ATOMIC STRUCTURE AND CHEMICAL ANALYSIS OF METAL
NANOPARTICLES BY SCANNING TRANSMISSION ELECTRON

MICROSCOPY

by

Jian Liu

A Thesis Submitted to the University of Birmingham for the Degree of

DOCTOR OF PHILOSOPHY

Nanoscale Physics Research Laboratory
School of Physics & Astronomy
University of Birmingham

April 2017



University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

This thesis explores the use of aberration-corrected Scanning Transmission Electron
Microscope (ac-STEM) to characterise the size, atomic structure and chemical
composition of different types of nanoparticles, including Ag clusters produced in a
matrix assembly cluster source (MACS), chemically-synthesised monolayer-protected
Au clusters, metal oxide nanoparticles and bimetallic nanoparticles. The size and
density of clusters produced in the MACS with different experimental parameters are
characterised by STEM High-Angle Annular Dark Field (HAADF) imaging, shedding light
on the capabilities of this new cluster source. A statistical investigation is conducted
into the size and atomic structure of nominally Au144(SR)e0 clusters synthesised by two
different research groups. The clusters are “weighed” against size-selected clusters (i.e.
atom counting) and the structures are compared to several model structure
simulations. A ring-dot feature, characteristic of a local icosahedral order, is frequently
observed. The oxidation states of CeOx, CuOy, CoOx and FeOx nanoparticles are
investigated by Electron Energy Loss Spectroscopy (EELS) in the STEM. All these
samples show a mixing oxidation states. HAADF images are used to analyse the
elemental distribution of Cr-Pt bimetallic nanoparticles. Comparison between the
experimental and simulated HAADF intensity profiles indicates that Cr and Pt atoms are
mixed. EELS mapping and energy dispersive X-ray spectroscopy (EDX) are used to
characterise hydrothermally-prepared FeCo oxide nanoparticles. The results show that
the Fe-Co nanoparticles synthesised with iron nitrate precursors are less crystallised
and the elemental distributions of Fe and Co are not uniform. While the nanoparticles
synthesised with ammonium iron citrate are well crystallised and the elemental

distributions are homogenous.



Acknowledgements

[ praise the Lord Jesus, the Creator of all things and the Saviour of my life. He leads
my way to study abroad, provides me my daily needs, and shapes my characters. His
love for me never fails.

[ would like to thank Prof. Richard Palmer for providing me with the opportunity to
study in his group and his instructive guidance during this work. I thank Prof. Eugenia
Valsami-Jones of the School of Geography for encouraging me to collaborate in her
projects. I'm grateful to Dr Wolfgang Theis for his supervision during my thesis writing-
up stage and his valuable comments and corrections.

Special thanks are due to Dr Nan Jian for training me on the electron microscope
and Dr Kuo-Juei Hu for solving many problems I met when [ was using the microscope.
Also, [ would like to thank Dr Dogan Ozkaya from Johnson Matthey for teaching me how
to use EDX and EELS.

I'm grateful to Dr Feng Yin, William Terry, Dr Lu Cao, and Dr Ahmed Abdela for
their guidance and help with the work on the MACS cluster source. | would like to thank
Dr Sung Jin Park, Alexander Pattison, and Megan Grose for reading and correcting my
thesis. I would like to thank Dawn Foster for many helpful discussions. I thank all my
colleagues, past and present, for their companionship, help and friendship.

[ acknowledge the Chinese Scholarship Council and the School of Physics &
Astronomy for funding of my doctorate studies.

Last but not the least, I would like to thank my parents for their great love and
support in my life. I'm glad that I can honour them. Great thanks also to my brothers and
sisters in the church for their unceasing prayers and encouragements.

The Lord is my shepherd, I shall not want. —Psalm 23

ii



Author’s Publications

[1] P. Ellis, C. M. Brown, P. T. Bishop, J. Yin, K. Cooke, W. D. Terry, J. Liu, F. Yin, R. E.
Palmer. The cluster beam route to model catalysts and beyond, Faraday Discuss,
2016,188, 39-56.

[2] V. T. A. Oiko, T. Mathieu, L. Cao, J. Liu, and R. E. Palmer. Note: Production of silver
nanoclusters using a Matrix-Assembly Cluster Source with a solid CO2 matrix, J. Chem.
Phys., 2016, 145, 166101.

[3]]. Liu, N. Jian, I. Ornelas, A. |. Pattison, T. Lahtinen, K. Salorinne, H. Hikkinen and R. E.
Palmer. Exploring the Atomic Structure of 1.8 nm Monolayer-Protected Gold Clusters
with Aberration-Corrected STEM, Ultramicroscopy, 2016, doi: 10.1016/j.ultramic.
2016.11.021.

[4] S. M. Briffa, I. Lynch, V. Trouillet, M. Bruns, D. Hapiuk, ]. Liu, R. E. Palmer and E.
Valsami-Jones. Development of scalable and versatile nanomaterial libraries for
nanosafety studies: Polyvinylpyrrolidone (PVP) Capped Metal Oxide Nanoparticles, RCS
Advance, 2017, 7, 3894-3906.

[5] G. Gupta, P. Igbal, F. Yin, J. Liu, R.E. Palmer, S. Sharma, K.C.F. Leung and P.M. Mendes,
Pt Diffusion Dynamics for the Formation Cr-Pt Core-Shell Nanoparticles, Langmuir,

2015, 31, 6917-6923.

iii



Table of Contents

2 0 1) = ot PPN i
ACKNOWIEAZGEIMENES ....ceoeeeerceeereeeeseeseessees s sesssessess s s s s s s s e ii
AUTNOT'S PUDIICATIONS oot sses s s sses s s s s sanees iii
0T 0] L0 000 =) o TP iv
Chapter 1 Introduction and Background ..........eeneneeneseeseeseesseesessesssessessesssesssessssssessesans 1
1.1 Monolayer-protected AU CIUSTETS ... eerreereseessesseessessesseesseseessssssesssssssssessesssessesssssssssssssees 1
1.1.1 Introduction to monolayer-protected Au ClUSLETS.......cooueerrerreenreereeseeneesseeseeseenseees 1
1.1.2 Crystal structure of AU-SR CIUSEETS ... sessessessseseessessseseessessees 8

1.2 Investigation of MP Au clusters by (S)TEM......oneneenceseesessesssesseessesssessesssesseesseens 13
1.3.1 Atom counting fOr MP AU CIUSEETS .....ccureeeereereereereereereeseeseesseesessessesseessesssessssssesssesseens 13
1.2.2 Atomic structure of MP Au clusters by (S)TEM.......cmmnenenesessnssssssssssesssenns 17

1.3 Chemical analysis of metal nanoparticles by (S)TEM ... 24
1.3.1 Elemental analysis of bimetallic nanoparticles........eenn. 24
1.3.2 Oxidation state analysis by EELS.......cessssssssssssssssssssssssesssssssssssenss 30

1.4 E1eCtron beam €ffECtS ... o eererreereeeesseeeesseessesseessessessesssessessssssessssssessssssesssessesssessesssessssssens 37
1.5 SUMMAry and CONCIUSIONS ... ssssss s sssssssssssssssssssssssans 42
REFEIEIICES ....eureeeeseeteersesssesse sttt s eSS 43
Chapter 2 Experimental Methods .......cniiinssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 55
2.1 Aberration-Corrected STEM ... sessessesssessesssssssessssssessesssessssses 55
2.1.1 Comparison of TEM, SEM and STEM.......cnsesssssssssssssssssssssssnes 55
2.1.2 Resolution and aberration-CorTeCiON .......eereeerseesrersessenssessessessessesssessessesssesens 60
2.1.3 HAADF-STEM IMAGING ..eurrremmrerrerrerressemssessessesssessesssessesssesssessesssesssssssssssssssssessssssessssssesssesens 66

2.2 Energy Dispersive X-ray SPECIOSCOPY ..werrererernesresessssessessssssssssessssssessesssssssessesssssssessesssnes 68



2.3 Electron Energy-L0oSS SPECITOSCOPY ..cueereeeerrermresseessesssessesssessssssesesssesssessesssessssssssssessssssssesses 73

2.3. 1 OVEIVIEW ..ceieieieessesessessessessesses s bbb 73
2.3.2 EELS quantitative analySis ... eeeeeeseessesssssessessssssesssssssesssssssssssssssssssssssssssesses 75
2.3.3 Multiple linear least-sqUAre fitting .......ccoeeneenmeensesneenesseessessesseesssssesssessessesssesseses 77
2.4 SUMMATY aNd CONCIUSIONS w.uvuueueererersrereessesseessesssesssesssseessesssessesssesssessasssessessssssssssssssessssssessesses 78
] (S 1 Lol 79
Chapter 3 Generation of Clusters in the Matrix Assembly Cluster Source........ccccoeerreeneennees 82
3.1 Introduction tO ClUSEET SOUTCES .....ccueueercereesresersressesssesssessesssessesssesssessssssessesssessssssssssssssessesssesas 82
3.2 EXperimental detailS...... s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 84
3.3 ReSUILS aNd diSCUSSION ... ccuieeeereerrerseesrerees s sesses e sessees e ssssses s sessses s ssssssssssessssssesass 87
3.3.1 Effect of collection angle....... s sssssessessssssssssssssesaes 87
3.3.3 Effect of metal CONCENTIatioN ... eeeereereesreeeessreeesseesesees s seessesssessesssessesssessessnes 94
3.4 Summary and CONCIUSIONS......umnrnmeeeessessssssssssss s ssssssssssssssssssssssssssnes 96
] (S 1= Lol 98

Chapter 4 Exploring the Atomic Structure of 1.8 nm Monolayer-Protected Gold Clusters

with Aberration-Corrected STEM ... eeseeeseesseesessesssesseessessessessssssssssesssessssssessssses 100
4.1 Introduction to Au144(SR)60 CIUSTET'S ...t ssssssssessessssssens 100
4.2 EXperimental detailS.... i ninisssssessssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssessssnsns 103
4.3 ReSULLS and AiSCUSSION....cuueuierereesrerseesrerses s seessesseessesssessesssesssessessses s sssssssssssessssssessssssesssees 107

4.3.1 Crystallised “Au144(SR)60” SAMPIE ...rvvrrrrrererrmrmsresnsssssesssssssssssssssssssssssssssssssssssssnees 107
4.3.2 Powder “Au144(SR)60” SAMPIE w.cueeeerrererrrireisesseisesssssssssessssssssssssssssssssssssssssssssssssssaees 111
4.4 Summary and CONCIUSIONS ... sss st sssssssssssnsns 115
L (=) (=) 4 (=PTSRS 116

Chapter 5 Oxidation State Analysis of Metal Oxide Nanoparticles by EELS. ........ccccuuuune.. 123

5.1 Introduction to metal oxide NANOPATLICIES .....cverrerreerrererrrereisesseessesese e 123



5.2 EXperimental detailS. ... eeeeneeseeeessessessesssesesssesssssesssesssssssssssssssssssssssssssssssssssssssnes 125

5.3 ReSUILS aNd diSCUSSION ... euiuceureeeerreesrerseesreeeessessessesssessesssesssessesssesesssesssesssssse s sssssssssssanes 128
5.3.1 PVP-capped CeOx NAaNOPATtiCleS....mniinernsnssnissesssessssssssesssssssssssssssssssssesssssssns 128
5.3.2 PVP-capped CuOx NANOPATLICIES ...overrreesneresresresssssssssssssssssessesssssesssssssssssssssssssssesssssssns 131
SIS TS 0o T O N 4 F=1's (o) o B Ut Uod U=y 135
5.3.4 FEOx NANOPATTICIES c.vuirierieseessessesssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 138

5.4 SUMMAry and CONCIUSIONS w..ucuieeereererseesrereessessessesssesseessesssessesssesesssesssessessssssessssssessssssessssaes 141

RELEIEIICES ..oeeeereecenetees e s s e s s 143

Chapter 6 Characterisation of Pt-Cr Bimetallic Nanoparticles.......nnnns 148

6.1 Introduction to bimetallic NANOPATTICIES ... 148

6.2 Experimental details....unnsisssssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 149

6.3 ReSUILS aNd AiSCUSSION c.ucureeriererreesrereessereessesssesseessessses s sesssesssessesssesssessssssesssssssssssssssssesssanes 151
6.3.1 TEM and XPS analySiS.....cmmnrneneesssssnessssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 151
6.3.2 STEM-HAADF QNalySis .ccoorreremeninssnesssnssnessssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 153
6.3.3 HAADF intensity line profiles Simulations ... 155

6.4 Summary and CONCIUSIONS ... ssssssssssssssssssssssssessssssssssess 158

] (S =) Lol 160

Chapter 7 Internal Order Determined by Choice of Iron Salt Precursor in Continuous

Hydrothermally Prepared Fe-Co Bimetallic Nanoparticles .....omnnnneneseneensennens 163
7.1 Introduction to Fe-Co NanoPartiCles ......eessssssssssssssssssssessssssssssnes 163
7.2 Synthesis procedure and experimental details ... 165
7.3 ReSUILS aNd diSCUSSION ... cuieeereerrerseesrereessesseessesses s sesssssesssessesssesssssesssessessssssssssssssessssssesssaes 167

7.3.1 Morphology and crystalliSation ........eenesnsnseneseesessssssssssssssessssessessessssssss 167
7.3.2 Elemental composition by EDX and EELS....... e 170
7.3.3 Elemental distribution by EELS MapPing.....cenmnemesnensneesssssssssssssssssssesnes 171

vi



7.4 SUMMATrY and CONCIUSIONS w..ueuiereereerereesseeeessesssessesssessesssesssessssssessesssesssssssssssssesssssssssssssessssanes

References ..o

Chapter 8 Conclusions

Appendix SIiMulation atlaSes ... —————————

vii



Chapter 1 Introduction and Background

This thesis is focused on studying the atomic structure and chemical analysis of
nanoparticles: deposited Ag clusters, monolayer-protected (MP) Au clusters, metal
oxides and bimetallic nanoparticles. The principal tool employed is the aberration-
corrected Scanning Transmission Electron Microscope (ac-STEM). In this chapter, I
introduce the types of nanoparticles investigated and the specific ac-STEM techniques
used. These techniques are High Angle Annular Dark Field (HAADF) imaging, Energy
Dispersive X-ray spectroscopy (EDX) and Electron Energy Loss Spectroscopy (EELS).
They enable atom counting (i.e. size determination), atomic structure identification,

elemental mapping and oxidation state investigations.

1.1 Monolayer-protected Au clusters
1.1.1 Introduction to monolayer-protected Au clusters

Monolayer-protected (MP) nanoparticles are usually prepared by the reduction of metal
salts using appropriate reducing agents in the presence of ligand molecules. A
monolayer of ligand molecules will form on the surface of the metal core and prevent
the nanoparticles from sintering [1l. MP Au nanoparticles are the most interesting and
widely investigated systems, due to their chemical stability and the numerous potential
applications in the fields of catalysis [23], biological imaging [4°], cancer therapy [°], etc.
The typical ligand molecules used for Au nanoparticles protection are thiolates (-SR) [7:8],
phosphines (-PR) [°-11] and amines (-NHzR) [1213], among which thiolate-Au systems are
the most intensively investigated because of the strong Au-SR bond and the generated

magic size clusters with respect to phosphines and amines.



Brust et al. [7] reported the chemical preparation of thiolate-protected Au clusters for
the first time in 1994. The synthesising strategy of the Au-SR clusters consisted of
growing the metallic clusters with the simultaneous attachment of thiol molecules on
the growing nuclei. The clusters were grown in a two-phase system to allow the surface
reaction (attachment of thiols) to take place during metal nucleation and growth. In
Brust’s report, AuCls was transferred from aqueous to toluene using
tetraoctylammonium bromide and was then reduced with aqueous sodium borohydride
in the presence of dodecanethiol (C12H25SH). The colour of the organic layer changed
from orange to deep brown indicating the formation of Au-SR clusters (The colour
change of the solution reflects the nature of the electronic states of the clusters. Small
Au-SR clusters are believed to have discrete electronic energy levels 141 and these
discrete levels start to develop into bands when the size increases to bulk materials).
The precipitate was washed with ethanol to remove excess thiols. Au-SR clusters with a
diameter in the range 1-3 nm were then synthesised. This synthesis strategy was then
modified by different research groups to have better control on the size and purity of
the clusters produced. The optimised reaction conditions for producing ultrasmall Au-
SR clusters include increasing the thiol-to-Au ratio, using a large excess reducing agent,
enhancing reaction temperatures and changing the thiol type to ensure adequate

etching and increase the yield of a certain size of Au-SR clusters [15-17],

Besides the reaction conditions and choice of ligand molecules, the most challenging
question is to determine the composition and atomic structure of the Au-SR clusters,
which affect their optical and electronic properties. Early work [16.18] by the Whetten

group has shown the formation of a discrete sequence of Au-SR nanoclusters by the



measurements of laser desorption ionisation mass spectrometry (LDI-MS). Au core
masses of the isolated Au-SR fractions measured by the LDI-MS [16] were 27-29 k (k =
1000amu), 45-46 k, ~57 k, and, 92-93 k, respectively, containing ~100 to ~460 Au
atoms. Smaller species with core masses of 14-15 k (~ 75 atoms) and 8 k (~38 atoms)
were obtained in subsequent work [18l. However, due to lower control of clusters at the
atomic level and the severe fragmentation during the laser ionisation process, the

precise determination of the formula of several discrete species was not achieved.
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Figure 1.1 Low- (left) and high-resolution (right) ESI mass spectra of the fractionated
Au,(SG)m nanoclusters. The coloured peaks show the calculated spectra of clusters with

corresponding n-m values. From reference [19]

Electrospray ionisation (ESI) is a soft ionisation technique, which allows an accurate
determination of compositions of the isolated clusters. By improving the
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polyacrylamide gel electrophoresis (PAGE) separation of the Au-SG (SG, glutathione)
clusters and suppressing the fragmentation with a soft ionisation procedure, Negishi et
al. 191 obtained very clean ESI-MS spectra (Figure 1.1). Discrete clusters, including
Au1s5(SG)13, Au1s(SG)1s, Auz2(SG)1e, Auz2(SG)17, Auzs(SG)is, Auz9(SG)20, Auzz(SG)22, and
Auze(SG)24, were identified. Furthermore, the definitive formula for Auzs(SR)1s was

corrected from earlier Auzs(SR)16 formula by Whetten and co-workers (201,

The formation of discrete sizes of Au-SR clusters, rather than a continuous distribution
of sizes, indicates a size-dependent stability. The geometric and electronic shell closings
are often invoked to explain the stability of the magic-sized nanoclusters [21.22]. A highly
symmetrical core-atom packing structure leads to higher binding energies and, hence,
higher stabilities. The geometric symmetry balances the interatomic forces, i.e. the
forces tangential to the surface of a sphere sum to zero. The stability of Auzs(SR)1s* is
attributable to geometric rather than electronic factors, since Auzs(SR)1s* is found to be
stable regardless of the charge state for x=1-, 0 and 1+ [23]. The “superatom electronic
theory” [22] is analogous to the atomic theory and predicts the stability and chemical
nature of simple clusters. The electron energy levels of magic-size clusters with a filled-
electronic shell correspond to 1S2|1P¢|1D10|2S2 1F14|2P6 1G18|2D10 3S2 1H22|... where S,
P, D, F, G, H denote the angular momentum characters. The delocalised orbitals are
derived mainly from atomic 6s orbitals, representing a finite-system analogy to the bulk
conduction electron states. A stable configuration is associated with a total number of 2,
8, 18, 34, 58, 92, ... shell-closing electron count. For a cluster with formula (Ls:AnXm)?,
where A and X denote metal atoms and electron-withdrawing ligands with numbers of
N and M, L represents weak dative ligands that do not withdraw electrons from the core

atoms, s the number of dative ligands, and z is the overall charge on the complex. Then



the number of superatomic electrons is n* = NV, — M — Z, where V is the valence of the
metal atom (V=1 for Au, denoting its 6s electron). The superatom theory has explained
the stability of several cluster species, such as Auzs(SR)1s8~, Auzo(PPh3)14Cle~, Auss(SR)34,
and Au102(SR)s4, which have shell-closing electron counts of 8, 34, 34, and 58,
respectively. However, clear trends were not observed for Auzs(SR)1g [24], Auzg(SR)24 [25],

Au144(SR)e0 [26], etc.
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Figure 1.2 The synthetic strategy of different magic-sized Au-SR clusters by exploring

the three isomeric ligands: p-MBT, m-MBT, and 0-MBT. Taken from reference [27].

The effect of ligands on the magic-size selection was largely overlooked in the early
studies of MP Au clusters. However, the effects of the ligands on the cluster sizes and
structures have been revealed recently. Jin’s group [27] reported that the magic sizes of
Au-SR clusters are sensitive to the subtle change of surface protecting ligand structure.
By the selection of isomeric methylbenzenethiols (para-, meta-, and ortho- MBT), Au-SR

clusters with sizes of Auizo(p-MBT)so, Auios(m-MBT)s41 and Auaso(0o-MBT)2s2 were



successfully prepared. The trend of cluster size decreasing from Aui3zo to Auio4 to Auso
was ascribed to the Au-S interfacial bond stress changing. The Au-S bond stress
increases when the methyl group of MBT ligand goes from para- to meta- to ortho-

position. Figure 1.2 illustrates the synthetic strategy of different size Au-SR clusters.
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Figure 1.3 (A) Time-dependent ESI mass spectra for the Auzs(PET)24 clusters’ LEIST
reaction products at four different stages. The number of TBBT ligands (m) exchanged
onto the clusters (Auze¢(TBBT)m(PET)24-m) is labelled on the top of the mass peaks. (B)
Corresponding UV-vis spectra of the reaction products at different times. From

reference [30].

Magic-sized Au-SR clusters can be transformed from one stable size to another by
ligand-exchange-induced size/structure transformation (LEIST for short) 28], Notable

examples include the transformation of Auzs(PET)1s to Auzs(TBBT)20 [29], Auzg(PET)24 to



Auzs(TBBT)24 30311 and Au144(PET)e0 to Au133(TBBT)s2 [32] (where PET = SC2H4Ph and
TBBT= 4-tert-butylbenzenelthiol). To fulfil the LEIST reaction, a very high molar ratio
of incoming TBBT to the original PET (~160:1) and thermal conditions (to overcome
the energy barrier between stable sizes) are needed. To figure out how the size and
structure transform along with ligand exchange, Zeng et al. [30] conducted time-
dependent mass spectrometry and optical spectroscopy analyses of the Auzg(PET)24 to
Auze(TBBT)24 transformation reaction, and a disproportionation reaction was revealed.
Figure 1.3 shows the time-dependent ESI mass spectra and the corresponding UV-vis

spectra of the LEIST reaction products of Auzs(PET)24 clusters.

The size-transformation process can be divided into four stages. The first stage (0-5
min) indicates ligand exchange without any size or structure transformation, evidenced
by the optical spectra being nearly the same as the starting point. The second stage (10-
15 min) demonstrates that more TBBT ligands attach on the Auszs core, which induces
structural distortion of the clusters. The absorption spectra of the metastable cluster
show a new absorption peak at ~550nm. During the third stage (20-60 min), a
disproportionation reaction takes place. Via internal reconstruction and releasing and
capturing processes, original Auzg(TBBT)u(PET)24-m (m = 19 to 24) clusters transform
to Auszs and Auaso clusters. After all the Auzg(TBBT)m(PET)24-m clusters are transformed
(stage IV), the Auso(TBBT)m+2(PET)24-m species are gradually converted to Auzs clusters.
The experimental yield of Auzs(SR)24 is 90%, which is consistent with the above
reaction mechanism. The driving force leading to the size and structural transformation
from Auzg(SCH2CH2Ph)24 to Auzs(TBBT)24 is not clear. However, the steric bulkiness and

electronic conjugation factors of the ligand are believed to trigger the initial



transformation process. Joint efforts between theory and experiment are still needed to

map out more details of the ligand’s effects role.

The current reports indicate that the stability of magic-sized Au-SR clusters depends on
a complex interplay of multiple factors, such as the core atom packing structure, carbon
tail of the protecting ligands and number of superatomic electrons. A good
understanding of these factors on the size and structure of the Au-SR clusters is of great

importance to produce high purity clusters and discover new magic-sized species.

1.1.2 Crystal structure of Au-SR clusters

Determination of the total structure of the Au-SR clusters, including the arrangements
of the Au kernel and the protecting ligands, is an outstanding experimental challenge.
Due to their small size, softness and no atomic mono-dispersibility, the atomic
structures of the magic-sized Au-SR clusters remained unknown until the first reported
structure by the Kornberg group of the Auio2(p-MBA)ss (p-MBA, p-mercaptobenzoic
acid) cluster in 2007 1331, The structure was solved by single crystal X-ray diffraction,
which can provide reliable details of both the gold-core structures and the ligand
arrangements. The structure of the Au102(SR)44 cluster (Figure 1.4) can be dissected into
a Marks decahedral (The structural schemes of classic decahedron, Ino’s decahedron
and Marks’ decahedron are shown in Figure A10. Ino’s decahedral is derived by
truncating a classic decahedron to generate five {100} faces. The Marks decahedron is
constructed by introducing 10 additional re-entrant {111} surfaces at the five twin
boundaries [341) Auso kernel (yellow, Figure 1.4b), two 20-atom caps (green, Figure 1.4b)
with Cs symmetry on opposite poles, and a 13-atom band (blue, Figure 1.4b) on the

equator 1331,



Figure 1.4 (a) Auioz2(p-MBA)44 structure determined by single crystal X-Ray diffraction.
Yellow: Au atoms; cyan: S atoms; framework: p-MBA. (b) Packing of Au atoms in the

cluster. Reproduced from reference [33].

Figure 1.5 The four-shell structure of Au133(SR)s2. (A) The first shell, pink; (B) The
second shell, gray; (C) The third shell, blue and cyan; (D) The fourth shell with Au
(orange) and S (yellow). (E) a-b-c-a packing of atoms; (F) a-b-c-b packing of atoms; (G)

Monomeric -SR-Au-SR- motifs. Figure and caption from reference [32].

Through the growth of single crystals, more structures of Au-SR clusters have been
obtained. The most recently determined clusters are Au130(SR)s0 [3°] and Au133(SR)s2 32

36] clusters. Au133(SR)s2 is the largest Au-SR cluster that has been solved by the single



crystal diffraction method so far. The total structure of the Au133(SR)s2 is constructed in
a shell-by-shell manner, based on a 55-atom Mackay icosahedron (two shells, Figure
1.5A,B). The third layer caps the 20 triangular {111} facets of the Auss icosahedron. 16
{111} facets are capped by three Au atoms (Figure 1.5E) and 4 are capped by one Au
atom (Figure 1.5F), resulting in a Auio7 kernel, which is then protected by 26 -SR-Au-
SR- monomeric staples (Figure 1.5G). The monomeric staples forms four aesthetic
helical stripes (consisting of 6 staples) on the surface of the Auio7 kernel (Figure 1.6),
and different rotation directions of the four helical stripes give rise to chirality in the

Aui33(SR)s2 cluster.

Figure 1.6 Helical stripes on the Auio7 kernel formed from monomeric staples giving

rise to the chirality of Au133(SR)s2. From reference [32].

Crystal structures of MP AuAg alloy clusters and MP Au cluster isomers determined by
single crystal X-ray diffraction have also been reported somewhere [37.38]. The Dass
group reported the first X-ray crystal structure of Auzs-xAgx(SCH2CH2Ph)24 alloy, where

x ranges from 1 to 5. The determined structure of Auszs—xAgx(SCH2CH2Ph)24 has an
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identical core structure to Auzg(SR)24 [2°], which is a 23-atom face-shared bi-icosahedra
(Figure 1.7). Ag atoms were likely to occupy nine selected sites, which are the vertex
edges and the middle face-shared ring (gray locations in Figure 1.7a). No Ag atom was

found in the Auz(SR)3 and Au(SR): staples.
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Figure 1.7 (a-c) X-ray crystal structure of Auszs-xAgx(SCH2CH2Ph)24. (d-e) Front and side
view of the 23-atom bi-icosahedra Auszs(SCH2CH;Ph)22 core. The table shows the

possibility of Au and Ag atoms occupying different sites. From reference [37].

Tian and co-workers [38] reported a pair of structural isomers of Auzgq and Auzgr (Where
Q and T are the surname initial of the first author) clusters revealed by X-ray
crystallography. These two clusters have the same formula but completely different
structures (Figure 1.8). The main differences are the structures of the Auz3 kernels and

the surface capping of the staples. The Ausgq cluster has a face-shared bi-icosahedra
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core [25], while the Auzz core of Aussr can be considered as one Auiz cap and one Auisz
icosahedron fused together (Figure 1.8a, b). Ausgr is unstable at high temperature (50
°C) in toluene and transforms to Auszgq. Optical and catalytic analysis of two isomer
clusters showed very different absorption peaks and catalytic activity, which indicate a

strong structure-property correlation.

2Au4(SR),,
2AU(SR),,
SR

Au,(SR)s,,

13
Addmg‘ Au(SR),

d

Figure 1.8 X-ray crystal structures of (a-e) Aussr; (f) Aussq. From reference [38].

A number of Au-SR clusters have been well characterised both in size and crystal
structure, and they are reviewed in Ref. [21]. Worth noting that the growth of single
crystals is very difficult for the majority of the Au-SR clusters, since high-quality clusters
with atomically precise and molecular purity are essential to enable the crystallisation
of these clusters. Au144(SR)es0 is extremely stable at ambient and elevated temperature.
However, its crystal structure remains unresolved since it was synthesised in 1996

(known as 28-29 kDa species in the LDI-MS), even though several research groups have

12



obtained crystals [39-41], Therefore, it is of great importance to characterise the structure

of Au-SR clusters with alternative approaches.

1.2 Investigation of MP Au clusters by (S)TEM
1.3.1 Atom counting for MP Au clusters

Atomic resolution high-angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) has become a popular technique, not only because it
provides directly interpretable images, but also the HAADF image intensities show Z-
contrast and are highly sensitive to the number of atoms [42-44]. The signals detected by
the HAADF detected are high-angle (>50 mrad) scattered electrons, which follow the
Rutherford scattering model. The HAADF intensity (I) of an atom is found to be
proportional to the atomic number to the power n (I~Z"). Therefore, for pure Au
clusters, the HAADF intensity has a linear relationship with the number of atoms in a

cluster.

Li and co-workers [4°] studied the relationship between HAADF intensities and the
number of atom in the size-selected Au clusters experimentally. Figure 1.9 shows that
the integrated HAADF intensity of the size-selected Au clusters increases linearly with
the number of atoms up to about 1500 or even higher [*¢]. Taking advantage of the
HAADF intensity analyses, Young et al. [46] studied the relationship of HAADF intensity
against the diameter of thermally evaporated Au and colloidal Au nanoparticles. They
found that the relationship between particle diameter and HAADF intensity of the
thermally evaporated Au nanoparticles agrees with a hemispherical model, and that the

data from the colloidal Au nanoparticles are consistent with a spherical model
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Figure 1.9 Relationship between integrated HAADF intensity and cluster size. From

reference [45].

The HAADF intensity of a MP Au cluster consists of the intensities from the Au atoms
and the protecting ligands. To count the number of Au atoms in MP Au clusters, we need
to remove the intensity that accounts for the ligands. Therefore, the value of the
exponent n needs to be calibrated. The calibration can be obtained by comparing the
integrated HAADF intensities of size-selected Auogzz and Pdoz3 clusters [47-481. Figure
1.10a illustrates the integrated HAADF intensity of size-selected clusters as a function of
the inner acceptance angle and the relationship between the exponent and the
acceptance angle is shown in Figure 1.10b. The calibrated value of n increases from 1.2
to 1.8 as the acceptance angle varies from 14 to 103 mrad. This means that the intensity
contributed by crystalline diffraction decreases at higher acceptance angles (6) and
becomes more Z-dependent. The fitting line in Figure 1.10b follows the trend of n=2-

AeP? (A and B are fitting parameters) from the theoretical model by Hartel et al. [4°1. The
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exponent n is always smaller than 2, for the nucleus charge is partially shielded by the

surrounded electrons.
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Figure 1.10 (a) Integrated HAADF intensities of Augz3z and Pdoz3 clusters and (b) the
values of the exponent as a function of inner acceptance angle. Reproduced from

reference [47].

It is possible to determine the number of Au atoms in a MP cluster by using size-
selected Au clusters as mass standard and knowing the exponent n with the above
calibrations. This atom counting method was tested on Auzg(SC2Ph)24 clusters by Wang
et al. [%], Size-selected Auy clusters, with N=25, 38, and 55 (mass resolution M/AM=20),
were produced in a magnetron, gas aggregation cluster source by a lateral time-of-flight
mass filter. Figure 1.11 shows the HAADF intensity distributions of Ausg, Auzs and MP
Ausg clusters. To extract the number of Au atoms, the intensity contributed by the 24

SC2Ph ligands was calculated by the following equation,

= No(Z5yn Zc yn Zu )"
E = NsGZ)" + NG + Ny () (1.1)
where E is the equivalent number of Au atoms due to the intensity of ligands, Z is the

atomic number, N is the number of S, C and H atoms in the attached 24 ligands. After the

15



subtraction of E, which was found to be 8.7 + 2.6 Au atoms, the numbers of Au atoms
calculated from the HAADF intensity of the MP Aussg clusters are 38.6 + 2.8, 38.4 + 2.9,
and 37.5 * 2.9 Au atoms, respectively, when the intensity of Auzs, Auzg and Auss is used
for the calibration. The size of single clusters can be easily determined with this atom
counting method and images of clusters with a certain size can then be fractionated.
Nan et al. 511 weighed the chemically prepared Auss(PPhs)12Cls clusters against size-
selected Auszgo clusters. Clusters with four main sizes were fractionated and the atomic

structure of clusters with ~ 55 Au atoms was then investigated.
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Figure 1.11 Integrated HAADF intensity distributions of (a) MP Auss and Auss, (b) MP

Auzg and Augzs. Figure is taken from reference [50].

Composition analysis of small clusters (<5 nm) by EDX and EELS is very difficult
because of the small amount of materials and a few signals generated. Quantitative Z-
contrast imaging in STEM can also provide chemical composition information of a single
bimetallic cluster. Nan and co-workers [52] determined the Au-Ag compositions of single
thiolated (AuxAgi-x)312:55 cluster by calibrating the HAADF intensity of AuAg clusters
against size-selected Auozz clusters. Determination of the Au-Ag composition of each

cluster enables them to reveal the change of cluster structures as a function of
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composition, in which they found that the dominant structure of the clusters changes
from icosahedron to face-centred cubic (FCC) gradually as the Au proportion increases.
By simulating the HAADF intensity profiles of Cu-Au core-shell clusters, Yin et al. [53]

roughly determined the Cu-Au compositions in the core and shell.

Overall, these works demonstrate that STEM HAADF imaging technique is a powerful
approach to determine cluster size and compositions quantitatively. However, there are
several factors that may significantly affect the accuracy of the quantitative analysis,
such as cluster size, orientation, detector asymmetry, brightness/contrast, emission
current fluctuation, etc. Among these factors, the detector asymmetrical response could
cause a significant error in the quantitative analysis due to the non-equal sensitivity [>4].
For the size effect, as the cluster size increases, the relationship between the HAADF
intensity and cluster size (>6000 atoms) is no longer linear [#¢]. Cluster orientation can
cause electron-channelling effect, which occurs when electrons pass through a crystal
near zone axis. The atom columns acting as small lenses can focus the electron beam
due to the positive electrostatic potential of the atoms and keep the intensity on an
atomic column as it propagates through the sample [5556]. Small mis-tilts away from the
near zone axis will cause a certain intensity difference. Therefore, these factors must be

treated carefully to do a reliable quantitative analysis with STEM-HAADF images.

1.2.2 Atomic structure of MP Au clusters by (S)TEM

Due to the difficulty of growing high quality single crystals, structure determination of
MP Au clusters by electron microscopy is of great value. The advantage of atomic
resolution HAADF images is that one can obtain the size and structure information at
the same time. Since the structures of small size MP Au clusters are very complicated [33
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35], simulations from proposed models are usually used for comparison with the

experimental HAADF images and NBD patterns for structural identification.

Figure 1.12 HAADF images of nominally “Au144(SR)e0” clusters (a~f). The insets are the
simulations at different orientations, which show a good agreement with the
experimental images. The yellow and red arrows indicate the ejected Au atoms and a

ring-dot feature, respectively. From reference [57].

The Palmer group reported the size and structure investigations of MP Auss 51, Aui44
(571, and (AuxAgi-x)312+55 221 clusters. In these works, size-selected Au clusters were used
as mass standards to fractionate the MP Au cluster with expected sizes for structure
identification, since the chemically prepared clusters are not pure in size, even though
these clusters are dissolved from crystals [571. Simulations of different models (full-shell
icosahedron, cuboctahedron, decahedron and theoretically predicted models) were
used for structural comparison. The structure determination of MP Auss was quite

successful, in which they found 42% of the clusters fit best to a hybrid model and the
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rest were amorphous [l Figure 1.12 shows some examples of the structural
comparison of nominally “Aui44(SR)e0” clusters between the HAADF images and
simulations. A few percentage of clusters were found to match the theoretical MP Aui44
model [¢%], while a large proportion was not identified. However, a ring-dot feature was
frequently (20-30%) observed in the clusters, which is a characteristic of local
icosahedral order. Knowing the cluster size is important since the atomic structure of
the MP Au clusters is size-dependent. For example, MP Aui33 has an icosahedron core,
which is entirely different from the MP Aui3o (a decahedron core), even though the

difference is only three Au atoms.

Combining atomic resolution HAADF images with nanobeam electron diffraction (NBD),
the Jose-Yacaman group studied the structure of the Aui44(SR)s0 [>8] and Au130(SR)s0 [>°]
clusters. In this method, simulations of NBD patterns and structures from Aui44(SR)e0
model [60] at different orientations were calculated for further comparison with the
experimental data. NBD patterns and HAADF images were recorded at a reduced

accelerating voltage of 80 kV to minimise the radiation damage from the electron beam.

Figure 1.13 Comparison between experimental (a) and simulated (b) NBD patterns.
From reference [58].
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Figure 1.13 illustrates the experimental and simulated NBD patterns. The comparison
was conducted by comparing the spot reflections on the patterns and angles between
the reflections (Figure 1.13). The difference of angles measured from the experimental
and theoretical patterns is within 2°, which indicates a good match. An atomic
resolution HAADF image and its power spectra were also used to match the simulations
shown in Figure 1.14. Their results revealed that the structure of the MP Auis4 clusters
is consistent with the theoretical model proposed by Lopez-Acevedo et al. [60]. With the
same method, they studied the structure of the Au130(SR)s0 cluster [5°1 by comparing the
simulations of the theoretical model suggested by Negishi et al. [61l. The suggested
Au130(SR)s0 structure consists of a Auzs Marks decahedron core, protected by two Auis
motifs and 25 monomeric staples. The experimental results showed a good agreement
with the simulations [5°]. The crystal structure of Au130(SR)s0 was resolved recently [35]
and is similar to the theoretical model. The structure of MP Au clusters remained for
several seconds before it was damaged by the electron beam exposure; this was

identified by the changing of time-resolved NBD patterns.

[110]

Figure 1.14 (a) HAADF image of a Au144(SR)so cluster and (b) simulated HAADF image
from a model. (a*) and (b*) are the power spectra of (a) and (b) images, respectively.
From reference [58].
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Figure 1.15 Schematic representation of the experimental setup. A TEM was coupled

with a NANOMEGAS ASTAR system. From reference [62].

This method was improved recently by coupling with a NANOMEGAS ASTAR system to
fulfil the fast scan of the electron beam on a pre-established area. A series of NBD
patterns was then collected simultaneously by a CCD camera [¢2]. The advantage of this
method is the fast and sequential scanning of 0.1 nm point-to-point step (probe size 3
nm) and 0.1s of acquisition time, which can largely reduce the irradiation time and the
radiation damage of the MP clusters. The schematic of the experimental setup is
illustrated in Figure 1.15. Aui02(SR)ss clusters were used to test this method. The
experimental NBD patterns were then compared with the simulations of its crystal

structure [331.
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Figure 1.16 Experimental and the corresponding simulated NBD patterns at 0°, and 1°

disoriented out of its axial axis. From reference [62].

Structure comparison between atomic resolution HAADF images and structure
simulations was usually conducted by eye [51 52 571, This means that the structure
comparison is very subjective and many structural details may be ignored. The NBD
method proposed by the Yacaman group [58 5% 62] provide a quantitative criterion for
structural comparison, e.g. distances and angles between the diffraction spots.
However, the NBD patterns seem to be very sensitive to the cluster orientations, and the
patterns are quite different even the cluster is one degree disoriented out of its axis
(Figure 1.16). Additionally, extra spots were also introduced because of the presence of
carbon substrate and noise in the images. Since the mass spectra and diameter
distribution of these MP clusters given in the literature is very broad, the size of these
clusters is not pure. Therefore, it would be very difficult to find the right size clusters

and the corresponding simulations to the experimental data.
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In the above two methods, prior knowledge about atom packing and model simulation
are needed for structure determination. To reveal the atomic structure of a MP Au
cluster without any prior knowledge could be of great value. Kornberg and co-workers
[63] proposed a three-dimensional reconstruction method for the determination of the
atomic structure of MP Aues cluster without comparing with simulations from a
predicted model. Atomic-resolution EM images were taken by an ac-TEM at a very low
electron dose ((~800 e-/A2), which is much lower than that taken from a traditional ac-
STEM [57.58,59] Images of 939 clusters (Figure 1.17A) were used for 3-D reconstruction,
and an electron density map with 68 peaks (Figure 1.17B, C) was yielded. The peaks
were assigned as Au atoms justified by their numbers, distances and the high intensity,
which could be attributed only to heavy atoms. The packing was FCC-like and has a 13-
atom cuboctahedral core, surrounded by 24 atoms extending the fcc-like framework
and an additional 31 atoms deviating from FCC packing. The reconstructed structure

was supported by comparison of absorption spectra with the calculations.

The low-dose technique of ac-TEM adapted from biological studies would largely
decrease the damage from the electron beam radiolysis. While the great advantage of
structural 3-D reconstruction of atomic-resolution TEM images could make it a general
method for determining the structure of any size MP Au clusters, since it doesn’t need
any prior knowledge or fittings to predicted models. However, the studied clusters must
be of a high order of purity both in size and structure for the structural reconstruction,
for a large number (over 900) of TEM images are needed. In the ESI mass spectra [63],
the number of attached ligands varies from 30 to 34 (may cause structure distortion or

transformation [301), and other size clusters were also observed. The impurity of the
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clusters probably introduces some errors into the reconstructed structure, and only the

structure of MP Aueg has been resolved by this method so far.

Figure 1.17 (A) Representative components of the reconstruction. (Left) Back projection
of the reconstruction; (middle) corresponding class average of the EM images; (right)
EM images. (B-C) Electron density map (blue mesh) and Au atoms (pink stars). From

reference [63].

1.3 Chemical analysis of metal nanoparticles by (S)TEM
1.3.1 Elemental analysis of bimetallic nanoparticles

Bimetallic nanoparticles are being investigated in many research fields, such as fuel cell
electrocatalysts [64], alcohol oxidation [5], and preferential oxidation of CO [6¢], Their
catalytic activities are usually related to the arrangement of the metals. Enache et al. [65]
showed that the addition of Au to Pd nanoparticles (Au-rich core surrounded a Pd-rich
shell) had higher selectivity in the oxidation of alcohols to aldehydes than the pure Au
and Pd catalysts. They believe that the surface of the Au/Pd nanoparticles contains
some Au atoms, which act as an electronic promoter for Pd and improves the catalytic
selectivity. Alayoglu and co-workers reported that Ru@Pt core-shell nanoparticles were

more active and selective in the preferential oxidation of CO than the PtRu alloy and
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monometallic mixture catalysts. The oxidation of CO can be completed below 20 °C with

the presence of Ru@Pt core-shell catalyst, while the PtRu alloy and monometallic

mixture catalysts show complete CO conversion at 85 °C and 93 °C, respectively, for Hz

feeds containing 1000 p.p.m. CO. The enhanced catalytic activity was ascribed to the

electronic structure change of the Pt shell with Ru as the core [6¢]. Wand et al. studied

the catalytic activity of structurally ordered intermetallic Pt-Co core-shell nanoparticle

in the oxygen reduction reaction (ORR). It is found that the mass activity of the Pt-Co

core-shell nanocatalysts is over two times higher than the Pt-Co alloy nanoparticles as

well as Pt/C, and over three times enhancement in catalytic selectivity.
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Figure 1.18 (a, b) HAADF images of mass-selected Au-Cu clusters; (c, d) experimental

and simulated HAADF intensity line profiles. From reference [53].
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It is of great value to characterise the chemical arrangements of alloy nanoparticles.
STEM HAADF, EDX and EELS are possible ways to fulfil the characterisation of the
elemental distribution. As mentioned in section 1.2.1, STEM uses the Z-contrast imaging
technique and the image HAADF intensity is related to the atomic number so that the
chemical contrast can be obtained in the HAADF images. Yin et al. [53] prepared Cu-
rich/Au-rich and Au-rich/Cu-rich mass selected core/shell clusters in a magnetron
sputtering cluster source. Bright and dark cores can be observed in the HAADF images
(Figure 1.18 a,b), indicating the formation Au-rich and Cu-rich cores, respectively.
HAADF intensity line profiles were simulated from models with different compositions
(Figure 1.18 c,d). The Au and Cu compositions in the shell and core can be roughly
determined by comparing the intensity change around the central area in the simulated

and experimental line profiles.

The chemical contrast of bimetallic nanoparticles can be easily obtained with STEM-
HAADF, for it uses Z-contrast imaging and only takes a few seconds to acquire a HAADF
image. However, there are some limitations on chemical analysis with HAADF images.
First, it needs some assumptions in the model to simplify the calculations for
quantification. For example, simple geometrical structures and uniform elemental
distribution in the core and shell were assumed in the above work [53]. Sometimes mass
balance may be needed 521, Second, the HAADF intensity contrast of two elements with
close atomic numbers is very low in the HAADF images. It is harder to distinguish the
distribution of the elements when more elements are in the specimen. Third, there are
many factors can affect the HAADF intensity, e.g. electron channelling effect, detector
asymmetry, detector angle mismeasurement, etc [5¢l. These will cause variations of the

HAADF intensity and introduce some errors in the quantification. EDX and EELS are
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widely used methods for elemental analysis to determine the elemental composition

and distribution.

2 nm

Figure 1.19 (A) STEM-EDX maps of Pt/PdAu nanoparticles. From (a) to (e) are HAADF
image, EDX elemental maps overlapping, Pt (green), Au (blue) and Pd (red). Bar sizes,
20 nm. From reference [68]. (B) STEM-EELS maps of PtNi nanoparticles close to the
(110) zone axis; from left to right are the EELS maps of Pt (red), Ni (green) and
composite map, respectively. (C) Composite image of a particle close to the (100) zone

axis. (D) A particle model along the (001) zone axis. Reproduced from reference [69].

The EDX detector was developed in the late 1960s and measures the number and
energy of the characteristic X-rays emitted after the interaction between the electron
beam and a specimen. The application of EELS can be traced back to the 1940s [¢7],
which detects the energy loss of the incident electrons during the electron-specimen
interaction. (More details about EDX and EELS are shown in Chapter 2). After decades of
development, its stability, collection efficiency and spatial resolution have been largely
improved nowadays. Elemental mapping can be obtained by EDX and EELS spectrum

imaging, which records a full spectrum at every pixel in the digital image; therefore, this

27



only can be done in STEM mode. Figure 1.19 shows examples of EDX and EELS
elemental mapping of Pt/PdAu (8] and PtNi nanoparticles [6°]. Revealing the element
distribution of alloy nanoparticles is essential to have a good understanding of the
catalytic mechanism and to find the active sites for maximising the catalytic
performance. However, the characterisation of core-monolayer shell nanoparticles [6>
68], doped nanoclusters [70 by EDX and EELS is still very challenging considering the

small volume of material, especially when the particle size is small (~2nm).

Both EDX and EELS have advantages and disadvantages in the elemental analysis. EDX
is simple to operate and collects different energy range peaks at the same time. The
signal of almost all of the elements in the specimen can be presented in one spectrum.
But it is limited by its poor energy resolution, which is ~ 120 eV at Mn Ka line. There is
a significant peak overlap in the low-energy range (<500 eV), so EDX is suitable for
analysing heavy elements. The energy resolution of EELS is much higher than EDX,
which ranges from 0.5 to 1.5 eV when a field-emission gun is used. The characteristic
energy edges of light elements can easily be separated in an EELS spectrum. However,
the intensity drops exponentially when the energy-loss increases and the energy-loss
feature of heavy elements at high-energy range (>1000 eV) is very weak. The low-loss
region is typically 104-10°¢ times more intense than the core-loss region. Due to the huge
intensity variation across the spectrum and the limited number of channels, in certain
cases, it's not possible to measure the low loss spectrum and high loss spectrum at the
same time for a conventional EELS detector. Additionally, the collection efficiency of
EELS (~80%) is much greater than that of EDX (<30%) [71], since most of the energy-

loss electrons are forward-scattered and can be efficiently collected with a small EELS
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collection angles. In contrast, an EDX detector receives only a small fraction of the

isotropically emitted characteristic X-rays.

Significant improvements have been made to push these limitations further. The
implementation of a DualEELS detector makes it possible to collect both the low and
core loss regions near-simultaneously [7273]. In this system, three ultrafast electrostatic
deflectors are synchronized to fulfil the dual energy range EELS imaging: beam-
blanking control (down to 1 ps for low-loss spectrum collection), energy shift control
(changing energy range for recording core-loss spectrum), and lateral spectrum shift
control to isolate two portions of the spectrum on the detector. The full energy range
acquisition of electron energy-loss signals allows full processing of the EELS data, e.g.
deconvolution, thickness mapping, etc. To increase the collection efficiency of EDX,
Super-X™ system [74] was designed. It integrates four silicon drift EDX detectors with a
total active area of 120 mm?2. The detectors are windowless, which allows higher

collection efficiency and better sensitivity for light elements detection.

With the application of newly designed detectors and the implementation of spherical
aberration correction in STEM, the resolution in chemical mapping was pushed into the
atomic length scale [7576], Figure 1.20 shows examples of atomic-resolution EDX and
EELS maps of SrTiO3/LaMnOs Multilayers. The atomic chemical imaging not only
demonstrates the arrangement of different elements at the atomic scale but also the
local bonding states [7¢] and valence states [’7l. Turner and co-workers [77] studied the
surface of CeOz.x nanoparticles using atomic-resolution EELS mapping. They found that
the surface cerium ions were reduced to Ce3*, and that 1-2 underlying atomic layers for

the {111} surfaces were mixed-valency. While the thickness of Ce3* shell for {100}
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surfaces was extended to over 6 layers. This finding may explain the higher catalytic

activity of the {100} surface facets in ceria.

(a)

(b)

Figure 1.20 Atomic-resolution EELS (a) and EDX (b) elemental maps of Ti in green, Sr in

red, La in purple, and Mn in blue. From reference [78].

1.3.2 Oxidation state analysis by EELS

Compared to EDX, EELS can obtain more information from the specimen, such as the
specimen thickness, plasmon excitations, electronic band structure, and valence state,
etc. A thorough analysis of the valence state of metal nanoparticles leads to an accurate
and full understanding of the fundamental nature of the catalytic and toxic reactivity [7°-
82], In the mimic superoxide dismutase catalytic activity, ceria nanoparticles with high
Ce3*/Ce** (~40 at.%) ratio were found to be more active than those with low Ce3*/Ce**
(~20 at.%) ratio [7°l. White et al. [80] reported that the active catalyst state of Cu

nanoparticles is Cu* in the CO oxidation reaction, because of the valence variations of
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Cuz0 and thus its ability to seize and release surface lattice oxygen. In the toxicity
assessment of cobalt ferrite nanoparticles, the toxic effect was detected for these
nanoparticles due to the Co?* ions released from the particles, which causes a hypoxia-
like response [81. Pulido-Reyes et al. [82] concluded that the toxicity of ceria
nanoparticles was related to the concentration of surface Ce3* sites. Particles with 40%
and 58% Ce3* were found to be toxic, while samples having 26, 28 and 36% Ce3* were
non-toxic. This could be ascribed to the high concentration of oxygen vacancies near the
Ce3* sites and the damaging oxygen radicals generated. In this thesis, the valence states
of cerium oxide, iron oxide and cobalt oxide were studied; therefore, we will introduce

the EELS spectra of these materials in this section.

The valence state determination by EELS can be obtained by observing the chemical
shift of the energy-loss edge or comparing the energy-loss near edge structure (ELNES).
In EELS, the L or M edge of transition metal and rare-earth elements is usually
characterised by two strong peaks (known as white lines) resulting from the transition
of an electron from 2p (or 3d) state to unoccupied 3d (or 4f) states. Their intensities are
related to the occupation number of 3d (or 4f) orbits leading to the possibility of

identifying the valence state of cations.

Figure 1.21a shows the Ce Mss edges of Ce** and Ce3* bearing materials [83.The EELS
spectra of cerium are characterised by two sharp peaks due to the transition of a core
electron to an unbound state. One peak is due to the 3d3;2 — 4fs,; transition indicated as
My, and the other is due to 3ds;2—4f7,2 transition denoted as Ms [84. The Ce** Ms and M4
edges consist of two main peaks at 880.4 eV (B) and 901.6 eV (B’) followed by two

lower intensity maxima at 889.2 eV (Y) and 906.7 eV (Y’). The Ce3* Mys edges have
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different energies, edge shapes and intensities to those of Ce**. The Ms edge is at about
882 eV and the broad peak can be separated into two peaks (D and D’) within high-
resolution EELS spectra [77]. The Ce3* M4 edge is asymmetrical with features E, F and G
at 896.6, 898.4, and 899.7 eV. Additionally, the intensity of Ms edge is higher than that of
M4 edge in Ce3* and reversed in Ce*. The O K-edges of CeO; and Cez03 also have
different shapes (Figure 1.21b). The O edge of CeO; has three distinct peaks at 529.3,
532.0, and 536.2 eV, respectively. While the peaks in the Ce203 O K-edge are at 531,

533.7,and 536.2 eV, respectively.
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Figure 1.21 (a) Ce My edges of Ce** and Ce3* bearing materials; (b) Comparison of O K-

edges of CeO, Cez03 and electron-damaged CeOz. Reproduced from reference [83].

Two methods are usually used to determine the Ce#**/Ce3* ratio considering the changes
in ELNES shape and Ms/M4 intensity ratio. First, the studied spectra can be simulated by
a multiple linear least-square fitting (MLLS) method with Ce** and Ce3* single-valence

spectra as references. Figure 1.22 demonstrates an example of the MLLS fitting for
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determining the Ce#**/Ce3* ratio. The fitting weights of each spectrum are the fractions
of Ce** and Ce3* ions [83l. Second, the valence of Ce ions can also be estimated using a
linear interpolation between the Ms/Mj ratio for Ce** (0.91) and Ce3* (1.31), because of
the linear relationship between the Ms/Mj ratio and the occupancy of the 4flevel [85]. In
both methods, spectra from reference materials are needed. However, in some
materials, the relationship between the white-line ratio and valence states is not linear

[8687]; the quantification would then be more complicated.
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Figure 1.22 Simulation of an intermediate spectrum using MLLS fitting of the M4 s edges

from CeO2 and Cez03. From reference [83].

There are three methods that have been proposed to measure the white-line ratio. First,
the subtraction method where the continuous L or M edge contribution is removed and
then the intensity ratio is taken within a given energy window of 3 to 5 eV. Second, the
maximum intensity method, the total intensities are measured within a given energy

window without removing the continuous L or M edge contribution. Third, the second
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derivative method, it measures the positive contribution from the second derivative of

the spectra under each peak [87],
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Figure 1.23 O K-edges of FeO, Fe304, a-Fez03, and y-Fe203. From reference [88].

The EELS spectra of four Iron oxide compounds (FeO, Fe304, a-Fe203, and y-Fe203)
display distinct features in their O K-edges (Figure 1.23). First, the relative intensity of
the pre-peak (a, see Figure 1.23, a-Fe203) at about 530 eV increases gradually from FeO
to Fez03. Second, the dominant peak (b) around 540 eV remains rather similar for all
spectra. Third, there is a weak maximum at about 545-550 eV and its shape and
position vary between different compounds. The fourth major feature around 560-565
eV is a rather broad profile. To quantitatively characterise the O K-edges between these
compounds, Colliex et al. [88] measured the energy difference between peak (a) and (b)
and the relative intensity of peak (a) with respect to (b). They found that the energy

difference increased from 9.0 to 11.0 eV when the compounds changed from FeO to
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Fe304, y-Fe203, and a-Fez03. A similar trend was observed in the relative intensity,

which increased from 0.09 to 0.20.
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Figure 1.24 (a) Comparison of the Fe Ly3 edges of fayalite (Fe:SiO4, Fe2*) and aegirine
(NaFeSi20¢, Fe3*) Reproduced from reference [89]; (b) Fe L3/L: intensity ratio for

various standards. Reproduced from reference [87].

The spectra of Fe L-edges for Fe?*- and Fe3*-bearing materials are shown in Figure 1.24a,
which illustrates distinct chemical shifts and Lz3 edge shapes. The Fe?* L3 peak is at
about 707.5 eV, while the peak maximum of Fe3* L3 is at 709.5 eV with a pre-peak at
708.0 eV. The separations of the L3z and L maxima for Fe?* and Fe3+* are 12.84+0.1 and
13.2+0.1 eV, respectively. The white-line ratio (L3/Lz) increases as the valence state of
Fe goes up, however, the relationship between the white-line ratio and the valence state
is not linear. The white-line ratio was measured in its second derivative and total
intensity methods, and this value increases from about 3.2 to 5.4 and 1.5 to 2.8,

respectively, when the valence state of Fe changes from 0 to 3+.

The EELS spectra of cobalt oxides are shown in Figure 1.25a. The O K-edges for CoO and

Co304 have three pre-peaks labelled by a, b and c. The main difference is that peak a in
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Co304 is sharper and more separated than in CoO. The energy difference between peak a
and c is about 11 eV in C0304 and around 8 eV in CoO. The Co L3 and L2 lines correspond
to the 2p3/2—»3d3/2 3d>/2 and 2p1/2—3d3/2 transitions, respectively. The relative intensity
of Co Lz with respect to the intensity of Lz is higher in CoO than in Co304, indicating a
higher white line ratio. The relationship between the Co valence states and the Co L3/L>
ratio has been investigated by studying the Co white lines from standard samples of
known Co valences (shown in Figure 1.25b) [86l. The Co L3/L2 ratio is about 5 when the
Co valence is 2+ and this value goes down to about 3.3 for Co?%7+ and finally decreases

to about 2 at the valence state of 4+.
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Figure 1.25 (a) O K-edge and Co L-edges for CoO and Co304. Pre-peaks in O K-edge are
labelled by a, b and c. Reproduced from reference [90]. (b) Intensity ratio of Co Lz/L>

obtained from known Co valences of standard samples. From reference [86].

Overall, EELS is a sensitive and efficient method to detect the variation of valence states,
especially for transition metals and rare-earth elements. The changes in O K-edge
features, white line ratio and energy position usually reflect the different valence states

of the studied element. To qualitatively or quantitatively determine the valence state of

36



some elements, several standard specimens with known valence states are usually
needed either for multiple linear fitting or white line ratio calibrations. However, there
are several things need to be noted. First, energy drift often occurs during the
acquisition of EELS spectra arising from the change in the accelerating voltage or
spectrometer current. This causes inaccuracy in the position of energy-loss edge and
affects the identification of chemical shift and the fitting result from the reference
spectra. This can either be calibrated by the energy position of reference material, e.g.
amorphous carbon or can be corrected by the zero-loss peak in a DualEELS system.
Second, a poor energy resolution (i.e. full-width half maximum of the zero-loss peak)
may blur some features in the ELNES. For example, the pre-peak in Fe Lz was not
obvious when the energy resolution is above 1 eV [88], but can be clearly seen when the
resolution increases to 0.7 eV [8%. The energy resolution of the electron beam is mainly
determined by the electron gun (a cold field emission gun has a better energy resolution
of ~0.3 eV) and can be improved to be better than 0.1 eV by coupling with a
monochromator [°1l. Third, the valence state of reference material can be changed by
the irradiation of electron beam [83], which may make the reference spectra less reliable.
To minimise the electron beam induced damage on the samples, the spectrum

acquisition time should be short.

1.4 Electron beam effects

In an electron microscope, all the useful signals as discussed above come from the
interaction between the electron beam and specimen; however, the electron beam
irradiation also brings a side effect, electron-beam damage. The damage can affect the
structure and the chemistry of the specimen. The Palmer group investigated the
ground-state atomic structure of size-selected Au clusters and found that the metastable
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icosahedral clusters can be transformed into decahedral or FCC clusters under the
electron beam irradiation [°293]. Under the irradiation of highly focused electron beam,
clusters with a few metal atoms can be split from their larger crystals [°4]. Garvie et al. [83]
studied the electron-beam effect on the valence state of Ce cations in CeO: by
determining the Ce#**/Ce3* ratio with EELS. They found that the Ce3* content increases
after about ten seconds and the final ELNES features of the electron-damaged material

are consistent with Ce20s.

There are two common assumptions for the electron-beam damage. First, the amount of
radiation damage is proportional to the electron dose. Second, the extent of the damage
is proportional to the amount of energy transferred to the target. The primary radiation
effects are sputtering the atoms from the surface, displacement of atoms in the bulk of
the specimen, heating the target, and breakage of bonds or cross-linking. The
displacement and sputtering damages are caused by the direct energy transfer from the
electron beam to atoms, knocking them out of their atomic sites when the transferred
energies exceed the displacement energy or surface binding energy. Displacement and
surface sputtering is generally referred to inelastic scattering, and only high-angle
scattered electrons can transfer enough momentum to an atomic nucleus to eject an
atom. The transferred energy (E) is negligible when the scattering angle 6 is small. The
equation of transferred energy is given below [°5],

E = E;g,Sin%(0/2) = Epgy (1 — c0s0) /2 (1.2)
where Emax is the maximum energy transfer, when 6=180°. The maximum transferred

energy of a relativistic electron (energy Ey, mass m) to a nucleus (mass M) when 6=180°

is [95]
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2MEy(Ey + 2mc?)  2E,(E, + 2mc?)

maX T (m + M)2¢2 + 2ME,

Mc?

(1.3)

where c is the speed of light. Since m«&M and Ey <Mc?, equation 1.2 can be simplified.
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Figure 1.26 Maximum transferred energy against the incident-electron energy in

various elements. From reference [96].

From equation 1.3 and Figure 1.26, we can see that Enax increases almost linearly as the

electron beam energy increases. At the same incident electron energy, Emax decreases

when the nucleus mass or atomic number increases, which mean that lighter atoms will

need less energy to be displaced by the electron beam. In the studies of MP Au clusters

by electron microscopy, the sublimation energy of Au is 3.8 eV [°¢ and the

corresponding sputtering threshold energy is above 200 keV. Therefore, no significant

sputtering of Au atoms will occur under normal imaging condition as is reported [51.97],

But the lighter elements (H, C, O, and S) in the ligands can all be damaged even using
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low voltages of 80 kV [62], so the knock-on damage of ligands in the MP Au clusters
cannot be avoided by reducing the beam energy. The displacement energy (Eq) in bulk
specimen is about 10 to 50 eV, and the energy for surface sputtering is usually below 10
eV [9¢]. Elastic electron scattering can also lead to diffusion of atoms at the surface,
which require an energy of the order of 1 eV or less 9591, Therefore, heavy atoms are
mobilised even though the incident-electron energy is below their sputtering threshold

energies (98],

Heating of the target is governed by the dissipation of plasmons caused by the collision
between the incident electrons and the atomic electrons. In the process of this inelastic
scattering, the transferred energy ends up as heat within the specimen [°°l. The heat
generation is balanced by the heat loss through thermal conduction; therefore, the
temperature rise induced by the electron beam is mainly governed by the electron
beam current and thermal conductivity of the specimen. In a TEM, common metals can
be melted under a high beam current, even though they have a good thermal
conductivity (>100 W/m/K). The thermal conductivity of polymers is usually very poor
(0.2-2 W/m/K); so these materials are vulnerable at moderately elevated temperature
even under a relatively low beam current. Current density has a little effect on specimen
heating. Egerton et al [°°] reported that the temperature rise of an amorphous carbon
film (~1.6 W/m/K) increases from 0.5 K to 1.4 K when the current density in a 5 nA
stationary probe increases by a factor of 106. The temperature rise is even lower when
the beam is scanned at a video rate since the beam dwell time per pixel is typically less
than the thermal equilibration time. Therefore, imaging in a STEM mode can reduce the

beam heating effect on the specimen.
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Radiolysis implies electron beam-induced breakage of bonds or cross-linking through
inelastic scattering. Radiolysis damage in organic material is caused by electron
excitation within each molecule but do not return to its original state in the subsequent
de-excitation. In this way, chemical bonds are broken, and the molecule changes in
crystallinity and structure. This damage is related to the electron dose D=jT, where j is
the beam current density, and T is the irradiation time. A critical dose is defined as a
complete destruction of the crystallinity or loss of mass. The critical dose for different
materials varies widely, and it is reported that the critical dose for aromatic compounds
is higher than the aliphatic ones due to the stable ring structures [°l. The mechanism for
radiolysis of inorganic materials varies between different materials. In the case of metal
oxides, radiolysis damage happens by creating an inner-shell vacancy on the metal site.
Followed by Auger decay from the oxygen, a positive O atom is generated. The positive
O atom is then repelled by the surrounding metal ions and ejected into the vacuum [991.
This process generates O vacancies and changes surface properties (composition,

oxidation states, etc.) of the metal oxides.

Beam-induced damage is unavoidable in electron microscopy analysis; however, there
are several methods one can use to minimize the damage, such as reducing knock-on
effects by using a lower beam energy, cooling the specimen to lower temperature to
reduce the heating effects, using low-dose imaging techniques to minimise the
radiolysis damage, and so on. Worth noting that some methods may be useful to
minimise one effect but increase another effect. For example, the best way to minimize
the radiolysis damage is to lower the cross section for the electron-electron interactions

by using higher voltages, but this will increase the knock-on effect at the same time.
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1.5 Summary and conclusions

In this chapter, I introduced the recent studies of structure identification of MP Au
clusters, elemental distribution by HAADF imaging, EDX and EELS, and oxidation state
analysis by EELS. The MP Au clusters are of a great variety in size and structures. Due to
the difficulty to grow high quality single crystals, a large number of MP Au cluster
species remain unsolved. The application of high-resolution electron microscopy is of
great importance to characterise the atom number and structure of individual MP
clusters. Other information such as elemental composition, elemental distribution and
valence state can also be obtained by analytical electron microscopy. With the
application of spherical aberration correction, the resolution of HAADF imaging and
chemical mapping can be pushed into the atomic level. Despite the great information an
electron microscope can obtain, it also produces side effects. The specimen suffers from
knock-on effect, specimen heating and radiolysis damages under the irradiation of high-
energy electron beam. Beam-induced damages may not be very significant in certain
cases, but efforts should be taken to minimise the damage, and their effects should be

considered in the interpretation of the information obtained.
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Chapter 2 Experimental Methods

The Scanning Transmission Electron Microscope (STEM) is a powerful and widely used
instrument in the field of nanoscience and nanotechnology. A significant advantage that it
offers is a range of complementary characterisation techniques with high spatial and
spectroscopic resolution, providing for atomic structure determination, elemental analysis,
etc. In this chapter, I will introduce the basic STEM technique, the theoretical background to
spherical aberration and correction, Z-contrast imaging, Energy Dispersive X-ray

spectroscopy (EDX) and Electron Energy Loss Spectroscopy (EELS).

2.1 Aberration-corrected STEM
2.1.1 Comparison of TEM, SEM and STEM

Different from the light microscopes, electron microscopy uses a beam of accelerated
electrons as an illumination source and uses electrostatic and electromagnetic lenses to
control the electron beam to magnify and form an image. Since the first electron microscope
was built in 1931 by Ruska and Knoll, different types of electron microscope have been
developed, such as Transmission Electron Microscope (TEM), Scanning Electron Microscopy
(SEM) and Scanning Transmission Electron Microscopy (STEM) and the performance of
electron microscopes have also been greatly improved by coupling with aberration correctors

and different imaging and analysing detectors.

TEM is the original form of electron microscopy, which adopts an imaging method by using
Fourier transformation through a convex objective lens, followed by intermediate and

projection lenses for magnifying the images (Figure 2.1a). On the other hand, a scanning
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electron probe is used in a SEM; secondary electrons are excited from the sample surface by
the electron beam and are collected to form an image (Figure 2.1b). As illustrated in Figure
2.1c, a STEM has a combination of a TEM and a SEM imaging characteristics. STEM uses a
convergent electron beam as a scanning probe and scans a selected region of the sample in a
raster pattern, which is similar to the imaging method of a SEM. Instead of collecting
secondary electrons, transmitted electrons are used for forming images, and this is the same
as a TEM. It is also worthy to note that the STEM images are not magnified by lenses like the
TEM, but appear on a computer screen at a magnification that is controlled by the scanning

dimensions on the specimen.
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Figure 2.1 Basic schematics of (a) TEM, (b) SEM, and (c) STEM. From reference [1].
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STEM has several advantages over TEM. In terms of image contrast, high-resolution TEM uses
phase contrast imaging method. As electron waves pass through a sample, the waves may be
absorbed (changed in amplitude) and/or refracted (changed their phase). With thin samples,
amplitude contrast is not obvious and contrast arises through phase alteration [2]. Because the
combination of contrasts is complex, the recorded phase-contrast images are not a direct
representation of the samples structure, i.e., the high intensity might or might not indicate the
presence of an atom column. On the other hand, high angle annular dark field (HAADF) STEM
adopts the “Z-contrast” imaging method, where elastically scattered electrons at high-angle
(>50 mrad) are collected and diffracted electrons are avoided. The intensity of an atom
independently relies on the scattering cross section, which has a Z” (n<2) dependence on
atomic number. This provides a way to count the number of atoms in relatively small and thin
samples 34, In addition, the size of the convergent electron probe in a STEM can go down to
the sub-Angstrom scale when aberration-corrected electron lenses are used [°l. Thus, various
kinds of local analyses can be performed in STEM, such as point analysis, line scan and

elemental mapping with the coupling of EDX and EELS detectors.

Taking advantage of the HAADF STEM imaging method, atom counting, atomic structure
identification, elemental mapping and oxidation state analysis were applied in this study to
characterise different types of nanoparticles. The model of the electron microscope used was
JEOL-2100F equipped with a spherical aberration corrector (CEOS GmbH). Figure 2.2 shows a

photograph of the instrument and the schematic diagram of the main components.
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Figure 2.2 Simplified schematic diagram of an aberration corrected STEM and a photograph of

our JEOL 2100F electron microscope equipped with a CEOS aberration corrector.

Electrons are extracted from a field emission gun (FEG, working as a cathode) by the first
anode, which is positively charged by several kV. Then, the electrons are accelerated by seven
electron accelerators to 200 kV or more. The FEG in our STEM is a Schottky FEG, which is
made of a Lanthanum hexaboride (LaBs) crystal. Because the electron gun is very sensitive to
oxygen and contamination absorption on the gun tip surface, the operation of the electron gun
should be in a proper high vacuum condition. But even in an ultra-high vacuum (UHV)

condition, contaminants build up on the tip of a gun in a short time. This will cause the
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emission current to drop and the extraction voltage to increase to compensate. For a Schottky
FEG, the operational vacuum is about 10-¢ Pa, but, because the gun is continuously heated
(~1700 K) to increase the efficiency of field emission, no surface contamination layer will
form on the gun. But the heating will cause a wider energy spread of the emitted electrons,
which will decrease the energy resolution (full width half maximum of the zero loss peak, ~1
eV) of EELS and also the spatial resolution by increasing the chromatic aberration. By
contrast, a cold FEG made of a tungsten tip is operated in UHV conditions (~10-° Pa) and at

relatively low temperatures (~300K). The cold FEG has a smaller energy spread of ~0.3 eV.

After the extraction and acceleration of the electrons from the electron gun, the electron beam
passes through the condenser lenses. The condenser lenses are responsible for forming
parallel or convergent probes, controlling the beam size and adjusting the convergence angle
for a convergent probe to illuminate the specimen. Other coils are used to tilt and shift the
beam and to align it with the detectors. The objective lens (a round magnetic lens) in an
electron microscope suffers from spherical aberration, chromatic aberration, coma and
astigmatism, which are the main defects that can seriously limit the image resolution. The
correction of coma and astigmatism can be achieved by using a combination of two lenses.
However, because the round magnetic lens cannot form a concave lens, the spherical and
chromatic aberrations cannot be corrected by any combination of round magnetic lenses. A
multipole that consists of several magnetic poles and can deflect electrons in the convergent
and divergent directions to an optical axis, which makes it possible to compensate the
spherical and chromatic aberrations. After passing through the condenser lenses, the electron
beam enters a spherical aberration corrector consists of multipoles, in which most of the

spherical aberration can be removed.
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After the spherical aberration correction, the electron beam is focused to form a very fine
probe (~0.1 nm) by a pre-specimen objective lens and scan coils are used to scan the probe
across a certain area of the sample. Many kinds of signals are generated by the interaction of
the electron beam and the specimen. High-angle elastically scattered electrons are collected
by the HAADF detector to form HADDF-STEM images. The bright field (BF) image is obtained
by using a small acceptance angle; the BF-STEM image is equivalent to a conventional high-
resolution TEM image based on the principle of reciprocity. The signal of electron energy loss
can be recorded by an EELS detector at the bottom of the microscope for chemical analysis.
An EDX detector (shown in figure 2.2) is also installed near to the sample stage to record the
generated characteristic X-rays. The details of HAADF imaging, EELS and EDX are described in

the following sections.

2.1.2 Resolution and aberration-correction

If no aberrations are considered in an electron microscope, the resolution of any lens can be
defined in terms of the Rayleigh criterion (equation 2.1) referring to the spacing between two

overlapping images of the probe,
d, =122/ (2.1)

where d; is the diameter of an Airy disk, which is formed from a source point broadened by
the diffraction of the electron beam, A is the wavelength of the electron beam and f is the
collection angle. The factor 1.22 is derived from a calculation of the position of the first dark
circular ring surrounding the central Airy disc diffraction pattern. From equation 2.1 we can
see that higher resolution can be obtained by using shorter illumination rays. According to the

de Broglie theory, electrons have wave-like characteristics. Thus, the electron beam has a
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wavelength and depends on its energy. The de Broglie wavelength A of a moving electron can

be found in equation 2.2,
A="ny, (2.2)

Where h is the Planck constant and p is the momentum of an electron. Considering the energy-
momentum conservation of a free electron in special relativity theory, the de Broglie

wavelength of the electron can be written in the following form,

ev
2mgc?

A= h/\/ZmoeV(l - ) (2.3)

where e is the elemental charge, my is the rest mass of an electron, V is the accelerating

voltage in the electron microscope, and c is the speed of light.

The accelerating voltage of our electron microscope is 200 kV, and the corresponding
wavelength of the electron beam is 0.00251 nm. According to equation 2.1, the spatial
resolution can easily go down to sub-Angstrom. However, because of the imperfections of the
electromagnetic lenses, spherical and chromatic aberrations and astigmatism primarily limit

the spatial resolution.

Spherical aberration occurs when the field of the electromagnetic lenses behaves differently
for off-axis and near-axis electrons. Off-axis electrons are bent more than those close to the
axis. Therefore, a point object will be blurred to be a finite size disc. Figure 2.3a shows the
effects of spherical aberration. Chromatic aberration appears because the electrons extracted
from the electron gun are not monochromatic, in which case, electrons with certain energy
spread will not be focused to the same focal point (shown in Figure 2.3b). As mentioned
above, the energy spread in the beam varies from ~0.3 eV (cold FEG) to ~ 1 eV (LaBs).

However, chromatic aberration could get worse if the specimen is thick, since the interaction
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between the electron beam and the specimen will cause energy loss, so it is essential to have
thin specimens. When electrons transmit through a round magetic lens, the coefficients of
sphereical and chromatic aberrations cannot be negative. This is because of that these two
coefficients are determined integrals that consists of squares of the fields, the position of an
electron in a trajectory, and their differentials [6l. Astigmatism arises because of the non-
uniform magnetic field of the lenses. Electrons then spiral around the optic axis. The

misalignment or contamination of the objective aperture can also cause astigmatism.
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Figure 2.3 Schematic of spherical aberration (a) and chromatic aberration (b). f is the

objective-lens collection angle and C; is the spherical coefficient. From reference [7].

Because the STEM images are not magnified by lenses, the resolution of STEM image is not
affected by the aberrations in the imaging lenses, but by the aberrations in the probe itself.

The diameter of the probe size (d,) is expressed by the following formulae [8],
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1.222

AE
d, = [0.52C;%ab + 0.43ZCCZ(E—)2a2 +( )2 (2.4)
0

where «a is the convergent angle of the beam shown in Figure 2.4, (s and C. are spherical and
chromatic aberration coefficients, respectively, Eyp and AE are accelerated energy and energy
spread of electrons. In equation 2.4, the first two terms are due to the spherical and chromatic

aberrations, respectively. The third term is from the diffraction-limited error.

Objective lens

Specimen

Figure 2.4 Spherical aberration caused blur of the objective lens in STEM. a is the convergent

angle.

The wave aberration function (6, ¢) expresses the difference between the ideal and actual
wave-fronts in the diffraction plane, which is a function of the diffraction angles 6 (radial) and

¢ (azimuthal). The aberration function is as follows [°1:

1
x(6,9) = z — | Cpm | 6™* cos(mo — @, ) (2.5)

mmn
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where m and n are integers and Cy,» are the aberration coefficients in the notation of Haider et

al. The wave aberration function with a third order spherical aberration can be written as

follow [°10],

1 1 1
x(6,9) = EA192 cos(Z(p — <PA1) + ECIHZ + §A293 cos(3<p — <pA2)

1 1
+ B,6° COS(‘P - <PBZ) + ZC394 + ZA394 COS(4‘P - ‘PAz)

+ S360%cos 2¢ — ¢s,)

where A, Az, and A3, are the second-, third- and fourth-order astigmatism, respectively. C; and

C3 are defocused and the third-order spherical aberration (i.e. Cs), B2 is the third-order coma

(When the incoming electrons enter the lens at an angle, individual electrons are not reflected

to the same point) and Sz is the fourth-order star aberration.
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Figure 2.5 Schematic of a CEOS aberration correction consists of two hexaploes and other

transfer lenses. From reference [7].
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Approaches to aberration corrections in electron microscopy were proposed by Scherzer as
early as 1947 [11]. After about fifty years of attempts and studies, spherical aberration
correctors have been designed to reduce the aberrations. The quadrupole-octupole corrector
and double hexapole corrector for STEM were designed by O.L. Krivanek et al [1213] in 1997
and M. Haider et al 14l in 1998, respectively. With the installation of a spherical aberration
correction, an improvement of point resolution from 0.25 nm to better than 0.14 nm was
obtained [14l. The spherical aberration correction installed on our STEM is a CEOS double

hexapole spherical aberration correction.

(a) (b)
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Figure 2.6 Third-order aberration derived from two hexapoles (Z: and Z:) separated by L.
Electrons deflected by the first hexapole in (a) divergent and (b) convergent directions. The

amplitudes of the two hexapole fields are Hi1 and Hz. Reproduced from reference [15].

A hexapole-type spherical aberration corrector consists of two electromagnetic hexapoles
and other transfer lenses as shown in Figure 2.5. The principle of aberration correction is
based on the fact that the primary second-order aberrations of the first hexapole can be
compensated by the second hexapole element. In Figure 2.6, the electron that is deflected
divergently by the first hexapole Z; (H:) converges toward the axis at the second hexaple,

because the field at Z, (Hz) is opposite to Hi. Since the position of the electron at Z; is further
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from the axis than that at Z,, the deflection power is stronger at Z, i.e., |82| > |61]. On the other
hand, the deflection effect is relatively smaller when an electron is deflected in the convergent
direction (Figure 2.6b). By using transfer lens doublets, a residual third-order spherical
aberration that is opposite to the third-order spherical aberration caused by the objective lens
is induced by the two hexapoles. Therefore, the spherical aberration of the entire system can

be removed by appropriately exciting the hexapoles [16],

The routine work with a CEOS spherical corrector follows iterative steps: First, measuring and
correcting the first- and second-order aberrations (A1, B2, A2); Second, measure and correct
the third- order aberrations (Cs, A3 and S3) [17l. Two probe tableaux in under- and over-focus
are acquired in the second step. Two probe tableaux are acquired in the second step by
shifting the probe between under- and over-focus and through a succession of tilt angles. The
measurements are fed back to the aberration corrector control software. The software works
out the coefficients of the aberrations and suggests the correction that should be made. The
STEM tableau was obtained with a beam tilt angle of 18 mrad and azimuthal angles varying

from 0 to 2m in steps of /6.

2.1.3 HAADF-STEM imaging

Electrons that pass through a thin specimen can be scattered by interacting with the electron
cloud and nucleus of the specimen atoms. Depending on the change of kinetic energy of an
incident electron, the scattered electrons can be divided into elastic and inelastic scattering
electrons. In the elastic scattering process, the kinetic energy of an incident electron is
conserved, while an inelastically scattered electron usually loses some energy during the
electron-specimen interaction. The signals (e.g. energy loss, characteristic X-rays) generated
during the inelastic scattering process can be used for different chemical analyses, such as
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EDX and EELS, while the high-angle elastically scattered electrons can be used for HAADF-
STEM imaging. HAADF images are also termed Z-contrast images, and the image intensity is

proportional to Z" (n<2). This can be explained by the Rutherford scattering model.

(a) Ecllzzt(rion (b) Incident beam
= Y
Nl \ Scattered
electrons

l Unscattered  dQ
electrons

2

Figure 2.7 (a) Schematic diagram representing high (6;) and low (8:) angle elastic scattering

from an atom; (b) Rutherford scattering parameters. Reproduced from reference [7].

Figure 2.7a shows that an atom can scatter an electron by a small angle by the Coulombic
force within the electron cloud and also by a higher angle due to the electron-nucleus
interaction. The differential cross section (or(6)) for high-angle scattering by nucleus alone

was derived by Rutherford as follows:

etZ? dQ
16(4meyEy)? sin*(6/2)

or(0) = (2.7)

where Z is the atomic number, 0 is the scattering angle and (2 is the solid angle scattering, &9 is
the dielectric constant and Ey is the energy of the electrons. The definition of the angles is

shown in Figure 2.7b.

67



In a STEM, the high-angle scattered electrons can be collected by the HAADF detector at
certain inner and outer collection angles. In this case, according to equation 2.7, the number of
high-angle scattered electrons collected by a detector is proportional to Z?. However, the
power of Z is usually less than 2 because of the screening effect of electrons, which reduces
the differential cross section. Considering the screening effect and the relativity, equation 2.7

can be modified as follows,

724 4o
64mtal [sin?(0/2) + 62/4]?

or(0) = (2.8)

where Ar is the relativistically corrected electron wavelength (equation 2.3), 6y is the
screening parameter given by equation 2.9 and ao is the Bohr radius of the scattering atom

given by equation 2.10.

011773
90 — W (2.9)
_ e 2.10
aop = T[moez ( . )

A HAADF detector usually has a larger central aperture than a normal ADF detector. Since the
conventional ADF detector always collects some Bragg diffracted electrons, it was not suitable
to study crystalline specimens. To avoid collecting Bragg electrons, HAADF detectors were
designed to have a collection angle larger than 50 mrad (~3°). In this work, the HAADF
images were acquired with inner and outer detector angles of 62 and 164 mrad at the camera

length of 10 cm.

2.2 Energy Dispersive X-ray Spectroscopy

The properties of nanoscale materials depend not only on their morphologies, such as particle

structure, size and defects, but also on the elemental compositions. Energy dispersive X-ray
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spectroscopy (EDX) is an analytical technique used for chemical analysis of a sample. It makes
use of the characteristic X-ray spectrum emitted by a sample bombarded with a focused

electron beam.

An atom within the sample contains ground state electrons in discrete energy levels. When a
high-energy beam electron penetrates through the outer-shell electrons and inelastically
interacts with the inner-shell electrons, a critical amount of energy can be transferred to an
inner-shell electron and that electron is ejected, i.e. ionised. The ejection of an inner-shell
electron leaves the atom in an excited state. One of the ways that the ionised atom can return
to the ground state is by filling the inner-shell vacation with an electron from an outer shell
and at the same time emitting an X-ray with an energy equal to the difference in energy
between the two states of the atom (shown in Figure 2.8). The characteristic X-rays appear as

sharp peaks and have a narrow energy range.

The number of X-rays generated of energy E (ng) can be expressed as follows [18],
ng = QwNi, (2.11)

where w is the fluorescent yield (i.e. the probability of the ionised atom returning to the
ground state by emitting X-rays), N is the number of atoms in the irradiated volume, and Q is

the ionisation cross section. The expression of Q is proposed by Bethe,

met

EoE,

Q = ——zbln (CEO) (2.12)

E
where Ej is incident electron energy, E. is the critical ionisation energy, z is the number of

electrons in the shell and b and c are constants related to the atomic structure.
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Figure 2.8 also shows the interaction of an incident electron with the nucleus. Some electrons
travelling close to the nucleus would be deflected by the electric field of the nucleus, and a
portion or all of the kinetic energy of the electron would be lost during the deceleration. The
lost energy can be emitted as X-ray photons, which is Bremsstrahlung X-ray (or braking
radiation). Since the electron can suffer any amount of energy loss, the Bremsstrahlung X-ray
forms a continuous spectrum, which contributes to the background of the EDX spectrum.
Different from the emission of the characteristic X-rays, the emission of Bremsstrahlung X-
rays is anisotropic and the intensity becomes the highest in the forward direction, which is

the direction of the incident beam. The Kramers cross-section is used to estimate the

production of Bremsstrahlung photons,

N(E) = %_E) (2.13)

where N(E) is the number of Bremsstrahlung photons of energy E and K is Kramers’ constant.
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Figure 2.8 A schematic diagram of the mechanism of characteristic X-ray generation from

electron-electron interaction and Bremsstrahlung X-rays from the interaction of electron-

nucleus.
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An EDX detector is usually made of a single crystal semiconductor and used to collect the X-
ray signals. When an X-rays photon enters the Si detector, it will produce electron-hole pairs.
The average energy required to excite each electron-hole pair is ~3.8 eV, and the number of
the created pairs is directly proportional to the energy of the X-ray. The electron-hole pairs
are subsequently separated by the electric field applied across the crystal and a charge pulse
is generated and amplified. The energy of the X-ray can be then identified by the magnitude of

the charge pulse.

It is of great value to know how much of each element the sample contains, once we know
what it consists of. The Cliff-Lorimer ratio technique is a quantitative measurement method to
obtain the relative concentration of each element in an EDX spectrum. In a binary system, the

concentration ratio of element A and element B (Ca/Cg) can be obtained from equation (2.14),

Ca Iy
A = kg 2.14
&= kan (214)

where Ia and Ig are the intensity of the characteristic X-ray peaks of element A and B,
respectively, and kag is a proportionality factor, which is determined by many factors, such as
the ionisation cross sections, fluorescent yields of the elements, accelerating voltage and so
on. ksp can be obtained from characteristic X-ray measurement of standard specimens.
Nowadays, many kap factors have been measured and tabulated in commercial EDX software.
Therefore, quantitative analysis of the elements can be performed by referring to these kap

values without measuring standard specimen.

The Cliff-Lorimer method is used under the assumption that the specimen is thin enough so
that X-ray absorption by the specimen itself and fluorescence effect can be ignored. X-rays

generated at different depths travel different distances in the specimen to reach the detector.
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The absorption path is relatively short in a thin specimen, which reduces the possibility of
absorption. The fluorescence effect means that X-rays emitted from non-target element are
absorbed by target element and results in an enhancement in X-ray intensity. For a thick
specimen, the ZAF correction method is used, in which the absorption and fluorescence of X-
rays within the specimen are considered. In this thesis, nanoparticles with a diameter of less

than 20 nm were investigated, so only the Cliff-Lorimer method was used in this study.

Though EDX detection of small nanoparticles can reduce the absorption effect of the specimen
itself, a lower X-ray intensity will be generated, since a small number of atoms are excited by
the incident beam electrons. To increase the detection efficiency of the detector, one can use a
larger solid angle for collection. The solid angle is determined by the active area of the
detector and the distance between the specimen and the detector. A bigger solid angle can be
obtained by tilting the sample stage closer to the EDX detector. The other way to increase the
X-ray signals is to increase the probe current by using a large spot size. Unavoidably, a high
probe current will cause serous sample damage, especially for point analysis. EDX mapping is
an optional method to minimise the electron beam damage since the dwelling time at each
pixel is relatively short. Recently, a super-X EDX detector system was developed [1°], which
has four windowless silicon drift detectors (SDD) around the specimen providing a very large
solid angle (0.9 sr) for X-ray collection. The acquisition time for EDX-mapping then drops
from hours to minutes and the sensitivity is also largely improved [20], Atomic-scale chemical
mapping 211 and 3D EDX tomography [22] have been obtained by using the super-X EDX

system.

The main advantage of EDX is that the collection of X-rays has a very large energy range,

indicating that most of the elements can be detected simultaneously. However, the energy
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resolution of the detector is very poor, which is about 130 eV at the Mn K, peak. This is mainly
caused by the electronic noise in the EDX system. The poor energy resolution causes many
overlaps in the low energy range, especially for the light elements. Because of the poor energy

resolution, structure and valence state information cannot be achieved.

In this study, a Bruker XFlash 4030 detector is fitted on the STEM, as indicated in Figure 2.2.
The detector area is 30 mm? and the solid angle is 0.16 sr. The energy resolution at Mn Ky

peakis 133 eV.

2.3 Electron Energy-Loss Spectroscopy
2.3.1 Overview

Electron energy-loss spectroscopy (EELS) measures the energy distribution of electrons after
they have passed through a specimen. Some of the electrons will be inelastically scattered
because of the Coulombic interactions with the electrons in the specimen as is shown in
Figure 2.8 (orange arrows). The energy loss from these incident electrons is gained by the
electrons in the specimen and the amount of energy loss is dependent on the nature of
materials. The transmitted electrons can be separated by an electron spectrometer according
to their kinetic energy and produce an energy-loss spectrum of electron counts versus energy
loss. The fundamental difference between EDX and EELS is that EELS detects the initial
excitation of an atom to an excited or ionised state, while EDX measures the X-rays generated
from the decay of this excited state. Comparing with EDX, EELS offers much more physical
insight, not only elemental composition, but also specimen thickness, electronic structure,

oxidation state, plasmon, and so on.
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Figure 2.9 presents a typical EELS spectrum of Fe;03. The first sharp and intense peak on the
most left peak refers to the zero-loss peak (ZLP), which is from those electrons that travel
through the specimen without losing energy. The ZLP is used to calibrate the spectrometer by
placing the ZLP at 0 eV. The energy resolution of the EELS system is also defined from the ZLP,
which is the full width half maximum (FWHM) of the ZLP. The energy resolution is
determined mainly by the energy width of the primary beam and the energy resolution of the
spectrometer. An energy resolution of less than 0.1 eV can be obtained by monochromating

the primary beam, and thus makes the studies of detailed energy-loss structures and band

gaps possible [23.24],
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Figure 2.9 A typical EELS spectrum of Fe;03 showing zero loss peak, plasmon, Fe M-edge, O K-

edge, and Fe L-edge. Reproduced from reference [25].

The second dominant feature in Figure 2.9 is the plasmon peak, which occurs when incident
electrons interact with the weakly bound electrons in the conduction or valence band and the
energy range of plasmons is about 7 to 30 eV [25]. Following the plasmon peak are the features

of Fe M-edge, O K-edge and Fe L-edges. These edges belong to the core-loss region of the
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spectrum, which is above ~50 eV. The jump in intensity at characteristic energy losses is
caused by the excitation of electrons at O K-, Fe L- and M- shells out of the atoms. In an EELS
spectrum, some edges appear as sharp peaks, such as the Fe L3- and Lz-edges in Figure 2.9.
These edges are known as “white lines”, which are typical features for the transition metals
and rare-earth elements. The white lines arise because of the excitation of inner-shell electron

from 2p (or 3d) state to unoccupied 3d (or 4f) state.

The background intensity drops rapidly as the energy loss increases in the EELS spectrum.
There are several contributions to the background intensity, such as lower energy core
excitations, plural scattering, Bremsstrahlung energy loss, spurious electron scattering in the
spectrometer (detector noise) and so on. Though the reasons for the increase in background
is complicated, the energy dependence of the background is usually found to follow a simple

power law,
J(E) = Ae™™ (2.15)
where J(E) is the intensity in the channel of energy loss E, and A and r are constants. For

quantitative analysis, the background needs to be subtracted.

2.3.2 EELS quantitative analysis

As we mention in section 2.2, the quantification of EDX needs reference spectra to find the k
factors and then determine the elemental compositions. However, the quantification of EELS
can be performed within a single spectrum by measuring the intensities of the characteristic
core-loss edges and knowing the partial ionisation cross-sections of the studied elements. In
order to accurately measure the elemental concentration, it is crucial to separate the

background reliably, for the core edge intensities are sensitive to the background subtraction.
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Figure 2.10 Definition of experimental parameters (a) and measured intensities for

quantification. Reproduced from reference [25].

Two important parameters in EELS quantification are the probe convergence semi-angle (a)
and the collection semi-angle (3) of the spectrometer, shown in Figure 2.10a. The intensity of

the core-loss edge of element x can be written as follows [26],

Sx(A;ﬁ) :]0nx0x(A:,8) (216)

where Jy is the total number of incident electrons, nx is the number of atoms per unit area and
ox(4, B) is the partial ionisation cross-section per atom within an energy loss window of 4 and
for the collection angles up to . The definition of these symbols is shown in Figure 2.10a. /o is
usually corrected as Ji(4, ), which is the integrated intensity of the zero- and low-loss
electrons over an energy window 4. This is because some electrons that have excited inner
shells can be elastically scattered out of the spectrometer collection angle and other electrons
may lose energy again by inelastic scattering and transfer outside the energy window 4. So

the equation (2.16) is modified as,

Sx(A, B) =J1(4, B)n,o, (4, B) (2.17)
Then the absolute number of atoms in an area of A is given by,

b S(pA
S ANOEN/ND

(2.18)
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Therefore, the atomic ratio of element x and y is given by,

Ny Sx(A B)ay (4, B)
N, ~ S, (8,B)a (A p) (2.19)

The accuracy of this method is limited by the uncertainties in the ionisation cross-sections. In
practice, it is necessary to accurately subtract the background and choose the signal windows
A carefully. The background fitting window I' is usually 10 - 30% of the edge energy, and the
signal window 4 should be approximately 10% of the edge energy and also cover the near
edge fine structure, hence about 40 - 60 eV. The plural scattering effects tend to be cancelled
if the same size signal windows for all edges are used. Using the same edge type (K, L, M...) for

quantification is helpful to minimise the cross-section errors.

2.3.3 Multiple linear least-square fitting

The conventional background fitting method would not work in the cases of quantifying
difference spectra phases or severely overlapping core edges. The alternative approach is to
fit reference spectra from standard samples using a multiple linear least-square fitting (MLLS)
routine. The MLLS fitting program forms a model function consisting of a linear combination
of specified spectra and then fits that model function to the unknown spectrum by adjusting
the coefficients of each linear term to minimise the square deviation between the model and

the studied spectrum. The model function is given by [2¢]
J(E) = Ae + Z B, S, (E) (2.20)
n

The first term on the right of equation (2.20) represents background, S,(E) terms represent

core-loss reference spectra, B, terms are the scaling coefficients.
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To perform MLLS fitting the unknown spectrum and standard spectra should be taken under
the same conditions (aperture size, channel dispersion etc.). The energy scales of the spectra
must be accurately calibrated first, and then the spectra are isolated by subtracting the

background. MLLS fitting can be performed using the DigitalMicrograph software.

MLLS fitting is a very useful tool not only for the separation of overlapping edges, but also for
chemical state identification, anisotropic studies and so on. In this thesis, MLLS fitting was

used for oxidation state determination.

2.4 Summary and conclusions

In this chapter, I introduced some of the key components in a STEM to establish a basic
understanding of how the STEM works. By contrast with a TEM imaging, STEM exploits Z-
contrast imaging (HAADF imaging), which means that the image intensity is proportional to Z”
(and the number of atoms in a column). The HAADF images thus provide not only structural
information, but also elemental contrast in a specimen. It is also easier to interpret a HAADF
image than a TEM phase-contrast image, since the peaks in intensity in a TEM image might or
might not imply the real location of atom columns. Since a STEM does not use imaging lenses
to form images, the image resolution is then limited by the aberrations of the focused beam.
Spherical aberration, chromatic aberration and astigmatism are the main sources of
aberrations in an electron microscope. To reduce the spherical aberration, an aberration
corrector is introduced. The working principal of a CEOS double hexapole aberration
corrector has been discussed. EDX and EELS are two widely used approaches for chemical
analysis. [ reviewed the theories for the generation of characteristic signals and elemental
quantification. Compared to EDX, EELS is particularly suitable for studying valence states and
near edge structures because of the high-energy resolution that is possible.
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Chapter 3 Generation of Clusters in the Matrix Assembly

Cluster Source

Feng Yin and William Terry constructed the cluster source system. [ was involved in the
preparation of the samples for STEM and collected and analysed the STEM data
explored in this chapter. Some data in this work has been published in the paper The
Cluster Beam Route to Model Catalysts and beyond (Faraday Discuss. 2016, 188, 39-56).

Some text and figures are adapted from this paper.

3.1 Introduction to cluster sources

Nanomaterials have many potential applications in the fields of catalyst, biology, and
new energies [1-3l. The performance of the nanomaterials is related to their size, shape,
and composition (core-shell). A good control of these parameters is extremely
important for the nanomaterial preparation strategies to optimise their performance.
There are several commonly used chemical synthesis methods, such as chemical
reduction of metal salt precursors, electrochemical synthesis, and decomposition of
metal-surfactant complexes. Since “bare” nanoparticles are thermodynamically unstable
in solution and tend to be aggregated, thus stabilizing agents, which absorb at the
surface of the nanoparticles, are usually used to prevent agglomeration. The stabilizing
agents can be polymers and thiols, which are also very important to control the size,
shape and composition of the nanoparticles. However, the attachment of ligands may
block the active sites. The stabilizer-ligands can be removed by thermal and oxidative
treatments [+ 5], but this would lead to extensive changes in the size and morphology of

the nanoparticles.
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The other approach is the physical strategy, such as evaporation, magnetron sputtering,
and cluster beam technique. Comparing to the chemical synthesis methods, there are
several advantages for the physical methods. First, stabilisers are not used during the
synthesising procedure, and the active sites can be preserved 6. Second, the size of the
nanoparticles can be selected with a mass filter even to single atom precision [7-8l. Third,
the landing energy of the particles can be tuned to have a different impact on the

support. The particles can either be impregnated or soft-landed.

Cluster beam sources were developed in the early 1980s, and with the coupling of mass
selection techniques, magic numbers in metal and rare gas clusters were discovered
(9101 After over 30 years development, different types of cluster beam source have
designed, such as seeded supersonic nozzle source [11], gas-aggregation cluster source
[12], laser vaporization cluster source [13], sputtering source [14] and magnetron plasma
sputtering and gas condensation source [8 etc. The beam current for these cluster
sources ranges from a few tens of picoamperes to about tens of nanoamperes [151. The
maximum beam current after mass selection could be as high as tens of picoamperes
under optimal conditions for some materials, which means that the production rate of
clusters (containing a few hundred atoms) is in the scale of microgram per hour. This is

not sufficient for catalysis or medical studies.

To scale up the production rate of clusters for industry and commercial applications, a
matrix assembly cluster source (MACS) was developed by the Palmer group [16.17.6], In
this cluster source, a copper TEM grid (400 mesh) was cooled down to about 15 K by a
liquid helium cryostat. A metal loaded rare gas matrix was then formed on the copper

grid by exposing the grid in the metal vapour (Au, Ag) and Ar (or CO; [171) gas
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atmosphere. An ion gun was then used to sputter the matrix in a perpendicular
direction to the matrix (transmission mode) to generate clusters. It is believed that the
incident ions will enhance the rate of metal-metal atom collisions in the matrix and
transfer energies to the clusters to fly out of the matrix. The mechanism of MACS is
different from a sputtering source [14], which sputters clusters out of a target directly. A
sputtering efficiency (the number of clusters produced per argon ion incident) of ~3%
was obtained, indicating great potential for scaling up cluster production by orders of

magnitude.

In this chapter, a reflection mode MACS (the clusters were collected in a reflected
direction) was developed. The effects of the incident angle of the ion beam, collection
angle of the cluster flux and metal loading in the matrix on the clusters size and flux

were studied.

3.2 Experimental details

In order to increase the production of clusters in a cluster source, the reflection mode
MACS is proposed and designed to demonstrate the possibility of scaling up the cluster
beam flux. The principle of MACS is shown in figure 3.1. In this source, a matrix support
(cold finger, a copper plate) is cooled to a low temperature (less than 20K) by liquid
helium. The inert gas atoms (Ar) and vaporized metal atoms (Ag) flies onto the cold
finger and will be co-condensed and form a matrix. A high-energy ion beam is then used
to sputter the matrix at a specific incident angle (a) and clusters are bombarded out and

collected in a direction of reflection (3).
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(a) (b)

Ar gun

Cold finger
(<20K)
Clusters /<
\/ E\raporator EM grids
lon gun

Sample stage
a: the sputtering angle [B: the collection angle

Figure 3.1 (a) A schematic of the reflection MACS instruments. lon gun, evaporator,
sample stage and cold finger (a copper plate) are indicated. (b) A schematic of the
principle of the MACS. o and {3 are the sputtering angle of Ar* beam and collecting angle

of the cluster beam. Reproduced from reference [6].

The cluster production process is performed in a vacuum chamber pumped down by a
turbo pump. The cold finger (a copper plate, 15 x 40 mm) is mounted on a copper pillar
and cooled down by liquid helium. A cryogenic temperature monitor with a
temperature range of 0.1 K to 420 K is used to monitor the temperature of the matrix.
The cold finger is connected to a picoammeter to record the sputtering current from the
ion beam. The position of cold finger is adjusted through a XYZ sample manipulator and

a rotary platform is used to rotate the cold finger to specific angles.

A sample stage is designed to collect the reflection cluster beam. Eight slots were drilled
on the surface of the sample holder to mount TEM grids. The distances between each
slot are different, in this way, clusters that fly out at different reflection angles are

collected. The sample holder is grounded to avoid charge accumulation. The shaft of the
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sample holder is mounted on a sample manipulator to adjust the distance between the
sample holder and the centre of the cold finger. The distance between the centre of the

cold finger and surface of the sample stage is 12.5 mm when producing clusters.

The metal material (Ag) is evaporated by an effusion cell and the evaporation rate is
monitored with a quartz crystal microbalance (QCM) by putting it at the position of the
cold finger. Inert gas (Ar) flows into the chamber through a leak valve; the growth rate
of inert gas atoms on the cold finger is controlled by keeping the chamber pressure at
~5x10¢ torr, which is about 2 layer/s (calculated from the ideal gas equation). The

dosing time for Ar gas and Ag vapour mixture is 200s.

Ion beam source (Omicron ISE-5) is mounted on the side of the chamber with an angle
of 120° with respect to the axis of the sample holder. They are all aligned with the cold
finger. The spot size of the Ar+ ion beam generated from the ion source is ~40 mm in
diameter. The current sputtering on the matrix is read from a picoammeter. The current
used during the sputtering process is kept at around 10 pA and the ion energy is set to
2.5 keV. Since the ion beam sputters the matrix at a specific angle, part of the Ar+ ions
would sputter the back of the cold finger, which has no contribution to the cluster yield.
The current received at the front side and backside of the cold finger was measured at
the same time by inserting a thin insolating plate between the cold finger and another
metal sheet that connected to a picoammeter. The sputtering process is performed at a
pressure of 9.6x10-7 torr. In order to get rid of the effect of the ion beam fluctuation, we
keep the charge sputtered on the cold finger at a constant (2.2 x10# C) and the
sputtering time is recorded. The prepared samples were kept in the load lock in a high

vacuum before imaging.
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The prepared samples were imaged in in a STEM (JEOL 2100F) equipped with a CEOS
spherical aberration corrector. HAADF images were acquired with the inner and outer
collection angles of 62 and outer 164 mrad, at the camera length of 10 cm. The probe
convergence angle is 19 mrad. Cluster size and density were measured from the HAADF

images.

3.3 Results and discussion
3.3.1 Effect of collection angle

Figure 3.2 shows the HAADF images (left) of Ag clusters collected at different collection
angles when the incident angle of the Ar ion beam is 10°. The corresponding size
distributions of the clusters are also presented in Figure 3.2 (on the right side). The size
of clusters spans the range from ~50 to over 5000 atoms and the main peak positions in
the size distribution shift a little when the collection angles changes, and the size peaks
are at about 200 to 400 atoms. The main proportion (over 65%) of the clusters contains

150 to 450 atoms; as the cluster size increases the number of large clusters decreases
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Figure 3.2 Examples of HAADF images of Ag clusters produced in the reflection mode
MACS (left) at different collection angles of (a) 8.2°, (b) 24.6°, (c) 43.6° (d) 62.1°, (e)
78.3°, (f) 91.2°, and (g) 101.4°. The corresponding size distributions of the clusters are
presented on the right. The vacuum of the chamber during matrix formation is 5x10-6
torr, and the Ag deposition rate is 0.05 A/S, therefore, the metal loading is ~0.8%. The
incident angle of the Ar ion is 10° with respect to the surface of the cold finger, and the

ion energy is 2.5 keV.

The diagram of cluster flux against collection angle is given in Figure 3.3(a), and the
error is calculated from the standard derivation. As we can see that the cluster flux
varies a lot as the collection angle changes and is maximised at an angle of ~62°, which

is about 5.2 nA/cm? by assuming that each cluster is singly charged. No cluster is
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collected when f is larger than 110°. Since the clusters are sputtered out of the matrix

by the incident ion beam, it's worthy to know the sputtering yield of the MACS, which is
the number of clusters produced per argon ion. In order to calculate the intrinsic
efficiency of the ion beam, the cluster beam profile is drawn in Figure 3.3(b). We
assumed that the number of clusters sputtered out from the matrix is isotropic and that

the amount of clusters collected from the bottom and upper sides of the matrix is half of

that collected in the center of the matrix and decreases linearly.
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Figure 3.3 (a) Diagram of cluster flux against the collection angle; (b) cluster beam
profile.

The integrated number of clusters is ~5.2x101%, equals to ~28 nA. The sputtering
current on the cold finger is ~6.9 pA (calculated from the total charge and sputtering
time). About 47.7% of the Ar* ions were found to sputter the front side, which means
real sputtering current is ~3.2 pA. Thus, the cluster yield from the ion beam is close to
1%. In principal, the efficiency estimated here implies that a cluster beam current

equivalent to 20 mA can be reached, if an ion beam source with a current up to 2 A is
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used (a powerful cooling system is therefore needed, because of the huge amount of

energy injected).

3.3.2 Effect of incident angle

In order to find the optimal sputtering angle and to have a good knowledge of the
cluster formation mechanism, we studied the effect of incident angles of the ion beam
on the cluster flux. The incident angle of the ion beam is adjusted by rotating the cold
finger with a rotary platform. The clusters were prepared under the same dosing and

sputtering conditions, and only the incident angle is changed.
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Figure 3.4 (a) Cluster flux against collection angle with incident angle at 10°, 15°, 25°,
35° and 45° (b) The relationship between the optimal collection angle and incident
angles.
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Figure 3.4(a) shows the cluster flux versus collection angles with the incident angle
changes from 10° to 45°. As we can see that the maximum cluster flux tends to decrease
as the incident angle increases. This may be accounted for the maximum momentum
transfer of the ion beam at a smaller incident angle, thus more clusters are sputtered
out. The optimal collection angle, where the cluster flux is the highest, shifts to smaller
angles as the incident angle increases. Figure 3.4(b) shows the relationship between the
optimal collection angle and the incident angles, demonstrating that the optimal
collection angle decreases linearly as the incident angle increases. The angle between
the incident ion beam and the maximum cluster beam is almost constant, which is close

to 110°.

The cluster flux at incident angle of 25° is lower than that at the angle of 35°. This might
because of that the evaporated metal gas forms a conductive metal film on the
insulating layer, which is used to protect the ion beam from sputtering the metal shaft.
When the isolating layer and the shaft are conductively connected, the Ar ions sputtered
on the insulating layer were also recorded. Thus the total charge collected on the copper

support is less than expected and cluster flux is a bit lower.

Figure 3.5 shows the size distributions of the samples prepared at different sputtering
angles. The cluster size distributions are very similar to each other and the main peaks
of the cluster size are at about 200 to 400 atoms. The size distribution is relatively
narrow, since over 80% of the clusters are in the range of tens to one thousand atoms,
which is about 1 to 3 nm in diameter. Worthy noting that both the incident and
collection angles have little effect on the cluster size distribution, but will affect the

cluster flux.
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Figure 3.5 Cluster size distribution at incident angle of (a) 10°; (b) 15°; (c) 25°; (d) 35°; and

(e) 45°.

The principle of MACS is sputtering clusters out of a matrix, which is different from the

traditional sputtering cluster sources. In a sputtering source, a target of cluster material

is sputtered by heavy high-energy ions. Katakuse et al 14 and Fayet et al 18] produced

Ag, Cu and Pt clusters using a 10 to 30 keV xenon ion beam. The produced clusters are

relatively small containing only a few tens of atoms and the cluster flux tails off

exponentially with cluster size. The exact mechanism for the sputtering source is

unclear. In the MACS, the diffusion of metal atoms was expected to be slowed down in

the cold matrix and metal-metal collision was then enhanced by the ion bombardment
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(161, Therefore, we can produce relatively large clusters with hundreds to thousands of
atoms. The cluster size could be determined by the mixing state of Ag and Ar in the
matrix and the incident ion energy. In the transmission mode MACS [1], it has been
found that the cluster size increase rapidly as the metal concentration in the matrix
increases. The structure of the Ag/Ar matrix is not clear in this work. However, some
literature mentioned that the structure of metal/rare-gas composite is an admixture of
hexagonal close packing (HCP) and FCC structures [1°] and that the variation of metal

concentration does affects the mixing state of the matrix [20].

3.3.3 Effect of metal concentration

The key procedure for producing cluster in MACS is forming the metal and inert gas co-
condensed matrix. In this section, we studied the effect of metal concentration in the
matrix. The matrix formation time was kept at the same, but the metal evaporation rate
was changed by adjusting the evaporation temperatures. Three batches of samples
were prepared at evaporation rates of 0.01 A/s (1200 °C), 0.05 A/s (1260°C), 0.3 A/s
(1360 °C) and the corresponding Ag concentrations in the matrix are about 0.37%,

0.80% and 3.56%.

The cluster flux produced with different metal concentration matrix is given in Figure
3.6(a). The cluster fluxes drops a lot when the Ag concentration increases to 3.56%. But
the cluster flux is possibly underestimated, since small clusters containing a few atoms
are observed at high magnification (inset of the Figure 3.6b). The cluster flux profile and
size distribution (Figure 3.5 and 3.6e) of the two samples produced with Ag

concentrations of 0.37% and 0.80% are very close to each other. This is probably
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because of that the sputtering condition and the matrix structure (the mixing state of

the Ag and Ar atoms) are very similar.
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Figure 3.6 Cluster flux produced with different Ag concentration (a), and HAADF images
and size distribution histograms of clusters produced with Ag concentrations of 3.56%

(b, ¢) and 0.37% (d, e). The inset of (b) is a high magnification HAADF image.

Figure 3.6 (b) and (d) are the HAADF images of the sample produced with Ag
concentrations of 3.56% and 0.37%, and the corresponding size distribution histograms
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are shown in Figure 3.6 (c) and (e), respectively. The cluster size decreases a lot when
the metal concentration in the matrix increases to 3.56%. The main peak of the cluster
size occurs at ~50 atoms and most of the clusters are less than 300 atoms. This may be
caused by the changing of the matrix structure. For a higher metal loading, a higher
evaporation temperature (1360 °C) was applied. Fast Ag evaporation rate and high
thermal radiation onto the matrix could increase the temperature of the matrix and
form large clusters or even Ag film on the cold finger. If so, the sputtering of the matrix

is more like a sputtering source and only small clusters can be produced.

3.4 Summary and Conclusions

In this chapter, I reported the characterisation of clusters produced by a new type of
cluster source, in which Ag clusters were produced by sputtering a matrix formed by co-
condensing Ar and evaporated Ag onto a liquid Helium cooled copper plate. An
integrated cluster flux of 28 nA was obtained when the incident angle of the ion beam
was 10° with respect to the copper plate, and the sputtering yield is nearly 1%. This
implies that the cluster flux could be potentially scaled up to milliamps, which would be
a massive enhancement over the presently available sources. We also studied the
parameters that may affect the cluster flux and sizes. The results show that the cluster
flux will drop when the incident angle of the ion beam increases. The highest cluster flux
was obtained when the incident angle is 10°. The clusters were collected at different
collection angles and the cluster density was maximised at a specific collection angle.
This collection angle has a linear relationship with the incident angle. The angle
between the incident ion beam and the cluster flux was found to be approximately
constant at about 110°. The cluster size distribution showed little change when the
incident angle and collection angle varies. The main peak of the cluster size distribution
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is at about 200 to 400 atoms. But when the metal loading in the matrix increases from
about 0.8% to 3.6%, the peak of cluster size distribution shifts to about 50 atoms. This
maybe because of that the structure or mixing state of the matrix is very different from

that when the metal loading is low.

For the further improvement of the MACS, there are still several important problems
one needs to solve. Firstly, what is the mechanism of the cluster formation? A better
understanding of the mechanism can help us to increase the efficiency and have a better
control of the produced clusters. Secondly, how to collect the clusters when the cluster
flux is enhanced to milliamps? In that case, the deposition rate will be very high and the
produced clusters will form a thin film in a few seconds. Additionally, the surfaces of
clusters produced in the cluster source are unprotected, so they will tend to aggregate.
Therefore, it is also very important to find a way to protect the clusters from
agglomeration. Thirdly, how to optimise the configuration of the cold finger is
important in decreasing the material loss during the matrix formation and maximising
the utilisation of the incident ions during the sputtering. To answer these questions,
studies of ion-induced photoluminescence, molecule dynamic simulation, and
multilayer deposition system coupled to a high current ion gun have all been or

currently being undertaken in the group.
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Chapter 4 Exploring the Atomic Structure of 1.8 nm
Monolayer-Protected Gold Clusters with Aberration-

Corrected STEM

The two Au144(SR)eo samples were provide by Prof. Hannu Hakkinen from the
University of Jyvaskyld, and Prof. Amala Dass from the University of Mississippi. The
synthesis and mass spectra of the two samples were conducted by these two groups
separately. The STEM HAADF imaging and analysis were performed by me. This work
has been published in the paper Exploring the Atomic Structure of 1.8 nm Monolayer-
Protected Gold Clusters with Aberration-Corrected STEM (Ultramicroscopy, 2016, doi:

10.1016/j.ultramic.2016.11.021). Most of the text and figures used are from this paper.

4.1 Introduction to Au144(SR)eo clusters

Monolayer-protected (MP) noble metal clusters are attracting considerable interest
because of the appearance of magic numbers, which account for the stability of certain
sizes, and their applications in bio-imaging, catalysis, sensors and so on [1-4l. It is a key
factor to determine the full atomic structure of these MP clusters in understanding their
physical and chemical properties in depth. For certain thiolated clusters, single crystal
X-ray crystallography has provided reliable details of both the inner gold-core
structures and the Au-S ligand units. To date the MP clusters identified by this method
are Auzs(SR)1s [5-71, Auzs(SR)z20 8], Auzs(SR)2z [°], Auzg(SR)2s [10], Au102(SR)ss [11],
Aui130(SR)50 121, and Au133(SR)s2 13141, In the case of clusters of nominal composition
Au144(SR)60, the determination of an ordered atomic structure with single crystal X-ray
diffraction has so far proved unsuccessful, even though several research groups have
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obtained crystals [15-17], This might be because the core and/or ligand layers of the
clusters are amorphous [#1], and/or because the crystals contain clusters of different
sizes, for there are reports of many species of closely related composition, such as
Au144(SR)59 18], Au146(SR)s59 1191, Au137(SR)s6 [20-21] etc. Recently, nominally Aui44(SR)s0
clusters doped with other metals (Ag [22-26], Pd [27], and Cu [28 29]) have attracted
attention due to their electronic and optical properties. Understanding of the
Au144(SR)eo0 cluster is naturally of importance for further studies of these bimetallic

clusters.

A theoretical structure for Aui44(SR)s0 was predicted by Lopez-Acevedo et al. [30] in
2009, and was composed of a chiral icosahedral Aui14 core and 30 linear Au(SR)2 units.
Experimental studies by large angle X-ray diffraction (LA-XRD) [31.32] extended X-ray
absorption fine structure (EXAFS) 331 and 'H NMR [34] techniques showed indirect
evidence of agreement with the proposed model. Nevertheless, the failure of single
crystal X-ray experiments means that the precise structure of Aui44(SR)eo remains

unresolved.

Structure determination of MP Au clusters by electron microscopy is valuable, since it
does not require the growth of high quality single crystals needed for single crystal X-
ray crystallography. Nanobeam electron diffraction combined with HAADF-STEM
imaging was employed to determine the structure of nominally Aui44(SR)eo [35] and
Aui30(SR)s50 [3¢]1 clusters by the Yacaman and Whetten group. The experimental
diffraction patterns and HAADF images show agreement with the predicted models [30.
371 in the case of specific individual clusters, but some other information, such as the

cluster size distribution, percentage of clusters that fit the predicted model, and
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proportion of unidentified structures, is not given. Bruma et al 38 proposed a method of
using scanning nanobeam diffraction to determine the structure of MP Au clusters
(Au102(SR)44). They also reported the effect of electron beam damage of the clusters and
found that the structure of thiolated clusters could be modified after a few seconds.
Azubel et al 39 determined the structure of a MP Aues cluster at atomic resolution by
using low electron dose (~800 e-/A?) TEM together with three-dimensional
reconstruction of hundreds of TEM images. The advantage of this method, adapted from
biological studies, is that the atomic structure of a MP Au cluster can in principle be
revealed without any prior knowledge or fitting to model structures. However, this
requires that the MP Au clusters should be homogeneous both in structure and size.
Statistical investigations of both cluster size and structure by HAADF-STEM have been
reported by the Birmingham group, in the case of the MP Auzs, MP Aus and MP Auss
clusters [40-43]1 These experiments yielded the cluster nuclearity, aspect ratio,
fluxionality and, in the case of MP Auss [43], evidence that the atomic structure matches

the theoretical prediction for one isolated size fraction.

Here I report a statistical investigation of nominally Au144(SR)so clusters, synthesised
independently by two different groups. The atom counting technique is used to
determine the range of cluster sizes in the specimen, and the atomic structures are
explored by comparison with multislice simulations of different model structures. We
find a very small fraction of clusters (~3%) match the theoretically predicted
Au144(SR)e0 structure [30], while a large proportion of the clusters are amorphous (i.e.
did not match any model structure). However, 20% of these clusters are found to
exhibit ring-dot features in the atomic images, which is an indication of local

icosahedral symmetry.
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4.2 Experimental details
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Figure 4.1 (a) Light microscopy image of recrystallized Aui44(PET)eo clusters from
toluene-acetonitrile solvent system showing black plate crystals. The average size of the
crystals was approximately 0.050 - 0.100 mm in diameter. (b) ESI-TOF mass spectrum
measured from the synthesised clusters (reproduced from ref45). The red arrow

indicates the peak of clusters with a composition of Au137(SR)se. From reference [44].

The Au144(SR)s0 (SR stands for 2-phenylethanethiol (PET) ligand) clusters were
provided by the group of Prof. H. Hakkinen (University of Jyvaskyld, Finland) and the
group of Prof. A. Dass (University of Mississippi, USA), respectively. The standard
synthesis method and ESI mass spectrum of Au144(SR)eo0 clusters from Finland were
reported in ref 45. The as-prepared clusters were additionally purified by
recrystallization from toluene-acetonitrile solvent system. The clusters were sent to
Birmingham in crystal form. Figure 4.1(a) shows a light microscopy image of the

103



recrystallized Aui144(SR)eo clusters. The crystals are in a hexagonal shape and the
diameter of the crystals is approximately 0.050 - 0.100 mm. Figure 4.1(b) is the ESI-
TOF mass spectrum measured from the synthesised clusters, in which Au144(SR)s0 was
observed to produce peaks having different charge states and addition of Cs* ions.
Products of Au137(SR)s6 was also observed with a high intensity as indicated with a red

arrow, which means that different size clusters may be contained in the crystals.

The synthesis method of Au144(SR)so clusters prepared in USA was given as follows. The
first step was the synthesis of crude product that contains a wide range of Au cluster
sizes. The second step was the etching of the crude product with excess thiol, and the
third step was cluster fractionation; both these steps aimed to narrow the size

distribution.

Step 1: 30 mL HAuCls aqueous solution was mixed with tetraoctylammonium bromide
(TOABr) toluene solution (1.1 mmol, 30 mL) and was stirred for 30 min at room
temperature. Phenylethane thiol (10 mmol) was then added and stirred for another 30
min. This solution was cooled in ice bath and an aqueous solution of NaBH4 (20 mmol],
20 mL) was rapidly added to the solution under vigorous stirring. After 3 h, the organic
layer was extracted and evaporated to dryness. Excess thiol, TOABr and other by-
products in the product were washed with methanol. The residual mixture was
separated with toluene. Smaller clusters (7-10 kDa) were excluded by acetonitrile

(CH3CN) extraction.

Step 2: The CH3CN insoluble portion was dissolved in toluene and etched with excess

phenylethane thiol at 80 °C under stirring. After 1 day, the reaction was stopped and
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washed with methanol to remove excess thiol and the product extracted with toluene.

Step 3: The product was then dissolved in toluene and subjected to solvent fractionation

using CH3CN. Several solvent fractionations were performed to remove small clusters

such as Auzg(SR)24.
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Figure 4.2 MALDI mass spectra of the synthesised clusters after the second SEC process.

Fraction F4 and F5 was sent to the University of Birmingham and F5 was used for STEM

analysis. From reference [44].

The product so obtained was subjected to further purification using size exclusion

chromatography (SEC). Two SEC purifications were performed in THF (0.30 mL).
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Several fractions were collected. The resulting product isolated was as characterised by
MALDI mass spectra shown in Figure 4.2. The sample F4 and F5 was sent to
Birmingham in powder form and F5 was used for STEM imaging. The peak positions of
the clusters in the MALDI mass spectra are smaller than the mass of Au144(SR)60, which
is about 36.6 kDa. The cluster size calculated from the given mass of F5 is 131 + 6 Au

atoms assuming sixty (SCH2CH:Ph) ligands attached.

Both of the samples were dissolved in toluene and drop cast onto a TEM grid covered
with an amorphous carbon film for further STEM analysis. HAADF-STEM imaging was
performed in a 200 kV JEM2100F STEM (JEOL) with spherical aberration corrector
(CEOS). HAADF images were acquired with inner and outer detector angles of 62 and
164 mrad (camera length of 10 cm), and probe convergence angle of 19 mrad. The
scanning time for each frame was ~2.6 seconds and the electron dose was 7.9 x 10* e

/A2 /frame.

The QSTEM software package [40] was utilised to simulate the HAADF images of
candidate structures for comparison The parameters used in the image simulation are
as follow: spherical aberration (Cs) is 1 um and defocus (C:) is -19 A. The acceleration
voltage, probe convergence angle, and detector inner and outer collecting angles are the
same as described above. The simulation atlases are presented in detail in the Appendix.
The structural identification of the MP Au clusters was then performed by comparing
the experimental images with multislice simulations. Even clusters of a single isomer
deposited on the carbon film of a TEM grid would have random orientations and thus
present a variety of projection patterns in HAADF-STEM images. Therefore, a

“simulation atlas” which covers the full range of orientations was calculated for each
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candidate cluster structure investigated. Considering the experimental size range of the
clusters in Figure 1b, models of Aui02(SR)ss 11, Au13o(SR)s0 371, Au133(SR)s2 [14], and
Au144(SR)eo 1391 were chosen for comparison with the experimental images. These
cluster models have either been theoretically proposed [37 301 or experimentally

measured [11.14], Figure 2 shows some examples of simulations based on the models.
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Figure 4.3 Atomic models and multislice simulations examples of Aui44(SR)eo,
Au133(SR)s2, Au130(SR)s0 and Aui02(SR)44. The ligands are not shown. From reference

[44].

4.3 Results and discussion
4.3.1 Crystallised “Au144(SR)s0” sample

In STEM Z- (atomic number) contrast images, the HAADF intensity of an atom is
proportional to Z", where n= 1.46 + 0.18 according to our previous calibration [47],
therefore, the HAADF intensity contributed by the nominal sixty (SCH2CH2Ph) ligands is
equivalent to 17.9 + 7.6 Au atoms. The Au core size (i.e. the total number of Au atoms

including any in the Au(SR): staples) is then derived on the assumption (for
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convenience) that every MP cluster has sixty ligands. Single Au atoms are ejected by
purposely scanning of a cluster for an extended time; an example of a HAADF-STEM
image containing these reference single atoms is shown in Figure 4.4a. The integrated
HAADF intensity of Au single atoms and undamaged MP clusters are shown in Figure
4.4b and 4.4c. The corresponding diameter distribution of the MP Au clusters is shown

in Figure 4.4d; the average diameter of the clusters is 1.8 + 0.1 nm.
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Figure 4.4 (a) An example HAADF image of “Au144(SR)e0” clusters; (b) HAADF intensity
distribution of “Au144(SR)e0” clusters. (c) Integrated HAADF intensity of single atoms;
(d) Diameter distribution of the clusters. The average diameter is 1.8 + 0.1 nm. From

reference [44].

Au atom numbers in the MP Au clusters were calibrated with the intensity of Au single
atoms from this atom counting approach and the resulting histogram of Au core size is
presented in Figure 4.5. As we can see that the average size of the MP clusters is 137 +
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11 Au atoms, rather than 144. The size distribution is broad and for the purpose of
illustration (only), we also show in Figure 4.5 a multiple Gaussian fit with three peaks at
128 + 7, 137 £ 2 and 144 * 9. The fit is chosen because it is compatible with the
electrospray ionisation (ESI) mass spectrum in Figure 4.1b (ref [45]), in which both
Au144(SR)e60 and Au137(SR)se peaks are identified. The existence of clusters at the peak of
128, may be because of losing a number of Aus(SR)s fragments, which was observed in
the collision induced dissociation studies [48.49]. The size distribution of Figure 4.5
indicates that the sample synthesised contains different size clusters, although it can
still form crystals. This may well explain why well-defined single crystal X-ray

diffraction patterns have not been obtained for nominal Au144(SR)e0 single crystals.
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Figure 4.5 Au core size for the MP Au clusters calibrated with HAADF intensity of single

atoms by assuming that each cluster has sixty ligands. From reference [44].

The comparison with the simulations was carried out for 849 experimental cluster
images. This systematic investigation demonstrates that only about 3% of the clusters

match the predicted Au144(SR)eo structure 391, (Even if we restrict analysis to clusters in
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the size fraction 139 to 149 Au atoms, only 4% of the experimental images match the
theoretical structure.) The fraction of images, which matches the other models, is even
lower. Idealised bare Auis47 (no ligands) clusters with icosahedral, decahedral and face-
centred cubic structures were also used for comparison. They are not explicit in the
thesis because of the low match to the simulations and the fact that they were not
ligand-protected. Figures 4.6(a-d) show some examples of HAADF-STEM images of the
MP Au clusters that are found to fit the Au144(SR)e0 simulations. As we can see that the
main motif in these clusters (ring-dot or straight line features) is in line with the
simulations (including the location of the motif). However, the matches between

experiment and simulation are not perfect at the detailed level.

Figure 4.6 (a-f) are HAADF-STEM images of MP Au clusters. (a-d) are MP Au clusters
found to be similar to the Au144(SR)s0 model. Examples of ejected atoms are indicated by

a yellow arrow. The insets are the corresponding simulations along the orientations of
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(a) a=40°, B=70°; (b) a=20°, f=50°; (c) a=15°, =20°; (d) a=10°, f=30°. (e) An example
of unidentified cluster and (f) a cluster with a ring-dot feature (indicated by the red

arrow). From reference [44].

This deviation may arise because of the instability of the clusters, at the atomic level,
under the electron beam irradiation. Firstly, radiation-induced atom diffusion [5°] may
cause atom smearing during image acquisition. Secondly, the surface structure of
thiolated clusters is expected to be sensitive to the state of the ligands [51.52], so any
radiation damage to the ligands may induce cluster structure modification. Thirdly, less
strongly bound Au atoms can be ejected during a normal imaging scan, as we observe
individual atoms a few angstroms away from the cluster (indicated by the yellow arrow
in Figure 3b). However, our previous study on MP Auss [43] clusters found that over 40%
of the cluster images matched the simulations. Thus we think that the electron beam
has a limited effect on the core structure of the clusters. Additionally, the Au144(SR)s0
cluster may have several possible isomeric structures of similar energy. Tian et al. [53]
showed two isomers of Auzg(SR)24 and the less stable isomer transformed irreversibly
to the more stable isomer when heated to 50 °C. These four reasons may explain the
imperfect detailed match between experimental and simulated cluster structure, even
in generally well-matched cases. Most of the cluster images were found to be
amorphous (Figure 4.6e). However, amongst these clusters, we found that a good

proportion (~20%) of clusters presented ring-dot features, as highlighted in Figure 4.6f.

4.3.2 Powder “Au144(SR)s0” sample

To check the generality of our result, in addition to the MP Au cluster crystals from
Jyvaskyla, we also explored a batch of nominally Au144(SR)60 clusters (with ligands of
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SCH2CH2Ph) synthesised by the group of Prof. A. Dass of the University of Mississippi.
The HAADF-STEM imaging conditions employed for these powder samples were the
same as the sample described above. An example of high-resolution HAADF image of
powder form “Aui144(SR)e0” clusters is shown in Figure 4.7a and the measured average
diameter of clusters is 1.8 + 0.1 nm (Figure 4.7b), which is the same as the sample
prepared by the group in Finland. The cluster size derived from the peak in the MALDI
spectrum (F5 in Figure 4.2) is 131 * 6 Au atoms assuming sixty (SCH2CH2Ph) ligands

attached.
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Figure 4.7 (a) An example of HAADF image of “Aui144(SR)s0” clusters; (b) Diameter
distribution of the clusters. The average diameter is 1.8 + 0.1 nm. (c) The integrated
HAADF intensity of “Au144(SR)60” and size-selected Augz3+23 clusters (923+23 Au atoms).
(d) Au core size distribution calibrated with HAADF intensity of Aug23+23 clusters by

assuming that each cluster has sixty (SCH2CH2Ph) ligands. From reference [44].
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Sized-selected Auoz3:23 clusters were utilised as a mass balance to count the atom
number of the “Au144(SR)s0” clusters. The clusters were dissolved in toluene and drop
cast onto half of a TEM grid covered with an amorphous carbon film. The other half of
the TEM grid contained pre-deposited size-selected Auoz3:23 clusters, which were
generated in a magnetron sputtering, gas condensation cluster source with a lateral
time-of-flight (TOF) mass selector [5% 551, Figure 4.7c shows the integrated HAADF
intensity of “Au144(SR)s0” and Augz3z:23z clusters, and the deviated Au core size
distribution histogram is shown in Figure 4.7d. As we can see in Figure 4d, there is a
slight discrepancy between the mean nuclearity of the MP Au clusters derived from our
STEM atom counting method (122 * 9) and the peak of the MALDI-MS spectrum (131 +
6), but it is notable that the error bars do overlap. One possible cause of the offset could
be that the integrated HAADF intensity of size-selected Auog23:23 clusters may be
overestimated because of electron multi-scattering and channelling effect. However, the
fitting peaks at 117 + 6 and 126 * 8 indicate that the sample is not pure Au144(SR)s0

clusters, but a mixture of different sizes.

The structure identification was performed in the whole size range, and some
comparison examples are presented in Figure 4.8. Figure 4.8a-d are the HAADF images
of the clusters that are found similar to the simulations of the Au144(SR)s0 model (shown
in the insets). About 7% of the clusters are found match the predicted Aui44(SR)e0
model simulations. The percentage is slightly higher than that obtained from the sample
prepared in Finland, but still over 90% of the clusters are unidentified or amorphous
(Figure 4.8e). Additional to the fit to the Au144(SR)60 models, about 30% of the clusters

exhibit a ring-dot feature.
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1 nm

Figure 4.8. (a-f) are HAADF-STEM images of MP Au clusters that match the predicted
Au144(SR)s0 structure. The insets are the corresponding simulations along the
orientations of (a) a=30°, $=10° (b) a=10°, f=20°; (c) a=5°, f=70°; (d) a=40°, =20°. (e)
An example of the unidentified cluster and (f) a cluster with a ring-dot feature

(indicated by the red arrow). From reference [44].

In both of the cases, the ring-dot feature appears frequently in the HAADF images. The
appearance of this feature is consistent with the existence of local icosahedral
symmetry in the clusters. A simulation atlas of an icosahedral, decahedral, and
cuboctahedral bare Auis7 is presented in Figure A7-9. The ring-dot feature can be seen
in the simulations of Au144(SR)s0 (Figure A1-2), and Au133(SR)s2 (Figure A6) as well as
Au102(SR)44 (Figure A3) and Au13o(SR)s0 (Figure A4-5). Both Aui02(SR)44 and Au130(SR)s0
have decahedral cores, but those are encapsulated by two five-fold symmetry caps [11.37]
and a ring-dot feature occurs at certain orientations in the simulations. Thus the
observed ring-dot motifs may be traceable either to an icosahedral core or, in a few
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cases, to a five-fold cap. Worth noting is that not all of the orientations show a ring-dot
feature, so a higher percentage of clusters may contain similar structural elements. For
example, in the case of Au144(SR)soand Au133(SR)s2, if 20% of the images present a ring-
dot feature, and assume the clusters are randomly orientated, then 40% of the clusters
may contain an icosahedral core (around 50% of atlas simulations present the ring-dot

feature).

4.4 Summary and conclusions

In summary, we have employed aberration-corrected STEM to characterise the size and
provide insights into the structure of nominally Aui44(SR)so clusters. We find the
samples synthesised contain a range of cluster sizes, which is also indicated in the mass
spectra. Image comparison with multislice simulations of model structures of all
orientations shows that only about 3% of clusters fit the predicted Aui44(SR)s0
structure. Nevertheless, the experimental images exhibited a ring-dot feature,
characteristic of a local icosahedral order, in a further 20 to 30% of clusters. Based on
the simulation atlases, it may be that an even higher proportion of clusters, perhaps
40%, contain icosahedral elements. Electron beam damage at the atomic scale may
account for the imperfect matches between simulations and experiments, and no doubt
both low doses and low beam energy would be desirable for minimising the electron
beam effect on the thiolated clusters, but there is no doubt that the ability of HAADF-
STEM both to size and to analyse individual clusters is a powerful tool in the structure
resolution problem. In the present case, the rather broad size distribution obtained
from the atom counting is consistent with the absence of well-ordered X-ray diffraction

patterns from the cluster crystals.
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Chapter 5 Oxidation State Analysis of Metal Oxide

Nanoparticles by EELS

The CeOx and CuOx samples investigated in the chapter were prepared by Sophie. Briffa
from the School of Geography, Earth and Environmental Sciences, University of
Birmingham. The hydrothermally synthesised CoOx and FeOx nanoparticles were
provided by Selina Tang of the Promethean Particles Ltd., Nottingham. The XRD data of
the FeOx samples were collected by Isabella Romer, from the School of Geography. All
the STEM images and EELS data were taken and analysed by me. Some of the presented
work pertaining to CeOx and CuOx has been published in the paper Development of
Scalable and Versatile  Nanomaterial Libraries for Nanosafety  Studies:
Polyvinylpyrrolidone (PVP) Capped Metal Oxide Nanoparticles (RSC Adv. 2017, 7, 3894-
3906). [Ref 16] Some text and figures about the EELS and STEM images are adapted

from this paper.

5.1 Introduction to metal oxide nanoparticles

Metal oxide nanoparticles attract considerable interest in the field of catalysis, energy
storage and optics [1-3], due to the large diversity of oxide compounds and their unique
chemical and physical properties. The interplay between factors such as morphology,
crystal structure, size and valence state affords intriguing activities in various
applications. However, the active performance of nanoparticles may also bring side
effects to humans and other organisms when they are released into the environment
unintentionally or intentionally. Some nanoparticles, such as copper oxide (CuOy),

cobalt oxide (CoOx), Cerium oxide (CeOx), have been found to be toxic [4¢]. Metal oxide
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nanoparticles are already used in many industrial and everyday fields such as
electronics, cosmetics, and medical applications [7-8l. Humans are more likely to be
exposed via the environment and consumer products as the use of nanomaterial
increases rapidly. In 2015, an investigation of 1814 consumer products shows that

about 29% of the products contain nanomaterials [°].

Many studies demonstrate that transition metals act as catalysts in the oxidative
deterioration of biological macromolecules [10.11]; therefore the toxicities of these metal
oxide nanoparticles may be due at least in part to oxidative tissue damage. Oxidation
state of the metals seems to a key factor for the toxic effects. It has been reported that
transition metals undergo redox cycling reactions, resulting in the production of
reactive oxygen species, such as the superoxide ion, hydrogen peroxide, and hydroxyl
radical [10.12], The reactive oxygen species will then enhance the lipid peroxidation and
DNA damage. Reaney et al [13] reported that Mn3* is more effective than Mn?2* on
inhibiting the cellular aconitase enzyme activity. Pulido-Reyes et al [¢! showed that the
main factor of toxicity of Cerium oxide is related to the percentage of surface content of
Ce3* sites. Cerium oxide nanoparticles were found to be toxic when the percentage of
Ce3* is higher than 40%. It has been found that the release of ions often accompanied by
the generation of reactive oxygen species [14l. Puzyn et al. [15] reported that the toxicity
of metal oxide NMs decreased in the order Me2+ > Me3* > Me**, because the release of
cations Me™* having a smaller charge is more energetically favourable than the release

of cations with a larger n.

Characterising the oxidation state of the metal oxide nanoparticles is essential to study

the origin of their toxic effects. Compared to the ensemble average information given by
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X-ray photoelectron spectroscopy (XPS), STEM EELS can provide chemical information
of individual nanoparticles [16l, In this chapter, we studied the oxidation states of CeOx,
CuOy, CoOx and FeOx using STEM EELS. The Ce oxidation state of the CeOx nanoparticles
was found to be 3.41+0.39. The O K-edge of over half of the CuOx nanoparticles is close
to that of Cuz0 reference spectra, indicating that the oxidation state of over 50% CuOx
nanoparticles are at 1+, while others have a different O K-edge from the CuO and Cu20
reference spectra. The investigation of CoOx and FeOx shows that the average oxidation

state changes with the particles size and synthesis precursor.

5.2 Experimental details

Colloidal CeOx and CuOx nanoparticles were synthesised by a reflux reaction method.
CoOx and FeOx nanoparticles were prepared by a continuously hydrothermal method.
The preparation details for CeOx nanoparticles are given as follows and was reported by
Merrifield et al'”. 130 mg of cerium nitrate were dissolved in 60 mL of a 3 mmol
solution of polyvinylpyrrolidone (PVP) with a molecule weight of 10,000 amu, and the
mixture was then heated for 3 hours at 105 °C. After heating, the reaction was quenched
with cold water. The excess PVP was removed using acetone by centrifuging at 4000
rpm for 10 min. The yellow pellet was retained and re-suspended in ultra high purity
water (UHP, resistivity 18.2 M(2-cm). CuOx nanoparticles were synthesised in the same
way by substituting the cerium nitrate reagent with equimolar amounts of copper

nitrate.

The CoOx and FeOx nanoparticles were prepared by a hydrothermal method. A
continuous-flow hydrothermal reactor [18-20] was used to prepare the CoOx and FeOx
nanoparticles. Figure 5.1a shows the schematic of the hydrothermal reactor system and
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the design of the nozzle reactor (Figure 5.1b). Deionized water was pumped through the
preheater (P3) by a High Performance Liquid Chromatography (HPLC) pump (P1) to the
reactor at a rate of 20 ml/min. The flow was heated to 400 °C. Aqueous cobalt salt
solution or iron salt solution (at ambient temperature) was fed to the reactor at a rate of
10 ml/min by another HPLC pump, P2. The preheated water was fed downwards into
the reactor (R1) through the internal pipe while the salt solution flowed in a counter-
current direction. The mixed fluids were pumped to the cooler (P4) through the reactor

outlet. The pressure in the system was kept at 240 bar by a back-pressure regulator

(V3).

( a) (b) Preheated water

—+— Reactor
J outlet

Aqueous saltsolution

Figure 5.1 (a) A schematic of the continuous-flow hydrothermal reactor system; P1 and
P2 stand for Gilson HPLC pumps, P3 water preheater, R1 nozzle reactor, P4 cooler, V1,
V1.2 check valves, V2 pressure relief valve, V3 Tescom back-pressure regulator, T-1,2

thermocouples. (b) Nozzle reactor design. From reference [16].
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For the sample of cobalt oxide nanoparticles, cobalt (II) acetate tetrahydrate
(Co(C2H302)2-4H20, Sigma-Aldrich, UK) was used as the precursor where the
concentration was 0.05 mol. The down flow water feed contained 0.25% v/v hydrogen
peroxide (H202, Fisher Scientific, UK). H20; is used here to drive oxidation of the cobalt
precursor to oxidise the Co2* since Co oxide nanoparticles could not precipitate from
cobalt nitrate solutions in the absence of a base [21.22], For the iron oxide samples, two
different precursors were used, which are iron (III) nitrate nonahydrate
(Fe(NO3)3-9H20, Sigma Aldrich) and ammonium iron (III) citrate (CsHgO7-xFe3+-yNH3,
Sigma-Aldrich). No H202 was used during the synthesis, as the nitrate and citrate ions
can act as the oxidising and reducing agent on the iron, respectively. On the other hand,
the solubility of iron ions is several orders of magnitude lower than the Co ions [21],
therefore, FeOx is easier to precipitate than CoOx. The FeOx nanoparticles synthesised by
iron (II) nitrate nonahydrate and ammonium iron (III) citrate are labelled as N-FeOx and
C-FeOy, respectively. The collected samples were black aqueous dispersions and washed
by centrifugation or filtration and then were sent to the University of Birmingham for

characterisation.

The samples were deposited on Cu grids for electron microscopy analysis. The HAADF
(High-angle annular dark field)-STEM imaging was performed in a 200 kV JEM2100F
STEM (JEOL) with a spherical aberration corrector (CEOS). HAADF images were
acquired with inner and outer detector angles of 62 and 164 mrad, respectively, at a
probe convergence angle of 19 mrad. The electron energy loss spectra (EELS) were
recorded with an Enfina detector attached to the JEM2100F STEM. The aperture size
used is 3 mm and the camera length is 2 cm corresponding to a collection semi-angle of

57.8mrad. The energy dispersion is 0.3 eV/channel and the acquisition time is 5s for
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each spectrum. The valence state of the transition metal oxides has a relationship with
the intensity ratio of the M4/Ms or Lz/L3 edges, and a number of methods have been
developed to determine the valence state. Here we chose the multiple linear least-
square (MLLS) fitting and the white line intensity ratios to calculate the valence states.
The second derivative method was used to determine the white line ratio for the
spectra. One advantage of this method is that the measurements do not depend on
background removal and is not dependent on the method used to determine the
continuous M or L edge contribution. The raw spectra were smoothed with the
Savitzky-Golay method [23] to eliminate the channel-to-channel fluctuations. The
Savitzky-Golay method has an advantage of smoothing the spectrum without loss of
resolution. The spectra were analysed with the DigitalMicrograph software. The X-ray
diffraction (XRD) patterns were collected using a Bruker D8 powder diffractometer

using Cu Ka radiation (A = 1.5406 A).

5.3 Results and discussion
5.3.1 PVP-capped CeOx nanoparticles

Figure 5.2a shows the HAADF image of CeOx (1.5<x<2) nanoparticles. The peak of the
diameter distribution of the nanoparticles is at 3.3 + 0.8 nm (Figure 5.2b). Figure 5.2c is
a high-resolution HAADF image of a CeOx nanoparticle showing an orientation of <0-
11>, and the measured interplanar space for the {111} plane is 0.324 nm, which is a
little bit bigger than that in bulk CeOz (0.312 nm) because of lattice expansion as the
particle size decreases [2425], The particle shown in Figure 5.2d is hexagonal in shape

and the interplanar space of 0.277 nm corresponds to the {200} plane.
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Figure 5.2 (a) A low magnification HAADF image of PVP-capped CeOx nanoparticles; (b)
Diameter distribution of the nanoparticles. The average value of the diameter is 3.3 *

0.8 nm. (¢, d) High-resolution HAADF image of CeOx nanoparticles

The oxidation state of cerium oxide can be studied by EELS or X-ray photoelectron
spectroscopy (XPS) in its M-edge region, which carries information on the initial state 4f
occupancy. In the EELS spectrum of ceria, the M-edge white lines occur as two sharp
peaks due to the 3ds/; = 45,2 transition (M4) and the 3ds/,—4f7,. transition (Ms). The
intensity of M4 edge is higher than that of Ms edge in Ce**, and reversed in Ce3* (Figure
5.3a). The white line ratio in EELS has been used to determine the valence state of Ce
ions, since the M5/M4 ratio has a linear relationship with the combinations of Ce3* and

Ce*. To determine the valence state of the synthesised colloidal CeOx nanoparticles,
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multiple linear least-square (MLLS) fitting and Ms/M4 ratio methods were performed. In
both methods, reference spectra are needed. Here we used CeO2 nanoparticles and

CeCls salt as the reference material of Ce** and Ce3* ions, respectively.
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Figure 5.3 (a) Reference EELS spectra of Ce3* and Ce* materials; (b) An example of
MLLS fitting result; (c) The histogram of Ce** proportion in the CeOx nanoparticles; (d)

An EELS spectrum of CeOx nanoparticle and its second derivative.

Figure 5.3a shows the reference EELS spectra of Ce3* and Ce**. The Ce3* Ms and M4
edges are separated by about 17.5 eV and the two main peaks of are at 882 and 899.5
eV, respectively. There is a chemical shift of about 2 eV between the Ce3* and Ce** Ms
edges and the main peaks of the Ce** Ms and M4 edges are at 884 and 902 eV,
respectively. MLLS fitting was performed in the energy range from 870 to 915 eV with
the two reference spectra, and an example of the fitting result is presented in Figure

5.3b. The fraction of Ce#* ions’ distribution in the CeOx nanoparticles is shown in Figure

130



5.3c, which indicates that the oxidation state of the CeOx nanoparticles is not
homogeneous and the average value of the oxidation state calculated from 120
nanoparticles is 3.38 + 0.13 (the error is calculated from the spread of the distribution),

which is consistent with a previous report 171,

Several techniques have been proposed to determine The Ms/M4 ratio by measuring the
intensity ratio of Ms and M4 peaks on background subtracted spectra or the intensity of
the positive peaks on its second derivative [26-28], In this study, we determined the
Ms/My ratio by measuring the area under the positive peaks in the second derivative
spectra, since the calculated ratio is rather stable and is not sensitive to the specimen
thickness. Figure 5.3d represents an example of an EELS spectrum (red curve) and its
second derivative. The Ms/M4 ratios calculated from the Ce3* and Ce** reference spectra
are 1.11 #+ 0.05 and 0.85 * 0.02 (standard deviation), respectively. The average Ms/M4
ratio calculated from 31 spectra is 1.00 £ 0.10, and because of the linear relationship
between the white ratio and the oxidation state, the corresponding average oxidation
state is found to be 3.41 * 0.36, which agrees with the result obtained from the MLLS
fitting. The result shows that most of the ceria nanoparticles have a higher proportion of
Ce3* than Ce**. Oxygen loss on the particle surface is accompanied by a valence change
from Ce* to Ce3*. Haigh et al. [2] reported that oxygen-vacancy diffusion into the
particle is favoured. Therefore, as the particle size decreases, the fraction of Ce3* ions

increased rapidly.

5.3.2 PVP-capped CuOx nanoparticles

To avoid the effect of the Cu grid, PVP-capped CuOx NPs were drop-casted onto a Mo
TEM grid covered with amorphous carbon film and were then imaged in the ac-STEM.
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Figure 5.4 (a, c) present the low and high magnification HAADF images of the CuOx NPs.
Interestingly, we found that CuOyx particles are surrounded by less bright bands as
indicated by the red arrows. Figure 5.4d is a false colour image of Figure 5.4c to increase
the visual contrast. We think that the less bright bands in the HAADF images may
consist of some PVPs and CuOx fragments since we can see some atoms (indicated in the
yellow circles) near the CuOx particles. The size distribution of the CuOx nanoparticles is

shown in Figure 5.4b and the average diameter is 2.6+0.4 nm.
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Figure 5.4 (a, ¢) Low and high magnification HAADF images of PVP-capped CuOx
nanoparticles; (b) Size distribution of the CuOx NPs; (d) A false colour image of (c) to
increase the visual contrast. Red arrow indicates the less bright bands and the yellow

circles indicate atoms.

132



; (a)
e
] 1
—~ i
g: : 1 r-\\
S F Cuz0 ref. E E = /"‘”‘::,» .-
= CuO ref. AN A .
vt ll‘|| 1 ’: Jad
C [ — CuOx 1 T S R g
Q| AN
= [ —— CuOx_2 VA \\},xf
cr i ‘ V7
- [ s I“~I,’
’I':--’ 1 v
-..‘\-4~;\_",‘.ff i i i
R TR N HLAN S R S
880 900 920 940 960 980
Energy Loss (eV)
= F
\“5_, T Cu20 ref. (b)
- 7 CuO ref.
x
o r — CuOx exp.
c
O L
]
=
= i ‘\ ‘/"\\',‘\;"‘ ~ o~
(D) ¥4 Vi
N
©
e
} -
§ L 1 L L L 1 L L L 1 L L L 1 L L L 1
520 540 560 580 600

Energy (eV)

====Cu20 ref. (C)
----- CuO ref.

- \ —— CuOx exp.

Normalised Intensity (a.u.

‘520‘ | ‘540‘ | ‘560‘ | ‘580‘ | ‘600
Energy (eV)

Figure 5.5 (a) EELS spectra of Cu L edges from Cuz0, CuO and PVP-capped CuOx
nanoparticles; (b, c) O K-edge comparison between the reference spectra (Cuz0 and

Cu0) and the spectrum of the CuOx nanoparticles. Reproduced from reference [16].

133



Figure 5.5a shows the Cu L-edges in the EELS spectra of the CuOx nanoparticles and the
reference materials (Cuz0, < 50 nm; CuO, < 5 pm; bought from SIGMA-ALDRICH). From
this diagram, we can see the difference between the L-edges of Cuz0 and CuO. The first
main peaks (Cu Lz edges) of the Cuz0 and CuO are located at 931 and 927.5 eV,
respectively, and there is a chemical shift of about 3.5 eV between these two spectra.
The Cu L-edges of the synthesised CuOx nanoparticles are very weak and have a very
poor signal-to-noise (S/N) ratio shown in Figure 5.5a. It’s possible to see that the energy
position of a valley (indicated by the right dash line) occurs at the same position as the
reference spectra and that a small hump appears at around 931 eV, which is similar to
the L3 edge of the Cuz0 spectra. The poor S/N ratio might be because of the very small
size of nanoparticles, and it's not possible to perform MLLS fitting to determine the

oxidation state of the CuOx nanoparticles quantitatively.

The energy-loss near-edge structure (ELNES) of O K-edge is another fingerprint on the
variation in the valence state and structure. The ELNES of O K-edges from the CuOx
nanoparticles were compared to the spectra taken from CuO (blue dashed line) and
Cuz0 (red dashed line) reference materials shown in Figure 5.5b, c. The comparison
was performed in thirteen spectra and eight of them showed some similarity both in the
shape and the onset of the O K-edge to the ELNES of Cuz0 (Figure 5.5b), which means
that the valence state of over 60% of the CuOx nanoparticles might be 1+. The rest of the
spectra are different in structure from the O K-edge of either Cuz0 or CuO (Figure 5.5c),
however, the onset of the O K-edge is similar to the Cuz0 spectra, which may indicate a
complicated mixture of valence states or a different structure of copper oxides (such as

Cu(OH)s).
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5.3.3 CoOx nanoparticles
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Figure 5.6 (a) A HAADF image of CoOx NPs; Example HAADF images of a spherical (b)
and a cubic (c) cobalt oxide nanoparticles; (d) XRD pattern of the CoOx sample. The blue

lines are the reflections from a standard XRD pattern of FCC Co304 (JCPDS 42-1467).

Figure 5.6(a) shows the HAADF image of the hydrothermally synthesised CoOx
nanoparticles. These particles have two different shapes; examples of spherical and
cubic nanoparticles are presented in Figure 5.6(b, c). | measured the interplanar
spacings of these two kinds of particles to check the structural homogeneity of the
particles. The interplanar spacing of 0.242 nm and 0.286 nm indicated in figure 5.6b and
5.6¢ are corresponding to the (311) and (220) planes of structure Co304, respectively

(301, Figure 5.6(d) is a XRD pattern of this sample; no other diffraction peaks are found,
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indicating that the CoOx nanoparticle is Co0304, a mixed valence compound of

COHOOCOHIzOg.
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Figure 5.7 (a) Reference spectra of O K-edge and Co L-edge of CoO and Coz04 311; (b)
HAADF image of CoOx NPs; (c, d) O K-edge and Co L-edge of particle 1 and particle 4

shown in (b).

The shapes of the O K-edge and Co L-edge from CoO and Co304 reference materials [31]
are shown in Figure 5.7a. It's worthy to note that the O K-edge ELNES of CoO appears as
a broad peak (c) and some small features (a, c). While the O K-edge ELNES of Co3z04 has
two sharp and separated peaks. The variation of the Co L-edge ELNES is not obvious,
but we can still see that the white line ratio (L3/Lz) of CoO is bigger than that of C030a.
Figure 5.7 (c) and (d) show the O K-edge and Co L-edge ELNES comparison between
Particle 1 and 4 indicated in Figure 5.6(b). The spectra of these two particles have a

different feature in their O ELNES and the spectrum of Particle 1 is similar to the
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reference spectrum of Co304 and the spectrum of Particle 4 is closer to that of CoO.
Particle 4 has a higher L3/L; ratio than that of Particle 1, which is also consistent with

the Co L-edge ELNES of CoO reference spectrum.

14}
i (a)
12 6
10F Lag.58r0.5Co03-y (b)
%)
c 8f
8 ok o S5==~ COCOa
O I 1
af S 1A\CoSO4
i 1
2r 8 1
[ w4 1
0 E. .. 1 ‘I‘ N I B | ‘I‘ P B g !
0 1 2 3 4 5 6 T :
Intensity Ratio of L3/L2 S :
o°f ‘@ 3- :
® I [}
Est ] 2 :
> | o ]
= 4+ [ ] [ ] N
2 ‘s . ° 21 i
40-'1’ 3F °e ° hd - - n n '
ey Sk S e
N, e o™ u 1.5 2 2D 3 3.5 4 4.5
= r [ ] [ ] °
™ | Valence State of Co
—A1F
o |
O 0 L 1 1 1 1
10 15 20 25

Diameter (nm)

Figure 5.8 (a) L3/L: ratio distribution of the CoOx NPs; (b) A diagram of the intensity
ratio of Co L3/L2 against valence state of Co [33]; (c) A diagram of L3/L> ratio against the

diameter.

Since the variations of the L3/L; ratio are intrinsically related to the changes in the Co
valence state, the L3/L ratio was measured by using the second deviation method. The
L3/Lz ratio distribution of CoOx nanoparticles is shown in Figure 5.7a, and the average
value of the white ratio is 2.86 + 0.64. The relationship between the white-line ratio and
the Co valence state was referred to previous studies [32-35] and it is reported that the
relationship is not linear. According to the diagram shown in Figure 5.8b, the estimated

average valence state of Co is close to 3.0, which is higher than 2.67+. This may indicate
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that the CoOx nanoparticles are O rich [35. The diagram of white-line ratio against
nanoparticle diameter (Figure 5.8c) demonstrates that the white-line ratio of
nanoparticles of a diameter less than 15 nm has a big variation from about 1.8 to 4.2
and that the L3/L2 ratio of nanoparticles larger than 15 nm is relatively constant. The
average L3/L2 ratio of the smaller CoOx particles (< 15 nm) is found to be 2.95 * 0.72
corresponding to a lower oxidation state and the larger particles is at 2.64 * 0.31 (about
3.1+ in oxidation state). This indicates that the bigger CoOx nanoparticles have an O

richer surface than the smaller ones.

5.3.4 FeOx nanoparticles

Figure 5.9a,b and 5.9d,e show the HAADF and BF images of the N-FeOx and C-FeOx
nanoparticles synthesised with Fe(N03)3:9H20 and CeHgO7-xFe3*-yNH3 precursors,
respectively. In both cases, the nanoparticles agglomerate because there is no stabiliser
attached to the surface of the hydrothermally prepared nanoparticles. The C-FeOx
nanoparticles are bigger than the N-FeOx nanoparticles. The size distribution
histograms are shown in Figure 5.9c and e, and the average diameters of the two

samples are 17.5 £ 4.2 nm and 6.5% 1.4 nm, respectively.

The crystallinity of these two samples seems to be different. Figure 5.9b shows that
lattice fringes are clearly visible in the C-FeOx nanoparticles, while the lattice fringes in
the N-FeOyx nanoparticles are disordered. XRD patterns were collected to check the
crystallinity of these two samples. Similar to the STEM result, we found the C-FeOx
nanoparticles are crystallized and the XRD pattern (Figure 5.10) indicates that the C-
FeOx nanoparticles are Fe304. This result agrees with some previous report that Fe203 is
usually the product of a ferric salt except in the case of ferric ammonium citrate, when
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the product is Fez04 [22.36], No distinct peak was observed in the N-FeOyx sample

indicating that these particles are amorphous.
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Figure 5.9 HAADF (a) and BF (b) images of C-FeOx nanoparticles, and size distribution

histogram (c); HAADF (d) and BF (e) images of N-FeOx nanoparticles, and size
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Figure 5.10 XRD patterns of C-FeOx and N-FeOx nanoparticles
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The EELS spectra of the synthesised N-FeOx and C-FeOx nanoparticles are shown in
Figure 5.11. There are three distinct features labelled A-C in the detailed structure of
the O K-edge (Figure 5.11a). The O K-edges of reference materials are presented in
Chapter 1 (Figure 23 [371). The relative intensity of peak A at around 528 eV gradually
increases from FeO to Fe;03; B is a dominant feature around 537 eV, which remains
rather similar for all iron oxide phases; C is a broad and featureless peak at about 558
eV. The measured relative intensity ratio of peak A to B (I4/Iz) is 0.57 for N-FeOyx and
0.71 for the C-FeOyx sample. This indicates that the concentration of Fe3* in N-FeOx is less
than that in the C-FeOx nanoparticles. Comparing the ELNES of the Fe L-edges of these
two samples, no significant difference is observed, except that the L3 peak position of C-
FeOx sample is at 0.5-1 eV lower energy loss than that of the the N-FeOx sample.
However, the chemical shift from Fe2* to Fe3* is about 1.8 eV [38], the discrepancy of the
energy shift at Lz peak may be due to a complex mixture of iron oxide phases in the N-

FeOx sample.

o, (a) - Fe L-edge (b)

Intensity (a.u.)
Intensity (a.u.)

510H 520 530 540 550 560 570 580H 6Sd B 690 700 710 720 730 740H
Energy Loss (eV) Energy Loss (eV)

Figure 5.11 (a) O K-edge and (b) Fe L-edge ELNES of N-FeOx and C-FeOx nanoparticles.

The white-line intensity ratio was measured from the second derivative of over 40 EELS
spectra of each sample, and the average L3/L; values for N-FeOx and C-FeOy are 5.1+0.7
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and 6.1 * 0.8, respectively. The error was calculated from standard deviation. The
relationship between the white-line intensity ratio and the valence state is not linear.
Previous studies [39.40.37] demonstrate that the L3/L; ratio is larger when the valence
state of Fe is higher. From the XRD result, we know that the C-FeOx nanoparticles are
Fe304 with an average oxidation state of 2.67+, while the N-FeOx nanoparticles have a
lower oxidation state, which is consistent with the O K-edge analysis. The N-FeOx could
be FeO or a mixture of Fe and Fe304 since FeO is thermodynamically unstable tending to

disproportionate to metal and Fez04 [41],

5.4 Summary and conclusions

In summary, in this chapter I considered the oxidation states of metal oxide
nanoparticles, CeOy, CuOx, CoOx and FeOy, by STEM-EELS. The oxidation state was
investigated by measuring the white-line ratio or performing MLLS fitting or comparing
the O K-edge near structure with reference materials. We found about 60% of Ce3* and
40% of Ce** in the CeOx nanoparticles with an average diameter of 3.3 + 0.8 nm. The
average oxidation state of Ce ions was about 3.40+, and the results obtained from MLLS
fitting and the white-line ratio calculation agreed with each other. Due to the small size
of the CuOx nanoparticles, the EELS spectra had a very poor signal-to-noise ratio at the
Cu L-edge. O K-edges of the CuOyx particles were compared to the Cuz0 and CuO
reference spectra. It has been found that over 60% of the CuOx particles exhibited a
similar shape and onset to Cuz0 in their O K-edge near structure, which means that the
oxidation state of over half of the CuOy particles is 1+. The XRD pattern of the CoOx
sample shows that the structure of the nanoparticles corresponds to Coz04. The average
oxidation state of small CoOx nanoparticles (<15 nm) is lower than the bigger ones (>15
nm) indicating that the smaller CoOx nanoparticles are O deficient comparing to the
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bigger ones. The oxidation state of FeOx nanoparticles varies when using different iron
salts as precursors. The C-FeOx nanoparticles synthesised with ammonium iron citrate
correspond to Fe30s as confirmed by the XRD result. In contrast the N-FeOx
nanoparticles prepared with iron nitrate have lower oxidation state, which may reflect
FeO or a mixture of Fe and Fe304. This study provides oxidation states of these metal
oxide nanoparticles for further toxicity test, which can help to understand the

relationship between oxidation states and the toxic properties of these nanoparticles.
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Chapter 6 Characterisation of Pt-Cr Bimetallic Nanoparticles

In this chapter, the Pt-Cr samples investigated were prepared by G. Gupta of the School
of Chemical Engineering, who also conducted the TEM, XPS and EDX. The STEM HAADF
intensity analysis was conducted by the author and F. Yin. The synthesis procedure,
TEM, EDX and XPS data are described in this chapter because the STEM HAADF analysis
was based on these results. This work has been published in the paper Pt Diffusion
Dynamics for the Formation Cr-Pt Core-Shell Nanoparticles (Langmuir, 2015, 31, 6917-

6923 [Ref. 13]). Most of the text and figures are taken from this paper.

6.1 Introduction to bimetallic nanoparticles

Bimetallic nanoparticles attract great attention in the field of catalysts because of the
possibility to enhance the catalytic performance and achieve new novel properties,
which may not be obtained from monometallic particles [1-3l. The enhanced catalytic
activity of bimetallic nanoparticles was usually interpreted by geometric effects (core-
shell, coordination number and lattice spacing) and the change of electronic structures
[4.5], Bimetallic nanoparticles constructed with noble and abundant metal elements
provides a potential way to significantly reduce the use of noble metals and retain

similar or superior catalytic activity at the same time.

The characterisation of bimetallic nanoparticles usually includes the elemental
composition and distribution, which is quite challenging, especially for small particles
(< 3 nm). In an electron microscope, small nanoparticles are very sensitive to the high-

energy electron beam, they can either be damaged due to the knock-on and radiolysis
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effects [67] or generated very low signal for EDX and EELS analysis. STEM uses Z-
contrast imaging, and the intensity in HAADF images is proportional to Z" (n<2). It is
possible to analyse the elemental distribution of small nanoparticles using HAADF
images, since the acquire time is short and the signal-to-noise ratio is relatively high [89].
In this chapter, we studied the elemental distribution of wet-chemically synthesised Pt-
Cr nanoparticles by analysing their HAADF intensity. Based on the average HAADF
intensity analysis, we found that small nanoparticles are pure Pt and the large
nanoparticles are Pt-Cr. Comparison between the experimental and simulated HAADF

intensity profiles indicates that a Pt-Cr alloy is formed.

6.2 Experimental details

The synthetic strategy for the preparation of core-shell Pt-Cr nanoparticles was based
on the pre-formation of Cr nanoparticles and later reduction of an intermediate Pt ion-
containing supramolecular complex onto the Cr cores. This strategy aims at producing
nanoparticles with a Pt monolayer shell on a Cr core. Synthesis procedure involves four
steps as is shown in Figure 6.1: (1) the synthesis of a bipyridine Pt-chelating moiety
[10,11,12] containing a diazonium cation (D-BiPy); (2) the formation of D-BiPy-
functionalised Cr core nanoparticles stabilised by Cr-carbon bonds via diazonium
reduction; (3) complexation of Pt(II) metal ions with the bipyridine chelating moieties
of the D-BiPy-functionalised Cr core nanoparticles; (4) reduction of the Pt(II) metal ions

on the pre-formed Cr nanoparticles [131,

The details of synthesising the layered Pt-Cr nanoparticles are as follow. First, a solution
of D-BiPy in ethanol (10mL, 6mL) was mixed with CrClz-:6H20 ethanol solution (5mL,
6mM) under a continuous stirring condition for 10 min. Second, a NaBH4 solution in
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ethanol (5mL, 0.4M) was added to the mixture slowly; The colour changed to dark green,
indicating the reduction of Cr precursor. Third, 30 min later, a solution of dichloro(1,5-
cyclooctadiene) platinum(Il) in ethanol (5mL, 6 mM) was added to the mixture
prepared in the second step. Acetone was used to purify the nanoparticle precipitates

and the black solid was dried in a vacuum oven at 40 °C.

In the one-pot synthesis, the reducing agent (NaBH4) is present throughout but with
diminished reducing power in the complexation stage. The deposition of Pt on the pre-
formed Cr nanoparticles can be guided by two possible complexation routes. One route
is the complexation of BiPy groups with Pt(II) metal ions and the other is the
complexation with minuscule clusters consisting of very few Pt(Il) metal ions and Pt(0)
atoms (14151, The pure Pt nanoparticles can be formed from the Pt precursor that is not

involved in complex formation with the bipyridine chelating moieties.
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Figure 6.1 Schematic of synthesising procedures of layered core-shell bimetallic Cr-Pt

nanoparticles in one pot. From reference [13].

The synthesised Pt-Cr nanoparticles were precipitated and then deposited on Cu grid

coated with an amorphous carbon film and examined in a JEOL JEM2100F STEM with a
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spherical aberration corrector (CEOS). HAADF images of the nanoparticles were
acquired with inner and outer angles of 62 and 164 mrad at a probe convergence angle
of 19 mrad and camera length of 10 cm. The integrated intensities and intensity line
profiles were obtained using Image] software. The Cr core nanoparticles were
characterised by TEM (FEI Tecnai TF20 coupled with an Oxford Instruments INCA 350
EDX system operated at an acceleration voltage of 200 kV) and the oxidation states of
the Pt-Cr nanoparticles were characterised by X-ray photoelectron spectroscopy (XPS)
using an AXIS Nova instrument. High resolution scans of Pt 4f, C 1s, N 1s, and Cr 2p were

carried out using a monochromatic Al Ka X-ray source with a step size of 0.1 eV.

6.3 Results and discussion

6.3.1 TEM and XPS analysis
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Figure 6.2 TEM image (inset) and TEM EDX spectrum of pre-formed Cr nanoparticles.

From reference [13].

The preformed Cr nanoparticles were characterised by TEM and EDX (Figure 6.2). The

TEM image (inset of Figure 6.2) confirms the formation of monodispersed Cr
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nanoparticles, which have an average size of 1.8 + 0.3 nm. The element composition of
the nanoparticles was determined by the EDX spectrum in Figure 6.2 and the
nanoparticles are confirmed to be Cr. Other elements (Na, Si, F) are also detected

because of the residuals from the preparation procedure.

Figure 6.3 shows the high-resolution XPS spectra of the Pt-Cr nanoparticles. Several
samples were analysed, and the results presented herein are based on the samples in
which both Cr and Pt are presented. It is worth noting that XPS analysis of some sample
areas showed only the presence of Pt and not Cr. This indicates that the Pt precursor,
which did not form a complex with the bipyridine chelating moieties, had undergone
reduction and formation of pure Pt nanoparticles during the preparation of the layered

core-shell Pt-Cr nanoparticles.

The XPS N 1s peak (Figure 6.3a) centred at 399.7 eV can be ascribed to the pyridine
nitrogen in the D-BiPy molecules. The O 1s spectrum is a single peak at 531.4 eV, which
indicates the presence of metal (either Cr or Pt) oxide and/or hydroxide on the Pt-Cr
nanoparticles. The presence of two doublets in the Cr 2p spectrum (Figure 3c) means
that Cr exists in metallic as well as oxidised form. The doublet with peaks centred at
576.4 and 585.6 eV is assigned to the metallic Cr. The other doublet at 577.5 and 587.3
eV is attributed to the Cr oxide in its oxidised state (III) [26:17], The oxidised to metallic Cr
ratio is 4:1 measured by the integrated intensities of the two doublet peaks. The Pt 4f
spectrum indicates the existence of metallic Pt with binding energy values of 71.6 and
74.9 eV. A similar amount of Pt(OH);, whose doublet peaks area at 72.8 and 76.1 eV [16],

was also extracted from the Pt spectrum.
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Figure 6.3 XPS spectra of the synthesised Pt-Cr nanoparticles from the peak regions of N

1s (a), O 1s (b), Cr 2p (c), and Pt 4f (d). From reference [13].

6.3.2 STEM-HAADF analysis

The formation of core-shell Pt-Cr nanoparticles can’t be determined from the XPS
analysis. However, the XPS results reveal that the nanoparticles consist of Pt and Cr and
that a high percentage of Cr is in its oxidised form. To determine the atomic structure of
the Pt-Cr nanoparticles, STEM-HAADF studies were applied. Because STEM uses Z
(atomic number) contrast imaging, the intensity (I) in the HAADF images is
proportional to Z", where n=1.46 + 0.18 based on our previous calibration [18l. Therefore,
the HAADF intensity of a Pt atom (Z=78) is about 5.6 times brighter than that of one Cr
atom (Z=24). Hence, structural and chemical information can be obtained

simultaneously by analysing the HAADF intensity of the bimetallic nanoparticles.
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Figure 6.4 A representative STEM-HAADF image (a) and a size distribution (b) of Pt-Cr
nanoparticles. Gaussian fitting was performed in the size distribution histogram, which
shows two fitting peaks at 1.45 * 0.25 and 2.35 * 0.30 nm, respectively. Small particles

are indicated with arrows. From reference [13].

An example STEM-HAADF image is shown in Figure 6.4a, and the size distribution is
presented in Figure 6.4b. Two kinds of nanoparticles (small and large) are observed in
the STEM images, and the statistical data show that the diameter of the small
nanoparticles (indicated by yellow arrows in Figure 6.4a) is 1.45 * 0.25 nm and that the
large ones is 2.35 * 0.30 nm. Comparing with the size of the pre-formed Cr core
nanoparticles (~1.8 nm determined by TEM), the size of the small nanoparticles is even
smaller. This observation suggests that the smaller nanoparticles are neither pure Cr
nor bimetallic nanoparticles but pure Pt nanoparticles considering the size and HAADF
intensity, which is also supported by the XPS data. Further to the XPS data, the
relationships of the HAADF intensity versus the volume of the nanoparticles were
drawn in Figure 6.5. In the diagram (Figure 6.5a) of integrated HAADF intensity versus

the nanoparticle volume (R3), there are more data points below the fitting line when R3
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> 2, demonstrating a lower percentage of Pt in the larger nanoparticles. The change of
intensity against the nanoparticle size can be seen clearly in the diagram of the average
HAADF intensity (I/R3) versus R3 in Figure 6.5b. The smaller nanoparticles (R? > 2) have

the highest I/R3 value, enabling us to assign them as pure Pt nanoparticles.
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Figure 6.5 (a) A diagram of integrated HAADF intensity against the nanoparticle volume;
(b) A diagram of average HAADF intensity versus the nanoparticle volume. From

reference [13].

6.3.3 HAADF intensity line profiles simulations

The larger nanoparticles are expected to be the Pt-Cr nanoparticles, since the average
diameter of the larger nanoparticles is 0.55 nm (as thick as a single layer of Pt atoms)
bigger than the pre-formed Cr core nanoparticles. In order to identify the structure of
the Pt-Cr nanoparticles, we simulated the HAADF intensity line profiles of different
core-shell models. The models we employed were based on a simple geometrical
structure, which is a spherical core with a concentric spherical shell. The HAADF
intensities at different positions depend on the height of the projected atomic column,

with each atom contributing a Z!46-dependent intensity. Based on the TEM, XPS and
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STEM results, the model size of the Pt-Cr nanoparticles was set to be 2.35 nm with a 1.8
nm core in diameter. Since 80% of the Cr atoms are in oxide form suggested by XPS
analysis and that Cr203 is the most stable form [1°1 among the different chromium oxides,
Cr203 was considered in the HAADF intensity simulations. The total number of Pt atoms
is constrained with the assumption that a single layer of Pt shell is formed and the
number of Cr atoms is determined by the size of the pre-formed Cr core. The densities
used in the calculation are the bulk densities of Pt (21.45 g/cm3), Cr (7.19 g/cm?) and
Cr203 (5.22 g/cm3). Because of the big intensity contrast between the O and Pt atoms in

the HAADF images, the intensity of O atoms in the Pt oxides was ignored.
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Figure 6.6 Simulated HAADF intensity line profiles for three types of structures: (a)
Pt-Cr/Cr203-Pt, (b) Cr/Cr203-Pt and (c) Cr-Crz03/Pt. The corresponding models are
presented on the right. The calculated line profiles were convolved with a Gaussian

function for smoothing process. From reference [13].
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Figure 6.6 shows the simulated HAADF intensity line profiles of three different
configurations. The intensity line profiles of Cr-core and Pt-shell configurations (Figure
6.6b, c) are concave in the centre indicating a dark core and a bright shell. Line profiles
having brighter core or a nearly flat contrast in the centre indicates a mixture of Cr and
Pt atoms in the nanoparticles (Figure 6.6a). The negligible intensity change at the
Cr/Crz03 and the Pt-Cr/Pt-Crz0zinterface proves that the ignorance of the O HAADF

intensity in the Pt oxide is acceptable.
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Figure 6.7 (a, c) High-resolution STEM images and (b, d) experimental and simulated
HAADF intensity line profiles for Pt-Cr nanoparticles. The experimental average profiles
(hollow circles) were measured along the lines indicated by the yellow arrows with 4.1-

A-wide bands. From reference [13].
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Comparison between the experimental and simulated HAADF line profiles is shown in
Figure 6.7. From the typical STEM-HAADF images, we find that most of the Pt-Cr
nanoparticles do not display typical core-shell structures as the intensity line profiles
shown in Figure 6.6b, c. An example of the experimental HAADF intensity profiles is
presented in Figure 6.7b (hollow circle curve) and its line profile shows a brighter or a
nearly flat contrast central area, which is consistent with the intensity profile (the red
curve) calculated from the structure of Pt-Cr (core)/Cr203-Pt (shell). Statistical analysis
of 182 Pt-Cr nanoparticles has revealed that ~98% of the studied nanoparticles
presents a profile similar to this model. Only about 2% of the nanoparticles exhibited

concave HAADF line profiles (i.e., Pt-rich shell) as indicated in Figure 6.7 c, d.

These observations suggest that Pt atoms have diffused from the surface into the core
and formed a Pt-Cr alloy core and shell. The diffusion of Pt atoms can be explained by
Cabrera—Mott theory. Based on the theory, the Mott potential built up across the oxide
layer due to a contact potential difference between metal and adsorbed oxygen can
drive both anion and cation transport across the oxide film at low temperature (201, The
Pt atoms will tend to diffuse into the core of the bimetallic nanoparticles through the
established field-assisted diffusion mechanism [21], when the Pt atom deposits on the
oxide layer, due to its high electron affinity. This behaviour leads to the formation of Pt-
Cr alloyed core and shell nanoparticles.

6.4 Summary and Conclusions

In summary, [ characterized the layered core-shell bimetallic Pt-Cr nanoparticles
synthesised by the reduction of an intermediate Pt-ion-containing complex onto pre-
formed Cr nanoparticles. The composition and structure of the bimetallic Pt-Cr
nanoparticles were studied by STEM analysis, and compared with XPS and TEM data of
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collaborations. The HAADF intensity analysis shows that the small nanoparticles
observed in STEM-HAADF images with a diameter of 1.45 * 0.25 nm are pure Pt
nanoparticles, and that the larger nanoparticles whose diameter is 2.35 + 0.30 nm are
ascribed to Pt-Cr bimetallic nanoparticles. The HAADF intensity line profile results
indicate the formation of Pt and Cr mixed core and shell. Field-assisted diffusion of the
Pt atoms is tentatively attributed to be the main reason for the formation of the Pt-Cr

mixed nanoparticles.
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Chapter 7 Internal Order Determined by Choice of Iron Salt
Precursor in Continuous Hydrothermally Prepared Fe-Co

Bimetallic Nanoparticles

The Fe-Co oxide nanoparticles considered here were synthesised by Selina Vi Yu Tang
of Promethean Particles Ltd in Nottingham. The XRD data were collected by Isabella R.
Roche in the School of Geography. The STEM-HAADF, -EDX, and -EELS measurements

and analysis were done by me.

7.1 Introduction to Fe-Co nanoparticles

Magnetic nanoparticles have attracted considerable attention in the recent decades, not
only because of the fundamental research interest concerning the shape/size effects,
but also for their many important technological applications in the fields of biomedicine
[12], information storage [3], ferrofluid technology [* 5! etc. Fe-Co oxide nanoparticles are
one of the most interesting and important magnetic materials because of their chemical
stability, mechanical hardness, high magnetic anisotropy and moderate saturation

magnetisation [6-8],

There are many factors, such as size, morphology, composition, and cation distributions,
which can affect the magnetic properties of the Fe-Co nanoparticles. Joshi et al. [°]
reported that the saturation magnetisation of the cobalt ferrite nanoparticles increased
with an increase in size, and that the faceted irregular nanoparticles exhibit lower
saturation magnetisation than the spherical ones, possibly because of the preferential
growth of crystal toward the easily magnetized crystallographic direction induces the
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higher shape anisotropy. Sathya et al. [10] studied the effect of composition
stoichiometry on the magnetic properties of cobalt ferrite nanoparticles. They reported
that the specific absorption rate (relevant for magnetic hyperthermia) and the relaxivity
value (significant for magnetic resonance imaging, MRI) of the cobalt ferrite (CoxFes-
x04) NPs could be tuned not only by the NP’s size, but also by the Fe/Co ratio. They
concluded that particles of 20 + 2 nm in size and Co stoichiometry (x) in the x=0.5-0.7
range are promising candidates as heat mediators for both hyperthermia and MRI
applications. Fe-Co oxide NPs usually have a spinel structure with unit formula AB204,
where A and B stand for tetrahedral and octahedral cation sites within the close packed
array of oxygen atoms [111. The metal ion distribution in different sites also has a strong
influence on its magnetic properties. The information of cations (Fe3+, Co3*, Fe2*, Co?*)
distribution in the Coi:xFez2.x04 (0 < X < 1) nanoparticle can be obtained by the
Méssbauer spectroscopy [12-141, Liu et al [15] reported that the migration of Co?* ions
from A to B sites could result in an increase in the saturation magnetization and

coercivity.

The hydrothermal method is one of the most widely used synthesis protocols for the
preparation of metal oxide NPs [16.17], By adjusting the synthesis conditions, such as pH,
reaction temperature, Co to Fe ratio and surfactants, the particle morphology and Co to
Fe ratio in the NPs can be adjusted [1618.19] The control of cation distribution can be
achieved by changing the reaction time [15 or the post-annealing and quenching
conditions [20.21] However, the effect of synthesis conditions on the elemental
distribution of the Fe ad Co in the nanoparticles is rarely discussed. Undoubtedly, the
inhomogeneous alloying in Fe-Co nanoparticles will affect their magnetic properties.

Antoniak et al [22] reported a 20-30% reduction of magnetic moment of FePt
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nanoparticles with respect to the bulk material, because of the composition
inhomogeneity in the particles. Additionally, using a seeded growth procedure, Lopez-
Ortega et al. [ 23] synthesised MnyFe3«0s/FexMn3-xOs bi-magnetic core/shell
nanoparticles, the heterostructured NPs showed a strong exchange coupling between

the core and shell resulting in a coercivity increase.

In this Chapter, we studied two batches of Fe-Co oxide nanoparticles synthesised by a
continuous-flow hydrothermal method. The samples were well-characterised by XRD,
STEM-HAADF, -EDX and -EELS methods. We found that by changing the iron salt, from
iron nitrate to ammonium iron citrate, the internal order (crystallinity, elemental

distribution, etc.) in the Fe-Co oxide NPs can be changed.

7.2 Synthesis procedure and experimental details

The synthesis of Fe-Co oxide nanoparticles was conducted in a high-pressure
equipment using a continuous-flow hydrothermal reactor which is the same equipment
as mentioned in the experimental section in Chapter 5. This method has previously
been described in the literatures [24-28] and a schematic of the continuous supercritical

water reactor system is shown in Figure 7.1.
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— Mixing
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Figure 7.1 (A) A schematic diagram of the continuous hydrothermal reactor system: P1,
P2 are Gilson HPLC pumps; P3, water preheater; P4, cooler; R1, nozzle reactor; V1, V1.2
are check valves; V2, pressure relief valve; V3, Tescom backpressure regulator; T1, T2,
thermocouples. (B) A schematic of the designed nozzle reactor [25l. (C) An animated

depiction of the Nozzle reactor. [26]

Briefly, deionised water is pumped into an electric preheater at a rate of 20 ml/min and
is heated up to 400 °C. The supercritical water then flows into the Nozzle reactor
section of the system. At the same time, a flow of aqueous metal salt solution is pumped
up from the bottom at a rate of 10 ml/min at ambient temperature. The Co precursor
used here is cobalt (II) acetate tetrahydrate (Co(C2H302)2:4H>0, Sigma-Aldrich) and Fe
precursors are iron (III) nitrate nonahydrate (Fe(NO3)3-9H;0, Sigma Aldrich) and
ammonium iron (III) citrate (CeHgO7-xFe3*-yNH3, Sigma-Aldrich). Depending on
samples, different Fe to Co ratio is employed in the metal salt solutions and the total
concentration of cations was 0.05 mol/L. A summary of sample codes and precursor

concentrations is given in Table 1.

Table 7.1 Summary of precursor concentrations used for each sample.

Sample Fe/Co acft(;lzsl(tM) Ammonium Iron nitrate
code ratio iron citrate (M) (M)

INN-1 1:3 0.0375 - 0.0125
INN-2 1:1 0.0250 - 0.0250
INN-3 3:1 0.0125 - 0.0375
AIC-1 1:3 0.0375 0.0125 -
AIC-2 1:1 0.0250 0.0250 -
AIC-3 3:1 0.0125 0.0375 -

For the AIC-1 sample, the water flow feed also contained 0.25% v/v hydrogen peroxide
(H202, Fisher Scientific, UK). Hydrogen peroxide was used here to drive oxidation of the
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cobalt precursor. A reaction temperature of 400 °C was chosen to keep a high rate of
conversion and the whole system pressure was maintained at 240 bar by a
backpressure regulator. The collected samples were washed by centrifugation or

filtration.

The nanoparticles were deposited on Cu grids covered with continuous amorphous
carbon film and were then characterised in a 200 kV JEM2100F scanning transmission
electron microscope (STEM) with a spherical aberration probe corrector (CEOS).
HAADF images were acquired at camera length of 10 cm. The inner and outer collection
angles of the Gatan HAADF detector are 62 and 164 mrad, respectively and the
convergence angle of the probe is 19 mrad. EDX mapping (obtained with a Bruker
XFlash 4030 detector) was employed to determine the average elemental compositions
of a certain area. EELS single spectra and mapping were recorded with a Gatan Enfina
detector (1340 channels) at camera length 2 cm and collection semi-angle 57.8 mrad on
the Enfina detector. The aperture size is 3 mm and the energy dispersion is 0.5
eV/channel. The acquisition time for single EELS spectrum is 5s. A Jeol ADF detector
was used to acquire the ADF images. The spectra were analysed with the
DigitalMicrograph software. The X-ray diffraction (XRD) patterns were collected using a

Bruker D8 powder diffractometer using Cu Ko radiation (A = 1.5406 A).

7.3 Results and discussion
7.3.1 Morphology and crystallisation

Figure 7.2 shows the HAADF images and corresponding histograms of NP diameter for

the samples from the INN and AIC batches. In both cases, the NPs were aggregated.
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However, the level of agglomeration of the NPs in the AIC sample series was higher than

that in the INN series. From the size distribution histograms, it can be seen that the

diameter ranged from around 5 to 30 nm, and that the AIC sample series had more large

particles (>15 nm). Overall, the average diameters of the two batches of samples were

close to each other. Changing the iron salt in the solution seems to have an effect on the

dispersion of the hydrothermally synthesised Fe-Co NPs.
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Figure 7.2 HAADF images of sample (a) INN-1, (b) INN-2, (c) MINN-3, (d) AIC-1, (e) AIC-

2 and (f) AIC-3. The corresponding diameter histograms are underneath and the
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measured average diameter are 10.6+3.6 nm, 11.5£3.8 nm, 8.6+1.7 nm, 13.0+5.2 nm,

8.3+2.5 nm, and 10.2+6.2 nm, respectively.

The morphology difference between the two batches of samples can also be seen in the
two pure iron oxide nanoparticle samples synthesised with Fe(NO3)3-9H20 and
CeHgO7-xFe3*-yNH3z precursors, respectively (Figure 5.9 in Chapter 5). A similar
agglomeration was observed. The XRD data (Figure 5.10) demonstrated that the FeOx
nanoparticles synthesised with Fe(NO3)3-9H20 is amorphous, while the other one is
crystallised. Therefore, the nanoparticles dispersion and crystallinity seem to be
controlled by the iron salt precursors in the solutions. In the case of pure iron oxide
samples, the diameter of nanoparticles prepared with C¢HgO7-xFe3*-yNH3 precursor
(17.5 * 4.2 nm) is bigger than that synthesised with Fe(NO3)3-9H:0 precursor (6.5 1.4
nm). This is different from what we observed in the Fe-Co oxide samples, which means
that the nanoparticle size of the Fe-Co oxide sample may be related not only to the

anion species, but also to the co-existence of Co cations in the solution.

The XRD results from the INN and AIC sample series are shown in Figure 7.3. The XRD
spectra of the INN samples (Figure 7.3a) suggested that the Fe-Co oxide NPs from INN-2
and -3 are not well crystallised, since the diffraction peaks are weak and broad. The
crystallite sizes of Fe-Co nanoparticles in the INN series are calculated using the Scherer
equation and are found to be about 6.9 nm, 4.2 nm, and 4.4 nm for sample INN-1, -2 and
-3, respectively. These values are smaller than those measured from the STEM-HAADF
images, which suggests that the Fe-Co NPs probably have segregated Fe-rich and Co-
rich regions since these regions have different lattice parameters when the Fe/Co ratio

varies [15.29], This was also supported by the EELS mapping analysis shown below.
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Figure 7.3b shows clear XRD patterns from the AIC samples, which correspond to the
AB204 structure [30.31], The sharp peaks indicated that these particles were more
crystallised than those in the INN sample series. The average crystallite sizes calculated
from XRD patterns of AIC-1, -2 and -3 are around 13.3 nm, 9.2 nm and 10.6 nm,
respectively, which agree with the microscope measurements, indicating a high level of

crystallinity.
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Figure 7.3 XRD patterns of the sample series (a) INN and (b) AIC.

7.3.2 Elemental composition by EDX and EELS

Table 2 shows the elemental compositions of each sample in the INN and AIC series. It is
important to note that the Fe/Co ratios of the synthesised INN samples are close to the
ratios in the metal salt solutions. In the case of the AIC samples, these two ratios are
very different, and the Fe/Co ratios detected in the particles are always higher than in
the solutions. This may be caused by the ammonium citrate in the solutions. In the
hydrothermal synthesis of iron oxide particles from ammonium iron citrate, it has been
reported that the Fe3* can be reduced to Fe?* by the carbon monoxide formed from the
thermal decomposition of ammonium citrate in the supercritical water 32331, In a

reducing environment, the oxidation of Co2* to Co3* will also be highly suppressed and
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the precipitation of Co ions from the solution will become more difficult [16l. This could
explain why the Co content detected in the AIC samples was always lower than expected.
For the samples in the INN series, where iron nitrate was used as the precursor, the

nitrate ions might act as an oxidation agent to drive the Co?* to Co3*.

Table 7.2 Elemental compositions of the samples from INN and AIC batches determined
by STEM-EDX mapping. The elemental compositions are an average value of the
nanoparticles in a certain area. The errors are calculated from 1-Sigma uncertainty of

the corresponding elemental peak in the EDX spectra.

Sir;ldp;e Fe/Co ratio - ElementF(jt.%) =

INN-1 0.37+0.02 62.2+2.4 10.2+0.4 27.6x1.0
INN-2 0.91+£0.05 61.0+2.7 18.6+0.8 20.5+0.8
INN-3 3.17+£0.15 66.4+2.4 25.6x0.8 8.1+0.3
AlC-1 1.87+0.08 58.4£1.9 27.1+0.8 14.5£0.5
AlIC-2 2.56%0.11 62.6+x1.9 26.9+0.8 10.5£0.3
AIC-3 3.22+0.12 51.5+1.4 37.0+1.0 11.5£0.3

7.3.3 Elemental distribution by EELS mapping

Knowing the elemental distribution of Fe and Co is of great value, since the physical and
chemical properties of the Fe-Co nanoparticles can be greatly affected. STEM-EELS was
employed here to study the elemental distribution in the particles. Some mapping
results of the three INN samples are shown in Figure 7.4. As we can see that the
elemental distribution in the Fe-Co nanoparticles synthesised with iron nitrate (INN
batch) is not uniform and that the Co- and Fe- rich regions can be clearly seen in all the
three samples. As the Fe/Co ratio increases, the signal of Co (green) is gradually

decreasing.

171



(a) Fe L Col Fe+Co ADF  Fe:Co=1:3

(b) Fe:Co=1:1

(c) Fe:Co=3:1

Figure 7.4 EELS mapping examples of the Fe-Co oxide nanoparticles from sample (a)
INN-1, (b) INN-2 and (c) INN-3. From the left to the right are the Fe and Co L edge maps,
mix of the Fe and Co maps and the corresponding ADF images. The scanning step is

about 1 nm/pixel.

The inhomogeneity of elemental distribution in single Fe-Co oxide nanoparticles (INN
batch) presents a different distribution morphology as is shown in Figure 7.5. Elemental
distribution with uncomplete core-shell (Figure 7.5a), onion-layered (Figure 7.5b) and
“dumbbell” structures are observed. We find that the Fe-rich areas are likely to be in the
core (Figure 7.5a and 7.5b) and the Co-rich regions lie at the surface (Figure 7.5a) or on
the top of the Fe-rich regions (Figure 7.5c¢). The non-uniform elemental distribution in
the NPs of INN samples may be caused by the nitrate anions in the iron salt and the

solubility of the Fe and Co ions in the solutions.
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(a) Fe L Col Fe+Co ADF

(b)

Figure 7.5 STEM-EELS mapping of single Fe-Co nanoparticles from the INN samples
with different distribution structures (a) uncomplete core-shell, (b) onion-layer

structure and (c) “dumbbell” structure.

It has been reported [16.34] that cobalt oxide particles cannot be precipitated from cobalt
nitrate solutions in the absence of a base because of its high solubility in the water or
that only a few large particles can be produced when cobalt nitrate contacts with
supercritical water 331, On the other hand, the solubility of Fe ions in iron nitrate
solution is several orders of magnitude lower than that of Co in its nitrate solution [16].
Therefore, it is easier for Fe oxide or hydroxide to nucleate than that of Co oxide or
hydroxide during the hydrothermal processing. Co oxide can then proceed to
precipitate on the surface of Fe oxide nucleus and form different distribution

morphologies. This also explains why the iron-rich regions tend to be in the core and
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cobalt-rich regions on the surface or top of the Fe-rich particles. These observations
suggest that a Fe nucleus forms first and then Co grows up on the Fe nucleus. Because of
the ion diffusion in the solution, Fe- and Co- rich layers could appear alternatively and

form onion-layered structure.

(a) FelL Co L Fe+Co ADF  Fe:Co=1:3

Figure 7.6 STEM-EELS mapping examples of the Fe-Co oxide nanoparticles from sample
(a) AIC-1, (b) AIC-2 and (c) AIC-3. From the left to the right are the Fe and Co L edge

maps, mix of the Fe and Co maps and the corresponding ADF images.

For the AIC sample series, we found that the Fe and Co spatial distributions in these NPs
were very uniform (Figure 7.6). In this case, cobalt ferrite is likely to be formed as the

XRD results indicate. There are two possible reasons for the uniform elemental
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distribution. First, carbon monoxide produced by the thermal decomposition of citrate
[3236] js expected to be miscible with supercritical water and provide a homogeneous
reaction atmosphere promoting the oxidizing and reducing capability [33]. Second,
citrate anions can form complexes with both Fe and Co cations. Citrate complexes of Fe
and Co have been reported elsewhere in the literature [37.38], which indicate that the
citrate ligand binds to Fe or Co atoms through the O atom of the hydroxyl group and the
carboxyl group. The formation of these complexions (among iron ions, cobalt ions and
citrate) in the solution will promote the simultaneous precipitation of Fe and Co ions
during the thermal decomposition process [36:3%] resulting in a uniform elemental

distribution.

Controlling the elemental arrangement in magnetic alloy NPs is of great importance, not
only because it can change the magnetic properties of the particles [22] but also because
it might influence their toxicities and biocompatibilities. Iron oxide NPs are widely used
in in vivo applications because of their low toxicity and biocompatibility [40. 41 For the
Fe-Co oxide NPs, the non-uniform distribution of Co oxide (especially when the Co rich
region is on the surface of the NPs) may increase the toxicity of the particles, since it has
been reported that Co NPs can induce cytotoxicity and genotoxicity in cells [42-44]. A
toxicity investigation of the Fe-Co oxide NPs reported in this work is in progress, and
may shed light on the effect of the spatial distributions of the metals in the NPs on the

toxicity.

7.4 Summary and conclusions

In summary, in this chapter I have described a STEM analysis of two series of Fe-Co
oxide nanoparticles with iron nitrate or citrate as precursors using a continuous
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hydrothermal synthesizing method. The STEM-HAADF, -EDX, and -EELS results, like the
XRD, show that the crystallisation, morphology, elemental composition and atomic
arrangement of the nanoparticles are very different when the anion species in the
solution changes from nitrate to citrate. The Fe-Co nanoparticles prepared with
ammonium iron citrate are well crystallised and have a uniform elemental distribution.
However, the nanoparticles synthesised with iron nitrate tend to be more amorphous
and the elemental distribution is also inhomogeneous. It seems that the presence of
citrate anions in the precursor solutions can inhibit the precipitation of Co ions, but
promote the crystallisation and uniform atomic arrangement of the Fe-Co nanoparticles.
Overall, this investigation into the effect of the salt anions in continuous hydrothermal
synthesis sheds light upon the mechanism of the hydrothermal reactions, possibly

allowing for a better control of the nanoparticles produced in future.
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Chapter 8 Conclusions

In this thesis, a variety of nanomaterials were investigated by ac-STEM, including Ag
clusters produced in the reflection mode MACS, thiol-protected Au clusters, metal oxide
nanoparticles and bimetallic nanoparticles. We explored the capability of ac-STEM in
the characterisation of cluster size, atomic structure, oxidation states, and elemental

analysis.

Ag clusters produced in the newly designed MACS were investigated using STEM
HAADF images. | found that the Ag clusters collected with different incident and
collection angles had similar size distributions. The cluster size decreases a lot when the
metal concentration in the matrix increases to 3.56%. The cluster flux decreases when
the incident angle increases. The optimal collection angle for a high cluster flux is when
the angle between the incident beam and cluster flux is at 110°. The sputtering yield of
the MACS is about 1%, which shows a great potential to scale up the production of

nanoclusters.

A statistical investigation is conducted to characterise the size and atomic structure of
nominally Aui44(SR)so clusters synthesised by two different groups. By weighing the
clusters with single atoms and size-selected Aus23 clusters, we found that the clusters
were not monodispersed in size. Structure identification was performed by comparing
the images with model structure simulations. Only about 3% to 7% of clusters were
found to fit the predicted Aui44(SR)s0 model, nevertheless, a ring-dot feature,
characteristic of a local icosahedral order, was frequently (~20% of the clusters)
observed.
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STEM-EELS was used to characterise the oxidation states of CeOyx, CuOyx, CoOx and FeOy
nanoparticles. The white line ratio and near edge structure analysis showed that the
average oxidation state of CeOx nanoparticles was ~3.4+ and that the valence state of
over half of the CuOx nanoparticles was 1+. The investigation of CoOx and FeOx
nanoparticles shows that the oxidation state varies when the particles size and
synthesis precursor change. These studies will provide oxidation state information of
these particles for further toxicity test to have a good understanding of the relationship

between the toxicity and the oxidation state of the material.

Elemental distributions in Pt-Cr bimetallic nanoparticles were studied by analysing
their HAADF intensities. The average HAADF intensity of smaller nanoparticles
(1.45+0.25 nm) was brighter than the larger ones (2.35+0.3 nm), indicating that the
smaller nanoparticles were pure Pt, which was also supported by the XPS data. The
larger nanoparticles were assigned as Pt-Cr bimetallic nanoparticles. Comparison
between the experimental and simulated HAADF intensity profiles indicated that most
of the Pt-Cr nanoparticles had a mixed core and shell. Field-assisted diffusion is
tentatively attributed to be the main reason for the formation of Pt and Cr mixed

nanoparticles.

STEM-EDX and EELS were utilised to investigate the elemental compositions and
distributions of a series of hydrothermally prepared Fe-Co oxide nanoparticles. I found
that the crystallinity, Fe/Co composition and element spatial distribution in the
synthesised NPs had a strong dependence on the choice of iron salts. The Fe-Co
nanoparticles synthesised with ammonium iron citrate were well crystallised and had a

homogeneous elemental distribution. While the nanoparticles prepared with iron
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nitrate were more amorphous and the metal atoms distribution were not uniform. The
composition analysis showed that the presence of ammonium citrate seems to inhibit

the precipitation of Co ions in solution, and promotes the crystallisation of the NPs.
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Appendix Simulation atlases
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Figure A1l. STEM simulation images for the predicted Aui44(SR)so cluster (a=0~45°,

B=0~90°).
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Figure A2. STEM simulation images for the predicted Au144(SR)s0 cluster (a=50~90°,

B=0~90°).
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Figure A3. STEM simulation images for the Aui02(SR)44 cluster (a=0~90°, f=0~90°).
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Figure A4.
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STEM simulation images for the Aui30(SR)so cluster (a=0~90°, f=0~90°).
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Figure A5. STEM simulation images for the Au130(SR)so cluster (a=0~90°, f=100~180°).
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Figure A6. STEM simulation images for the Au133(SR)s2 cluster (o
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Figure A7. STEM simulation images for an Icosahedral Auis; cluster (a=0~40°,

0=0~36°).
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Figure A8. STEM simulation images for an Decahedral Auis; cluster («
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Figure A9. STEM simulation images for a Cuboctahedral Auis; cluster («

0~45°).
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Figure A10 Structural schemes of classic decahedron (a), Ino's decahedron (b), and

Marks' decahedron (c).
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