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Transmission Electron Microscopy
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Thesis submitted for the degree of Doctor of Philosophy, Hilary Term 2013

This thesis concerns the application of aberration corrected scanning transmission electron microscopy
(STEM) to the quantitative analysis of industrial Pd-Pt core-shell catalyst nanoparticles. High angle
annular dark field imaging (HAADF), an incoherent imaging mode, is used to determine particle size
distribution and particle morphology of various particle designs with differing amounts of Pt coverage.
The limitations to imaging, discrete tomography and spectral analysis imposed by the sample’s
sensitivity to the beam are also explored.

Since scattered intensity in HAADF is strongly dependent on both thickness and composition,
determining the three dimensional structure of a particle and its bimetallic composition in each atomic
column requires further analysis. A quantitative method was developed to interpret single images,
obtained from commercially available microscopes, by analysis of the cross sections of HAADF
scattering from individual atomic columns. This technique uses thorough detector calibrations and full
dynamical simulations in order to allow comparison between experimentally measured cross section to
simulated ones and is shown to be robust to many experimental parameters. Potential difficulties in its
applications are discussed. The cross section approach is tested on model materials before applying it
to the identification of column compositions of core-shell nanoparticles.

Energy dispersive X-ray analysis is then used to provide compositional sensitivity. The potential
sources of error are discussed and steps towards optimisation of experimental parameters presented.
Finally, a combination of HAADF cross section analysis and EDX spectrum imaging is used to
investigate the core-shell nanoparticles and the results are correlated to findings regarding structure
and catalyst activity from other techniques.

The results show that analysis by cross section combined with EDX spectrum mapping shows great
promise in elucidating the atom-by-atom composition of individual columns in a core-shell
nanoparticle. However, there is a clear need for further investigation to solve the thickness /
composition dualism.
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“It is not the critic who counts; not the man who points out how the strong
man stumbles, or where the doer of deeds could have done them better.
The credit belongs to the man who is actually in the arena, whose face is
marred by dust and sweat and blood; who strives valiantly; who errs, who
comes short again and again, because there is no effort without error and
shortcoming; but who does actually strive to do the deeds; who knows
great enthusiasms, the great devotions; who spends himself in a worthy
cause; who at the best knows in the end the triumph of high achievement,
and who at the worst, if he fails, at least fails while daring greatly, so that
his place shall never be with those cold and timid souls who neither know

victory nor defeat.”

- Theodore Roosevelt, Paris April 1910

“Oh come on, don’t be as negative as an electron!”

""Not everything that counts can be counted and not everything that can be counted counts."

(Sign hanging in Albert Einstein’s office at Princeton)
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Outline

Chapter 1 provides an overview of the motivation for the work. Important concepts in heterogeneous
catalysis are presented, along with the questions that govern the understanding of their functionality.
Methods for analysis of catalysts, in particular nanoparticles, are discussed. Preliminary work is
carried out with conventional electron microscopy techniques, which are shown to be inadequate for

answering the questions posed.

In Chapter 2, scanning transmission electron microscopy (STEM) is introduced and the suitability of
aberration corrected high angle annular dark field (HAADF) STEM for imaging this system is
described. Energy dispersive X-ray (EDX) analysis is introduced and posited as a complementary

technique to HAADF STEM.

In Chapter 3, HAADF imaging is used to determine the size distributions and structure of core shell
nanoparticles of various designs for the first time. The results are compared with those obtained from
X-ray methods and electrochemical tests and shown to give novel insights into the deposition of Pt on
the Pd core. The problem of nanoparticle stability is investigated and the potential damage
mechanisms discussed in light of those that might limit the usefulness of characterisation by electron
microscopy. Pushing the spatial resolution, the first atomic resolution images of this system is
presented. Qualitative conclusions are drawn from the scattering intensity and an attempt is made to

extract information about the 3D morphology of nanoparticles and shell coverage.

Chapter 4 contains a discussion of the drive towards atomic scale quantification. The novel technique
necessary to perform quantitative HAADF STEM imaging on a factory standard microscope is
described. The various experimental considerations to control and account for sources of error are

presented. Finally, theoretical basis for the simulation of electron microscopy images is described.

Chapter 5 presents the novel concept of absolute probe integrated HAADF scattering cross sections,
which is a robust measure of atomic resolution intensity. The theoretical framework is newly derived
and the validity of the various assumptions is tested with simulations. Factors affecting the
interpretability of the signal are discussed. As a proof of principle, cross section analysis is applied to

identification of single isolated atoms a model sample of a 2D layered material, MoS,, to demonstrate
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its practical usage. A library of cross sections for Pd/Pt core shell nanoparticles is compiled for use in

later work.

Chapter 6 presents novel approach of cross section analysis applied to atomic resolution HAADF
STEM images of core-shell nanoparticles. The various limitations to atom-by-atom compositional
sensitivity due to experimental uncertainties are discussed. A particle is imaged at two tilts in order to

attempt discrete tomography, but is hampered by sample stability.

In Chapter 7, focus is turned to EDX analysis, which aims to shed further light on the compositional
variation in core-shell nanoparticles. The limitations and difficulties of obtaining good spectra from

small particles are discussed and suggestions made for optimisations.

In Chapter 8, the techniques in the previous chapters are brought together to show the application of
HAADF cross section analysis coupled with EDX mapping. Key questions about the morphology and

shell coverage of catalysts of different designs are addressed, as well as the effects of fuel cell cycling.

The author’s conclusions and suggests for future work are given in the Chapter 9.
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Chapter 1

Introduction

1.1 Motivation and Aims

The research in this thesis examines the application of aberration corrected scanning transmission
electron microscopy to core-shell nanoparticles for heterogeneous catalyst applications. Where the
core is a base metal and the shell is a precious metal, the design offers more efficient precious metal
usage and also improved catalyst functionalities. Characterisation of the size, shape and shell coverage
of individual particles is vital to understanding their catalytic properties and thus to the design of more

effective catalysts.

Conventional microscopy techniques are sufficient for the identification of size and shape, but
mapping short range compositional variations, as could comprise a shell structure, in such
nanoparticles is extremely challenging and beyond the scope of all but the most advanced
microscopes. The development of spherical aberration correction, and the resultant reduction in probe
size and increase in probe current, has opened the door to routine high spatial resolution imaging and
potentially also to elemental maps of nanoparticles. With these smaller, brighter probes, the possibility
of atomic resolution, column-by-column composition identification appears, tantalisingly, within

reach.

The research carried out aims to investigate the factors that affect the materials questions that govern
effective catalysis. On the medium resolution level, particle size distribution is investigated between
different designs and pre- and post-cycling. Also, the morphology of the particles is studied. With

higher resolution, the surfaces are explored in terms of faceting, planes and steps. In terms of the shell



distribution, the variation in coverage is crucial to an understanding of the catalyst’s efficacy. The
possibility of extracting quantitative information and perhaps even atom-by-atom composition of

individual columns in a particle is pursued.

In this chapter, the background of nanoparticle catalysis, particularly core-shell Pt-Pd nanoparticles, is
explored. Initial characterisation by conventional techniques is then presented, highlighting the need

for more advanced methods.

1.2  Catalysts

Coined by Jons Jakob Berzelius in 1836 [1], a catalyst is a substance that enables a chemical reaction
to occur faster than the corresponding un-catalysed reaction, without itself being consumed or
chemically changed. Though a catalyst does not appear in the stochiometric equation for the overall
reaction, it is nevertheless involved directly in the reaction. It acts to lower the heights of reaction
activation barriers (See Figure 1.1) by providing alternative pathways for a part, or all, of the reaction.

This allows industrially important reactions to occur at much lower temperatures.

Despite their wide use', very little of how catalysts work is understood. A major aim of the current

research in the field is to understand the relation between structure and function.

Energy

Reaction Progress

Figure 1.1 A catalyst lowers the activation energy E, of a reaction pathway by offering an
alternative pathway.

!'75% of all chemicals are produced industrially with the aid of catalysts. This figure is over 90% in newly developed
processes[70].



Catalysis, important to industrial applications, can be categorised into two main types: heterogeneous
and homogeneous. Most industrial catalysts are heterogeneous; they are typically solids that act in a
different phase to their reactants. In industry, these nano-particles of catalysts are commonly fixed on

an inert support and exposed to catalysis medium. [2].

Two main factors are important in the efficacy of a catalyst [3]:

e qctivity of a catalyst is the reaction rate per unit area of active surface
e selectivity is the rate of formation of a desired product with respect the overall conversion of

the initial reactants.

Both dynamical properties are important in the design and synthesis of an economical and effective
catalyst. Historically catalysts were found by empirical methods and improved through a process of
trial and error. Even small changes in the sample preparation route can produce a significant change in

the catalytic response [4] making their behaviour difficult to predict.

In heterogeneous catalysis most of the actual reaction mechanisms are not yet fully understood. The
reactant molecules are thought to adsorb to the catalyst surface at certain sites, known as ‘active
sites’[5]. Doing so weakens or breaks bonds within the molecules causing the reaction to occur more
readily. Since the reactions happen at the surface of the catalyst, the most obvious step towards

increasing activity is to increase the surface area exposed by using small particles [6].

This surface based mechanism lends itself to utilising the large surface area offered by nanoparticles
[6]. On these small nanoparticle crystals, the surface typically comprises of flat planes of atoms, steps
and sometimes missing atoms. However, it is well known that only certain planar surfaces provide
active sites for certain species. Other orientations may enhance (promote) the reaction of undesired
products, or may even be completely inactive. The availability of active sites for specific reactions is

vital in the efficacy of a catalyst in both activity and selectivity.



A plethora of parameters can affect a nanoparticle’s catalytic performance: ranging from the seed
crystal® [7], particle size and shape, local surface composition, chemical bonding, support material and
particle-support interactions, surface structure. All these parameters are subject to change during the
processes of synthesis, use and subsequent catalyst regeneration’ [8]. Catalyst particles are normally
dispersed on a porous and inert substrate, often an oxide. The presence of strong particle-support
interactions have been demonstrated [9]; changing the support produces widely varying activities and

selectivities.

1.3 Platinum group metal catalysts

The platinum group metals (PGMs) are six transition metals clustered together in the periodic table
with similar physical and chemical properties: high melting points, extreme corrosion resistance,

oxidation and reduction properties [10].

For these assets, they are still one of the most important sets of catalysts, despite their high cost (see
Table 1.1). They are vital for accelerating fundamental reactions such as oxidation, dehydrogenation
and isomerisation, which make up in total 25% of global industry output [2] and are still used because

there is no comparable alternative.

Metal Atomic number | Price ($/100g pure)
Ruthenium | Ru 44 1,400
Rhodium | Rh 45 13,000
Palladium | Pd 46 5,833
Osmium Os 76 7,700
Iridium Ir 77 4,200
Platinum Pt 78 13,000

Table 1.1 Cost of pure platinum group metals, as indicated by www.chemicool.com in Feb
2013. The cost of Pt and Rh are significantly higher than the other PGMs and include the cost
of purification from bulk.

2 A seed crystal is the nanoparticle used to initiate the growth of a nanostructure.
3 Regeneration is the process whereby the catalyst is heated in a clean environment in order to burn off contaminants and dirt

that have built up on the surface during use and which are inhibiting catalytic activity, or ‘poisoning’ the catalyst.
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1.3.1 Application to proton exchange membrane fuel cells

Platinum-based catalysts are particularly high profile for their applications to catalytic converters and
fuel cells [11]. Much attention has been given to alternative energies and greener fuels in recent years
due to the increasing awareness of the fuel crisis and climate change problems [12]. Proton exchange
membrane fuel cells (PEMFC?) represent one of the most readily viable solutions and alternatives to
the combustion engine. As an electrical power source, it is an alternative energy source to traditional

fossil fuels and further benefits the environment by being zero-emission [13].

The fuel cell was first demonstrated in 1839 by Sir William Grove [14,15] and the catalyst for this
reaction has not changed since the 19™ century, since Pt is still the most stable under the corrosive
environment of the low-temperature fuel cell [13]. PEMFCs rely on platinum in the form of
nanoparticles supported or embedded in porous carbonaceous support to catalyse the reactions at both
the anode and cathode (See Figure 1.2) so that they can proceed at sufficiently low operating
temperatures to allow industrial usage. Typically, nanoparticles and the support are designed to

maximise the surface area of platinum available to the gases that form the reaction.

At the negative anode, hydrogen is oxidised, separating the proton (as an H" ion) from the electron.

H, » 2H* + 2e 1.1

The electron is blocked by the membrane and carried to the external circuit (where it can be utilised,
for example, to turn a motor) and then rejoins the cathode side of the fuel cell. The proton migrates
through the membrane directly to the cathode. At the cathode, oxygen from the air is reduced and

combines with the H+ ion to produce water.

0, + 4H* + 4e~ - 2H,0 1.2

The catalyst is particularly essential at the cathode to prevent the reduction of the O, to hydrogen
peroxide, the other energetically favourable reaction [16] as H,O, can dissolve the membrane and
cause the fuel cell to fail. The desired reaction at the cathode is net exothermic and produces a

potential of about 1.2V [17] and so several fuel cells can be combined to form a stack.

4 Alternatively called polymer electrolyte membrane
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Figure 1.2 Schematic of PEM fuel cell’.

However, there is a significant difference between the performance of a cell and the theoretical cell
voltage due to the activation of the cathode catalyst and the slow kinetics of the oxygen reduction

reaction (ORR) [11].

Currently, the major factor inhibiting commercial use of the fuel cell is the lack of an alternative, more
economical catalyst. The expense of platinum and the cost of loading the fuel cell with sufficient
material to achieve the necessary reaction rates are still prohibitive for large scale production. The
total content of PGMs in these fuels cells has decreased by more than 80% since 2005, chiefly by
improvements in nanoparticle design [18]. However, the best Pt activity is only a third® of the target
defined by the US Department of Energy in order to represent a realistic alternative to the internal
combustion engine [11]. Thus the major drive in catalytic design is to increase the activity at least

three fold, so that one third as much Pt is needed.

> Image reproduced from http://www1 .eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html
60.15 A/mg Pt at 900mV, 80°C, 150kPa,,; O, compared to the target 0.44 A/mg Pt
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1.4 Improvements to catalyst design

To achieve economical Pt loadings, either a higher reaction mass activity for Pt-based catalysts or
better utilization of the precious metals is needed. As a further complicating issue, small amounts
(ppm) of CO in H, poisons the catalyst surface severely [17], blocking the desired catalysed pathway

and reducing the activity of the catalyst.

Pt-based alloys, such as PtCo and PtSn, have been shown to be more tolerant of poisoning [19,20]. In
addition, some alloys of PtCo also show enhanced activity due to the modified electronic structure at

the surface of the catalyst [21].

1.4.1 Surface adsorption and active sites

Understanding the location and formation of active sites on catalysts surfaces [22,23] and the surface
adsorption mechanisms of the reactant species is the key to understanding the factors that govern

selectivity and activity.

Early studies by [24] were performed by applying a combination of chemisorptions and Low Energy
Electron Diffraction (LEED) to extended surfaces. Chemisorption of oxygen was observed not to
occur on low Miller Index planes of Pt, but readily on remarkably thermally stable low index (111)
and (100) terraces of constant width, linked by steps of monatomic height. Hydrogen also showed

preferential adsorption at steps but only adsorbed on flat surfaces at temperatures in excess of 1000K.

Scanning probe techniques combined with density functional theory (DFT) calculations have been
used to confirm the importance of steps and kinks. The tops of monatomic steps have been identified
as the most reactive sites for O, dissociation on Pt (111) [25,26]. In addition, stepped structures on
platinum-group metals have been shown theoretically to be crucial for both the activity and the
selectivity of NO reduction to N,, by increasing the strength of bonds to NO, N and O [27].
Problematically steps have also been shown experimentally and theoretically to be the most reactive

sites for the oxidation of CO on Pt [19,22,26], an active poison for the catalyst.



1.4.2 Size effects

Since catalytic reactions happen at the surface of the catalyst, metal in the bulk that is not exposed to
the reactant gasses is essentially wasted. Decreasing the size of PGM particles increases the surface

area to volume ratio and thus decreases the amount of precious metal needed for the same activity.

However, as the size of catalyst particles decreases, “size effects” lead to anomalous behaviour not
seen in the bulk material due to the large proportion of surface atoms and the increased surface free
energy. In a bulk material these surface atoms are negligible to the calculations of free energy but at
the nanometre scale they have a larger impact to both the structure and properties of the material and
can lead to, for example, contraction of the lattice [28,29] and structural instabilities, as

thermodynamics dictates a driving force to minimise the high surface energy.

Small particles of face-centred cubic metals can adopt complex structures based on twinned subunits,
which minimise the surface energy [7,30,31]. Small particles have also been seen to exhibit a
depression of melting temperature; this can be seen to significantly drop off below a particle diameter
of 20nm [32]. This information led to a study on the melting and structural rearranging of particles
under the electron beam [33,34] in high kV microscopes. The effect can be reduced if the particles are

encased with surfactants [35], though this would be detrimental to the catalytic properties.

1.5 Core-shell heterogeneous catalysts

Recently, much attention has been given to core-shell structures in which a base metal core is
surrounded by a catalyst metal shell. These structures offer even more efficient use of precious metals
than just reduction of size, since the expensive precious metal only comprises a thin shell around a
cheaper core. They have also been seen to show increased activity and selectivity[36—40] and
reduction of the poisoning effects from adsorption of unwanted species [41]. Typically, the coverage is
described by the number of monolayers that cover the surface, where one monolayer is a complete

coverage of the surface by a shell of one atom thick (see Figure 1.3).
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Figure 1.3 A monolayer (ML) shell is one where a single layer of shell atoms (blue) covers
the surface of the core. Two monolayers is a coverage of the core’s surface with two atomic
layers of the shell.

Ru-Pt core-shell nanoparticles have been shown to exhibit an increased activity for oxidation of CO
and at lower temperatures than RuPt alloys and pure Pt particles [42]. DFT calculations showed that
this was due to an increased availability of CO-free Pt surface sites and a hydrogen-mediated low

temperature CO oxidation process.

To improve the efficacy of the Pt catalyst in the hydrogen fuel cell’s ORR reaction, a Pd core is
advantageous not only for the close lattice match of the two elements but has also been shown to
increase the activity as well as the selectivity. In rotating disk measurements, core-shell structures of a
monolayer shell of Pt over a Pd(111) face had the highest activity of the common core-shell structures
(See Figure 1.4) [43] and a 1.5x improvement on pure Pt (111). Mixed monolayer of Pt and transition
metal elements improved both mass-specific activity by 20 times over that of pure and also the

stability during oxidation [44].

This improvement is attributed to the effect on the electronic structure of the surface metals due to the
structure and alloying effects of the different core metal. The d-band centre of the metal is shown by

DFT calculations to be correlated with the O, dissociative adsorption energy and thus the activity



towards the oxygen reduction reaction (ORR), which is the bottleneck for the effectiveness of the

reaction [25].
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Figure 1.4 ORR activity ([1), activation energies for O2 dissociation (0), activation energies
for OH adsorption (o) for various Pt-based core-shell catalyst structures (adapted and
reprinted with permission from [45])

To complicate matters, alloying at the core-shell boundaries has been seen as a function of decreasing
particle size [46]. When core sizes fall below 4.6nm in diameter, Au and Ag are nearly randomly
distributed within the particle. For larger particles, boundaries are maintained to within one
monolayer. X-ray Absorption Fine Structure (XAFS) was used to deduce structural information.
Though the technique averages over all of the X-ray excited from atoms in the entire sample, a large
percentage of the atoms in the nanoparticles are at the interface, so the information obtained is
sensitive to the bimetallic interfacial structure. However, this approximation does not give a very clear

picture of what a typical structure would look like.
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1.6 Methods of characterisation

The development of bimetallic heterogeneous catalysts has historically been achieved mainly through
chemical intuition and empirical synthesis approaches. However, recent advances in analytical
techniques [47] and first-principle calculations [48] have opened up the opportunity for more directed

design.

It is clear that understanding the structure of nanoparticles is vital to explaining their catalytic
behaviour; there is a need for accurate, local, high-resolution characterisation. With as few as 1 to 4
monolayers comprising the shell, core-shell nanoparticles are the most promising new development
direction for efficient precious metal usage in catalysts and have been seen to give increased activity
and selectivity. However, with such large compositional variations on a very short spatial scale, these

particles present a challenge to characterisation.

Characterisation techniques for catalysts fall under two main categories:

e Averaging, bulk techniques give information about the whole system, including the support,
across a statistically large number of particles. However, the flip side of this is that the
information is averaged over the entire sample size and so no localised information can be
acquired and explicit detail of individual structures not attainable. These include, amongst
others:

» cyclic-voltametry (CV)

» X-ray photon spectroscopy (XPS)

» extended X-ray absorption fine structure (EXAFS)
» small angle X-ray spectroscopy (SAXS)

» optical spectroscopy

e Higher resolution localised techniques give information about the specific atomic

configuration of individual particles. Chief amongst these are:
» scanning tunnelling microscopy (STM) and atom probe
» scanning electron microscopy (SEM)
» transmission electron microscopy (TEM)

Some of these are highlighted here (for the others, see Appendix A)
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1.6.1 Electrochemical techniques

Cyclic-voltammetry (CV) is an electrochemical test commonly used to probe the activity of a catalyst
[1,49]. The potential of a working electrode, with the catalytic sample adsorbed onto the surface, is
swept back and forth between two voltages and the current measured to determine the electrode’s
voltage-current characteristics and thus the redox processes happening at the electrode. The reverse
current sweep can be used to establish how reversible any changes are, by comparing to the forward

sweep.

1.6.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique, useful for probing the first
10 atomic layers of a sample. This makes it ideally suited for determining the surfaces of catalysts and
potential core-shell structures of larger particles on the order of 100nm [50]. However, smaller
nanoparticles, where 10 layers comprise the whole particle, are beyond the scope of this technique. It
can be used, together with inductively coupled plasma emission spectroscopy (ICP-ES, see Appendix
A.2), as an initial screening to detect if there is an average core shell structure for larger particles.

However, spatial resolution is in practice limited to the scale of microns.

1.6.3 X-ray characterisation (XRD, EXAFS, WAXS, SAXS, ASAXS)

Powder X-ray diffraction (XRD) is the most accessible X-ray technique because of its rapid, non-
destructive analysis of complex multi-component samples without the need for extensive sample
preparation. Every possible crystal orientation is represented in the sample so the orientation averaging
results in the diffraction space to act as a single crystal. It is used to obtain various phases that may be
present in the nano particles as well as providing average crystallite size in a sample. It is however not

straightforward to study core-shell using XRD since there is no direct information about the surfaces.

Extended X-ray absorption fine structure (EXAFS) [51] provides information on local atomic co-
ordination structure and bonding within the material [52]. The identity of, number of and distance to

neighbouring atoms of individual atoms can be found, averaged over the whole sample. This is
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frequently used to determine whether or not multiple element particles are random alloys or show a
higher degree of order, for example core-shell structures. They are also very suited to studying the

catalysts in-situ, since an electrochemical cell can be made up to sit in the beam line [53].

Wide angle X-ray scattering (WAXS) can be used to determine the nature of the crystal structure, its
lattice parameter, crystallite size and the different phases present, whether amorphous or crystalline
[54]. Small angle X-ray scattering (SAXS) can further be used to determine information about the size
and shape of a sample, as well as the polydispersity [55]. Anomalous SAXS (ASAXS) can also

provide element specific information on top of SAXS insights [56].

1.7 Electron microscopy (EM)

Electron microscopy is the chief characterisation technique that can be used to provide chemical and
physical information about individual components of a nanoparticle [57] and is often the one of choice
in research in industry. It has been used extensively for examining nanoparticle sizes, positions,

morphologies and compositions [see for example 64,65].

The electron’s short wavelength makes it more capable of observing objects at the nanometre scale.

The fundamental deBroglie relation of the wavelength A to the particle’s momentum:

1.3
A=-
can be written for relativistic fast electrons accelerated by a potential } as:
h 1.4
A= i
1+ eV\|2
[ZmeeV (Zmecz)}

where e is the charge on the electron and m.c” is its rest energy, and 4 is Plank’s constant. A sense of
scale can be garnered by considering the wavelength of 3.7pm for an electron accelerated through a

potential of 100keV.
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1.7.1 Scanning electron microscopy (SEM)

SEM is often considered a technique for the study of bulk materials. Resolution is limited as it suffers
from the problems of multiple scattering events and beam spreading effects within the specimen; a

typical resolution in a 20kV SEM is 1.5 - 3.5nm [60].

With the development of in-lens detectors, the backscattered signal has been more effectively
collected, enabling weakly scattering samples, such as nanoparticle catalysts, to be imaged. As a
Rutherford like scattering process, this technique is particularly suited to the heavy PGM elements

used for heterogeneous catalysis (see section 1.1.2).

The use of the secondary electron signal can also provide strong topographical information since only
electrons typically within a few nanometers of the surface are able to escape. Recently, a number of
scanning electron microscopes have had a secondary electron detectors fitted allowing simultaneous
high resolution and secondary electron imaging. Secondary electron signals have been detected of Pt

particles on a ¥ -alumina support [61] and Au-Pd particles on TiO, [51]

Small Pt-Pd core-shell particles, 3-10 nm in diameter, on the surface of a industrial carbon pallet, were
observed in a Zeiss Ultra 55 SEM at Johnson Matthey Technology Centre. The secondary electron
signal shows the presence of nanoparticles on the support (see Figure 1.5). The backscattered signal is
a strongly chemically sensitive technique so it is possible to get a good idea of the distribution of
particles on the composition of the surface of the support (see Figure 1.6), clearly distinct from the
underlying support. By overlaying two images at a tilt difference of 2 degrees, coloured in cyan and

red, it is possible to see the 3D relief of the structure in an anaglyph (see Figure 1.7).

These images are at the limits of the capabilities of conventional SEM. The inadequate source
brightness contributes low signal to noise and the typically low accelerating voltage mean that there is
not the resolution to image individual atomic sites. Further, the limit of resolution and contrast means

that it is not possible to image core-shell structures.
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Figure 1.5 Secondary electron image of core-shell nanoparticles of Pt-Pd on industrial
electroconductive carbon pallet (Ketjen) black taken by Zeiss Ultra 55 SEM with in-lens
detector
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Figure 1.6 Backscattered electron image of the same area. The heavy Pt-Pd nanoparticles are
easily visible due to the Rutherford like scattering mechanisms of BS-SEM.
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Figure 1.7 Backscattered SEM anaglyph (red/cyan stereograph). Two micrographs are

recorded at a 2 degree tilt difference and false coloured red and cyan and displaced to create a

pseudo—3D image when viewed through red/cyan filters.

1.7.2  Transmission electron microscopy (TEM)

Since the invention of the transmission electron microscope (TEM) by Ernst Ruska in 1939 (for a
history of key milestones in EM see [62]), the technique has been widely applied to the imaging of

catalyst [47].

Bright field (BF) conventional TEM imaging is suitable for recording images of catalyst nanoparticles
when the particle density is not too high, scattering from the support material is weak or uniform, and
atomic-resolution is not required. Investigations of similar core-shell nanoparticles to those in Figure
1.5 were carried out on an FEI Tecnai F20 with a super twin FEG at Johnson Matthey Technology
Centre (see Figure 1.8). Though the resolution is much improved compared to SEM characterisation, it

is still not possible to distinctly identify the core-shell structure.
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Figure 1.8 Bright field TEM image of Pt-Pd core shell nanoparticle on industrial carbon
black taken using a FEI Tecnai F20 super twin field emission S/TEM. It is possible to see the
individual nanoparticles but diffraction contrast from individual particles makes it difficult to
observe core shell structure. There is no clear indication of core-shell structure and intensity
is difficult to interpret. While particle size analysis is possible, structural detail is difficult to
obtain as atomic resolution is not achieved.

An image created using a diffracted beam is a dark field (DF) image. Single-beam DF imaging can
offer advantages over BF imaging for detecting small particles and assessing their structure and shape
[63]. The overall intensity in a DF image is generally lower than in a BF image, but the corollary of
low intensity is high contrast. A DF image also shows only certain crystal domains. As a result,
although the detectability of particles is improved in a DF image, not all particles in the field of view

are imaged.

Historically, high resolution TEM (HRTEM) has been a major contributor to the characterization of
nanoscale particles and their supports [33,35], and real-time high-resolution studies of Pt crystals have
been used to image dynamic events, including crystal growth, coalescence and atom displacement

induced by the electron beam [34].



Conventional HRTEM relies on coherent interference to form a phase contrast image. The contrast
transfer function of the microscope contains many oscillations, which lead to contrast reversals and
lateral delocalisation of the information in the image with thickness and defocus. Though it has been
shown that delocalisation can be useful in giving qualitative information about the orientation of the
particle and also quantitative information about the absolute defocus value, it is still a limiting factor

when it comes to image interpretation [64].

With supported particles the information from the support and the nanoparticles will overlap
producing Moiré type fringes which do not necessarily represent lattice information. Fuel cell
nanoparticles are supported on a conducting and theoretically amorphous carbon support, but there
will always be areas with some graphitisation which will confuse the image. Model catalysts of
metallic nanoparticles on spherical or cubic supports mitigate this problem [57] but are one further

step away from understanding industrially relevant catalysts.

Simulations are therefore generally required to relate experimental images to structural models. Focal
series exit wave restoration can be used to calculate the three dimensional structure of Pt nanoparticles
[65,66], showing surface features such as steps, step vacancies and kinks (See Figure 1.9 and section

3.1 for more discussion).

Charge-couple device (CCD) cameras are often employed in HRTEM, requiring corrections for noise
and the CCD response function [67]. Another unresolved issue that further encumbers quantitative
interpretation of HRTEM images is the fact that image contrast in transmission electron microscopy is
typically approximately three times lower than theory would predict. The discrepancy is known as
Stobbs factor, and is present for both crystalline and amorphous samples, as well as for both thin and
thick samples. Good reviews on the topic are [68,69]. In addition, the image is not easily interpretable,
especially in terms of chemical composition, without extensive simulations and a complementary

spectroscopic technique.
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Figure 1.9 A) Restored phase of a 6-nm Pt particle obtained by applying spherical aberration
correction and through-focus exit wavefunction restoration. B) Best-fitting simulated phase.
C) Three-dimensional atomic model used to calculate the best-fitting phase in part (B). The
large white arrow indicates the direction of the electron beam. The inset overlapping
parts (A, B) shows the crystallographic details of the particle. In parts (B, C), 1-4 correspond
to the same features on the surface of the particle. Steps and terraces are shown on the surface
of the particle where the notation Pt(S)-n(xyz) x (uvw) refers to the micro-facets. n is the
number of atoms in the terrace with Miller index (xyz) and (uvw) is the index of the step
(Reprinted with permission from [66]).



1.8 Conclusions

Heterogeneous catalysts, specifically platinum group metal core-shell nanoparticles for fuel cell
applications are an increasingly important material as effective catalysis for fuel cells. Core-shell
interaction gives rise to increased activity and selectivity. Understanding and thus improving the
performance of the catalysts requires not only a thorough understanding of the structure and

morphology of the nanoparticles but also the location and extent of the shell coverage.

The spatial resolution limits of methods such as electrochemical and bulk averaging characterisation
require alternate techniques to give specific, local information about structure and shell coverage.
Initial investigations of Pd-Pt core-shell nanoparticles with conventional microscopy techniques show
that SEM lacks the lateral resolution for atomic resolution detail and TEM has complicated image

interpretability due to the phase contrast nature of image formation.

Aberration corrected HAADF STEM, the topic of the next chapter, is a more straight-forward
technique. Utilising the recent improvements of electron optics to provide atomic resolution imaging
and spectroscopy, atom-by-atom details of the surfaces of these PGM fuel cell nanoparticle catalysts

can be achieved.
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Chapter 2

Scanning transmission
electron microscopy

An incident electron beam on a sample can interact with a sample in various ways to produce a
multitude of signals (see Figure 2.1). In this section, we consider the signals that have been scattered
by the sample and are collected in transmission: elastically and inelastically scattered and also

characteristic X-rays.

The scanning transmission electron microscope (STEM) is discussed and some of the major landmarks
in its development highlighted, especially with respect to catalyst nanoparticles. The image formation
mechanisms are presented and the incoherent nature of HAADF STEM images discussed. The
limitations to the achievable spatial resolution are described, along with the recent improvements due
to aberration correction. Additionally, methods for obtaining three-dimensional structural information
explored. The methods for obtaining chemical information are then presented, along with techniques

to quantify the compositional ratios within a sample.
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Figure 2.1 The various channels of scattering due to beam-sample interactions

2.1 The scanning transmission electron microscope

Although the design of the electron microscope is traditionally considered to originate with Knoll and
Ruska’s microscope [1], the scanning transmission electron microscope (STEM) was first designed
and constructed by Baron Manfred von Ardenne in Berlin in 1937 [2]. The design borrows heavily
from that of the scanning electron microscope (SEM); the STEM utilises a convergent beam of
electrons that are focused to form a spot or probe on the sample. Less than 9 months after the initial
paper of 1938, von Ardenne demonstrated a resolution of 10nm [3]. Sadly, von Ardenne’s STEM
equipment was destroyed in an air raid in 1944 and von Ardenne himself seconded to the nuclear

weapons program [4].

Development was halted until the work of Crewe et al, 20 years later, who successfully developed the
high vacuum conditions necessary to incorporate a field emission gun (FEG) as the electron source [5—

8]. The FEG, either a Schottky thermally assisted one or a cold FEG, combined with a high resolution
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pre-specimen objective lens to demagnify the source, was the means by which resolution of 5A was

achieved [9] and single atoms of thorium and uranium imaged on light substrates [10].

In the STEM, an illuminating probe is raster scanned across the sample by a set of deflector coils (as
in an SEM) and an image is recorded pixel-by-pixel from the collected scattered intensity that is
transmitted through the specimen. Unlike the SEM, the detector is placed in the diffraction plane post-
specimen. The vital electron optical elements, which form the probe and focus it on the sample, are

located on the pre-specimen side of the sample. A schematic is shown in Figure 2.2.

Since there is no need for imaging lenses after the specimen, a variety of different detectors can then
be used to collect a variety of signals such as electron energy-loss spectra (EELS) and energy
dispersive X-ray spectra (EDX), often simultaneously. One of the key benefits is that both imaging
and microanalysis can be performed simultaneously and so STEM has been useful as an analytical

machine in both materials science [11-14] and biology [15].

STEM was originally developed with the investigation of heavy atoms on thin light supports in mind
[6] and was immediately used to image single heavy atoms of uranium on thin carbon substrates [10].
Even before atomic resolution in crystalline samples was readily achievable, the strong dependence of
signal intensity on atomic number (see Section 2.1.2) meant that single atoms in catalyst samples were
imaged [16]. Early experiments demonstrated that individual platinum and rhodium atoms could be
imaged on crystalline (alumina) supports. Treacy and Rice used HAADF to estimate the number of
atoms in a supported catalyst cluster [17]. By making assumptions about particle shape, they used the
digitized image to attempt to calibrate imaged intensity as a per-atom increment. They calculated that
Pt clusters containing as few as three atoms on a 200A thick y-alumina substrate would be detectable

using a probe of 3.5A.

Under optimum conditions, single atoms, dimers and trimers could be distinguished [18]. Later,
micro-diffraction patterns of individual nanoparticles were also acquired in order to estimate their

internal structure from the diffraction spot arrangement [19,20].
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Figure 2.2 Schematic of image formation in a STEM, showing the on-axis small bright-field
detector and the larger annular dark-field detector (shaded). The electron source, typically a
field emission gun, emits a beam of electrons, which pass through the objective aperture and
is focused by the objective lens to form a probe in the sample. The bright field detector on the
beam axis records phase contrast images from diffracted discs at each probe position, whereas
the ADF detector returns the total signal scattered onto it from diffuse intensity at high angles.
The diffracted angles are greatly exaggerated here to aid visualization. The ADF detector
typically collects beams of much higher order, though this depends on the apparent “camera
length” used.
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2.1.1 Bright field STEM and reciprocity

Using a small detector on the optic axis, the interference between overlapping Bragg disks can give
phase contrast images (see Figure 2.2). By reciprocity, the elastic scattering events gives comparable
contrast and phase contrast information to that of a bright-field TEM image even though the image is

being created pixel by pixel as the probe is scanned across the specimen.

The bright field detectors collect electrons scattered to small angles from the optic axis, typically less
than Smrad. As elastic scattering can be considered to be time reversible, it can be convenient to
consider STEM as the reciprocal of CTEM [21]. Thus the image forming lenses in the CTEM

correspond to the probe forming lenses of the STEM.

2.1.2 High angle annular dark field and Z-contrast

An annular dark field (ADF) detector is defined by both an inner and outer angular radius. The
contrast of ADF images can be manipulated by changing the range of detection angles collected
[22,23]. This can be achieved by using post specimen lenses, which refocus the image at apparently

different camera lengths.

High Angle ADF (HAADF) imaging relies on the collection of signal scattered to the ADF detector at
high angles (typically >80mrad), missing the coherent bright field scattering in the centre disc (See
Figure 2.2). So long as the inner radius is sufficiently large, scattering from the nucleus dominates.
This so called Rutherford scattering has a strong dependence on the atomic number Z of the sample,
with heavier atoms scattering more strongly than lighter ones. For example, by using a detector with
an inner collection angle of 100mrad, the dimensions of Re clusters have been imaged with a precision

of + 2 atoms [24].

At first the Z-contrast image was conceived as a ratio between the total elastic cross-section from the
annular detector (~Z*?) and total inelastic scattering intensity from an axial electron loss signal (~Z"?
for small thicknesses). This gave images with an intensity ~Z. Much debate has arisen over the exact
number of the exponent, which is now commonly agreed to be around Z" (nearer the Z* of Rutherford

scattering) once screening effects of the atomic potential are taken into account [25].
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While this dependence allows for direct interpretation of images as brighter spots correspond to
heavier atoms, intensity is thus a function of both composition and thickness, making image
interpretation non-trivial. Images are essentially 2D projections of 3D object of unknown chemical
composition. Furthermore, the dependence on thickness is itself non-linear [26,27], as will be

discussed in Chapter 5.

2.1.3 Loss of coherence in HAADF STEM

Unlike the BF process, the HAADF imaging process is incoherent, making qualitative image
interpretation more intuitive than for CTEM images. The contrast transfer function for ADF does not

have fast oscillations, which lead to contrast reversals with defocus and thickness.

The incoherent image intensity I(r,z) can be described by a convolution of the probe intensity

profile with a discrete object function sharply peaked at the projected atomic sites [28]:
I(ry,z)= 0(r;,z) ® |P(r,,2z)|? 2.1

where O(r, z) is the object function' describing the sample being imaged and P(r, z) describes the
probe function. Note that the convolution is with a probe intensity and as such is real positive definite,

not the complex amplitudes convolved in the BF imaging condition [29].

Originally, the explanation for this loss of coherence was that, at high enough angles, scattering would
be dominated by incoherent thermal diffuse scattering (TDS) from the collective oscillations of
excited phonons in the sample [21]. Later, it was found that incoherent images can be obtained even
when the detector collects zero-order Laue zone disks, indicating that TDS is not a prerequisite for
incoherent imaging but that the geometry of the detector is responsible for transverse incoherence in a
Z-contrast image [30]. TDS due to phonon scattering is however still important for breaking

longitudinal coherence along the columns [31] (and is discussed in more detail in Section 5.4.2).

! For a discussion of the object function, see [120]
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However, as is often stressed, to fully understand the images, the correct modelling of TDS must be
incorporated [32,33] and a dynamical theory is needed to fully take into account both elastic and

inelastic scattering and channelling effects [34-39].

2.1.4 Channelling of probe down a column

Electron channelling is the process whereby the potential of the atomic column attracts the electrons
and channel them to the exit surface. In essence, the atoms earlier in the column act as lenses to focus
the beam down columns [37,40,41]. It is responsible for the agreement of the object function
approximation with experiment, even at large thicknesses. However, the object function
approximation is essentially a thin specimen scattering approximation and fails to accurately describe
thicker specimens where dynamical scattering is prevalent [42]. For nanoparticles, considered a thin
sample, and thus weakly scattering, the object function approximation can be useful in quantitative

analysis (see Chapter 5).

Channelling is responsible for mitigating the adverse effects of geometric beam broadening well into
the sample by keeping the electrons “on column” for much longer. Nevertheless, the probe can still
introduce artefacts in HAADF images, e.g. from subsidiary maxima of the incident probe exciting
neighbouring columns, and also de-channelling effects as the probe spreads off the column, so called
“cross-talk” [43]. Deconvolution of the probe can be used to remove such artefacts [44] but is
sometimes not possible in reality when the probe function is not known or difficult to determine.
Moreover, oscillations of the probe function can potentially give rise to scattering that varies

depending on column compositin.

2.2 The electron probe

In practice, the profile of the probe is a non-uniform disc with a width typically commensurate with
the achievable resolution in a STEM. Its exact shape and size is difficult to determine and is primarily
limited by the size of the source itself and the aberrations in the objective lens used to demagnify it to

create the probe.
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As the resolution depends on the wavelength of the electrons, increasing the accelerating voltage
improves the resolution but often at the cost of possible increased specimen damage due to the higher

energy of the fast electrons.

Yet the relativistic wavelength of an electron accelerated by a voltage of 200kV is approximately
2.5pm, which is far smaller than the resolution of current microscopes. It is well known that resolution
is fundamentally limited by electron optics: electron lenses suffer from inherent aberrations due to the
helical paths followed by the charge particles subject to the electromagnetic fields of the lenses. In a
landmark paper in 1936, Scherzer proved that unlike glass lenses, skilful design cannot eliminate
spherical or chromatic aberrations of a rotationally symmetric, static, space-charge-free, dioptic lens

for electron beans [45].

Although STEM has been successful in imaging single isolated atoms and small clusters on supports,
the limits to its resolution have until recently, prevented the technique from achieving routine atomic
resolution imaging and spectroscopy. For core-shell catalyst nanoparticles, where variation in
composition is across very short distances on small structures, atomic resolution is vital to

understanding their catalytic behaviour.

Spherical aberration or C; is a third order aberration (see Equation 2.2) and is the dominant inhibitor to
resolution. The fundamental physics of charged particle optics means that rays at higher spatial
frequencies, passing through the outer edges of the lens, will be pre-focused relative to the focal point
in the Gaussian image plane, where the unaberrated rays would be focussed (see Figure 2.3). The

displacement in that plane can be written geometrically as a function of the ray angle 6 as:
Ax = C,03 2.2

Underfocussing the lens by a certain amount to bring the so called ‘disc of least confusion’ to the

sample surface can also partially compensate for spherical aberration (see Figure 2.3 and Eq.2.4).
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Figure 2.3 Ray diagram of a STEM setup showing the effects of spherical aberration. The
Gaussian image plane is the one where unaberrated rays, passing through the centre of the
lens, are focussed. The disc of least confusion is the underfocussed point with the smallest
beam diameter and the displacement of the aberrated rays in the Guassian image plane is the
cube of the ray angle. (Image reproduced from [46])

The effect of aberrations on the size of the probe is deleterious. If the probe is considered to be a
superposition of plane waves with different transverse components k; then the function y(k,)

describes the phase shift due to circularly symmetric aberrations:

1 1 : 2.
xUe) = mAFAIK, |2 + S wCA% Ky [* 4 SCA% ey |+ O(1ke, )0mer ’
where Af is the defocus value, the shift of the probe relative to the entrance surface of the specimen.
This aberration is the easiest to adjust in experimental practice, by compensating with the objective

lens, and is not a limiting factor to resolution.

The coefficient C; is the third order aberration, commonly termed spherical aberration and has been
the largest limiting factor to resolution [47] until recently [36,48,49]. The optimum defocus for an

objective lens with a certain level of spherical aberration is given by [46]:

1
Afppe = —0.71(A Cy)2 24

% Other forms of aberrations, e.g. chromatic or C, aberrations exist but the STEM is relatively robust to these
[121]

34



As is evident from Equation 2.3, as the spatial frequency k; becomes large, the phase shift becomes
large. Thus it becomes necessary to use an aperture to limit the higher order beams to some £, in the

front focal plane. The size of this so called semi-angle of convergence o is given by the relation
a~Aknax 2.5

Restricting the higher order aberrated beams in this way allows for the probe to be purely limited by
diffraction but also restricts the number of electron that can pass through the aperture by limiting the

beam current.
And the corresponding maximum objective aperture size is:

1 2.6

The diffraction limited version of Equation 2.3 gives rise to a full width half maximum (FWHM) of

diffraction limited STEM probe of diameter dg;:

1

which is smaller than in TEM (where the pre-factor is 0.66). Thus STEM imaging can surpass the
classical TEM information limit of a microscope if both the sample and the specimen holder are

sufficiently stable against drift [50].

2.3 Spherical aberration correction

Scherzer later proposed designs for various corrected lenses, where one or more of the four
requirements are abandoned, notably the limitation of round lenses. Recent advances in aberration

correction using non-circular lenses have overcome this [51].

This permits the use of a larger probe convergence angle for an aberration-free probe, resulting in a
smaller and more intense probe [52]. Since the objective aperture size, a, is inversely proportional to

the probe size (see Eq. 2.12). In the electron optic framework, this essentially increases the numerical
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aperture of the objective lens allows more beam current through for the same amount of source

demagnification.

Greater lateral spatial resolution and better signal to noise ratios in both HAADF imaging and
spectroscopic techniques are therefore possible. More intense probes thus allow higher-order

orientations of crystals to be imaged at atomic resolution [53].

2.4 Brightness and probe current

To get a better handle on the importance of aberration correction and how it has opened up the
possibilities for quantitative analysis at atomic resolution, it is useful to consider the fundamental
trade-off between the imaging resolution® and the probe current, as the two are inversely proportional.
Figure 2.4 demonstrates that probe current increases with increasing probe size, and thus decreasing
resolution. This crucial relationship is explored and the relationship derived here to illustrate the

importance of aberration correction to the atomic resolution study of nanoparticles.
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Figure 2.4 Plot of the probe size for incoherent STEM imaging versus beam current for
Oxford-JEOL 2200MCO and an uncorrected instrument of the same brightness. (Image
reproduced from [46]).

? secondary complications to image interpretation also arise due to the partial coherence of the source
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The purpose of the condenser lens (often called CL1) is to demagnify the electron source as much as
possible in order to reduce the deleterious effects of partial source coherence from the finite physical
size of source [46]. The stronger the lens setting, the higher the demagnification, and consequently a
smaller the probe size is possible and higher spatial resolution can be achieved. However, more
demagnification also results in lower current in the probe since the objective aperture will block more
of the electron beam. By weakening the condenser lens, the probe current can be increased

significantly (see Figure 2.5), but at the cost of spatial resolution.

As nanoparticles are small in volume, the amount of signal generated for a given probe current and
exposure time is necessarily lower than for a bulk sample. Low count statistics and poor signal to
noise thus hinder the possibilities of quantitative analysis. To improve these issues, it is possible to
either increase the acquisition time, which is often not practically feasible, or increase the probe

current, which is explored here.

The number of incident electrons on a sample in a given time, i.e. the probe current, can be adjusted
by several methods. Fundamentally, it is limited by the brightness of the electron source, which is
dependent on the material and the anode extraction voltage of the electron gun. The brightness, B, of
the electron source, or current per unit area per unit solid angle subtended by the beam, is a conserved
quantity in an electron optic system® and so can be usefully employed to calculate the probe current

available. It is given by the relationship:

I 2.8

where [ is the emission current, 4 is the area of the source over which the electrons are emitted and Q

is the solid angle into which the electrons are emitted.

The introduction of an objective aperture limits the beam and thus the solid angle to ma?, where a is
the size of the objective aperture. The brightness can be expressed in terms of the diameter of the

source d,.. by substituting in

* More accurately, brightness is conserved at planes conjugate to the electron source (i.e. at any beam crossover
planes) so long as only geometric optics is considered and diffraction effects are neglected.
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e 2.9

to give

I 2.10

Rearranging Eq. 2.10, it is clear that to maximise probe current for a constant brightness’, two things
can be done:
Brn?d?. . a? 2.11
=—

The size of the source dg,. can be increased, but this will be at the expense of resolution.
Alternatively, the size of the objective aperture a can be increased, but this is limited by aberrations as
set out in Eq. 2.6. In the diffraction limited regime [54], where the image of the demagnified source is
smaller than the diffraction limit, the resolution of the probe is as expressed in Eq. 2.7 and is
essentially constrained by the size of the objective aperture. However, once the image of the source is
larger than the diffraction limit, the probe size is traded for the probe current, by the relationship with

brightness (Eq. 2.11 rearranged):

4l 2.12

de. = |——
src BTL’ZOCZ

Assuming that both the source image and probe shapes are approximately Gaussian in form, the

combined probe size can be obtained by adding d and dg;ff in quadrature:
dzzorobe = dczliff + d?rc 2.13

which can be graphically seen in Figure 2.4. Note the diffraction-limited regime on the left, where
probe current does not depend on the size of the probe is greatly increased for C; aberration corrected

instruments.

> Brightness is a fundamental constant of the instrumentation and has already been significantly improved
beyond the original TEM construction by the development of the cold FEG, as discussed in Chapter 3.
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Thus it can be clearly seen that the chief gain of aberration correction is the increase in probe current
available due opening up the objective aperture to the higher convergence angles. The larger objective
apertures allow an increase in the numerical aperture of the lens, essentially letting more of the beam
through. This not only gives finer probes that allow higher-order orientations of crystals to be imaged
at atomic resolution, but also an increase in probe current which improves the signal to noise possible
in spectroscopy. Given the small volume of nanoparticles, the scattering from the sample is necessarily

weak. Thus a smaller, more intense probe is vital if the atomic structure is to be studied quantitatively.
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Figure 2.5 Probe current on the Oxford-JEOL 2200MCO decreases with increasing
demagnification of the electron source due to stronger excitation of the CL1 (condenser) lens
of the microscope. The known probe diameters of 1A and 3 A, measure by imaging Si(110)
are marked.

In STEM, images of silicon <111> with 1.92 A spacings were obtained as early as 1990 with an
uncorrected microscope (C; = 0.7 mm) operating at 100 kV in both axial BF and ADF modes [55].
With the advent of Cy-correctors, sub-A probes can be obtained using microscopes operating at 120
kV [56,57]. Image resolution has been continually pushed by STEM instruments: from the direct
imaging of the Si<l112> dumbbells at 78pm [52] to the 63pm of wurtzite GaN in <211> [58]. Most

recently the first sub-50pm resolution has been demonstrated [59].
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10 nm gold islands on amorphous carbon, as well as single atoms and clusters of 2 and 3 atoms, have
been distinguished using Cs-corrected HAADF STEM [57]. Single atom contrast was sufficiently high
to allow the motion of atoms under the electron beam to be followed. The structures of individual
bimetallic clusters of Ru;(Pt, were determined from Cs corrected HAADF images [60]. More

ambitiously, gold nanoparticles on heavy supports (TiO,) have been explored [61,62].

Since C, correction has been successfully implemented the next focus for instrumentation
improvements is towards monochromation or C, correction in order to minimise the effect of beam

spreading due to energy dispersion within the beam.

2.5 Three dimensional information

Beyond the considerations of lateral spatial resolution in the image plane, it is important to obtain
accurate three-dimensional information about the morphologies of heterogeneous catalyst
nanoparticles since the structure and surfaces of the nanoparticle plays a crucial role in the activity and
selectivity of the catalyst [63]. The shapes of Pt nanoparticles have been inferred by comparing
pendellosung fringes in weak-beam dark-field images with multi-beam simulations [20]. Similarly,
HRTEM images of Au particles have been matched to multislice simulations [64]. These are lengthy
procedures, with the added complication that only certain crystals can be imaged successfully using
weak-beam dark-field imaging or particles must be oriented close to a high-symmetry zone axis for

HRTEM imaging.

One of the fundamental problems with the transmission nature of (S)TEM is the reduction of a 3-
dimensional structure into a 2-dimensional image which can cause considerable structure
interpretation problems. Understanding of the atomic structure of nanoparticles has been long

considered critical to understanding the activity and selectivity of the catalyst.
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2.5.1 Tomography

In materials science, X-ray tomography allows 3D-structures to be imaged with a resolution of no
better than 50nm [65]. Atom-probe field ion microscopy (APFIM) allows three-dimensional
characterization at the atomic level, but can only be applied to certain samples. Bulk samples can be
studied by slice sectioning with a focused-ion beam microscope and imaging successive slices with an

SEM [66].

Electron tomography has been used in the biological sciences for more than 30 years[67]. The
mathematical background to the recovery of three-dimensional information from two-dimensional
images dates back to the work of Radon [68]. In general, the tomographic reconstruction algorithms
require that the specimen be tilted about the eucentric axis of the specimen holder rod over a tilt range
that is as close to £ 90° as possible. This greatly limits the feasibility of using this technique for beam

sensitive samples.

However, the application of HAADF STEM tomography to heterogeneous catalysts has been
demonstrated [69]. It has been shown that the spatial distributions of Pd-Ru bimetallic nanocatalysts
within the pores of a SiO, matrix can be determined by tomography [70]. And more local details such
as lamellar twinning can be investigated (See Figure 2.5) [71]. Once the 3D shape has been
reconstructed important information such as surface area, volume and thickness distributions can be

measured .[72]
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Figure 2.6 a) ADF STEM image of the Pt particle shown in (b), bright phase contrast in the
particle arises from lamellar twinning. (b) HAADF STEM image of Pt particles taken from a
tilt series acquired. (c) isosurface visualization of the three-dimensional shape of the particle
determined using HAADF STEM tomography. (d) Corresponding view of the inferred
modified Wulff construction. The inset shows that a section taken through the reconstruction
at the position of the twin is approximately hexagonal in shape. (Adapted and reprinted with
permission from [71]).

A recent reconstruction technique called compressed sensing (CS-ET) has been proposed, based on
utilising images in which only a limited number of pixels contain non-zero values, has been shown to

demonstrate improved reconstruction for fewer images [73].
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2.5.2 Discrete tomography

Discrete tomography is a technique where the number of images of different tilts required to elucidate
3D information can be as few as two, even in the presence of noise or defects, through the use of prior
knowledge [74]. Atomic resolution discrete tomography uses the prior that the atoms in the sample all
lie on atomic lattice sites, there are no vacancies and number and height of edges should be minimised.
Further assumptions about the crystallographic structure allowed a reconstruction a 3D structure for an
embedded silver nanoparticle [75] and the core of a core-shell semi-conductor nanocrystals [76] from
just two low index atomic resolution projections. The number of atoms was estimated by a statistical

parameter estimation method (see Chapter 5 for further discussion of the technique).

2.5.3 Optical sectioning

In STEM electron microscopy, the short depth of field of aberration-corrected STEM microscopes
promises to allow the acquisition of three-dimensional information at atomic resolution via depth
sectioning [77]. Recently depth sectioning has been shown to work in the confocal mode [78].

However, these techniques are limited by the depth of field, which is of the order of 10nm [79].
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2.6 Compositional analysis

Given that image intensity in HAADF STEM is a function of both thickness and composition, use of
another technique to complement imaging with compositional information is a practical approach to

solving real materials problems [80].

Inelastic scattering processes, where an incident electron ionizes an atom in the sample by removing
an inner shell electron from the atom, are another source of information about the sample. The incident
electrons from the beam can be inelastically scattered in processes that generate X-rays, other
secondary electrons or Auger emission or processes that arise due to the collective behaviour of many
atoms or electrons (such as phonons). The detection of the scattered electrons themselves or the
generated signals contain much compositional sensitivity as they are directly related to the chemistry

of the sample.

2.6.1 EELS

The most common absorption spectroscopy is electron energy loss spectroscopy (EELS). In this
method, the energy losses of the incident electrons themselves due to interaction with the sample can
be recorded directly and analysed. They are collected and dispersed by a magnet in a spectrometer and

the spectra can be readily analysed.

EELS has more easily provided good spatial and chemical resolution [81-84] compared to Energy
Dispersive X-ray (EDX) analysis. Atomic resolution EELS was reported as early as 1993 [85] but with
the popularisation of aberration correction, two-dimensional mapping has become accessible [86].
Layered manganite La,; ,Sr; sMn,0O; imaged at atomic resolution [87] was quickly superseded by the

mapping of atoms in two dimensions of a La, 7Sry;MnO/SrTiOs; interface [88].

EELS usually provides better spatial resolution and detection limits than EDX [89]. However,
palladium, platinum and other heavy elements have energy loss peaks higher in energy (see Figure
2.7). For thin samples such as nanoparticles which have low count statistics by nature of their size, the

EELS signal for these elements is often lost in poor signal to background noise [90].
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Figure 2.7 (left) Pd and (right) Pt peaks from the Gatan EELS Atlas. Pd M4,5 at 334.7¢V
and Pt M4,5 can be found at 2122¢V. These spectra are from bulk samples; low count
statistics from nanoparticle specimens would hinder the quantification of these peaks.
2.7 EDX

The other commonly used technique in analytical microscopy is energy dispersive X-ray (EDX)
analysis. This technique, in contrast to EELS, is an emission spectroscopy technique. Once a core
electron in an atom in the specimen is excited out of an inner shell by the high energy incident

radiation, an outer (often L or M) shell electron relaxes down to the vacant shell, filling the hole (see

Figure 2.8).

kicked-out
electron

electron fills hole

D characteristic
X-ray

Figure 2.8 The ionization process. Where external stimulation kicks out and electron and the
relaxation of an outer shell electron to fill the created hole radiates an X-ray of a characteristic
energy.
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The emitted X-ray has a characteristic energy equal to the difference in the two shell energies. Ionised

atoms of Pd and Pt emit characteristic X-ray at different energies (see Table 2.1)

Element | X-ray Energy /keV Relative
Intensity
Pd K 21.12 100
Lo 2.84 100
| ) 2.83 11
Ly, 2.99 53
Pt K 66.25 100
Lo 9.44 100
Lo 9.36 11
Ly, 11.07 67
L, 11.25 23
Lgs 12.94 13
M, 2.05 100

Table 2.1 Photon energies of the characteristic X-rays for Pd and Pt that are commonly
detectable in a STEM. The relative intensity is shown with an intensity of 100 assigned to the
strongest line in each shell for each element. The X-ray energies marked in bold are the ones
typically considered experimentally.

In order to ionize an atom, the incident electron needs to transfer an amount of energy to the atom that
is at least equal to the critical ionization energy (E.). E. increases as electrons are more tightly bound
to the nucleus, thus inner K shell electrons have a higher E, than outer L shell ones. Heavier atoms
with a higher Z number have more protons and thus a stronger attractive nuclear field. This means that

their E.s are larger.

The cross section for ionization does not vary substantially as a function of incident electron energy
but it does vary with the ratio of beam energy E, to the critical ionization energy E., the so called
overvoltage U (see Figure 2.9). If the E, is too close to E,, there is a low probability of ionization,

which would limit elemental detectability in the sample.
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Figure 2.9 The variation of ionization cross section (here, Q) with overvoltage. Ionization is
most probable at approximately ~5x the critical ionization energy E.. (Image reproduced from

[910)

The total ionization cross section (o) is well described by the Bethe model:

S e*bing o (CSE()) 2.14
T EE, ) B\E,

Where 5, is the number of electrons in the ionized shell and b;, ¢, and n,are shell-specific constants.

There is clearly a maximum in ionisation probability at ~5E, but in practice, a thorough understanding

of the ionisation is overshadowed by the need to improve the detection and analysis methods.

2.7.1 Bremsstrahlung X-rays

Electrons decelerated by the Coulomb field of the nucleus of the sample atoms also produce an X-ray.
This creates a continuum of bremsstrahlung’® X-rays since the electron can be decelerated by any
amount of interaction up to the energy of the beam. They create a broad, featureless background that

sits on top of the sharp peaks of the characteristic X-rays in the X-ray spectra (see Figure 2.10).

8 From the German for “braking radiation”

47



40

a0

20

counts

0 5 10 15 20
Energy (kev)

Figure 2.10 Typical EDX spectrum from a Pt/Pd nanoparticle. The increased background at
lower energies is an indication of Bremmstrallung.

The likelihood of bremsstrahlung is well described by the Kramers cross section:

KZ(E, — E) 2.15

N(E) = A

Where N(E) is the number of X-rays of an energy E generated by electrons of energy £, and K is the
Kramers constant and Z is the atomic number of the atom. Removing the contribution from this

background is essential for accurate interpretation of the relative number of X-rays detected.

2.7.2 Compositional sensitivity

Fluorescence yield describes the probability that an ionization event results in the emission of a
characteristic X-ray and not an Auger eclectron. It is the ratio of X-ray emission to inner shell

ionization events and is a strong function of atomic number:

74 2.16
= a+ 74
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a is approximately 10° for K shell. This means that EDX is not a suitable technique for light elements’

but are well suited for the heavier elements often used in catalysis (see Table 2.2).

Element Z w
Pd 46 0.82
Pt 78 0.97

Table 2.2 Fluorescence yield for Pd and Pt K shell, calculated using equation 2.16

2.7.3 EDX of nanoparticles

There are very few examples of STEM-EDX of nanoparticles [92—-95] since only a fraction of the X-
rays generated are collected in a TEM and the small volume of the nanoparticles means that only a
small number of atoms are excited and thus the number of X-rays generated is severely limited. Early
maps produced by Lyman et al. [93] in 1987 showed that the maximum number of counts from a
probe position corresponding to an area of the Pd particle was only 36, compared to a background

count of 7; such poor signal to noise makes quantification difficult.

Recently a combination of aberration corrected HAADF STEM and EDX was used to map Pt-Pd core-
shell nanoparticles [96]. While Sanchez et al chose to image at atomic resolution to show 2nm
nanoparticles in great spatial detail, the identification of a core-shell structured was based on
knowledge of their synthesis methods and broad-beamed EDX at low resolution showing the presence

of both elements in the sample at large.

Recently EDX maps of core-shell Au-Pd bimetallic nanoparticle systems were shown [97]. However,
X-ray signal is traded for atomic resolution so none of the images show the precise location of

columns of atoms [98].

7 X-rays from elements below beryllium (Be has Z=4) are in fact undetectable.
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2.74 PCA and MSA

Within a data cube of spectra, there is often redundant information, which can be used to reduce the
level of noise in individual spectra. Principle component analysis (PCA), in particular multivariate
statistical analysis (MSA), have been readily employed in electron microscopy of biological

macromolecules [99] but only later applied to STEM-EDX [100].

The technique factors the spectra into a set of orthogonal information components (eigenspectra), each
of which correspond to an independent source of information. The eigenvalue solutions can then be
used to extract maximum signal information and allow rare events to be seen by finding the

independently varying parameters.

This technique has allowed the first atomic resolution EDX maps to be shown [101], though of bulk
crystal. It is especially useful for systems where there is poor count statistics and thus low signal to
noise, such as nanoparticles, where the interaction volume is necessarily small due to the size of the

sample.

2.7.5 Spatial resolution

Spatial resolution is limited by the size of the probe and STEM can therefore in principle provide
higher spatial resolution that TEM. Even without aberration correction, EDX was used to obtain the Pt
and Re mass fraction in bimetallic particles with sizes of between 0.5 and 2.5 nm [94] and Pt
concentration was investigated as a function of particle size. However, as explored in Section 2.4,

increased spatial resolution is often at the expense of probe current.

EDX mapping has demonstrated that sulphur is localised on the nanoparticles in ‘poisoned’ catalysts
[89] and more recently, EDX of 5Snm core-shell nanoparticles mapping has been able to differentiate
the layered structure very effectively [102]. However, the atomic columns aren’t resolved due to the

trade-off between resolution and counts.

With aberration correction, the possibilities for a higher currents, higher resolution probes, have
renewed interest in EDX as a high resolution compositional detection tool [103—105]. With probes

now routinely A-sized and brighter electron sources, larger X-ray signals and shorter acquisition times
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can be achieved [106]. Atomic resolution EDX has recently been demonstrated on strontium-titanate

mapping both the strontium and titanium sub-lattices [107]

2.7.6 Silicon drift detectors

The development of the new generation of EDX detectors has greatly improved the detection
capabilities of EDX. Silicon drift detectors have a greater sensitivity [103,108] and are now commonly
used on new analytical microscopes. This is now also combined with much larger solid angle of
collection: by placing the detector closer to the pole piece or by using multiple detectors, up to 1.3

steradians (sr) can be achieved, where previously only 0.3sr solid angle was possible [109—111].

The transversal field generated by a series of ring electrodes causes charge carrier to ‘drift’ to a small
collection electrode, a technique previously used in particle physics, allowing significantly higher
count rates and a low capacitance of the detector. Like traditional Si(Li) detectors, the incoming
photon is energy is measured by the amount of ionisation it produces in the detector material. Since
SDDs use a higher purity material with a low leakage current, Peltier cooling can be used in place of a

large liquid nitrogen tank, which improves the mechanical stability of the detector.

Tran et al. are among the first to apply these new detectors to nanoparticles [112], allowing them to
map their Cu-Au nanoparticles ranging 1-10nm in diameter. They are now standard on all new

analytical instruments.

2.8 EDX quantification

Ideally, the detector geometry and detection efficiency must also be included in quantification
calculations including area and collection angle. In addition, accurate compositional analysis must take

into account the self-absorption and re-florescence of X-rays within the sample [113].

This requires knowledge of local thickness and density, which cannot be measured simultaneously

with an EDX spectrum. This is so that a ZAF correction can be made to account for the Z-number of
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the specimen, the Absorption of X-rays in the sample before they get to the detector, and the

Fluorescence of secondary X-rays of a different element.

For nanoparticle systems which are thin samples, it is reasonable to assume no absorption and re-
florescence will take place and thus the only correction that needs to be taken into account is that of

the atomic number Z.

2.8.1 CIiff Lorimer k-factor method

Most EDX software with built-in quantification use Cliff-Lorimer k-factors [114] to determine the
compositional ratio of elements. They relate the weight fraction of the elements C, to measured

characteristic X-ray intensities I, above background:

C, I 2.17

k kel
Cz By

Tables of k-factors are often used when determining compositional ratios from the spectra. Most
software pages included with EDX detectors calculate the quantification from spectra using artificial
k-factors. These can be determined theoretically to 10% error [115] or experimentally to 1% error

using standard samples of known composition [116].

A standards approach to EDX quantification involves selecting known samples with very similar
density and thickness at a range of compositions to create a calibration curve and therefore an
experimental k-factor (with ~+1% error). Unfortunately some standards may not be available and even

if not k-factor calculation is a time consuming procedure.

The DTSA software developed for simulation of SEM and TEM X-ray analysis [117] uses existing
Monte Carlo packages [118] to simulation electron and X-ray transport in solid materials. Both
characteristic X-ray generation as a result of electron-induced inner shell ionisation and
Bremsstrahlung X-ray generation resulting from electron deceleration are modelled. The software
allows experimental k-factors generated from standard samples of known composition alloys to be

used. Unfortunately, experimental k-factors require multiple samples of known composition and often

52



the precise factors are not available for the particular sample investigated, since they change with

composition [119].

2.8.2 ({--factor method

Watanabe and Williams [104] proposed an iterative (-factor method, which also takes into account
self-absorption. This method uses pure element standard samples as references and allows for
composition and mass-thickness to be determined simultaneously. In addition, various detector
parameters such as spatial resolution, analytical sensitivity and detector efficiency, can also be

determined from a single spectrum.

Whilst this method may seem less trivial as it requires thickness and calibration and current
measurements as well as having the same limitations for multiple element systems it does have a
significant advantage that pure element thin films can be used as standards [103]. Pure elements are
often more routinely available. This method proves much more accurate than the k-factor method,

however it requires a standard to be calibrated with every experiment.
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2.9 Conclusions

The bright, small probe and the incoherent image formation mechanisms make aberration corrected
HAADF STEM a powerful tool in the investigation of the detailed structure of nanoparticles. Previous
work in the field of nanoparticles and catalysts show that it is particularly suited to this kind of

material sample.

While HAADF STEM gives great lateral spatial resolution, the combined contributions to the detected
intensity from both thickness and composition make chemical identification difficult. EDX and other
spectroscopic techniques can provide a complement with more directly interpretable chemical
information (as explored in Chapter 7). However, the poor generation and collection statistics from
thin samples such as nanoparticles with their small, finite volumes means, even with the smaller
probes and increased probe currents afforded by aberration correction, spatial resolution is often

necessarily traded for beam current and signal.

Combining these two techniques, and together with tomography and detailed simulations, single atom

mapping of core-shell nano-particles seems a not impossible dream.

HAADF STEM imaging will be applied in the next chapter to investigate catalyst samples of various
designs (Chapter 3). In order to understand the structure and composition of catalyst core-shell
nanoparticles, the solution of a 3 dimensional structure at the atomic level from a two dimensional
image must be extracted. With careful calibrations and matching to simulation work (discussed in
Chapter 4), column by column analysis (as proposed in Chapter 5) of HAADF STEM images is

presented in Chapter 6 and combined with EDX in Chapter 8.
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Chapter 3

HAADF STEM of
catalyst nanoparticles

In this chapter, HAADF STEM is used to study various core-shell particle designs pre- and post- fuel
cell cycling. The size distribution, morphology, Pt shell coverage is investigated qualitatively. This is
related to, and compared with, information about their activity and stability gained from XRD,
EXAFS, WAXS, SAXS and electrochemical techniques. Finally the beam sensitive nature of these

nanoparticles is discussed.

3.1 Catalysts studied in this thesis

In this dissertation palladium core, platinum shell particles supported on an amorphous carbon matrix
were investigated. A controlled surface reaction forms a Pd hydride which reacts with a Pt(acac),
precursor ' to deposit Pt as a shell around a 3nm Pd core [1]. The amount of Pt(acac), was varied to
achieve the desired coverage of monolayers of Pt according to the equation:

3.1
_ Wt%Pd X maSSPd/C X D X RMMP['(C[CC[C)Z

masSprecursor = RMMp,

Where wt%p, is the Pd loading of the mass of Pd catalyst on the carbon support (massp,c), D is the

dispersion® of Pd, and RMM is the relative molecular mass.

! (acac) = acetylacetonate, a common bidentate ligand
Dispersion is defined as the proportion of surface atoms with respect to the total number of atoms.
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The crystalline structure of both Pt and Pd is face-centred cubic (see Figure 3.1) and the lattice
parameters are 3.92A and 3.89 A respectively. The lattice mismatch means there is likely to be a strain

at the interface of the Pd and Pt core shell boundary.

Figure 3.1 Crystal structure of a unit cell of a face centred crystal, which applies to both Pd
and Pt: in the <001> orientation (left) and rotated to show the atoms in the centre of each face
(right).

Nanoparticles of fcc metals do not form perfect spheres as it is thermodynamically more favourable to
be faceted. Common facets are low index planes of {100}, {111} [23]. Very occasionally facets of
higher index planes such as {411} are observed but are usually very small micro-facets. It is more
energetically favourable for particles of this size to have steps and kinks that terminate lower index
planes or terraces [15]. The notation n(xyz) x (uvw) is typically used, where » is the number of atoms

in a terrace with Miller index (xyz), and (uvw) is the index of the step joining terraces.

Several nominal design in thicknesses of Pt shell were considered: 2 monolayer (ML), 2ML and 4ML,
where a monolayer is considered to be a complete coverage of the Pd core by one atom thick of Pt.
Catalysts were investigated fresh (as synthesised) and post cycling. Electrochemical aging was
performed by potential cycling the catalysts 1000 times between 0.6 and 1.0V at 20 mV s in
oxidising conditions of 1 molar H,SO, at 80°C in a custom designed miniaturised fuel cell. All

electrochemical preparations were performed by Anna Wise at the University of Southampton [2,3].

In order to relate the observations of the catalysts to their performance, a brief sketch of their
electrochemical characteristics is given here. Samples were prepared by Beatrice Tessier and Anna

Wise. For more detail of the work performed by Beatrice Tessier and Anna Wise, see [3,4].
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In general, the core-shell designed catalysts show improved activity compared to pure Pt/C and the
2ML design showed dramatically improved stability (see Figure 3.2). XRD and SAXS data showed
that particle size increased with shell thickness and from ICP data, it was seen that shell thickness is

increased on smaller cores than on larger cores.
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Figure 3.2 Specific activity (current / active surface area of catalyst) and mass activity
(current / mass of catalyst) of various designs of core-shell particles as a function of their
stability to potential cycling. Core-shell particles with 1.5SML of Pt around a Pd core are
shown to be the most active, but those with 2ML are the most stable. For industrial purposes,
where stability is of paramount importance, the 2ML design is thus superior (Figure adapted
from [4]).

A loss of electrochemical area’ (ECA) was seen in all of the catalyst samples subjected to potential
cycling. EXAFS, WAXS and electrochemical techniques showed that the decrease in ECA was
reduced with increasing shell thickness and was attributed to the dissolution of Pd in the acid. For the
4ML design only, the loss of ECA was found to be due to Ostwald ripening [5]. The coordination
numbers and Pd-Pd bond length variations observed in the EXAFS suggested a loss of Pd from the

system.

Further, a study of the lattice parameters measured from EXAFS indicated the likely formation of

smaller or hollow particles on all samples. No direct evidence was seen of particle growth in all

3 The surface area of a catalyst that is electrochemically active is a good measure of the catalytic activity
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samples except the 4ML design, suggesting that coalescence either had not occurred with cycling or
could not be detected using these techniques, and that agglomeration of the particles altered by
dissolution was possible. Cyclic voltammetry also suggested that there were no isolated Pt particles on

the carbon support and that the Pt shell and Pd core behaved as one phase.

3.2 Sample preparation

The freshly synthesised samples were received in powder form and the cycled samples as electrode
buttons. The powder was broken up by several methods in order to isolate thinner areas of carbon so

that particles could be imaged individually. They were either:

¢ Crushed between glass slides
¢ Crushed between static free weighing paper
e Suspended in a low boiling point solvent (e.g. ethanol) and then sonicated with a Hielscher

UPI100H at a frequency of 30kHz, 100% amplitude, continuous cycle for 20s.

The dispersion was then drop cast deposited on copper TEM grids covered with holey carbon film.
The cycled catalyst coated on the electrode button was scraped off using a clean surgical blade and

then prepared in the same way.

The first two methods were the most convenient but often led to large variation in the coverage of the
sample on the grid and thick areas where the powder was not broken up as effectively. The method of
sonication provided the best method for achieving thinner regions from the agglomerated bulk powder
(see Figure 3.3) but required longer baking of the sample by heating to 80°C in high vacuum to

remove any latent hydrocarbons which could cause carbon contamination growth under the beam.
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Figure 3.3 HAADF SETM image of smaller pieces of powdered sample, broken up by
sonication in ethanol and drop cast onto a hole carbon TEM grid.

Further refinement of the method by using a micromanipulator to deposit the broken up powdered
sample onto specific areas of a TEM finder grid enabled the same particle to be located across

different experiments and also allowed several samples to be held on the same grid.

67



3.3 Instrumentation

Three instruments were used chiefly in this thesis (See Figure 3.4):

e JEOL JEM-3000F, an uncorrected FEG TEM/STEM

e Oxford JEOL 2200MCO, a probe forming and image forming (double) spherical aberration
corrected FEGTEM with a CEOS hexapoles lens system [6]

e JEOL ARM-200F, a probe corrected STEM with a cold FEG source. The instrument has a
built-in system of thermal and magnetic shielding and customised mechanical stability
enhancements through the wider column and the hydraulically damped user console. This
greatly improves the stability of the microscope and thus the achievable resolution and quality
of acquired images. A later upgrade of the EDX system replaced the original SSD detector

with 0.22str solid angle with a Centurio detector with 0.8str solid angle.

The details of the various operating parameters and specifications are given in Appendix B. The JEOL
ARM-200F microscope was operated by Eiji Okunishi at the JEOL EM facility in Tokyo, Japan. All

other data was taken by the author unless otherwise stated.
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Figure 3.4 Microscopes used in this thesis, clockwise from top left: (a) JEOL JEM 3000F; (b)
Oxford-JEOL 2200 MCO instrument from above; (c) JEOL ARM 200F; (Images reproduced
from Oxford University Materials Department website and JEOL promotional literature).



3.4 Distribution on support

Given the projection of the 3D to a 2D image, it is not always possible to tell whether the particle is
lying above, below or embedded in the support. Studies in TEM have been carried out using the
delocalised fringes of the graphitised carbon with defocus to investigate this [7]. Because the lighter
carbon of the support is weakly scattering in HAADF STEM, observations of particles at the edges of
the support can be to elucidate which surfaces of the particles are available for catalytic activity.
Figure 3.5 shows that particles sit on top of the carbon black and have at least one side in contact with
the support. As the Pt is deposited onto the Pd cores after the Pd is formed on the carbon support, this

means that full 360° shell coverage of the particle is unfeasible.

Figure 3.5 HAADF STEM image of a catalyst sample typical of the kind studied, taken with
the Oxford-JEOL 2200MCO. The particles indicated with a red arrow are clearly sitting on
the surface of the carbon support and not embedded within it.

EXAFS studies inferred that there was no change in the density of the distribution of particles in the
sample with cycling and so loss of ECA was attributed to dissolution of Pd from the particle. HAADF
STEM images confirm that there is an obvious depletion of nanoparticles from the support after

cycling.
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3.5 Particle size distribution

The particle size distribution was estimated from medium magnification HAADF STEM images each
of various catalyst designs pre and post cycling (Table 3.1). Those particles that were out of focus or
obfuscated by other overlapping particles were discarded. In each sample between 100 and 300

particles were investigated to give reasonable statistics.

The analysis was performed in Gatan’s Digital Micrograph (DM) software. First a low pass
Butterworth filter [8] was applied to the image using a custom DM script to smooth the pixilation
noise. Then, an intensity thresholding was used to segment the particles from the support, before
variables such as area, perimeter, length, and breadth were measured. An alternative particle size
analysis software was written in Matlab (see Appendix C), adapted from the local thresholding method
for TEM images in [9] but found to be useful TEM but not for HAADF STEM. This is likely due to
the increased ease of edge detection of dark features on a light background typical of bright field TEM

images compared to light features on a dark background typical of dark field images.

3.5.1 Equivalent circular diameter (ECD)

The ECD is a standard measurement for a range of particle size techniques. In DM, the number of
pixels within an identified particle is counted to give an “area” 4, which can be scaled by the pixel

dimension to give an area in nm”. This can then be used to calculate the ECD by the formula:

4 3.2
ECD =12 |—
8

The catalysts with thicker shell designs had a larger average diameter but also a larger range of sizes.
Cycling marginally increases the size of the particles for 2ML and 4 ML designs and significantly

more for the 0.5SML design.

While this definition of diameter gives a good grasp on the particle size, it does not take into account
the variation in morphology as the particles are assumed to be circular. As is evident from the

micrographs (see for example, Figure 3.5), the catalysts tend to be oblate.
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Catalyst Mean standard error on #
ECD (nm) | deviation (nm) mean (nm) | particles

Pd core 3.84 2.13 013 | 284
0.5 ML 3.78 2.37 0.18 165
1 ML 4.02 2.81 0.21 180
2 ML 4.27 3.07 0.17 246
4 ML 4.41 3.11 0.24 173
0.5 ML cycled 4.13 3.82 0.28 188
2 ML cycled 4.52 4.52 0.35 168
4 ML cycled 4.59 2.81 0.21 178

Table 3.1 Average particle diameter of various catalyst designs pre-cycled, post-cycled. The
mean size increases with increasing shell coverage and also with cycling.

3.6 Particle morphology

The shape of the nanoparticle determines the nature of the surface sites available for catalysis. As the
micrographs show, particles are rarely spherical, in part due to the synthesis method where the Pd core

is supported on one side in the carbon, so growth of the particles and the Pt deposition is limited on

one side by the carbon.

The Feret diameter is a common measure of the size of a non uniform object”. It can be defined as the

distance between two parallel tangential lines of a particle’s outline, and as such is often called the

calliper diameter.

* Other diameters exist, including Martin, the Krumbein and the Heywood diameters, see [27]

> Interestingly, from Cauchy’s second theorem, it can be shown that the Feret diameter averaged over all

directions in a convex 2D object is equal to the ratio of the object perimeter and .
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3.6.1 Aspect ratio and flakiness

Aspect ratio® is the ratio of the length L to the breadth B of the particle image and gives a sense of the
shape of the particle. The breadth is taken here as the minimum Feret diameter and the length the
maximum Feret diameter. Flakiness is the ratio of the breadth to the thickness. Since the thickness of
the particle is difficult to discern in a projected image, this parameter is of little use in this chapter, but

is introduced here for completeness and explored later in chapters 6 and 8.

The mean aspect ratio was constant, within the associated error, across all the designs and also post-
cycling (see Table 3.2). The 1ML design showed the largest ratio, with mean length 1.46 that of its
mean breadth. The 2ML showing the smallest at 1.33 (see Figure 3.6). Since the difference is so

marginal, it would be difficult to attribute any differences in catalytic performance to the aspect ratio.

Catalyst Mean Aspect standard deviation | error on
Ratio the mean
Pd core 1.42 0.71 0.04
0.5 ML 1.35 0.71 0.06
1 ML 1.46 0.83 0.06
2ML 1.33 0.57 0.04
4 ML 1.54 0.61 0.05
0.5 ML cycled 1.32 0.83 0.06
2 ML cycled 1.33 0.95 0.07
4 ML cycled 1.39 0.63 0.05

Table 3.2 Mean aspect ratio across the different catalyst samples

6 Confusingly, the conventional understanding of aspect ratio from image processing as the maximum to the
minimum Feret diameter is contradicted by ISO 9276-6 which inverts the relationship to keep the value between
0 and 1. This bureaucracy is ignored in this work.
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Figure 3.6 Histogram distribution of the maximum (length) and minimum (breadth) Feret
diameter of the 2ML design catalyst, showing the large variance in the size of the particles

3.6.2 Roundness

Roundness is a useful parameter to describe a particle shape on the mesoscale, where a circle has a
value of 1. Confusingly, several definitions exist; the relationship between the perimeter squared and

the projected area is used here:

4mA
Roundness = —— 33

p2
Both the perimeter and projected area can be accurately measured, whereas the length of a particle is
subject to variation depending on the direction chosen. In addition, this gives a gauge of the convexity

or concavity of the particle.

All particles show a similar measure of mean roundness of 0.8, which indicates a convex shape.
However, there is significant variance in the statistics. This could be potentially due to the pixilation of
the images or the roughness of the particle outline defined by the thresholding, which will both give an

increased measure of perimeter for smaller particles. The standard error on the mean is on the order of



0.05, which indicates that the calculated mean roundness is a good representation of the statistical

mean.

The roundness of the freshly synthesised particles is uniform across the designs with the exception of
the 4ML particles, which show more convexity. This is not clearly understood and might be due to the
additional Pt deposition causes more islands of Pt on the surface facets of the Pd core. Curiously, the

roundness of the 4ML design increases with cycling, which is unexplained.

While the 0.5ML particle becomes rougher with cycling, the 2ML design retains its roundness,

supporting the electrochemical observation that it is the most stable to potential cycling.

Catalyst | Mean Roundness ‘ standard deviation ‘ error
Pd core | 0.81 | 0.56 | 0.03
0.5 ML 0.84 0.68 0.05

1 ML 0.80 0.72 0.05

2 ML 0.86 0.55 0.04

4 ML 0.74 0.43 0.03

0.5 ML cycled 0.67 0.73 0.05
2 ML cycled 0.89 1.07 0.08
4 ML cycled 0.82 0.08 0.05

Table 3.3 Measure of mean roundness across the catalyst samples

3.6.3 Faceting

At higher resolutions it is clear that the particles are in fact not round but faceted, with low energy
surfaces of {111}, {100} (see Figure 3.7). This allows for the identification of active sites and strongly

preferred catalytic surfaces [10-12].

Furthermore, the intensity of the core regions in some particles suggests that there has been depletion
of Pd (see Figure 3.8, red arrow) which corresponds to the EXAFS observations. Most particles show
a shell like structure on three of four sides, which corresponds to the partial embedding of the particle

on the carbon (the undecorated side).
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Figure 3.7 (a) Faceted particle imaged at 200kV on the Oxford JEOL 2200MCO. (b) Model
nanoparticle with low energy surfaces.

Figure 3.8 Some particles show decreased scattering from larger areas, potentially due to
hollow centres (indicated by the red arrows)
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3.7 Ptshell coverage

Catalytic processes are primarily concerned with the surface atoms of nanoparticle catalysts; therefore
it is important to understand the precise nature of the shell coverage and thickness. Even while
individual columns are not resolved, the contrast of Pt around the Pd core can often be clearly

delineated at lower resolution.

Preferential deposition on the low co-ordination sites, such as edges and corners of particles, occurs
(see Figure 3.9). This has been demonstrated by Coq et al. for the deposition of germanium on
rhodium [13] and Candy et al for tin on rthodium [14]. Complete shell coverage is not seen, indicated
by the bands of intensity on the bottom left of Figure 3.9, which suggest decoration on stepped edges
across a facet. This corresponds to increased activity since active sites are higher in number at stepped

edges [15].

Figure 3.9 Edge decoration of a 2ML design nanoparticle, indicated by the red arrows. The
brighter intensity is indicative of a higher Z element scattering since the morphology of the
nanoparticle makes contrast due to a thickness change highly unlikely.
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The 2ML designed particle in Figure 3.10 shows bright intensity at the edges. The two neighbouring
columns highlighted by the red arrows suggest a composition change as the difference in intensities
(shown in the line profile) rule out a cliff edge due to thickness and is more likely to be due to Pt

decoration.

There is also a large uniform intensity region when viewed along the [110] direction perhaps
suggesting large (110) facets. Facets of (110) are thermodynamically less favourable in fcc structures
than (111) and (100). However, it is possible that a large (110) facet is terminated by stepped edges
onto (100) and (111) faces. Evidence of this is seen in projection (top left of particle in Figure 3.10,

indicated by the red box)

Figure 3.10 Calibrated HAADF image of a core-shell nanoparticle with 2ML design showing
clear core-shell structure. Adjacent columns indicated by 1 and 2 show a significant decrease
in scattered intensity, as can be seen clearly from the line scan (inset). The red box shows
areas of stepped structure in projection.

While the Pt coverage of 2ML design was found by surface sensitive techniques such as high

sensitivity low energy ion scattering (HS-LEIS) to be 65 % [4,16], it is not possible to tell from a
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single image what the thickness of the shell is without comparison to simulations; the projection of the
3D structure means that neighbouring columns of bright intensity could correspond not to a shell

thickness but a thinly decorated facet.

Moreover, given that the amount of Pt used in the synthesis process is chosen for complete shell
coverage, and the observed paucity of the shell coverage, which seems often to be limited to edge

decoration, the question arises: where has the Pt gone?

The location of the Pt cannot be answered by single images of particles alone without further analysis.
Compositional data is required and will be explored in the following chapters. In the meantime, the
deleterious effects of the beam on the sample are explored to highlight the delicacy of the structure of
these nanoparticles and underscore why it is necessary to extract as much information as possible from

single images and limited beam exposure.

3.8 Beam-Particle Interactions

As with all characterisation techniques there is the necessity to understand if and how the technique

itself might affect the material’s structure.

3.8.1 Particle Stability

This is particularly important when investigating nanoparticles, as the high surface area to volume
ratio causes excess free surface energy and therefore surface mobility during imaging (see Figure
3.11). Moreover, the existence of melting point depression [see for example 11-13] means that

nanoparticles are even less stable as size decreases.

This excess energy is thought to be responsible for the high catalytic activity witnessed in
nanoparticles, not present in the bulk material [20] but can cause distortion of the sample during
imaging and analysis such that the image may no longer correspond to the sample imaged over the

course of the acquisition.
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3.8.2 Beam damage to sample

While aberration correction offers many benefits to microanalysis, the flip side of the coin is that the
same features, the high current density due to the improved brightness and smaller probe, also cause

problems to beam sensitive samples.

3.8.2.1 Knock-on damage

The atomic displacement caused by collisions of the electron beam is termed knock-on damage.
Excessive knock due to a prolonged exposure of the focussed beam can further result in drilling of
holes in the sample. Knock on is known to decrease with increase in atomic number and also to
decrease with decreasing accelerating voltage [21]. Thus voltages of less than 100kV are

recommended to reduce this type of damage.

Ag Pt
Atomic number (Z) 47 78
Tq (eV) 28 33
T (eV) 3.0-6.0 59-11.8

100kV 2.23 1.23

T (eV) 200kV 4.89 2.69

300kV 7.90 4.37

400kV 11.3 6.26

Table 3.4 The comparison between maximum transferable kinetic energy T at different
accelerating voltages with Ty the displacement and T the exit surface sputtering energies
(data summarised from [22]). Pt should theoretically not sputter or displace. No data is
available for Pd, but the trends are monotonic. Ag is one atomic number heavier than Pd and
so is a useful point of comparison here. This suggests that sputtering of Pd is a real concern at
beam energies greater than 100kV. However, this data is from bulk samples, nanoparticles are
subject to weaker bonds than bulk crystal so the likelihood of displacement and sputtering is
still real.

3.8.2.2 Sample heating

The energy imparted to the sample by the incident electron beam can cause the particle to heat up by
exciting phonon modes in the crystalline sample. While the phonons don’t contribute significantly to
TDS, since the frequency of oscillations is low, increases in temperature allows the particle to

reconstruct into other structures [23]. This can be clearly seen in Figure 3.12. To the author’s
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knowledge, there has been no study done on the temperature increase due to the incident electron
beam, although the effects can clearly be seen experimentally. Secondary processes such as defect

aggregation may also be driven by temperature.

Radiolysis is another common damage mechanism characterised by ionisation and the dissociation of
bonds due to inelastic scattering with the atomic electrons[24]. Its effects are inversely proportional to
the accelerating voltage. However radiolysis in conducting metal nanoparticles, with their high
electron density, is quickly quenched as broken bonds will heal on the order of femtoseconds [25]. If it
was a dominant damage mechanism, this could be observed in changes of the fine structure of EELS

spectra since the bonding states would be changed.

Figure 3.11 Consequtive images of the same particle taken on the Oxford JEOL 2200MCO at
200kV showing mobility of surface atom and particle reconstruction due to heating.
Interestingly, the Pt segregation can be seen to change over time under the beam.
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Figure 3.12 2ML nanoparticle imaged with the Oxford JEOL 2200MCO. Even within the
time taken to acquire two successive frames (~10s) it is clear that particle has reconstructed,
especially at the surface. Image size of 512 x 512 pixels with pixel dwell time of 38ps.

3.8.3 Contamination

Attraction of hydrocarbons to the negative electron beam, where they are cracked and deposited under
the beam, causes the accumulation of a layer of amorphous carbon contamination on the sample. This
makes the sample thicker and reduces image contrast. Problematically it also decreases the effect of
channelling since the atomic columns are no longer directly coupled to the beam. The beam would
have to traverse the amorphous carbon first, where it is prone to spreading, thus reducing the available
resolution. Contamination can be reduced by gentle plasma cleaning of the sample or baking in
vacuum, often at temperatures of about 80°C. Often, the main culprit is the TEM grid; treating the grid

before the sample is deposited greatly reduces the contamination.

3.8.4 Mistilt and rotation

Nanoparticles on industrial carbon black are prone to movement under the beam. There are two

mechanisms for this:

e the support itself is not firmly fixed to the carbon of the TEM grid and can often be protruding

into vacuum.
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e the particle is not fixed on the carbon support and can thus rotate under the beam

Figure 3.13 shows a 0.5ML design particle where an on axis image does not show clear core-shell
structure (a). In the subsequent scan (b), the particle has rotated so that it is no longer on zone axis and
strong channelling conditions around the edges show greater scattered intensity, which could be
suggestive of the presence of a Pt shell. It must be remembered that channelling of the probe when
imaging columns on-axis can boost the scattering strongly, so increased intensity may not necessarily

be compositional in origin. Thus mistilt of particles can lead to misidentification of core-shell

structure. This issue is explored in greater depth in Section 5.5.4.

Figure 3.13 0.5ML particle imaged on axis and mistilted. The latter suggests the presence of
a Pt shell, but care must be taken in interpretation to include the strong boost to scattering due
to channelling effects

3.9 Particle structure with discrete tomography

A nanoparticle with 2ML shell design was imaged at atomic resolution with the JEOL ARM200F (see
Figure 3.14) and then tilted to acquire another atomically resolved image from a different direction.
The objective was to acquire a set of images from which a discrete tomography calculation could be

run to determine the 3D shape of the particle (see Section 3.5.2).
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The particle is imaged in the [110] direction, with {002} facets and {111} facets visible. The particle
has formed a contact twin, with both crystals in some <110> orientation, as seen from the Fourier

transform (FT) (see Figure 3.15). The mirror plane marked in green in Figure 3.14.

Figure 3.14 2ML design particle imaged at 200kV by a JEOL ARM-200F. Splitting of the
{111} diffraction spots in the FFT (inset) shows that it is twinned. The non-split (200) spot
shows that this is where the twin boundary is. A mirror plane twin boundary (green line)
separates two nanocrystals, which are both in the <110> orientation. Planes of (111) are
marked (red lines) to show the different orientations of the crystals.
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Figure 3.15 Indexing the Fourier spots shows that the two parts of the twin: (a) top crystal (b)
bottom crystal, are both imaged down a <011> direction.

The spots in the FT can be indexed by comparing the Fourier transform of the respective areas to the
well known diffraction patterns of FCC crystals (See Appendix D for more details). Note that the
{100} spots are not visible experimentally since they are crystallographically forbidden’ [26]. Either
the distances from the zero spot to the index spot (see Table 3.4) or the angles between two non-

symmetrically related spots of the Fourier transform (see Table C.1) can be used to index the pattern.

Both methods confirm that the orientation is indeed <110>.

Top grain Bottom grain
Index Ideal | Measured (nm™) | Ratio to 200 | Measured (nm™) | Ratio to 200

200 1 5.85 1 5.55 0.977
111 0.866 4.72 0.807 4.94 0.870
111 0.866 4.74 0.810 4.86 0.856
200 1 5.85 1 5.68 1

111 0.866 4.72 0.807 4.94 0.870
111 0.866 4.68 0.800 4.97 0.875

Table 3.5 Calculation of the crystal orientation of the two grains in Figure 3.15.

" FCC requires that the indices of the spots conform to /& + k + [ = 2x where x is an integer.

LN
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The slight discrepancy between the measured and ideal distances shows that there could be some
relaxation on the lattice, commonly seen in nanoparticles due to surface strain and could explain the
enlarged bond lengths observed in the EXAFS data [3].Alternatively, this could also be due to scan

distortion or drift from the imaging process itself.

Coincidence site lattice analysis was carried out to determine that the twin is a £3(111)[110] with one

in every 3 lattice points common to both crystals (see Figure 3.16).

. - AD:)AD 7 .
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Figure 3.16 Coincident lattice site analysis shows that this is a simple £3(111) grain
boundary. There is angle of 110 degrees between the two grains.

The sample was then tilted and another zone axis found in a different <110> orientation (see Figure

3.17). However, in this orientation, the twin boundary is no longer visible.
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Figure 3.17 Tilted nanoparticle in another <110> orientation. The mistilt in the centre of the
particle suggests that there is significant strain in the area, causing the columns to be slightly
misaligned.

A crystal model was created using Crystal Maker to investigate the particle structure (see Figure 3.18).
A FCC particle in the [110] orientation was made and then the top half rotated to form the twinning

seen in Figure 3.14.
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Figure 3.18 Model of the particle imaged in Figure 3.14 created using Crystal Maker.

Noting that the nanoparticle to the bottom left in Figure 3.14 is now underneath the particle in focus,
and using this as a guide, the particle was tilted to find a match to Figure 3.17. The closet visual match

(See Figure 3.19) is in the [1-11] orientation. This does not match the FFT of the experimental image,

which is clearly <110> (See inset Figure 3.17).
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Figure 3.19 Closest match to particle in Figure 3.16 by matching the perimeter shape of the
particle. However, the orientation here is <111>, whereas the experimental image shows an
orientation of <110>. This mismatch is likely due to the particle reconstructing during the

time under the beam while tilting to another zone axis.

Cycling through all possible <110> orientations, it was found that there is no <110> orientation that
would match the second image acquired of the particle (see Table E.1 in Appendix E). It is therefore
most probable that the particle underwent a reconstruction under the beam during the time take to tilt
the sample and find another zone axis. This is a common occurrence for particles of this size since the
energy imparted by the incident beam is enough to overcome the activation barrier and allow the

particle to relax back down to a lower energy state by removing the twin boundary.



3.10 Conclusions

Characterising the physical structure of core-shell nanoparticles is vital to understanding their catalytic
properties. Medium magnification HAADF STEM yielded particle size distribution for various
catalyst designs and also allowed the aspect ratio and roundness of the particles to be investigated. The
expected increase in mean particle size with thicker shells is observed. Post-cycling, all the catalytic

designs showed an increase in size a decrease in aspect ratio.

However, though the Pt shell on Pd core design shows the increased electrochemical stability and
catalytic activity, its functionality is not due to a purely core-shell type structure but a combination of

step-type edge decoration of Pt.

Atomic resolution images were obtained of 2ML design particles, but the stability of the particle under
the beam hampered analysis. While it is possible to tilt the particle to obtain atomic resolution images
from two directions in order to perform a tomographic reconstruction, the process often exposes the
sample to the beam for a prolonged period of time, which results in particle reconstruction. This

prevented the structure from being solved by a discrete tomography approach.

Moreover, it is difficult to extract compositional information by comparisons of HAADF intensities
alone as those particles that oriented on zone axis channel the beam down the columns and so appear
brighter, thus making intensity not only dependent on thickness and composition but also on
orientation. At atomic resolutions, even when on zone axis, the precise determination of thickness and

composition is also not possible since both effects contribute to a single measurement of intensity.
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Chapter 4

Techniques for Quantification

Electron micrographs are often in danger of being used as high resolution cameras to provide an image
of results verified by other techniques. They can provide much more information if the images are
treated as data sets and analysed as such quantitatively; the efforts in this direction is discussed in this

chapter.

A method is presented, which has been developed for quantifying HAADF STEM images from any
commercially available microscope by careful detector calibrations and probe current measurements.
By placing the collected scattered intensity on an absolute scale, images can be scaled as a fraction of

incident beam current and compared directly to simulations.

4.1 Quantification of HAADF STEM images

Quantitative STEM has been carried out since the 1970s [1,2] when Retsky and Isaacson
independently compared the scattered intensity from single atoms and small clusters of Pt, Pd and
other heavy metals to calculated values from first principle quantum mechanics, usually grounded in a
Born approximation. They calibrated the response of their detectors with a systematic set of imaging

using various probe currents.

Work on metallic nano-clusters has often assumed that the total integrated HAADF intensity of a
cluster scaled linearly with the number of atoms [3,4]. Such an approach ignores the effects of
channelling, which can be strongly seen when imaging a crystal along a low-order zone axis to

achieve atomic resolution.
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Comparison of experimental data with simulations have allowed for the study of more than single
atoms, with crystals of various thicknesses imaged experimentally (see for example [5,6]). However,
until recently, comparisons have all required an arbitrary scaling parameter to scale the experimental

intensity values to the simulations as experimental datasets were not determined on an absolute scale.

4.1.1 Recent efforts in quantitative STEM

These comparisons are somewhat unsatisfactory for adequately explaining complicated real systems of
materials. Even as early as 1996 Darji and Howie showed that some corrections of the direct image
signal is often necessary because of additional scattering effects from the substrate [7]. The missing
link between simulation and experiment of detector calibration lay dormant, except for a few

instances, detailed here.

Singhal et al again reported absolute measurements of the scattering cross section in 1997 with the
study of small Re particles using a calibrated HAADF detector [8]. Errors in the measured cross
sections of the particles were divided into random errors produced by the sample, and systematic
errors originating from detector asymmetries and the finite size of the probe. By measuring carefully
detector efficiencies and the signal processing responses between the detector and computer, data was
presented on an absolute scale. However, no simulations or calculations were presented to compare

with the experiments.

Anderson et al were aware of the need for a detection system which counts individual electrons or
knowledge of the signal processing between the detector and the computer in order to determine a set
of relative or even absolute intensities [S]. They noted that the efficiency of scintillator of ADF

detector must be known for absolute scaling and a parametric fit factor was used in end.

Yang et al produced a detailed analysis of the morphology of supported PtRus on carbon black [9].
They refer to two methods of quantifying detector efficiency and thus scaling their experimental
results absolutely. One follows the Singhal approach and the other is a custom method using carbon as

an internal standard. They measure the carbon thickness by the attenuation of the main beam intensity
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in a bright-field image. Once the thickness is known, they calculate the dark field intensity and

compare it to the HAADF intensity from the same region.

LeBeau and Stemmer began a resurgence of interest in detector calibrations and quantification of the
experimental image to an absolute scale in 2008 [10]. Following on from the work of Menard et al
[11], by normalising the measured image intensities to the incident beam, the intensity of the image

can be placed on an absolute scale. Fractional intensity images of a SrTiO; single crystal for varying

thicknesses up to 120nm. Foil thickness was determined using the well known ratio of In (;—t) in the
0

EELS spectrum', which is very sensitive to thickness variations [12]. Full characterisation of the
microscope and detector outputs was covered so direct comparison with simulation could be possible

[13].

Spatial incoherence is known to reduce contrast and has been modelled previously by convolving the
simulated HAADF images with a Gaussian envelope function [14,15]. LeBeau et al take this
approach to match their data to simulations and subsequent studies with the same instrument and

experimental conditions confirm that the finite source size of the probe is indeed 0.04nm [16,17].

Van Aert et al also presented quantitative atomic resolution mapping using similar methods of
comparison of known and unknown compositions [18]. A statistical hypothesis testing algorithm was
used to compare known atomic columns in the same sample with unknown ones to study the interface
of a LaAlOs/SrTiO; multilayer. However, the method has no treatment of TDS or dynamical effects
and is restricted to systems where the thickness variation is negligible so known and unknown

columns contain the same number of atoms.

Integration of the total intensity of atomic columns from a scaled image is used to investigate the
thickness of the columns [19]. Statistical parameter estimation was used to extract various
experimental parameters using a maximum likelihood fitting. The crux of the algorithm depends on an
initial estimate, a so called ‘cost function’, of the number of distinct peaks in a histogram of the
intensity of columns extracted from the image. The algorithm then looks for clustering of intensity

values to determine the column thicknesses. This has been successfully implemented in conjunction

'], is the total area under spectrum and I, is the area under zero loss peak
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with discrete tomography to determine the structure of model nanoparticles [19] (as detailed in Section

2.5.2) and also the core of a core-shell nanoparticle [20] .

A combination of sequential high resolution STEM images and multislice simulation has been
successfully implemented by Ortalan et al on Ir-Rh cluster by using intensity ratios to predict possible
combinations of Ir and Rh in each column [21]. This procedure was only possible due to the cluster
investigated contained a maximum of 3 atoms per column; at larger particle sizes the number of

possible combinations increases exponentially.

Molina et al have carried out quantitative mapping of InAsP alloys for quantum wire applications [22]
by using a carefully controlled standards approach. Neither instrument calibrations nor simulations
were carried out but instead a set of calibrated composition samples grown by molecular beam epitaxy
were used as standards by which to quantify the experimental data. The extended crystal structure of
the system allows for this straight-forward phenomenological method. Later, the average intensity of a
unit cell is used to give a thickness calibration before estimating column compositions using a linear

approximation of the dependence of intensity on thickness [23].

In this thesis, a novel method is developed, which combines a custom detector calibrations technique
(see Section 4.2) and a column intensity analysis method (see Chapter 5) to quantify the intensity of
scattering in experimental images. The experimental findings are compared to results obtained from an

absorptive potential simulation method (see Section 4.4.5), which is ideally suited for nanoparticles.

4.2 Detector calibrations

Commercially available ADF detectors are typically made from YAP-Ce: YAIO; perovskite (YAP)
doped with caesium as the scintillator material. The electrons incident on the material are converted to
a photon cascade, which is collected by a photomultiplier tube [24] and converted to a current. This
conversion can be controlled by a gain setting in the analogue to digital (A/D) convertor to give
varying “contrast” to the image outputted. A constant voltage (DC offset) may be added by a
preamplifier, which is termed a “background” signal. The output is read by the imaging hardware that

digitizes the signal using an analogue-to-digital converter. Each probe position is then recorded as a
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“pixel” value in the image. The intensity measured in this image depends on the operating conditions

of the detector and scintillator-photomultiplier combination.

In this section the method that was developed to measure the response efficiency of the ADF detector
of any commercially available microscope is presented. The behaviour of the gain and offset of the
analogue to digital convertors with varying incident beam currents is shown, highlighting the need to
be careful with detector settings. All of these experiments were carried out on the Oxford-JEOL 2200

MCO to investigate the detector response with different gain settings on the A/D converter.

4.2.1 Detector mapping

The scintillator efficiency of the ADF detectors of the instruments used to carry out the experiments in
this work is presented in Figures 4.1 and 4.2. For each experimental setup, a focussed probe of a
known current was scanned across the detector. The sample is moved to an area of vacuum so that the

measured response is purely due to the detector and not some area of the specimen.

In the Oxford-JEOL 2200MCO, the formation of a probe at the detector plane was accomplished by
using both the upper and lower lenses in a confocal setup®. For the JEOL ARM-200F, the pre-

specimen lenses were weakened to form the probe on the detector plane.

The post-specimen magnification is decreased until the detector is found and then post-specimen
deflector coils (e.g. the PLA deflectors on the Oxford-JEOL instrument) used to move the detector
image to the centre of the screen. Typical settings are: pre-specimen magnification of 250k and post-

specimen magnification of 2M.

The contrast and brightness is then optimised for the detector map such that the signal is not saturated
and the black level of the DC offset is not clipped when scanning over areas of vacuum. These A/D
convertor settings are then used for the imaging of the particles. It is important to be aware of the
exposure (pixel dwell time) and image size that is used for the detector map so that a one-to-one

comparison of electron fluence can be made to the specimen images. It is usually convenient to map

% This can be set up in the JEOL software controls by selecting the “Alignment” mode
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the detector with several pixel dwell time and image size combinations, which are often used for

imaging (e.g. 512x512 pixel image with 38us dwell time).

0.2 0.4 0.6 0.8 1.0 1.2
Fraction of average mtensity

Figure 4.1 The detector scintillator efficiency of the ADF detector on the Oxford-JEOL
2200MCO as a function of probe position across the detector surface. The intensity is scaled
to mean value across detector. Variations in efficiency are seen across the detector surface, in
particular at low angles. Detector is also seen to be non-symmetric in outer angle, probably
due to a manufacturing fault.

Figure 4.2 HAADF detector of the JEOL ARM-200F. The instrument is also equipped with a
mid angle annular detector and also a bright field detector. The shadow of the electron pipe
can be clearly seen at low angles and variations in detector efficiency at higher angles are not
azimuthally symmetric
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4.2.2 Detector non-uniformity

Variations can be seen across both detectors, especially at low angles; the detector response is not
necessarily uniform in either the azimuthal or radial directions. Some shadowing from the electron
pipe can be seen in the upper right quadrant of the Oxford-JEOL 2200MCO detector (see Figure 4.1)
and in the lower left of the JEOL ARM-200F (see Figure 4.2). The effect of the detector non-
uniformity was shown to affect the imaged intensity by 5% [25] and the contrast by up to 10% [26].
Thus all HAADF simulations should include a detector efficiency weighting factor or an accurate

appraisal of the likely error due to detector non-uniformity.

In addition, the inner hole is not centrally placed with respect to the outer edge. However, the active
area of the detector is limited by the ultra high resolution pole piece to approximately 180mrad at the
camera length used for imaging. Since this means that the scattering to higher angles will fall
completely on the detector, concerns that scattering is lost in some radial directions because of the
mis-centering of the inner hole are mitigated. Moreover, since the scattered intensity drops off with
increasing scattering angle, beyond 40mrad, the effect of an increase in the outer angle is neglibible

[26]. What is of more importance is the accuracy of determining the inner angle.

4.2.3 Measuring the inner angle

The inner angle of the detector must be known to a great degree of accuracy in order to compare
experiment to simulation since the signal collected by the detector is strong at lower angles. It has
been reported in the literature that an uncertainty of a few mrad in the inner angle could produce a
10% error in the value of the peak intensity [26]. It has been further shown that the dependence of

intensity on the inner angle is exponential and so must be carefully calibrated [27].

The imaged inner angle of the HAADF detector does not necessarily correspond to the active area
since an aluminium electron pipe sits inside the inner hole. This electron pipe is typically lmm in
physical size which means the inner shadow is 3mm in radius, whereas the detector inner radius’ is
4mm (see Figure 4.4). Thus extracting the inner angle value from an image of the detector may not be

sufficiently accurate; a more experimental approach to measuring the inner angle is necessary.

3 These figures correspond to the HAADF detector of the JEOL ARM 200F
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A beam focussed at the ADF detector plane can be manually scanned across the hole in the detector
using the post-specimen deflector coils. The point at which the detector registers a response is then
recorded since this corresponds to the edge of the active area of the HAADF detector. The beam is
then deflected in one direction across the detector hole until another response is recorded, following
chord 1 in Figure 4.3. The middle point is then taken and the beam moved from one edge of the hole

to the other in the perpendicular direction (following line 2 in Figure 4.3).

This allows the mid-point of the detector hole to be found and subsequently, two perpendicular
diameters to be measured in units of deflector step sizes. Care was taken to include the diameter of the
aperture in the calculations since signal would be detected once diametrically opposite sides of the

aperture crossed onto the detector.

aperture

——
ey

Figure 4.3 Measuring the inner angle of the Oxford-JEOL 2200MCO by scanning an aperture
across the inner hole.

The number of steps can then be converted to milliradians by comparing to a calibration from an
aperture of known size, itself calibrated from the CBED discs of a crystalline sample of SrTiO;. The
measured inner angle for the upper detector® on the Oxford-JEOL 2200MCO was 90mrad for a camera

length of 100cm, and 91mrad for the JEOL ARM-200F at 6¢cm camera length (see Figure 4.4).

* The instrument is also equipped with a lower ADF detector after the Omega-filter; this was not used.
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Figure 4.4 Inner angle of the JEOL ARM-200F's ADF detector. The physical size of the
detector is shown in mm.

4.2.4 Detecting the HAADF Signal

Since the HAADF signal is typically only a small fraction of the primary beam current’ [28], using the
same beam current to map the detector and to image would result in either a saturation of the detector
map image or a loss of dynamic range for the specimen image, unless the contrast of the A/C

convertor was adjusted.

The amplifiers in the A/D convertor that digitise the current from the HAADF detector on
commercially available instruments needs to be carefully calibrated in order to map the signal detected
to an absolute value of fraction of incident beam current. While LeBeau and Stemmer used a custom
built A/D convertor which they showed was linear in response [10], this cannot be guaranteed for all
instruments. The two parameters of interest are the DC offset, which controls the background black

level of an image and the gain, which varies the image contrast.

> The scattered intensity falls off with scattering angle and so the signal is stronger at lower angles, within the
bright field regime.
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4.2.5 Linearity of detector response with D.C. offset in A/D convertor

The D.C. offset (brightness) was measured by adjusting the settings with a beam of constant current. It
was found that the A/D convertor behaviour varied linearly with offset (See Figure 4.5). This meant

that adjusting the brightness requires only a subtraction of count values from the image.
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Figure 4.5 Linear behaviour of the analogue to digital convertor with brightness (offset).

4.2.6 Linearity of detector response with gain in A/D convertor

By sweeping over a range of contrast values, it is clear that the response is indeed nonlinear over even
a short range of values (See Figure 4.6). Moreover, the trend is not linear with different brightness
settings: the difference in successive brightness values at lower contrast settings is more significant
than at higher contrast settings. This makes quantitative comparisons of image intensity across
different gain settings not straightforward. Moreover, while the D.C. offset at a particular gain setting
varies linearly (as in section 4.2.5), the combination of changing brightness and contrast (D.C. offset

and gain) means that the brightness cannot be guaranteed to be linear.
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Figure 4.6 Non-linear response of the A/D convertor with contrast (gain) for the Oxford-
JEOL 2200MCO microscope. Several brightness settings are explored ranging from 3595 to
4095 (nominal values on the JEOL system). Lower contrast settings show a larger difference
between the responses at successive brightness settings than that observed for higher contrast
settings. This further nonlinearity in the gain response with brightness further complicates
interpretation of absolute scattering intensities.

Consequently, to aid experimental convenience the gain settings are kept the same across both the
mapping of the detector and also the imaging of the sample. Thus vitally, the incident beam current
should be reduced by a factor on the order of 10 when mapping the detector, in order to use a full

dynamic range for the images of the sample and thus achieve good signal to noise.

Reduction of the beam current can be achieved by using a smaller objective aperture and by increasing
the C1 lens excitation (often conveniently by selecting a smaller spot size in the microscope operating
software). The exact reduction in current should be measured experimentally since even known
aperture sizes can differ from their nominal size and shape. This is particularly important for a cold
FEG instrument such as the JEOL ARM 200F, where probe current is not stable and decreases

significantly with time from tip flashing.
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4.2.7 Measuring probe current

The probe current measurement is carried out with the beam used for the detector mapping and also
the beam used for imaging, so that the ratio of the beam currents can be used to calibrate the detector

response.

The camera length is adjusted to the lowest setting (4cm on the Oxford-JEOL 2200MCO) so that the
smallest beam can be produced to ensure that the whole beam profile falls in the Faraday cup (see
Figure 4.7). This does not affect the beam current since the post-specimen lenses serve only to
magnify the beam profile so long as the whole beam is collected. The PLA deflectors are used to move

the beam until the signal from the Faraday cup is maximised.

Figure 4.7 Shadow of the Faraday cage in the Oxford-JEOL 2200MCO.

A zero, “dark-current” is taken with the picoammeter, with the beam blanked and then a reading taken
with the beam value open. All readings are averaged over several measurements to minimise shot

noise (see Table 4.1).



Picoammeter Number of readings Typical error

Oxford-JEOL 2200 MCO Keithley 6487 100 + 0.08pA

JEOL ARM-200F Advantest R8240 80 + 0.05pA

Table 4.1 Picoammeter settings used for measuring probe currents on the various
microscopes used in this thesis.

4.2.8 Linearity of detector response to scattered signal

To verify that changing the probe current, and thus changes in the scattered intensity, does not lead to
nonlinear behavior in the detector response, detector maps were imaged on the Oxford-JEOL 2200

MCO to investigate the detector response with different probe currents.

The incident probe current for three spot sizes were measured using a Faraday Cup. Apertures of
known size were used to systematically decrease the incident probe current, while brightness and
contrast settings were optimized for the highest beam current. The response of the detector to
variations in incident probe current is linear (See Figure 4.8). Thus the intensity of HAADF images
can be directly compared with simulation when probe current is reduced to allow for a better dynamic

range in the thin sample images.

As mentioned previously in Section 3.4, it is possible to vary the probe current by manually adjusting
the CL1 condenser lens settings (tantamount to changing the spot size). However, in order place the
cross over at the correct height, in the objective lens, CL3 needs to be adjusted in the opposite
direction to compensate. Alternatively, it is possible to increase the extraction voltage (A1) of the gun,
as was performed on the JEOL ARM 200F, although this is not recommended since it could damage

the electron source.
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Figure 4.8 Response of the detector sensitivity to various probe currents is linear. The
residuals show no systematic deviations.

4.3 Image Intensity Calibration

The recipe for scaling an image of a specimen to an absolute value is straightforward (a practical
summary for experiments can be found in Appendix F). In order to transform the imaged intensity to

a fraction of incident beam current, Ints,q, the following conversion needs to be performed:

Ipet 4.1

Int = Int —_—
frac Spec [Spec X IntDet

where Intgpe. is the unscaled intensity collected from the scattering of the specimen in the raw
experimental image; Isyec is the probe current used to image the specimen in the experiment; and

Intp,; is the mean intensity of the detector response when mapped with a probe current of I ,;.

Once a detector map is acquired as described in Section 4.2.1, the mean detector response (Ip) can be

calculated by subtracting the mean value of the pixels from the detector map that correspond to the
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detector from the mean value of the background pixels. Since the two regimes are well separated in
values, this can be performed by representing the data as a histogram and thresholding to separate the

detector response from the background (see Figure 4.9).
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Figure 4.9 Histogram of the values of the detector map. The detector response (right) and
background (left) are well separated in values.

It is vital to carefully note the beam current used to map the detector and also those of every image of
the specimen. Though typically only one detector map is needed per instrument and scan setting’, the
beam current for imaging needs to be known for each image. The fluctuations in beam current for
Schottkey FEGs is relatively small but for cold FEG instruments, the source deteriorates over time and
probe current falls dramatically over a period of hours since flashing the tip. Errors in these values will

greatly affect the accuracy of the results since errors of products are cumulative.

In order to achieve high resolution imaging of the specimen, the source demagnification is requisitely
high and thus the probe current unavoidably low (see Section 2.4). Typical probe currents used for
imaging nanoparticles tend to be around 10 - 20pA. This requires the beam current used to map the

detector to be on the order of 1 - 2pA.

6 a function of pixel dwell time, number of scanned probe positions
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4.4 Simulation techniques

Once the HAADF images are calibrated so that they are represented on an absolute scale of fraction of
incident beam current, it is possible to begin comparing images quantitative to each other and also to
simulations. Here some of the major simulation techniques are presented and the case made for the

absorptive potential approach for nanoparticle systems.

There are two main approaches to simulating electron microscopy images: Bloch wave and multislice
approaches. Both are solutions to the Schrodinger equation and are equivalent given the right
parameters [29]. A full derivation is outside the scope of this thesis but can be found in various places

in the literature (see for example [30,31]).

4.4.1 Thermal diffuse scattering

The HAADF image intensity comprises both the scattering out to high angles of the elastic Bragg
reflections and also crucially, the inelastic scattering of the diffuse TDS. The treatment of TDS

requires careful calculation of the effects of the thermal vibrations of the specimen lattice

The Einstein approximation is usually invoked for the phonon dispersion relation for ease of
calculation and reduction of computation time. This assumes that all atom vibrations are uncorrelated
and their mean square displacement can be described by a Debye-Waller factor which thermally
smears the atomic potential [32]; all the phonons in the sample are assumed to oscillate at the same
frequency, independent of their wavelength. Though more sophisticated phonon models have been
explored with a full Debye model phonon distribution [33] and with the inclusion of other inelastic

scattering processes [34], the simple Einstein model is sufficient for most cases [31].
The Debye-Waller factor is defined as

M(q) = 2n? < u? > ¢? 42
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where < u? > (T) is the projected mean square displacement of the atoms, which is a function of
temperature 7. These are parameterised by Sears and Shelly, and also by Gao and Peng [32,35] and

were readily computed from the parameterisation for the simulations carried out in this thesis.

4.4.2 Multislice method

Cowley and Moodie proposed a physical optics approach for decoupling the phase shift due to
scattering and propagation of fast electron travelling through solids to simplify simulations [36]. The
sample is sliced in the direction perpendicular to that of the incident electron beam and a planar atomic

potential used to describe each slice.

Each slice is then considered to be a weak phase object and the phase change due to the electron
interacting with the atomic potential at one slice is calculated before the wavefunction is propagated to
the next slice through free space by a Fresnel propagator, where another phase change is computed.

Thus the exit wave from the previous slice is used as the incident wave on the next.

For thin slices (typically 2-5A), this formulation is satisfactory and can prove to be extremely time-
efficient for non-periodic samples compared to the Bloch wave solution. It is usually performed in
reciprocal space via fast Fourier transforms (FFTs) to decrease calculation time. This contains an
implicit periodicity so care must be taken to ensure periodic boundary conditions or non-overlap of

non-periodic features.

4.4.3 Frozen phonon method

The frozen-lattice model, pioneered by Silcox and co-workers [37—40] is a popular semi-classical
approach for calculating thermal diffuse scattering (TDS) in crystals. In this model, electron-phonon
scattering is approximated as elastic scattering from static atoms displaced from their equilibrium
positions. The final observed intensity is assumed to result from an ensemble average over atomic

positions and is calculated by summing over many individual multislice simulations. A formal
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comparison [41] of the frozen phonon with quantum-mechanical phonon excitation theory shows that

they give identical results if:

e cach thermal diffuse scattering calculation is considered incoherent with others
e the specimen thickness and the mean-free-path for the phonon excitation are both smaller than

the distance travelled by the electron within the lifetime of the phonon.

The second condition is usually absolutely satisfied. Although atom vibration is a time-dependent
process, the crystal lattice appears as if in a stationary instantaneous configuration for an incident
electron since the interaction time of the electron with the crystal is much shorter than the vibration
period of the crystal atom. An electron accelerated at 100keV goes through a 10nm thick layer in
approximately 10™s; phonon vibration time is of the order of 10™%s. The first can be precisely

accounted for in the calculation with the introduction of the mixed dynamic form factor.

The frozen phonon formalism is readily implemented by a multislice technique [42] and popularised
by Kirkland’s book [43]. Quantitative matching with experimental observations has been obtained

[39] and the model generally accepted [44].

However, since the calculation needs to run for several phonon configurations for each probe position,
the computation time is often extensive and impractical. This has been greatly improved by the advent
of GPU computers [25] and parallel clusters but the alternative method is particularly suitable for

nanoparticle systems on desktop computers.

4.4.4 Bloch wave

A full Bloch wave analysis, proposed by Bethe [45], is the most physically intuitive way of describing
a HAADF image (for a review, see [46]). The total wavefunction is derived from a coherent
superposition of Bloch states: eigenstates of the fast electron coupled to eigenstates in the sample.
These states are excited from a series of plane waves which cover the full range of angles within a

focussed probe and are all phase-linked. Solving this problem involves inverting large matrices for
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multiple angles, still a hugely computationally intensive process, though some progress was made to

reduce the inverse complexity [47].

Inelastic scattering was initially described phenomenologically using the complex periodic potential
Vi(R). This later theoretically justified by Yoshioka quantum mechanically using a tight binding
approximation [48]. Hall and Hirsch developed a theory to calculate the contribution of thermal
diffuse scattering to the absorptive part of Vy(R) in 1965 [49]. However, since it is impractical to
numerically evaluate the convolution of several rapidly varying functions in 3 dimensions, most
simulations are done using the various calculated and tabulated absorptive scattering factors [32,35].
Both these formulations were presented within the framework of the Bloch wave theory as an

absorption process.

4.4.5 Absorptive potential

A faster, more practical approach based on an absorptive potential [49] was proposed by Pennycook
and Jesson [50]. The atomic potential V’(R), corresponding to the sample, is an effective absorption
potential which directs the electron density in the elastic part of the wave function into the inelastic
channel as inelastic scattering events occur [48]. In the single-channel’ equation form, where the
dominant absorption mechanism is thermal scattering, the total absorptive potential is well

approximated by a local potential [51,52].

The integrated intensity falling on the HAADF detector is simply given by a sum of the probe
intensity at each atomic column weighted by the corresponding TDS cross section of each atom, which
is treated as individual scattering centres. The problem is thus simplified to an interaction between the
elastic wavefunction and an effective interaction potential for inelastic scattering [53]. This approach
was formulated into a multislice method for STEM simulations, which also included the detector

geometry into the effective scattering potential [29].

However, the local approximation breaks down for structures thicker than 40nm as it does not take

into account multiple scatterings; electrons removed from the elastic channel into the inelastic channel

7 where inelastically scattered electrons are no longer considered to take part in subsequent elastic scattering and are
essentially removed from the elastic channel
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no longer take part in further elastic scattering [29]. It has, however, proven very effective for
calculations of thin crystalline samples with weak scattering [13] and thus makes it ideal for systems

with a limited number of atoms, such as nano-particles.

4.4.6 Available simulation codes

The simulations in this thesis were performed using the Melbourne STEM program developed by L J
Allen, S D Findlay, M P Oxley and A J D’Alfonso [29,54]. The code requires the input of the co-
ordinates of the sample in .xyz format with suitable mean squared displacement values to account for

TDS. An example input file is given in Appendix G.1.

Parameters are required to define the probe and also the thickness of the slices in the multislice
calculation. For a crystal, it is possible to tile a small input co-ordinate cell to create a larger supercell
for adequate convergence of sampling for the calculation (see Appendix G.2). For a nanoparticle, a
larger input cell is required with sufficient padding of empty space around the particle. This is
necessary to prevent artefacts from the periodic boundary conditions required for the Fourier

transforms performed in the calculation.

Other programs are available, often freely within the community. QSTEM is a frozen phonon code run
in Matlab, developed from the popular Kirkland code by Cristoph Koch. STEMSim is another Matlab
based code which performs frozen phonon, Bloch wave and also absorptive potential simulations. It is

developed by Rosenauer et al.
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4.5 Conclusions

Quantification of HAADF STEM images is shown to be vital to unlocking the true value of this

technique in answering materials questions at a higher resolution.

A method to calibrate the ADF detector is developed which allows the scintillator response to be
mapped relative to the incident beam current on the sample on all standard factory microscopes.
Characterisation of the detector’s A/D convertor with gain variations shows that there is significant
nonlinear behaviour. This restriction necessitates the gain setting to be kept constant across the
imaging of the detector and the sample and thus requires an increase in the probe current in order to
achieve adequate dynamic range when imaging weakly scattering objects like nanoparticles (i.e. a

lower probe current is needed to map the detector, a higher one to image the sample).

Though the detector response is non-uniform with probe position, the error associated with this
variation is small compared to the potential error in uncertainty of the inner angle measurement. A
method to ascertain the inner angle is detailed. Simulation techniques are then necessary to interpret
the data quantitatively. Of the various available methods, the absorptive potential method is

particularly suitable for nanoparticle systems.
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Chapter 5

Probe Integrated HAADF
Scattering Cross Sections

5.1 Cross sections in the literature

Quantitative image interpretation of STEM images has most commonly focussed on contrast and thus
peak values, possibly as a legacy of standard image interpretation techniques in conventional TEM. A
non-linear dependence of the peak intensity on the number of atoms in a column can be observed (see
Figure 5.1) and the contribution to the intensity of impurity atoms can depend on their height within
the column [1]. In such cases, a quantitative interpretation necessitates either a) a full comparison to
image simulations or areas of known composition, or b) construction of a histogram of column

intensities and then the identification of distinct clustering of intensity values.

Thus far, agreement between calculation and experiment requires knowledge of a significant number
of imaging parameters, such as convergence angle, defocus and other residual aberrations [2]. In
particular, a convolution with a Gaussian is routinely used to account for the finite size of the electron
source and its broadening effect on the probe [3]. Often, the width of this Gaussian is found through an
empirical fit to achieve an exact match of the simulations with the data [4], and subsequent
experiments with different samples can then be used to show a consistent measure of the probe size of

a particular instrument [5-7].
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Figure 5.1 Simulations show that peak intensity (single pixel) of an atomic column in a

crystal of Pd viewed along <100> is monotonic but non-linear with thickness.

The finite effective source size can be measured experimentally [8] but this varies depending on the
demagnification given by the settings of the condenser lenses and objective lens. In addition, the
measurement process may require changing samples or risks incurring sample damage. Furthermore,
optimum focus is usually found by manual adjustment or choosing the image which maximises
contrast in a through focal series [9]. The latter requires prolonged exposure of the specimen to the
electron beam, problematic where issues of damage in beam sensitive samples are paramount, and the
former is prone to human subjectivity. Thus it is vital to have a metric for comparing experiments to
simulation that is robust to these experimental parameters since any error in defocus translates to a
broader incident beam profile. Moreover, when observing samples from real materials problems, such
as nanoparticles dispersed on a powder support in a heterogeneous catalyst system, variations in height

preclude having a precise knowledge of the crucial defocus parameter.
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For beam sensitive samples such as core-shell nanoparticles, a quantitative parameter that allows
comparison between simulation and experiment, yet that is as robust to the widest range of imaging

parameters as possible, is of vital importance.

Some recent studies of quantified HAADF image interpretation typically use the mean intensity,
averaged over multiple columns or individual columns [5] or the ‘intensity volume’ of the column [14]
to compare simulation to experiment. In 1973, Retsky used annular dark-field imaging in the STEM to
measure elastic cross-sections of single atoms and found a good agreement with theoretical
calculations [10]. Later studies showed interest in the idea of an integrated cross section [15] but with
only the resolution to image clusters of heavy elements on a light matrix and without the resolution
needed to isolate individual atomic columns in a structure [16]. Consideration of the total scattered
HAADF intensity from an object has also been used previously to estimate cluster sizes and number of
atoms in small particles using known cluster sizes as a metric to calibrate the intensities [17]. The idea
of cross sections is used widely scattering physics (X-ray and neutron diffraction [18], electron
energy-loss spectroscopy in electron microscopy [19]) and describes the effective area which

corresponds to the probability of scattering or absorption.

In this thesis, the probe-position integrated HAADF cross section is simply referred to as the cross
section; and it is an incoherent HAADF scattering cross section integrated over the probe positions
that correspond to a feature such as a single column of atoms. The cross section quantity can be useful
for the comparison of experimental data with simulation because the incoherent nature of HAADF
detection allows for the absolute cross section to be independent from the form of the probe, as long as
the signal from the whole atomic column is integrated, the columns are clearly resolved and the

sample sufficiently thin.

This chapter shows that the cross section quantity is robust to most experimental parameters, being
only significantly sensitive to accelerating voltage, detector angle, and the object itself, and
circumvents lack of detailed knowledge of parameters that are difficult to determine, such as source
coherence. The main sources of error in the quantitative analysis of atomic resolution HAADF STEM
images are discussed. Lastly, the method is demonstrated by applying it to identification of single
atoms in a bimetallic sample of Pt and Pd nanoparticles and the identification of layers in 2D layered

materials.
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5.2 Simulation methods

The simulations were performed using an absorptive potential multislice method [11,12], which has
been shown to agree with the full frozen phonon calculation up to thicknesses of 25nm [6], sufficient
for nanoparticle systems and thin layered specimens. Unless otherwise specified, they are performed
for a 200kV instrument with HAADF detector inner and outer angles of 90mrad and 180mrad,

corresponding to that of the Oxford-JEOL 2200-MCO double aberration corrected microscope.

The Debye-Waller factors that account for the thermal diffuse scattering were calculated using the Gao
and Peng parameterisation [13] and a temperature of 300K chosen unless otherwise stated. All
calculations, unless otherwise specified, were performed on a 3.112 x 3.112 nm® super-cell, sampled
on a 512 x 512 mesh, which was found to be sufficient for convergence of the calculation for the thin
specimens (see Appendix G for a more detailed discussion of sampling). Sub-slicing was increased
until convergence in the multislice calculation to 4s.f. accuracy was reached; this typically
corresponded to 6 subslices. Each slice was defined such that it contained one unit cell in thickness so
that the atoms could be placed at the correct heights in the sample. 24 x 17 probe positions were used
over one unit cell in the [110] direction and 24 x 24 probe positions in the [100] direction, in order to

create an image with circular atoms while also minimising calculation time.

5.3 Mathematical treatment

The following derivation was carried out in collaboration with Les Allen, Adrian D’Alfonso and

Nathan Lugg of the University of Melbourne.

It is convenient to start from Equation 5.7 in [20], which allows a probe position dependent inelastic

scattering cross section o (in three dimensions) to be expressed as a 3 dimensional integral:

2 , ' .
o(R) = h_Z_U YR, W(r,r") o(R,1")dr dr’ 31
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Here R denotes the position of the probe, 4 is the usual Plank’s constant and v is the relativistic
velocity of the incident electrons. The term W(r,r') is the non-local potential representing the
inelastic scattering of interest. The incident probe is represented by the wavefunction I/JO(R,T'),

which is normalized as

1 5.2
7| WP ar =1
Viy
Here Vis the volume of the specimen and the wavefunction is dimensionless.
The wavefunction can then be written in the form of a modulated plane wave as
Yo(R, 1) = exp(4miKz) ¢po(R, T, 2) 5.3

where K is the wave number of the incident electron and the vector » in the wavefunction ¢, has been

decomposed into a vector orthogonal to the optical axis, and one which is along the z direction [20].

Then assuming that the potential representing the inelastic scattering can be projected, making a flat
Ewald sphere approximation, and also supposing that the detector counting the inelastically scattered
electrons spans a sufficiently large area in the diffraction plane (as discussed in Ref. [20]), Equation

5.1 reduces to the following form:

47 t . 5.4
O-(R)=h_J f |¢0(R,TJ_,Z)| V(TJ_) er_ dZ
vtJy Jo

The volume integral has been decomposed into integration over the area 4 that the specimen presents
to the beam and its thickness z. After making the local approximation, W(r,r') becomes the local
potential V'(r). It is then integrated with respect to z over the thickness ¢ of the specimen (and taken
together with the factor of /¢ in the pre-factor, is the potential per unit length). In this paper V'(r,) is
the potential for incoherent inelastic scattering to the HAADF detector, which can be calculated, for

example in a similar way to that described in Ref. [24].
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A further approximation is made such that the probe wavefunction does not change significantly
within the thickness of the sample. This is commonly termed the ‘object function approximation’ [21]

and allows the probe wavefunction to be taken out of the integral over thickness to obtain:

A . 5.5
o®) =5 [ IR DP V) dr,
A

Assuming that the R dependence can be expressed as r; — R such that the incident STEM probe is

invariant under translation across the sample, Equation 5.5 can be reformed to give:

4 . 5.6
o®) =7 | 1900 = RP VG,

Now considering the fraction of incident electrons that is scattered to the HAADF detector; from the

definition of the cross section a(R), this can be written as:

o(R) 4 ” 5.7
I(R) = a2 T wmAa ., | po(ry — R V'(r)dry
Making the definition:
r. —R)|? 5.8
Py — ) = 2T

which can be intuitively thought of as the fraction of the total incident electron current per unit area for

a given location in the probe, Equation 5.7) becomes

4 - 5.9
I(R) = HL P(r, —R)V'(r))dr,

The projected potential of a crystal in the local approximation can be expressed as a sum of many

potentials of individual atomic columns a, centred at positions R,

V() =) Valry—Ry) 10
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This is particularly useful when considering the composition of atomic resolution images. Here it is
assumed that both the width of the potential of the column and probe itself are much smaller than the
distance between columns. This is broadly true of on-zone axis crystals in aberration corrected

instruments.
Substituting this expression into Equation 5.9) gives:

4m - 5.11
I® =" [ P =R) Ve, — Rodr,
v - A

Note that the probe is centred on R and thus a contribution to the intensity is only apparent when the
probe is in the vicinity of a column R, and zero elsewhere. Considering the contribution from a single
column, it is possible to write ', =1, — Ry:

4m - , 5.12
e®) =1 [ PG+ Re = R) Ve ars
A

Defining a new variable R" = R — R, such that R = R' + R, Equation 5.12 then becomes:

, 41T ~ = , 5.13
(R) = 1o | Py = R) Ve ars
A

An integration is then performed over another area 4’ such that 4’ is centred on column a and
1, (R") is negligible at the boundaries of 4'. Here the assumption is made that the area A’ contains all

the image intensity associated with the column. This yields the following:

41T _ 5.14
f [a(R,)dRI == _J- f P(TIJ_ - RI) V’a(T'J_)dT'J_dR !
Ar iy Ja

By considering the integral over R’ first, Equation 5.14) can be written as:

41 - 5.15
f I,(R)dR' = — J 7', | PG',—R)dR dr',
A hv J, Ar

At this point, the normalised probe function over the specimen can be considered in order to obtain an

expression consistent with Equation 5. 2:
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5.16
f P(r', —R) dR' =1
Ar

This normalisation is a key step, as, by substituting Equation 5.16 into 5.15, this allows the integrated

intensity of a column to be expressed as:

4T - 5.17
f lo(R)dR = X j PG dr
" hv A

It can be clearly seen that the value has dimensions of [L?] and this is then identified as the cross
section of inelastic scattering to the HAADF detector integrated over probe positions that comprise an
atomic column, the cross section:

;t—: N V(' Ddr'y = 0 [17] >
Experimentally, the probe is scanned over discrete probe positions which make up a pixelated STEM
image, where each pixel has the total fraction of the incident probe that has scattered onto the HAADF
detector from that probe position R. Thus the integration in Equation 5.18 is, in practice, a discrete
sum. Assuming that the image of a particular column o in an atomic resolution HAADF image is
contained by some j pixels each with fractional intensity /; and each of some area a;, the total area of
these pixels corresponds to the area 4° in Equation 5.18. When this is summed, the product of these

pixels with their area gives:

© = Zla,j o 5.19

J

This is an integrated cross section of inelastic electron scattering to the HAADF detector identical to
that used by Retsky [10]. In addition, this quantity is independent to the shape and form of the probe,
simply by taking the product of the integrated (summed) fractional intensity of the pixels that

comprise a column and assuming that the area of each pixel is a:
J
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Given that this parameter is independent of the probe function, the dependence on probe shape and
source coherence, which may be difficult to determine experimentally, can be strongly mitigated as

long as a column is well resolved.

It is imperative to note that this treatment is valid for the circumstances where the probe function is
considered invariant in z, i.e. thin specimens. For thicker samples, the variation of the probe in the
sample becomes more significant and the object function treatment will naturally break down. The
degree to which an integrated cross section quantity is useful under those conditions is explored in

Section 5.5.

5.4 Cross section for single atoms

The sensitivity of the cross section of single atoms to common imaging parameters is investigated
first. The key to measuring the cross section is to record an image on a calibrated intensity scale such

that the intensity for any probe position is expressed as a fraction of the total incident current.

Simulations were performed using the absorptive potential code that showed the cross section for a
single Pd atom imaged with a 200kV, aberration free probe of convergence semi-angle 25mrad, with a
detector of collection angle range 90-180mrad, is 0.33 Mbarns (Mb) where 1 barn=10"* m* . For a
single Pt atom under the same conditions, the integrated cross section is 0.48 Mb. As can be seen in
later sections, the cross section is robust to the precise form of the probe and thus the aberration and

convergence semi-angle quantities for the simulations have been can be chosen reasonably arbitrarily.

5.4.1 The probe: defocus

The probe harbours some of the most influential and difficult to determine experimental parameters
such as defocus and source size effects [8]. The defocus, which has been shown to greatly affect

HAADF images [22] is considered first.
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Simulations show that the peak image intensity of a single atom of Pt drops significantly with
increased under-defocus of the probe into the specimen (see Figure 5.2). This is expected when
imaging with a broadened defocused beam. However, the cross section is relatively insensitive, as
long as the area of ‘column integration’ is sufficient such that the entire atom image is included. This
breaks down as the beam becomes increasingly broad and intensity is lost to the outer edges of the

integration box.
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Figure 5.2 The relative change in peak and cross section values as a function of defocus for a
single Pd atom. While the cross section is reasonably insensitive, the peak value falls off very
rapidly. Variations of the cross section for large defocuses are due to the broadened beam no
longer being included in the area of the integration box for the column of size 5A2, with sides

of 2.25A

5.4.2 The probe: source size and coherence

The intensity distribution in the probe is strongly dependent on the demagnified electron source

distribution as imaged to form the probe, and other sources of loss of spatial coherence such as
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instrument instabilities. The difficulty with measuring these parameters has often led to mismatches
between experiment and simulation [23]. While many efforts have been made to characterise them
[24,25], often the most practical way to account for their effects is to make a fit to the experimental
images themselves. This is primarily done by combining unknown probe effects into a Gaussian
convolution where the choice of the size of the Gaussian is determined by a variable fitting parameter

or the match to images across several experiments [9].

By using the cross section as a metric for comparison between experiment and simulations, the
dependence on spatial coherence is greatly reduced. As previously shown in Section 5.3, the cross
section has no dependence on the probe. Applying a Gaussian convolution to account for the partial
spatial coherence does not affect the cross section value of a single atom, whereas the peak value (and
thus the contrast) drops significantly (see Figure 5.3). A convolution was performed with Gaussians of
sizes covering the range typically reported in the literature [5,23], and the values compared to those of

the original image.

5.4.3 The probe: convergence angle

Convergence angle (determined by the objective aperture size) has been found to greatly affect the
intensity of HAADF images [26]. The cross section is seen to be insensitive to the size of the probe as
long as the columns are well resolved (Table 5.1). Again, this is easily understood by the fact that the

measured cross section is independent of the probe, as long as the columns are well resolved.
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Figure 5.3 The relative change of cross section and column peak intensity with effective

source size. The cross section is robust to a convolution with a Gaussian to account for the

finite probe size, unlike the value of the peak intensity.

Aperture Size Convergence cross section %
A™M Angle (mrad) (Mb) change
0.8 20.1 0.477 0
0.9 22.6 0.486 1.7
1.0 25.1 0.483 1.2

Table 5.1 The variation of cross section with respect to convergence angle. The objective

aperture size, which controls the convergence angle of the probe, has very little effect on the

cross section of a single Pt atom.
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5.4.4 Analysis parameters

One of the strengths of analysis by cross section is that this parameter is not sensitive to the number or
size of pixels in both the simulation and experiment. As long as the integration is performed over the
whole of the column, the size of the area of integration does not affect the value of the cross section
significantly (See Table 5.2). Making use of an average intensity across the atomic column quantity
would require accurate knowledge of the size of the integration box or pixel sizes to compare

simulation to experiment.

Integration area (A%) | cross section (Mb) | % difference
Single Pt atom
9.0 0.483
5.1 0.475 -1.7
23 0.452 -6.5

Single Au atom*

23 0.564 25

Table 5.2 The change in cross section as a function of the area of the integration box around a
single atom of Pt. As long as the whole column is included in the integration of intensities, the
cross section does not vary significantly. The variation is small enough that it is still possible
to distinguish between elements of successive Z-number (Pt Z=78, Au Z=79). *The

percentage difference with respect to a single Pt atom of the same integration box size.

As more simulations are performed on desktop PCs, it is useful to conserve computing power by
finding the minimum number of probe positions necessary. The cross section analysis is also robust to
the number of probe positions imaged (See Table 5.3), which minimises the need for long calculations.
As long as the probe sampling is sufficient to accurately capture the fluctuation of intensity across the

atom or column, the cross section is insensitive to the effective pixel size used in the simulations.
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The cross section values are sensitive enough to allow identification of different species of atoms that
are Z=1 apart in atomic number (see Tables 5.2 and 5.3). It is thus tempting to consider the possibility
of creating a periodic table of cross sections from simulations that allows easy comparison of

experimental images to simulations. This is further discussed in Sections 5 and 6.

Pixel size (A %) cross section (Mb) % difference

Single Pt atom

0.00055 0.4835

0.04592 0.4828 0.14

0.25000 0.4772 1.3

0.36000 0.5891 22
Single Au atom

0.00055 0.5462 13

Table 5.3 The change in cross section as a function of the pixel size of the image. Probe
position sampling does not affect the cross section value as long as the columns are well
resolved and appear to be circular. When the pixel size is large such that the atomic columns
are no longer appear round in shape, the cross section value increases dramatically such that it

is not possible to resolve atoms of neighbouring Z-number in composition (Au, Z=79).

5.5 Applicability of cross sections to imaging of crystals

While it is intuitive to understand why the cross section gives such a robust parameter when using the
object function approximation, it must be kept in mind that the mathematical treatment in Section 5.3
has assumed that the probe does not change with respect to thickness in the specimen. Nonetheless, an
cross section may still be defined in the case of a thicker crystal, but will now be influenced by
channelling effects. For application to thicker samples, the strength of the cross section approach to

crystals is empirically explored, particularly to what extent this method continues to have value.
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Simulations show that the cross section is closer to being linear with thickness compared to peak
intensity (Figure 5.4). This makes image interpretation considerably more straightforward. However,
the relationship is not a linear one, thus matching between experiment and simulation is still necessary

for a thorough quantification.

In this section some of the sources of error in comparing experiment to simulation are discussed: from

errors in experimental measurements to errors in analysis.

5.5.1 Pure crystals

Both pure element crystals of Pt and Pd were simulated as a basis for comparison to experimental

results. The calculated cross sections are show in Figure 5.4 as a function of crystal thickness.
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Figure 5.4 cross section of intensity scattered to the HAADF detector (integrated over probe
positions) of an atomic column in a Pd crystal of orientation <100> as a function of thickness
(as defined by Eqgs. 18 and 19). The dependence is much closer to linear than that of peak

intensity (compare with Figure 5.1).
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It is clear from Figure 5.4 that the intensity is monotonic but nonlinear with thickness. Moreover,
channelling effects mean that the scattering is enhanced beyond the linear addition of atomic scattering
with Z'7 behaviour. The exponent of 1.7 is the usual Z* Rutherford scattering behaviour with the
addition of screening effects from the atomic potential [27,28] and the plot scaled to the cross section

of a single Pd or Pt atom.
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Figure 5.5 HAADF scattering cross section of crystals of pure Pt and Pd, both oriented in a
[110] direction, calculated for a microscope at 200kV with detector angles of 91.15 —
180mrad. The dashed lines show the linear scaling of cross section without channelling

effects, scaled to the scattering from a single atom of Pd or Pt.

5.5.2 Defocus in a crystal

Despite changes in defocus affecting the coupling of the incident probe into the channelling states, it is

apparent that the cross section of a single column does not vary significantly with defocus (see Figure
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5.5). As has been previously reported [29], optimum focus for peak intensity is in fact a few nm below
the surface of a crystal. With increased defocus, the peak intensity drops rapidly to several tens of
percent of maximum within a few nm. This creates significant difficulty in matching simulation to
experiment if peak intensity or contrast is used as a measure of fit, whereas the probe position cross
section remains robust. The robustness of the cross section to defocus, even in thicker crystals,

suggests that it remains a useful quantity to use for matching with simulations.

5 _ -5
= ] /O\o [
o) ]
T 0- o — -0
Q s . e
n ] O, i
@ =
S 54 -
5 ) 3
= I=
o £
g A L -10 <
S | i
- ) S
£ 15 =l =
©
2 ] L 5
8 c
g 20 -0 2
= =
5 o L
S 254 | —m— probe integrated cross section Feee
S 1 | —°— peak intensity i
O\O _30 T T T T T T T T T T | '30

0 1 2 3 4 S

underfocus /nm

Figure 5.6 The cross section and peak intensity of a single column in a crystal of Pd <100>,
of thickness Snm, as a function of defocus. The cross section varies minimally with under-
focus of the probe into the sample. However, the peak intensity shows significant deviation

from the in focus value, both above and below the value.
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5.5.3 Temperature and the Debye-Waller factor

Most simulations methods use the Einstein model for phonons, where Debye-Waller factors (DWF) or
‘temperature factors’, are typically calculated for bulk samples of pure element crystals. A recent
contribution by Martin et al [30] suggests that an absorption potential method, which takes into
account correlated atomic motion, agrees with the Einstein model. However, there is no guarantee that
these parameterised factors are applicable to nanoparticles or thin, layered structures, where the
behaviour of collective phonon excitations must naturally be very different. In fact, the well-known

melting point depression of nanoparticle structures [31] suggests that this is the case.

Though X-ray methods have been used to experimentally find accurate DWF in samples that are also
used in an electron microscopy study [7], this may not be feasible for small nanoparticle samples
where spatial resolution is key and sample size limits the feasibility of X-ray methods sensitivity.
Beam effects on nanoparticles can also cause structural changes corresponding to heating [32] which
lead to difficulties in determining the temperature of the system and thus determining the DWF for

simulations.

Crystals of Pd of varying thicknesses were simulated with DWFs at 300K and 600K (see Figure 5.7).
The projected mean square displacement values used to calculate the DWF were 0.0059A% and
0.0116A? respectively. For thicknesses below 2nm, there is a far smaller difference between the two
cross sections of a column of Pd (within 18%) whereas the peak intensity is found to vary more
significantly (up to 28%). However, for thicker samples, the higher temperatures show attenuated high
angle scattering from more vigorous vibrations of the atoms, since less of the beam is retained down

the column.

It might be expected that there is only a small effect on thin samples due to errors in the Debye-Waller
factors for the simulations. The effect of the DWF is to reduce the intensity in the coherent
illuminating probe for subsequent layers in the sample, and so differences are seen predominantly in

thicker samples.

135



thickness (nm)
0 2 4 6 10

o0}

_
o _ é/ »

probe integrated cross section at 300K (Mb)
probe integrated cross section at 600K (Mb)

5 A —=— Pd-300K 5
] / —A— Pd-600K I
.

0 I L} I 1 I T I 1 I L} I 0
0 5 10 15 20 25

thickness (unit cells)

Figure 5.7 cross section versus thickness for two different temperatures. Below thicknesses of
2nm, a two-fold increase in the means square displacement values, corresponding to an
increase in temperature from 300K to 600K, has little effect on the calculated cross section.

For thicker crystals, the increased thermal motion attenuates the channelling of the beam.

5.5.4 Mistilt

It is commonly observed that HAADF-STEM intensities sharply increase when crystals are on zone
axis due to channelling effects [33]. When a sample is mistilted off a zone axis, the intensity drops
rapidly; even small amounts of mistilt, of the order of a few mrads, have been shown to greatly reduce
the amount of contrast visible in high-resolution HAADF images [26,34]. LeBeau et al [35] have
shown that using a position averaged CBED (PACBED) method, it is possible to determine mistilt to
an accuracy of 3mrad readily and Imrad by careful comparison of the PACBED symmetry. This
however requires averaging the thickness over the area for the PACBED scanned, which is difficult

for samples such as nanoparticles and further places limitations on beam sensitive samples.
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Simulations of a single isolated Pd column of 10 atoms with a repeat distance of 3.89A at various
mistilts were carried out to investigate the influence of channelling as a function of tilt. The relative
increase in the cross section due to channelling is shown as a fraction of the value for 10 times an
individual Pd atom. A 60% increase in the cross section due to channelling can be observed when the

atoms are aligned with the beam (see Figure 5.8).

By a mistilt of 4° (70mrad), the cross section plateaus out to the same value as 10 individual Pd atoms
and, in fact, decreases to slightly less than the value of the sum of 10 Pd atoms as, for some angles, the
channelling enhancement effect is overcome by absorption attenuating the beam for later atoms in the
column. If channelling did not occur, it would be reasonable to expect that a well-aligned column of
atoms, with little mistilt, would show slightly decreased cross section than 10 individual Pd atoms as
more absorption would occur. Atoms earlier in the column scatter electrons from the beam away from

further interaction with atoms later in the column.

Simulations of a crystal of a Snm thick crystal of Pd (100) were carried out at various mistilts from the
zone axis. It can be seen from Figure 5.9 that the cross section varies less significantly with mistilt
compared to the peak. As the cross section captures all scattering to the HAADF detector from the
column, a loss in peak intensity due to decreased channelling of the probe does not affect the

scattering from the whole column as strongly.

A 7Tmrad mistilt in crystals of various thicknesses was simulated to investigate how the cross section
varies with increasing thickness (see Figure 5.10). The difference between on-axis and mistilted cross
sections is less than 2% for thin specimens under 1nm. As thickness increases, the difference is less
than 10% but typically 6-7%. There is no linear or monotonic trend to the difference between on axis

and off axis cross sections; this complicated behaviour is beyond the scope of the present work.
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Figure 5.8 The fractional increase in cross section and peak values relative to the sum of 10
individual cross sections plotted as a function of tilt angle for a single isolated Pd column of
10 atoms, showing how they both decrease from the on axis case until reaching a plateau
which is equal 10 times the cross section of an individual Pd atom, and no channelling is

present. Credit: Katherine MacArthur.
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Figure 5.9 Simulation of the effect of mistilt on the cross section and peak intensity for a
column in Pd <100>. Peak intensity drops off rapidly with mistilt away from zone axis

whereas the cross section is much slower varying.
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Figure 5.10 A mistilt of 7mrad is enough to see the effect of tilt in the image at thicknesses of

4nm of crystals of Pd along the <100> axis. The difference in cross section is less than 10%

and typically on the order of 7% for crystals of up to 10nm thickness. For thinner specimens

up to 1nm, the difference is less than 2%.

5.5.5 Cross-talk

In thicker crystalline samples, so-called “cross talk” between columns may occur as the probe de-
channels or spreads geometrically, especially at larger convergence angles, and contributions from

neighbouring columns can exist. This becomes a serious issue when assigning intensity to individual

columns and has been carefully studied with respect to EELS analysis [36].

Given that it is required for columns to be well resolved and the whole probe to be included in the
integrated area, it is necessary to include the background between columns as potential intensity from
a probe of finite size. Given the finite size of the probe, any subsidiary maxima or probe tails that
could excite scattering from neighbouring columns would affect the measured cross section at a

particular probe position.
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Furthermore, any potential “cross talk” between the columns, i.e. the effects of probe de-channeling
[9,12,37,38] or spreading geometrically, will alter the measured intensity at a particular probe position,

and thus the cross section value from that of an isolated column.

A nanoparticle often has neighbouring columns of different thickness due to its convex structure, and
faceted sides. It is reasonable to assume that the thickness variations between neighbouring columns
will be less than 4 atoms. This can be readily seen in the images acquired (see Figures 4.7, 4.10, 4.11,
4.14, 4.17) where the surfaces of some facets are clearly visible in projection. It is thermodynamically
unlikely for an isolated column far from the edge of a particle to vary in height by two or more atoms,
so called “cliff-edges” or “canyons”. The effect of neighbouring columns of heights that differ by one
atom needs to be well understood since they might have an effect on the calculated PI-CS value due to

cross talk.

5.5.5.1 Neighbours of differing thicknesses

A wedge shape with different column thicknesses (see Figure 5.11) was simulated to explore the
consequences of thickness variations of neighbouring columns (see Figure 5.12) in the [011] beam
direction. The cross section value of each thickness was then compared to that of a pure crystal of the

same thickness (see Figure 5.13).

It can be seen that there is variation on the order of 5% between the pure crystal cross section value
and that of a column with neighbours of different heights due to cross talk. While there is no
systematic trend in the difference, there is a marked increase in the difference as thickness increase
beyond 4nm. The lack of a clear pattern in the variation could perhaps be attributed to the channelling
pendellosung along the columns, such that intensity is bunched along the column at different depths

into the crystal and so cross talk to different columns is not uniform with thickness.
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Figure 5.5.11 A wedge of Pd crystal in the [100] orientation used to investigate the effect of

neighbouring atoms of different thicknesses. The beam direction is from the top, as shown.

Figure 5.12 HAADF simulation of the wedge structure from Figure 5.11, showing the

increase in brightness with thickness.
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Figure 5.13 Plot of cross section for a pure crystal and the wedge structure. The effect of the
neighbouring columns of different heights is small: on the order of 5% for thinner sections of

the crystal. The effect becomes more pronounced at larger thicknesses.

It is evident that care is required in the matching of tabulated cross section values to experiments. At
the very least, an uncertainty of 5% should be incorporated in the likely error when the identifying the

column thickness and composition.

5.5.5.2 Neighbours of different compositions

Simulations of pure crystals of Pt and Pd of varying thicknesses were performed, as well as
corresponding ones for a fictional “ordered alloy” of Pt and Pd where pure Pt and Pd columns

alternate in a <100> view (see Figure 5.14).
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Figure 5.14 Ordered alloy system of pure Pt columns surrounded by pure Pd columns in a
chequer-board pattern.

It was found that up to thicknesses of 10nm in <100> orientation of FCC crystals, the cross section
value was affected by neighbouring columns of a different species by up to 11% for Pt and 16% for Pd
(see Figure 5.15). The Pt loses intensity to the Pd columns, while the Pd gains intensity from the Pt
columns. For thinner crystals, less than 4nm, the ordered alloy showed a 5% decrease in the cross

section of Pt columns while the Pd gains on the order of 10% of its cross section value.

This poses a significant issue when comparing samples of over 4nm, which is approximately the depth
of focus of the microscope used for these simulations, which suggests that unambiguous column-by-
column comparison with simulation would not be straightforward and a full comparison with a model

structure may allow clearer interpretations.
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Figure 5.15 cross sections of an ordered alloy of neighbouring Pd and Pt columns and also
pure Pd and pure Pt. With neighbours of different atomic species, the heavier Pt loses

intensity to the lighter columns of Pd.

To investigate the role of neighbouring columns within a nanoparticle type geometry, a Pd
cuboctohedral nanoparticle core with a monolayer Pt shell was simulated along the <110> projection.
This work was carried out by Kate MacArthur of the University of Oxford. Comparison between the
columns containing 3Pt and those containing Pt(2Pd)Pt demonstrated that the variation of cross
section values due to differences in neighbouring columns within each group is 0.6%, sufficiently
small that differentiation between each column type is possible (see Figure 5.16). As this difference is
not obvious in the original image by inspection, analysis by cross section allows for identification of

composition where qualitative analysis of structure does not.
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Figure 5.16 Simulation of a Pt(Pd) core-shell particle in <110> projection cross sections from
two types of columns are shown: Pt(2Pd)Pt columns are indicated by the solid boxes in (a)
and diamonds in (b); 3Pt are indicated by the dashed boxes in (a) and as X in (b).
Differentiation between column types by cross section values is possible (b). There is,
however, scatter of the cross section values depending on neighbouring configurations and
discrete pixel sampling. This is likely due to the numerical error arising from the discrete
pixel sampling. There are 6 pixels per Angstrom and the cross section is taken with an
integration circle of radius 5 pixels from the pixel with maximal intensity in the column.

Credit: Katherine MacArthur.

5.5.6 Mixed composition columns

The scattered intensity is known to be sensitive to the height of dopant atoms [1,39] so a set of
simulations was carried out to investigate the effect of a single dopant layer Pt at various heights in a

Snm thick slab of Pd crystal in the [100] orientation.

As can be seen from Figure 5.17, the peak intensity varies with the height of the dopant in a non-
monotonic fashion, increasing to a maximum of 14.3% of the incident beam intensity at a depth of 5

unit cells (1.9nm) from the surface of the Pd crystal. This is a 10% increase on the value of 13.0% if

145



the Pt was placed at the entrance surface. After this maximum, the peak intensity drops off back to

13.3% of incident beam current.

The cross section shows a similar behaviour, except that the increase of the maximum is later: at 7 unit
cells (2.7nm) into the crystal. The subsequent decrease is only 1.4% of the maximal value, compared

to the 6.8% of the maximal value of peak intensity.

Although the peak intensity is more sensitive than the cross section to the position of the dopant in the
column, the depth dependent variation is not a straight-forward one as there is not a clear one to one
mapping of a peak intensity value to a particular position of the dopant in the column. One value of the
cross section can also correspond to multiple positions of the Pt in the Pd column, however the range
of possibilities is smaller since the maximum variation is only 7% of the value at the entrance surface,

compared to a difference of 10% for the peak (see Figure 5.17).

This agrees with work carried out by Loane et al.[40] , who determined that the location of an atom
within a column will affect its contribution to the total column intensity due to how focused the probe
is when it reaches the atom. This so called ‘top-bottom effect’ means that an additional heavy atom
within a column will have a much more marked effect on the column intensity if it is positioned on the
exit surface, where the probe is more focused, than the entrance surface. Later work focused on the
depth dependence of channelling and exploiting it to try and determine the exact depth location of

dopant atoms in extended crystals, based on their contribution to intensity [39].
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Figure 5.17 Variation in cross section and peak height as a function of the depth of a dopant

Ptin a Pd crystal

5.6 Compiling a library of simulated cross section values

In order to match calibrated experimental cross section of columns to simulated values, the only
required experimental parameters for calculating the cross section are detector angles and the
accelerating voltage. The library of cross sections for the Pt and Pd core-shell nanoparticle system was
compiled to match the experimental parameters of the JEOL ARM 200F at 200kV and 80kV and also

the Oxford JEOL 2200MCO at 200kV. These parameters are given in Appendix B.

The orientations of nanoparticles observed experimentally are typically the [110] and sometimes the
[100] directions and so these were the crystal orientations calculated. The lattice parameter of Pt and
Pd used in this thesis are 3.92A and 3.89 A respectively. Thicknesses of up to 15nm were calculated

(approximately 40 unit cells in the [100] direction and 50 unit cells in the [100] direction).
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5.6.1 Assumptions made in cross section matching

While an exact matching would be ideal, the particulate nature of the sample structure means that
thickness variations preclude the possibility of identifying the depth of the Pt in the column since there
is no guarantee that neighbouring columns are identical in thickness. For the rest of this thesis, the

following approach is taken to reduce the number of cross section value possibilities.

For the purpose of the core-shell samples, it is assumed that there is a maximum of 4 Pt atoms per
column and that they are either arranged at the entrance surface or the exit surface or both,
commensurate with a Pt shell of 2ML coating a Pd core, which is the maximum coverage of shell
design imaged at high resolution. Other combinations of mixed column compositions are not
considered due to the complexity of matching experimental values to simulated ones. This assumption
is a reasonable one given that the Pt is deposited on the surface of the Pd core in a secondary step once
the core has been formed. It is further reasonable that a complete shell seen in projection, at the edge

of a particle, would comprise of purely Pt atoms.

5.6.2 Pt at entrance surface

The scattering cross section of columns of Pd in the <110> direction, topped with one, two and three
Pt atoms was investigated. The results show that there is little variation in the contribution due to the
extra Pt (see Figure 5.18), particularly at larger thicknesses. For thinner samples, less than 3nm, the
capping Pt at the entrance surface does play a significant role in increasing the intensity and thus the

measured cross section value.
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Figure 5.18 cross section of crystals of Pd, capped with Pt at the entrance surface

At thicknesses larger than 5nm, the effect of the number of Pt atoms at the start of the column
becomes negligible as channelling effects dominate and the cross section values converge to that of a
pure Pd column of the same thickness. In terms of image interpretation, this causes a major issue if the
particles are thicker and the Pt located at the entrance surface as they will not be distinguishable from

pure Pd columns.

5.6.3 Pt at exit surface

The scattering cross section of columns of Pd with one, two and three Pt atoms at the exit surface was
investigated. The results show that there is clear increase in the cross section due to the extra Pt atoms
and that the effect is monotonic and linear with increasing Pt doping. Further, it does not vary with
thickness (see Figure 5.19). This is significantly larger than the effect seen when Pt is at the entrance
surface of the Pd crystal and is again understood by considering the effects of channelling: since the
Pd atoms act like mini-lenses to focus the probe down the column, stronger scattering lower in the

column occurs.
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Figure 5.19 cross section of crystals of Pd capped with Pt at the exit surface

Thus it is possible to clearly determine the presence and number of dopant Pt atoms in a column at all

thicknesses if the Pt is located at the exit surface of the crystal.

5.6.4 Ptin a sandwich structure

As can be expected from the results of Section 5.6.2, the effect of one or two Pt at the start and end of
a column, a so-called “sandwich” configuration, does not significantly alter the cross section much
from the value seen for the configuration of Pt atoms later in the column (see Figure 5.20). This
further confirms that the substitution of one or two Pd atoms at the top of a column with Pt atoms has
negligible effect on the cross section value for thicker samples and is only relevant for samples thinner

than 3nm.
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Figure 5.20 cross section of crystals of Pd capped with Pt both the entrance and exit surface

(sandwich configuration) and at only the exit surface (bottom)

To complicate interpretation, the cross section values for thinner samples of 2 Pt at the entrance and
exit surfaces are similar to that for a column with 3 Pt at the exit surface only. This raises the concern
that unambiguous column composition identification by matching to cross section values is practically

not feasible, certainly when experimental error is taken into account.
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5.7 Experimental applications

Some initial investigations of the use of cross sections for the interpretation of experimental data is
now presented. These investigations demonstrate some further experimental considerations in the

application of the proposed approach.

5.7.1 Background subtraction

Images of many samples may have background intensity in the image arising from, for example,
catalyst support materials or some carbon contamination, and thus background subtraction must be
performed carefully since it greatly affects any comparison with simulation. Care must then be taken
that contributions from contamination or a support is not attributed to the cross section value. The
digital to analogue converter offset (constant background) can be taken into account by subtracting the

black level of the detector map [41].

When considering nanoparticles, this is possible as contributions from the sample support can be taken
into account by considering the complete surroundings of the cluster [42]. However, when the
background is uneven across the length of the sample (e.g. increasing thickness of support), it is
necessary to interpolate the background from one side of the sample to the other side. Purely
subtracting the inter-column background can lead to underestimates of the scattering cross section, as
the finite source size will engender significant intensity between columns, which must be attributed to

the columns themselves. A method for doing this is discussed in Section 7.3.4.

5.7.2 Experimental uncertainty in detector quantification

Because of the possible nonlinear dependence of image intensity on the detector amplifier gain setting,
either a custom converter needs to be added to microscopes [6] or small probe currents are needed to
scan the detector during the calibration process [43]. In the latter approach, it is necessary to measure

small beam currents using a Faraday cup and picoammeter. The error on reading such small currents
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with standard picoammeters can be as large as 10%, since the probe currents are often as small as 1 or
2pA in order that the scattering from the samples in imaging does not saturate the detector response.

This dominates the error on the cross section analysis.

Further, it has recently been pointed out that potential detector non-uniformity requires careful
consideration [44,45], as variations in detector response across different scattering angles would lead

to a difference in signals from different zone axes.

5.7.3 Identification of unknown elements

The cross section analysis method lends itself directly to identifying single atoms of unknown element
where it would otherwise be difficult to garner information using spectroscopic methods due to poor
signal to noise. Isolated atoms are similarly not affected by errors due to concerns of mistilt and cross
talk. Similarly, as shown earlier in the paper, the cross section of thin sample was found to be robust to

the Debye-Waller factor.

Several nanoparticles in a heterogeneous catalyst known to contain Pt and Pd were imaged. The
sample had regions of isolated atoms on the carbon support surrounding the larger nanoparticles (see
Figure 5.21). To attempt to identify whether the atoms are Pt or Pd, the cross section values were
compared to simulated values at the given microscope accelerating voltage and HAADF detector
collection angles. This study is similar to one presented by Isaacson et al. [46]; the difference being
that here the investigation is on an actual bimetallic heterogeneous catalyst system rather than a model

specimen.

Initial investigations at 200kV gave cross sections of the same order of magnitude as simulations for
this accelerating voltage: 0.48Mb for single Pt and 0.33Mb for single Pd. There was, however,
sufficient scatter in the data that distinction between elements or number of atoms was not possible

(see Figure 5.22).
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Figure 5.21 Heterogeneous catalysts of Pt and Pd on industrial carbon black support, imaged
at 200kV on the Oxford-JEOL 2200MCO. Single atoms around the nanoparticles can be

clearly seen.

The movement of unpinned atoms during scanning is the largest source of error. If the atoms move
with the scanning probe direction, increased beam interaction will result in a larger cross section than
calculated. Conversely, a movement of the atom away from the original position and out of the beam

profile will reduce the measured cross section.

Further experiments were carried out at 100kV using a Nion UltraSTEM 100, at the UK SuperSTEM
facility, to reduce the knock on effect of a high energy electron probe. Samples were prepared by Kate
MacArthur and the instrument was operated by Tim Pennycook. At the lower accelerating voltage,
atom movement was significantly reduced (see Figure 5.22) but not sufficiently for clear
differentiation between elements. Sequences of images showed that the atoms are highly mobile on the
carbon black support material used for this catalyst system, suggesting that general application of this
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method will be dependent on degree to which the supporting material limits atom mobility. Single
atoms on other supports, such as thin amorphous carbon films, may show lower mobility.

Nonetheless, the clustering of the measured cross sections around the expected, simulated ones, is

reassuring.
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Figure 5.22 Histogram representing the distribution of the scattering cross sections of single
atom species measure from experimental images. Black bars show data from images taken at
200kV and white bars show data from images taken at 100kV. The grey bars represent the
location of theoretical values calculated for 100kV accelerating voltage. The large values of 7
— 10Mb could be due to movement of the atoms under the beam causing multiple scans of the

same atom. Credit: Katherine MacArthur, Tim Pennycook.
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5.74 Thin, layered materials

As a proof of principle, the cross section approach is applied to a real material with simpler
morphology. Single layer materials offer the ideal test for quantitative analysis where the individual
atoms are more fixed than small isolated atomic clusters. Thin sheets of MoS, were prepared by liquid
exfoliation [47] and imaged using a JEOL ARM-200F at 80kV with inner and outer detector angles of
55mrad and 180mrad respectively. Calibrations for quantitative imaging were performed using probe
currents of 2.6pA for the detector mapping and 33.8pA for imaging. Thus the gain and offset
(‘contrast’ and ‘brightness’) of the analogue to digital convertor could be maintained at the same
settings without the detector saturating and this provides a good dynamic range for the images without

the need for a custom built analogue to digital convertor with a linear behaviour [43].

Careful background subtraction was necessary since the sample showed contamination in some areas
(Figure 5.23, bottom left), which would greatly affect the measured cross section value. A background
level was measured by averaging the intensity over a region immediately adjacent to the edge of the
single layer in the top left of Figure 5.23. Only atoms far from edges and steps were considered as
areas close to the edges of thin 2D sheets often have ad-atoms [48]. Only those in the top half of the
image were investigated, where the sample was cleaner. The main sources of calculable errors were
due to the accuracy of the picoammeter in the measuring of the small 2.6 + 0.1pA current used to map

the detector and due to the large variance of integrated intensities because of noisy data.

The structure of a single layer of MoS, has a layer of Mo atoms in a hexagonal lattice located at the A
sites, sandwiched between two layers of S both at the B site (see overlaid positions in Figure 5.23).
The average of 42 atomic sites gave a mean cross section of 6.0 = 0.7 Mb. Comparison with
theoretical cross section values revealed that the mid area atoms were single Mo (calculated cross
section of 6.8 Mb), confirming that this is a monolayer. It was not possible to identify the S as the
columns of S were not well resolved above the background. They would have had a smaller cross

section of 4.3 Mb.

Cross sections of the brighter columns to the right of Figure 5.23 showed that these were a
combination of two S and one Mo, as expected for a bi-layer of MoS,. Because of channelling effects,

Mo before two S has a theoretical cross section of 13.6Mb, whereas the two S before Mo has a cross
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section of 12.3Mb. The mean cross section of 30 atomic sites in the “double layer” region was

(11.4£0.9)Mb, which suggests that the configuration is two S before Mo (see Figure 5.24).
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Figure 5.23 Calibrated HAADF STEM image of the edge of a MoS, flake showing
monolayer (left, centre) and bilayer (right). The MoS, structure is overlaid in the bottom right
corner with Mo sites shown in green and S in yellow. Sample kindly prepared by Aleksey
Shmeliov.
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Figure 5.24 (a) structure of monolayer and bilayer in a 2H stacking formation (b)
transactional view of stacking: 2 sulphur atoms (yellow) above a Mo atom (green) is indicated
by the black dashed line.



5.8 Conclusions

The analysis of quantified atomic resolution HAADF STEM images can be carried out by integrating
around well-resolved columns and this can be understood very intuitively in terms of the probe-
position integrated cross sections of scattering to the HAADF detector, integrated over the probe

positions encompassing a column of atoms.

Due to the transverse incoherent nature of HAADF STEM, it is found to be robust to parameters that
affect probe size and shape such as defocus and source coherence. The main imaging parameter
dependencies are on detector angle and accelerating voltage, which are well known. As long as the
sample is thin enough that the probe does not vary through the thickness of the sample, the cross
section is independent of the probe. Thus there is no reliance on any statistical or indirect fitting

parameters or comparisons to known samples to compare simulation to experiment.

The cross section remains a robust parameter even in thicker crystals, and is a useful quantity for
comparison with simulations. Though excellent progress has been made in quantitative interpretation
of HAADF STEM images, some of the potential issues and causes of errors when comparing
experimental data to simulations are still prevalent. These include the need for careful background

subtraction, consideration of accurate Debye-Waller factors, sample mistilt and cross talk.

By calibrating the HAADF detector and using a cross section approach, comparisons of experimental
images of isolated single atoms with simulated cross sections seems possible but is practically difficult
in reality due to the mobility of the single atoms. However, thin, layered materials, where the atoms

are less mobile, show excellent agreement to simulations.

In the next chapter, we apply the cross section analysis method to catalyst nanoparticles in order to

elucidate structural and chemical information.
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Chapter 6

HAADF cross sections of
core-shell nanoparticles

In this chapter, the methodology of probe integrated cross sections for the analysis of Pt-Pd core-shell
nanoparticles is explored. We present the calculation of a library of cross section values and
investigate the feasibility of decoding the composition and thickness of atomic resolution images in a
column by column manner. The sources of error are discussed and suggestions for minimising the

uncertainty in composition and thickness identification are given.

The cross section approach is then applied to the analysis of an image of a pure Pt particle and also to
a range of core-shell nanoparticles. The possibilities for answering important catalytic questions are

explored and the practical limitations discussed.

6.1 Imaging particles

Particles that were free-standing were chosen to minimise the contribution to the HAADF intensity
from other parts of the sample such as carbon support or neighbouring particles. Two microscopes
were used to carry out the atomic resolution investigations: Oxford-JEOL 2200MCO and JEOL ARM-
200F. Details of the microscopes are given in Appendix B along with the experimental setup used. The
detectors for both were calibrated as detailed in Chapter 4 and HAADF imaging was performed at

200kV unless otherwise stated.
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Wherever possible, particles were chosen that were ‘fresh’, i.e. had not been previously exposed to the
electron beam and thus potentially altered or damaged by incident fast electrons. Attention was
focused on the as-prepared 2ML design particles,' since they were shown to be the most catalytically

favourable [12,13].

6.1.1 Background subtraction

Image interpretation of nanoparticles supported on industrial amorphous carbon black requires the
careful removal of the contribution to the image from the support, so that the scattering from the
carbon is not included in the value for the cross section of the column. Given the size of values that
comprise the background signal in a typical HAADF image, especially where the substrate or other

particles are also imaged, correct identification of the background is vital.

As seen in Section 6.6.4, where the particle is relatively free-standing and the height and thickness of
the support underneath fairly uniform, this is easy to implement. The automated cross section
calculator described in Section 5.5 copes very well with this and removes the background sufficiently

well that there is good agreement between the range of values found in simulation and experiment.

However, where there are particles which lie underneath the one imaged, or the carbon support or
possible contamination is non-uniform in thickness or height, the background identification is
particularly difficult. As can be seen from Figure 6.1, this is not an unusual occurrence with these

industrial nanoparticle samples as the loading density of the particles tends to be quite high.

As detailed in Section 5.1, the intensity between columns must be included in the cross section value
since the finite size of the probe and various cross talk effects means that intensity detected off a
column still corresponds to scattering from said column. Therefore, background subtraction needs to
be performed away from the columns themselves but close enough to the particle that they represent a

true measure of the background.

"i.e. non-cycled
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Three different arcas near to the particle were chosen and an averaged background manually
subtracted from the cross section value of a column of interest (as respectively indicated by areas A,
B, C and the red circle in Figure 6.1). The scattering cross-section of the column varies significantly,
from 54.4% to 64.2% of the un-background-subtracted value (see Table 6.1), depending on the area
chosen as background. This variation highlights the sensitivity of the cross section value to the correct

identification of the background.

Figure 6.1 HAADF image of a 2ML design nanoparticle positioned above another particle
(out of focus), a particularly challenging case for accurate background subtraction. The
column circled in red is investigated with various background values subtracted from areas
indicated by A, B and C

Background subtracted Integrated Cross section % of
(fraction of incident probe) intensity (Mb) original
0 13.7204 30.87 100
A 0.0295023 8.81044 19.82 64.2
B 0.0326981 8. 11682 18.26 59.1
C 0.0356996 7.46563 16.80 54.4

Table 6.1 The influence of background subtraction on the cross section value
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6.2 Automated cross section analysis

Integrating peaks of interest by hand would take a long time so a MATLAB program for automated
peak identification and background subtraction was used to analyse the atomic resolution images [14].
The development of the code is attributed to Lewys Jones”. The program requires the input of the

following parameters:

e detector inner and outer angles (mrad)

® beam currents used to map the detector and to image the specimen (pA)

e lattice parameter of particle (A)

e the index spacing notation used to auto-calibrate the pixel size of the image from the

diffractogram

The process of analysing an image is described in the following section with the example of a pure Pt
particle. In the first instance, a particle of pure Pt was chosen to test the method as this negates the
complication of compositional variation in the image interpretation. The sample was kindly supplied

by Dogan Ozkaya at Johnson Matthey.

6.3 Pure platinum particle

6.3.1 Detector calibration

Pairs of images and detector images were recorded on the Oxford-JEOL 2200MCO with
corresponding probe currents recorded. The detector map is loaded first and a histogram plotted to
extract a figure for the detector response. The upper bound of the background signal of the vacuum
(the dark reference) and lower bound of the detector response is manually selected and the mean value
for each is calculated (see Figure 6.2). A 1% error in the mis-selection of the lower and upper bounds
at this stage corresponds to a 0.1% difference in the final cross section value [15] and thus can be

largely neglected in light of the magnitude of the other experimental errors.

2 The code is available for download here: www.lewysjones.com, Absolute Integrator v1.1.3 was used in this
thesis.
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The difference between the two means is then taken as the detector response Int,,; corresponding to

the current used to map the detector:

Intge = Intplxel - IntdarkRef 6.1

This gives a single value for the detector response to be used as per Eq. 5.1 to calibrate the image of

the sample.

Once the detector’s sensitivity is known at particular a gain (contrast) and offset (brightness) settings,
the recorded STEM image is recorded using the same settings. This avoids problems arising from any
non-linearities in the A/D converter on factory standard instruments which don’t have the custom A/D

of the LeBeau and Stemmer experiments [16], as discussed in Section 4.2.4.

Scanned Detector Map

Detector Map Pixel Intensity Histogram
T T T T T

Pixel Counts

1 : - - A

Detector Map Pixel-Intensities cid®

Figure 6.2 Detector calibration step. The image of the detector (top) is shown as a histogram
(bottom) of intensity values, divided into three regions: vacuum (red, left), difference (green,
middle) and detector (blue, right). The upper threshold for the vacuum level and lower
threshold for the detector sensitivity level are selected manually and shown by the solid back
lines. The dotted black lines show the resultant mean intensities of the vacuum dark reference
and the detector sensitivity.
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6.3.2 Image calibration

The image to be analysed is then loaded and calibrated as per Equation. 5.1 to give the intensities on

an absolute scale of a fraction of the incident beam current.

The diffractogram is calculated (See Figure 6.3) and the spots indicated in the input file (e.g. “111” for
a particle viewed in the [110] direction) are selected in order to calibrate the pixel size of the image.
Two spots of the same index family (e.g. -111 and 1-11) are selected to increase the accuracy by

averaging the values.

STEM Image Image Feourier Transform

Figure 6.3 Calibration of the pixel size from the diffractogram. Calibrated image (left) and
FT spots (right). The spots are selected manually with the cursor and the distance to the zero
frequency maximum calculated (red lines).

In order to calibrate the size of the pixels in real space, e.g. Ax, it is convenient to do so from the FT as
the inverse relationship between an image and its Fourier transform minimises the potential error in
calibration: small distances in the real image (e.g. pixel size) correspond to large distances from the

origin in the Fourier transform.



An image of dimensions ay X by in real space, with N, X N,, pixels has pixel sizes of Ax = % and

X

Ay = %. The Fourier transform of this image will also have N, X N,, pixels but the dimension of the
y

image in reciprocal space is % X %. And each pixel in the FT will be Ak, = ai and Ak, = bi
0 0

0 0

The distance from the origin to a spot in the FT for a given diffraction pattern is known as:

gl = — 6.2
hkl At

Where

dpa = L — 63
Vh? + k2 412
where a is the lattice parameter for the crystal. In Figure 6.3, two 111 type spots are chosen to
calibrate the image; in the [011] projection of an FCC system, the distance |g;11]| of a 111 spot from
the origin is:

6.4
lg111] = o

From this, the size of the pixels in reciprocal space can be calculated since if |g111| corresponds to n

pixels in the FT, then

6.5
Ak, = |g111]
n
And so
V3 6.6
Ak, = —
an

The maximum frequency in reciprocal space (in the k, direction) is the furthest pixel from the centre

of the FT. Since the centre of the FT is placed in the middle of the image, this corresponds to
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N, Ak, 6.7
kmax = 2

The Nyquist limit’, imposed by the discrete nature of the sampling, means that the maximum spatial

frequency is limited by:

1 6.8

kmax < ZAX

From this, the minimum detectable separation distance in real space, i.e. the real space pixel size Ax,

to be calculated:

1 NeAk, 6.9

So the pixel size is simply:

1 an 6.10

Ax = =
N, Ak, N3

It is important to note that an error of 1% in distance measured from the spot to the central maximum
corresponds to a 5% error in the measured cross section. Since this affects the calculated pixel size,
which is multiplied to get the cross section, this error scales exponentially and so the selection needs to

be done carefully.

6.3.3 Peak finding

A box of size x pixels is scanned across the image and the highest intensity pixel found within this
area of focus. This allows a map of peak positions to be found which is then used to determine the

sites of atomic columns by attributing pixels to the nearest peak within a certain radius.

3 The Nyquist-Shannon sampling theorem says that a signal can be reconstructed by sampling with a rate that is
at least twice the maximum frequency. A more practical understanding is to say that the minimum detectable
frequency in a real image is limited by 2 pixel widths.
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For a fully automated approach, the box size can be iteratively increased until the number of feature
peaks found converges and before the total number starts decreasing as the box becomes larger than
the distance between neighbouring features and individual peaks are lost. From this, a map of

identified peaks can be found (see Figure 6.4).

It has been shown that this method is significantly faster than other Fourier space peak finding
methods [14]. Since the accurate identification of the location of the peak is of paramount importance
in identifying the column itself and extracting a value for the total column intensity, a further
refinement is necessary. This is carried out by fitting a 2D Gaussian profile over the identified peak
positions and comparing this with the raw data. The location of the peak of the fitting Gaussian which
best fits the raw data is used as the refined column location. This step is optional and is often not

necessary for well resolved, high resolution images.

Figure 6.4 Peak identification, where green spots indicating the local maxima found by the
algorithm. A straight forward threshold to select the peak intensities results in the automated
method finding false positives in the out of focus particles to the bottom right and left. This is
an unavoidable artefact of the automated algorithm.
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6.3.4 Background subtraction algorithm

Next, the crucial step of background subtraction is performed. The method allows for a locally-
responsive and spatially-varying background to be removed. An extended area of a fixed radius of one
feature spacing is drawn around each column found in the peak identification. This creates a complete
mask of the particle and any free atoms are encompassed in their own circle. This segments the image

into two parts: sample plus background, and just background.

The pixels corresponding to sample and background are removed and the area of pure background is
considered. A value for the background underneath the sample is then interpolated from the values at
the edges of the particle mask. This is done by using the roifill function in Matlab’s library to
smoothly in-paint the region left by the sample by interpolating inwards from pixel values at the
boundary edge by solving the Laplacian. This is iteratively Gaussian blurred until a converged
solution is found. The background calculated is then removed from the raw data of sample +
background, and the sample image returned (see Figure 6.5) such that all pixels which aren’t attributed

to the particle are zero in value.

From Figure 6.6, it is clear that misidentification of the intensity in the bottom right has labelled
amorphous areas as atomic columns. This has meant that the background subtraction has not entirely

“lifted out” the particle from the background as these areas were also considered part of the sample.
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Figure 6.5 Screenshot of the iterative background subtraction. The mask of the particle is
removed and a background interpolated iteratively from the remaining values (left). The
relative change in the mean background value to test for convergence (right).
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Figure 6.6 Raw experimental image (left), the removed background (middle) and the
difference, which is the sample image (right).
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6.3.5 Cross section determination

The sample image is then processed. The integration area corresponding to each column is a Voronoi
polygon®, where each point within the polygon is attributed to that atomic column by virtue of it being
the closest peak to that point. The rationale behind this shape is to maximise the area of integration to
satisfy the conditions for the cross section values that the probe function is negligible at the boundaries
of the integration cell, without clearly impinging on the scattering from neighbouring columns. A limit
of one lattice parameter is applied to the size of the radius of these polygons as it is unphysical to
consider scattering further away from the column intensity. The effect of this can be seen at the edges

of particles where the polygons are rounded.

The polygons are calculated from the locations of the atomic-columns by calculating the Euclidian
distances of all the image pixels to the nearest identified column. In practice, this results in Euclidian
allocation zones (EAZ) due to the pixilated nature of the raw data. At sufficient magnifications, these

EAZs correspond well to true Voronoi polygons.

The contents of each EAZ is then integrated and multiplied with the area of each pixel calculated from
the image calibration described in 6.3.1.2 to give an absolute value for the probe integrated scattering
cross section to be compared to simulations. The results of this analysis can then be displayed as a
histogram in order to identify clustering of values which might correspond to thickness variations (see
Figure 6.7) or an interactive Matlab figure (see Figure 6.8) where the cross section values can be

probed by selecting the regions with a cursor.

* Also called Thessian polygons or proximal polygons
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Figure 6.7 Histogram of calculated cross section values of identified columns, extracted from
the image. There is some sense of clustering

Identified Feature Cross Sections (Mb)
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Figure 6.8 Identified cross sections, where each Voronoi polygon is coloured to represent the
cross section value associated with that column.

Comparing cross section values to the library of simulated values, a map of possible thickness is
obtained, as in Figure 6.9. Matches were found by using a lookup table to find the nearest value less
than the measured cross section. Then the relative error of that value and one greater was calculated

and the value corresponding to the smallest error chosen.
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Identified Feature Cross Sections (Mb)

Figure 6.9 Thickness of columns by comparison of extracted experimental cross section
values to a simulated library. The number of atoms in the column marked in black.

6.3.6 Crystal Maker model

A model of the particle was made using the Crystal Maker software by manually removing atoms from
a bulk crystal until a column by column match to the thicknesses obtained from the cross section

analysis gave a roughened particle.
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Because of the large experimental error in measurement, the possibility of misidentification of the
column composition is significant. Thus, the best likelihood estimate is made given assumptions made

about the particle’s 3D morphology. These assumptions are chiefly that the particle is:

® 1ot hollow (so each column is continuous)
¢ no thicker in projection than it is wide in the image
® convex

e smooth (the difference in thicknesses between neighbouring columns is minimised)

Considerations of surface smoothness were further used to place the height of neighbouring columns
relative to each other. Where the error on the cross section measurements allowed for a thickness of £1
or 2 atoms, the thickness best suited to preserving an extended, smooth facet was chosen since this

produced a thermodynamically more stable and thus more likely solution.

The best likelihood model can be seen in Figure 6.10, in the beam direction and rotated slightly to

view the morphology.

s pf pf pf o e o

oo g ph sv sl g
oot et o (M) BY F
ot b b pf v

“.‘. o ol G e &

Figure 6.10 Model of particle imaged in 6.4 made from the analysis of cross section values,
as show in Figure 6.9. Miller index families are shown in red (right)



This model with 1700 atoms was then used to simulate an image using the absorptive potential code.
The dimensions of the supercell were 5.07nm x 5.64nm, sampled over a mesh of 1024 x 1024 pixels.

162 x 180 probe positions were plotted to give the output image of Figure 6.11.

Ei

® ® & & 5 " "

Figure 6.11 (a) Simulated image from the model shown in Figure 6.10. Sliced 23 times, 6
subslices. (b) cross section analysis of simulated image showing good agreement to the
original image in Figure6.4.

Although there is not an exact match between the cross section values of the experiment and the
simulated model, especially around the areas to the bottom right where the background subtraction is
occluded by a neighbouring particle, there is good agreement in the number of atoms in each column
(See Figure 6.11(b)). This is encouraging evidence that it is possible to get a good match between

image and a model by matching experimental values to a library of column intensities.

6.4 Error Analysis

The combination of uncertainties in the experimental procedure limits the accuracy of the match to a
theoretical cross section. The errors arise from many sources (see Table 6.2) and quantifying them

allows an experimental uncertainty to be applied to the quantified analysis of the nanoparticles.
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Error source

Scale

Typical error %
probe current (detector) + 0.05pA 5
probe current (image) +0.05pA 0.3
detector inner angle Imrad 5
detector outer angle Smrad negligible
Detector non-uniformity - 5
mistilt 3mrad 5
pixel size calibration 0.1A 1
background subtraction constant constant

Table 6.2 Potential sources of errors and their associate magnitudes as absolute values and

percentages.

The errors are independent and thus combined in quadrature:

Dtotal = /z errors?

— A2 2 2 2
Z errors = AdetectorCurrent + AimageCurrent + AinnerAngle + AouterAngle

2 2 2 2
+ ADethonUniform + Amistilt& + Apixel + Abackground

Typically, the combined error is on the order of 10%, with the dominant errors being the shot noise on

the small probe current used to map the detector, the detector inner angle and non-uniformity and the

potential for unidentified mistilt.
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6.5 Core-shell Particles

The cross section analysis is now applied to a core-shell nanoparticle in order to investigate the
feasibility of extracting information about the compositional makeup of atomic columns. Some
particles show a very distinct segregation of Pt to a shell like structure (see Figure 6.12) but the

thickness of the Pt coverage is difficult to ascertain in projection.

Unfortunately, the underlying particles to the right side make effective background subtraction
intractable and thus over-aggressive removal of the background has led to artificially decreased cross
section values to the right of the particle. However, those to the left are unencumbered by underlying
variations in background and can be more readily analysed. Comparison by cross section (see Figure
6.14) reveals possibilities for compositions in neighbouring columns of 6.4Mb and 5.2Mb (marked 1
and 2). Within the 10% uncertainty of the experiment, each column has many possible combinations

of thickness and composition (see Table 6.3).

Assuming that the two columns are located in the middle of a facet, it is thermodynamically unlikely
that neighbouring columns would differ in height by many atoms. In addition, assuming that the
particle is convex, the thickness of column 2 must be greater than or equal to that of column 1 since it
is further away from the edge of the particle. Thus column 2 is most likely 8Pd or (7Pd + 1Pt at the
top) and column one is thus constrained to be (6Pd + 2 Pt at the top) or (7Pd + Pt at the top) if the

neighbouring columns are to be of similar thicknesses.

The compositions are 8Pd for column 2 and column 1 must be (6Pd + 2Pt at the bottom). The intensity
comprising the “shell” is likely due to preferential deposition of Pt at step-like edges of the
nanoparticle (shown schematically in Figure 6.13). Steps can be seen along another facet in projection

in the top left of the particle (indicated by the red box in Figure 6.12).
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Column 1 (6.4Mb) Column 2 (5.2 Mb)

Pd Pt thickness Pd Pt thickness
10 0 10 8 0 8
0 5 5 0 4 4
9 1 (top) 10 7 1 (top) 8
8 2 (top) 10 5 2 (top) 7
6 3 (top) 9 3 3 (top) 6
8 1 (bot) 9 6 1 (bot) 7
6 2 (bot) 8 4 2 (bot) 6
6 3 (bot) 9 2 3 (bot) 5
7 1 (sandw) 9 4 1 (sandw) 6
2 2 (sandw) 6

Table 6.3 Possible composition and thickness values for column 1 and 2 marked in Figure
6.12.

Comparison of cross section values in the region indicated by the blue box show that there is little
variation in the scattering, indicative of either a flat, plate like structure, or Pt decoration that
corresponds exactly to the difference in height between the columns. The latter interpretation seems an

unlikely coincidence.

It is interesting to note that there is increased scattering in some areas in the central plane which could
correspond to Pt decoration (see blue box Figure 6.12). Subsequent images of the same area show

variation in the location of these brighter columns, suggesting mobile Pt on the surfaces of the particle.

However, as can be seen from the integrated line profile in the same figure, the background is
significant and so the columns are not well resolved enough to have a large difference in the cross

section values even though the peak intensity (and thus the contrast) may be brighter in some columns.
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Figure 6.12 A 2ML design particle imaged using the Oxford JEOL 2200MCO at 200kV. The
bright intensity at the edges are indicative of a shell of Pt. An integrated line profile shows the
scattering from two neighbouring columns, marked 1 and 2, which vary significantly.
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Figure 6.13 Atom model (scaled down) showing sites of preferential Pt deposition at step-like
edges
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Figure 6.14 cross section analysis of particle in Figure 6.12 The value of one Voronoi
polygon is shown. The overly aggressive background subtraction on the right due to the
presence of other particles underneath has resulted in a decreased. cross section of columns in
the shaded region show similar values. The black arrow indicates the line profile take in
Figure 6.12.

6.6 Large nanoparticle

As size increases, the number of possible combinations of composition and thickness increases as a
geometric progression, thus the matching becomes increasingly difficult. Particles of size in the region
of 8-10nm show more complicated structures and more twinning, further complicating image

interpretation.

The particle in Figure 6.15 was imaged using the Oxford JEOL 2200MCO at 200kV and shows two
clear grains. From the FT (see Figure 6.16), it can be seen that one in the [110] orientation on the left,
(marked a), is twinned with a higher order [114] orientation on the right (marked b). The region in the

middle is not well resolved and could be a third grain. Clear Pt segregation is seen by the increased
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scattering intensity at the edges of the particle, particular in the right grain and the top left of the left
grain. A line profile, summed over 10 pixel widths (Figure 6.15 bottom) clearly shows an increase in
scattering. An increase due to thickness in such a short lateral distance, a ‘cliff edge’ is

thermodynamically unlikely and so the contribution to the intensity must be attributed to composition.

% Incident Beam Intensity

350004 \A

a.n 0.t 1.0 1.5 2.0 2.5 2.0 2.5
nm

Figure 6.15 (top) a large 2ML design particle showing evidence of Pt decoration marked by
red arrows (bottom) Line profile of intensity shown by blue line in top figure.
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Figure 6.16 FT of two grains marked as (a) and (b) in Figure 6.15, showing the different
orientations.

To ascertain the amount of Pt present, a quantitative analysis must be carried out. An analysis of the
cross section values (see Figure 6.17) shows that there is indeed a dramatic increase in the scattering in
the bright band in the top left of the particle, from cross section of 41Mb to 59Mb within three
columns (indicated by the black arrows in Figure 6.17 and red arrow the histogram in 6.15). However,
the matching of the absolute values to simulated values does not yield a plausible thickness. Even if
the columns of highest cross section were pure Pt, the thickness would still correspond to over 70
atoms, which is greater than the width of the particle. Moreover, given the nature of the synthesis
method, it seems unlikely that there would be a few columns of pure Pt neighbouring mixed
composition columns, especially some distance from the edge of the particle, but that Pt would at

segregate in complete grains or cover the surface of the Pd core.

Thus, it must be concluded that for larger thicknesses, the usage of cross section appears to break
down as the probe can no longer be treated as constant in the z direction. Judging from the micrograph
in Figure 6.15 and the increased background seen in the histogram, significant probe spreading and
cross talk, and multiple scattering effects have occurred, which would go some way to explaining the

increased cross section values observed.
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Identified Feature Cross Sections {(Mb)

Figure 6.17 cross section analysis of the particle in Figure 6.15. Black arrows show the areas
of significant change in cross section values across a short lateral distance, indicative of the
presence of Pt. However, the absolute values do not match plausible thicknesses, even of pure
Pt columns.

6.7 Complete particle analysis of a core-shell particle

The micrograph in Figure 6.18, of a 2ML pre-cycled sample, was taken at 200kV with a JEOL ARM
200F. The beam current was 6.1pA and the image collected over 1024 x 1024 pixels with a dwell time
of 19ps per pixel. The HAADF detector was mapped with a current of 1.03pA over 512 x 512 pixels
with a dwell time of 38us per pixel. Therefore, an extra conversion factor of 2 was required to scale
the image to the incident beam current to account for the difference in real dwell time across the

particle.
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There is clear variation in the intensity to one side of the particle, indicative of a possible core-shell
structure, especially along the bottom of the particle (indicated between the red arrows). However,
since this is a projected image, the thickness in the beam direction could be any number and moreover,

the three atomic planes could be a facet covered by an even distribution of Pt rather than three [111]

planes of Pt.

x5 s

&

Figure 6.18 2ML particle viewed down the [110] direction. Facets are marked; red arrows
indicate the likely Pt segregation from the intensity distribution.
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Figure 6.19 A false colour representation of the micrograph in Figure 6.18. Indication of a
core-shell structure can be seen.

4
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Figure 6.20 Histogram of calculated probe integrated cross section values. Clear clustering of
values can be seen though it is difficult to determine how many combinations of thickness and
compositions are present
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From Figure 6.20, it is evident that extraction of distinct clusterings of values is challenging. The
method of fitting Gaussian distributions to the histogram scatter, as done by Van Aert et al [17,18], is
hampered by the large number of possible combinations of thickness and composition in the columns
of a bimetallic particle. In addition, because of the 10% experimental error, the proximity of cross
section values and also the differing effects of dopant atoms at the top of bottom of a column (as
explored in Section 5.6), often more than one possible combination of compositions exist within the

uncertainty for a single cross section value.

By grouping the data in such a histogram representation, the potential to use the spatial location of the
peaks to aid interpretation of the measured intensity value is lost. By matching the cross section value
to the location of the column, whether near an edge, surface or in the middle of the particle, it is
possible to gain further insight by taking into account the likely thickness and composition of the

column in question given its neighbouring columns (see Figure 6.21) to reveal Pt islands and corners.
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Figure 6.21 Map of probe integrated cross sections of the particle in Figure 6.18. An
indication of likely compositions in some areas of less ambiguity is shown with the white
numbers corresponding to number of atoms of Pt and grey numbers corresponding to number
of atoms of Pd. Pt islands can be seen on some faces and corners.

However, even the cross section analysis cannot unambiguously identify the composition and
thickness of each column. A best estimate model is made in Figure 6.22, where the likely columns
which contain Pt are marked in red. Assumptions are made about the thickness of the nanoparticle as

detailed in Section 5.6.1.
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Figure 6.22 Best estimate model of the 2ML particle in Figure 6.18 based on the cross section
values analysis of thickness and composition. Location of Pt is marked in red. It is not
possible to extract the exact number and location of Pt within the columns as the match
library of cross sections as there were too many combinations of thickness and composition.
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6.8 Conclusions

While cross sections are a robust measure in the comparison of experimental images to simulation, it
is difficult to interpret the scattered signal and separate the contributions to contrast from thickness
and composition. The cross section analysis of a test case of a small pure Pt particle shows good
agreement with a subsequent simulated model. However, the introduction of another atomic species
gravely complicates matters as the number of possible thickness and composition possibilities makes

identification of columns intractable given the experimental uncertainties.

Possible accountable errors give a typical 10% margin of combined error on the comparison of
experimentally extracted cross sections with simulation, which gives a large selection of possible
column compositions and thickness. Furthermore, mistilt presents a grave problem in real samples as it
greatly reduces the channelling effects and often cannot be identified through visual clues such as
elongation of the column profile, since channelling effects will mitigate this. Finally, since the thermal
behaviour of nanoparticles cannot be assumed to be identical to that of a bulk crystal, the DWF could

have a significant effect on the cross section values, especially for larger particles.

While it is possible to draw some conclusions about the Pt segregation from cross section analysis and
assumptions about morphology, and best estimates of the structure allow for a plausible model to be
constructed, more compositional information is necessary to obtain a more certain structural solution.
This is explored in the next chapter, where we will apply EDX to the analysis of core-shell

nanoparticles.
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Chapter 7

Energy dispersive X-ray
Spectroscopy

As discussed in Chapter 2, energy dispersive X-ray (EDX) spectroscopy is the preferred method for
chemically sensitive information about the heavier (higher Z-number) platinum group metal samples
of the core-shell nanoparticles investigated in this work. In this chapter, point analysis of particles
confirms the presence of platinum and palladium at specific points of the particle. From these initial
observations, the feasibility of gaining quantitative compositional information from EDX is explored.

The following is investigated:

® necessary parameters to consider in quantification
e experimental limitations of unstable, beam sensitive samples

e various potential sources of error

Then the feasibility of determining shell thickness is probed by taking line scans across particles.
Next, the ways the microscope settings can be optimised to obtain maps of particle composition is
presented. Finally, drawing these threads together, insights into and recommendations for the
practicalities of setting up real world experiments, its limitations and how one could gain the most

information from such samples using EDX is presented.
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7.1 Usage of EDX for catalyst samples

While it would be possible to get a sense of the overall elemental distribution of Pt and Pd across a
large number of particles with EDX, illuminating a large area in the case of this sample, is not an
efficient, or in fact, sensible use of microscope time. The loading of the particles on the support is very
low (see Figure 7.1). This would make a broad view EDX map very inefficient and time consuming in
order to generate and collect enough X-rays to get a sense of the composition of the sample. Instead,
the real power of STEM-EDX in an aberration corrected instrument is in being able to map the

distribution of different elements within a single nanoparticle at high spatial resolution.

The characteristic X-rays usually used for quantification in this and following chapters are the Pd L
line at 2.84keV and the Ly, line at 2.99keV; and the Pt M, line at 2.05keV, Pt L, at 9.44keV and L,
at 11.07keV. Others higher in energy also exist (see section 2.7) but are less likely to be generated and

thus have poorer count statistics.

Figure 7.1 low magnification HAADF image of a typical nanoparticle catalyst sample on a
holy carbon TEM grid. The heavy Pt and Pd particles show up strongly against the carbon
black support and the carbon film of the grid. The loading of the particles is not very dense
within the carbon black support in this instance. Moreover, the sample preparation process
breaks up the clusters of carbon supported particles into small areas, which is optimal for
studying single particles.
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7.2  Presence of Pt and Pd by point analysis

The quickest way to confirm the presence of elements within a sample, across various particles or at a
specific area of interest, is to perform a point analysis by locating a stationary electron beam on a
certain area. This provides a good sense of the composition at a single point and is often easy to
accomplish to complement a high-resolution HAADF image. Using this mode, it is easy to establish
the existence of core-shell morphology by comparing spectra obtained in the centre of a particle and
near the edge, where a shell could be located (see Figure 7.2). From the spectra it is clear that there is

both Pt and Pd in the edge of the particle; this suggests the presence of a Pt shell.

240
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Figure 7.2 (left) particle under investigation, imaged at 200kV. (Right) the EDX spectrum
from a point acquisition at the specified point on the particle shows the presence of both Pt
and Pd at the shell area. The Cu peak is from the copper of the TEM sample grid. Experiment
performed on the Oxford-JEOL 2200MCO with a probe size of 1nm and probe current of
600pA.

Alternatively, a line scan can be performed where sequential spectra are taken across the profile of a
particle to give a sense of the compositional variation (see Figure 7.3). The distribution of the Pd and
Pt along the line clearly indicates a core shell structure. However, it is not possible to infer the ratios
of composition without further quantitative analysis of the spectral data since there is not a one-to-one

correspondence between the number of counts and the concentration of the element.
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Figure 7.3 a) HAADF image of a cluster of 2ML design nanoparticles, b) EDX line profile
taken across the nanoparticle marked in red in (a). A clear core-shell structure can be seen.
Data taken with an FEI Tecnai F20 at Johnson Matthey Technology Centre at 200kV with a
1nm probe of current 0.6nA. The EDX detector is Si(Li) with a Be window and a solid angle
of 0.13 steradians. The linescan was performed with a dwell time of 10s per point.

7.3  Quantification

While point analysis clearly shows the presence of the elements we are investigating, it is more
interesting to explore the ratio of clements present in order to gain a quantitative picture of the
distribution of Pt and Pd across the particle and obtain catalytically relevant information about the

coverage and thickness of the Pt shell.

Most commonly, the concentration of an element in a material is of interest. In this thesis the mass or
weight fraction is used for composition (Cyeigne measured in units of kg/nm3) and converted to the
number concentration for use when modelling atomic structures. The software packages that come
with modern microscopes, which are used to perform quantification of EDX spectra, are often “black-

boxes”. The method of quantification and how it is applied is often not clear.

In samples where the generation of X-rays is not efficient and the count rates are likely to be very low,
the sensitivity of various factors, such as the way the peaks are integrated, or the way the background
is subtracted, becomes crucial in determining the final calculated element ratios. Further, the method
of calculating the ratio of element concentrations inherently has sources of error and needs to be well

understood. With such thin samples as nanoparticles, it is possible to assume that there is negligible
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fluorescence and absorption [1]. Thus applying the standard Cliff-Lorimer ratio method is a feasible
approximation. Throughout the following work, theoretical k-factors from the Digital Micrograph
software-packages are used, unless otherwise stated. In section 7.9, the accuracy of quantification is

explored.

7.3.1 Attributing X-ray counts to specific energy peaks

There is necessarily some scatter in the energies measured with each characteristic X-ray emission.

This can be due to various mechanisms:

e Loss of energy as X-rays pass through the sample
e Noise in the detector channels

e Errors in attributing the detected X-ray to a specific energy

This leads to a spread in the signal in the form of a non-delta function peak at the transition energy of
the particular characteristic energy (see Figure 7.3). A careful and systematic method of peak
integration is therefore needed to determine the number of counts taken into account for the

quantification.

199



40

Al

counts

0 5 10 14 20
Energy (ke

Figure 7.4 Typical EDX spectrum showing non-delta function peaks and background noise.

7.3.2 Background subtraction

The background due to Bremsstrahlung, discussed in section 2.7.1, needs to be effectively subtracted
from the characteristic peaks, as it is only the latter that is useful for quantification of the element
under investigation. The shape and size of this background is largely dependent on the detector: its
placement, orientation, window thickness and efficiency. Since the background is not constant but

varies with the X-ray energy, a local background subtraction is necessary.

One approach would be to acquire a “control” spectrum from a nearby region, which does not have the
elements of interest. However, this method is time consuming and, in the case of nanoparticles on thin

carbon support, impractical.

Gatan’s Digital Micrograph software allows for the conversion of EDX spectra to an EELS spectra
format. The inbuilt software for background subtraction for EELS spectra can then be used. A
smoothed interpolated curve fit from a manually selected window of background can be carried out

using the software (See Figure 7.5). This approach is superior to subtracting a background found by
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using a simple linear interpolation from the area neighbouring the characteristic peaks, and is the one

used in all subsequent analysis unless otherwise stated.

7.4 Quantification techniques

Once the spectrum is processed for background and the counts integrated for each characteristic peak,
it is necessary to find the cross-section for X-ray excitation by the electron beam for each element in

the sample so a ratio of concentrations can be found.

7.4.1 Cliff-Lorimer k-factor

The Cliff Lorimer ratio method [2], as described in Section 2.8.1, is the most common way of
quantifying the ratio of two elements from the integrated signal of two elements’ characteristic peaks.
Use of tabulated values for k-factors typically results in an uncertainty of about +10%. Experimentally
determined k-factors, determined from a sample of precisely known composition, offer the best handle

on error for a particular instrument and microscope conditions, with errors down to as low as +1%.
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Figure 7.5 Background subtraction for a Pt M edge using the "Convert to EELS spectrum"”
method. The signal in the manually selected background (red window, labelled “Bkgd”) is
used to extrapolate a curve for the background in the peak area to its right (green window,
labelled “Edge”). The background corrected spectrum is shown superposed as a green line.
This data is taken from the particles presented in Section 6.7.3.

7.4.2 (factor

As discussed in section 2.8.2, quantification using the {-factor [3], which can be measured from a pure
element standard using a probe of known current, removes the requirement for a standard with a

known composition.

By comparing the intensity of the peaks from two different mass thicknesses under the same

experimental conditions, the {-factor for an element A can be calculated simply by:

(ty — t3) 7.1

Ca= pNeIprobeTm
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where pt is the mass thickness of the sample with the thickness taken at two points 1 and 2. N, is the
number of electrons in the unit electron charge', Iyrope and T are the beam currents and acquisition

times and [ is the intensity of the X-ray peak for the element A from spectra collected at each of the

two thicknesses 1 and 2.

This expression (derived in Appendix H) is sufficient for thin samples where the effects of absorption

and fluorescence can be ignored [4]%.

Once a (-factor is known for both eclements, the concentration can be determined using the

relationship:
L= Caly + Cplp 7.2
D,
where
N 7.3
Ch=—7—""7—
Cals + Cplp
Sls 74
Cg=—F—7—
Caly + Cplp

solongas C, + Cy = 1.

A wedge shape sample with a 1° angle was fabricated by Sergio Lozano-Perez from a Pd wire using a
FEI FIB200 focussed ion beam and attached to a TEM grid. An EDX line spectrum was collected
across various thicknesses (see Figure 7.6) with a 1nA probe in the JEOL 3000F and 60s dwell time

per point. This was repeated for a Pt wire sample (see Figure 7.8).

The relative thickness was calculated by the simple geometric relation of distance from the edge of the

sample to the position of the probe x, by t = x .sin 8, where 8 = 1°. The {-factor calculated from the

" This is simply 1/e, the elementary charge, = 6.24 x 10"

For cases where absorption and fluorescence is an issue, a modification of the equation is necessary and an
iterative approach is needed to reach a converged solution.
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inverse of the gradient® of a plot of the thickness and the counts from a particular peak (see Figures 7.7

and 7.9). The Pd L,; and Pt M,, peaks were chosen for their strengths and ease of identification.

/um

Figure 7.6 HAADF image of the Pd wedge sample showing the probe positions where EDX
data was collected
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Figure 7.7 Plot of count intensity from the Pd L peak of the line scan of the Pd wedge.

3 Where the gradient is Gy=h),
(t1—t2)
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Figure 7.8 HAADF image of the Pt wedge sample showing the probe positions where EDX
data was collected
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Figure 7.9 Plot of count intensity from the Pt M peak of the line scan of the Pt wedge
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The {-factors for the Oxford JEOL 3000F are:

P (kg/m3) {-factor

Pd 12,020 6.87 x 10"

Pt 21,450 7.53x 10"

Table 7.1 Density and calculated {-factor of Pd and Pt for the JEOL 3000F microscope.

Unfortunately, the pure element samples were not available to characterise the detectors on the Oxford
JEOL 2200MCO or the ARM-200F so tabulated theoretical Cliff-Lorimer k-factors from the INCA

software are used in the quantification of data from those microscopes.

7.4.3 Comparison of {-factor and Cliff-Lorimer

A line scan was performed in the JEOL 3000F of a 2ML design nanoparticle (see Figure 7.10) with 10
positions in order to compare the two different quantification methods: the theoretical Cliff-Lorimer k-
factors in the INCA software and the (-factor method described in Section 7.4.1. The probe current
was 400pA and probe size was 3A. The dwell time was 60s per pixel. The L, peaks for both Pt and Pd

were used for both methods.

Figure 7.10 Line scan of a 2ML design nanoparticle (marked in red).
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It can be seen in Figure 7.11 that both methods give a similar estimation of the general trend,
confirming the core-shell structure, the Cliff-Lorimer method overestimates the concentration of the Pt
by up to 5%. This is however, not a significant deviation given the paucity of detected signal (counts
of the order of 40 — 80 for Pt), the error due to shot noise is 16% for the spectrum with the largest

difference in quantification.

In this case, the usage of the {-factor method does not greatly improve the accuracy of quantification
over the use of software standard theoretical k-factors, even with their assumed error of 10%. The

challenge of acquiring sufficient signal to justify the validity of any quantification is of chief concern.

7.5 Quantifying errors and limitations

The two main sources of error are count statistics and the error in the method used to determine the
concentration ratio of two identified X-ray peaks. The errors for a relation such as the Cliff-Lorimer
equation are combined in quadrature since the variables are independent. Assuming Poisson statistics
for the shot noise error in counting X-rays, the number of counts necessary such that the error in the k-

factor dominates can be calculated (see Figure 7.12). The results are shown in Table 7.2.

While there is poor signal to noise due to count rates lower than 500 per integrated peak, the
theoretical k-factors, with an error of 10%, are a sufficiently good approximation to the true k-factors
or the {-factor. With better statistics, the method of determining the concentration ratio needs to be
carefully calibrated with standards of known composition (for k-factors) or pure element with

thickness variation (for the {-factors).
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Figure 7.11 Quantification of the line spectrum in Figure 7.10 using a theoretical Cliff-
Lorimer k-factors (left) and the {-factor (right). The difference shows an overestimation of the
concentration of the Pt in the Cliff-Lorimer case of up to 5% (bottom). Note that the Pt signal
peaks inside the particle boundaries, further suggesting edge decoration and not complete
shell coverage.
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Figure 7.12 Total error in the concentration calculated by the Cliff-Lorimer ratio, given an
error in the k-factor of 1% (right), as a function of the number of counts detected.
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Table 7.2 Number of counts needed such that the error in the k-factor dominates over the shot
noise.

7.6  The problem of signal

The other major source of error in quantification of nanoparticles is that of low count rates and poor
signal to noise. The trade-off necessary with a high spatial resolution probe for HAADF imaging and
also chemical analysis is that the number of X-rays generated and thus collected is severely limited.
The extremely small interaction volume of the fine probe with a thin sample of a few nanometres
restricts generation. Probe sizes are typically on the scale of one or two nanometres or less. Thus the
interaction volume is typically on the scale of 10 nm’; this volume is 9 orders of magnitude smaller

than the interaction volume typical in lower resolution bulk material techniques such as SEM.
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Assuming that the probability of X-rays being generated by the beam-sample interaction and detected
by the detector in a given time frame of acquisition, 1, follows a Poisson distribution (i.e. the events
occur with a known average rate, and independently of the time since the last event), the shot noise
level is simply square root of the signal collected. Thus, increasing the number of X-rays collected
significantly decreases the intrinsic statistical error on the measurement. The poor statistics generated

from such small samples means that quantification to an acceptable level of accuracy is difficult.

To increase the amount of X-rays collected for a given sample, the following parameters could be

varied:

e Probe current (i.e. the number of incident electrons which could generate an emitted X-ray)

e Sample geometry (optimised to minimise obstructions in the flight path of X-rays to the
detector)

e Detector geometry (efficiency of collection due to the placement of the detector)

e Acquisition time (decomposed into dwell time and multiple scans)

e Accelerating voltage (lower accelerating voltages increase the cross section of ionisation, as

discussed in Section 2.7)

Each comes with benefits and drawbacks for nanoparticle samples and the capabilities of available
microscopes. The optimal conditions for the best count statistics for such beam sensitive samples

requires careful balance between many competing factors.

7.6.1 Probe current

Increasing the probe current is the most accessible way of increasing the number of incident ionizing
electrons on the sample, therefore increasing the number of possible generated X-rays. Typical
currents for nano-analysis in TEM can be as high as 1nA, two orders of magnitude greater than the
current typically used for high resolution HAADF imaging. However, increasing the current also
brings a greater probability of damage to the sample. This is especially an issue for beam sensitive

specimens such as nanoparticles.

On most modern microscopes, the most practical way of achieving a higher probe current is either to

use a larger probe-forming aperture or to decrease the demagnification of the probe by weakening the

210



C1 lens just below the gun and balancing this by adjusting the C3 lens just below the gun. This is often
simply accomplished by changing the “spot size” in STEM mode, which loads pre-set lens settings.
Both these methods create a larger electron probe, which results in a lower possible lateral spatial
resolution. Alternatively, it is possible on a cold-FEG microscope (such as the JEOL JEM ARM-200F)
to increase the extraction voltage from the gun. This creates a larger current without compromising the

spatial resolution achievable by having a larger probe.

7.6.2 Be-holder and sample geometry

The design of most conventional sample holders limits the collection of generated X-rays. The sides of
the Be holder surrounding the sample grid area is removed to allow more of the generated to reach the
detector. Tilting the sample holder 10° in the x-direction on most microscopes angles the sample
towards the EDX detector. This greatly increases the number of X-rays collected as the sample holder

blocks fewer X-rays.

The lacy carbon coated copper grid itself has intrinsic geometry considerations. Depositing the sample
on top of the carbon film and then orienting the sample grid such that the carbon film is facing up
towards the incoming beam minimises the number of generated X-rays being blocked by the grid

itself.

7.6.3 Detector geometry

The physical requirements of the instrument design necessary for high spatial resolution limits the
detector geometry: the short focal length necessary for the objective lens to operate at such conditions
means that the distance to the sample is necessarily small. Thus the high-resolution objective lens
pole-piece has a relatively small gap, which restricts the possible physical size of the X-ray detector

and also the proportion of X-rays that can escape the pole-piece area to be detected.

Since the pole-piece is a fixed part of the instrument and cannot be readily changed, the capabilities of
a microscope have often been biased towards high-resolution imaging. Since X-rays generated within

the sample are scattered isotropically, there is no preferential direction of scatter. However, EDX
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detectors are typically positioned in only one direction relative to the sample and can only be a finite
distance away from the pole-piece, the solid angle of collection is limited. Until a few years ago, they
typically only subtend a solid angle of approximately 0.3 steradians in the best case. This means that
only up to 1% of all emitted X-rays are ever collected since only those X-rays that directly enter the

detector count towards the acquired spectrum.

Recent improvements in electronics have allowed up to 4 separate detectors to be placed around the
pole piece in some instruments such as the Super-X detector on the FEI Chemi-STEM microscopes.
The signal is integrated into the computer software to create a single spectrum, which effectively
increases the solid angle by a factor of 4, giving up to 0.88 steradians. This however, still only

accounts for up to 7% of total emitted X-rays".

7.6.4 Acquisition time

Increasing the dwell time increases the number of incident electrons on the sample and thus
proportionally the number of generated X-rays. However, since increasing the dwell time also
increases the probability of damage to the sample, this is often not a useful method of increasing the
count rate since nanoparticles are extremely beam sensitive. In addition, sample drift is a common
problem with long dwell times since the drift correction software requires the shift of the beam to

another location.

Figure 7.13 shows the damage done to a particle by performing a simple line scan with a dwell time of
60s per pixel. The probe was 3A in size and had a beam current of 1nA and the accelerating voltage of
the JEOL 2200 MCO was 200kV. The beam has left a clear mark on the sample, such that it is not
possible to tell whether the composition of the area under investigation is still the same after beam

exposure.

*0.88 steradians / 4 steradians
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Figure 7.13 A line scan of a particle (left) with an acquisition time of 60s at 1nA, combined
with sample drift has destroyed the particle (right), leaving a trail of material in the path of the
beam.

Since prolonged exposure of the sample to a stationary beam causes significant damage, constantly
moving the beam is a natural alternative. Using short dwell times and repeating the scan over several
acquisitions while drift correction software ensures that the same area is being covered on each repeat
scan is now possible with the improved beam control capabilities offered by microscope

manufacturers.

7.7 Sample-related stability

Since the most easily increased source of X-rays comes from the acquisition of a spectrum over an
extended period of time or over multiple scans of the same area, this requires the stability of the
sample in location, orientation and configuration for accurate structure determination. Several factors

affect the feasibility of this stability. The three main concerns are:

e sample drift due to the microscope,
e the inherent sample stability,

e sample damage due to exposure to the electron beam
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7.7.1 Sample drift

The drift of the sample away from the initial position means that the area of acquisition is constant
with time. Thus attributing the X-rays to a specific part of the particle and consequently, the analysis
of the composition of a specified area, is made very challenging. At the high magnifications necessary

to investigate nanoparticles of a few nm, the stability of any mechanical stage is severely tested.

Specific methods of care can minimise the amount of movement. When winding the goniometer to a
particular area for investigation, allowing the sample to settle reduces drift in the direction of stage
movement. This directional drift can be exacerbated when movement around the grid is done quickly
at low magnifications and the sample stage not allowed time to settle before magnification is

increased. Some rewind in the opposite direction also aids the stage in settling.

Most modern microscopes come with EDX software that has drift correction capabilities. A HAADF
image is used as a reference before an EDX scan. An area can be chosen as a reference for the drift
correction, away from the area of interest for the EDX scan to minimise beam damage (see Figure

7.14).

The EDX acquisition is periodically halted so a new HAADF scan can be taken and a cross correlation
yields an amount of movement that can be compensated for by the beam scan coils. However, this is
obviously limited to a certain range as a cross correlation cannot be performed if the drift is too large
or the scan coils run out of range of deflection. Thus the magnification of the initial scan needs to be
chosen with care, as a lot of drift means that a lower magnification, and a larger field of view, would

be necessary.
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Figure 7.14 Spatial drift is corrected by taking a cross correlation of the area in the yellow
box with a previous image of the same area. The calculated displacement is then fed into the
scan coil deflectors to move the probe to the position commensurate with no sample drift.

7.7.2  Sample stability

As discussed in section 3.8.1, nanoparticles are inherently structurally unstable at these small
dimensions. This presents a challenge for EDX as the long collection times necessary to acquire
statistically significant spectra mean that it is possible for significant change to occur. This is worse
for particles smaller than 5Snm. Therefore, EDX analysis of smaller particles was in general avoided,

unless the total dose is limited.

7.7.3 Sample damage

As explored in Section 3.8, nanoparticles of this size are extremely beam sensitive. EDX, with its large

probe currents and longer acquisition times will necessarily damage the particles more.

Various techniques can be employed to minimise damage. Short dwell times coupled with sequential
cycled scanning can give sufficiently long total acquisition times in order to produce adequate
statistics. Essentially, this is the same as summing consecutive images for HAADF images and has
been shown to be very effective in the acquisition of atomic resolution EELS data [5]
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More recently, sub-pixel scanning has allowed the beam to be controlled and moved across the sample
rapidly and continuously within a pixel, allowing dwell time to be increased while still letting the
sample relax. This also circumvents worries of undersampling the specimen since a trade-off between
total acquisition time and spatial resolution means that often the step sizes between probe positions is

smaller than the A-scale size of the probe, leaving large areas between probe points unilluminated.

Sample heating due to the prolonged exposure to the high current beam used for EDX analysis caused
the particle in Figure 7.13 to reconstruct. The most obvious way of minimising this is by decreasing
the inelastic scattering cross section by using the highest available voltage, however a lower
accelerating voltage is beneficial for minimising knock-on damage and also increasing the count rates,

so a balance needs to be struck.

7.8 Composition of catalyst designs

The amount of the raw materials that is used to make the nanoparticles of different designs is given in

Table 7.3. The weight % W, of element A can be converted to atomic % At using the formula:

W,
Aty = 4 x 100% 7.6

W:-
Amass, L, (Amalssi

. . w;\ . . .
where Amass, is the atomic mass of element A and };; (A—l> is the sum over all i elements in the

ri

sample.

Weight% Atomic%
Pt Pd Pt Pd
Pd core - 100 - 100
0.5 ML 31.2 68.8 19.8 80.2
1 ML 50.3 49.7 35.6 64.4
2 ML 65.0 35.0 50.3 49.7
4 ML 77.6 22.4 65.4 34.6

Table 7.3 Weight% and atomic% of the various designs on catalyst nanoparticles from the
raw materials used in synthesis.
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While the weight % is useful in the process of synthesis, the atomic % is of more interest in

determining the composition and structure for a 3D model.

7.9 EDX spectrum imaging

Spectrum imaging (SI) is the collection of a map of an area of interest where each pixel is an
individual EDX spectrum; a 3D data cube is built up, where the third dimension is an EDX spectrum.
Since the probe is stopped at each pixel location to acquire the spectrum, the total amount of time

required to perform a SI can be significant and on the order of hours.
7.9.1 Initial SI

A probe current of 75pA was used and the acquisition was cycled 20 times to build up counts while
maintaining a short dwell time of 0.05s. In addition, to minimise damage, the accelerating voltage was

dropped to 80kV, which conveniently also increases the ionisation cross section for a better EDX

signal.

This combination of accelerating voltages, beam current, dwell time and acquisition setup resulted in
no visible damage to the particle. However, because the resolution was not sufficient for atomic
resolution, it is not possible to confirm this. It is always possible that there is some structural change or

slight mass loss.

The extracted spectrum maps of the Pt M peak and Pd L peak were then analysed in Matlab using
theoretical Cliff-Lorimer k-factors to produce composition maps (see Figure 7.15), showing

quantitatively the distribution of Pt and Pd.

The particle is Pt rich, especially around the shell areas, with a total composition of Pt of 86.6+8.7%
and 13.4+1.3% Pd, which is predominantly concentrated in the core. The uncertainty is due to the

error in the Cliff-Lorimer ratio.

The concentration of Pt is 21.6% higher than expected from the design of the 2ML particle (see Table

7.3), which indicates that there is more Pt segregation on the shells than the originally designed 2ML.
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The increased activity of these particles could be due to the heavier loading of Pt in combination with

the catalytically sensitive edge decoration seen in Chapter 6.

Figure 7.15 An area of interest scanned (green box) and spatial drift area (yellow box) are
selected from a HAADF image (left). A RGB composite of the extracted Pt (green) and Pd
(red) integrated peak values from a SI of a 2ML design nanoparticle using the Pt M peak and
Pd L peak.
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Figure 7.16 Cumulative spectrum from whole SI. A Cliff-Lorimer k-factor quantification
using the inbuilt theoretical k-factors in DM give a concentration ration of 80+8% Pt to
20+2% Pd.
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There is also the possibility that the large probe size, due to the decreased demagnification of the
source to boost the beam current, has meant that the beam is scanning over the same area of Pt
multiple times. However, since the atomic % (i.e. number of atoms) of Pt and Pd for 2ML is almost

identical, any beam profile related extra scattering should equally affect the counts of both elements,

‘s

Figure 7.17 Pd concentration (left) and Pt concentration from a Cliff-Lorimer quantification
using theoretical k-factors. The total concentration across the whole particle is 18.4+1.8% Pd
and 81.6+8.2% Pt. The errors are due to the Cliff-Lorimer quantification technique.

which is not the case.

The error in each pixel is significant, due to poor count statistics. Where the signal is as low as 15 in
the core area of the Pt map and 2 in the shell area of the Pd map, the uncertainty can be as high as
+30% and +£70% of the pixel value. This dominates the Cliff-Lorimer error so quantification in those

areas should be carefully considered.

7.9.2 Higher probe current

An alternative recipe for SI acquisition was tried, which also resulted in no visible damage to the
particle. By keeping the same dwell time of 0.05s per pixel and collating only 5 cycles of the SI, the
total acquisition time was reduced by a factor of 4. Increasing the current to 200pA scaled the count
rate by a factor of 3. A 2ML particle was investigated at 80kV using these conditions (see Figure

7.17).
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Figure 7.18 HAADF image of a 2ML design nanoparticle with clear core-shell structure. A
RGB composite of the extracted Pt (green) and Pd (red) integrated peak values from a SI
using the Pt M peak and Pd L peak (insert) confirms this.
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Figure 7.19 Cumulative spectrum from whole SI from Figure 7.17 (inset)
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Figure 7.20 Pd concentration (left) and Pt concentration from a Cliff-Lorimer quantification
using theoretical k-factors. The average concentration across the whole particle is 22.5+2.3%
Pd and 77.5+7.8% Pt, errors due predominantly to the Cliff-Lorimer quantification.
Uncertainty in each pixel of high concentration is +13% of pixel value. Areas of low
concentration have much higher uncertainty due to poor count statistics.

A similar result can be seen, whereby the loading of the Pt is higher than expected given the shell
design. Moreover, since the weight % of the raw materials was calculated to give full shell coverage,
the absence of Pt from one side of the particle (see Figures 7.17 and 7.20) would mean that the loading

on the shell like areas is even higher.

The elongated profile and non-uniform shell coverage of the nanoparticle can be easily understood
from the synthesis methods; the visible Pd core is supported on one side in the carbon and thus cannot

be coated on that side with deposited Pt.

7.9.3 Higher solid angle detector

The following experiment was performed at 80kV and using a Centurio detector, which has a
collection solid angle of 0.8sr. This dramatically increases the counts detected and thus gives better
signal to noise (see Table 7.3), even without cycling the scan. The higher than expected concentration

of Pt in the particle, particular on the shell, is once again seen here.
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Spectrurm Image_

Figure 7.21 HAADF image of a 2ML design nanoparticle with clear core-shell structure. A
RGB composite of the extracted Pt (green) and Pd (red) integrated peak values from a SI
using the Pt M peak and Pd L peak (insert) confirms this.
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Figure 7.22 Cumulative spectrum from the whole SI from Figure 7.21 (inset).
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Energy Windows /keV Counts
X-ray peak | Background Peak Subtracted Corrected | Difference between
Background Peak background and
peak /%
Pt | M, 0.98 —1.52 1.89-2.22 2,185 14,183 13
L, 9.05-9.25 9.26-9.65 326 16 95
Lg 9.63 —10.69 10.73 - 11.47 956 9014 10
Pd L, 2.40-2.58 2.71-2.92 1,050 3,864 21
Lg 2.40-2.58 2.92-3.09 771 1,623 21

Table 7.4 Background subtraction using the convert to EELS method. The background
accounts for typically 10 — 20 % of the total counts integrated for a characteristic peak. For
smaller signals, this can be up to 95% of the raw data. For the spectra, see Appendix J.

Figure 7.23 Pd concentration (left) and Pt concentration from a Cliff-Lorimer quantification
using theoretical k-factors. The average concentration across the whole particle is 16.3+1.6%
Pd and 83.7+8.4% Pt. The error in each pixel is on the order of +20% in the high
concentration areas.

Multivariate statistical analysis was carried out on the SI data in order to improve the signal to noise.
However, because there were too many pixels which contained very poor signal (one or two counts)

above the noise, the PCA algorithm did not show its full potential.
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7.10 Optimum parameters for EDX of nanoparticles

Drawing on all the experimental data, it is possible to project what the optimal parameters are for error
minimisation. Once the {-factor or k-factor error is minimised by various means, the experimental
parameters need to be optimised in order to potentially achieve atomic resolution EDX for

nanoparticles.

Given that detector efficiency, accelerating voltage, pixel dwell time and probe currents are difficult to
vary for hardware of sample sensitivity issues, the only recourse left is to vary the acquisition time.
For the limiting case of optimum hardware (low accelerating voltage, less than 200pA of beam
current, shortest possible dwell time, subpixel scanning, as large a solid angle of collection for the
detector as possible), the relative error in identifying 1 atom, 10 atoms and 100 atoms from an
individual spectrum can be seen in figure 7.25. The outlook is fairly bleak for SI to achieve atom by
atom sensitivity at 20% error, since for a single spectrum, acquisition needs to be on the order of
hundreds of seconds. A full SI of only 10 x 10 pixels, at 800s per pixel, would require 22 hours; a

nanoparticle is unlikely to remain undamaged for that period of time.
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Figure 7.24 Relative error in identifying 1, 10 or 100 atoms given different acquisition times.
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A custom Matlab program was coded to determine the number of repeated scans necessary to achieve
reasonable signal to noise such that the limiting error is the error in the k-factor ration. The total
acquisition time is also calculated to give the user a sense of practical feasibility. By optimising these
conditions, the future goal is to achieve compositional sensitivity on an atomic scale from

nanoparticles.
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Figure 7.25 User interface of the custom Matlab program which allows the optimum
parameters for acquisition of EDX spectra of a particular nanoparticle size to be determined,
given the required error in the k-factor ratio.

7.11 Conclusions

Aberration corrected STEM has allowed new possibilities for quantification of EDX spectra of small
nanoparticle samples. However, limitations of the current technology and methods of quantification
are still appreciable. While optimum conditions found for the acquisition of spectrum images with
good signal to noise, spatial resolution is greatly limited by the need to use a larger probe for a higher
current beam, which also increases the possibilities of sample damages. A detailed analysis of errors
showed that where X-ray counts in individual peaks were below 500, errors in the poor signal

dominated.
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Current standard quantification methods (Cliff-Lorimer k-factors) are usually carry an uncertainty of
10% as they are of unknown theoretical source or are extracted from bulk samples not nanoparticles.
Even manually processing spectra to make sure background subtraction and peak integration are
sensible does not eliminate this source of limiting uncertainty. More sophisticated methods such as the
{-factor approach do not yield any benefits until sufficient signal (over 1000 counts) is reached and so

for the current limitations of probe size and current, were not useful.

2ML design nanoparticles were explored, showing uniformly higher concentrations of Pt than
expected in the particles identified as core-shell from the HAADF, compared to the synthesis design.
In the next chapter, EDX and HAADF STEM are combined to exploit the advantages of each and

mitigate their respective drawbacks.
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Chapter 8

Combining HAADF STEM
and EDX

Combining HAADF STEM and EDX is a route to exploiting their respective strengths. In this chapter,
both methods are applied to samples of 0.5ML, 2ML and cycled 2ML design particles in order to

evaluate the feasibility of answering the following questions:

¢ (Can actual particle composition be correlated with that of the design?
¢ What can be said about the 3D morphology of the particle?
e  What is the degree of Pt segregation to the surface in particles of different sizes?

e  What changes have occurred to the particle composition and Pt segregation after cycling?

First a cumulative EDX spectrum from the whole particle is used to give an indication of overall
composition and cross section is used to extract compositional information for specific columns. Then,
the possibilities for using spectral maps in conjunction with cross section analysis are explored. All the

data presented in this chapter was taken on the JEOL ARM 200F at 200kV unless otherwise stated.

8.1 Pt distribution of different designs

One of the key questions that HAADF STEM and EDX can aptly address is the characteristics of Pt

distribution on individual particles. Understanding the structure and composition of particular particles
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as well as the precise location of the Pt on an atomic scale can reveal important understandings of

catalytic behaviour that is lost when considering bulk averaging techniques.

8.1.1 Composition of a 2ML design nanoparticle

Not all particles in the samples exhibit clear core-shell structures in HAADF STEM images; some
smaller particles on the order of 2 - 3nm in size, such as that in Figure 8.1, do not show the increased
scattering intensity at edges which give clear structural information about the location of the Pt. A
naive assumption would be that they are Pd cores left undecorated by the Pt deposition step in the

synthesis.

Figure 8.1 HAADF STEM image of a 2ML design nanoparticle taken on the JEOL ARM
200F at 200kV. Variations in intensity are not significant enough to suggest a core shell
structure.

A simple histogram analysis of the integrated intensities of the columns does not indicate a clear
bimodal distribution (see Figure 8.2) since the thickness variations around the edges of the particle
would account for the lower scattering values. Without calibration of the image intensity, it is difficult

to attribute the scattering to a particle composition or thickness.
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Cross section analysis suggests that there is a significant amount of Pt present in the particle. If the
particle was purely or predominantly Pd, the columns in the centre with cross sections in the range of
14 - 16Mb (see Figure 8.3) would correspond to 30 — 40 Pd atoms, which would give the particle a
flakiness of 0.5 — 0.38, i.e. significantly thicker than it is wide. Pure Pt columns would be 13 — 15
atoms thick, which would give a much more rounded particle structure. Unfortunately, a full particle
model could not be constructed from the cross section analysis since the library does not contain the

necessary combinations of Pd and Pt for a Pt rich particle.

In order to confirm the compositional analysis, a cumulative EDX spectrum was taken by scanning the
beam across the whole particle (see Figure 8.4) with a beam current of 150pA with a dwell time of
0.05s. The spectrum clearly shows that Pt is present in significant amounts, with very little Pd.
Relative concentrations were found using the inbuilt JEOL quantification software, which Cliff-

Lorimer k-ratios. The results are given in Table 8.1.
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Figure 8.2 Histogram of cross section values from the columns identified in Figure 8.1
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Figure 8.3 cross section analysis suggests that the strong scattering in the centre of the
particle is likely to be from columns of Pt.
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Figure 8.4 Cumulative EDX spectrum from the whole particle
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Peak Weight % | Error in wt% | Atomic %

PdL 9.85 2.58 16.69

PtM 90.15 0.95 83.31

Table 8.1 Quantification results of the spectrum in Figure 8.4 from the JEOL analysis
software. Theoretical Cliff-Lorimer ratios were used, so an error of 10% must be assumed in
addition to the error due to counting statistics reported above. The atomic % is calculated
from the weight%.

From these results, it is apparent that the 2ML design catalysts are is in reality not always decorated by
2ML of Pt. Therefore, the increased activity seen in the electrochemical results could be due to the
presence of smaller Pt-rich particles, whose behaviour is different from core-shell or pure Pt particles;

this requires further electrochemical investigation.

8.1.2 Pt decoration on a 0.5ML design particle

A similar experiment was carried out for a particle of 0.5ML design. The strong scattering of the Pt
decoration can be clearly seen on the edges of the particle (see Figure 8.5, left), where the intensity is
too strong to be purely Pd. Step-like edges between the (100) and (111) faces are clearly visible (red
box) which suggest non-perfect faceting, commonly seen in nanoparticles and the site of increased

catalytic activity [1].

A probe of size 3A and current of 48pA was used to scan an area encompassing the nanoparticle (see
Figure 8.5 right, blue box), with sub-pixel scanning to ensure the whole area of interest was covered.
The dwell time per pixel was 3s, so the total acquisition time was 300s. The spectrum can be seen in

Figure 8.6.

This recipe unfortunately left the particle visibly structural reconstructed. For the purposes of
extracting some compositional information from the spectra, it is assumed that the main damage
mechanisms are sample heating and not sputtering, so there is negligible mass loss. The total electron

dose was 4.5 x 107 electrons / AZ.
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An estimate of the number of atoms in the particle can be made by assuming a pseudo-spherical shape.
A calculation from the width of the particle and atomic density of Pd gives approximately 3600 atoms.
The total number of counts from the whole set of identifiable peaks (Pt M,, Pt-Lg, Pd-L,, Pd-Lg) after
background subtraction is 3427. From this structural estimate, 0.95 X-rays per atom does not give
sufficient sensitivity to be able to accurately measure the composition ratio of Pt and Pd on an atom-

by-atom scale, even assuming that each atom only excites exactly one detected X-ray.

Figure 8.5 (left) particle before EDX acquisition, imaged at 200kV. Catalytically favourable
steps are indicated in the red box. (Right) The same particle imaged after a EDX map is
acquired, where a significant structural change has occurred.

However, the spectrum can still give an indication of the overall composition of the particle. The
inbuilt quantification in the JEOL EDX software uses a thin film quantification standard and tabulated
theoretical Cliff-Lorimer ratios (see Table 8.2). The k-factors used by the software are not known and
the method of peak integration and background subtraction is not transparent, so it is possible that the

results hold more uncertainty than the 10% error due to the uncertainty in the Cliff-Lorimer ratio.

The spectrum was extracted and independently analysed with the methods described in section 8.4.
The peak integration allowed all identifiable X-ray lines to be accounted for and included, thus
increasing the potential count statistics. Cliff-Lorimer quantification with theoretical k-factors gives a

weight% ratio of Pd/Pt of 83%/17%. Both correspond closely with the catalyst design for 2aML
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coverage of 80.2% / 19.8%, suggesting that the background subtraction in the in-built software gives

minimal errors.
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Figure 8.6 EDX spectrum collected from the whole particle shows the strong presence of Pt.

With count statistics here of 500 X-rays giving statistical errors on the order of 4.5%, the dominant
error is in the Cliff-Lorimer ratio’s 10% uncertainty. Applying the {-factor quantification method

would give smaller errors in future experiments.

Element Quantification using Expected Pd / Pt ratios
JEOL software from synthesis
Atomic % Mass % Atomic % Mass %
Pd 80.3 69.0 80.2 68.9
Pt 19.7 31.0 19.8 31.2

Table 8.2 Quantification results from built-in JEOL software using a theoretical Cliff-
Lorimer ratio compare favourably to the expected ratio of Pd / Pt from the raw materials used

in synthesis.
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Cross section analysis (see Figure 8.7) shows that scattering from the edges is visibly strong in the
HAADF image, especially around the top of the particle. It is possible to extract some information
about the potential Pt decoration using cross section analysis. Grey numbers correspond to Pd atoms
and white (or black where the background polygon is light) indicates the number of Pt atoms. It is
assumed that the particle is as round as possible and that neighbouring columns differ by a maximum
of 3 atoms in thickness, as can be seen in the projected direction in step like structures indicated with
the red arrows. The combination of thickness and composition is chosen which most closely matches
the experimental cross section value +10% of its value to account for the experimental error. Matches
which are heavily Pt-rich are discarded since EDX results show that the overall composition of the

particle is Pd-rich.

The total scattering from columns in the bottom right region is also very strong, suggestive of more Pt
coverage. However, since the column profiles in that region are elliptical in shape, there has clearly
been some mis-tilt of the particle during imaging. As discussed in Chapter 5, this further complicates
the identification of column composition and thickness since channelling conditions now broken. Mis-
tilt acts to lower the observed scattering intensity compared to on-axis so the scattering from these
columns is likely even stronger when the particle is on axis. However, the amount of diminution is not
easily calculated when the thickness or mistilt is not known and both cannot be solved from a single
image of an elliptical column as the amount of elongation in the column profile will depend on the
number of atoms in the column and also the mistilt. Further knowledge of either parameter is required

to understand how the mistilt factor.

Since the error in the cross section value of 10% offers more than one likely match for composition
and thickness, without further local knowledge of the ratio of concentrations, it is difficult to attribute

an overall ratio of Pd/Pt from the whole particle to specific areas.
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Identified Feature Cross Sections (Mb)

Figure 8.7 Best estimates of composition from cross section values: Pt (white/black numbers)
is clearly segregated in two lines across the top right and one across the top. Pd (grey
numbers) only columns make up one edge of the particle (red arrows), suggesting uneven
coverage of Pt. Moreover, the predominately Pd columns at the edges suggest that the Pt has
not been deposited on the faces but rather on steps and edges.

8.2 Alloying in smaller particles

As explored in Chapter 5 and 6, the cross section analysis becomes increasingly intractable at larger
thicknesses because the combinations of possible composition and thicknesses are too many for
distinction within the errors of the experiment. While EDX can give a good sense of composition, it

lacks the sensitivity to thickness.
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A small 0.5ML design particle of 2nm diameter was imaged by the JEOL ARM200F at 80kV with a
probe current of 14.6pA and the detector mapped with a current of 2.6pA (see Figure 8.8). An SI was
acquired (see Figure 8.8 inset) with an 85pA beam because the size of the particle placed a limit on the

dose before damage occurred.

The extracted concentration maps from the Pt M and Pd L peaks in the SI show that there is no clear
core-shell structure and that, moreover, the elements are quite uniformly alloyed (see Figure 8.9). This
behaviour is expected since smaller particles, with their larger surface to volume ratio, have more
surface free energy. The bonds of the surface atoms are weaker and intermixing of the Pt in any shell

structure with Pd of the core could be expected.

Figure 8.8 HAADF image of nanoparticle with extracted Si Pt / Pd distribution composite
(inset).

Matching the cross section values from the experimental image to the library of values compiled by
simulation (see Chapter 5) and also the EDX concentration profile, the thickness of each column in the

particle could be analysed. In Figure 8.10 the grey numbers indicate the number of Pd in the column
236



and the white (and black) numbers indicate the presence of x numbers of Pt. The bottom left corner of
the particle has higher than expected cross section values because the less well resolved peaks were

not successfully found by the automated peak integration software.

In general, the cross section analysis and EDX give similar results in terms of Pd and Pt distribution.
Where the EDX cannot give insight into the position of the Pt in the column, cross section has the
chance of doing this. However, since only Pt at the entrance or exit surface of the column was
considered, more simulations are required to determine whether complete alloying has occurred. In
addition, the sensitivity of the cross section analysis, limited by the experimental error to an
uncertainty of £10% may not be sufficient to give a clear indication of the height of Pt atoms in the

column.
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Figure 8.9 Concentration of Pt (left) and Pd (right) calculated from the SI’s Pt M and Pd L
peaks respectively.
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ldentified Feature Cress Sections {(Mb)

Figure 8.10 Map of composition in each column of the HAADF cross section analysis.
Number of Pd atoms per column is in grey, Pt in white (or black). Numbers for the Pt, to the
left of the Pd number indicate an entrance surface species and the number to the right, an exit
surface species. There is little difference between the two at this thickness.

8.3 Effect of cycling on morphology

For larger particles, where cross talk and mistilt become a greater issue, the 80kV probe on the JEOL
ARM 200F was not fine enough to deliver crisp atomic resolution HAADF images,. Since well
resolved columns is an important condition for the validity of the cross section approach (see Chapter

5), combined HAADF and EDX exploration at 200kV was necessary.

After cycling, several particles were seen to have coalesced (see Figure 8.11), with the regions where
two particles have joined showing higher intensity (marked by red box). A SI was taken of the
conjoined particles with a probe current of 45.2pA and dwell time of 0.05s per pixel to minimise

damage and cycled 15 times to acquire sufficient counts.
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Figure 8.11 HAADF image of a 2ML cycled sample, showing particle coalescence. The areas
of the join show brighter intensity (red box). SI taken from area in blue box.

The calculated concentrations of Pt and Pd (see Figure 8.12) show that the particles are predominantly
Pt, with very little Pd in the core areas. This matches observations from electrochemical tests which

show the dissolution of Pd after cycling as the CV behaviour clearly becomes more Pt-like with fuel

cell aging [2].
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Concentration of Pt

Figure 8.12 Calculated concentrations of the area selected in red in Figure 8.13 from the SI
using theoretical Cliff-Lorimer k-ratios. The particles are predominantly Pt, with very little
Pd, even in the core areas.

The cross section values of the join area are between 11.2+1.1Mb and 15.5+1.6Mb. Here the EDX
map shows that the composition is strongly Pt. The cross section values can then be interpreted to give
a thickness measurement of between 10 and 14 Pt atoms (see numbered columns in Figure 8.13).
Given that the edges of the particles individually would be thinner than the diameter, this value might
at first seem to thick. However, given that the two particles have coalesced, it is conceivable that the
new particle would be of a similar thickness to its diameter of 14 atoms (indicated by the black line in

Figure 8.13)

For the areas where there is a more mixed composition, the possible combinations are larger and

assumptions would need to be made about the particle morphology in order to characterise the
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structure. Moreover, the area to the left of the particle on the left shows lower cross section values

because of the particle mis-tilt, seen by the elongated column profiles.

Identified Feature Cross Sections (Mb)

20

Figure 8.13 The cross section analysis results, showing higher values for the area where the
particles are joined. Comparison to simulations identifies them as between 10 and 14 Pt in
thickness.

8.4 Effect of cycling on Pt distribution

A 2ML design particle was imaged at 200kV. The [100] orientation and clear core-shell structure can
be seen in Figure 8.14. An SI map was collected with a dwell time of 0.05s per pixel and probe current
of 45.2pA. The acquisition was cycled 15 times, which provided good count statistics for the whole
particle (see Figure 8.15)
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The overall concentration across the whole particle was calculated as 82.7+8.3% for Pt and 17.3+1.7%
for Pd, which is significantly more Pt-rich than the design of the 2ML particle (see Table 8.3 and
Figure 8.16). This would, on first inspection, further support the electrochemical findings of Pd
dissolution and Pt aggregation with fuel cell cycling. However, the uncycled fresh samples
investigated in Chapter 6 are also Pt rich with the same concentrations In addition, there does not seem
to be significant mass loss from the central core, as would be expected of Pd leaching, nor is there
significant intermixing of Pt and Pd as would be expected if the particle had reconstructed due to loss

of mass from the core.

1 nm
|

Figure 8.14 Micrograph of a 2ML nanoparticle after fuel cell cycling, imaged at 200kV. (top
inset) A RGB composite of the extracted values of the Pt M (green) and Pd L (red) peaks
from the SI. (bottom inset) FT of the HAADF image showing the [100] orientation.
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Figure 8.15 Spectrum extracted from summing all the spectra in the SI. Peaks selected are, in
order of increasing energy: Pt M, Pd L, Pt L.

PtM PdL PtL

Integrated Peak Area 4100 1556 1576
Background 476 348 134
True X-ray counts 3624 1208 1442
Error 60.2 34.8 38.0

% error in counts 1.7% 2.9% 2.6%

Table 8.3 Error analysis from the extracted peaks in Figure 8.15.

The cross section analysis (see Figure 8.17) showed that scattering was not intense enough to warrant
a full spherical particle; the particle is 26 x 28 atoms wide in the image plane. The PIC value of the
column marked by the black arrow in Figure 8.17 is 11.5+1.1Mb, which corresponds to a column
thickness of 23 atoms if all the atoms were Pd. However, since the EDX analysis shows that this area
contains some Pt, it is likely that the column is thinner. Taking into account the Pt and Pd distribution
from the EDX maps, the cross section values suggest that the thickness in the centre of the particle is
between 16 — 21 atoms. Given the full shell of Pt seen in the EDX map here and not in other particles

(see for example Figure 7.19, 8.20, 8.23), it is feasible that the particle is sitting on top of the carbon

support and the undecorated, embedded side is in the plane of the image.
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Figure 8.16 Extracted SI maps (clockwise from top left): signal from the Pt M peak from 2.0-
2.2keV; signal from Pd L peak from 2.8-3.1keV; calculated concentration profile of Pd;
calculated concentration profile of Pt. Clear Pt segregation to a shell can be seen, with very
little Pd at the shell and very little Pt seen in the core.

The areas of purely Pt concentration have a cross section value of between 18.1+1.8Mb and
21.3+£2.1Mb, which corresponds to a thickness of between 18 and 22 Pt atoms. Unfortunately, a full
reconstruction of the particle column-by-column composition could not be modelled as the library

constructed in Chapter 6 does not include the necessary Pt concentrations.

The first step of a structural model of the projected image has been created (see Figure 8.18). This
initial model can then modified by altering each column’s thickness once more detailed information

about the column composition and thickness can be extracted from the cross section values. This
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model can then be fed into a simulation and the output compared to the experimental cross section

analysis. Adjustments can be made until a converged solution emerges.

ldentified Feature Cross Sections (Mb)

Figure 8.17 Cross section analysis of particle in Figure 8.14
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Figure 8.18 First step of the model of the particle in Figure 8.14 made in Crystal Maker. The
projected structure in the image plane is constructed. Once more information about each

column’s composition and thickness is known, each column can be adjusted.
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8.5 Conclusions

The combination of cross section and EDX spectrum image maps gives complementary information in

order to solve the thickness / composition problem in interpreting HAADF STEM images.

Core-shell nanoparticles of 2ML design have shown large concentrations of Pt in a clear shell-like
structure in EDX maps. The concentration is higher than the synthesis design would suggest for
complete shell coverage. Coupled with observations of edge only Pt decoration from the lower
resolution work in Chapter 3 and the cross section analysis in Chapter 6, it is evident that the coverage

of Pt on the Pd cores is not homogenous across the sample.

Smaller particles show a more even alloy of Pt and Pd and 0.SML design. Post fuel cell cycling, 2ML
nanoparticles have been seen to coalesce and become more Pt rich at the joins. This observation would
support the results from other techniques which attribute the loss of activity to the dissolution of Pd
from the core. However, previously uncycled fresh samples were also observed to be equally Pt rich.
The error on the analysis from the poor signal to noise and insufficiently accurate quantification

factors mean that there is not enough analytical sensitivity to determine if there is true Pd dissolution.

Factors hampering a full determination of column-by-column, atom-by-atom structure include mistilt,
signal to noise of the EDX maps, EDX quantification ratios, and the stability of the particle under the

electron beam.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

This thesis has explored the application of aberration corrected high angle annular dark field
(HAADF) scanning transmission electron microscopy (STEM) and energy dispersive X-ray (EDX)
analysis to the problem of quantifying Pd-Pt core-shell nanoparticle catalysts. Understanding the
structure of nanoparticle catalysts, particularly the surfaces and active sites, is a vital step to
understanding the processes which govern their effectiveness. This work opens up a new
understanding of analysis of atomic resolution HAADF STEM images and has explored some of the

boundaries at the cutting edge of this technique and also EDX.

9.1.1 Efficacy of core-shell design

Platinum group metal core-shell nanoparticles, specifically Pt-shell, Pd-core structures offer
significant increases in the activity and selectivity over traditional pure Pt nanoparticles in the oxygen
reduction reaction, which is the limiting factor to the effectiveness of a proton exchange membrane
fuel cell. In addition, usage of the precious Pt-metal is decreased, leading to more cost-effective
precious metal usage. Traditionally, as a heavily surface dependent technique, understanding the
location of Pt shell decoration as well as the structure of the surfaces and the particle’s morphology, is
vital to understanding its associated catalytic behaviour. In addition, due to the increase in activity
because of the core-shell design, understanding the full 3D structure of the particle is necessary to

explain these effects.
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9.1.2 Characterisation techniques

While bulk averaging techniques such as XPS and EXAFS give statistical information about size
distributions and bonding co-ordinations, the bulk averaging nature means that only an ensemble
average is returned and individual structures cannot be investigated. Local techniques such as SEM do
not have the lateral resolution necessary to image these 3-5nm sized particles. Transmission electron
microscopy gives good lateral information but its phase contrast based image formation mechanisms

limit the ease of interpretability of the images.

High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM), with its
incoherent imaging mechanism, strong composition sensitivity (so called Z-dependence) and now also
the finer, brighter probes made available through aberration correction, offers the best tool for
simultaneously mapping the structure and composition of these structure nanoparticles at high spatial
resolutions. This is combined with EDX, which provides compositional sensitivity at lower spatial

resolutions.

9.1.3 Size and morphology findings

Pd-Pt core shell nanoparticles with different shell designs on a 3nm Pd core were investigated for the
first time with electron microscopy. Designs were half a monolayer (ML), 1ML, 2ML and 4ML,
where a ML is a complete coverage of one layer of atoms. The samples were subsequently also
investigated post cycling in a fuel cell and the results compared to information obtained through other

techniques.

Using HAADF STEM images to measure the diameter of the particles, the Pd core was seen to be
larger than the 3nm design, with increasing thickness of shell design corresponding to increases in
diameter, as expected. Cycling increases the diameter for all particles. All both pre-and post cycling
designs showed a similar aspect ratio of approximately 1.4. This corresponded to the higher resolution
images, which showed the particles to be in general oblate rather than circular. The roundness also
revealed that particles are in general convex and the more stable designs retain their roundness, while

the less active ones become rougher with cycling.
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9.1.4 Identification of the shell

Increased scattered intensity was observed in bands on non-atomically resolved micrographs of 2ML
nanoparticles, suggestive of Pt decoration on stepped edges of particles rather than complete coverage
of facets, as designed. This corresponds to the observed increases in catalytic activity from

electrochemical tests since active sites are higher in number at stepped edges.

Atomic resolution images showed that columns of greater intensity often lay within the outline of the
particle, again suggestive of stepped edges decorated with Pt However, not enough composition or
thickness information could be extracted to determine the thickness of the columns or the precise

distribution of Pt in the individual columns without further analysis.

9.1.5 Analysis of calibrated HAADF STEM images by ‘cross section’ approach

With the novel quantification techniques developed for a commercially available microscope, it is
possible to place the scattered intensity on an absolute scale and measure the scattering in a parameter-
robust manner for the first time. By integrating the signal scattered from all probe positions
corresponding to a single column, the experimentally measured cross section of HAADF scattering is
a new measure which is insensitive to the form of the probe, so long as the column is well resolved
and the sample sufficiently thin. Good agreement is shown for thin 2D layered materials and partial
agreement for isolated single atoms. The latter is hampered by the stability of the atoms under the

beam.

Application of the cross section analysis to a single element Pt nanoparticle has shown its power to
reveal a 3D structure. However, when applying it to a single image of a bimetallic particle, the
dependence of scattered intensity on both composition and thickness restricts the possibility of the
technique in identifying both simultaneously from one value. A first estimate can be made given

approximations and assumptions of the particle morphology, but this is not a truly satisfying result.
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9.1.6 Compositional information from EDX

A study into the various EDX quantification techniques revealed that below a total of around 500
counts in each peak, the use of the more sophisticated {-factor method over the inbuilt Cliff-Lorimer
k-ratio in the standard Gatan DM software does not improve the accuracy of the result, since poor

signal statistics is the limiting factor on the error.

It is only with EDX to give compositional information is it revealed that Pt content in 2ML design
nanoparticles is much higher than expected values from the designed chemistry, whereas the 0.5ML
designs match the nominal concentrations. Since edge-only decoration is also seen in the 2ML design,

it is clear that the coverage of Pt is not homogenous across the different particles within a sample.

Further, spectral images of the particles from certain orientations showed that there was coverage of
only % of the sides due to the Pd core being partially embedded in the carbon support before
disposition of Pt occurred. Thus, more Pt was available to cover the unsupported areas of the Pd core
than the nominal design would suggest. Investigations of smaller particles showed that the sample

contained predominantly Pt nanoparticles and that the shell coverage of some core-shells was Pt rich.

Unfortunately, often the poor signal to noise of the individual pixels in the EDX maps meant that
information about the composition on a column-by-column basis could not be revealed within the

experimental uncertainties.

9.1.7 The final combination

Smaller particles are seen to be not shell decorated but alloyed, and column by column compositions
can be extracted from the cross section by matching to the EDX maps. Cycling is seen to cause the
particles to coalesce and the joins are detected by EDX and cross section analysis to be Pt only.
Further, the composition and structure of 2ML design particles is seen by combined EDX and cross
section analysis to be unchanged pre- and post-cycling. This contradicts findings from electrochemical
and EXAFS data, suggesting that other mechanisms are at work to reduce the activity of the catalysts

with cycling.
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The limitations of the technique on such a challenging sample are real. The small length scales, the
complexity of the morphology and compositional uncertainty are all exacerbated by the beam sensitive
nature of the nanoparticles. Prolonged exposure is often not possible due to ready damage
mechanisms. However, there is still scope for exploiting the available data or techniques in other

ways:

9.2 Future work

Within the scope of this thesis, a small section of the possible parameter space was explored in order
to highlight the main points of interest of analysis by HAADF cross section. Further investigation into

the following could yield fruitful results.

9.2.1 Size and composition correlation

An initial investigation of the trend of composition with particle size has been carried out, showing
that smaller particles are more often alloyed and concentrations more uniform across the two elements.
Further studies could yield a method of investigation whereby composition can be classified by
particle size, leading to a “single-particle” microscopy approach akin to those used in biological EM.
Averaging over multiple particles would give better count statistics for EDX and thus more likelihood
of accurate compositional determination. This information of particle composition can then be used to

determine thickness and composition of individual columns in an atomic resolution HAADF image.

9.2.2 Improvements on HAADF image analysis

Assuming adequate signal to noise in the HAADF image, which can be achieved by using a fine beam
with a higher probe current, the main sources of quantifiable experimental errors in the technique are
measuring the smaller probe current used to map the detector, measuring size of the detector inner
angle, the detector non-uniformity and the sample mistilt. Detector non-uniformity should be modelled

from the detector map and taken into account in the simulations. This work is already underway with
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collaborators but was not in the scope of this thesis. A smaller error on the probe current can be
accomplished by technical improvements which allow smaller probes with higher beam currents, or by
improvements on the A/D convertors, which have necessitated this calibration method. More careful

calibration of the inner angle could be done in diffraction space if the lenses allow it.

The variation of cross section with mistilt is a real and intricate issue. The possibility of determining
the degree of mistilt from the ellipticity of columns of various thicknesses could give a further handle
on the thickness measurement across the particle. Enhanced stability of the particle on the support by
embedding the catalyst in a matrix, or supporting it on a flat support such as graphene, could greatly
aid the cross section analysis. This would further decrease the errors due to subtraction of an unknown

background.

9.2.3 Other material effects

Dopant top-bottom effects are seen to be significant, hampering the unambiguous matching of
experimental cross sections to simulations. While reducing the errors in experimental measurements
will go some way to reducing the number of thickness / composition possibilities for a single
measured cross section value, some sort of spectral analysis or thickness determination is needed.
Since there is a difference in the behaviour of the peak value and the cross section, it may be possible
to use both parameters together to map the dopant height. In addition, mistilt could be used as a

metric, since the channelling conditions would differ depending on the height of the dopant atom.

The Debye Waller factor has an appreciable effect at larger thicknesses; indeed they are often not
known for nanoparticle systems and traditionally figures for bulk materials are used. For industrial
nanoparticles of sizes of 10nm or greater, more detailed understanding of the true DWFs and their

effects on the cross section is needed.

Ideally, a match between tabulated cross sections and experiment would reveal a first approximation
model, which would then be simulated and compared to the original experimental image. This could

then be iterated until a converged structural and compositional solution can be found.
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9.2.4 Improvements on damage limitation

Beam effects have been shown to be of great concern. High accelerating voltages result in knock-on
displacement of the less tightly bound surface atoms, especially at edges. However lower accelerating
voltages have in practice, reduced spatial resolution, and one of the key requirement of the cross
section analysis is that columns are well-resolved so that cross-talk effects, which are difficult to
account for, are minimal. Where the background between columns is high, the cross section analysis
overestimates the scattering from individual columns. The continual push to improve electron optics

and microscope stability should render this less problematic in future.

In addition, particles are regularly seen to reconstruct under the beam, giving rise to questions of the
fidelity of the image with the real sample. If material is lost during the acquisition of EDX maps,
especially where the maps are cycled to increase count statistics, then the associated error in the

quantification needs to be taken into account for a true column-by-column compositional analysis.

Decreasing the overall dose on the particle, allowing it to relax between successive scans are all
possibilities to mitigate these effects. Lowering the temperature to “freeze” structures could be a route
to circumventing this, though temperature changes would also result in potential structural changes

and different DWF might be necessary for the simulations.

9.2.5 Improvements on EDX

Simulations of EDX generation have often been neglected in the literature. Further work to enhance
the understanding of the detected spectra using available software such as the DTSA and Monte Carlo
methods could add insight into the quantification. Currently, EDX is most popularly modelled for bulk
samples. Theoretical modelling of the cross section of ionisation and real absorption and florescence
effects in thin samples would also be interesting. While these considerations are minimal given the
current limitation of signal to noise, they could prove necessary as detectors improve and count rates

increase.

While experimental Cliff-Lorimer k-factors from known alloy calibration samples would decrease the

error in quantification, in practice a (-factor calibration with a pure element wedge sample is a better
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alternative to characterising a microscope’s EDX detection system for a particular element and sample
geometry, as it gives similarly good errors of 1% in the quantification and also provides an easier

method of calibration.

9.3 Outlook

Combining the matching of absolute scattering cross sections with high resolution EDX maps is, in the
author’s opinion, the path to successful atom-by-atom compositional mapping. This thesis has
developed the methodology and shown a proof of principle. The next steps towards this goal now is to
limit the aforementioned errors and applying the cross section and EDX quantification techniques to

the same Pt-Pd particle viewed in two or more orientations.

Although discrete tomography was not successful in the current work due to particle reconstruction
under the beam, this is a promising area of development and has been shown in the literature to hold
great promise in revealing the 3D structure of embedded model catalysts and single element supported
catalysts. So far, it has only been applied to HAADF images. With the addition of compositional
information from either EELS or EDX, it may be possible to determine cross-boundary alloying or
inter-diffusion between the core and the shell. In addition, other compositional techniques should be

explored, such as high resolution EELS of samples of lighter elements.

Ideally, a complete set of data from all scattered signals should be collected: EELS, EDX, HAADF,
BF and BS to truly utilise the full power of electron microscopy in analysing core-shell nanoparticle
catalysts. Ultimately, a full 3D structural and compositional characterisation of a nanoparticle catalyst
in a gaseous environment, perhaps even in a miniature fuel cell in real working conditions, would
unlock the true nature of the catalytic process. With the exciting research being carried out in

environmental atomic resolution HAADF STEM, this may one day be realised.
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Appendices

Appendix A

Other characterisation techniques

A.1 Optical spectroscopy

Optical spectroscopy, including UV-Vis, Raman and infra-red, involves measurement of the
elastic/inelastic scattering of a particular incident wavelength of light. UV-Vis spectroscopy can
provide information on the electronic structure particularly important for oxide supports or measuring
the degree of oxidation within the metallic nanoparticles themselves. Raman spectroscopy is well
known as a technique to discriminate between multiple molecular structures whilst infra-red

spectroscopy provides important information on identifying surface species [8].

A.2 Inductively Coupled Plasma Emission Spectroscopy (ICP-ES)

ICP-ES is a technique used to determine the concentration of a particular element within a sample. By
decomposing the sample using the high temperatures generated by the ICP source, it is possible to
determine the compositional distribution of the free atoms and ions by collecting the photons emitted
from the excited atoms returning to ground state. It is the most sensitive technique to obtain exact
average chemistry of a sample. ICP-MS (mass spectroscopy) version can detect trace elements to parts

per billion.

A.3 Scanning Tunnelling Microscopy (STM)

Scanning tunnelling microscopy has long been used as surface sensitive technique which maps the
local density of electronic states. In application to nanoparticles, it has been used to show the
catalytically important edges, kinks, vacancies and other defects [57], but is only applicable to certain
sample geometries and classes of supports [58] and is not suitable for industrial samples supported on

amorphous carbon due to large height differences in an irregular structure.
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A.4 Atomic force microscopy (AFM)

Atomic force microscopy is, like its precursor scanning tunnelling microscopy, a topographical tool,
probing surface layers only [59]. Forces between the nano-scale tip and the sample cause the
cantilever on which the tip is mounted to be deflected according to Hooke’s law. While AFM can
achieve atomic resolution and is useful as a particle size characterisation tool, it is still limited by slow
scan times and sample drift and piezo hysteresis, Furthermore, the tip curvature radius needs to be
much smaller than both the particle sizes and distances between the particles to allow for accurate

characterisation [60].

A.5 Atom probe tomography

Recent advances in field ion microscopy have led to the use of atom probe tomography to study
catalyst nanoparticles [61,62] as well as core-shell structures [63]. However, the technique is a
destructive one and requires dedicated and involved sample preparation, not suitable for the

investigation of industrial catalysts.
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Appendix B

Microscope Operating Parameters

collection (sr)

JEOL 3000F Oxford-JEOL JEOL ARM 200F
2200 MCO
Basic Specifications
Gun Schottky FEG ZrO/W (100) Cold FEG | Cold FEG
Schottky FEG
Spherical Aberration none Upper Upper Upper
Correctors Lower
Basic Parameters
Accelerating voltage 300 200 80 200
V)
Wavelength (pm) 2.0 2.5 4.2 2.5
Imaging Parameters
Point resolution 1.4 0.08 0.08 0.08
(0.61A/a) (nm)
Probe convergence 18 22.5 25 25
semi-angle (mrad)
Camera length for 12 100 6 8
HAADF STEM
imaging (cm)
HAADF detector 90 90— 180 91-170 55-170
angles (mrad)
Analytical Instrumentation
Spectrometer Oxford Instruments JEOL JEOL
Detector type SATW Si(Li) SDD
Take off angle (°) unknown unknown 18
Solid angle of 0.22 0.22 0.22

0.8 (Centuro detector)

Table B.1 Microscope operating parameters used for the experiments in this thesis. Unless
otherwise detailed in the thesis, values are taken from manufacturer’s specifications.

258



Appendix C

Matlab code written to analyse particle size (adapted for HAADF STEM images from [1])

% Selecting an image
[file,folder]=uigetfile({'*.bmp';"*.jpg';*.tif'},'Select an image');
cd(folder);

fe=imread(file(:,:,1));

%Selecting subimages
[N,M]=size(fc);
ns=input('Number ofdivisions=");
or=input('Minimum size=");

x=fix(N/ns); y=fix(M/ns);
for sx=1:x:N-x

for sy=1:y:M-y
sp=fc(sx:sx+x-1,sy:sy+y-1);

%Thresholding
T=graythresh(sp);
spT=im2bw(sp,T);
g(sx:sx+x-1,sy:sy+y-1)=spT;
end
end

g2=imopen(g,strel('disk’,or));
[labeled,a]=bwlabel(g2,4);
points=regionprops(labeled, Centroid',' PixelList');
[B,L2,N2]=bwboundaries(labeled,4, noholes');

%Draw segmentedparticles

imshow(fc);
hold on;
for s=1:numel(points)
boundary=B{s};
if(s>a)
plot(boundary(:,2),boundary(:,1),'g','LineWidth',1);
else
plot(boundary(:,2),boundary(:,1),'r','LineWidth',1);
end
end
hold off
%Histogram

graindata=regionprops(labeled, basic');
areap=[graindata.Area];

t=0;
for s=1:numel(points)
t=t+1;
sizes(t)=2*sqrt(areap(s)/pi);
end

figure; hist(sizes,30)
Mean=mean(sizes)
Standard _deviation=std(sizes)
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Appendix D

Identification of diffraction spots in a FT (Figure 3.14) by using the angle between spots

Angle (°)

Indices Top grain | Bottom grain | ldeal crystal
200 and 111 54.3 56.6 54.7
111 and 111 74.2 68.4 70.6
111 and 200 52.9 57.6 54.7
200 and 111 55.1 54.6 54.7
111 and 111 73.9 66.8 70.6
111 and 200 50.2 54.1 54.7

total 360.6 358.1 360

Table D.1 Table showing angles between the spots of the diffractogram in Figure 4.13
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Appendix E

Possible <110> orientations of the particle in Figure 3.13
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Table E.1 Possible <110> orientations of the particle in Figure 3.13
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Appendix F

Recipe for quantification of experiments

Detector Mapping Method for the Oxford-JEOL 2200MCO

10.

11.
12.

13.

Without scanning, move the sample so that the probe is going through vacuum (a large hole in
the sample).

Switch on the TEM lenses below the sample (click ‘Alignment’” button in the ASID control
panel).

Use a probe current to map the detector that is 10% of the current used in imaging. This
ensures that the same contrast and brightness settings can be used for sample imaging in order
to circumvent the nonlinear behaviour of the A/D convertors on standard microscopes with the
gain settings.

Measure the probe current.

Adjust the contrast and brightness settings of the A/D convertor so that the signal is not
saturated on the detector and the black level is detectable.

Insert the detector

Adjust the camera length and post specimen magnification until the detector can be seen.

Use post specimen deflectors (e.g. PLA) to shift the detector image to the centre of the screen.
Zoom in and adjust the focus until a good map is obtained.

Make a note of the brightness and contrast settings.

Image the detector using the same exposure and image size that you use for image. Take a
several maps at each setting if you use several.

Switch back to normal STEM mode with the usual beam current used for imaging.

Adjust the brightness and contrast settings to match those used for the detector map.

Measure the beam current after every image of the sample. This is particularly important for

cold FEG instruments where the current decays with time.
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Image Calibration

Using the corresponding detector image to the image to be calibrated, calculate the average pixel
intensity, Ip, of the detector pixels. In order to transform the imaged intensity to a fraction of incident

beam current, Intg,,., the following conversion needs to be performed:

Ipet F.1

fntprac = Mntspec Ispec X Intpet

where Intgpe. is the unscaled intensity collected from the scattering of the specimen in the raw
experimental image; Is,e. is the probe current used to image the specimen in the experiment; and

Intp,, is the mean intensity of the detector response when mapped with a probe current of Ip,;.
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Appendix G

Concerning simulations

G.1

Input for Melbourne Absoprtive Potential Code

Example crystal specification file: “PtPd110.xt]”

QO 1O U W N

44
45
46
47
48

124
125
126
127
128
129

Line 1:

Line 2:

Line 3:

Line 4:

Pt (Pd) Core Shell 110 zone axis
20.0000 20.0000 20.0000
200.00

Pd

38 46 1.000 0.005784
0.500000 0.568766 0.293702
0.500000 0.431234 0.706298

0.402750 0.500000 0.500000
Pt

78 78 1.000 0.004835
0.500000 0.706298 0.706298
0.500000 0.293702 0.706298

0.597250 0.362468 0.775065
1

0 0 1

1 0 0

0 1 0
0 0 0

90.000

90.0000

90.0000

header that is skipped by the simulation code and is useful for comments describing the crystal

dimensions of unit cell in A (X, y, z) and angles of the unit cell (o, B, ).

accelerating voltage of microscope (kV)

number of elements in crystal structure

Line 6: number of atoms; Z number of element; occupancy; mean square displacement value

Line 7+: coordinates of atom in fraction of unit cell, note padding around structure to avoid artefacts

from periodic boundary conditions of FFTs

Line 125: end of specification of atomic positions

Line 126-9: direction of the unit cell which describes the beams used in the calculation
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Record of inputs to set up simulation:

Main menu selection
1
Crystal (middle layer) file name
inputl.xtl
Surface layer file name
inputl.xtl
Main menu selection
2
<1> zone axis,<2> systematic row
1
npix in supercell along x
512
npix in supercell along y
512
no of unit cells along x
8 // tiling the unit cell to form a supercell
no of unit cells along y
8
Accept summary <1> yes <2> no
1
<1> zone axis,<2> systematic row
1
npix in supercell along x
512
npix in supercell along y
512
no of unit cells along x
8
no of unit cells along y
8
Accept summary <1> yes <2> no
1
TDS calculation menu
1 //adding TDS
Save form factors <1> yes <2> no
2 //option to save calculated TDS
Main menu selection
3
Psuedo holz <1> Yes <2> No
2 //also implements auto slicing of supercell
Layer 1 thickness
0.000 //amorphous first layer, set to O
Number of subslices zl
1
Accept the choices for zl
1
Layer 2 thickness
98.000 //crystalline middle layer, thickness of sample in A
Number of subslices in layer 2
25 //to put atoms at correct heights
Accept the choices for z2
1
force zl1l=z3
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1 //amorphous bottom layer
Spherical Abberration mm
0.000000000000000E+000
Use scherzer defocus <1> yes <2> no

1
Accept Cs and aperture
2 //1l=yes, 2=no
New cutoff aperture
0.9000000000000 //changes convergence angles used
Accept Cs and aperture
1
Use 5th order Cs <1> yes <2> no
2
Change probe paramaters <1> no <2> yes
1
BWL <1> Yes <2> No
1 //bandwidth limiting to avoid aliasing
Shift probe? <1> Yes <2> No
2 //yes allows scanning of smaller area in supercell

using fractional step sizes to determine location and scan range
Accept size and orientation of scan vectors
1 //1l=yes
Main menu selection
4
ADF inner angle
90.0000000000000 //mrad
ADF outer angle
180.000000000000 //mrad
Calculate ADF pot <1>, read in <2>
1
Save form factors <1> yes <2> no
2
Number of x probe positions
36 // 4-6 pixels per A for round atoms
Number of cells to scan over
1
Number of y probe positions
36
Number of cells to scan over
1
Main menu selection
11
STEM xo simulation menu
1
Print N slice potentials <1> yes <2> no
2
Output file name
PtPd_core-shell_ 110 //output is x by y array of intensities
calculated at each probe position as a fraction of the incident beam
ADF output menu selection
2



G.2 Sampling in simulations

Typically, the simulations require a ‘unit cell’ to be tiled, creating a supercell, or a large supercell to
contain a nanoparticle to meet adequate sampling criteria. The large real space supercell increases the

sampling in reciprocal space.

The real space pixel size Ax must be small enough to resolve the shape of the probe and the atomic

columns. A good guide is to use:

Ax < dprobe G.1

where dpope 18 the probe diameter. However, this is usually trivially met since the reciprocal space

sampling requires more pixels.

In reciprocal space, the pixel size Ak should be fine enough to sufficiently sample the probe
aberrations, the Fresnel propagator and the scattering potential accurately. A good guide is to have
Imrad sampling of the size objective aperture, which is given by Equation 2.5. For a 25mrad objective

aperture forming a probe at 200kV, this corresponds to a 25A x 25A supercell.

Since the use of Fourier transforms imposes that the number of pixels in the real space cell and the
reciprocal space cell is the same, the choice of the fineness of sampling grid needs to be carefully

considered. The number of pixels in one direction N, must be greater than:

2ak gy G.2

Ny >—

where « is the size of the supercell in A, A the wavelength of the electrons in A™ and ki, is the
maximum angle in radians to which signal is scattered. The calculations described in Chapter 6 have a
supercell of 31.12 A x 31.12 A sampled by 512 x 512 pixels. This gives a maximum reciprocal space
angle of 206mrad, which is much larger than the objective aperture and enough to encompass all the

scattering to high angles.
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Appendix H

Recipe for analysis of images by cross sections

Plot histogram of pixel .':i
intensities, see Fig 6.2 IT

v | i _.‘..._
4 L P

v Calculate ratio of |
Subtract mean of detector probe currents:

signal from mean of Ipet
background to give Intp,,

lrSp ec

| Calculate fractional intensity of
experimental image:

IDet
[Spec x [ntDet

‘ Calibrate image ‘
from FFT

Intfmc = Iﬂtspgc

v

see Section 6.3.3

v

Create particle mask and
remove from image

{

Interpolate background in mask
area from edges of removed area,
see Section 6.3.4

0

w B

Find peaks in image, ‘

b

Remove identified and
interpolated background

v

b

Integrate Voronoi polygons from

peak positions for background-

subtracted, cross sections of
..\columns, see S;c_c:[ion 63y

Compare to simulated
cross section values to
 identify columns
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Appendix I
Derivation of the {-factor formula in Equation 7.2

The mass-thickness pt of a sample can be related to the X-ray intensity for an element 4 [4] by:

Iy L1
CADe

pt ={y

Where {4 is the proportionality factor, I, is the intensity of the X-ray peak for element 4 which has a

concentration Cy4 in the sample, and D, is the total electron dose during the acquisition, defined as:
D¢ = NelpropeT 1.2

Where N, is the number of electrons in the unit electron charge' and Iprope and T are the beam

currents and acquisition times. The measured X-ray intensity I, can be theoretically described by:

Qawaay (Q> L3
I, =N, ~222C,ptD, (—

Where is N,, Avogadro’s number, Q4 is the ionisation cross section, w, is the fluorescence yield, a4 is
the relative transition probability (i.e. the relative line weight), M, is the atomic weight, Q is the

detector collection angle in steradians and ¢, is the detector efficiency.

Combining Equations F.2 and F.3, the {-factor can be seen to be

_ My L4
NyQawya,[Q/4T]En

¢a

This expression requires the knowledge of several key parameters, which are often difficult to

determine. However, from Equation 1.1 at two thicknesses 1 and 2:

L L5
t, =
pPly ZCDe
A L6
t, =
pta (CDe

" This is simply 1/e, the elementary charge, = 6.24 x 10"
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The difference gives:

. b= Iy I
Pty 'DZ_(CDQ (CDe

(I —I)

t1—ty) ={———
p(t1 —t) =¢ CD,

Which rearranges to give:

(t1 — t3)
¢ =pCDe—-~
‘(1)

Combining Equations 1.2 with 1.9 (where C has been assumed to be 1 since the sample is a pure

element), the expression for {4 is then:

(t1 — t3)

Ca= pNeIprobeTm
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Appendix J

Background subtraction from Section 7.3.2

Pd L, @ 2.84keV

sighal

1200

1100 n

1000

ISpectruml

Edge

Q00

00

Foo

00

400

200

200

100

PdL; @ 2.99 keV

3.0 3.5
ket

4.0

4.5

1200

shnaﬂ

1100

1000

ISpectruml

Edge

Q00

200

Foo

=un]

co0 |

400

200

200

100

2.0 2.5
ke

271

4.0

4.5




PtL, @ 9.44 keV

1100 bkgd| [[zigrall

Spectrum

1000
Ekagd

s00 4

il

200

700

E00

500

400

o Lo P

8.0 9.2 9.4 S3E 9.8 10.0 10.2 10.4 106 10.8 11.0 11.2 11.4
ke
Pt Ly @ 11.07 keV
=00 bkgdl =zignal|
ISpectrumI
4c0 -
Ekad

4':":'__ - 1. S—

i Edge
350
300
250
200

96 ER= oo 102 104 1086 o8 110 11.2 114 11E 112 120

272



