually where the two holes in the
separate TEM grids overlap. The dicing edge appears to show good morphology
from Figure 7.4s (a)-(c). The clusters were uniformly distributed in the sample even
at the very edge of the diced piece, as seen in Figure 7.4 (c). Most significantly, it can
be clearly seen in Figure 7.4 (d) that two clusters overlap each other without
aggregation, which indicates that the multilayer structure was still conserved after

dicing.
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(e)

Copper Grid

4

Piece of diced sample

Copper Grid

Figure 7.4. (a)-(d) HAADF STEM images of the diced sample’s edge at different
magnification, showing the successful dicing with good morphology of the edge and
the conservation of the multilayer structure after dicing. The imaging of the small
diced piece was achieved by sandwiching the diced sample between two copper grids,

as show in (e).

The second method is laser dicing in a Lasea laser micro machining platform. A
multilayer sample was diced with the laser to 105um x 105um pieces. Then the
HAADF STEM was employed to analyse the effect of laser dicing on the sample.
The representative images are shown in Figure 7.5 (a), (b) and (c). We can see that
the dicing edge also shows the good morphology with no significant damage to the
sample. As shown in Figure 7.5 (¢), the Au clusters survived even at the very edge of
the diced sample without aggregation and that the mean cluster size is preserved.
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Both laser and mechanical methods showed good performance in dicing the samples
and had no significant effect on the diced cluster samples. In principle, the laser

method is a more accurate and faster dicing process and will be helpful in the more

precise micro process for our supported cluster samples in the future.

Figure 7.5 The representative HAADF STEM images of the dicing edge after laser
dicing a multilayer sample. The frame sizes in (a), (b) and (c) are 2.57 um x 2.57 um,

1.03 pm x 1.03 um and 256.5 nm x 256.5 nm, respectively.

7.3.1.3 Release in solution

To demonstrate the release process multilayer samples comprising a stack of ten
carbon-cluster-PVP sandwiches were prepared using the method described earlier.
These samples were placed in isopropanol for 2 hours to dissolve the PVP layer and
produce the small supported Au cluster platelets. After the platelets were released
they were deposited onto the TEM grid to be imaged by HAADF STEM. The results

are shown in Figure 7.6, where it can be seen that the supported Au cluster platelets
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were successfully released from the multilayer samples. However, they do not appear
to have been released as single layer platelets. Platelets comprising one, two and
three layers can be seen in Figures 7.6 (a), (b) and (c), respectively. It seems that not
all the carbon-supported Au clusters were successfully released. In Figure 7.6 (d),
platelets with both single layer parts and double layer regions are observed. In
general, we have proven that small C-supported Au cluster platelets can be released
from the multilayer C-cluster-PVP stacks. The double and triple layer platelets
suggest that either the PVP release layers were not completely dissolved, or the pulse
valve sprayed PVP release layers may not be completely homogeneous. The colloidal

experiment below seems to support the latter argument.

Figure 7.6. The HAADF STEM images of platelets with single, double and triple
layers were shown in (a), (b) and (c), respectively. A platelet with part single layer,

part double layer is shown in (d).
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7.3.2 Size-selected colloidal cluster

Colloidal metal nanoclusters draw a great deal of attention due to their unique

. : . . 2831
properties in catalysis, electronics and optics.””

In the area of catalysis, colloidal
clusters were found to be active catalysts for many reactions in solution.’*> The size
of the cluster is one of the most important parameters that can significantly influence
the catalytic activity.”*> Therefore, the size control of the colloidal cluster is of great
importance to their catalytic properties. Most colloidal clusters are produced via the
chemical synthesis rooutes.””®>* The main drawback of chemical synthesis is the
relative broad size distribution of the clusters(compare with the size-selected cluster
source). Though some researchers have reported good size-control in chemically
synthesized clusters, they can only be achieved for certain sizes with low

flexibility.'****

With the approach for multilayer deposition described earlier, we can produce stacks
of PVP-cluster layers, i.e. multilayer stacks of PVP-cluster layers without carbon
support layers. After immersing the PVP-cluster multilayer samples into a solvent,
the physically deposited size-selected clusters can be released into solution with PVP
molecules surrounding them as a protection shell. Through this method, colloidal
clusters that are size selected by the time-of-flight mass selector in the cluster beam

source can be obtained.
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7.3.2.1 PVP layer deposition: spray and evaporation

Crucible evaporatlo}

Figure 7.7. Instrument setup for the deposition of PVP layers in conjunction with

size-selected clusters on the magnetron sputter inert gas aggregation source.

The deposition process can be seen as the multilayer deposition process described
above without the C layer. Two PVP layer deposition methods were tested, i.e. pulse
valve spray and evaporation. As shown in Figure 7.7, the pulse valve and evaporator
were assembled in the same cluster deposition chamber in order to provide a better
comparison under the same conditions. For the pulse spray method, the PVP (average
molar weight 10000) solution (1g PVP+200 ml isopropanol) was sprayed onto the Si
substrate in the cluster deposition chamber with the valve opened for a period of 1 ms,
and 5 Hz frequency. The total deposition time is 5 mins. Then the size-selected Aug,3
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clusters were deposited on top of the PVP layer, and the whole process was repeated.
For the thermal evaporation, the same molar weight for PVP was put into the crucible.
The applied voltage was 0.6 V with a current of 5 A, the temperature is about 550°C.
The total evaporation time was 120 s. The same coverage of size-selected Au clusters

was deposited on each of the two samples for comparison purposes.

7.3.2.2 Formation and characterization of colloidal clusters

The two PVP-cluster multilayer samples were placed into separate 1 ml volumes of
isopropanol for 1 hour. Then the solutions containing the samples were slightly
shaken and stirred for 1 min. The clusters with the PVP layers were dissolved in
isopropanol to form a colloidal solution. Then, 2 uL. samples of each colloidal
solution were drop cast onto two separate TEM grids. These two samples were then

analysed by the HAADF STEM.
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Figure 7.8 (a) HAADF intensity distribution of the size-selected Aug,s colloidal
clusters, where the PVP layer was deposited by the pulse valve spray method.
Representative high resolution HAADF STEM images of the colloidal clusters are

shown in (b) an (c).

The analysis of the pulse valve sprayed sample is shown in Figure 7.8. The integrated
HAADEF intensity distribution of the clusters showed the size of the Au clusters was
conserved in the colloidal solution. From the high resolution HAADF STEM images
shown in Figures 7.8 (b) and (c), the colloidal clusters showed unchanged shapes and
morphologies. This indicates that the clusters were surrounded and protected by the
PVP ligands, which prevented the clusters from aggregating in the solution. A few
peaks associated with dimer and trimer aggregation of the Au clusters were observed,
but they cannot be confirmed to be the result of the clusters’ aggregation in the
solution. The dimer and trimer sized clusters were often observed in the sample from
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the direct cluster beam deposition, where they were normally considered as the result
of double- or triple-charged clusters. For cluster beam deposition with low landing
energy, it is also possible to have different clusters deposited onto the same position

resulting in aggregation.
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Figure 7.9 (a) HAADF intensity distribution of the size-selected Aug,s colloidal
clusters, where the PVP layers were deposited by thermal evaporation.
Representative high resolution HAADF STEM images of the colloidal clusters are

shown in (b) and (c).

Figure 7.9 shows the results of STEM measurements on colloidal clusters that were
deposited between thermally evaporated PVP layers. Two discrete monomer and
dimer peaks were observed in the integrated HAADF intensity distribution, showing
that the size of the Au clusters was also conserved in the colloidal solution. It is
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notable that the main peak of cluster monomers is slightly broader than that observed
in the pulse valve spray sample. But, from the high resolution images (some
representative examples of which are shown in Figure 7.9), the colloidal clusters
have unchanged shapes and morphologies. Also, some images like Figure 7.9 (c)
showed that the clusters were very close to each other without any aggregation. All of

this suggests that the Au clusters were well protected by the PVP ligands in solution.
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Figure 7.10. The diameter distribution and the corresponding representative HAADF
STEM images of the clusters from: (a) the normal as-deposited size-selected Augas
clusters, (b) the Au colloidal clusters with PVP deposited by the pulse valve spray
method, and (c) the Au colloidal clusters with PVP deposited by the thermal
evaporation method. The frame size of the representative HAADF STEM images is
5.04nm X 5.04 nm.
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The size (number of atoms inside the cluster) of the Au colloidal clusters cannot be
obtained by the atom counting method utilized in chapter 3 due to the uncertain
amount of the PVP ligands. Hence, the geometric sizes of the colloidal clusters from
the monomer peak of their HAADF intensity distributions were measured to compare
them with the value of the normal size-selected Augy; clusters produced under the
same cluster source experimental conditions. Their diameter distributions are shown
in Figure 7.10. The peak sizes are very close, indicating that the clusters were well
protected by the PVP ligands and the majority of the Au colloidal clusters remain the
same size during the transfer process. However, the broadness of the size
distributions for the three samples are different. The normal size-selected Aug,;
clusters have the narrowest size distribution, while the Au colloidal with PVP
deposited by the pulse valve spray has a somewhat broader distribution and the Au
colloidal clusters with PVP deposited by the thermal evaporation have the broadest
diameter distribution. The result of the geometric size distributions is consistent with
their integrated HAADF intensity distribution, showing the different effect of the

different PVP deposition methods on the mean cluster size.

As mentioned earlier, the cluster coverage for the two colloidal samples were set to
be the same during cluster deposition. However, the density of the Au colloidal
clusters measured by STEM was quite different. The colloidal sample, with PVP
deposited by thermal evaporation, had a higher cluster density than the pulse valve
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spray sample. This may suggest that the thermal evaporation method can produce a
more homogeneous PVP layer than the pulse valve spray. This can also explain, that
for the multilayer samples formed after dissolving in isopropanol (which the PVP
layers were formed by pulse valve spray), the C-supported Au clusters were not

completely released.

7.5 Conclusions

In summary, the multilayer deposition of multilayer stacks of C-cluster-PVP
sandwiches has been demonstrated. The clusters survived during the multilayer
deposition with conserved size and shape. Through-focal aberration-corrected
HAADF STEM was employed to confirm the multilayer structure of the sandwich
stack and successfully measure the thickness of the C-cluster-PVP sandwiches. The
stacks can be diced by either mechanical diamond saw or laser, without significant
effect on the clusters. Finally, it was demonstrated that small supported Au clusters
platelets could be released form the multilayer stacks by dissolving the PVP layer in
isopropanol. Using the same instrument setup, the production size-selected Au
colloidal clusters by directly dissolving the PVP-cluster multilayer sample in
isopropanol was also demonstrated. From the HAADF STEM analysis, it can be seen
that the size-selected Au colloidal clusters generally conserve their original size and
shape, with a relatively narrow size distribution. This new approach to the
manufacture of size-selected colloidal Au clusters shows distinct advantage in the

high size resolution and the tenability of the cluster size (and potentially composition
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and shape). This has the potential to contribute significantly to the design of new
colloidal catalyst systems. Also, it will help to optimize the catalysis performance
with the more accurate configuration of the nanoclusters, where the size and atomic
structure can be controlled by the cluster beam source. The multilayer deposition
method that has been developed shows a promising future in the large scale
supported catalyst production, adaptable with the next generation high flux cluster
beam source (MACS). The produced multilayer stacks can be regarded as a new
storage form of the supported catalysts with better protection for the clusters than the
normal powder form. The next step will be improving the morphology of the PVP
layer to achieve 100% single-layer supported clusters and have the whole multilayer

deposition process automated to increase the deposition speed and efficiency.
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CHAPTER 8

CONCLUSION

In this thesis, we have presented research on the size and atomic structure
investigation of the nanoclusters, including phosphite protected monometallic clusters,
thiol protected bimetallic clusters, TiO, supported ultra-small monometallic cluster

and biological metallic clusters by using aberration corrected HAADF-STEM.

The research on the atomic structure of the phosphite ligand protected Auss Schmid
clusters has been presented in chapter 3. The atom counting method with size selected
clusters as mass balance was utilized to successfully “fractionate” the relative broad
size distributed sample and make the structure study focus on the “true Auss” clusters.
We found that nearly half of these “true Auss clusters” HAADF STEM images

matched the simulation STEM images of a hybrid structure.

When we studied the bimetallic thiol protected AuAg alloy clusters in chapter 4, the
situation became more complicated. The atom counting that was performed in chapter
3 cannot be directly used because of the unknown composition of every single cluster.
Therefore, the analysis on the 2D projection area of the alloy clusters was performed
with a combination with normal atom counting method to determine both the size and

composition of the AuAg alloy cluster. With these results, we investigated the atomic
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structure of the AuAg alloy cluster with the size range of 312+55 as a function of
AuAg composition. The silver rich clusters tend to have an icosahedral structure

while the gold rich clusters prefer the fcc structure.

The HAADF intensity based atom counting method is not limited to normal physical
or chemically produced clusters. It can also be applied to bio-produced clusters. The
ferritin, as the major iron storage protein, stores the excess iron in the livings in was
obtained by the atom counting method with HAADF STEM. The iron loading varies
from few hundred iron atoms to around 5000 iron atoms. Different morphology of the
ferritin iron core was observed as a function of iron loading, suggesting the iron core

growth process in the protein shell.

The incoherent nature of the HAADF-STEM provides the high ability on observing
ultra-small clusters. In chapter 6, the HAADF-STEM was successfully employed to
investigate small Au cluster supported on the TiO,. Two sets of Au/TiO, catalysts with
very similar size distribution base on the observation by conventional TEM have very
different catalytic performance. By the aberration corrected HAADF-STEM, the
ultra-small Au clusters with only few atoms can only be found in the high activity

catalysts, explaining the reason of the better catalytic property.

With the development of the high flux matrix assembly cluster source (MACS), the
current deposition system cannot handle the extremely increased high flux cluster
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beam. A multilayer deposition method was developed to accommodate and process
the large abundance of clusters by producing the stack of support layer-cluster-release
layer sandwiches. The through focal HAADF-STEM analysis was successfully
performing on the multilayer sample, confirmed the multilayer structures of the stack
and the thickness of each layer. The multilayer stacks can be diced by ether a diamond
saw or laser to small pieces. The release layers of the diced multilayer pieces can be
dissolved in the organic solution to release the single layer supported clusters. With
the similar experimental setup, the size-selected colloidal clusters were produced by
dissolving the multilayer cluster-PVP stacks. The colloidal cluster solution was drop
cast onto the TEM grid and analyzed by the HAADF-STEM. The colloidal clusters
were observed and their sizes were found to be conserved during the dissolving

process, proving the success of production of size-selected colloidal clusters.

In general, the aberration corrected HAADF-STEM has been successfully employed
on different nanoparticle systems. The objectives mentioned in chapter 1 were all
achieved. The integrated HAADF intensity has been proved to be capable for
determining size and composition of the nanoparticle with size-selected clusters as
calibration references, which opens a new window to investigate the wide size range
nanoparticles in a more precise way. The through focal analysis on the multilayer
samples implies that the utilization of aberration corrected HAADF STEM can be
extended from 2D to 3D, showing the potential of a new method of resolving the 3D
nanostructure by electron microscopy.
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Appendix I Extraction of integrated HAADF intensity of nanoparticle

In the incoherent HAADF mode, the integrated HAADF intensity of a certain area can directly
reflect the total atomic number in this area. So in the HAADF-STEM image of a nanoparticle, the
integrated HAADF intensity of the nanoparticle area is contributed from both nanoparticle and its
support materials. In this thesis, the extraction of the integrated HAADF intensity of the
nanoparticle is achieved by deleting the contribution of the support materials. The practical
method is to draw a ring with the nanoparticle inside. Then measure the integrated HAADF
intensity of the inner circle I; and the outer shell I,. As shown in the Figure S1, the I; is the
combination of the contributions of nanoparticle I,, and support material Ig;, the I, is only the
contribution of the support material Is,. Assuming the support material is homogeneous, then we
can get Is/Is,=Si/S,, where S; and S, are the area of the inner circle and outer ring, respectively. So
the integrated HAADF intensity of the nanoparticle can be calculated by

Ly =16 —Isg=1; = I, X

2L
14 50
So we only need to measure the area and integrated HAADF intensity of the inner circle and outer
ring to get the integrated HAADF intensity of the nanoparticle. There are a few tips for this
method: first, employ this method on the clusters with homogeneous background. This method is
base on the assumption that the support material is homogeneous. So if the background is too
complicated, it will significantly affect the accuracy of the result. Second, make sure the images

are not affected by the contamination, as it can also break the homogeneity of the background.

Third, if the nanoparticle has the ligand surround, make sure the inner circle is big enough to
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cover the ligand. Then the ligand effect should also be deleted if the ligand type and number is
known. Finally, if we want to compare different nanoparticles’ integrated HAADF intensity, make
sure the STEM parameters that can affect the HAADF intensity are all the same, such as pixel size,

pixel dwell time, probe current, HAADF detection angle range etc.

Figure S1. The schematic of the extraction of the integrated HAADF intensity of nanoparticle.
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Appendix II Simulation Atlas of Au55 clusters
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Hybrid structure
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Appendix III Simulation Atlas of Au309 clusters

Icosahedral

S
o

231



Appendix

Decahedral

232



Appendix

Cuboctahedral

0° >45°

233



Appendix

Appendix IV validity test of geometric analysis
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Figure S1. These graphs are a test of the geometric method we employ to obtain the
nuclearity of the binary Au-Ag clusters. They compare the atom counting
(HAADF-STEM intensity) method for size-selected Augy; and Ause; clusters with the
geometric (diameter measurement) method. The value “1” on the Y axis means the
nuclearity of the cluster obtained from its projected area is the same from the HAADF
intensity. Each bar is one cluster.
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Figure S2. These two graphs show the distribution of the size ratio between the
geometric and atom counting methods. The peak for Aug,; clusters is at 0.984+0.060
and for Au561 is at 0.986+0.080. Their cosine similarities are 0.9976 and 0.9980.
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