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ABSTRACT

The composition of reducing gas in the activation of Co Fischer-Tropsch (FT) catalyst has a
direct influence on catalytic performance during FT synthesis. The nature of the reduction
conditions of Co304 to metallic Co determines the active sites on the final Co FT catalyst, and
its subsequent reactivity. Specifically, syngas activated Co FT catalysts have been known to
have a higher catalytic performance compared to H>. However, little is known about the Co
physicochemical properties as a function of activation gas composition due to the rapid
oxidation of Co in air. Electron microscopy (EM) has been used to probe various properties of
materials under different environments with a high spatial resolution; thus, providing an
understanding of the relationship between the surface structure and chemistry (spectroscopy)
of materials on a local scale. Current literature on the studies of the activation of Co FT catalysts
using electron microscopy (EM) has focused on the activation of Co FT catalysts in Hz, since
H> activation is older and well understood. However, to date, there is limited literature on the
activation of Co FT catalysts in syngas or the comparison of the effect of activation gas
composition between syngas and Hz using EM. Thus, this thesis expands our understanding of
Co activation in Fischer-Tropsch synthesis by comparing, for the first time, catalyst activation
under Hz and syngas (H2/CO = 2) using both ex-situ and in-situ high-resolution aberration-
corrected analytical electron microscopy to determine the most effective routes for the

activation of Co where maximum reduction is achieved.

Initially, the atomic structure of the active surfaces for CO and H> adsorption of a Co304
precursor supported on hollow carbon spheres were determined along several projections using

focal series exit wavefunction reconstruction. The electron dose per frame in a focal series
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required to restore the specimen exit wavefunction, where both oxygen and cobalt atomic
columns are resolved without visible beam-induced damage, is determined. Subsequently, the
active surface terminations of CosO4 with resolved O, and Co atomic columns are presented
and compared to calculated Cosz04 active surfaces for CO and H» adsorption and dissociation
from density functional theory studies. Based on this comparison, the potential reactivity of the

various Co3z04 surfaces towards reducing gases (H2 and CO from syngas) is discussed.

The Co304 precursor was subsequently examined following ex-situ reduction under H> and
syngas at 350°C. The physicochemical properties of the 350 °C ex-situ activated catalysts were
investigated using annular dark-field high-resolution scanning transmission electron
microscopy, in conjunction with electron energy loss spectroscopy. The high-resolution images
and Co-L32 and O-K edge fine structure features in the H, and syngas activated catalysts
revealed better reducibility in syngas in contrast to H» at 350°C. These differences in the
physicochemical properties of the Co catalyst activated under H; and syngas are discussed in
relation to the thermodynamics of the reaction between Co3z04 and both reducing gases. The
surface re-oxidation of Co in the air compared to the incomplete reduction of the catalyst is
addressed, and the effect of increased activation temperature on the catalyst re-oxidation or
incomplete reduction is explored. The disadvantage of high-temperature catalyst activation is
also discussed. Finally, in-situ activation of Co FT catalysts under H, and syngas is proposed
as a viable option to study the activation process, protected from atmospheric air, at near
operando conditions. Both ex-situ and in-situ results indicate that syngas activation is the most

effective method to obtain an active metallic Co sinter resistant catalyst at lower temperatures.
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Chapter 1 : Introduction

1.1 Overview of Thesis

Chapter 1: Provides an introduction to the background of this study and the proposed

contribution to the field.

Chapter 2: Provides a detailed literature review on Co Fischer-Tropsch (FT) synthesis,
including factors affecting the activation of Co FT catalyst, with an emphasis on the effect of
activation gas composition. The chapter also discusses the limitations of conventional
characterisation of Co FT catalysts and highlights the benefits of aberration-corrected

analytical scanning transmission electron microscopy.

Chapter 3: Summarises the theory of image formation in transmission and scanning
transmission electron microscopy, and a brief introduction to focal series exit wavefunction
reconstruction. The chapter also discusses the in-situ electron microscopy technique, including
the gas holder, microelectromechanical systems (MEMS) chip, and in-situ experimental
details. Principles of electron energy loss spectroscopy, including the experimental imaging

conditions used in the study, are also discussed.

Chapter 4: Reports on the characterisation of the precursor spinel Coz0s using dose
fractionated focal series exit wavefunction reconstruction. In this chapter, the electron dose
required for specimen exit wavefunction reconstruction of Coz0s is determined. The atomic

structure and surface terminations of CozO4 from several projections determined from the



restored phase of the specimen exit wavefunction are described. These are subsequently

compared to theoretically known Co3O4 active sites for CO and H: adsorption.

Chapter 5: Reports on the activation of Co FT catalysts using H> and syngas. This chapter
explores the Co structure-chemistry relationship as a function of activation gas composition.
Studies of both ex-situ and in-situ activation of the Co FT catalyst (catalyst morphology, atomic

structure, and Co valence state) are presented.

Chapter 6: Provides conclusions and recommendations for future work.

1.2 Background

Fischer-Tropsch (FT) synthesis is one of the most profitable and oldest catalytic reaction
involving the hydrogenation of carbon monoxide into petroleum products over a transition
metal catalyst (e.g. cobalt).? Biomass-derived syngas (a mixture of CO and H2) has seen this
process become increasingly attractive over the past few years due to strictly growing
environmental regulations and increasing demand for biofuel to mitigate the effects of climate
change.®* In a typical industrial FT synthesis, precursor CosO; is activated in a fixed-bed
reactor by introducing H> to convert the oxide into catalytically active metallic Co, after which

syngas is passed through the reactor to produce petroleum products.®

The activation process is arguably the most crucial step in FT synthesis because it determines
the evolution of catalytically active sites on Co during the conversion of Co304 to metallic Co
under reducing gas atmosphere.®” Additionally, studies have shown that the activation of Co
FT catalysts has a direct influence on the catalytic activity and selectivity of the Co FT
catalyst.”** More specifically, it has been shown that activating the catalyst under Hz, results

in a lower catalytic activity compared to activation with syngas (either a mixture or a sequential




CO & Hy treatment).”*! The reason behind this is still not well understood. However, it is
generally believed that the presence of CO during the activation of Co FT catalysts in syngas
or sequential CO & H> leads to the formation of Co.C which decomposes into hexagonal close-
packed (hcp) Co."%1%12 In contrast to the face-centred cubic (fcc) Co formed during H:
activation in the absence of CO."%1%12 Theoretical studies (density functional theory (DFT))
have shown that fcc Co surfaces consists mostly of the sites that are inactive for CO
dissociation; a rate-determining step in FT synthesis, while hcp Co surfaces consists mainly of

active sites for CO dissociation.®

These theoretical studies may provide insight into the relationship between catalyst structure
(hcp vs fec) and performance; however, they do not reveal any correlation between activation
and structure.'® The catalyst activation is a dynamic process with multiple variables (high-
temperature gas-solid interactions) and thus requires detailed experimental characterisation for
the process to be fully understood. However, the sensitivity of metallic Co to oxidation in the
air has made the characterisation of the physicochemical properties of the Co catalysts a
significant challenge.'* As a result, the majority of characterisation studies of the active Co FT
catalyst has relied on the bulk X-ray techniques®*>'®, and temperature-programmed reduction®’
studies. For example, an in-situ XRD study of the activation of Co catalysts under Hx versus
sequential Co & H showed that H: activation produced mainly fcc Co, while sequential Co &
H. produced hcp Co.® Despite the usefulness and success of these techniques at determining
the optimum Co30O4 reduction temperature and resultant Co phase as a function of activation
parameters, they lack the necessary spatial resolution and the ability to directly correlate the
physicochemical properties (i.e. catalyst morphology, atomic structure, and valence state) of

the Co catalyst to its performance.

The development of aberration-corrected (scanning) transmission electron microscopy with in-

situ capabilities has offered a great advantage to the understanding of catalysts under near




operando conditions.*®2° In parallel, electron energy loss spectroscopy (EELS) can be used to
obtain information about the valence state of Co from the Co-L32and O-K edge fine structure
features (The La/L. peak intensity ratio of the Co-Ls. edge, the L3> peak-to-peak energy
separation, and the position of the L3 peak, as well as the O-K pre-peak).?*2* A combination
of both techniques can, therefore, provide direct structural and chemical information of the
activated Co FT catalyst at high spatial resolution. This has driven a growing interest in the
application of electron microscopy to understand how the activation conditions of Co FT
catalyst affect the reducibility and overall physicochemical properties of the active

catalyst,1:2526

1.3 Research Aims and Objectives

Despite recent efforts in the studies of Co catalyst activation using electron microscopy?>26,
there is still insufficient knowledge about the physicochemical properties of the active Co
catalyst as a function of the different variables known to affect the activation process from bulk
X-ray techniques, in particular the activation gas composition. The aim of this D.Phil. is to
provide new insights into the effect of gas composition on the activation of Co FT catalysts
using ex-situ and in-situ aberration-corrected analytical scanning transmission electron

microscopy. The following key research questions will be explored in this study:

a) Which surface terminations are found on the precursor Cosz0s4, and how do they
compare to the theoretical CosO4 surface terminations known to be active for CO and
H2 adsorption and dissociation?

b) What is the difference in the morphology, structure, and chemistry (valence state) of
the Co FT catalyst when activated in H> compared to syngas activation?

c) How does temperature affect the properties mentioned in (b)?




The answers to these questions will provide significant insights into the effect of gas

composition on the structure-chemistry relationships in Co FT catalysts. It will further serve to

improve our understanding of the relationship between catalyst activation and performance in

Fischer-Tropsch synthesis beyond the conventional paradigm.
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Chapter 2 : Literature Review

2.1 Cobalt Fischer-Tropsch Synthesis

2.1.1 Fischer-Tropsch Synthesis

The hydrogenation of CO over transition metal catalysts (at 200-350 °C) to form long-chained
hydrocarbons has underpinned the petroleum and fine chemicals industry for almost a century.?
This process is known as Fischer-Tropsch (FT) synthesis. Several transition metals are known
to be active for FT synthesis with decreasing activity in the following order: Ru > Fe > Co >
Ni.2® Ruthenium is the most active FT catalyst at low temperature (~200 °C) compared to other
known FT metal catalysts.® However, due to its high cost, it is not economically viable for use
in industrial FT synthesis, but it is instead used as a promoter.*® Nickel is rarely used as an FT
catalyst due to its high selectivity towards methane production- an undesirable FT synthesis

product. As a result, Fe and Co are the two most used industrial FT catalysts.®

Cobalt catalysts are preferred over Fe for low-temperature (~220 °C) FT synthesis due to their
higher CO conversion.” Also, Co catalysts are more resistant to several deactivation
mechanisms, and thus have longer reaction lifetime, when compared to iron.81° Hence, Co is
considered the most attractive catalyst for low-temperature (200-250 °C) FT synthesis.® During
Co FT synthesis, the hydrocarbon product formation mechanism occurs through the
chemisorption of CO on the reduced metallic Co active site.!* This is followed by the
adsorption and dissociation of Hz on the metallic Co surface, which subsequently reacts with
the chemisorbed CO through nucleophilic addition. Finally, the hydrocarbon chain grows by

the condensation of H>O and the insertion of additional H, and CO molecules in a




condensation-addition polymerisation catalytic cycle. For a detailed account on the reaction

mechanisms of FT synthesis, the reader is encouraged to see works by B.H. Davis.!*

2.2 Activation of Cobalt Fischer-Tropsch Catalysts

Cobalt is rarely available naturally in a metallic state for industrial FT synthesis due to its rapid
air oxidisation.®1? Consequently, the production of catalytically active metallic Co is achieved
by reduction of supported CosO4 in a sealed catalytic reactor before introducing syngas (a
mixture of CO and Hy) for FT synthesis.” This process is referred to as catalyst activation.
Catalyst activation is a crucial step in FT catalysis as it facilitates the evolution of the active
sites on the final reduced Co catalyst.!3* Occasionally, depending on the reaction temperature,
the composition of the reducing atmosphere, catalyst support, particle size, and catalyst
promoter, CosO4 does not entirely reduce to active metallic Co'® resulting in a catalyst with
mixed Co valence states and crystallographic phases which could impact CO conversion and

product distribution during FT synthesis.’®

2.2.1 Reducing Gas Composition

The effect of reducing gas composition on the reduction of CosO4 and its subsequent effect on
the FT synthesis has been extensively studied.}*%1° Two types of reducing gas atmospheres
have been explored: H> and CO & Hoy, either as a syngas mixture or sequential CO & H>

treatment.




Hydrogen

The reduction of Coz04 in H2 is the most extensively studied Co catalyst activation method for
FT synthesis since H> is an excellent gaseous reducing agent and the byproduct of the reaction
is the non-toxic water vapour (eq. 2.1).2 Thermodynamically, the reduction of CosO4 to metallic
Co (eqg. 2.1) is a very endergonic reaction (AGJgg= 802.26 kJ.mol1).2%22 Temperature-
programmed reduction (TPR) studies of CosOs have shown that the reduction of Co3O4 to

metallic Co in Hy is a two-step process: conversion of Co304 to CoO at 250-350 °C (eq. 2.2),

followed by conversion of CoO to Co at 500-600 °C (eqg. 2.3).%

C0304(s) +4Hy(g) © 3Co(s) +4H20(g)  (AGLg 80226 kimoll)  (2.1)
C0304(s) + Hp(g) < 3Co0(s) + H20(9) (AGeg 150.69 ki.mol™) (2.2)

3C00(s) + 3Hy(g) © 3Co(s) + 3H20(g) (AGq 651.57 kImol)  (2.3)

Ernst et al.?* have investigated the reducibility of CosO4 in Hz at 270, 370, and 500 °C. They
showed that the presence of Co3z04 and CoO was observed on the reduced catalyst, without
metallic Co, at 270 °C. Increasing the reduction temperature to 370 °C resulted in a mixture of
metallic Co, Co3z04 and CoO, and at 500 °C, 82% metallic Co and 18% CoO were formed.
Similarly, Khodakov et al.’® reported the presence of Cos04, CoO and Co on the H: reduced
catalyst at 300 °C. These results are consistent with a reported TPR profile?® and the
thermodynamics of the reactions. However, these findings suggest that under industrially
relevant Co FT catalyst activation temperatures (~350 °C)2, H, gas does not entirely reduce
Co304 to active metallic Co, resulting in a catalyst with mixed Co valence states. This renders

the H> activation method ineffective for industrial FT catalysis since a catalyst with a high
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surface density of metallic Co atoms is required for high activity in FT synthesis. Therefore, to
obtain high metallic Co surface density under H> reduction, the temperature needs to be
increased to 600 °C (or higher) to enhance the conversion of CoO to metallic Co (e.q. 2.3).23
However, high reduction temperatures are seldomly used due to severe particle sintering and
consequent loss of catalytic activity.?® Overall, industrial activation of Co FT catalyst in H2
requires a trade-off between minimising sintering and maximising reducibility, and for this
reason, Co catalyst are typically promoted with hydrogenation catalysts such as Ru to enhance

low-temperature CosO4-H> reduction.®

Syngas

The activation of Co304 for FT synthesis in syngas (either sequential CO & H; treatment or a
direct mixture) has been of recent interest due to the promising catalytic performance of a
catalyst activated in syngas.*>41826 The sequential treatment procedure typically occurs in a
two-step process: firstly, the formation of cobalt carbide (Co2C) from the reaction of Co0304
with CO at 230 °C (eq. 2.4 & 2.5); secondly, the formation of metallic Co from the
decomposition of the carbide in H> at 230 °C as in reaction (eq. 2.6). Importantly, in contrast

to Hz reduction, the activation of CosOs in the syngas is thermodynamically favoured.

C0304(s) + CO(g) < 3Co0(s) + CO2(g) (AGYg -29.4 ki.molY) (2.4)
2C00(s) + 4C0(g) © CopC(s) +3C02(g) (AGY5g 13.9 ki.mol™?) (2.5)
CoC(s) +2H(g) © 2Co(s) + CH4(g9) (AG2og -16 kl.mol™?) (2.6)
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Direct treatment of CozO4 with a syngas mixture*%2% as opposed to sequential treatment with
CO and Ho, respectively, allows simultaneous reactions (egs. 2.4 —2.6). The relevant reactions,
however, include an essential side reaction; the disproportionation of CO to form carbonaceous

material (eq. 2.7).

2C0(g) « C02(g) + C(s) (AG2og -120.1 kd.mol™?) (2.7)

The main advantage of CO disproportionation is the formation of a sinter-resistant catalyst in-
situ, where catalyst particles are held within carbon fibres during FT synthesis.?”?® De la Pefia
O’Shea et al.!* have reported a study of the activation of CosO4 under syngas (CO/H2=1) which
observed the presence of Co together with graphitic carbon. Such a catalyst would be active
and stable (resistant to deactivation from sintering) over long hours in the FT catalytic reactor.
Fierro et al.'® have reported a five-time increase in CO conversion for a syngas activated
catalyst when compared to conventional H» activation (Figure 2.1). However, the syngas
activated catalyst took ca. 15 hrs to reach the highest stable CO conversion level compared to
4 hrs with H» activation (Figure 2.1). The deactivation of Co catalyst due to the surface
coverage of active sites by carbon encapsulating the nanoparticles may limit catalytic
performance.?® This has been observed to be more severe in the reaction of Co3O4 with CO in
the absence of H (Figure 2.1). In-situ electron microscopy® and TPR?® has shown that the
presence of Hz in syngas drives the methanation of excess carbon formed from CO dissociation
and disproportionation. Thus, creating a porous carbon shell through which the Co active sites

are accessible during FT synthesis.
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Figure 2.1. Conversion of CO over time for Co catalyst activated in CO, H; and H,+CO (1:1). (Adapted from ref.

16 © 2004 Elsevier B.V.)

Numerous experimental studies have shown that the reduction of CozOa4 results in the formation
of face centred cubic (fcc) and hexagonal close-packed (hcp) metallic Co.**151831 Several
authors have obtained either mixed® or pure® Co crystallographic phases from the reduction
of Co304 which has been variously attributed to particle size*® and temperature.*® However,
the most striking effect is due to the reducing gas.!’ Experimental studies have shown that
reduction of CosO4 under syngas (CO+Hz) produces hcp Co in contrast to the fcc Co phase
produced under H, reduction.'’'® To support this, Density Functional Theory (DFT)
calculations suggest that the key is the formation and decomposition of Co.C in syngas a
reaction which is absent for Hz reduction of Co0304.3* More specifically, the structural

rearrangement of the orthorhombic Co.C structure into the hcp Co structure during the
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decomposition of Co2C (eq. 2.6) is thermodynamically favoured due to the similarities in the

two structures.3

The selectivity of hcp over fcc Co crystallographic phases is important as experimental data
has shown that an hcp-predominant Co catalyst shows a higher CO conversion rate (catalytic
activity) compared to fcc-predominant Co under equivalent FT synthesis conditions (Figure
2.2).1417.1826 DET calculations suggest that this difference in catalytic activity arises as hcp Co
forms dense atomic active surface sites not found on fcc Co.® Additionally, DFT calculations
also show that the activation energy for CO dissociation (a rate-limiting step in FT synthesis)
is lower on high surface coverage hcp Co (10-11) surface (i.e. 1.21 eV) compared to high
surface coverage fcc Co {111} surface (i.e. 2.48 eV).*® This explains the experimentally
observed differences in the rate of CO conversion between hcp and fcc Co (Figure 2.2).
However, these DFT calculations are based on bulk Co crystallographic phases and relaxed
Wulff models in a vacuum in the absence of catalyst support or surfactants, both of which affect
the surface energies and free energy of real nanoparticles. Besides, high-resolution imaging of
reduced Cos04 particles have shown that both hcp and fcc Co phases can exist in the same

particle.®
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Figure 2.2. CO conversion rate for fcc Co (m) versus hcp Co (#) as a function of time-on-stream. (Adapted from

ref.}” © 2013 Elsevier B.V.)

2.2.2 The Effect of Supports on Cobalt Fischer-Tropsch

Catalysts

Cobalt FT catalysts are typically supported on high surface area oxides (such as TiO2, Al>Og,
and SiO) or porous carbon materials.® The interaction between the active metal catalyst and
the support has a significant effect on the reducibility and subsequent activity and selectivity
of the catalyst.®®3" This interaction is generally known as metal-support-interaction (MSI).
Inorganic oxide supports such as TiO2, Al,Os and SiO., generally have high surface binding

energies®’, which can result in the formation of stable Co species (e.g. cobalt silicate) at the

15

—
| —



metal-support interface, that can only be reduced at high temperatures.®® Hence, studies of the
effects of catalyst activation method on the physicochemical properties of the active metal
catalyst, as in this D.Phil. project, require an inert catalyst support that does not severely affect
the properties and the reducibility of the catalyst, such as carbon support. Similar precautions

have been adopted before in the study of particle size effects on FT synthesis.*

Carbon Supports

Carbon-based materials are attractive catalyst supports due to their chemical inertness, low
MSI, and controllable porosity and morphology.*® Additionally, carbon supports can be
chemically modified by the introduction of heteroatoms, such as nitrogen, into the carbon
lattice to improve the reducibility of a catalyst.** The disadvantage in using modified or
unmodified carbon supports for industrial FT synthesis is that, unlike inorganic oxides, they
tend to gasify at high temperatures in the presence of H, to produce methane.*? Industrial FT
synthesis typically runs for several weeks or months and hence the loss of support through

gasification would be significant.

There are several known carbon materials supports with different morphologies including
nanotubes (CNTs)*3, nanofibers (CNFs)®, solid* and hollow carbon spheres (HCSs)*. HCSs
are the most versatile carbon supports, with precisely controllable particle diameter, shell
thickness, surface area and porosity.*® They are typically synthesised by covering a pre-
synthesised template with a carbon source using chemical vapour deposition (CVD)*® or
solvothermal reaction*’, followed by the removal of the template using chemical etching or
high-temperature annealing. The HCSs’ diameter and pore size are determined by the size and
porosity of the template. The thickness of the carbon shell is controlled by adjusting the

concentration of the carbon source.*® Templated synthesis of HCSs as supports, therefore,
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offers essential flexibility in catalyst design where catalyst particles can either be supported

inside or outside the surface of HCSs.®

Historically, colloidal silica spheres have been used as templates for the synthesis of HCSs due
to their easily controllable size and porosity.*® However, this method is not environmentally
friendly or safe since the removal of the silica template requires a strongly corrosive chemical,
hydrofluoric acid (HF). Alternatively, as used in this project, commercial polystyrene (PS)
beads provide a convenient, fast, and chemical-free etching step for the templated synthesis of
HCSs.%49 In the PS templated synthesis of HCSs, the PS template is removed by high-

temperature treatment in an inert atmosphere during carbonisation of the carbon source.*

2.2.3 The Effect of Particle Size on Cobalt Fischer-Tropsch

Catalysts

In the last decade, the influence of the Co particle size distribution on the reducibility,
selectivity and activity of FT synthesis has been a growing field of research.®*%-5% There are
several ways to tailor a catalyst of specific particle size, for example, the careful design of the
support porosity can offer several advantages in controlling Co particle size, dispersion, and
reducibility. For example, Saib et al.>* reported on the influence of the average pore size
diameter (20, 40, 60, 100, and 150 A) of silica on the physicochemical properties of silica
supported Co FT catalysts. The authors found that the Co particle size increased with the pore
diameter of the silica support. However, care should be taken when correlating the particle size
to the reducibility of the catalyst, as this depends on the support. As discussed in section 2.2.2
above, inorganic oxide supports have strong MSI which can result in the formation of stable

Co species (e.g. cobalt silicate) at the metal-support interface, that can only be reduced at high
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temperatures compared to inert carbon supports. As a result, the reducibility of cobalt oxide on
inorganic support generally decreases with decreasing particle size (generally < 60 A).*>% In
contrast, the reducibility of cobalt oxide on inert carbon supports increases with decreasing

particle size.3%5!

Breejen et al.*° reported on the effect of the average cobalt particle size (20.6 — 160 A) on FT
synthesis using an inert carbon support. From this study, it was found that the turnover
frequency (TOF) (i.e. the rate of conversion of reactants to products, per gram of catalyst, per
hour) decreased with particle sizes below 60 A. The authors also found that the particles below
60 A were more selective towards CH4 formation— an undesirable FT synthesis product.® In
agreement, Bezemer et al.>! also found that the rate of CO hydrogenation decreased for particle
sizes below 60 A.5! In addition, the catalytic activity increased exponentially with the increase
in particle size up to 60 A in diameter, and then decreased exponentially for particles bigger

than 65 A.5!

For inorganic oxide supports, Borg et al.>® reported on the effects of cobalt particle size
supported over alumina on the product distribution of the FT synthesis. Authors found that the
Cs. selectivity increased exponentially with increase in Co particle size up to about 70-80 A
and became constant for particles > 90 A, while CHz and C- selectivity was at a minimum at
particle sizes between 7-8 nm; leading to the conclusion that the optimum Co particle size for
a good FT synthesis product distribution and activity was around this order.>° This is generally
agreed upon amongst most authors.>*°%¢ |t is therefore essential and warranted that for this
D.Phil. research, a catalyst system of an optimum particle size (~ 60-65 A) for an inert support
is selected for activation studies without the influence of the support on the reducibility of the
catalyst. However, this thesis will not explore the effects of particle size, since it has been well

studied, and well understood®®>!
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2.3 Characterisation of Cobalt Fischer-Tropsch

Catalysts

Cobalt FT catalysts have been routinely characterised using bulk X-ray based and temperature-
programmed redox methods.® These techniques are useful in determining the bulk
crystallographic phases in the reduced catalyst and the CosO4 reduction temperature profile.®
However, catalytic reactions are surface-active processes that depend on the atomic structure
of the active surfaces of the catalyst.>” Thus, bulk techniques such as XRD lack the necessary
spatial resolution (~1 pm) to probe the surface structure of the catalysts.® Alternatively,
aberration-corrected (scanning) transmission electron microscopy (AC-(S)TEM) can probe
various properties of materials under different environments with a high spatial resolution
(~50-80 pm). %° Thus, it can provide an understanding of the relationship between the surface

structure and chemistry (spectroscopy) of materials on a local scale.

2.3.1 Electron Microscopy of Cobalt Fischer-Tropsch
Catalysts

Co0304 Precursor

Precursor Co304 undergoes changes in Co oxidation state, particle size and morphology during
the activation process, as described in section 2.2. It is therefore essential to characterise the
as-prepared Co304 before reduction to understand the post-activation changes. Coz04 has a

normal-spinel crystal structure comprising of an oxygen fcc sub-lattice, and Co?* and Co®*
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cations occupying respectively one-eighth of the tetrahedral interstitial sites and half of the
octahedral sites per unit cell.®° The spinel structure offers multiple possible surface
terminations depending on the exposed surfaces and the overall shape of the crystal. The atomic
arrangement of the CosO4 surface terminations is critical to the activation of the Co catalyst as
it may or not facilitate the adsorption of reducing gas (CO or Hz) molecules, thus affecting the
surface reactivity of the as-prepared CosO4. Importantly, DFT studies indicate that CO
molecules in syngas preferentially adsorb on surfaces with a high concentration of Co®", while
H, is preferentially adsorbed on surfaces with Co—O bridge sites.®%2 Additionally, DFT
calculations also indicate that the presence of surface lattice O makes a significant contribution
to lowering the adsorption energy of CO on the active sites of Co304, improving the reactivity

of C030..%2
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Figure 2.3. Atomic model of Co304 unit cell viewed along a <110> projection.
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There are numerous reports on different morphologies of Co304 due to its extensive use as a
multifunctional catalyst in many reactions other than FT.%* Electron microscopy (EM) has been
frequently used to determine the surface structure of nanoparticles, providing insight into the
potential reactivity at different surfaces of metal catalysts.>” For example, Xie et al.®® reported
a facet-dependent reactivity of CosO4 nanorods for low-temperature CO oxidation. This is
relevant to this D.Phil. because CO adsorption and dissociation in CO oxidation reactions occur
in a similar way to syngas reaction with CozOa. In their work, the authors argue that the {011}
planes of the nanorods are more reactive than {111} planes due to the presence of Co®" on the
former.%® However, this conclusion may be limited when drawn simply from the type of facet
observed from low-resolution images in which the atomic surface terminations are not
resolved. For example, DFT studies have shown that the atomic structure of {111} surfaces
results in six possible terminations, some of which have Co®" present.®®%” Similarly, {011}
surfaces can have two possible terminations, one of which has Co?*.%¢ Specific synthesis
procedures using different surfactants can expose and stabilise one or more of these surface
terminations under the right conditions.®®> Thus, atomically resolved characterisation of these
surface terminations is necessary to fully understand the reactivity of the as-prepared Coz04

surfaces towards reducing gases.

Yu et al.®0 have characterised the atomic structure and surface termination of a {111} surface
of Coz04 nanocubes (Figure 2.4), showing clearly resolved O and Co atomic columns. In this
work, the {111} surface was found to be terminated by tetrahedral Co ions.%° According to
DFT calculations, this is the most energetically favoured termination among six possible
surface terminations of the {111} surface.®” However, it has also been theoretically shown that
tetrahedral Co ions are the least reactive towards CO dissociation, but are more active towards

H. dissociation.t® Overall, there are still insufficient studies of the atomic surface terminations
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of Cos04 nanoparticles, which holds the key to understanding the reactivity of differently

faceted Coz04 nanoparticles towards different catalyst activation environments.

Figure 2.4. (a) AC-TEM image of a {111} surface of Coz04 viewed along a <110> direction. A simulated image
of the atomic model is shown as an insert in (a). The bottom-right inset shows an image of the particle at low
magnification. (b) Atomic model of the {111} surface of Co304. The green and red spheres represent Co and O

atoms, respectively. (Adapted from ref. © © 2010 The American Physical Society.)

Electron Microscopy Studies of the Reduction of C0304

Ex-situ Electron Microscopy

Electron microscopy (EM) has been used ex-situ as an ancillary characterisation technique
post-reduction of different catalytic systems (e.g. different promoters) using CosOs4 for FT
synthesis.% Specifically, ex-situ EM has been used to determine average particle morphology
and size, Co oxidation state, chemical composition, and the local atomic structure of the
reduced Co0304.32%88 However, accurate quantitative ex-situ EM characterisation is

challenging due to the rapid reoxidation of Co nanoparticles in air.®® It has been shown that
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reoxidation of Co nanoparticles results in the formation of an oxide layer which increases the
average particle size and changes the chemical composition and Co oxidation state at the
surface relative to the bulk.®>"®" In addition, Weststrate et al.®® showed that extensive Co
reoxidation changes the particle morphology by the transformation of Co nanoparticles into
hollow cobalt oxide particles through Kirkendall effect’2. In an attempt to circumvent this, the
reduced Co FT catalyst particles were passivated (i.e. intentionally exposed to a controlled flow

of oxygen) to form a thin (2-4 nm) oxide layer.®°

Oxygen passivation protects the bulk of nanoparticles from further oxidation in air, thus
preserving the pristine properties in the core of the reduced Co nanoparticle. For example, du
Plessis et al.®? characterised the core atomic structure of the Hz reduced and O passivated Co
nanoparticles. In this study, the authors showed evidence of a stacking sequence between fcc
and hcp Co on the same nanoparticle reduced in Hz (Figure 2.5), in contrast to an earlier XRD
study’” which showed, exclusively, fcc Co on H: reduced nanoparticles. However, although O
passivation is useful in protecting the bulk physicochemical properties of Co nanoparticles, the
oxide layer destroys the pristine active Co surfaces, which provide crucial pieces of information
(e.g. facet termination) pertinent to catalysis. Hence, there is a clear need for in-situ EM
techniques in which the reduction of Cos04 can be studied without the influence of air or the

need for O passivation.
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Figure 2.5. (a) High-resolution STEM-HAADF image of H, reduced Co FT catalyst. (b) STEM-HAADF image

with fcc and hcp Co atomic stacking sequences. (Adapted from ref. 2 © 2016 Royal Society of Chemistry.)

In-situ Electron Microscopy

The activation of Co FT catalysts typically takes place at elevated temperatures where gas-
solid interactions play a vital role in the evolution of active sites.” In addition to circumventing
reoxidation of Co, EM studies of catalyst reduction under controlled atmospheres allow the
visualisation of structural and chemical dynamics during these gas-solid interactions.’
Dehghan et al.® have reported in-situ EM reduction of Co3O4 at 360 °C under a H, atmosphere.
A mixture of fcc and hcp Co was obtained, with the smaller (7-20 nm) particles being primarily
fcc, and the larger (20-30 nm) particles having mixed fcc and hep Co phases.*® However, the
underlying relationship between Co particle size and crystallography is still not well
understood. The authors found no transitional CoO during the reduction of Co3O4 at 360 °C.*°
This observation is not consistent with published reduction profiles and in-situ XRD studies of
C0304 in H; at this temperature .>3! In-situ EM results by Gai et al.”® showed that the reduction

of Co304 nanoparticles in Hz does not always lead to a complete and direct reduction to metallic
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Co (Figure 2.6). In this work, in contrast to a previous report'®, transitional CoO was observed
at 400 °C during the in-situ EM reduction of Co3O4 in H (Figure 2.6).” This observation is

consistent with similar findings from in-situ XRD studies.>3!

The reduction of Co304 to metallic Co through transitional CoO has also been studied by
monitoring the changes in Co valence state using in-situ Electron Energy Loss Spectroscopy
(EELS).”*% The Co oxidation state can be estimated from the Co Ls/L peak ratio, the energy
loss separation between the Co Lz edges, and the onset of the Co L3 edge in the Co EELS fine
structure.’! Using this approach, Zhao et al.”®" have reported in-situ EELS studies of Co FT
catalysts. It was found that as the temperature increased to 450 °C, the Co Ls/L> ratio and Co
Ls-L2 energy separation increased and the Co Lz edge energy onset decreased with decreasing
Co valence state.”®’® However, in these reports the precursor CosO4 is pre-reduced in H; at 450
°C for 10 hrs, and subsequently transferred to the microscope where it is further heated in-situ
in the absence of gas. Thus interpreting this in-situ EELS study is complicated since the catalyst

undergoes ex-situ Hz reduction and in-situ reduction by thermal decomposition.
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C040, {111}

CoO {002}

Figure 2.6. High-resolution TEM images and corresponding power spectra of the in-situ reduction of Cos04 as a

function of temperature. Scale bar is 10 nm. (Adapted from ref. 7> © 2013 Wiley-VCH Verlag GmbH & Co.)

Accurate in-situ EM studies of the activation of Co FT catalysts provide an experiment where

the changes in the physical and chemical properties of the same catalyst particle can be
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simultaneously analysed by imaging and spectroscopy, respectively, and correlated with the
reduction conditions. For example, Xin et al.”® observed that in-situ reduction of a Co FT
catalyst in H> gas was accompanied by a change in the porosity of the catalyst particles.
Specifically, increased coarsening of the catalyst particles was simultaneously observed with
changes in the Co EELS fine structure which indicated a decrease in the Co valence state, when
the temperature was increased from 300 to 600 °C in H». For this catalyst system, the authors
noted that the optimum reduction temperature in H> was between 390-440 °C, despite
achieving complete reduction at 600 °C during in-situ EM reduction. This choice was explained
as a requirement to balance the maximum extent of reduction with minimum particle sintering
since a significant (100%) size increase was observed beyond 450 °C.”® This represents a
common practice in FT catalyst activation to prioritise minimal sintering over the higher degree
of reduction as sintering is one of the primary sources of catalyst deactivation during FT

synthesis.?®

In the last three years, there have been reports on the reactivity of metallic Co nanoparticles
under syngas at elevated temperatures using in-situ EM.3%%2 Although these reports are focused
on FT synthesis and not necessarily on catalyst activation, they provide critical insights into
one of the side reactions which occurs in both the catalyst activation and the FT synthesis; the
Bourduard reaction (eq. 2.7). This reaction defines the disproportionation of the CO present in
syngas, which leads to the formation of carbon materials and subsequent encapsulation of the
catalyst particles by carbonaceous materials. Dembélé et al.*® have shown that the presence of
H> in syngas helps to minimise and regulate the amount of carbon fibre growth through gaseous
hydrocarbon formation and also leads to the decomposition of cobalt carbide at high

temperatures.

In general, the current literature on in-situ EM of Co FT catalysts has focused on the activation

of Co FT catalysts in H at various temperatures, mainly because H. activation is older and
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better studied.>?375-80 |n these reports, the activation process is studied using either EELS"®-
8 high-resolution (S)TEM imaging™ or both’®; where the changes in Co valence state or
morphology/atomic structure are followed as a function of reduction conditions under Hz, as
discussed above. However, as discussed in Chapter 2, section 2.2, the Co FT catalysts activated
in syngas have been reported to have a higher catalytic performance compared to Hz. Yet, to
date, there is no literature on the activation of Co FT catalysts in syngas using in-situ EM or
the comparison of the effect of activation gas composition between syngas and Hz using in-situ
EELS in conjunction with high-resolution (S)TEM ADF; making this D.Phil. thesis one of the

most significant contributions to the field.
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Chapter 3: Theory and Experimental

Design

3.1 The Transmission Electron Microscope

The wave properties of electrons (with a wavelength shorter than visible light) provides ways
to overcome the resolution limit of optical microscopes.’? The first electron microscope was
constructed by Knoll and Ruska in 1931.2 Developments, and improvements to electron optics
and sources have been carried out over several decades leading to modern TEMs capable of
atomic resolution (for a review see Hauenau et al.*). The basic principle of a TEM is that a
beam of electrons is transmitted through a specimen wherein different signals can be detected

from interactions with the specimen (Figure 3.1).
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Figure 3.1. Signals generated when electrons interact with a specimen.

3.2 Imaging in the Transmission Electron

Microscope

In a conventional Transmission Electron Microscope (TEM), a nearly parallel electron beam

illuminates the specimen, and the objective lens focuses the transmitted and scattered electrons
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onto the image plane.® The image is then magnified and projected onto a viewing screen or
more recently onto a 2D detector. Different imaging modes can be selected in TEM using an
objective aperture with variable size (Figure 3.2 (a)-(c)). A bright-field (BF) image is formed
by selecting the unscattered electrons (Figure 3.2 (a)). A dark-field (DF) image is formed by
selecting a specific diffracted beam (Figure 3.2 (b)). Lastly, the high-resolution phase-contrast
TEM (HRTEM) images can be formed from the interaction of multiple diffracted beams with
themselves and the direct beam (Figure 3.2 (a)).° This thesis focuses on the application of high-
resolution phase-contrast and focal-series specimen exit wavefunction reconstruction. Hence,
the theory of phase-contrast imaging and phase retrieval is briefly summarised. For a more

detailed account of imaging theory in HRTEM, the reader is referred to specialist texts.>®

optic axis optic axis optic axis
(a) (b) (©)
objective aperture objective aperture objective aperture
diffr ion pattern diffraction pattern diffraction pattern
bright field imag it > dark field image ice image

Figure 3.2. Ray diagrams of (a) bright-field imaging, (b) dark-field imaging, and (c) high-resolution phase-

contrast imaging.

3.2.1 High-Resolution Imaging

Electron-Specimen Interactions

In high-resolution TEM (HRTEM) imaging, an approximately parallel electron plane

wavefunction is transmitted through a specimen, as shown in Figure 3.3. During this process,
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the specimen structure information is encoded in the phase and amplitude of the electron wave

function at the specimen exit surface.

Electron wavefunction: ¥(x) l [

Specimen: WPO= I-ip(x)

Specimen exit wavefunction: (k)

Reconstructed specimen exit

Lens aberration function: w(k) O wavefunction: y',(k)
A

Exit wavefunction
reconstruction-
Linear Weiner filter

Image contrast: c(k)

Defocus series of 40

Detector: n(k) images

Figure 3.3. Schematic showing the process of high-resolution imaging and exit wavefunction reconstruction from

a focal-series of high-resolution phase-contrast images.

The interaction between the incident electron beam and the atoms of the specimen is defined
by the projected potential, #(x,y,z), where x & y are position vectors in the sample plane, and z
denotes the thickness which the electron travels through the specimen. This interaction
modifies the phase and the amplitude of the incident electron wavefunction.® However, in the
simplest case of a thin specimen, neglecting absorption but including multiple scattering, the
electron-specimen interaction only alters the phase of the incident electron wavefunction.’
Under this condition, the specimen is considered a phase object, and the specimen exit

wavefunction, P, (X,y), can be represented as;

lpSO(x' }’) = exp{—iaga(x, Y)}t (31)
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where ¢ denotes an interaction constant given by;

Ar
0 = 2mmee oL (3.2)

where e is the unit charge of an electron, h is Planck’s constant, me and Ar are the relativistically
corrected electron mass and wavelength, and ¢ is the integrated projected potential along the
beam direction. Thus, a phase object will induce o (x, y) phase shift on the incident electron

wavefunction where ¢ is given by;

¢ = [dxy 2)dz, (3.3)

For a sufficiently thin specimen consisting of mainly low atomic number elements, such that
lop(x,y) | « 1, the specimen can be considered as a weak phase object (WPO), and the
specimen exit wavefunction, 1., can be simplified expanding the exponential term in 3.1 and

ignoring non-linear terms to®;
Yso(x,y) = 1 —iop(x,y) (3.4)

Image Formation

Subsequently, post-specimen-electron interaction as the electron wave propagates to the image
plane; the specimen exit wavefunction is further modified by the limiting objective lens
aperture, the phase shifts introduced by the objective lens, and the effects of partial coherence
(described later in this chapter).”*® Thus, the image wavefunction, ¥¢;(k), can be considered

as a convolution of a point in the specimen with a function w(k).>"1°

Ysi(k) = o (k)@w (k) (3.5)

The electron beam travels as a complex wave until it reaches the detector, where it is recorded

as an image intensity distribution, with the image contrast being a combination of the detector
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noise and the aberrated specimen electron wavefunction at the image plane. The recorded
image intensity at the image plane is the square of the amplitude of the specimen electron
wavefunction. It is by definition, the probability of the electron landing position on the

recording device with a loss of phase information.

Contrast transfer, resolution and spherical aberration

In electron wave optics, the Fourier transform (FT) operation is used to relate real and
reciprocal space. Here, lower case letters are used to denote functions in real space, while
capital letters denote functions in reciprocal space. Taking the FT of eq. (3.5) simplifies the

convolution to a product in reciprocal space as;
Ysi(k) = Wso ()W (K) (3.6)

where W(K) is the FT of the point-spread function. This is generally referred to as the phase
contrast transfer function (PCTF), defines the transfer of spatial frequencies in the object exit
wavefunction to the image intensity. Ignoring the effects of higher-order aberrations and partial
coherence, the PCTF is mainly affected by defocus, Af, and the coefficient of spherical
aberration, Cs. Scherzer!! defined an optimum defocus value, Afs, for which a maximum
transfer of a broad bandpass of spatial frequencies, without fluctuation, can be attained (Figure
3.4). (In this definition of the Scherzer focus, the passband in the PCTF contains a local
minimum = 0.7. The original definition, Scherzer avoids a local minimum in the passband at

the cost of a slightly poorer point resolution Afs = (CA)Y/?).
Afs = —1.2 (Cs)Y? (3.7)

At the Scherzer defous, Afs, a broad bandpass of phase-contrast is transferred without phase

reversal up to a spatial frequency, Kmax;

kmax = 1.6 (CsA3)~Y/* (3.8)

40

—
| —



The reciprocal of kmax then defines the point resolution (d1) at the Scherzer defocus as;

d1 = 0.625 (CgA%)1/* (3.9)

Figure 3.4. A two-dimensional phase-contrast transfer function for a modern 300 kV FEGTEM calculated at the

Scherzer defocus (Af = -34.4 nm, Cs= 0.6mm, AE= 0.8 eV, beam divergence= 0.1 mrad). di1 and d, respectively
illustrate the interpretable resolution and information limit. The bandpass illustrates the maximum transfer of

spatial frequencies without phase reversal. (adapted from ref.” © 2019 Springer Nature Switzerland)
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Under this condition, the HRTEM image of a thin specimen has a directly interpretable contrast
which is proportional to the specimen projected potential, with the highest resolvable spatial
frequency limited to di (Figure 3.4). For higher spatial frequencies beyond di (Figure 3.4), the
PCTF oscillates. The effect of this is uninterpretable HRTEM images beyond this limit. The
highest spatial frequency transferred from the specimen exit wavefunction to the image
intensity is defined by the information limit of the microscope, d- (Figure 3.4). However, for
all electron sources used in HRTEM imaging, the illumination is only partially coherent.812
There are two components to this partial coherence: partial spatial coherence, due to the finite
dimensions of the electron source, and partial temporal coherence, which is associated with the
finite energy distribution of the source and fluctuations in both the accelerating voltage and the
objective lens current.>'® The overall effect of this partial coherence of the source is to limit
the information that can be extracted from high-resolution images. Thus, the information limit
of a microscope is determined by the effects of spatial and temporal coherence in the

illumination and by instabilities that act to reduce the transfer of higher spatial frequencies.'*°

From eqg. (3.9), for a specific microscope, the accelerating voltage (wavelength) and (Sherzer)
defocus, the PCTF is mainly affected by spherical aberration, Cs. For HRTEM imaging, the
rays scattered by the specimen pass through the objective lens before being focused onto an
image. At large distances from the optic axis of the microscope, electrons are prematurely
focussed compared to electrons closer to the optic axis. This effect arises from spherical
aberration (Cs), and it is mostly responsible for the ‘blurring’ of the fine details in an
uncorrected TEM image, limiting the microscope resolving power.!* Scherzer proposed a way
to overcome Cs by incorporating a corrector for the objective lens consisting of multipole
lenses.'® These multipole lenses generate a negative value of Cs to counteract the finite positive

C; of the round electromagnetic objective lens, thus bringing all rays to focus at one point.®
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Since then, attempts have been made to improve the theoretical point resolution of a TEM by
aberration correction based on a hardware solution originally described by Rose in 1990.*"18
The first aberration corrector was constructed and incorporated into a 200 kV FEG TEM%2,
the point resolution improved from 0.24 nm to 0.13 nm. Subsequently, modern aberration-
corrected TEM instruments routinely achieve sub 100pm which is sufficient to resolve the

projected atomic structure of different materials in various projections.?!:?2

3.3 Focal-Series Exit Wavefunction

Reconstruction

High-resolution TEM imaging records the intensity, and the resulting image contrast is
sensitive to lens aberrations and defocus; making the quantitative interpretation of high-
resolution TEM images problematic. This difficulty in the interpretation of HRTEM images
can be overcome by computational reconstruction of the specimen exit wavefunction from a
series of images acquired at different defoci.?®>-! There are also other image series acquisition
geometries, such as tilt series, where a series of images is acquired with differently tilted
illumination settings- this geometry is typically used to obtain resolution beyond the axial
limitation of the microscope (i.e. super-resolution).3>3 However, this thesis will focus only on
the focal-series geometry since the aberration-corrected images in the focal-series already
contain high-spatial frequency information sufficient to resolve O and Co atoms upon phase

retrieval.

In this geometry, the image acquisition alters the PCTF by altering only one aberration - the
defocus of the images. All other microscope parameters are typically determined beforehand

and kept constant over the image series acquisition. For a specific acceleration voltage, the
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limitation on the choice of starting focus, focal step, and the range of the focus values is mainly
determined by the coefficient of spherical aberration. The combinations of the spherical
aberration and the defoci should be chosen such that all spatial frequencies are strongly
transferred by one or more images in the series. The number of images in an image series is no
less than three.®* Although there is no theoretical upper limit, the benefit of using more images
to improve the reconstruction quality diminishes quickly, given that the reduction of non-linear
image components and Poisson noise follows a square root dependence on the number of
images.®® Therefore, practical reconstructions are rarely performed with more than 64 images,
which reduces the non-linear and noise components by a factor of 8. It should also be noted
that adding more images also increases the risk of specimen damage; hence a compromise

between signal-to-noise and damage is usually sought.

The goal of exit wavefunction reconstruction is to retrieve an estimate of the specimen
wavefunction, y’so(k) (Equation 3.10), by computational reconstruction at the specimen exit
plane by applying a suitable restoring filter, ri(k), to a series of images at different defoci (i.e.
differently aberrated images), thereby eliminating the contribution of the objective lens

aberration function (Figure 3.5).233!

P'so(k) = Xiri(k)ci(k) (3.10)
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Phase contrast
a) A d, d,

Figure 3.5. A comparison of contrast transfer functions for (a) an HRTEM image at the Scherzer defocus, and (b)
a restored specimen exit wavefunction for a 21-member focal series with a defocus step between images of 5 nm.
The data are plotted for a 300 kV FEGTEM (300 kV, Cs = 0.57nm, focal spread = 4 nm, beam divergence = 0.1mrad.
The CTF in (a) has interpretable information, without contrast reversal, limited to the point resolution (d1). In
contrast, the CTF in (b) has interpretable information, without contrast reversal, beyond d1, up to the information

limit (d2). (adapted from ref.” © 2019 Springer Nature Switzerland).

3.3.1 Electron Dose Fractionation in Focal-Series Exit

Wavefunction Reconstruction

It has been shown that the total electron dose used in a focal-series not only affects the signal-
to-noise ratio of the restored phase but can also change the specimen during image acquisition
due to radiation damage.3® The electron dose (D) during image acquisition refers to the number
of electrons incident on a specimen per unit area (e/A?). Mathematically, it is expressed by eq.
(3.11), where j is the current density (pA/A?), t is the exposure time (s), and e is the electron
charge. The same total electron dose can also cause different degrees of damage to a specimen
dependent on the electron dose rate.3”3® The dose rate can be manipulated by varying the

exposure time, t or the beam current, 1 to give a high flux low exposure time (high dose rate)
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or low flux prolonged exposure time (low dose rate), respectively. For a detailed account of

electron dose induced damage mechanisms, see the works by Egerton.3"38

D=2 (3.11)

e

Electron dose control

There are several ways to control the electron dose on a specimen during focal-series image
acquisition.*” One method involves adjusting the exposure time and keeping all other
microscope parameters fixed. The shorter the exposure time, the lower electron dose, while
longer exposure time results in a higher dose. However, the success of this method is reliant
on insignificant specimen drift either from residual stage movement or specimen charging
effects. An alternative way of controlling the electron dose varies the beam current by means

of changing the extraction voltage in the gun and keeping all other imaging conditions constant.

Arguably the simplest method of controlling the electron dose is by regulating the beam current
density using the condenser lens to spread (lower dose) or focus (higher dose) the illumination.
This method was selected for this study since it is easier to control (and reproduce) the electron
dose by noting the exact condenser lens values at a fixed magnification, exposure time, and
voltage. However, this method may result in illumination of the specimen regions beyond the
detector field of view, thus, making it hard to establish which parts of the specimen have not
been exposed to the electron beam. For extreme adjustments, it may also vary the convergence
angle, which affects the contrast transfer function. However, a possible solution to the former
may be to use specimen regions that are sufficiently distant from one another for acquiring

different datasets in order to reduce the possibility of unintended pre-exposure to electrons.
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Electron dose measurement

A quantitative study of the effects of the electron beam on a given material requires an accurate
measurement of the applied electron dose during the experiment. For accurate electron dose
measurement, the beam current has to be known. The incident beam current can be measured
using either a Faraday cup or the fluorescent screen (if a Faraday cup is not installed) in the
absence of any specimen that can obstruct the electron beam. When using the Faraday cup, the
electron beam has to be focused and positioned at the centre of the Faraday cup, ensuring that
the entire focussed beam passes into the faraday cup, from which the current i, can be directly
recorded on a picoammeter. Alternatively, in the absence of a Faraday cup, the beam can be
spread to fully cover the fluorescent screen, which measures the current density (pA/A?) (there
is usually a calibration offset between the faraday cup and the fluorescent screen which needs
to be determined for accurate current density measurement). Thus, the beam current (pA) value
can be determined from the current density (pA/A?) if the area (A?) of the fluorescent screen is
known (the diameter of a TEM fluorescent screen used was 160 mm). Once the current (i) is
known, the total pixel counts (c) can be determined from an image acquired with a pre-set
exposure time (t). These parameters can now be used to determine the gain (counts/primary

electron), g, of the detector as:

g = it/e (3.12)

Since there is a linear relationship between the number of electrons detected by the digital
detector and the recorded digital pixel counts for a given accelerating voltage, the gain of a
detector is a constant for a given accelerating voltage. Thus, the electron dose can always be
determined post-experiment from the mean count (C) in the image if the sampling interval (in

A), S, on the detector, is known and the exposure time is the same as that used to calculate the

gain (g).
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D= o (3.13)

3.3.2 Experimental Focal-Series Exit Wavefunction
Reconstruction

The precursor catalyst

The hollow carbon spheres (HCSs) supported Co3O4 precursor catalyst was obtained from the
University of the Witwatersrand. The catalyst synthesis procedure is summarised below. For a
detailed account of the synthesis procedure, the reader is encouraged to see works by the
Coville group.® This catalyst was chosen in this study because the catalytic performance Co
FT catalyst is well understood*!, and the well-studied*? inert support will not influence the
activation procedure, as discussed in Chapter 2, section 2.2.2. In a typical procedure, Co3O4
nanoparticles were synthesised by a surfactant-free method using cobalt acetate as a precursor
salt, benzyl alcohol as the solvent, and ammonia solution as the precipitating agent at 160 °C.**
Subsequently, HCSs were prepared by coating the spherical polystyrene (PSS) template with a
resorcinol-formaldehyde (RF) polymer to form a composite (PSSs@RF). Template removal
and carbonisation was performed following a one-step procedure inside a horizontal quartz
tube by initially heating the composite under N2 flow (50 ml/min) at 350 °C for 1 hr to
decompose and remove the polystyrene template, followed by thermal annealing the HCSs at
600 °C for 2 hrs under the N2 atmosphere. To prepare the catalyst, pre-synthesised nanoparticles

were loaded on the surface of HCSs using ethanol as the dispersing solvent in an ultrasonicator.
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Focal-series image acquisition and analysis

Focal-series of AC-TEM images of the precursor catalyst were acquired on a cold-field
emission source double-corrected JEOL ARM-300F at 300kV fitted with a Gatan OneView
camera. A through-focal-series of 40 images with a focal step of 10 A were acquired using a
0.4 s exposure time at X1.5M magnification. The gain of the Gatan OneView camera at 300
kV was calculated using eg. 3.12 and was found to be 36.31 counts/primary electron. This
value was subsequently used to calculate the electron dose (eq. 3.13) for all the sets of focal-
series of images acquired at different settings of the condenser lens (CL3) presented in Chapter
4. The complex specimen exit wavefunction was reconstructed a posteriori using a linear
Weiner filter in the Focal and Tilt Series Reconstruction (FTSR) plugin in Gatan
DigitalMicrograph.?® All atomic models were generated using the CrystalMaker software.
Multislice simulations of the phase of the specimen exit wavefunctions were performed by Mr

Arthur Moya using the multislice algorithm*+-4¢ implemented in the MULTEM*' code.

3.4 Imaging in Scanning Transmission Electron

Microscope

Although a scanning electron microscope was constructed at about the same time as the TEM,
Scanning Transmission Electron Microscopy (STEM) only became operational in the late
1960s due to the work of Crewe and co-workers.*® In this configuration, a beam of electrons is
focused into a fine probe at the surface of a thin specimen by the objective lens, and scanning
coils are used to scan this probe over the specimen.*® Most commonly, an annular dark field
(ADF) detector is used to collect and integrate electrons to high angle, which provides a signal

sensitive to the atomic number (Z-contrast) of the atoms in the specimen.*®
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In contrast to HRTEM imaging, an ADF image is formed incoherently using high angle
scattering.*® The incoherent imaging model describes the integrated intensity as the
convolution of the probe function with the specimen object function as a function of a two-
dimensional probe position on the specimen.® This makes ADF contrast simpler to interpret
than HRTEM phase-contrast, which is more sensitive to specimen thickness and objective lens
aberrations. The lens aberrations determine the probe function, and the introduction of
aberration correctors in STEM made it possible to achieve atomic resolution routinely, 5153
A particular advantage of STEM over TEM, is that the geometry of the STEM detection allows
for simultaneous acquisition of ADF, X-ray and energy loss signals, thus providing

simultaneous structural and chemical information from the same particle.

3.5 Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is a characterisation technique based on the analysis
of the distribution of the energy lost by the incident electrons after interaction with the
specimen.>>® Unlike related X-ray spectroscopic techniques®’, EELS can provide information
about the thickness of the specimen, the chemical composition, valence states, and optical

properties at a local scale- making EELS a particularly powerful analytical tool.%

3.5.1 The Electron Energy Loss Spectrum

The EELS spectrum represents a range of electron energy losses from 0 up to typically 3 keV.
Figure 3.6 shows a typical non-background-subtracted EELS spectrum.® There are several

significant features/regions in the spectrum, the most dominant being the zero-loss peak (ZLP).
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This represents the elastically scattered electrons with the width of the ZLP reflecting the

energy width of the electron source and the resolution of the spectrometer.
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Figure 3.6. An example of an EELS spectrum. (Adapted from Ref. > © 2009 Springer Science & Business Media,

LLC)

The remaining EELS spectrum can be divided into two regions; the low energy loss (valence-
loss) below 50 eV, and the higher energy loss (core-loss) above 50 eV. The low-loss region
features a plasmon peak resulting from inelastic scattering of incident electrons by valence
electrons, causing resonance of the valence band electrons in the specimen. The core-loss
region of the spectrum comprises various ionisation edges arising from the excitation of core
electrons into unoccupied states. These give information about the density of states and
chemical composition in the specimen.®® This thesis will focus on the core-loss ionisation edges

of oxygen (O-K) and cobalt (Co-Ls2).
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3.5.2 Electron Matter Interactions in EELS

Multiple possible interactions occur when high energy electrons interact with a specimen (as
shown earlier in Figure 3.1).% Typically, incident electrons interact with the specimen atoms
through electrostatic (Coulomb) forces. As a result of this interaction, some of the electrons are
scattered; the direction of their momentum is changed, and in some cases, they transfer an
appreciable amount of energy to the specimen. This classifies these interactions into elastic

and inelastic scattering.>>°®

Elastic scattering

Elastic scattering is caused by the interaction of incident electrons with the electrostatic field
of atomic nuclei. The atomic electrons are involved only to the extent that they terminate the
nuclear field and therefore determine its range and magnitude. Since the nucleus is some
thousands of times more massive than an electron, the energy transfer involved in elastic
scattering is usually negligible.*® In EELS, the elastically scattered electrons make up the ZLP.
For elastic scattering, the main property of interest is the angular distribution of the elastically
scattered electrons. The differential cross-section, which describes the probability of scattering
per unit solid angle, for elastic scattering in a non-crystalline material shows that for the typical
incident electron energy (i.e. accelerating voltage) range used (60-300 keV), the angular
distribution of elastic scattering increases with increasing specimen atomic number, Z, and
decreases with increased accelerating voltage.>® In crystalline specimens, the electrons are
elastically scattered over a similar angular range for specific Z and accelerating voltage;

however, the scattering is confined to discrete angles defined generally by the Laue equations.
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Inelastic scattering

Inelastic scattering occurs for core-shell electrons and valence electrons. For core-shell electron
excitation, the incident electron collides with a core-shell electron with enough energy to cause
an electronic excitation. Because of the total conservation of energy, the accelerated electron
loses an equal amount of energy and is scattered at smaller angles than elastically scattered
electrons. The relaxation of the excited atoms is accompanied by the transition of another core-
electron of lower binding energy to the ‘hole’ from where the first electron was removed. The

energy associated with this transition is released in the form of X-rays or Auger emission.®

Outer-shell electrons are weakly bound to the atoms in a solid. Hence the incident electrons
can either eject a valence electron in which light is released during relaxation of the atom which
can be measured by cathodoluminescence, or it can induce a collective oscillation of the
valence electron density known as a plasmon resonance. Plasmons can be described as
quasiparticles arising from the quantisation of the plasmon resonance, whose energy lies in the

range 5-30 eV and can be used to determine the bandgap of semiconductors.®>

Multiple scattering

From Poisson statistics, the probability of an electron to undergo multiple scattering events
increases with specimen thickness. For relatively thick specimens, the transmitted electron is
inelastically scattered by the valence electrons, in addition to core-shell electrons. The
consequence of this is a broad double-scattering peak producing a post-edge hump, thus

changing the ionisation edge shape and making it hard to analyse the fine structure.
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3.5.3 Experimental EELS

Ex-situ STEM-EELS

Specimen preparation: Reduction of C0304
The hollow carbon spheres supported CozO4 nanoparticles were loaded in a quartz tube and
reduced at 350 °C in a tube furnace under a 100 mL/(min-g) flow of H2 gas or syngas (CO/H>
=0.5) at atmospheric pressure for 20 hrs. The reduced catalyst was stored in an argon gas-filled
glovebox before analysis, and all STEM specimens were prepared in the glovebox. The

specimen was mounted on a single tilt holder and transferred to the microscope in air.

Spectrum imaging
The reduced Co FT catalysts were studied in a probe corrected JEOL ARMZ200F at the electron
Physical Science Imaging Centre (ePSIC) operated at 200 kV with a Gatan GIF Quantum 965
ER spectrometer. A probe current of 13 pA, convergence semi-angle of 14 mrad, ADF inner
and outer detector angles of 77.43-241.21 mrad, and a spectrometer collection angle of 39.6
mrad were used for simultaneous acquisition of both EELS and ADF signals. High-resolution
ADF images were acquired using the same probe current. Additional STEM-EELS and ADF
data were acquired on a second probe-corrected JEOL ARM200F at the David Cockayne
Centre for Electron Microscopy under the same conditions. Low-loss valence and core-loss

spectra were acquired simultaneously using the DualEELS mode.
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Figure 3.7. Schematic showing ex-situ activation and characterisation of cobalt FT catalyst.

In-situ STEM-EELS

MEMS nano-reactor and specimen holder
Micro-electro-mechanical system (MEMS) based nano-reactors are multifunctional specimen
carrier devices, analogous to traditional TEM Cu grids, for variable temperature and gas-solid
TEM experiments.®®-% Each nano-reactor consist of two chips sandwiched together to form an
airtight sealed reaction chamber capable of sustaining pressures up to 1.5 bar (Figure 3.8 (a)).
The (bottom) heating chip onto which the specimen is deposited, is based on a double-spiral
shaped Molybdenum micro-heater embedded in an electron transparent SisN4s membrane
capable of reaching temperatures up to 1300 °C (Figure 3.8 (b)). After depositing the specimen
on the bottom chip, the nano-reactor is assembled, as shown in Figure 3.9, and tested for leak
tightness using pressurised He. The nano-reactor is considered leak-tight when the leak rate is

less than 1x10°° mbar.L/s.%°
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Figure 3.8. (a) DENS solution Climate nano-reactor top and bottom chips.®® (b) SEM image of the double-spiral
heating MEMS with 10 Si3N4 electron transparent windows.®° (c) STEM-ADF image of a specimen mounted over

the transparent window. ((a) and (b) adapted from Ref. . © 2016, IEEE).
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Figure 3.9. (a) DENS solution Climate nano-reactor specimen holder. (b) Enlarged components of the in-situ

holder in assembly order. (Adapted from Ref. 8. © 2016, IEEE).

In-situ spectrum imaging
In-situ reduction was performed in an aberration-corrected analytical scanning transmission
electron microscope (JEOL ARM200F) at 200 kV with the same microscope conditions as for
ex-situ analysis. A DENS solutions Climate in-situ Nano-reactor gas supply system capable of
real-time dynamic mixing of 3 gasses over a temperature range from room temperature to 1300
°C was used. The gas supply system provided a 0.2 ml/min flow of H> at a pressure of 500

mbar for hydrogen activation, or a 0.2 ml/min flow of syngas (CO/H2=0.5) at a pressure of 500
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mbar for syngas activation. The temperature was ramped from room temperature to 150 °C to
remove contaminants and further ramped to 350 C at 10 °C/min under a reducing environment.

The temperature was then held at 350 °C for 2 hr for catalyst activation.

-beam
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Figure 3.10. Schematic showing the in-situ activation and characterisation of cobalt FT catalyst using the MEMS

nano-reactor. (Adapted from ref. 54, © 2020 Springer Nature Limited)

Beam effects

The electron beam affects in-situ gas-solid experiments through ionisation of gaseous species
which may alter the chemistry under study.% In order to minimise electron beam effects, all
images and spectrum images were acquired using a probe current of 13 pA, which is
significantly lower than typical STEM imaging probe currents of 50-100 pA.%¢%7 According to
previous reports, probe currents of ~ 20 pA or less are suitable for high-temperature gas-solid

in-situ experiments.® In addition, scattering from the SisN4 windows (~30 nm thick) reduces
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the beam intensity, further reducing the possibility of electron beam effects.®®"° Finally, the
electron beam was blanked except during imaging, thereby ensuring that the specimen is not
exposed to the electron beam while undergoing reduction. To validate this approach high-
resolution STEM-ADF images acquired before (Figure 3.11 (a)) and after (Figure 3.11 (b))
spectrum imaging using a 13 pA probe current did not show any visible beam-induced surface
structural or morphological modifications of the ex-situ reduced Co FT catalysts. Similarly, the
corresponding EELS spectra show no changes in the fine structure of successively acquired
EELS profiles (Figure 3.11 (c)), indicating that no oxidation/reduction takes place during

spectrum imaging.
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Figure 3.11. STEM-ADF images (a) before, and (b) after spectrum imaging. (c) Corresponding EELS spectra. SI

1 was acquired after image (a), and SI 2 acquired after image (b).

EELS data processing and quantification

The extraction of edge signals and elemental mapping was carried out using the Gatan
Microscopy Suite® (GMS) 3 software, as shown in Figure 3.12. In this process, the background
subtraction is modelled as a power-law as proposed by Egerton.”>"? This is a function
commonly used to remove the unwanted background from a core-loss edge by extrapolating a

pre-edge fitting region (Figure 3.12 red curve). To extrapolate the background below a core-
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loss edge, the portion of the pre-edge background to be modelled is defined and extrapolated
by selecting a rectangular ROI over the desired range. Typically, a range starting 40-50 eV
before the edge threshold and 25 eV in width is satisfactory.” This is automated in the GMS

3 software user interface.

__OModel
Bkgd Model

Counts x 10A4

ev

Figure 3.12. Illustrative elemental quantification of O-K and Co-L edges in the GMS 3 software.

Multiple scattering results in model edges shifting to higher intensities than the actual data,
which then overestimates the quantification. The effect of multiple scattering is commonly
removed by Fourier-ratio deconvolution of the background-subtracted extracted core-loss
edge signal to obtain a reliable quantification.>®"" In this approach, the single scattering
distribution is calculated from the inverse Fourier transform (FT) of the deconvolution of the
FT of the core-loss spectrum from the FT of the corresponding low-loss spectrum.®® This is
automated in the GMS 3 software user interface. Alternative deconvolution methods (Fourier-
log) are preferred only for low-loss EELS, which is not of interest in this study. For a detailed

comparison of the two deconvolution methods, see Egerton.*
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The Co oxidation state before and after activation was estimated by comparison of the Co Ls/L>
edge ratio, the position of the Co-L3 edge, the Co Ls—L, peak-to-peak energy separation, and
the O-K edge fine structure from EELS measurements of standard specimens with known Co
oxidation states compared to those from activated catalysts. The values of the Co-Ls,2
intensities and energy losses were extracted and plotted from raw spectra using ParticleSpy

script (https://github.com/ePSIC-DLS/ParticleSpy) developed by Dr. T. Slater.
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Chapter 4 : Characterisation of Co0304

Precursor Catalyst

4.1 Introduction

The production of active metallic Co typically occurs before Fischer-Tropsch (FT) synthesis
in the reactor by reduction of spinel cobalt oxide (C0304), as described in Chapter 2, section
2.2.1 It is, therefore, essential to characterise the precursor CozOs before activation to
understand the changes in the morphology and surface atomic structure after activation. Co3O4
has a normal-spinel crystal structure with an oxygen face centred cubic (fcc) lattice.? The Co?*
and Co** cations occupy one-eighth of the tetrahedral interstitial sites and half of the octahedral

sites per unit cell, respectively.?
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@ coz
@ co:- (a)

Figure 4.1. Atomic model of Co304 unit cell viewed along a <110> projection.

The intricacy of this spinel structure offers multiple possible surface terminations depending
on the type of exposed surfaces and the shape of the crystal.® The structural arrangement of the
Co0304 surface terminations is critical to the activation of the Co catalyst because it may or not
facilitate the adsorption of reducing gas (CO from syngas or Hz) molecules. Specifically, DFT
studies indicate that CO molecules preferentially adsorb on surfaces with a high concentration
of octahedral Co, while H. prefers surfaces with Co-O bridge sites.*®> Additionally, DFT
calculations indicate that the presence of surface lattice O makes a significant contribution to
lowering the adsorption energy of CO on the active sites of CozOs, improving the reactivity of
C0304.% However, this has not been explored experimentally, in detail due to the difficulty in
resolving weakly scattering O atomic columns at the Co30s surface terminations using

conventional TEM imaging. It is, therefore, useful to apply a characterisation technique with
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sensitivity to both heavy (Co) and light (O) atoms with high spatial resolution in the

characterisation of Co3Og4 surface terminations.

Focal series Exit Wavefunction Reconstruction (EWR) is an established imaging technique
used to determine the atomic structure of materials from a series of TEM images acquired at a
different defoci where both heavy and light atoms can be resolved (see Chapter 3, section
3.3).”® For metal oxide nanoparticles, it is essential to control the electron dose as it has been
shown that the total electron dose used in the focal series acquisition has an impact on the phase
of the restored exit wave function, affecting the signal-to-noise ratio (S/N) of the light atoms

and changing the specimen due to beam-induced damage.®°

In this chapter, the electron beam dose required to recover the phase of the CosO4 specimen
exit wavefunction from both the Co and O atomic columns with minimum beam-induced
damage is determined. At this electron dose, the structure of alternative surface terminations
of Co304 is examined, and their potential reactivity towards the adsorption and dissociation of

reducing gas molecules (CO from syngas and Hy) is discussed.

4.2 Experimental

All the experimental details related to the specimen synthesis, imaging conditions, multislice

simulations, and EWR are outlined in Chapter 3 section 3.3.2.
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4.3 Results and Discussion

4.3.1 Morphology of the Coz04 Precursor

The morphology of the CosO4 precursor catalyst was investigated using conventional bright-
field TEM, and a typical image is shown in Figure 4.2. The Co304 nanoparticles with a 6.4 nm
average size are supported on the surface of hollow carbon spheres (HCSs) with a 200 nm
diameter and a 25 nm shell thickness. The average particle size (diameter) distributions in this
chapter were measured from the longest side of the cubic particles (i.e. diagonal) by hand on
high-contrast particles on several TEM and ADF-STEM images using ImageJ software. The
histogram plots and the statistics (SD— standard deviation, N— number of particles, ave. size—
mean, error— SD/vn) were derived from Origin software using the measurements from ImageJ.
The bottom inserts to Figure 4.2 shows well-dispersed nanoparticles, and their height relative
to the support surface makes them protrude into the vacuum when viewed in 2D projection,

and as such are suitable for single-particle high-resolution imaging.
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Figure 4.2. Bright-field image of as-prepared supported CosO4 on hollow carbon spheres. The inserts show the

Co30, average particle size distribution (top), the 25 nm support shell thickness, and the well-dispersed

nanoparticles protruding into the vacuum (bottom).
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4.3.2 Effect of Electron Dose on the Phase of the Exit

wavefunction Reconstruction

Studies of the effect of electron dose on the restored phase of the Co30s EWR were carried for
particles near a <110> projection because the normal-spinel structure has separated, single
element occupied atomic columns of O, octahedral and tetrahedral Co atoms along this axis
(Figure 4.3). For normal bulk spinel Coz04, Co is always in either the 3+ and 2+ oxidation
state at the octahedral and tetrahedral positions, respectively.? However, the exact oxidation
state of Co may be different at the surface due to polarity charge compensation!! (i.e. A
phenomenon common on oxides were electrostatic instabilities arise in an instance where a
surface termination has a non-zero dipole moment which can only be cancelled by the
introduction of compensating charges on the outer planes, for a detailed account of polar oxide
surfaces see Nogueral!). As a result, this chapter focuses on methods for resolving the positions
of Co and O atomic columns and not on their exact valence state. Importantly, the single
element occupancy in projection makes it possible to distinguish the phase shifts of O from

those of Co atomic columns.
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Figure 4.3. (a) Atomic model of a <110> projected Co3O4 unit cell. (b) Tilted model of a <110> projection

highlighting single element occupancies in projection.

Figures 4.4 (a)-(d) shows the effect of electron dose on the phase of the restored exit
wavefunction of Coz04. The electron dose values indicated in Figure 4.4 correspond to the dose
used to acquire a single image in a series of 40 images. When electron doses of 117 and 256
e/A? per frame (Figure 4.4 (a) & (b)) were used, only the octahedral Co atomic columns on the
(111) plane were resolved, but not the O columns. The corresponding cumulative electron dose,
which is found by multiplying the electron dose per frame by the number of frames in the focal
series, gives a total value of 4680 e/A? and 10240 e/A? for figures 4.4 (a) & (b), respectively.
Comparing these values to those in the literature, where a minimum value of ~10850 e/A? is
reported for the detection of light atoms in Cos04 1 the O atomic columns in Figures 4.4 (3) &
(b) may not be resolved because the used cumulative electron dose is lower than the required

minimum threshold.°
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Figure 4.4. (a)-(d). The effect of electron dose (e/A? per frame) on the phase of the restored exit wavefunction of
Co304 along a <110> direction. Overlaid atomic models show the positions of different elements in the projected

<110> structure. The white triangle in (d) shows the beam-induced structural rearrangement.

Increasing the electron dose to 1188 e/A? per frame (Figure 4.4 (c)) over a 40 image series gave
a phase of the restored specimen exit wavefunction that can be directly related to the Co304
atomic structure (see overlaid atomic model) with both Co and O atomic columns resolved

without visible beam-induced damage. As a result, this electron dose satisfies the required
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conditions (i.e. minimising specimen damage while maximising O signal) for characterisation
of Co304 surface terminations in this study. A higher dose of 1339 e/A? per frame (Figure 4.4
(d)) resulted in beam-induced structural rearrangement (the white triangle insert in Figure 4.4
(d)). As discussed in Chapter 3, section 3.3.1, the accumulation of excess electrons on the
surface of the nanoparticle during focal-series acquisition results in beam-induced particle
rotation and rearrangement of the atoms in projection, such that the final atomic structure of
restored phase does not match the initial atomic structure of a <110> projection of Coz04 (as
in Figure 4.4). This is confirmed by the power spectrum (Figure 4.5) of the reconstructed region
in question showing a typical pattern of a <111> zone axis, which does not correspond to a
<110> projection of Co304 under study. In agreement, density functional theory (DFT) studies
have shown that a <110> projection preferentially transforms into a <111> projection through
relaxation to stabilise the particle!?, as observed for the particle shown in Figure 4.5 when

subjected to a dose of 1339 e/A? per frame.

Figure 4.5. (a) Single frame (no 38 in the series) from a focal series of 40 images acquired at a dose of 1339 e/A?
per frame showing a structural reconstruction from <110> to <111> in the marked red square. (b) Extracted

power spectrum showing a <111> pattern with labelled {022} reflections.
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4.3.3 The Atomic Structure of CosO4 Surfaces

After determining a suitable (i.e. for minimum beam damage with sufficient signal from the O
columns) electron dose for focal series acquisition, the 1188 e/A? per frame electron dose was
used to image the local atomic structure and surface terminations of Co304 viewed along
different projections (Figures 4.7 & 4.10). Care was taken to avoid unnecessarily prolonged
beam exposure from tilting the specimen onto a zone axis and instead particles that were
already suitably oriented were imaged. Consequently, some particles were not exactly aligned
to a zone axis, resulting in a ‘blurred’ centre of the particle in the phase (Figure 4.6 (a)) and
truncated power spectrum (Figure 4.6 (b)). The effect of specimen tilt becomes apparent in
thicker regions (i.e. bulk) of the particle, and less so on the surfaces of the particle (which is
the area of interest in this study), because the angular distance between the normal (i.e. imaging
direction, Z) and the tilted column increases with the length of the tilted column, as observed

in Figure 4.3 (b).
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Figure 4.6. (a) The phase of the restored exit wavefunction of a CosO4 nanoparticle viewed near a <110> zone

-
s
A

axis, and (b) its power spectrum. The truncated power spectrum (yellow arrows in (b)) is indicative of specimen

tilt, which results in the blurred centre in the phase (a).

Figure 4.7 (a) shows the phase of the restored exit wavefunction of CozO4 viewed near a <110>
zone axis. The bulk (or near-surface) atomic structure qualitatively matches the multislice
simulated <110> atomic structure (Figure 4.7 (a) insert), with a projected planar (111) spacing
of 4.9 A between the octahedral Co atomic columns and a projected atomic distance of 1.1 A
between the tetrahedral Co and O atomic columns on a {100} surface, with an 8% total standard
error, derived from the statistical, systematic and magnification errors using the Pythagorean
theorem (eq. 4.3). The statistical error was determined from the standard deviation (o) of the
average of a number (n) of measured projected atomic distances extracted from line profiles of
surface terminating layers, as in equation 4.1. The systematic error was derived from the
variation in the average projected atomic distance due to the change in a single projected
distance measurement by +/- 1 pixel in the line profile and also calculated using equation 4.1.

The magnification error was estimated by taking a line profile in the bulk of the same
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nanoparticle imaged at two different magnifications and comparing each to the known
projected atomic distance using equation 4.2. The ratio of the line profiles of the same atomic
columns at two different magnifications gave a 99.7% correlation, confirming that there is no

significant change in the measured projected distances with a change in magnification.

o
Error =— 4.1
Vn (“-1)
Mag. error = |known value—measured at mag x | 4.2)
known value
% Total standard error =100 x ./Stat? + Syst2 + Mag? (4.3)

The nanoparticle (Figure 4.7 (a)) has two observable surfaces, exposed in a vacuum: an
atomically flat {100} and a rough/defective {110} surface. According to DFT*® calculations,
the {100} surfaces are either terminated by Co°O-Co' or Co'-C0°O (the first part of the hyphen
denotes the terminating atomic layer and the second is the following atomic layer in the surface.
Co° and Co' denote octahedral and tetrahedral Co atomic columns, respectively). The Co°O—
Co' termination is reportedly more thermodynamically stable than the Co'-C0°0.% In this
work, a {100} surface is terminated by a facet composed of a horizontally alternating
octahedral Co and O atomic layers (Co°0-Ca"), (Figure 4.7 (a)). Experimental observation of
the thermodynamically stable {100} surface termination confirms that the observed surfaces

are free of beam-induced specimen alterations.
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The measured projected atomic distance of 1.25 A (+ 0.1 A) between the octahedral Co and O
atomic columns of the {100} surface termination (Figure 4.7) is smaller than the bulk (1.43 A).
The difference is considered significant because it is above the error margin. This difference in
the projected distance may be a result of the relaxation of the structure at the surfaces, which
is typically accompanied by a reduction in Co—O bond length and ionic charge compensation
(i.e. a change in the density of states at the surface relative to the bulk).*** This phenomenon
is commonly observed in metal oxides in which electrostatic instabilities arise in an instance
where a surface termination has a non-zero dipole moment which can only be cancelled by the
introduction of compensating charges on the outer planes, accompanied by changes in the bond
lengths at the surface termination.!! This surface restructuring has been observed both
theoretically using DFT*® calculations, and experimentally? in negative spherical aberration-
corrected imaging of Coz0s. The presence of lattice O at the surface termination has been
shown to positively affect the reactivity of Cos3O4 surfaces towards CO and Hz. For example,
Jiang and Dai’s® DFT calculations showed that a CO molecule adsorbs more efficiently on both
octahedral Co and O, forming a Co—C-O triangular structure which makes CO dissociation
easier. Thus the {100} surface termination in Figure 4.8 (a) would be an ideal candidate active

site for reactions proceeding by CO dissociation such as Co30a4 activation in syngas.
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Figure 4.8. (a) An enlarged restored phase of the {100} surface of Co304 from Figure 4.7 (a) showing the surface
termination. (b) An example of a line profile of the terminating atomic layer showing the measured projected
atomic distance between the octahedral Co and O atomic columns. The standard error in the measured projected

atomic distance is 8%.

The second surface in Figure 4.7 (a) is a {110} surface. DFT studies show that this surface is
either terminated by C0'C0°0—C0°0 or Co°0—Co'Co°O atomic layers, conventionally termed
Type A & B, with the latter being thermodynamically preferred.’® In contrast, the {110}
surface (Figure 4.9) has a rough surface termination comprising mainly of atomic columns of
O and some octahedral Co projected in a vacuum (indicated by red arrows in Figure 4.9). This
surface roughness is likely to have resulted from specimen preparation as there is no evidence

that the electron beam dose used does induce structural damage.
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Figure 4.9. An enlarged restored phase of a rough {110} surface of the Co3O4 nanoparticle in Figure 4.7. The O
and octahedral Co projected in vacuum are indicated by the red arrows. The atomic model of a <110> projection

is overlaid.

Defective Co304 surfaces, such as the {110} surface in Figure 4.9, are known to have different
reactivity compared to flat/perfect surfaces due to differences in surface energy and atomic
configurations at the surface.*** Specifically, Zhang et al.* showed that the adsorption energy
of Hz on a defective CosO4 {110} surface (-0.47 eV) is much lower than on a perfect {110}
surface (-0.18 eV) using DFT calculations. Similar reactivity trends between defective and
perfect surfaces have been reported elsewhere.>* Hence, it is possible that the defective nature
of the {110} surface may enhance the reactivity of CosO4 during Fischer-Tropsch catalyst

activation.

Additional equivalent {110} surfaces were viewed from a different projection on another
Co304 nanoparticle showing a potentially different termination from Figure 4.9. Figure 4.7 (b)
shows the recovered phase of a Coz04 particle viewed along a <111> direction. The local

atomic structure was found to have a projected planar distance of 5.6 A between the tetrahedral
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Co atomic columns on {112} planes, and an interatomic distance of 1.62 A (+ 0.13 A) between

the octahedral and tetrahedral Co atomic columns on {110} planes (insert in Figure 4.7 (b)).

A <111> projection in the experimental phase near the particle surface qualitatively matches
a multislice simulation (Figure 4.7 (b) insert). The atomic model shows that all the atomic
columns in projection have mixed occupancy; thus, the O atomic columns cannot be resolved
from the Co columns in projection. The nanoparticle (Figure 4.7 (b)) is enclosed with a majority
of equivalent {110} surfaces, and a smaller {112} surface. The {110} surfaces have a Type B
(Co°0—Co'C0°0) surface termination and one-stepped surface. This surface defect is likely
formed during specimen synthesis rather than being electron beam-induced, as described
earlier in the discussion. The measured projected interatomic distance between the octahedral
Co atomic columns at the {110} surface termination (1.62 A, (£ 0.13 A)) was found to be the
same as in bulk (1.62 A), indicating no significant surface relaxation. This is consistent with
DFT calculations which predict that the surface terminations of densely packed atomic layers

do not undergo any surface rearrangement.®
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Figure 4.10. The phase of the restored exit wavefunction of CosO4 projected from the (a) <510> and (b) <112>

Zone axes.
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Similarly, densely packed surface termination was also observed on a {100} surface of a
different nanoparticle viewed along a <510> zone axis (Figure 4.10 (a)). High index zone axes
like this are not unusual in spinel structures since a single unit cell consists of 56 ions, providing
a multitude of possible high symmetry projections. The measured projected interatomic
spacing of 1.62 A (+ 0.13 A) between adjacent octahedral Co atomic columns (Figure 4.11),
the same as in bulk (1.62 A). However, in contrast to the equivalent {100} surface termination
viewed along a <110> zone axis (Figure 4.8), with a projected 1.25 A (+ 0.1 A) distance
between O and octahedral Co atomic columns, the orientation of the Co°O-Co' {100}
termination in a <510> projection (Figure 4.11) has alternating O and Co atomic columns in
the Z direction (mixed occupancy in projection, see the overlaid atomic model in Figure 4.11).
This accounts for the different measured projected atomic spacing. However, the reactivity of
the surface towards CO or H> does not differ because both surfaces contain the same surface

terminating atoms.
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Figure 4.11. (a) An enlarged restored phase of a {100} surface termination of Co304 viewed along a <510> zone
axis. (b) Line profile of the projected atomic distance of the atomic columns in the terminating layer. The

measurement has an estimated standard error of 8%.

The equivalent {115} surfaces observed in Figure 4.10 (a) are both terminated by a densely
packed layer of Co'Co°0O-C0°O. Such high index surfaces with intricate and dense atomic
packing are rarely studied experimentally due to their thermodynamic instability.'® As a result,
there is a lack of experimental and theoretical studies of such surfaces. Similarly, the restored
phase of a Co304 nanoparticle viewed in a <112> projection (Figure 4.10 (b)) has three

surfaces; equivalent {113} surfaces with one defective, and a {111} surface.
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Table 4.1. Summary of the common Co304 surface terminations compared against DFT terminations from

literature.

{100} Co°0-Cot C0-C0°0 or Co°0-Co' Ref®
Co°0-Co'

{110} Rough Type A (Co'Co°0-C0°0)
Stepped or Type B (Co°0-Co'Co'0) Ref31
Type B
Type B
Type B

{111} O-Cot 0-Co', 0-Co°, Co-Co°, Co'-0, Co°~Ca!, Co°-O Ref.13

A qualitative comparison of multislice simulations and atomic model structures with
experiments has enabled the identification of the atomic structure and terminations of Co304
surfaces (inserts in Figure 4.10 (b)). In this study, the {111} surface is O-Co' terminated. This
termination is one of the six possible terminations of a {111} surface.'® Spinel Cos04 {111}
surfaces are known experimentally to have lower reactivity towards CO compared to {100}
and {110} surfaces.’® Thus it would be expected that this surface termination would not
improve the reactivity of the CosOs in the activation of Co FT catalyst under syngas. However,
the presence of lattice O in this termination (O—Co') may be essential in facilitating the
adsorption and dissociation of CO on the {111} surface, as described earlier.® The other
surfaces observed on the Co0sO4 nanoparticle (Figure 4.10 (b)) are the equivalent {113}
surfaces, where one surface is terminated with an octahedral Co atomic later (Co®~OCo") while
the other surface is stepped. Flat and defective Cos04 {113} surfaces have been previously
observed experimentally®®; however, there are limited reports on different possible surface

terminations of {113} surfaces and their reactivity using DFT calculations. However, it is
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generally reported that defective surfaces are more reactive than perfect surfaces.*®> A summary
of the surface terminations of commonly observed and highly reactive Cos04 surfaces is

tabulated in Table 4.1.

4.4 Conclusions

In this chapter, the electron dose per frame of a focal series, required to restore the object
wavefunction where both oxygen and cobalt atomic columns are resolved without visible
beam-induced damage, was found to be 1188 e/A2. This dose was used to image and determine
the theoretically known surface atomic active sites for CO, and Hz adsorption from the restored
phase of the Co304s EWR viewed along different projections. Contraction of the Co°-O
projected distance relative to the bulk due to surface relaxation was observed on a {100}
surface viewed from the <110> projection. Of the Co304 surface terminations studied in this
work, the {100} and {110} surfaces would have the highest reactivity towards CO due to the
availability of surface lattice O atoms to form a triangular Co—C—O, and octahedral Co atoms.
In contrast, the {115}, {112} and surfaces would be more reactive towards H> due to the Co—
O bridge site at the surface terminations. Additionally, it would be expected that the defective
surfaces ({110} and {113}) examined would be more reactive than perfect surfaces. Imaging
the Cos04 active surfaces is the first step towards studying the activation of CozO4 under

different gases in the next chapter.
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Chapter 5 : Activation of Co Fischer-

Tropsch Catalysts under H» vs Syngas

5.1 Introduction

The atomic structure of the active surfaces of the CosO4 Fischer-Tropsch (FT) precursor
catalyst is described in the previous chapter (4). This chapter examines the reactivity of Co304
under different reducing gases for FT catalyst activation. As detailed in the literature review
(Chapter 2, section 2.2), the effect of the reducing gas composition on the activation of Co3O4
has attracted substantial interest over the past decade.’* This arises from the discovery that
activating the catalyst under Hx results in lower catalytic performance as opposed to activation
with syngas.’> However, the reason behind the difference in the catalytic performance between
these two cases is not well understood but is generally ascribed to the Co crystallographic phase
and valence state formed during activation.? Experimentally, the rapid oxidation of metallic Co
in atmospheric air makes the characterisation of its physicochemical properties a challenge. As
noted in chapter 3, section 3.5, electron energy loss spectroscopy (EELS) can be used to obtain
information about the valence state of Co,® in which variations in the number of d electrons
alter the La/L> peak intensity ratio of the Co-Ls edge, the L3> peak-to-peak energy separation,
and the position of the L peak, as well as the O-K pre-peak.”~® When carried out in conjunction
with EELS, aberration-corrected scanning transmission electron microscopy (STEM) provides
direct structural and chemical information at high spatial resolution. This chapter expands
previous studies'®! of Co activation in FT synthesis by comparing, for the first time, catalyst

activation under two different gaseous environments using both ex-situ and in-situ high-
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resolution STEM-ADF and EELS to determine the most effective routes for the activation of
Co where maximum reduction is achieved. In this chapter, in-situ studies provide a realistic
picture of the effect of catalyst activation conditions without atmospheric air. At the same time,
ex-situ analysis is required for understanding catalyst activation at near industrial-scale
conditions (i.e. high pressures, flow rates & catalyst mass). The words ‘activation’ and
‘reduction’ in this chapter will be used interchangeably since the activation of catalyst in this

context refers to the process of reduction.

5.2 Experimental

The ex-situ and in-situ activation reaction and characterisation of Co FT catalyst, including all

imaging conditions, were performed as detailed in Chapter 3, section 3.5.3.

5.3 Results and Discussion

5.3.1 Thermodynamics of the Reduction of C0304

The reduction of Cos04 to Co with H: follows a different reaction pathway to reduction with
syngas due to the presence of CO in the syngas mixture. Temperature-programmed reduction
(TPR) studies have shown that the reduction of Co304 with Hz (eq. (1) in Table 5.1) is a two-
step process comprising the conversion of C0z04 to CoO (eg. (2), Table 5.1), followed by the
conversion of CoO to Co (eq. (3), Table 5.1).12 The former takes places between 250-350 °C,
and the latter occurs between 500-600 °C.1? This two-step mechanism arises because the direct

conversion of Coz04 to Co in Ha is a very endergonic reaction (802.26 kJ/mol).*314
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In contrast, the reaction of Co304 with syngas is thermodynamically favoured compared to the
reduction in Hy, and also involves several reaction steps with significantly lower free energies
compared to H; activation (Table 5.1).331 The first reaction (eq. (4)) is the formation of CoO
(-29.4 kJ/mol), followed by the formation of Co2C (eq. (5)) (13.9 kJ/mol), which finally
decomposes to metallic Co (-16 kJ/mol) (eg. (6)). The advantage of syngas over H; activation
is that the decomposition of Co2C into Co (-16 kJ/mol, eq. (6)) occurs at a lower temperature
(200-250 °C)* compared to the decomposition of CoO into Co (651.57 kJ/mol, eqg. (3)) at 500-
600 °C*2. This allows the reduction of spinel CozOs to active metallic Co at lower temperatures
(250-350 °C), which is essential in catalysis because it minimises particle sintering.’®
Additionally, syngas activation is often accompanied by a side-reaction (eq. (7), Table 5.1) in
which carbon materials are formed from the disproportionation of CO.'® However, the amount
of carbon can be controlled by temperature since the equilibrium of this reaction shifts to the

left with increasing temperature, to a point where the forward reaction becomes non-

spontaneous above ~600 °C.Y’

Table 5.1. Thermodynamics of the reduction of Co3O4 with Hz and syngas*®!4

Hydrogen activation Syngas activation

(1) Co.0 (5)+4H (9)>3Co(s)+4H O(g) 80226 (4) C0 0 (5)+CO(g)>3CoO(s)+CO (G)  -29.4
(2) Co0 (5)+H (2)>3Co0(s)+H O(g)  150.69  (5) 2C00(s)+4CO(g)—>Co C(s)+3CO ()  13.9
(3) 3C00(s)+3H (g)> 3Co(s)+3H O(g) 65157  (6) Co C(s)+2H (g) <»2Co(s)*CH.(g) -16

(7) 2CO(2)>CO ()+C(s) 1201
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5.3.2 Ex-situ Activation of Co Fischer-Tropsch Synthesis

Catalysts

As described in the previous section, there is a growth of carbon materials during catalyst
activation depending on the gas, and this may modify the morphology of the catalyst system.
In addition, the integrity (i.e. shape and strength) of the hollow carbon spheres (HCSs) support
may be compromised during catalyst activation from the gasification of atomic carbon from
the support into methane.!8 This results in the depletion of the support and subsequent particle
sintering. Hence, it is essential to analyse the overall morphology of the catalyst system post-
activation. Herein the overall morphology of activated catalyst system was investigated for the
case of 350 °C ex-situ H> and syngas activation and compared to that of the starting CosO4
precursor catalyst (Figure 5.1). It can be seen that the structure of the support HCSs remains
mostly intact after 20 hrs of reduction at 350 °C (typical activation parameters for industrial
FT Co catalyst guided by TPR of Co304%), for both the H2 and syngas. This is positive because
it indicates that the support withstands the activation conditions, which is essential in

maintaining optimum catalytic performance.*®
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Figure 5.1. STEM-ADF images of FT catalyst morphology (a) before, and after 350 °C ex-situ activation in (b)

H- and (c) syngas. For imaging conditions, refer to Chapter 3, section 3.5.3.

It is also observed that the syngas activated catalyst is encapsulated within carbon nanofibers
(see insert in Figure 5.1 (c)) which are not found in the H. activated catalyst (Figure 5.1 (b)).
This is expected from considerations of eq. (7) in Table 5.1, which indicates that the
disproportionation of CO should take place in syngas and not in Hz. This side reaction may be
advantageous to FT as it promotes the in-situ formation of a sinter resistant catalyst, where the
active particles are held within the carbon fibres during FT synthesis. 6202 Sinter resistance is
vital in FT synthesis because the reaction typically runs over hundreds of hours in the catalytic
reactor. However, it has also been suggested that the encapsulation of Co particles with carbon
could lead to a deactivation of catalyst active sites through surface coverage with carbon and
Co.C formation at the catalyst surface.?? However, this is typically observed in the reaction of
Co304 with pure CO.22 Additionally, carbon is known to have a weak metal-support interaction,

and improved catalytic activity has been observed in syngas activated catalysts.

In addition to changes in morphology, the oxidation state of Co also changes during the

reduction process. Thus, the reducibility of these catalysts was investigated using EELS. Figure
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5.2 compares the EELS spectra and elemental maps of single particles of as-prepared precursor
C0304, H2 reduced, and syngas reduced FT catalysts. The EELS spectra exhibit the typical O-
K edge and Co-L3 edge fine structure expected for cobalt oxide materials.?®?* The former has
two peaks, labelled a & g in Figure 5.2 (a). Peak a at ~530 eV corresponds to electronic
transitions from O 1s states to hybridised O 2p—Co 3d states. Peak f at ~543 eV is typically a
broad peak due to an unresolved shoulder and has been attributed to transitions from the O 1s
state to O 2p—Co 3d, and O 2p—Co 3sp states.® The Co-Ls, edge fine structure consists of two
white lines; the Co-Ls peak (~778 eV), and the Co-L> peak (~794 eV) corresponding to

transitions from 2pa;2 and 2p1/2 to unoccupied 3d states.’
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Figure 5.2. (a) The EELS spectra of as-prepared Cos04 (black), H» (red), and syngas(blue) activated catalyst at
350 °C. (b), (c), and (d) are EELS elemental maps of as-prepared Cos0a, H2 reduced, and syngas reduced Co
respectively. Spectrum images were acquired using a 0.25 eV/ch dispersion with a pixel dwell time of 0.1 s and
pixel size of 0.52 nm/pix, 0.4 nm/pix, and 0.42 nm/pix, respectively. Red and green regions represent the integrated
O-K edge and Co-L32 edge signals, respectively. A detailed experimental procedure is outlined in Chapter 3,

section 3.5.3.
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A visual evaluation of all the three EELS spectra in Figure 5.2 (a) reveals that the position of
the Co-Ls edge (~778 eV) is shifted to lower energy losses by at least ~3 eV in the activated
catalysts’ spectrum compared to the precursor Coz04 spectrum. According to the previous
reports’, this is indicative of a decrease in the oxidation state of Co. This is positive as it
indicates that both activation routes in Table 5.1 result in a reduction in the Co oxidation state
as required. A decrease in the relative intensity of the O-K edge a peak (~530 eV) is also
indicative of a reduced Co oxidation state.® Such a decrease in the relative intensity of the O-
K edge o peak (~530 eV) can be observed on the activated catalysts’ EELS O-K edge fine
structure (Figure 5.2) when compared to the precursor Co3O4. However, the two activation
methods (H2 and syngas) need to be compared since the features of the EELS spectra (Figure
5.2 (a) Hz and syngas reduced) of their catalyst particles are different, indicating different

degrees of reduction.

For comparison between ex-situ H> and syngas activated catalysts, additional spectra were
collected from different particles of the 350 °C reduced catalysts, and these are shown in Figure
5.3 (a). It is clear that features in the O-K edge fine structure (~ 530- 545 eV) from the H>
activated catalyst (blue spectra) are more clearly defined showing a better-resolved a peak
(~530 eV), and a stronger g peak (~543 eV) compared to syngas activated catalyst spectra
(orange spectra). More specifically, the absence of the O-K edge o peak (~530 eV) and the
overall diminished O-K edge signal from the syngas activated catalyst EELS spectra suggest
that the catalyst is more reduced to a near metallic state compared to H» activated catalyst. This
suggestion is confirmed by the more intense Co signal (green) in the elemental map from a
syngas activated catalyst particle (Figure 5.2 (d)), compared to a more diffuse Co signal in the
elemental map from a H activated catalyst particle (Figure 5.2 (c)). This suggests better
reducibility in syngas than in H.. The reason(s) behind this will be discussed in relation to

Table 5.1 subsequently.
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Figure 5.3. (a) The EELS spectra of 350 °C ex-situ syngas (orange spectra) and H; (blue spectra) activated
catalyst particles. Each spectrum corresponds to a single particle of a H, (blue) or syngas (orange) activated
catalyst. (b) & (c) Are the scatter plots of the Co Ls/L, intensity ratio vs Co Ls-L, distance and Co L3 position vs
Co Ls-Ldistance, respectively, determined using ParticleSpy from single particle spectra of H, (blue) or syngas
(orange) activated catalysts. Spectrum images were acquired using a 0.25 eV/ch dispersion with a pixel dwell

time of 0.1 s.

For quantitative comparisons, the Co La/L> peak intensity ratio, Co Ls—L» peak-to-peak energy
separation, and the Co-Ls peak position values were extracted and plotted from multiple
spectra (raw data) of H> and syngas activated catalysts using ParticleSpy script as described in
Chapter 3, section 3.5.3, and are shown in Figure 5.3 (b) & (c). These three parameters (i.e.

La/L>, L3-L2 & L3) are used together for improved quantification instead of using only the Co
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La/L, ration as in the literature? because intensity measurements can suffer from errors due to
inconsistent subtraction of the continuum background under the Co-L, peak.?® The use of
ParticleSpy script to extract the values from raw data eliminates human error arising from
inconsistent background subtraction and peak intensity measurements. However, accurate peak
fitting and data measurement using this script depends on the quality of the raw data (Figure
5.4) and in particular, noisy data, leads to less accurate peak fitting because the algorithm
cannot distinguish signal from noise, as in Figure 5.4 (b), resulting in outliers in the scatter

plots.
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Figure 5.4. Example of an (a) acceptable peak fitting compared to (b) inaccurate peak fitting due to noisy EELS
data on the ParticleSpy user interface. The dotted red curve is the raw data, the navy-blue curve is the Co-Ls . fit,
cyan, and purple curves account for the continuum background. The green curve is the Co L3 peak position. The

red curve is the continuum background-subtracted Co L. edge.

It can be seen from the clear separation in the distribution of the data points on the scatter plots
(Figure 5.3 (b) & (c)) that H> and syngas activated catalysts have different Co valence states.
Specifically, the Co Ls—L> peak-to-peak energy separation for the H. activated catalyst EELS
spectra (ave. 15.07 +£0.02 eV) is smaller than the syngas activated Co Lz—L, peak-to-peak

energy separation (ave. 15.7 +0.03 eV). Additionally, the Co-L3 peak position on the syngas
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activated catalyst EELS is slightly shifted to lower energy losses (ave. 778.0 +0.07 eV)
compared to the H. activated catalyst EELS spectra (ave. 778.3 +0.06 eV) (Figure 5.3 (b)).
According to the previous reports’, this increase in the Co Ls-L, peak-to-peak energy
separation accompanied by a shift in the Co-L3 edge to lower energy losses is indicative of an
increase in the number of d electrons (i.e. increasing reduction). This is also consistent with the
observed Co Ls/L; ratio distributions where the average distribution of the EELS Co La/L, peak
intensity ratio for H> activated catalyst is ~ 3.9 +0.18 while that of syngas activated catalyst is

3.4 +0.16.

For quantitative comparison, the EELS spectra from standard Co samples (Figure 5.5 & Table
5.2) with known oxidation states were acquired and compared to the experimental data from
the catalyst samples. However, a metallic Co standard sample was not measured since Co
readily oxidises in air and is thus unavailable as a pure (i.e. unoxidised/unpassivated)
commercial sample. Instead, the data were compared with literature values for metallic Co
reduced in-situ.® It has been shown that the linear relationship between the number of d
electrons and Co-L3 edge parameters (i.e. La/L,, Ls-L2 & Ls) is only valid for metal oxides.®?’
For example, the literature reported values for La/L> ratios for Co, CoO, and Co30s are 3.15,
451, and 2.42, respectively.® The Co-Ls/L, intensity ratio of the standard CoO sample (4.51)
in Table 5.2 was found to be closest to that of the H> activated catalyst Co-Ls/L> intensity ratio
(3.9 +0.18), suggesting that these catalyst particles are mostly Co?*. In contrast, the Co-La/L
intensity ratio of the syngas activated catalyst ( 3.4+0.16) is closer to the ratio (3.15) observed
from in-situ reduced metallic Co.® The difference (~0.4) in the measured average Co La/L; ratio
of the catalysts from the standard Co Ls/L. ratios might result from mixed Co valence states

from surface re-oxidation of the catalyst particles in the air.
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Figure 5.5.The EELS spectra of Co standards of known oxidation states.

Table 5.2. Data obtained from the EELS spectra of Co standards with known oxidation states in Figure 5.5.

Co®* 2.29 14.5 780.3
Co®*/Co** 2.40 14.75 779.6
Co?* 451 15.75 778.4

In addition to EELS, high-resolution STEM-ADF imaging was performed to investigate the
differences in the atomic structure of the syngas and H> activated catalysts associated with the
observed differences in Co oxidation states. Figures 5.6 (a)-(e) show high-resolution STEM-

ADF images of syngas (a)-(c) and H> (d) & (e) activated catalysts. Some of the catalyst
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nanoparticles reduced at 350 °C in syngas have a twin boundary consistent with <111> fcc

metallic Co (see power spectrum insert in Figure 5.6 (a)).

The crystal structure of the twin boundary follows the stacking sequence of a reversed {111}
surface (i.e. ABCACBA) due to the symmetrically mirrored <111> fcc Co grains (Figure 5.6
(b)). More specifically, the doubled {022} reflections (labelled in a yellow box and circle in
Figure 5.6 (b) insert) in the power spectrum result from two overlapping single-crystals of
<111> fcc Co mirrored at a 138.5° twin boundary angle (Figure 5.6 (b)). Previous reports?®3°,
indicate that these are typical features of 111-type twin boundaries found in fcc transition
metals. Twin boundaries are essential defects in catalysis since they typically have higher
adsorption energies in comparison to flat facets and are stable during chemical reactions.3\:%
For example, it has been shown that CO molecules adsorb more strongly on an fcc twin

boundary compared to a flat crystal plane.3!

Other syngas activated catalyst particles have a core-shell structure, with a metallic Co core
and a metal oxide shell (Figure 5.6 (c)), consistent with a surface re-oxidation of metallic Co.
In contrast, a catalyst activated in H; at 350 °C show faceted hexagonal particles (Figure 5.6
(d) & (e)). Examination of the power spectrum (Figure 5.6 (d) insert) and the measured 2.6 A
interplanar spacing consistent with {111} planes in CoO is consistent with a typical <110>
rock-salt structure that is characteristic of CoO particles enclosed with {111} facets (Figure 5.6
(d)). These are typically less active for FT synthesis since they contain Co atoms in the 2+ state

and not active metallic Co atoms.
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Figure 5.6. High-resolution STEM ADF images of (a)-(c) 350 °C syngas activated Co FT catalyst particles, and
(d)-(e) H; activated catalyst particles. (b) Magnified, false-colour STEM-ADF image of the twin boundary of the
particle in (a) showing the 138.5° boundary angle and the atomic stacking sequence of a reversed {111} surface
(i.e. ABCACBA). Inserts in (a), (b) & (d) show the power spectrum of <111> fcc Co, the doubled {022} reflections
(labelled in a yellow box and circle) in the power spectrum resulting from two overlapping single-crystals of

<111> fcc Co mirrored at a 138.5° twin boundary angle, and <110> CoO projection, respectively.

Further considering Table 5.1, it is necessary to reconcile the above differences in the Co
oxidation states and crystal structure of catalysts activated in Hz and syngas with the reactions
of these gases with Coz0a. Firstly, all reactions of syngas with Co304 to obtain metallic Co are
more energetically favoured than Ha reactions with Co30a4. Secondly, the presence of CO in
syngas seem to play a critical role in the conversion of Coz04 to metallic Co. Specifically, the
synergistic combination of CO and H. in syngas results in the formation of Co.C from CO (Eq.

(5) Table 5.1), which spontaneously (-16 kJ/mol) decomposes into metallic Co in H2 (Eg. (6)
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Table 5.1). This synergistic effect is not found in Hz activation. As a result, better reducibility
is achieved with syngas than H», and previous studies have also shown that the reduction of
Co304 in Hz does not achieve full reduction at 350 °C.3° Meanwhile, other studies on the
activation of spinel Co304 under sequential CO and H» treatment have shown that activation
involves the formation of cobalt carbide (Co2C), which subsequently decomposes to metallic
Co in Hz at 220 °C.>* Hence, the presence of CO in syngas for activation of Co FT catalyst is

crucial in achieving full reduction at 350 °C.

However, the activated catalysts still suffer from re-oxidation in the air during specimen
loading and transfer to the microscope. This reaction is spontaneous (-802.26 kJ/mol, reverse
reaction eq. (1), Table 5.1). It may occur rapidly as evidenced by the presence of an O-K edge
in the syngas activated catalyst EELS spectra (Figure 5.3 (a)) and the oxide shell on the catalyst
particle (Figure 5.6 (c)). In contrast, the absence of an oxide shell around the H> activated
catalyst particles (Figure 5.6 (d) & (e)) suggest that CoO is not as sensitive to oxidation
compared to metallic Co. This is expected since the free energy for the oxidation of Co (eq.
(1), Table 5.1) is five-times higher than that for the oxidation of CoO (eq. (2), Table 5.1). The
primary issue with this re-oxidation is that it prevents accurate quantification of Co valence
state because the resulting Co EELS fine structure parameters (i.e. La/L2, L3-L> & L3) used for
quantification may be a combination of the surface oxidised Co and core Co, as discussed

earlier.

To understand this surface re-oxidation better, elemental maps of syngas and H» activated
catalyst particles as presented earlier Figure 5.2 (c) & (d) were used to compare the distribution
of O and Co signals on the activated catalyst particles (Figures 5.7 (a)-(d) & 5.8 (a)-(d)). The
EELS spectra were integrated from the core and shell of the catalyst particles for evaluating

the re-oxidation by comparing their O-K edge fine structure features (Figures 5.7 () & 5.8 (e)).
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Figure 5.7. The EELS elemental maps and spectra of syngas reduced Co FT catalyst. (a) O—K edge signal, (b)
Co-Ls,2 edge signal, (c) composite O-K and Co—Ls signal, and (d) STEM-ADF survey image. (e) Particle core
and shell EELS spectra. The spectrum image was acquired using a 0.25 eV/ch dispersion with a pixel dwell time
of 0.1 s and pixel size 0.42 nm/pix. The core (black square) and shell (red square) EELS spectra were integrated

over 72 and 144 pixels, respectively.

For syngas reduction at 350 °C, both O (Figure 5.7 (a)) and the Co (Figure 5.7 (b)) signals are
spatially localised, with the Co signal concentrated in the bulk of the catalyst and the oxygen
only present at the surface (Figure 5.7 (c)). The latter confirms that re-oxidation of Co occurs
at the surface of the catalyst particles. Given that the full conversion of Coz04 to metallic Co
under syngas activation is thermodynamically favoured (Table 5.1), and expected to occur at
lower temperatures than 350 °C, 224343 the residual O at the surface is most likely due to a
re-oxidation of the catalyst following exposure to atmospheric air for example during specimen
loading into the microscope. Further evidence of particle surface re-oxidation is provided by
the absence of O-K edge features (~530-545 eV) in the EELS spectrum (Figure 5.7 (e), black

curve) integrated over 72 pixels from the particle core (i.e. the region labelled in a black square
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in Figure 5.7 (d)). In contrast, the EELS spectrum integrated over 144 pixels from the particle
shell (region labelled in a red square in Figure 5.7 (d)) show the presence of O-K edge fine
features (peak f at ~543 eV) consistent with CoO due to the absence of the pre-peak ‘a’ at
~530 eV. Hence, the overall valence state distribution in this catalyst would include surface

Co?*, which does not result from syngas activation.

In the case of H» activation at 350 °C, the O (Figure 5.8 (a)) and Co (Figure 5.8 (b)) signals are
more evenly distributed, as displayed in the composite elemental map (Figure 5.8 (c)),
compared to syngas (Figure 5.7 (c)). The even distribution of the signals suggests that O is
coordinated to Co in a majority CoO state. In addition, as was discussed earlier relation to
Table 5.1 H activation at 350 °C does not fully convert Co304 to metallic Co but leads to CoO.
It is therefore not straightforward to distinguish the O signal due to re-oxidation from the O
signal due to incomplete reduction in this case. However, the O—K edge fine structure of the
EELS spectra extracted from the core and shell (integrated over 30 and 56 pixels from the
regions labelled in black and red squares in Figure 5.8 (d), respectively) of the nanoparticle
(Figure 5.8 (e)) have similar features, except that the pre-peak ‘a’ (~530 eV) in the ‘shell’
spectrum is more relatively intense, resembling that from Co in spinel form. This indicates a
higher Co oxidation state at the particle surface relative to the core, most like due to re-

oxidation during specimen transfer.
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Figure 5.8. The EELS elemental maps and spectra of H, reduced Co FT catalyst. (a) O—K edge signal, (b) Co—
L3 edge signal, (c) composite O-K and Co—Ls signal, and (d) STEM-ADF survey image. (e) Particle core and
shell EELS spectra. The spectrum image was acquired using a 0.25 eV/ch dispersion with a pixel dwell time of
0.1 s and pixel size 0.4 nm/pix. The core (black square) and shell (red square) EELS spectra were integrated over

30 and 56 pixels, respectively.

In order to deconvolve the O signal due to re-oxidation from that due to incomplete reduction,
the activation temperature was increased to 600 °C to drive the conversion of CoO to Co (eq.
(3), Table 5.1). In that way, the O signal due to incomplete reduction would be eliminated, as,
according to TPR*?, this is the temperature required to obtain metallic Co in Hz. The relevant
EELS data is shown in Figure 5.9 (a)-(c). The catalyst activated under Hz is now almost entirely
reduced, with the average distribution of the Co-L3 edge (~778.5 eV), the Ls-L> peak-to-peak
energy separation (~15.2 eV), and the Co-Ls/L. intensity ratio (~3.5) on the scatter plots
(Figure 5.9 (b) & (c)) comparable to that of syngas activated catalyst (~778.1 eV, ~15.0 eV,
~3.0, respectively). The outliers (data points at ~783 eV) in Figure 5.9 (c) are as a result of
inaccurate Co-Ls peak fitting in ParticleSpy due to noisy data, as discussed earlier (Figure 5.4).

The values of the Co-La/L. intensity ratio closely resembles previously reported metallic Co
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La/L, intensity ratio.® However, the presence of the S peak (~543 eV) on the O-K edge fine

structure of both Hz and syngas activated catalysts (Figure 5.9 (a)) indicates the presence of

Co?* on the catalyst particles. This Co?" is due to the re-oxidation of Co to CoO during sample

transfer to the microscope, because thermodynamically, only metallic Co is expected at 600

°C.
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Figure 5.9. (a) The EELS spectra of 600 °C ex-situ syngas (orange spectra) and H, (blue spectra) activated

catalyst particles. Each spectrum corresponds to a single particle of a H, (blue) or syngas (orange) activated

catalyst. (b) & (c) Are the scatter plots of the Co Ls/L, intensity ratio vs Co Ls-L, distance and Co L3 position vs

Co Ls-Lo distance, respectively, determined using ParticleSpy from single particle spectra of H, (blue) or syngas

(orange) activated catalysts. Spectrum images were acquired using a 0.25 eV/ch dispersion with a pixel dwell

time of 0.1 s.
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The re-oxidised particle shell is visible in the high-resolution STEM-ADF images of both H>
and syngas activated catalysts (Figure 5.10). However, some syngas activated catalyst particles
also have a graphitic carbon shell (labelled by the orange arrow in Figure 5.10 (b)) from the
high-temperature graphitisation of the carbon fibres formed from the disproportionation of CO
at a lower temperature during ramping to 600 °C. This is the most likely scenario because the
disproportionation of CO becomes non-spontaneous above ~600 °C.1” Both the H2 and syngas
activated catalyst particles (Figure 5.10 (a) & (c)) exhibit a typical <110> fcc Co structure
confirmed by the power spectra and a 2.1 A interplanar spacing between the {111} planes.
High-resolution imaging also revealed the presence of stacking faults on {111} planes (yellow
box in Figure 5.10 (c)) in the H. activated catalyst particle as commonly observed in fcc metals
after high-temperature treatment.?®-3° These are confirmed by double reflections/streaking in
the power spectrum (see insert in Figure 5.10 (c)). It is hence clear that in order to achieve a
complete reduction of the Co FT catalyst, the catalyst must be activated at high temperatures
if the gas is Hz or at lower temperatures if the gas is syngas. However, activation at 600 °C is
not suitable for industrial FT catalysis due to particle sintering at high temperatures (Figure

5.11), which leads to loss of active surface area and lower activity.
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Figure 5.11. STEM-ADF images of 600 °C ex-situ (a) Hz and (b) syngas activated Co FT catalysts, and their

respective average particle size distribution, (c) Hz and (d) syngas.

5.3.3 In-situ Activation of Co Fischer-Tropsch Catalysts

Increasing the reduction temperature may solve the incomplete reduction, as shown above, but
not the surface re-oxidation due to exposure to air. However, industrial activation of Co FT
catalysts takes place in the absence of atmospheric air, where the sample is activated in a sealed
fixed bed FT reactor, followed by FT synthesis.®® Hence, to obtain a near reaction

representation of the effect of activation conditions on the Co FT catalyst, in-situ reduction of
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the spinel Co304 supported on hollow carbon spheres under Hz and syngas at 350 °C was

performed (Figure 5.12).
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Figure 5.12. (a) The EELS spectra of 350 °C in-situ syngas (orange spectra) and H, (black spectra) activated

catalyst particles. (b)-(c) STEM-ADF images of syngas reduced catalyst, (d)-(e) STEM ADF images of H, reduced
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catalyst. Spectra 1-4 corresponds to STEM ADF images (b)-(e), respectively. The analysis was performed at 500

mbar and 350 °C.

The O-K edge fine structure of the in-situ H> reduced (black, Figure 5.12 (a)) Co FT catalyst
is different from that of the in-situ syngas reduced (orange, Figure 5.12 (a)) catalyst in that the
relative intensity of the pre-peak ‘a’ is higher in the Hz reduced material and is only present as
a shoulder in the syngas reduction spectrum. Furthermore, the onset of the Co-L3 peak of the
in-situ syngas spectrum is slightly shifted to lower energy loss. As described earlier, an intense
O-K edge pre-peak (~530 eV) and a higher energy loss shifted Co-L3 edge is associated with
an increase in Co oxidation state. This, therefore, suggests that the Co catalyst activated under
H> has a higher oxidation state than the Co catalyst activated under syngas. To support this, the
high-resolution STEM-ADF image of syngas activated catalyst particles exhibit an interplanar
spacing of 4.2 A consistent with the {001} planes of CoO (Figure 5.12 (c)). In contrast, the
high-resolution STEM-ADF image of H» activated catalyst particle shows an interplanar
spacing of 6.6 A consistent with {110} planes of CosO4 (Figure 5.12 (d)). The absence of
contrast from the oxidised shell on the catalyst particles (Figure 5.12 (b)-(e)) confirms that the
observed core-shell structures from ex-situ activation are a consequence of re-oxidation in

atmospheric air and not the true activation product.

These in-situ and ex-situ data suggest that syngas achieves a better degree of reduction at an
industrially relevant FT reduction temperature (350 °C) than Hz, and both in-situ and ex-situ
data are in agreement. However, the in-situ experiment for syngas did not achieve full reduction
due to the shorter reaction time (2hrs vs 20 hrs) compared to the ex-situ experiments due to the
impracticality (i.e. possible chip damage over time etc.) of running a 20 hrs in-situ gas-phase

reaction in a microscope.
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5.3.4 Implications to Fischer-Tropsch synthesis

As discussed in the introduction and literature review (Chapter 2, section 2.2), the activation
of Co FT catalysts under different gaseous atmospheres has a direct influence on the catalytic
performance of the catalyst.1 Specifically, Co catalysts activated in syngas show a higher CO
conversion compared to catalysts activated in Hz. This chapter investigated the differences in
the properties of the catalysts activated in syngas and Hp, to better explain the observed
differences in the catalytic performance reported in literature. The two main reasons for the
differences in the catalytic performance are proposed in this study: Firstly, the EELS data
(Figure 5.2) revealed better reducibility in syngas compared to H; where the active metallic
Co is achieved in syngas, and CoO is obtained in Ho. It is well documented that Co is active
for FT synthesis in its metallic state®, thus, the unavailability of active metallic Co sites in Hz
activated catalyst could explain the observed inferior catalytic performance in contrast to
syngas activated catalysts. Secondly, one of the reasons for the loss of activity during FT
synthesis is particle sintering. The examination of the morphology of the activated catalysts
(Figure 5.1) revealed the encapsulation of Co particles within carbon fibres in the syngas
activated catalyst. Therefore, it is proposed that this carbon fibre encapsulation may provide
sinter resistance during FT synthesis, thus, allowing the catalyst to maintain optimum
performance for hours without the loss of activity due to sintering. In contrast, the
encapsulation of catalyst particles is not observed in H» activation due to the absence of CO to
undergo disproportionation. To support this, the activation of Co FT catalysts at 600 °C resulted
in severe sintering for H> compared to syngas activated catalyst due to the absence of sinter
resistance in Hy (Figure 5.11). Therefore, these reasons could be the answers to the effect of

reducing gas composition on the FT synthesis.
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5.4 Conclusions

The effect of reducing gas atmosphere on the activation of Co FT catalysts using STEM-ADF
and EELS was studied ex-situ and in-situ. At 350 °C, ex-situ H> activation produced mainly
Co0 (Co?* oxidation state) catalyst particles enclosed with {111} facets. In contrast, activation
in syngas produced twinned fcc Co particles encapsulated in carbon fibres, and core-shell
particles, with a metallic Co core and a CoO shell. The oxidised shell was determined to arise
as a consequence of exposure to atmospheric air during sample transfer. Increasing the
activation temperature to 600 °C helped to drive the complete reduction of CoO to active
metallic Co in H, and the graphitisation of carbon fibres in syngas, but the observed
disadvantage of high-temperature activation is particle sintering. In-situ reduction in Hz and
syngas showed the absence of an oxide shell on the particles, confirming the re-oxidation of
Co catalyst during sample transport. Overall, syngas activation is the most effective method in

order to obtain an active metallic Co sinter resistant catalyst at lower temperatures.
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Chapter 6 : Conclusions and Future

Work

6.1 General Conclusions

The objectives of this thesis were to study the surface structure of a Coz04 Fischer-Tropsch
(FT) precursor catalyst and its reactivity towards syngas in contrast to H. to determine the most
effective routes for the activation of Co where maximum reduction is achieved. Electron
microscopy was used to explore the following research questions, as highlighted in the

introduction:

d) Which surface terminations are found on the precursor Coz0s4, and how do they
compare to the theoretical CosO4 surface terminations known to be active for CO and

H> adsorption and dissociation?

e) What is the difference in the morphology, structure, and chemistry (valence state) of

the Co FT catalyst when activated in H> compared to syngas activation?

f) How does temperature affect the properties in (b)?
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6.1.1 Characterisation of Active Surfaces of the Co0304

Precursor

Focal-series specimen exit wavefunction reconstruction (EWR) was used to study the surface
structure and terminations of the CosO4 precursor to answer question (a) above. The following

conclusions were drawn from this study:

» From the electron dose experiments, it was concluded that the electron dose per frame
in a focal series required to restore the specimen exit wavefunction, where both oxygen
and cobalt atomic columns are resolved without visible beam-induced damage, is 1188
elA2.

» Subsequently, the available surface atomic active sites for CO and H adsorption were
determined from the restored phase of the Co304 EWR from <110>, <111>, <510>,
and <112> projections.

» By comparison with theoretical calculations, it was concluded that the {100} and {110}
surfaces would have the highest reactivity towards CO due to the availability of
octahedrally coordinated Co atoms, and surface O atoms to form a triangular Co-C-O
coordination which is known to reduce the dissociation energy of CO.

> In contrast, the {115}, {112} surfaces would be more reactive towards H> due to the
Co-0 bridge site at the surface terminations.

» Of the examined surfaces, contraction of the Co—O projected distance relative to the
bulk due to surface relaxation was observed on {100} surfaces viewed along <110>
projections.

» Through comparison with DFT studies in the literature, it was concluded that the
defective surfaces ({110}, and {113}) examined would be more reactive than

perfect/flat surfaces.
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6.1.2 The Activation of Co Fischer-Tropsch Catalysts in H;

VS Syngas

After successful characterisation of the surface structure of the CozO4 precursor, the effect of

reducing gas atmosphere (Hz or syngas) on the activation of Co FT catalysts was studied ex-

situ and in-situ using STEM-ADF and EELS to answer questions (b) & (c). The following

conclusions were drawn from this study:

>

At 350 °C, ex-situ Hz activation produced mainly CoO (Co?* oxidation state) catalyst
particles enclosed by {111} facets. In contrast, activation in syngas produced twinned
fcc Co particles encapsulated in carbon fibres, and also produced core-shell particles,
with a metallic Co core and a CoO shell.

It was concluded that the oxidised shell was as a consequence of exposure to
atmospheric air during sample transfer.

Increasing the activation temperature to 600 °C helped to drive the complete reduction
of CoO to active metallic Co in Hz. However, significant particle sintering was
observed, which is a disadvantage of high-temperature activation.

In-situ reduction in Hz and syngas showed the absence of an oxide shell, confirming
the reoxidation of Co catalyst during sample transport.

Overall, it was concluded that syngas activation is the most effective method to obtain

an active metallic Co sinter resistant catalyst at lower temperatures.
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6.2 Recommendations for Future Work

6.2.1 In-situ Reduction of Co030s as a Function of

Temperature and Time

The degree of reduction and the physical properties of the catalyst changes with increasing
reduction time and temperature during activation.'* These changes have been explored with
in-situ X-ray techniques?, and recently, with aberration-corrected environmental TEM* using
H2. However, there is no in-situ variable-temperature and time study which compares Hz and
syngas in the activation of Co FT catalysts. In this thesis, it was observed in Chapter 5 that
increasing the reduction temperature to 600 °C improved the reducibility of Co304 in Haz. In
addition, the 20 hrs ex-situ reduced catalysts were better reduced than 2 hrs in-situ reduced
catalysts. As a result, in future work, it would be worth exploring the in-situ activation of the
catalysts in Hz and syngas as a function of temperature (i.e. from room temperature to 600 °C
in 100 °C intervals), and also as a function of time at 350 °C. The results from the variable-
temperature study would provide insight into the temperature at which full reduction is
achieved since it is argued (Chapter 2, section 2.2) that syngas achieves complete reduction at
a lower temperature (~230 °C) compared to Hz (~600 °C). Furthermore, the changes in the
properties of the catalysts with increasing temperature under different gases could be
elucidated. A time-resolved isothermal study would shed light on the rate of activation in H>
and syngas at 350 °C, and the dynamics of the carbon nanofibre growth and encapsulation of

the Co particles in syngas.
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6.3 General Outlook on the Future Applications of
Advanced Electron Microscopy on Fischer-

Tropsch and Heterogenous Catalysis

Advanced electron microscopy (in-situ and ex-situ) techniques applied in this thesis may yet
be the critical tools required to unlock the mysteries of the Fischer-Tropsch catalysis and
heterogeneous catalysis in general at the local scale. For example, post in-situ Co FT catalyst
activation studies, FT synthesis could be performed in-situ by lowering the TEM holder
temperature to 220-250 °C and passing the syngas feedstock over the activated catalyst. Thus,
the physicochemical properties of the active catalyst, including the evolution of Co active
surfaces, can be directly monitored in-situ as a function of CO conversion and product
selectivity during the reaction. This allows for a direct correlation between the activation
conditions, Co active sites, and subsequent catalytic activity and selectivity. The success of
such an experiment will provide crucial insight into the dynamic relationship between catalyst
surface structure, size, activity and selectivity.>® This has been one of the most significant
information gaps in the study of the effect of particle size on the catalytic activity and selectivity
in Co FT synthesis, because conclusions are generally drawn from particle sizes before the
activation and synthesis.>® However, it has been shown that nanoparticles typically undergo
morphological changes through sintering and surface rearrangements during reactions’®—

changes which are otherwise unobservable without in-situ EM.®

Additionally, one of the most important advancement in Fischer-Tropsch synthesis and
heterogenous catalysis in general, is the development of multi-metal catalysts? and single-atom

catalysts®® in an effort to enhance the catalytic activity and selectivity. The direct imaging of
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the location and interactions of different elements in a multi-metal catalyst requires the use of
high-resolution Z-contrast imaging and EELS. For example, it has been shown that the position
of Ru on a Ru-promoted Co catalyst plays a vital role in improving the reducibility of the
catalyst through hydrogen spill over effect.? Thus, the use of high-resolution Z-contrast
imaging in conjunction with EELS could provide direct evidence of the optimum dispersion of
Ru to achieve maximum reduction through hydrogen spill over. Recently, single-atom catalysis
has become the frontier of heterogenous catalysis.'® However, due to the small differential
scattering cross-section of a single atom, the current available imaging techniques capable of
directly resolving an atom with sufficient contrast are limited to aberration-corrected Z-contrast
imaging. This led to a series of high-impact publications.*® Furthermore, the use of atomic
resolution EELS will play a crucial role in the elemental mapping of single-atom catalysts.1%*2
Therefore, the future applications of advanced electron microscopy (ex-situ and in-situ) in
catalysis will broaden our understanding of the fundamental key processes in catalysis, and the

properties of novel complex multi-metal catalysts and single-atom catalysts.
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