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Abstract
This work presents the studies of catalyst nanoparticles with particular focus on
dynamic processes. Since the catalytic ability of the catalyst resides on the surface,
the key to develop new and improved catalysts is to understand the relation between
the atomic configuration of the catalyst surfaces and their activity.
Transmission electron microscopy is able to visualize the nanostructure with atomic
resolution and thereby reveals the atomic configuration of the surface of the nanoparticles. In the present work, both an environmental transmission electron microscopy
and a high pressure holder were used to study nanoparticles in situ at elevated temperature, with gases at different pressures in order to recreate the conditions found
in a reactor. The environmental transmission electron microscope is going to pressures of a few mbar, and the nanoreactor is reaching atmospheric pressure. These in
situ studies of catalysts are essential, since the gas atmosphere, the pressure and the
temperature are all known to influence the structure of the catalyst.
The motivation of this study is the catalytic conversion of syngas into higher alcohols
and two approaches are presented.
The first approach is looking at rhodium nanoparticles on different support. This was
carried out as part of a bigger collaboration, where transmission electron microscopy
was used to assist the development of new and improved catalysts by characterization. In addition, in situ studies of the system was performed, where the interaction
between the nanoparticles and the support is addressed. However, the majority of
the time was spent to start up a newly acquired high pressure holder, i.e. to identify
some of the challenges imposed on the system, to help figure out what is going on
and to suggest which changes are necessary to improve the system.
The second approach is looking at the activation of iron oxide for Fischer-Tropsch
synthesis (not FTS itself). Since the activated metallic iron catalysts are rapidly
restructured after exposure to even trace amount of oxygen or water, in situ characterization is necessary to follow during reaction conditions. A variety of different in
situ experimental methods was used. Following the structural evolution of iron oxide
under reaction conditions with X-ray electron diffraction, the crystal structures of
the phases present during reduction and carburization were identified. In situ TEM
was used to probe any changes in the structure or in the chemical properties of an
individual Fe nanoparticle during reduction or carburization and to monitor the pro-

ii

Abstract

cesses at the nanoscale and under reaction conditions. This was combined with in
situ X-ray photoelectron spectroscopy and X-ray absorption spectroscopy to directly
follow the carburization process, to determine whether the formation takes place on
the surface or in bulk.

Resumé
Denne afhandling præsenterer studiet af nanopartikler i relation til katalysatorer med
særlig fokus på de dynamiske processer. Katalysatorens katalytiske evne findes på
overfladen, og forholdet mellem katalysatorens atomare struktur på overfladen og
dens aktivitet er nøglen til at udvikle nye og forbedrede katalysatorer.
Ved hjælp af transmissionselektronmikroskopi (TEM) er det muligt at visualisere
nanopartikler med atomar opløsning og derved afsløre den atomare struktur af katalysatorens overflader. I denne afhandling blev in situ TEM brugt til at undersøge
katalysatorers dynamik ved varierede tryk og under opvarmning, dvs. under forhold
som tilnærmelsesvis findes i industrielle kemiske reaktorer. Undersøgelsen blev udført
ved enten at benytte et dedikeret in situ TEM, som går op til tryk på et par mbar
eller ved brug af en nano-størrelse reaktor, hvor reaktioner ved atmosfærisk tryk er
muligt. Disse in situ studier af katalysatorer er essentielle, da det er velkendt, at
katalysatorens struktur afhænger af gassammensætningen, trykket og temperaturen.
Denne afhandling har til mål at undersøge og udvikle nye effektive metoder til katalytisk omdannelse af syngas til længere alkoholer, og to studier præsenteres.
Det første studie undersøger omdannelsen via rhodium-nanopartikler på forskellig support. Dette er en del af et større samarbejde, hvor transmissionselektronmikroskopi
blev brugt til karakterisering af nye og forbedrede katalysatorer. Derudover blev in
situ studier af systemet udført, hvor interaktionen mellem rhodium-nanopartiklerne
og supporten undersøges. Størstedelen af tiden blev dog brugt på at opstarte en nyligt
erhvervet højtryksholder - dvs. at identificere de udfordringer systemet besidder og
komme med forslag til de ændringer, der er nødvendige for at få systemet op at køre.
Det andet studie undersøger omdannelsen via Fischer-Tropsch syntese (FTS) med
fokus på aktiveringen af jernoxid (ikke FTS i sig selv). De aktiverede metalliske
jernkatalysatorer oxideres så hurtigt efter eksponering af selv en spormængde af ilt
eller vand. Derfor er en in situ karakterisering nødvendig for at kunne følge processen under reaktionsbetingelser. Der blev anvendt adskillige in situ metoder til
at karakterisere aktiveringen af jernoxid. Røntgenstrålediffraktion blev brugt til at
identificere kystallitstrukturen af de faser, der var tilstede under reduktionen og karbid dannelsen. TEM blev brugt til at undersøge ændringen i strukturen af de individuelle jern-nanopartikler under aktiveringen og til at overvåge processerne på
nanoskala under reaktionsbetingelserne. Med en kombination af røntgenfotoelektron-
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spektroskopi og røntgenabsorptionsspektroskopi undersøgers processen af karbid dannelse, om hvorvidt dannelsen af jernkarbid sker på overfladen eller som bulk.

Preface
The work presented in this thesis was carried out at the Technical University of
Denmark (DTU) in the DTU Nanolab group (National Centre for Nano Fabrication
and Characterization) former known as DTU Cen (Center of Electron Nanoscopy).
The work was carried out from September 2016 to September 2019, in fulfilment of
the requirements for acquiring a Ph.D. degree in physics. This thesis is part of the
Villum Sustain project under the supervision of Senior Researcher Thomas Willum
Hansen, as my main supervisor, and Professor Jakob Birkedal Wagner and Associate
professor Christian Danvad Damsgaard as co-supervisors.
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CHAPTER

1
Introduction

In this chapter, the motivation for this work and the impact of catalysis on today’s
society will be presented as well as a short introduction to heterogeneous catalysis.
Finally, the outline of the thesis is presented.

1.1 Motivation
Climate change is affecting the world as we know it, weather patterns are changing,
sea levels are rising, weather events are becoming more extreme and greenhouse gas
emissions are now at their highest levels in history.1 The impact of heterogeneous
catalysts on our modern society can hardly come as a surprise, since more than 8590% of the chemical products used on a daily basis undergo at least one catalytic
process during their production.2
Catalysis is having tremendous impact on our lives and on the development of the
western life style over the past century. E.g. polymers and plastics, which are produced in catalytic processes, are literally found everywhere. The production of ammonia is a key component in the production of synthetic fertilizers, using the HaberBosch process. It has a huge impact on the efficiency of our agricultural production.
Without it, the world’s food production would be significantly lower and we would
not be able to sustain the global population.
However, there are also a downside of these developments. Plastics are extremely
pollutant and the synthetic polymers will not be broken down for millions of years
and will thus remain in the environment. The production of fertilizers may support
billions of people, however, the large global population exerts a huge pressure on the
environment and available resources. In addition, all the industrial processes involve
the use of fossil resources like fuel and feedstock and this contributes significantly to
global CO2 release and anthropogenic global warming.
Heterogeneous catalysis is undoubtedly important, both in terms of limiting pollution,
but also through the development of new processes based in sustainable feedstocks
instead of fossil fuels. Through processing of biomass and hydrogen, sustainably
produced energy in chemicals and fuels can be achieved, especially transportation
fuels rely heavily on catalysis, and the development of new and better catalysts is
imperative.
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Back in 2015, the former Danish Minister of Science Helge Sander granted DKK 120
million to scientists at the Technical University of Denmark. The funding was used to
support the development of methods for converting sustainable energy from the sun,
biomass and wind into fuel under the “Catalysis for Sustainable Energy (CASE)” initiative.3 This has become the prelude to VILLUM FONDEN, who granted DKK 150
million to scientists at the Technical University of Denmark and a list of collaborators.
This funding is used to elucidating the fundamental science that will contribute to
the solution of the environmental challenges, we face. Developing new methods for
storage of energy from renewable sources/developing strategies for designing more
environmental benign ways of producing base chemicals under the ”Villum Center
for the Science of Sustainable Fuels and Chemicals (VSustain)” initiative,4 founded
this PhD project.
This PhD project is one of the sustainable approaches - ”Thermally driven processes
for CO2 reduction to fuels and chemical building blocks”. This is part of a bigger machinery, where the design of possible catalysts has been performed by computational
methods, developing model systems directly linked with the synthesis of the proposed
catalyst candidates. Followed by catalyst testing and subsequently characterization
with the experimental data as input to more detailed calculations. The main focus
of this PhD project is to assist with electron microscopy characterization, where in
situ electron microscopy (ETEM) will be the main characterization technique, under
varying temperatures. Study the mechanisms involved in both the activation and
deactivation processes of metal-based catalyst systems, as they are key to develop
improved catalytic materials able to overcome the limitations.

1.1.1 UN’s Sustainability Development Goals
In 2015, United Nations (UN) introduced the 17 Sustainability Development Goals
(SDGs). As a strategic initiative by the DTU, researchers are engaged to impact
the society by using the 2030 Agenda SDGs as framework for their research. This
PhD project is part of an initiative to develop new strategies for designing more
environmental benign ways of producing fuels and thereby reducing the emission of
CO2 . Thereby taking climate action and seeking a cleaner energy.
SDG 7 - Affordable and Clean Energy:
This project works on an alternative renewable energy solution not using fossil fuels.
And to develop improved catalysts in order to improve the energy efficiency of the
current possibilities.
SDG 13 - Climate Action:
A direct climate action is to reduce CO2 emission, to reuse CO2 for production of
synthetic liquid fuels from natural gas, coal or biomass, which makes it possible to
supply the world with transportation fuels for a long period of time without fossil
fuel consumption.

1.2 Characterization of Heterogeneous Catalysts
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1.2.1 Heterogeneous Catalysis
The word catalysis was first used by the Swedish scientist Jöns Jacob Berzelius in 1836
and later defined by Wilhelm Ostwald: A catalysts is a substance that accelerates the
rate of a chemical reaction without being part of its final products.5 The word comes
from the Greek katalysi which is a combination of kato meaning down and lyo meaning
to break, since the first identified catalyzed reactions were decomposition processes.
Catalysts increase the reaction rate by offering an alternative and more rapid reaction pathway. This pathway usually consists of a series of elementary steps, like:
adsorption of reactants on the catalyst surface, breaking of some bonds, diffusion and
reaction to form products and eventually desorbtion from the surface. The activation
energy for the separate steps in the catalyzed reaction are all significantly lower than
for the uncatalyzed reaction, which explain the increase in reaction rate.5
When a molecule or an atom is adsorbed on the surface of a catalyst, an interaction
between the electronic states of the catalyst and the adsorbate takes place. It is
therefore important to consider the electronic properties of the catalyst, most often
transition metals in heterogeneous catalysis. The density of states (DOS) is characterized by a broad sp-band and a narrow d-band. The adsorbate strongly interacts with
the d-band, which functions almost like a molecular orbital, resulting in bonding and
anti-bonding electronic orbitals for the adsorbate metal complex.2 Moving across the
periodic table, the degree of the d-band filled increases, which impacts the properties
and catalytic reactivity of the transition metals.6 This is key to understanding, how
a transition metal surface can dissociate a molecule.
Since the catalyst does not change the Gibbs free energy ∆G, the catalyst only changes
the kinetics of the reaction and not the thermodynamics. Catalysts enhance the rate
of a chemical reaction, often by many orders of magnitude. In addition to enhancing
the reaction rate, catalysts are also important because of their selectivity, i.e. their
ability to increase the formation of a particular product and hinder those that lead to
undesired by-products. The rate, k, of a chemical reaction is given by the Arrhenius
equation
k = Ae−Ea /RT
(1.1)
where A is the pre-exponential factor, Ea is the activation energy, R is the gas constant
and T is the temperature.
Catalysts are often defined as being either heterogeneous or homogeneous, depending
on whether the catalyst and the substrate exist in the same phase or not. While
enzymes are biocatalysts, they are usually considered as a separate group. In homogeneous catalysis, the catalyst and reactants are in the same phase. In heterogeneous
catalysis, the reactant and the catalyst are in different phases. Typically, the heterogeneous catalyst is a solid material, while the reactants are in gas or liquid phase.
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Heterogeneous gas phase reactions are typically performed in fixed or fluidized bed
reactors, while heterogeneous liquid phase reactions are often performed in batch reactors, where the catalyst can easily be separated from the product by sedimentation
or filtration.
Although a catalyst is not consumed by the reaction, the activity of the catalyst
decreases over time. This deactivation can be caused by several processes, including
chemical deactivation through reversible or irreversible poisoning, thermal deactivation through sintering, loss of active material through leaching or steaming and
mechanical deactivation through attrition or erosion. Eventually, these processes deactivate the catalyst, and the catalyst needs reactivation or replacement, if damage
is irreversible. The stability of the catalyst is therefore important in all catalytic
processes.

1.2.2 Characterization Methods
In situ characterization of heterogeneous catalysts is essential for understanding the
catalytic processes going on, since the catalyst structure and behavior depend on the
environment.7 E.g. temperature or oxidation state of the catalyst can be observed in
the working state of the catalyst, and the understanding can help to identify critical
parameters for product design.8 Characterization techniques used for solid materials
can most often be used as characterization methods of heterogeneous catalysts, as they
are normally in the solid state. However, in situ measurements have some limitations,
e.g. those techniques that require ultra high vacuum (UHV). Especially, in situ or
operando measurements are most often performed inside special cells, providing a
closed reaction environment9 which enables simultaneous analysis of the gas and/or
liquid.
To follow the catalytic process during gas phase reactions, mass spectrometry (MS)
is often used both to check for gas leaks and to characterize the products downstream
from the catalyst bed. In parallel, the catalyst can be probed with radiation e.g.
electrons or X-rays. Due to the measurements often performed inside a cell, the radiation has to penetrate the cell material, which might lead to some limitations. Since
electrons have a small penetration depth, electron microscopy (EM) is therefore applied only when using very thin window materials, like 1.2 µm thick silicon nitride
membranes10 or by using a differential pumping systems, implemented in the microscope.11 Unlike electrons, X-rays have a higher penetration depth and show a lower
interaction with the material, which makes them highly suited for in situ measurements.12 Especially hard X-rays (E > 5 keV) do not necessarily demand dedicated in
situ cells, where soft X-rays usually require vacuum environments and thin window
materials.8 The development of synchrotron radiation sources enable X-ray based
techniques by providing a tunable energy range. X-ray based techniques are widely
used for in situ measurements, i.e. X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS) or X-ray photoelectron spectroscopy (XPS) providing complementary

1.3 Dissertation Outline
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structural information and elemental distribution. XRD is primarily used to look at
bulk samples on micro scale, where XPS and XAS are spectroscopic techniques used
to study the atomic scale of the catalysts, due to the interaction of the radiation with
the catalyst. XAS allows the local coordination geometry and oxidation state of a
catalyst to be studied, independently of the state of the catalyst, i.e. whether or not
it is crystalline or amorphous.
For imaging on the nano and atomic scale, transmission electron microscopy (TEM) is
usually applied, since it offers imaging of a sample with atomic resolution. However,
as mentioned above, the low penetration depth of electrons is critical for in situ
measurements. There are two approaches for in situ TEM imaging, a differentially
pumped microscope,13–15 with pressures limited to a few mbar called ”Environmental
TEM” (ETEM)16 and a dedicated closed-cell holder, which approach atmospheric
pressures.10
Each of these techniques has advantages and disadvantages. However, together they
complement each other and when a combination of several of them are correlated,
they provide important information.

1.3 Dissertation Outline
Chapter 1: Gives a short introduction to basic concepts in heterogeneous catalysis
and green chemistry and presents the initiative and focus of this PhD project, as well
as an outline of the dissertation.
Chapter 2: introduces the different in situ techniques utilized during this thesis
to characterize heterogeneous catalysts, including transmission electron microscopy,
X-ray powder diffraction, X-ray photoelectron spectroscopy and X-ray absorption
spectroscopy.
Chapter 3: Presents the experimental methods and procedures utilized during experiments carried out in this work.
Chapter 4: Presents the wildfire and climate chips utilized in DENSsolution holders and addresses the different configurations by simulations carried out in Comsol
Multiphysics® .
Chapter 5: Presents rhodium catalysts on different support and demonstrates an in
situ particle formation in the ETEM and a strong metal-support interaction between
rhodium particles and the titania support.
Chapter 6: Presents the activation of the iron oxide for Fischer-Tropsch synthesis
and demonstrates both the reduction and carburization under different conditions
using different in situ techniques.
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Chapter 7: Presents and summarize the conclusions drawn in the previous chapters
and based on some of the current improvements, offers recommendations for future
work.

2

CHAPTER

Techniques
In the following chapter, the basic principle of scattering and diffraction form the
basis of different techniques used through this thesis. Therefore, first a brief overview
is presented, followed by a description of the different characterization techniques.

2.1 Basic Principle of Scattering and Diffraction
Different information can be obtained by various methods due to the multitude of
signals that arise when an incident beam interacts with a sample. That would be true
for an incident electron beam alone. However, in this thesis interaction with both
electrons and X-rays are utilized. Gaining a basic understanding of these interactions
is essential before giving a comprehensive introduction to the methods utilized.

2.1.1 Electron-Matter Interactions
When an incident electron beam interacts with a sample, different scattering events
can occur. There are three basic scattering types: unscattered, where the direct
electron beam passes unaffected, or scattered, where we differentiate between either
elastic scattering (no energy loss) or inelastic (energy transfer to the sample).

_

_
_

_

_
_

_

_

_

_

+

_

(a) Unscattered

_

_

_
_

+

_

(b) Elastic Scattering

_

+

_

(c) Inelastic Scattering

Figure 2.1: Scattering types in electron-sample interactions, where a) is unscattered,
b) elastic scattered and c) inelastic scattering.
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2.1.1.1 Elastic Scattering

In elastic events, the incident electron beam scatters without energy transfer, but
changes their momentum due to Coulomb interaction. When scattering from an
isolated atom, the beam may interact either with the atomic nucleus or the electron
cloud and is scattered to different angles depending on the type of interaction. The
Coulombic force, F⃗ , is defined as
Q1 Q2
F⃗ =
4πε0 r2

(2.1)

where r is the distance between charges Q1 and Q2 and ε0 is the dielectric constant.
From Eq. 2.1 it is clear that if the distance between the two scattering events becomes
smaller and the attractive force becomes stronger, consequently the probability of a
scattering event at a higher angle (or backscattered electrons) increases. In general,
Coulombic interaction is very strong compared to the interaction of X-rays with a
sample.
Elastic events are divided into Bragg and Rutherford scattering: Bragg scattering is
where the scattering angle is determined by the lattice planes in the crystal structure
of the sample, resulting in diffraction. Rutherford scattering is where the scattering
angle depends on the atomic number, Z, of the elements in the sample. Meaning
that heaver elements, scatter the electrons stronger and lighter elements, scatter the
electrons less.

2.1.1.2 Inelastic Scattering

Several interaction processes cause the incident beam to lose energy when transferred
to the sample, e.g. in the form of ionization of the inner-shell, bremsstrahlung, secondary electrons, electronic or plasmonic excitations or photons. Ionization is when
the excitation of an electron leads to ejection of an inner-shell electron into vacuum
leaving behind a vacancy. As a secondary event, when an excited atom in the sample
relaxes, a photon or electron may be emitted, either as an element specific X-ray or
Auger electron emission. The analysis of the emitted X-rays is the principle behind
energy dispersive X-ray spectroscopy (EDS). If an electron is ejected from the conduction or valence band (outer shell) of an atom, an electron-hole pair is left behind.
This excited state is subsequently relaxed by filling the electron hole with an electron
dropping down from the conducting band, while emitting a photon with the energy
corresponding to the energy difference between the two states. All these inelastic interactions lead to energy-loss of the electron beam, which can be measured by electron
energy-loss spectroscopy (EELS).

2.1 Basic Principle of Scattering and Diffraction
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2.1.1.3 Interaction Cross-Section

An electron can scatter either once or multiple times in a specimen. The change seen
when an electron is scattered, is either described by the probability of a scattering
event called the interaction cross-section, σ, or by the average distance that the
electron travels between between interactions called the mean free path, λ.
The scattering cross-section can be defined depending on the effective radius, r:
σatom = πr2

(2.2)

where r is different value for each scattering process.The probability of a scattering
event is the sum of all elastic and inelastic terms:
σ = σelastic + σinelastic

(2.3)

and the total cross section for a sample containing N atoms, with a thickness, t, the
total cross-section becomes:
σtotal t = N σatom t =

NA σatom ρt
mA

(2.4)

where N = NA ρ/mA , and N A is Avogadro’s number, ρ is the atomic density and
mA is the atomic weight. In spite of being an approximation, these expressions for
the interaction cross-section describe the basic properties of the interaction between
electrons and matter reasonably well.
Another important parameter to describe interactions is the mean free path, which
represents the average distance that the electron travels between scattering events. It
is the inverse of the total scattering cross section and given by:
λ=

1
mA
.
=
σtotal
NA σatom ρ

(2.5)

Since the scattering cross sections are larger for electrons (compared to X-rays), their
elastic mean free path in non-relativistic regime is on the order of tens of nanometers
for most materials.
The differential cross-section describes the angular distribution of electrons scattered
by an atom, where the electrons are scattered by an angle, θ into a solid angle, Ω.
dσ
1
dσ
=
.
dΩ
2π sin(θ) dθ
If the scattering angle increases, the cross-section decreases.

(2.6)
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2.1.2 X-ray-Matter Interaction
When an incident X-ray beam interacts with a sample, it is attenuated and the
intensity falls to a value given by
I = I0 e−µx

(2.7)

where µ is the linear attenuation coefficient, which is characteristic of the material
and X-ray energy, and x is the distance traversed by the beam. The attenuation of the
beam occurs from a number of interaction processes. There are four main interaction
processes: the photoelectric effect, the inelastic scattering (the Compton scattering),
the elastic scattering (the Thomson scattering and the Rayleigh scattering) and the
pair-production.
The total mass attenuation coefficient is a combination of the absorption coefficients
of these four major processes.
Photoelectric Effect
The photoelectric effect is the interaction between an incident X-ray photon and
a bound atomic electron, where the photon transfers its entire energy, hν, to the
electron. If the energy of the photon exceeds the binding energy, EB , the electron is
ejected from the atom into vacuum, with kinetic energy:
Ekin = hν − EB .

(2.8)

For X-ray photon energies below this threshold, the atom can be excited through
absorption of the photon.
Elastic Scattering
Elastic events are divided into Thomson and Rayleigh scattering: Rayleigh scattering
is when the incident X-ray photon scatters from bound electrons. Thomson scattering
is when the incident X-ray photon interacts with a free electron without excitation.
Instead, the electron starts to oscillate, and this in turn re-emits a spherical wave
with the same frequency as the incoming photon, but in all directions.
Inelastic Scattering
Compton scattering is the inelastic scattering of an incident X-ray photon with a
free electron. When the energy of the incident X-ray photon is significantly larger
than the binding energy of the electron, the electron can be approximated as a free
electron. After the collision, the incident photon transfers part of its energy, resulting
in a recoil of the electron as well as a reduction of the photon energy (i.e., decrease
in wavelength).
Pair-Production
In the electric field close to a charged particle (usually the nucleus), the X-ray photon
may be converted into a positron-electron pair called the pair-production and the two
particles share the available energy.

2.2 Transmission Electron Microscopy
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2.2 Transmission Electron Microscopy
Transmission electron microscopy is a characterization technique that passes a broad
parallel beam of energetic electrons through the sample to generate an image from the
interaction of these electrons with the specimen. The following is based on Williams
and Carter’s description.17

2.2.1 Electron Optics
In microscopy, the resolution of the instrument depends on the wavelength of the
source used to examine the sample. For a light microscope, the Rayleigh criterion17
states that the smallest distance that can be resolved (i.e. the maximum resolution),
δ is
0.61λ
δ=
(2.9)
µ sin (β)
where λ is the wavelength of the incident radiation, µ is the refractive index of the
viewing medium and β is the semi-angle of collection of the magnifying lens. In
1924, Louis de Broglie suggested in his PhD thesis18 that electrons have wave-particle
duality and proposed that their wavelength could be calculated as following:
λ=

h
p

(2.10)

where h is Plank’s constant and p is the momentum. The wave nature of electrons
was confirmed experimentally in a diffraction experiment by Davisson and Germer
in 1927.19 Since the wavelength of electrons is in the picometer range compared to
the wavelength of visible light, which is in the nanometer range, microscopes using
electrons can resolve much smaller features than the light microscope. This was
proved to be correct by Ernst Ruska and Max Knoll in 1933.20
In an electron microscope, when the electrons are accelerated through a potential
difference, momentum is transferred and provides a kinetic energy, Ekin , which is
equal to the potential energy. With an accelerating voltage, this kinetic energy can
be expressed as follows:
1
Ekin = me v 2
(2.11)
2
where me is the mass of the electron and v is the velocity. As the momentum is
defined as p = mv, Eq. 2.10 can be rewritten, and it becomes possible to obtain the
relationship between electron wavelength and the accelerating voltage of the microscope, Eq. 2.11. Since the electrons in a TEM are accelerated to fractions of the
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speed of light, c, relativistic corrections have to be applied and λ can be expressed as
λe = √

h
).
(
Ekin
2me Ekin 1 +
2me c2

(2.12)

This equation for electron wavelength can be taken into account in Rayleigh’s criterion,
which means that if the energy of the source is increased, the wavelength decreases,
and a higher resolution is possible.
An electromagnetic lens consists of a coil within a soft magnetic material. When a
current is passed through the coil, a magnetic field is generated. By changing the
current in the coil, it is possible to control the strength of the magnetic field. Thus,
when electrons pass through the electromagnetic lens, they experience a force, F⃗ ,
known as the Lorentz force17
(
)
⃗ + ⃗v × B
⃗
F⃗ = −e E
(2.13)
⃗ is the electric field
where e is the electron charge, ⃗v is the velocity of the electron, E
⃗ is the magnetic field of the lens. The Lorentz force causes the electrons
of lens and B
to deflect from their path depending on the energy of the electrons, the incident angle
and the distance from the optic axis.
The magnetic field in the electromagnetic lens is not uniform, which means they suffer
from imperfections and aberrations. Spherical aberration and chromatic aberrations
are the most limiting factors influencing the resolution of the instrument, see Fig. 2.2.
In Fig. 2.2a, spherical aberration arises because of the inhomogeneous effect of the
lens i.e. electrons entering the lens at different angles are acted upon differently,
which means that electrons further off the optical axis are deflected more strongly. A
point P in the sample is thus imaged as a disk with a minimum radius in the plane
of least confusion and a larger disk at P’ in the Gaussian-image plane, where the disc
of least confusion and has a radius of17
rsph = Cs β 3

(2.14)

where Cs is the spherical aberration coefficient and β is the collection semi-angle.
Variations in electron energy from the electron source, as the beam is not monochromatic, and energy losses due to beam-sample interactions, causes the electrons to be
focused at different positions resulting in the image becoming distorted. The radius
of the disc image caused by chromatic aberration, see Fig. 2.2b, is given by17
rchr = Cc

∆E
β
E0

(2.15)

where Cc is the chromatic aberration coefficient, ∆E is the energy loss of the electrons,
E0 in the initial energy of the incident beam and β is the collection semi-angle.

2.2 Transmission Electron Microscopy
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P

β

β

Cs = 0
Cs ≠ 0

dmin

P’

Plane of Least
Confusion

Plane of Least
Confusion

Gaussian
Image Plane

Gaussian
Image Plane

(a) Spherical Aberration

(b) Chromatic Aberration

Figure 2.2: Electron ray paths through the objective lens causing aberrations, where
a) spherical aberration causing electrons to be focused at different positions depending
on initial radii, resulting in a point P being imaged as a disk at P’ and b) chromatic
aberration causes electrons to focus at different positions depending on their energy.

2.2.2 Electron Beam-Specimen Interaction
As mentioned above, in Section 2.1.1, the interaction between the incoming electron
beam and the sample results in many signals, see Fig. 2.3. These provide the basis
of imaging and analytical techniques available in transmission electron microscopy.
Where imaging is mostly from Rutherford scattering (elastic) and analytical methods
(EELS and EDS) are more from the inelastic interactions.
Incoming Beam
Backscattered Electrons
Secondary Electrons

Element Specific X-rays

Sample
Rutherford Scatering
Inelastic Scattering
Brag Scattering
Direct Beam

Figure 2.3: Incident electron beam-sample interactions. Electrons transmitted without scattering (direct beam) or elastically (no energy loss) either as Rutherford or
Bragg scattering or inelastically scattered (energy transfer to the sample).
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2.2.3 The Microscope System
The transmission electron microscope (TEM) can be divided into three sections: the
gun system, the optical system and the detection system:

2.2.3.1 Gun System

The gun system consists of the electron source, where the electrons are generated,
and an accelerator, where the electrons are subsequently accelerated to give them the
desired energy.
Electron Source
In the top of the electron microscope is the gun system, which consist of an electron
source from which the electrons are generated and extracted. There are two main
mechanisms under which the electron sources are operated: thermionic emission and
field emission.
In thermionic sources the electrons are given sufficient thermal energy to overcome
the potential barrier (work function, Φ) and escape the source. By reducing the work
function, the number of electrons emitted per unit area per unit solid angle can be increased, increasing the brightness. The source material in thermionic sources is either
a tungsten (W) hairpin filament (Φ is ∼4.5 eV) or a lanthanide hexaboride (LaB6 )
crystal (Φ is ∼2.6 eV). Due to the lower work function, LaB6 -crystals provide higher
currents while operated at lower temperatures (∼2000 K for a LaB6 -crystal compared
to 2700 K for a W filament). In addition, this lower operating temperature results
in a lower energy spread (∼0.8 eV relative to 1.5 eV for W), which also improves the
lifetime. However, LaB6 crystals are more sensitive to vacuum conditions (minimum
operating pressures for W and LaB6 sources are ∼10-5 and 10-7 mbar, respectively)
and are more expensive.
The last type of electron source is the field emission gun (FEG), which consists of a
needle tip made from a tungsten crystal, with a tip radius of less than one nanometer.
Here, a large electric field is applied on the source to allow the electrons to tunnel
through the potential barrier and emit. A FEG has a higher brightness and very small
energy spread. However, a FEG is very sensitive to the operating conditions and the
emitter needs to be held completely free from contamination. This is achieved by two
approaches, using either a cold FEG or a thermal FEG (Schottky FEG). In order
to keep the surface clean, a cold FEG is operated at room temperature, but under
ultra-high vacuum (UHV) conditions (<10-9 mbar). A thermal FEG keeps the surface
clean by heating the tip to 1800 K without the need for UHV conditions. The surface
of the emitter of a thermal FEG is often covered with a thin layer of ZrO2 in order
to lower the work function. Today, field emission sources have become the standard
for high-resolution electron microscopy both in scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).
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Accelerator
After extracting the electrons, they are accelerated to their desired energy with the
help of an accelerator. The accelerator consists of many accelerator stacks (dynodes)
connected by a series of resisters between each of the plates. The bottom plate is
grounded at zero potential as is the rest of the microscope. Then the electrons are
accelerated down through the accelerator stack into the column, which contains the
optical system.

2.2.3.2 Optical System

The optical system directs the trajectory of electrons from the gun system and guides
them down through the column and sample region to the detector system, by using
electromagnetic lenses and apertures.
Illumination System
The illumination system projects the electron beam towards the sample plane. By
changing the strength of the condenser lenses, the focal length is changed, and the
illumination of the sample can be varied between parallel and convergent illumination.
The parallel beam is used in TEM mode and the convergent beam is for STEM mode
(Scanning TEM), as it is necessary to illuminate every point of the sample

source

condenser 1 (C1)

condenser
condenser 22
(C2)(C2)
C2 aperture

sample plane

(a) Parallel Beam

(b) Convergent Beam

Figure 2.4: Illustration of the double condenser system with a) parallel and b)
convergent illumination: The divergent beam coming from the source is focused by
the C 1 lens into a cross over, which is then projected by the C 2 lens into the sample
plane either as a) a parallel beam or as b) a convergent beam as a small spot (probe)
in the sample plane.
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In the double condenser system, see Fig. 2.4, the first condenser C 1 lens creates a
beam cross over between the two lenses. By changing the strength of this lens, the
spot size is changed. The second condenser C 2 lens (brightness or intensity) controls
the spread of illumination on the screen. The size of the C 2 aperture determines the
maximum semi-angular aperture of the illumination, as viewed from the specimen.
Projector System
The projector system provides a magnified image of the illuminated sample. It consists
of three lenses, called the objective, intermediate and projection lenses. There are
two main types of images produced in a TEM: a real image or a diffraction pattern.
In Fig. 2.5 an illustration of the ray path of the electrons is given.
Sample
Objective Lens

SAD Aperture

Back Focal Plane
Image Plane

Objective
Aperture

Intermediate Lens

Projector Lens

Detector Plane

(a) Diffraction

(b) Imaging

Figure 2.5: Schmatic illustration of the ray path of the electrons in the projection
system of the TEM in a) diffraction and b) imaging mode (Adapted from Ryll, H.21 ).

By projecting either the back focal plane or the image plane of the objective lens on
the detector, the type of image is selected. This is done by changing the magnetic
field of the intermediate lens. In Fig. 2.5a the diffraction pattern is imaged where
the electrons emerging from the surface of the sample are dispersed, and create a
diffraction pattern in the back focal plane and recombines to form an image in the
image plane. When looking at diffraction patterns, a selected-area diffraction (SAD)
aperture so that the back focal plane of the objective lens acts as the object plane for
the intermediate lens. In Fig. 2.5b a magnified image is projected, where all electrons
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emerging from the surface of the sample from one point intersect at the object plane
and without the SAD aperture is the image plane of the objective lens.

2.2.3.3 Detector System

Characteristic Detector Parameters
Multiple factors reduce the resolution and the signal-to-noise ratio (SNR) of TEM
images. This include the microscope instrumentation, dynamic specimen processes
(e.g. drift, beam-induced motion, charging, radiation damage etc.) and inefficient
electron detectors. E.g. within the scintillator, electrons can backscatter from the
fiber-optic causes signal delocalization (blurring) increasing the detector point spread
function (PSF).
The SNR is a measure of the sensitivity regarding the detector system signal output
and is an important parameter when either electron dose must be limited for radiation
sensitive samples or time-resolution must be minimized for in situ characterization.
SNR is defined as the ratio between the mean pixel intensity nmean and the standard
deviation of the pixel intensities σn :22
SN R =

nmean
.
σn

(2.16)

The detector quantum efficiency (DQE) measures how much noise a detector adds to
a recorded image and is a critical parameter for determining a detector’s performance.
It is defined as the ratio of the square of the recorded SNR to the square of the input
SNR:22
2
SN Rout
(s)
DQE(s) =
(2.17)
2
SN Rin (S)
where s represents the PSF smoothing. The DQE thus describes how the detector
degrades the SNR, or how efficiently it detects an electron. An ideal detector has a
DQE of unity. However, the DQE of real detectors is always smaller.
Detection Mode
One of the strengths of a TEM is the multitude of signals emerging after the electrons
interact with the sample. The interaction processes and the resulting signals are
described previously, in Section 2.2.2. Electron detection is carried out differently in
different parts of the microscope depending on which signals are being detected.
Image acquisition is commonly done by using either a charge coupled device (CCDs)
or complementary metal-oxide semiconductor (CMOS) device.17 Both detector types
convert light into an electric charge and process it into an electronic signal. In a
CCD detectors, every pixel’s charge is transferred through neighbouring cells and
is converted to a voltage at the output node. In CMOS detectors, the charge is
immediately converted to voltage inside each pixel.
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CCD detectors are often operated as indirect detectors in which the CCD is coupled
to a scintillator. In this mode, the spatial resolution and sensitivity are limited by
electrons dissipate their energy in the scintillator, generating photons which are transferred to the detector by either fibre optic or optical coupling and are subsequently
detected by the CCD. The large interaction volume of the electrons in the scintillator
causes photons to be detected over a large area and optical blurring arise from the
coupling system, increasing the PSF.
In modern TEMs, direct detection devices (DDD) are used, where the electrons impinge on the detector are converted directly to signal in the active layer of the detector.
The main advantage of direct detection is a greater signal-per-noise and a better spatial resolution. Implementation of direct detection oft uses active pixel sensors. These
sensors utilise complementary metal-oxide semiconductor (CMOS) technology to produce a pixel array, thus resulting in a faster readout. The ability to rapidly collect
a series of images at a high frame rate is implemented in cameras such as the Gatan
OneView, which is located at DTU Nanolab.
The Gatan Image Filter (GIF) detector, is based on the CCD camera technology
from Gatan. The GIF is mounted directly below the viewing chamber. Energy filters
allow imaging of electrons that have lost a specific amount of energy through the
interaction with the sample (energy filtered TEM (EFTEM)) or recording a spectra
of the transmitted electrons that have lost energy through interaction with the sample
(electron energy-loss spectroscopy (EELS)).
The electrons also induce emission of (characteristic) X-ray photons from the sample.
The X-ray photons are detected with energy dispersive X-ray spectroscopy (EDX)
detectors that are situated closely above the sample to increase the collection angle.

2.2.4 Image Contrast Formation
Image contrast is essentially the difference in intensity between two adjacent areas of
the image. If these are denoted I1 and I2 , the contrast C is defined17 as
C=

I2 − I1
∆I
=
.
I1
I1

(2.18)

The contrast in TEM images from thin samples originates mainly from elastic scattering, which occur due to electron interaction with the atoms in the sample. During
this, the electron is viewed as a particle. As the sample thickness increases, the inelastic scattering becomes the dominant interaction. During image formation, the
transmitted electrons are either considered as particles or waves, which is defined by
an amplitude and a phase. Therefore, it is convenient to divide contrast mechanism
into amplitude and phase related.
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2.2.4.1 Amplitude Contrast

Amplitude contrast arise when a electron is elastically scattered. The electrons experience a change in direction, as they move through the potential caused by the
nucleus in the sample. The change in direction of the electron leads to a variation
in the intensity profile, and thereby introduces contrast features in the image. This
contrast feature is the results from variations in mass or thickness.
Mass-Thickness Contrast
Mass-thickness contrast is related to the Rutherford scattering and strongly depends
on the atomic number, Z, and/or thickness of the sample, t. Heavier atoms scatter the
electrons more strongly (off axis) compared to lighter atoms, due to the Coulomb force.
As a result, lighter material appear darker in bright-field images. If sample thickness
is increased, the probability of scattering events are enhanced. More scattering results
in electrons getting scattered to accumulative higher angels (off axis) and no longer
contributing to the image intensity, leading to an intensity contrast. This is illustrated
in Fig. 2.6, where darker green illustrate heaver atoms or thicker area.

Mass-thickness

Figure 2.6: Mass-thickness contrast in a bright-field image. Dark green illustrates
either thicker areas or areas with heavier atoms, which scatter more strongly (off axis)
and no longer contributing to the image intensity, leading to an intensity contrast.
Diffraction Contrast
For crystalline samples, specific orientation of the crystal lattice planes allow for
coherent elastic scattering of the electrons to occur at Bragg angles determined by
the crystal structure of the sample. The electrons that undergo Bragg scattering
are focused to a spot in the back focal plane of the objective lens, where it creates
a electron diffraction pattern. By selecting or excluding these spots by moving the
position of the aperture, bright-field (BF) or dark-field (DF) images can be formed.
BF images are formed from the unscattered beam, while DF images are formed by
diffracted beams. This is illustrated in Fig. 2.7.

20

2 Characterization Techniques

Bright Field

(a) Bright Field

Dark Field

(b) Dark Field

Figure 2.7: Diffraction contrast in a) bright-field and b) dark-field. BF images are
formed from the unscattered beam and DF images are formed by the diffracted beam.

2.2.4.2 Phase Contrast

Contrast can also arise from difference in the phase of the electron wave and is known
as phase contrast. Phase contrast is closely related to diffraction contrast of crystalline
samples and is the underlying mechanism of high-resolution TEM (HRTEM), where
the atomic structure is imaged in terms of lattice fringes. This phenomenon is an
effect of the interference between the coherent elastically scattered electrons and the
direct beam. Phase contrast will be elaborated in terms of HRTEM in Section 2.3.2.

Phase Contrast

Figure 2.8: Phase contrast in image mode.
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2.2.5 Operation Mode

2.2.5.1 Electron Energy-Loss Spectroscopy

Electron energy-loss spectroscopy (EELS) is the analysis of the energy distribution of
electrons coming from the sample that have been scattered inelastically and lost an
amount of energy characteristic for the elements present in the sample. The loss of
energy is due to the incident electrons exciting electrons in the sample to higher energy
levels, where the required energy is taken from the primary electron. The energy of
the electrons coming from the sample are distributed according the elements in the
sample. The specific energy-loss is characteristic for the chemical environment in the
sample, e.g. EELS is able to detect whether a metal is present as an oxide or in
metallic form.
The zero-loss region consists of the zero-loss peak (ZLP) where the positive side is
shaped by phonon interaction. The negative side arises from electrons tunnelling from
the FEG tip and the PSF of the detector. As the ZLP depends on the energy spread
and coherence of the electrons, measuring the full width at half maximum (FWHM)
of the ZLP gives the energy resolution.
The low-loss region includes losses up to about 50 eV and originates from interactions
with weakly bound electrons. In this energy range electronic information can be
found, such as free-electron density, valence states, dielectric constant, band gap
and chemical bonds. The strongest feature in the low-loss region is the plasmon
peak, which depends on sample chemistry. The position of the plasmon peak is
determined by the samples’ electronic state and whether the plasmon occurs on the
surface (surface plasmons) or in bulk (bulk plasmons).
The core-loss region originates from ionization of core shell electrons which have a
binding energy >50 eV and provides information regarding chemical composition and
electronic structure. The intensity of the core-loss region is lower than the intensity
of other regions due to smaller interaction cross section.
The signals (edges) have an onset at the minimum energy required for ionization for a
specific element and the structure depends on the electronic structure of the sample.
As regards the first ∼50 eV (Energy-Loss Near Edge Structures (ELNES)), the shape
is influenced by plasmons and the Density of States (DOS). The DOS is strongly
affected by the bonding between atoms and plural scattering by nearby atoms.
Up to hundreds of eV after the edge, the shape depends on electron scattering by a single nearby atom (Extended Energy-Loss Fine Structure (EXELFS)), which provides
information about the atomic positions of atoms separated by a few nanometers.
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2.2.5.2 Electron Diffraction

Electron diffraction is a scattering phenomenon, with electrons being (nearly elastically) scattered by periodic arrays of atoms in specific directions, explained by Bragg’s
law. Each set of parallel lattice planes generates a pair of spots in the electron diffraction pattern with the direct beam in the center. As the wavelength of the electrons
is known, the interplanar distances can be calculated from the pattern.
Electron diffraction offers some advantages over other diffraction techniques, such
as XRD. From Rayleigh’s criterion, when increasing the energy of the probe, the
wavelength decreases, and a higher resolution is possible. For a microscope with an
acceleration voltage of 300 keV, the electron wavelength is λe = 1.97 pm. That is two
orders smaller than the wavelength in a typical XRD experiment (e.g. λx = 154 pm for
CuKα with E = 8 keV). This mean, that the radius of the Ewald sphere, a theoretical
sphere that is constructed to explain which dots turn up in a diffraction pattern, is
much larger for ED and more reflections are observed. The diffraction patterns can
be obtained from small crystals, by using selected area diffraction (SAD) aperture,
see Fig. 2.5a.

2.2.5.3 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS, also referred to as EDX or EDXS) is
used to identify the atom species contained in a material by their X-ray emission
spectrum. When electrons interact with the sample, they emit radiation in the X-ray
range of the electromagnetic spectrum (1 pm to 250 pm), by knocking out electrons
from the low energy orbitals of the sample. As the missing electron gets replaced by
an electron from a higher orbital, it emits the energy difference between the energy
levels as a X-ray photon, which is characteristic for the atom of interest. Each atomic
species has a unique distribution of discrete electron levels, which makes it possible
to identify the single species.

2.2.6 Drawbacks
There are some technical limitations to a conventional electron microscope. The
two main factors that limit the imaging capabilities in the TEM are the properties
and optical quality of objective lenses as well as the energy distribution of electrons
emitted from the source. Due to the interaction of electrons with the sample, some
additional limitations arise. The sample must be very thin, typically less than 100 nm.
Even more important, the microscope must be operated under ultra high vacuum
conditions during operation, due to the electron source. This is not optimal since
industrial catalysts are operated under elevated temperatures and pressures. This
leads to the development of in situ TEMs.

2.3 In situ Transmission Electron Microscopy
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2.3 In situ Transmission Electron Microscopy
The TEMs of today underwent many improvements for better characterization performances over the last decades and high resolution microscopes can have a spatial
resolution better than 0.1 nm in both imaging and spectroscopic modes, thanks to
aberration correctors and monochromators. In addition, there are dedicated microscopes with the ability to observe the dynamic change of materials when exposed to
high temperature and gas conditions. Providing the possibility to follow dynamic processes in almost ’operando’ conditions, thanks to the environmental chamber and/or
cell, enables the observer to follow nano-objects under gas and at temperature in situ
in the microscope.
The pioneering work was carried out by Ernst Ruska and Max Knoll, who invented
the electron microscope in 1931.23 The breakthrough came with the use of non-round
lenses, a principle which were first suggested by Scherzer in 1947.24 Hashimoto and
Kaiki25 designed and developed the first gas reaction specimen chamber based on the
differential pumping concepts that are used in today’s ETEMs. A chamber of this
design was used by Baker and co-workers in the 1970s26 who primarily investigated
particle mobility27,28 and carbon filament growth in supported metal catalysts29 . In
the 90’s this set-up was redesigned by Boyes and Gai30 to become an integrated part
of the microscope column to increase stability and thereby resolution, where they
demonstrated a point resolution of 0.23 nm in a gaseous atmosphere. In 1999, the
in situ TEM at Haldor Topsøe A/S was installed with a resolution limit of ∼0.14
nm, which is capable of resolving the atomic lattice of transition metals of catalytic
interest. The design of the in situ TEM at Topsøe is based on the differential pumping
design of Boyes and Gai.30 In 2008, the in situ TEM at DTU Nanolab (former DTU
Cen) was installed. This is the microscope used during this thesis.

2.3.1 The Microscope System
Before describing the environmental microscope (or ETEM) in more details, it is
useful to make some general statements about recent technical improvements of the
’conventional’, i.e. high vacuum, transmission electron microscopes.
2.3.1.1 Aberration Correction

The idea to correct aberrations of lenses was first suggested by Scherzer in 194724 and
way suggested by Rose in 1990 to use double hexapole correctors.31 and realized by
a group consisting of Rose, Haider and Urban. The breakthrough in resolution was
achieved in 2003 with a quadrupole–octupole corrector.32
The resolution of the TEM can be dramatically improved by correction of aberrations
of lenses to compensate different aberrations, such as 2-fold astigmatism, spherical
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aberration, axial coma and even aberrations of higher orders. There are two types of
correctors, an image C S -corrector, for correction of aberrations of the objective lens,
where the resolution is improved in the high-resolution TEM mode and a probe C C corrector, for correction chromatic aberrations installed at the illumination condenser
lens system, where the probe size is minimized and the resolution is improved in
STEM mode.
There are several techniques for correction of aberrations including image correlations,
evaluation of reconstructed wave functions and diffractogram analysis. The later
method, also called Zemlin tableau, is the one used at DTU Nanolab, where a series
of diffractograms acquired by different tilting angles around the optical axis.
The image corrector and probe corrector consist of a series of dipole and hexapole electromagnetic lenses, which stretch the electron probe or beam in different directions,
thus counteracting the aberrations from the electromagnetic lenses by introducing
the same aberration with opposite sign.

2.3.1.2 3 Condenser System

Furthermore, additional technical improvements in TEMs are using a 3 condenser lens
system. Although two lenses can achieve similar illumination, most new microscopes
consist of a triple condenser arrangement. As the aberrations in electron lenses scale
with their focal length, using three combined lenses of short focal length yields a
better imaging quality in comparison to the use of two lenses, i.e. two lenses would
need a much longer focal length. The additional lens also allows better control over
parameters such as the beam current, the convergence angle and the probe size. A
three-condenser lens system can be operated with the third condenser C3 lens switched
off, it operates as a conventional two-condenser lens system.
In a three-lens condenser system, the condenser system operates as a double zoomsystem, where the C1 -C2 zoom-system determines the spot-size of the beam and the
C2 -C3 zoom system changes the beam diameter on the screen in TEM mode and the
convergence angle in STEM mode.

2.3.1.3 Fast Cameras

In recent years, digital cameras have almost replaced other recording media for conventional HRTEM and diffraction imaging modes. An additional improvement is in
progress with the achievement of fast and sensitive optimized-CMOS and/or direct
detection devices (DDD) since roughly the beginning of the 21st century. Contrarily
to traditional digital cameras using a scintillator to convert electrons into photons,
DDDs detect directly the incoming electrons, which thus offer a much better sensitivity, signal-to-noise ratio and resolution.
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Today, there are several cameras available on the market from several manufacturers,
like the FalconTM series from FEI, the K2TM and K3TM from Gatan, the DETM series
from Direct Electron and pn-CCDs from PNSensor. Due to their high sensitivities,
they have acquisition times as short as microseconds, depending upon their binning
capabilities. A slightly older optimized CMOS-based camera of the last generation,
which exhibits a very good performance and have 25 frames per second (fps) acquisition rates in 4Kx4K format and 300 FPS in 512x512 in the OneView camera from
Gatan. Its high sensitivity allows to capture images with a reasonable signal-to-noise
ratio (SNR), but in very short exposure times of the order of a few milliseconds. This
is of a great interest when observing beam sensitive samples and when capturing
dynamic processes.

2.3.2 HRTEM Imaging
High-resolution information in TEM images is the result of phase changes imposed in
the electron wave as it traverse through the sample. This affects the phase contrast
in the images, which provides the foundation for imaging in high-resolution (atomic
columns and lattices). To interpret the phase contrast in an image at high spatial
frequencies, a description if the interaction between in the incoming electron wave
and the sample is needed.
The microscope transfers each point of the sample into an extended region. Since
each point can be different, the sample can be described by a specimen function f (⃗r ).
The process of contrast transfer in real space is called the point-spread function and
is described by h(⃗r ). The image formation can be expressed as the convolution of
functions f (⃗r ) and h(⃗r ) and denoted as g(⃗r ).
∫
g(⃗r ) = f (⃗r ′ )h(⃗r − ⃗r ′ )d⃗r ′ = f (⃗r ) ⊗ h(⃗r − ⃗r ′ ).
(2.19)
The convolution in real space is complicated and can conveniently be represented
in reciprocal space, where the convolution is expressed by a simple multiplication.
According to the Fourier transform, each function can be represented as a sum of
harmonic functions and the image function g(⃗r) can be rewritten as:
g(⃗r ) =

∑

G(⃗u )ei⃗u⃗r

(2.20)

u

where ⃗u is the reciprocal lattice vector, or the spatial frequency for a particular
direction. Higher values of |g| correspond to higher spatial frequencies and smaller real
space distances. The new function G(⃗u) is a representation of g(⃗r), but in reciprocal
space. Similar for the other functions is F (⃗g ), the Fourier transform of the sample
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and H(⃗u) is the Fourier transform of the PSF. The real-space convolution is replaced
by simple multiplication in Fourier-space. So G(⃗u) is written as:
G(⃗u ) = F (⃗u )H(⃗u ).

(2.21)

H(⃗g ) is the contrast transfer function that shows how the contrast is transferred
through the microscope. And is described by three separate contributions:
H(⃗u ) = A(⃗u )E(⃗u )B(⃗u )

(2.22)

where A(⃗u ) is the aperture function, describing the spatial frequency cut-off by a
possible objective aperture. E(⃗u ) is the envelope function, describing the attenuation
of the wave at high frequencies. It also acts as a frequency cut-off, based on the
properties of the electron source and objective lens. B(⃗u ) is the aberration function,
which describes the effect of the objective lens on the transmitted wave as:
B(⃗u ) = e−iχ(⃗u ) .

(2.23)

For a microscope without an aberration correcter, χ(⃗u) only depends on defocus and
spherical aberration. Spherical aberration is an inherent property of round electromagnetic lenses, which means that focus depends on the scattering angle. As both
defocus and spherical aberration are rotationally symmetric, ⃗u can be reduced to a
scalar, u, so the one-dimensional aberration function, χ(u) is expressed as:
χ(u) = π∆f λu2 +

π
Cs λ3 u4
2

(2.24)

where ∆f is defocus of the objective lens, λ is the wavelength, Cs is the spherical
aberration coefficient and u is the spatial frequency.
It then becomes important, how the sample is described and how it effects the phase
of the transferred wave function. Electrons exciting the sample are described by a
general model to represent the specimen function, f (⃗r ):
f (⃗r ) = A(⃗r )e−iϕt (⃗r ) .

(2.25)

The incident wave amplitude is set to unity, so the phase change only depends on the
potential, V, the electron sees as it passes through the sample. When assuming a thin
sample, the potential can be replaced with the projected potential by integrating over
sample thickness. The sample transfer function now consist of the projected potential
and a term for absorption in the sample, u(⃗r ):
f (⃗r ) = eiσVt (⃗r )−u(⃗r )

(2.26)

where σ is the interaction constant, which depends on the energy of the primary
electrons, Vt (x, y) is the projected potential within the sample of thickness t.
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If the sample is sufficiently thin, no absorption is assumed, which is called the phase
object approximation (POA). For very thin samples, the exponential function is expanded, ignoring higher order terms, and the approximation is then called the weakphase-object approximation (WPOA). Where the amplitude of the transferred wave
depends linearly on the projected potential and the sample transfer function is simplified to:
f (⃗r ) = 1 − iσVt (⃗r ).
(2.27)
It is possible to rewrite Eq. 2.19 within WPOA, so that the wave function seen in
the image is given by:
Ψ(⃗r ) = (−iσVt (⃗r )) ⊗ h(⃗r ).
(2.28)
The intensity of the wave function is given by:
I = ψψ ∗ = |Ψ|2

(2.29)

Only the imaginary part of B(⃗u ) contributes, so that H(⃗u ) (Eq. 2.22) is redefined
as the intensity transfer function, T (⃗u ):
T (⃗u ) = A(⃗u )E(⃗u )2 sin(χ(⃗u )).

(2.30)

Within the WPOA, the aperture and envelope functions can be ignored and the intensity transfer function T (⃗u ) ∼CTF can be represented by sin(χ(⃗u )), which describes
how the contrast is represented in the image. At negative values, the CTF returns
a negative phase contrast that image the atoms dark on a bright background. Similarly, at positive values, the CTF returns a positive phase contrast imaging bright
atoms on a dark background. Therefore, when interpreting contrast in images, it
has to be done with great care, when resolution is between the point resolution and
the information limit. The point resolution is defined as the first crossover with the
x-axis and refers to the minimum separation between two adjacent points, while the
information limit is the limit after which there is no longer any contrast, illustrated
in Fig. 2.9.
CTF of a Tecnai T20 is plotted with an accelerating voltage of 200 kV, Cs = 1 mm and
a defocus of -58 nm, which is the extended Scherzer defocus. In addition, the CTF of
an image-corrected Titan is plotted with an accelerating voltage of 300 kV, CS = -10
µm and a defocus of -5 nm. Both with CC = 1.4 mm, energy spread of 0.6 eV, HT
instability of 1 ppm and convergence angle of 0.3 mrad. For an aberration-corrected
TEM, the point resolution and information limit is at the same position.
Different factors contribute to the CTF. One of them is the damping envelope or
attenuation of the wave. These envelopes damping the contrast transfer function
result in the effective transfer function:
Tef f (⃗u ) = T (⃗u )EC (⃗u )ES (⃗u )

(2.31)
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Figure 2.9: CTF of a Tecnai is plotted (blue) with HT = 200 kV, Cs = 1 mm and
a defocus of -58 nm and the CTF of an aberration-corrected Titan is plotted (green)
with HT = 300 kV, CS = -10 µm and a defocus of -5 nm. Both with CC = 1.4 mm,
energy spread of 0.6 eV, HT instability of 1 ppm and convergence angle of 0.3 mrad.
The point resolutions and information limits of the two microscopes are indicated.

where the most important contributions to the envelope damping are the temporal
aberration envelope, EC , and the spatial coherence envelope, ES . The spatial coherence is defined by the convergence angle.
]
[ ( )
)2
πα 2 (
CS λ3 u3 + ∆f λu
(2.32)
ES = exp −
λ
where α is the convergence angle. The temporal coherence is defined by the chromatic
aberration (CC ), energy spread and high-tension ripple.
]
[
1
2 4
(2.33)
EC = exp − (πλδ) u
2
where δ is the defocus spread:
√ (
δ = Cc
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is is instabilities in the objective

is the energy spread of the electron gun.

Optimizing the CTF can be achieved by balancing a negative defocus against the
spherical aberration of the microscope, which leads to the extended Scherzer defocus:
√
4
Cs λ.
(2.35)
∆fSch = −
3
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At this defocus, the point resolution is moved to the highest possible spatial frequency
for what the microscope can perform, returning an almost constant contrast up until
a resolution of
√
3 14 3
rp =
Cs λ 4 .
(2.36)
4

2.3.3 Environmental Transmission Electron Microscopy
In order to achieve in situ conditions resembling them in a chemical reactor, modifications are necessary, either by implementing the principle of differential pumping
apertures30 or by using a closed gas-cell. First, considering the differential pumping
approach by looking at the Titan E-cell instrument used at DTU Nanolab (former
DTU Cen), see Fig. 2.10.

Figure 2.10: Schematic diagram of a differentially pumped TEM column. From top
to bottom: field emission gun (FEG), ion getter pump (IGP), condenser apertures
C1, C2 and C3, turbomolecular pump (TMP), residual gas analyzer (RGA), plasma
cleaner (PC), selected area aperture (SA) in a FEI Titan environmental transmission
electron microscope (ETEM) (From Hansen, T. W. et al.33 ).
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The concept is to differentially evacuate the individual stages of the microscope column, which are separated by pressure-limiting apertures using both turbomolucular
and ion getter pumps, TMP and IGP, respectively. The sample area is defined as the
volume between the objective lens pole pieces (5.2 nm), called an environmental cell
(E-cell). The gas is introduced into the E-cell through a needle valve and confined to
the region around the sample by restricting the gas flow above and below the sample.
The gas diffuses out through the apertures and into the first vacuum stage, which
is pumped by a TMP mounted just above the in situ aperture, pumping down the
column to approx. 10-3 mbar. The second vacuum stage is pumped by an additional
TMP, mounted at the second conder lenses. The third vacuum stage is pumped by an
IGP, mounted just above the first condenser lens. The IGP evacuates the column to
approx. 10-8 mbar. The differential pumping system keeps the FEG electron source
at UHV.
The differential pumped system have an operational pressure range from vacuum to
approx. 20 mbar in the E-cell, depending on the gas. As the gas is introduced into
the E-cell, the atomic density increases resulting in an increase of electron scattering.
The atomic density of a solid is around 1000 times that of an ideal gas at 1 bar, so at 1
mbar, the density is around 10-6 times that of a solid. Meaning 5.2 mm gas at 1 mbar
contains roughly the same number of atoms as 5 nm solid and at 20 mbar this has
increased to 100 nm. At these pressures, the thickness approach a size equivalent to
the sample. Even if it was possible to maintain a high resolution at these pressures,34
the resolution will in the end be limited by the gas phase. Together with a finite
pumping capacity of the pumps and ionising of the gases (formation of plasma), the
differential pumped TEM is limited to pressures in the mbar regime, since the height
of the pole piece gas must remain several mm in order for the sample to fit. This is,
however, not a limitation for closed cell systems.

2.3.4 Sample Holders
As mentioned above, to approach in situ conditions resembling them in a chemical
reactor one can either use a modified TEM with differential pumping apertures, to
introduce a gaseous environment into the TEM combined with a heating holder, or
by using a closed gas-cell. Today, there are many different types of holders commercially available for various applications, from manufactures such as DENSsolutions,
Protochips and Hummingbird etc, and the holders used during this work are from
DENSsolution, which are investigated more thoroughly in Chapter 4.

2.3.4.1 Heating Holder

In older generations of TEM heating holders, used since the 1960,35 the heating stage
was usually integrated into part of the holder, based on a mini-furnace holding the
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sample directly. The temperature was measured by an embedded thermocouple and
cooling water was used to prevent heating the rest of the holder and to reduce sample
drift. However, the total thermal expansion effect resulted in severe sample drift
when changing the temperature.
High temperature stability and low sample drift are imperative to achieve highresolution TEM. Therefore, modern TEM heating holders are based on MEMS (Micro
Electro Mechanical System) technology, which use an integrated circuit to produce
localized resistive heating directly on the support, minimizing the distance from the
heating filament and the sample, only heating a small region.

2.3.4.2 Gas Holder

The introduction of gases in closed gas-cells has expanded the capabilities of in situ
TEM. The challenge of the ETEM is to maintain a high vacuum in the TEM column
when introducing gases into the sample area. It consists of a nano-sized reactor
confining the reaction volume of the sample by electron-transparent windows, allowing
the gas to be introduced and sealed within a tiny space, and separated from the rest
of the TEM column. The resulting reaction volume is much smaller than in an ETEM
configuration, where the sample to reaction volume is much smaller.
The benefit of using a dedicated closed gas-cell holder, is to avoid the modifications
of the microscope, since commercial holders can be used in any standard microscope.
The closed gas-cell also allows much higher pressure, up to atmospheric pressure
compared to the dedicated ETEM, which has a pressure in the mbar range. The
disadvantage of using closed gas-cells, is that they achieve a poorer spatial resolution
compared to an ETEM, since the beam interacts with the top and bottom membranes,
which seal the nano-reactor.

2.3.5 Image Processing
All images were processed using Gatan Digital Micrograph software or ImageJ/Fiji.
This includes distance measurement and feature identification. Some images were
contrast adjusted for display, however, quantitative analysis was only performed on
raw, non-adjusted images. In order to count particles, a pixel value threshold was set
to include the relevant regions of interest and then the ‘Analyze particles’ command
was used to count them. This was also used to determine the size of the particles,
whereby the area of the region selected was also measured. For determining the size
of the diameter, spherical particles were assumed for calculation.
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2.4 X-ray Powder Diffraction
X-ray powder diffraction is a non-destructive technique, used to identify crystalline
phases, to analyze the crystal structure of materials and to get an indication of the
crystallite size.
William Morgan was the first researcher to report X-rays in 1785. He described the
characteristics of an early version of the X-ray tube,36 although he was unaware that
it was X-rays. Instead, the discovery of X-rays is credited to the German physicist
Wilhem Conrad Röntgen, who characterized the first X-rays in 1895.37 Since then,
X-rays have been widely exploited. In 1912, Max von Laue and colleagues proved
experimentally that crystals were able to diffract X-rays.38 He postulated the wave
motion of X-rays and the existence of periodic structures in crystalline materials. For
diffraction to take place, the X-ray wave scattered by a three-dimensional crystal (considering scattering centres situated at the lattice points) all three following equations
must be simultaneously satisfied:
a (cos(θ1 ) − cos(θ2 )) = hλ
b (cos(θ3 ) − cos(θ4 )) = kλ

(2.37)

c (cos(θ5 ) − cos(θ6 )) = lλ
where a, b and c are the dimensions of the unit cell. Although von Laue’s method was
correct, it was difficult to utilize since many of the parameters in the experiment were
unknown. Later that year, William Lawrence Bragg and his father, Sir William Henry
Bragg, conceived a mathematically expression39 that relates the distance between
crystal planes to the X-ray diffraction angle and the X-ray wavelength, generalizing
von Laue laws, providing a simpler method to interpret diffraction experiments, see
Eq. 2.38. They considered waves scattering from adjacent planes, and when the
distance between these planes equals an integer multiple of wavelengths, the wave
remains in phase upon scattering, causing constructive interference.
2d sin (θ) = nλ

(2.38)

where d is the interplaner distance, θ is the incident/scattering angle, n is the order
of reflection and λ is the wavelength of the incident X-rays beam. A representation of
constructive interference of incident waves that are scattered from two crystal lattice
planes is shown in Fig. 2.11.

2.4.1 X-ray Powder Diffraction
So far, only single infinite crystals have been considered. But due to our sample we
need to expand to powder diffraction, which was discovered by Paul Scherrer and his
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Figure 2.11: An incident plane wave is scattered on two lattice planes a distance d
apart. The scattered plane waves interfere constructively into specific angles θ that
fulfil Bragg’s law.

PhD supervisor, Peter Debye, in 1916 in Germany,40–42 and by Albert W. Hull in
United States,43 independently.
Where a single crystal leads to diffractions spots, a crystalline powder sample, which
consist of a multitude of crystals randomly orientated with all possible orientations
simultaneously present, leads to diffraction in cones at different angles corresponding
to the possible Bragg angles. Because of the rotational symmetry around the incident
X-ray beam, the diffracted beam forms a cone of half-apex angle 2θ. Projecting these
cones onto a 2D screen, they will form circles, see Fig 2.12a. A punctual detector
intercepts every circle and allows the visualization of a graph representing the intensity
of every solution as a function of the angle, see Fig. 2.12b.

Intensity [a.u.]

Hematite

25
(a) 2D Diffraction Pattern

30
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(b) 1D Diffraction Pattern

Figure 2.12: Schematic representation of a) 2D diffraction pattern and b) 1D diffraction pattern of hematite.
The peak positions depend on the specimen’s Bravais lattice, whereas intensities are
related to the symmetry and crystalline structure. The shape and width of the peak
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depend strongly on experimental conditions and can reveal intrinsic properties of the
sample, such as crystallites average size and strain effects.

2.4.2 Experimental Setup
The experimental in situ XRD setup is the Bragg-Brentano configuration, see illustration of main components in Fig. 2.13, where the X-ray tube and the detector
are mounted in a goniometer setup with the sample in the centre of the goniometer
axis. Both the incident beam and detector are moved in an arc across the diffraction
cones, capturing a small slice of the rings. By using a divergent X-ray beam without
monochromatization or parallelization it becomes possible to avoid the big loss of
intensity connected with such a beam configuration.

Figure 2.13: An illustration of the applied Bragg-Brentano XRD configuration of
the experimental setup (From Bjørnlund, A.44 ).

The heart of this setup is the Anton Paar in situ cell (APC). The APC replaces the
movable table in the XRD setup and the sample is placed inside the oven. Next
to this, is a thermocouple to monitor and control the temperature, which have a
maximum heating rate of 40°C/min.
The inner area has a volume of 0.5 L and the gas inflow goes into this volume. The
gas outlet goes via the sample through the ceramic tube, where it is led to the outlet
pressure controller after having passed a capillary or sniffer channel leading to the
mass spectrometer (MS). This very thin capillary has a large pressure drop and when
operating at 1 bar, the pressure inside the mass spec is ∼10−6 mbar. The gas outlet
is connected to a vacuum pump which allows for complete evacuation of the system.
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2.4.2.1 Components

X-ray Source
X-rays are generated by an X-ray tube, in this case with a copper anode. A current
of accelerated electrons from a filament is sent into the copper anode, where electrons
are being knocked out leaving electron holes behind. When electrons from outer shells
replace the vacancy, photons of specific energy are sent out, mainly CuKα and CuKβ
with wavelength of 1.54 Å and 1.39 Å, respectively. To maintain monochromated
radiation, a nickel filter is used to remove the CuKβ contribution.
Sample
In the case of in situ XRD experiments, a special sample holder is used, called an
Anton Paar (XRK 900) cell, where the sample is placed. It consist of a ceramic tube
and sample bed, which is placed between the source and detector and is irradiated
with X-rays generated by the copper source. To get the correct angles, it is important
that the height is correctly adjusted.
Detector
The detector is a 1D line PANalytical PIXcel detector, that measures over a range
of angles, simultaneously, and counts incoming photons. The 1D line detector corresponds to a 2D (pixel) detector, where all pixels across the detector are binned into
lines. At each line, the signal is detected at a certain angle and when the line detector
is continuously moved at a constant speed, every angle will be measured by every
line.

2.4.3 Different Approaches
The crystallite size and strain can be determined from the X-ray diffraction pattern
as each intensity maximum (called line profile or peak) represents an average over
the material. There are several line profile analysis methods, where a few will be
summarized here. However, main focus is on the Rietveld refinement method, as this
is the method used further in this thesis.
The first step towards the determination of crystallite size from X-ray line profile
analysis was made by Paul Scherrer in 1918.45 He reported that the line broadening
varies inversely with the size of the crystallites according to the Scherrer equation:
D=

Kλ
β cos (θ)

(2.39)

where D is the crystallite size, K is the shape factor, also known as the Scherrer
constant, λ is the wavelength and β is the peak width at half maximum, which
contains both a sample and an instrumental contribution. It is important to note
from Eq. 2.39, that lattice strain effect, which also contributes to the broadening, is
not considered in the Scherrer equation.
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In order to include strain effect, Williamson and Hall developed a method in 194946
where they assumed that peak-broadening due to crystalline size and lattice strain
could be separated and suggested that the total broadening is given by β = βD + βS .
Where βD is the size broadening measured by the Scherrer equation (Eq. 2.39) and
βS is the strain induced broadening arising from crystal imperfection and distortion,
which can be expressed as βS = 4ε tan (θ). By rearranging the above equation, the
following equation is given
β cos(θ) = 4ε sin(θ) +

Kλ
D

(2.40)

By plotting β cos(θ) against 4 sin(θ) we get the reciprocal of the crystallite size as the
intercept and strain, due to lattice deformation, can be calculated from the slope of
the Williamson–Hall plot. von Laue realized the limitations of using the FWHM as a
measure of line broadening and introduced the general form of the integral breadth,
where he took the area under the peak divided by the intensity at maximum.47 Still,
diffraction phenomena that could not be interpreted in terms of crystallite size were
increasingly reported.
Simultaneously, Warren and Averback developed a method in 1949,48 based on the
deconvolution Fourier transform method, also known as the Stokes method,49 for separating the contributions from crystallite size and microstrain. Warren and Averback
assumed that the Fourier coefficients of the line profile are the product size and the
strain (distortion), A = AS AD . The Fourier transform of this equations is:
( )
ln(A(L)) = ln ASL − 2π 2 L2 g 2 ⟨ε2 ⟩
(2.41)
where L is the Fourier length, A(L) are the absolute values of the Fourier coefficients
of the physical profile, ASL is the size Fourier coefficients, g is the absolute value of the
diffraction vector and ⟨ε2 ⟩ is the mean square strain. By plotting ln(A(L)) against g 2
for different L values, we get the natural logarithm of crystallite size, ln(ASL ), as the
intercept and a single constant value for the mean square strain as the slope in the
Fourier method. However, experimental work has shown that the mean square strain
is never a constant, neither as a function of L nor as a function of g, which means
that this is not the best model of strain.
The main disadvantages of both of the methods mentioned above, are that they fail
to decompose overlapping reflections at the same Bragg angle (intrinsic overlapping),
which is overcome in the Rietveld method (described in more details in the following
section 2.4.4.2).

2.4.4 Data Treatment
First of all, it is necessary to have previous knowledge of the sample, since XRD
gives no elemental information, it only probes distances in the crystal. That said,
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different crystal types look very different in XRD and so it is a powerfull tool for
phase recognition.
The analysis and interpretation of the XRD data will be divided into two categories:
Fingerprinting, which is the determination of crystal structure based on a reference
or simulated pattern and the Rietveld refinement, which is a fit of the pattern to one
of more crystal structures. Since this method was used extensively when supervising
individual projects, the influencing parameters will be presented.

2.4.4.1 Fingerprinting

Fingerprinting rely on the position of the peaks and the relative intensity between the
peaks, which is then compared to a reference. The reference is either a measurement
from a database or a diffraction pattern calculated, based on a crystal structure found
in a database or in literature. During this thesis, the Inorganic Crystal Structure
Database (ICSD) was used extensively.50 A given crystal structure is downloaded as
a structure information file (.cif) and a powder pattern is simulated in Python with
the open-source libraries Pymagten and Xrayutilities.

2.4.4.2 Rietveldt Refinement

The final treatment of the data is the full pattern fit by Rietveld refinement, which
was carried out in TOPAS. Basically, a pattern is calculated based on the measured
diffraction peaks and assigned to known crystal structures. This is the premise for
the refinement and the pattern is iteratively optimized, until the best fit is found.
The lattice parameters of the structure can then be varied in addition with the peak
shape parameters in order to fit the best pattern possible.
The Rietveld method, introduced by Hugo. M. Rietveld in 1969,51 is a total pattern
fitting method where all observable Bragg reflections are assigned to known crystal
structures. Then a theoretical pattern is simulated and compared with the measured pattern and optimized with least squares method, iteratively. Subsequently, a
refinement is carried out, until the best fit is obtained between the observed and simulated pattern. To simulate the diffraction pattern, this method needs two models:
a structural model based on the approximate atomic positions of the materials and
a non-structural model, which take care of the instrumental features and specimen
features, such as aberrations due to absorption, specimen displacement, crystallite
size and microstrain effects.
Iiobs is the observed (measured) intensity, Iicalc is the calculated (simulated) intensity,
Iibg is the background intensity, all measured at diffraction angle 2θ, and wi is the
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weights. Then the idea is to minimize
)2
∑ (
min
wi Iiobs − Iicalc − Iibg

(2.42)

i

The approximation for the diffraction pattern is given by the following equation:
Ijcalc =

∑
Φ

SΦ

N
∑

mj |Fj |2 LPj Pj ξΦij Aj

(2.43)

j=1

where Φ represents a phase, N is the total number of reflections (planes) for that
phase, j represents a single plane, SΦ is the scaling vector of phase Φ, mj is the
multiplicity of reflection j, where the multiplicity factor is the number of planes with
the same diffraction angle. Fj is the structure factor, which is the most significant
contribution to the intensity. LPj is the Lorentz and polarization factors that account
for the geometry of the diffraction and the partial polarization of the scattered X-rays.
Pj is the preferred orientation vector, and can change the relative intensities of the
reflections, whenever a preferred plane is present, otherwise this factor is just one.
ξΦij is the peak shape function of the Bragg peaks, which gives the intensity for each
plane j of phase Φ at the angle 2θ. Lastly, Aj is the asymmetry factor that is used
to introduce asymmetry in the peak shapes. All these factors will now be discussed
in more detail.
Scale Factor
The scale factor, SΦ , is considered constant for each phase, as long as it is measured
under nearly identical conditions and is suitable for the entire diffraction pattern.
For comparison, the observed intensity is normalized with respect to the calculated
intensity using the scale factor
Multiplicity Factor
The multiplicity factor, mj , is a function of lattice symmetry with a combination
of Miller indices, relating the number of planes with the same interplanar distances.
Where negative Miller indices result in the same distance as their corresponding
positive values. As the distance between these planes correspond to the diffraction
angle, multiple planes have the same Bragg angle. For a group of planes with same
diffraction angle, only the reflection of one plane is calculated and then multiplied
with the number of planes with the same diffraction angle, that is, by the multiplicity
factor.
Structure Factor
The structure factor, Fj , is responsible for the reflections due to the scattering of
X-rays by the atoms in the crystal structure. Therefore, the crystal structure has
a large influence on the structure factor. The positions of the atoms in the unit
cell determine the magnitude of the reflection of each plane. Furthermore, the atom
weight affects the scattering rate of the X-rays and the temperature influences the
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vibration of the atoms around their position. All these effects are represented in the
structure factor.52 The equation for the structure factor:
Fj =

N∑
atoms

νq Tq (s)fq (s)e2πi(hxq +kyq +lzq )

(2.44)

q=1

where i is the imaginary unit and the sum is taken over all the atoms in the unit cell
where s = sin(θ)/λ.
The site occupation number, νq , is defined as the fraction of occupied symmetrical
positions in the unit cell. If all of the symmetrical positions in the unit cell are filled,
then the site occupation number is one. If none of the positions are filled, then the
number is zero. As the crystal contains many unit cells and what is measured is
the contribution from all, the modelled unit cell is an average. When only some of
the positions are filled, the corresponding site in an average unit cell only contains a
fraction (0 < νq < 1) of the jth atom.
For X-rays, the magnitude of scattering increases with atomic number. Meaning, the
scattering factor, fq (s), depends on the radial distribution of the electrons around the
nucleus. It is normalized to the scattering ability of a single electron,52 approximated
as:
4
∑
2
aq,k e−bq,k s + cq
fq (s) =
(2.45)
k=1

where the aq,k , bq,k and cq are constants that are dependent on the atom types which
are known for most atoms. They are accessible in various databases and implemented
in most software.
Atoms continuously vibrate around their equilibrium position due to thermal effects.
Even though temperature is the main reason for atomic vibrations or displacement,
it is, however, not the only reason. Therefore, the temperature factor, Tq (s), is also
called the atomic displacement factor, as the thermal effects are indistinguishable
from effects causing displacements of the atoms. To account for the oscillations, the
temperature factor is incorporated in the structure factor, since the vibrations are
different for each atom and each position. The simplest form to account for the
displacement is by the following function:52
Tq (s) = e−Bq s

2

(2.46)

where Bq is the displacement parameter of the qth atom.
Lorentz-Polarization Factor
The Lorentz-polarization factor consists of two components: the Lorentz factor and
the polarization factor, both functions of the diffraction angle θ. The Lorentz factor
accounts for the finite size of the reciprocal lattice points and the thickness of the
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Ewald’s sphere. The polarization factor is due to the variable radii of the Debye rings.
Combining these result in the following equation:52
L=

1
.
cos(θ) sin2 (θ)

(2.47)

All constants are ignored, as they assigned to the scale factor. The polarization factor
is a result from the partial polarization of the electromagnetic X-rays after scattering.
The partially polarized beam can be decomposed into a parallel and perpendicular
contribution with respect to the goniometric axis. The diffracted intensity is proportional to the square of the amplitude. The squared amplitudes are proportional
to 1 for the parallel contribution and cos2 (2θ) for the perpendicular contribution.
Together, they form the polarization factor:52
P =

1 + cos2 (2θ)
.
2

(2.48)

When using a monochromator, additional polarization is introduced, resulting in the
following polarization factor:
P =

1 − K + K cos2 (2θmono ) cos2 (2θ)
2

(2.49)

where 2θmono is the Bragg angle of the reflection of the monochromator and K is the
fractional polarization of the beam.52 Combining the Lorentz and polarization factor
gives:

1 + cos2 (2θ)


,
No monochromator

2
LPj = 2 sin (θ) cos(θ)2
(2.50)
2
1 − K + K cos (2θmono ) cos (2θ)


,
With
monochromator

2 sin2 (θ) cos(θ)
Peak Shape Function
The shape of the Bragg peaks can differ both in width and height for each component,
even multiple peaks of the same component can differ in shape. One of the parameters
to describe the shape of a peak is the full width at half maximum (FWHM), which
is denoted H. This is a measure for the width of the peaks at half of the maximal
height, which usually is a function of θ. This function is different for other peak
shapes. Originally, peaks were assumed to be Gaussian functions:
√
4 ln(2)
(2θi −2θj )2
2
4 ln(2) 1 − HG,j
√ e
Gaussian : ξij =
(2.51)
HG,j
π
where HG,j is the FWHM of the jth reflection, 2θi is the measured angle and 2θj is
the angle of the jth reflection. The FWHM is given by the function:
√
HG,j = U tan2 (θ) + V tan(θ) + W
(2.52)
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where U, V and W are parameters to be optimized. Although a Gaussian was a good
first approximation, the tails were too narrow. Therefore, in later approximations, a
Lorentzian was added:
(
)−1
2
4
2
Lorentzian : ξij =
· 1+
(2θi − 2θj )
(2.53)
πHL,j
HL,j
where
HL,j =

X
+ Y tan(θj )
cos(θj )

(2.54)

where X and Y are parameters to be optimized. The combination of a Gaussian and
a Lorentzian is called the Pseudo-Voigt function and is a linear combination:
P seudo − V oigt : ξij = η · Lorentzian + (1 − η) · Gaussian,

η ∈ [0, 1]

(2.55)

where η is a function of the angle θ and is defined as:
ηj = η0 + η2 2θj + η2 (2θj )

2

(2.56)

where η1 , η2 and η3 are parameters to be optimized. The Pseudo-Voigt function has
a total of eight parameters that have to be optimized for each component.
Another possibility to approximate the peak shapes is the Pearson function.52 This
is similar to the Lorentzian, but the exponent varies:
Γ(ζ)
P earson : ξij =
Γ(ζ − 0.5)

√

4(21/ζ − 1)
HG,j

(

4(22/ζ − 1)
1+
(2θi − 2θj )2
HG,j

)−ζ
(2.57)

The gamma function is needed to normalize the function. For ζ = 1, this is equal
to the Lorentzian, for ζ ≈ 10 this is similar to a Gaussian. The coefficient ζ also
depends on θ and is given by the function:
ζj = ζ0 + ζ2 (2θj )−1 + ζ2 (2θj )

−2

(2.58)

where ζ1 , ζ2 and ζ3 are parameters to be optimized. The Pearson function has a total
of six variables. All four peak shapes are shown in Fig. 2.14 as an illustration of their
relations between width and height.
Preferred Orientation
A crystal might have a preferred growing direction (plane), due to this direction is
energetically more favourable. Preferred orientation of one plane will change the
mutual ratio between the peaks, explaining why some peaks might disappear in the
observed diffraction pattern, while others become stronger.
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Figure 2.14: Different peak shapes for the approximation of a Bragg peak.

To account for the effect of the preferred orientation of one plane on the intensity of a
peak, the angle between a preferred plane and an additional plane is needed, ωj is the
angle between a preferred plane p1 = (h1 , k1 , l1 ) and another plane pj = (hj , kj , lj ).
Since the angle between two planes is equal to the angle between their normal vectors,
the angle ωj can be calculated by:
cos(ωj ) =

p⃗1
p⃗j
×
∥ p⃗1 ∥ ∥ p⃗j ∥

(2.59)

With the angle between the two planes, a function that translates these angles to a
factor is all that is needed. In the beginning, Rietveld used a Gaussian to explain the
effect of the preferred orientation with a free parameter G that has to be optimized
for each diffraction pattern:
2
Pj = e−Gωj
(2.60)
Later, an alternative function was suggested by Dollase:53
(
Pj =

sin2 (ωj )
G2 cos2 (ωj ) +
G

)− 32

(2.61)

When G is smaller than one, the plane is preferred and when G is larger than one,
the plane is avoided. These equations describe the effect of the preferred plane p1 on
another plane. As a Bragg peak usually consists of reflections of multiple planes, the
effect of a preferred plane on the rest of the planes contributing to the peak, must
be calculated in order to determine, how much the intensity of the peak will change.
Due to the random orientation of particles in a powder, this affect is absent.
Absorption Factor
When a beam of X-ray photons interacts with a material, the incident intensity I is
decreased by an amount, determined by the absorption characteristics of the material

2.4 X-ray Powder Diffraction

43

being irradiated. For a penetration depth dx of the radiation through the material, the
decrease dI is given by: dI = −µ(E)Idx where the linear absorption coefficient µ(E)
is a function of the photon energy. Integrating over the total thickness x yields the
known Lambert-Beer’s law; It = I0 exp(−µ(E)x) where the intensity of the incident
and transmitted beam are related, when passing through a material of finite thickness.
If the incident beam is scattered by an infinitesimal volume dV of a flat sample in
reflection geometry, the total path of the incident and scattered beam is; l = xI + xS .
To get the absorption it becomes necessary to integrate
over the entire volume of the
∫
specimen that contributes to scattering: A = V1 exp(−µef f l)dV , where µef f is the
effective linear absorption coefficient to account for lower density and packed powder,
where µ is the linear absorption coefficient for bulk.
The biggest challenge when applying absorption correction comes from the unknown
µef f . When using a powder sample, µef f is difficult to determine without measuring
the density, which varies as a function of depth. This is known as the porosity
effect, and for the Bragg-Brentano geometry, the absorption correction can take two
approaches. The first was suggested by Pitschke et al.54
(
)
1 − a1 1/sin(θ) − a2 /sin2 (θ)
A=
.
(2.62)
1 − a1 (a − a2 )
The second was suggested by Suortti et al.55
A=

a1 + (1 − a1 ) exp(−a2 /sin(θ))
a1 + (1 − a1 ) exp(−a2 )

(2.63)

where a1 and a2 are two variables that can be refined. Both approximations account
for other effects that distort intensity, e.g. structural parameters. Therefore. these
corrections should be used with care.
Weighted Profile
As the Rietveld refinement depends on finding the best fit between an experimental
and calculated diffraction pattern, it is important to have a measure to quantify the
quality of the fit. There are several residual ways to compare the observed diffraction
pattern with the calculated. However, in this thesis a weighted profile residual, Rwp ,
is used, where the minimized sum is scaled by the sum of the weighted observed
intensities:56
∑n
wi (Iiobs − Iicalc − Iibg )2
2
∑n
Rwp = i
.
(2.64)
obs 2
i wi (Ii )
This number depends on both the quality of the data and the length and resolution of
the pattern, i.e. the number of data points. Therefore, a lowest possible value exists,
corresponding to the perfect fit. This is known as the expected profile fit, Rexp . For
a good refinement, Rwp should not be much different (neither lower nor higher) than
Rexp . In order to evaluate the quality of the fit, the method goodness of fit (GOF) is
used, χ2 = Rwp /Rexp .
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2.5 X-ray Absorption Spectroscopy
X-ray Absorption Spectroscopy (XAS) is an analytical technique used for the characterization of the local structure around selected elements within the material. XAS
measures the probability of a function of photon energy, i.e. a photon incident upon
a sample will be absorbed by that sample, resulting in the characteristic X-ray absorption spectrum.

L3 L
2L
1
K

Figure 2.15: Variation of the absorption coefficient as a function of photon energy.
Four absorption edges are shown: K, L1 , L2 and L3 . The overall decrease in absorption as a function of energy is punctuated by sharp, step-function-like increases at
each edge (Modified from Rehr et al.57 ).
The absorption coefficient is a smooth energy-dependent function varying approximately as
ρZ 4
µ(E) ≈
(2.65)
mA E 3
where ρ is the sample density, Z is the atomic number and mA is the atomic mass.
From Eq. 2.65, it is evident that the absorption coefficient is strongly depended on
both the atomic number and energy, and that the overall X-ray absorption spectra
decreases with increasing energy.
When an incident X-ray has an energy equal to that of the binding energy of a core
electron, a sharp increase in absorption intensity occurs, creating an absorption edge
corresponding to the promotion of this core level, to either an unoccupied bound state
above the Fermi energy, EF , or free continuum state above. The absorption edge is
unique for a given absorbing element, and the energy at which it occurs is called the
threshold energy.
When increasing the energy above the absorption edge, an oscillating fine structure
appears for molecules and solids, which contains precise structural information, such
as interatomic distances and coordination numbers.
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The absorption edges are related to the transitions from a particular atomic coreorbital to the free continuum (ionization of core orbitals), but they also include transitions to unoccupied bound levels just below the ionization limit.
The first core orbitals, K and L shells and the characteristic transitions to the continuum states are the only ones considered, as they cover experiments. The K edges
refer to transitions from the innermost n = 1 electron orbital (involving 1s electron),
whereas L edges refer to the n = 2 absorbing electrons (L1 to 2s, L2 to 2p1 = 2,
and L3 to 2p3 = 2 orbitals), to the corresponding higher-lying bound core shells and
continuum states. The transitions are referred to as unoccupied states, states with
an electron above the Fermi energy Ef , leaving behind a core hole, and absorption
features may appear just below the edge, and it corresponds to transitions to bound
unoccupied levels just below the ionization limit. Above the ionization limit, the
excited electron is considered as a photoelectron, and depending on its kinetic energy,
it can propagate more or less freely through the material. The photoelectron propagation can be approximated by a spherical wave with a kinetic energy Ekin given by
Ekin = h̄ω − EB , where h̄ω defines the incident photon energy and EB refers to the
binding energy. y. The photoelectron wave vector can then be calculated via

k=

2π √
2me (E − Ebin )
h̄

(2.66)

Near the absorption edges shown in Fig. 2.15, a fine structure of the spectrum can
be seen in Fig. 2.16. The XAS spectrum includes both X-ray Absorption Near Edge
Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS), see
Fig. 2.16. The transition energy between these two regions lies typically around a
few tens of eV above the absorption edge, but the distinction is somewhat arbitrary
and the two regions generally overlap.
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Figure 2.16: Schematic of absorption vs. X-ray energy, including the fine structure
above the absorption edge divided into XANES and EXAFS regions.
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2.5.1 XANES

Intensity [a.u.]

XANES is when looking at the absorption near the edge, also called Near-Edge X-ray
Absorption Fine Structure (NEXAFS), which is defined as the initial 20-50 eV around
the absorption edge. This region consists of a pre-edge (small region between the
Fermi energy and threshold), the edge (the main raising part of the XAS spectrum)
and the near-edge region, illustrated in Fig. 2.17.

1.0
0.5
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pre-edge region
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near-edge region

7125
7150
7175
Excitation Energy [eV]

7200

Figure 2.17: Schematic of XANES spectrum including the different regions, such
as pre-edge, edge and near-edge regions.

The peaks in the pre-edge region and the position of the of the absorption edge give
information about the local structure around the element of interest.
The edge position and the peaks in pre-edge give information about the valency of
the absorber atom. The intensity of the pre-edge peak gives information about site
symmetry. The absorption edge shifts with the change in the oxidation state of
the absorbing atom. The absorption edge shifts to higher energies with increase in
oxidation state. XANES is sensitive to the formal oxidation state and geometry of
the absorber atom and contains information on both the electronic and molecular
structure of the sample. This originates from the complicated electron scattering
geometries found at these energies and is referred to as multiple scattering of the
excited photoelectron.
This region contains information about the oxidation of the sample. Mainly looking
at the edge jump, the peak seen right above the edge, which indicates oxidation.
Furthermore, the edge also gets shifted to higher energy for the oxidation element.

λe =

h
2π
h̄
=
=√
.
me v
k
2me (E − Ebin )

(2.67)
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(a) Single Scattering

47

(b) Multiple Scattering

Figure 2.18: Photoelectron wave scattering in the case of a) EXAFS (single scattering) and b) XANES (multiple scattering).

2.5.2 EXAFS
EXAFS is defined as the region above the ionization threshold and is dominated by
an oscillating pattern in the XAS spectra, see Fig. 2.16. This oscillation is the result
of the interference between the outgoing photoelectron wave and the backscattered
wave from neighbouring atoms58 , see Fig. 2.19b, and therefore it does not exist for
an isolated atom, see Fig. 2.19a.

(a) Isolated Atom

(b) Neighbouring Atom

Figure 2.19: Scattering from an isolated atom and with neighbouring atom. a)
In the absence of the surrounding atoms, the absorption coefficient reflects only the
atomic-background absorption (gas-phase spectrum) of the isolated absorber atom.
b) The photoelectron scattering off the neighbouring atoms causes the characteristic
oscillatory pattern (X-ray Absorption Fine Structure) in the EXAFS region of the
x-ray absorption spectra (From Bruce Ravel59 ).
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This oscillating pattern is superimposed onto the background of the gas-phase (atomlike) absorption spectrum and is referred to as the X-ray absorption fine structure
(XAFS), which includes both XANES and EXAFS regions.
The wavelength of the photoelectron, λe , decreases with increasing kinetic energy,
Ekin . This means that, at sufficiently high energies, the only significant contribution
to the final state wave function near the absorbent atom comes from single scattering events, since multiple scattering probabilities decreases stronger with increasing
energy.58
The photoelectron spherical wave emitted from the absorber is damped due to inelastic effects caused by the extended valence orbitals of the nearby atoms, and can be
approximated by its mean free path, λ. This limits the probed spatial region and
ensures, that multiple scattering effects beyond simple backscattering can be ignored.
The fact that multiple scattering events can be neglected, allows data analysis based
on a simple Fourier transformation.60 For this purpose, the XAS spectrum is normalized to the jump edge ∆µ0 (E), which is defined as the normalized oscillating part of
µ(E) (the absorption coefficient), i.e. the EXAFS via:
χ(E) =

µ(E) − µ0 (E)
∆µ0 (E)

(2.68)

where µ0 (E) corresponds to the atomic-like background underlying the XAFS pattern, ∆µ0 (E) is the normalization factor corresponding to the absorption edge jump
(a step-function-like sudden increase of the net absorption coefficient at the ionization
threshold). At this point, it is convenient to switch from energy space to wavevector space, k-space, in order to describe the interference effect in electron scattering.
Using Eq. 2.66 and/or Eq. 2.67, the EXAFS function χ(k) can be parameterized as
following:
χ(k) =

∑
i

S02 Ni

2 2
|fi (k)|
sin (2kRi + 2δc + ϕ) e−2σi k e−2Ri /λ(k)
kRi2

(2.69)

which is the standard EXAFS description, proposed by Dale Sayers et al. in 1971.60
The number of equivalent scatters with identical properties, e.g. bond distance and
chemical species, have been grouped under the index i. Equation 2.69 then directly
relates the EXAFS signal to the structural parameters, such as Ni coordination number (number of equivalent scatters), Ri is the interatomic distances and σi2 is the
fluctuations in all bond length with index i. Furthermore, fi (k) = |fi (k)|eiϕ(k) stands
for the backscattering amplitude, δc , is the central-atom partial-wave phase shift of
the final state, λ(k), is the energy-dependent mean free path (not to be confused with
de Broglie photoelectron wavelength λe ) and Si2 is the overall amplitude reduction
factor.
Except for the factor, S02 , the original EXAFS equation was derived from single
scattering events using the plane-wave approximation, assuming that the distance
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between the absorber and the backscatter is sufficiently large to treat the outgoing
spherical wave as a plane wave, once it reaches the backscattering atom. The same
description can be used to represent the contribution from Ni equivalent multiple
scattering contributions of the total path length 2R.57 In relation to the structural
analysis, the EXAFS description provided by Eq. 2.69 includes the most relevant and
essential parameters required for fitting the local atomic structure around the absorbing atom from the measured EXAFS.61 The dependence of the oscillating structure
on interatomic distances can be described by the sin (2kR) term.

The EXAFS function, χ(k), oscillations gradually shift in k-space (and thus energy
space) with respect to both distances, which is directly linked to different interatomic
distances and are observed in XAS spectra of the ground state and excited state of a
complex. The decay of the photoelectron wave due to the mean free path and finite
lifetime of the electron is captured by the exponential term, e−2Ri /λ(k) . This factor
is mostly responsible for the relatively short range probed in an EXAFS experiment
(up to a few tens of angstroms at most). The strength of the reflected interfering
wave depends on the type and number of neighbouring atoms through the backscattering amplitude |f (k)| and is primarily responsible for the intensity of the EXAFS
signal. The spherical-wave factor 1/kR2 and mean-free-path terms appear secondary,
however, are important for a quantitative description of the EXAFS amplitude. The
phase factor, ϕ = arg f (k), reflects the quantum mechanical wave-like nature of the
backscattering process. A larger contribution of the overall phase is given by the
phase shift, δc , at the absorbing atom, since the photoelectron encounters for the
difference between the measured and geometrical interatomic distances, which is typically a few tenths of an angström and must be corrected by either a theoretical or
an experimental reference standard.
Another exponential term approximated by e−2σ k accounts for the Debye-Waller
(DW) broadening, which is partly due to thermal effects causing the atoms to fluctuate around their equilibrium atomic positions. This fluctuation causes the otherwise sharp interference pattern of the varying sin(2kR) term to be smeared out with
increasing k. The effect of structural disorder is similar and gives an additive contribution to σ 2 . This DW effect becomes more pronounced at shorter photoelectron
wavelength, and therefore it cuts off the EXAFS at an energy higher than k ∼ 1/σ,
which is typically around 10 Å-1 . Thus, the DW factor is essential in EXAFS, but
is often negligible in XANES when σ 2 k 2 ≪ 1. Since σ 2 generally increases with temperature T (vibrations become larger at higher temperatures), the fine structure is
suppressed and flatten out at high temperature, resulting in EXAFS being confined
to lower regions of energy. Finally, the overall amplitude factor, S02 , is a many-body
effect due to the relaxation of the system in response to the creation of a core-hole.
Although S02 is weakly energy-dependent, it is usually being approximated by a constant.
2 2
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2.5.3 Detection Mode
The absorption coefficient µ(E) can be detected either directly by measuring the
intensities of incoming and transmitted beam (transmission mode) or indirectly by
measuring the intensity of the incoming beam and of the decay products such as
fluorescent X-rays or Auger electrons (fluorescence or electron yield mode).
Transmission Mode
The most common method of measuring the absorption coefficient of a sample is in
transmission mode, where the intensity of both the incident X-ray beam, I0 , and the
transmitted beam, IT , are measured by ion chambers and the absorption coefficient
µ(E) is obtained according to Lamber-Beer’s law:
IT = I0 e−µ(E)t

(2.70)

where t is the thickness of the sample. The measured absorption coefficient can then
be calculated by
( )
I0
.
(2.71)
µ(E) = ln
IT
In a transmission experiment, the intensity of the incident beam and transmitted
beam are detected simultaneously before and after the sample, in order to have a
common energy dependency. This experimental setup also often includes a third ion
chamber including a reference.
Fluorescence Mode
In some cases, it is advantageous to measure µ(E) by monitoring processes that are
proportional to the absorption coefficient. X-ray fluorescence is one of these methods.
Detecting XAS using e.g. fluorescence is particularly useful, when the XAS signal of
interest contributes only a small fraction of the total absorption (or when the sample
transmission is very large).
Following the absorption, the atom is in an excited state, with one of the core electron
levels left empty (a so-called core hole). The excited state typically decays within a
few femtoseconds of the absorption. One of the main decaying mechanisms following
an absorption is fluorescence emission, where an electron from a higher energy level
fills the core-hole while emitting fluorescence energy characteristic of the atom, this
can be used to identify the atoms in the system and quantify their concentrations.
For the same element, the fluorescence process is more probable for K-shell excitations
than for higher lying shells, e.g. in case of Fe atom, the K-shell emission probability
is 0.32 as compared to the L-shell emission probability, which is only 0.015, respectively.62
In this mode, the incident intensity, I 0 , and the intensity of the fluorescence emitted
IF are measured, where the fluorescence detector is placed at 90°angle to the incident
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beam and the sample is placed at 45°to the incident beam. The fluorescence signal
is detected by a solid state detector.
The advantage of transmission mode originates from the direct and straightforward
interpretation of the measured signal, via the Lambert-Beer’s law, Eq. 2.70 in terms of
absorption coefficient. In case of fluorescence mode, the measured fluorescence signal
I F is merely proportional to the absorption coefficient µ(E), and needs to be corrected
for the fluorescence quantum efficiency, geometrical factors and self-absorption effects
for thick or concentrated samples.
The fluorescence photon produced following absorption will then have to escape from
the sample and reach the detector. Therefore, the measured fluorescence signal at
depth d within the sample is given by:
IF = I0 µA (E)e−µ(EF )d e−µ(E)t

(2.72)

where µA (E) is the absorption coefficient due to a given core excitation of the absorbing atom, µ(E) is the total absorption coefficient, ϵA is the fluorescence yield
efficiency per unit solid angle, E is the incident beam energy and EF is fluorescence
photon energy.
Electron Yield Mode
Electron yield is an additional method used, when XAS signal of interest contributes
only a small fraction of the total absorption and when the decaying process involve
emission of an electron from a higher electron level, and a second electron is emitted
into the continuum, and possible even out of the sample.
Following the absorption, where the atom is in an excited state, instead of decaying
by emitting a photon resulting in a fluorescence signal, emission of electrons either
as secondary electrons or Auger electrons is also possible. These signals and then
divided onto Auger electron yield (AEY) and total electron yield (TEY).
Both electron and fluorescence emissions are competing processes and their relative
strengths have been found to depend on the atomic number of the absorber. For light
elements, the electron yield process is more probable, whereas x-ray emission becomes
more prominent for heavy elements. Furthermore, they depend on the X-ray energy
used. In the hard X-ray regime (>2 KeV) X-ray fluorescence is more likely to occur
than electron emission. However, for lower energy absorption, electron processes are
dominating.

2.5.4 Data Analysis
There are many ways to analyze XAS data and a large number of programs are
available. In general, data from XANES and EXAFS regions are analyzed separately.
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This is partly due to the different information contained in both spectral regions and
partly due to the fact, that theoretical modelling for XANES is not yet as advanced
as it is for EXAFS.
However, common for both regions is the calibration of the energy scale and the
alignment of different spectra. The energy is calibrated with a known reference, often
metal foil, at the absorption edge. Ideally, this reference is measured simultaneously
with each sample of interest, as mentioned earlier.
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(a) Raw Data
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XANES
The first step in XANES analysis is to normalize the spectra. The pre-edge region,
the spectrum in the energy region below the absorption edge, is fitted by a linear
pre-edge line and the post-edge region, the spectrum in the energy region above the
absorption edge, is typically approximated by a quadratic post-edge line, as shown in
Fig. 2.20a. The edge step ∆µ0 is then obtained as the difference between pre-edge
and post-edge lines at the absorption threshold E0 . It is then possible to normalize
the XANES spectrum by using Eq. 2.68, by subtracting the pre-edge line from
the measured spectra over the whole energy range, dividing by the step height ∆µ0
and flattening the spectra above the threshold to account for the different slopes of
pre-edge and post-edge lines. Fig. 2.20b shows the resulting normalized spectrum,
which equals zero below the edge, exhibits a step height of one and oscillates around
this value for energies above E0 . When normalizing, the effects of sample thickness
and concentration are removed, which makes it possible to directly compare different
samples and measurements.
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Figure 2.20: XANES data analysis of the K-edge of hematite, where a) raw absorption data together with the fitted pre-edge and post-edge lines and b) normalized
absorption from the spectrum in (a).
Comparing the normalized data with known standards, is called fingerprinting, where
it is possible to get a qualitative assessment of the chemical and structural environ-
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ment of the absorbing atom, provided the spectra of the standards are sufficiently
different from each other.
This can be done by linear combination fitting, where the spectra of the sample are
modelled by weighting the spectrum of each known standard i with a factor fi and
adding them together by the following equation:
∑
µcalc =
fi µi
(2.73)
i

The fi factors represent the fraction of which each standard is present in the sample
and are obtained by minimizing the difference between the calculated and measured
spectrum. Linear combination fitting works well, if the number of potential chemical
and structural environments for the absorbing atom in the sample, and thus the
number of standards, is small, and if the spectra of these standards exhibit unique
features that allow to differentiate between them.
A related technique is principal component analysis, where the data is decomposed
into a mathematical basis. Here, the standards used to reproduce the observed spectra are derived from the original spectra themselves, and a set of related samples
is analyzed in terms of characteristic principle components present in the samples.
Interpretation of the results can, however, be difficult since the principal components
are statistical abstractions and do not need to represent any physical standards.
Characteristic features, such as white lines, peak position or pre-edge features can
also be quantified by peak fitting procedures. The absorption edge itself is typically
approximated by an arctangent function, while the peaks are modelled by Lorentzian
lines convoluted with a Gaussian function (Voigt function) to account for experimental broadening. Peak fitting illustrates the change in edge position related to a change
in first nearest neighbour distances, for a series of samples or for the fraction of different oxidation states of the absorbing atom within a sample.
EXAFS
The first step in an EXAFS analysis is to isolate the EXAFS fine structure χ(k) from
the absorption background. This is realized by fitting the pre-edge and post-edge lines
as described above. The pre-edge line is again subtracted from the spectrum over the
whole energy range. The absorption background, µ0 (E), is typically approximated
by a spline function, that approaches the post-edge line at energies well above the
absorption edge, as shown in Fig. 2.21a.
The raw EXAFS spectrum is normalized in according to Eq. 2.68 and the fine structure is plotted with respect to k, with an additional k n -weighting (n typically ranging
from 1-3, depending on the sample and the absorber-backscatterer pair) in order to
account from damping of the oscillations at higher k-values, k n χ(k). Fig. 2.21b plots
χ(k) isolated from the data shown in Fig. 2.21a and k 2 -weighted to emphasize the
data at higher k.
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Figure 2.21: EXAFS data analysis of the K-edge. Here used hematite, where a) raw
absorption data together with the fitted pre-edge and post-edge lines and background,
b) k 2 -weighted χ(k) obtained after background removal and Fourier transformation,
c) Magnitude of the Fourier transformation (FT) obtained from the k 2 -weighted χ(k)
using the smooth Hanning window plotted in panel (b) and d) The real part of the
back-transformed FT data using the smooth Hanning window plotted in panel (c).

Fourier transforming the EXAFS spectrum with respect to k into R-space, again with
an additional k n -weighting and a smooth window function used to account for the
finite data range, |k 2 χ(R)|. This result in a frequency spectrum of the oscillatory part,
where the characteristic frequencies correspond to the interatomic bond distances
between the absorber and the surrounding atomic shells, typically presented as the
magnitude of the FT due to the illustrative character of such a plot. Fig. 2.21b
shows a window function of the Hanning type and Fig. 2.21c plots the magnitude of
the resulting FT. Distinct peaks due to different scattering contributions are shown,
where the first peak corresponds to scattering of the photoelectron wave at the first
nearest neighbouring atom.
A back-transformation can be used to isolate different scattering contributions if their
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signals are well separated in R-space. This methodology is used for the analysis of
first nearest neighbour scattering by the Ratio Method (not used in this project).
However, it usually fails for higher coordination shells, due to the overlap of different
scattering contributions. Fig. 2.21c shows a Hanning window selecting only the first
nearest neighbor scattering peak. The real part of the resulting back-transformed
k-spectra is plotted in Fig. 2.21d.

2.6 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS), is a surface-sensitive characterization technique based on the photoelectric process and relies on the distinct binding energies
of core electrons of an atom in different elements. Qualitatively, the binding energy
is a measure of how tight an electron is bound to an atom.
XPS was developed in the mid 1960s by Kai Siegbahn and his research group. Siegbahn and his group also noted that the XPS spectra can be used for chemical analysis,
therefore XPS is sometimes also called Electron Spectroscopy for Chemical Analysis
(ESCA), for which he received the Nobel Price in 1981.
When a surface is irradiated by soft X-rays, the core level electrons of surface atoms
absorb the X-ray photon energy hν, overcome their binding energy EB and are emitted out of the surface with a certain kinetic energy Ekin .
Ekin = hν − EB − Φ

(2.74)

where hν is the energy of incident X-rays and Φ is the work function of the instrument.
The kinetic energy is measured from the emitted electron, from which it is possible
to calculate the binding energy, EB of the of core level electron ejected.
The locations of the peaks in the XPS spectrum indicate the presence of specific
elements and their oxidation states. In addition, the binding energy of core electrons
is very sensitive to the chemical environment of the corresponding element. Meaning,
the same atom is bonded to different elements, leads to different binding energies of
its core electrons. The variation in binding energy causes a shift of the corresponding
XPS peak. This effect is termed as chemical shift, which can be applied to study the
chemical status of all elements in the surface

2.6.1 Notation
In quantum mechanics, each electron has a principal quantum number, n, which
defines the energy and location of the electron around the nucleus. It is an integer
number starting from 1, for the most tightly bound electrons closest to the nucleus.
It increases with increasing binding energy.
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The shape of the electrons spatial distribution around the nucleus is represented by
the angular momentum quantum number, l. It is an integer number starting from
0 to n - 1. Electrons in the l = 0 states, have a spherical distribution around the
nucleus, where electrons in the l > 0 states have non-spherical distributions.
The orientation of an electron’s spatial distribution around the nucleus is represented
by the electrons magnetic quantum number, ml . It consists of integer numbers that
extent from -l to 0 to +l. These levels only contain two electrons of opposing spins.
Since every electron has a spin, s, equal to 1/2, these spin states defined by the spin
quantum number, ms have the values of +1/2 and -1/2.
The quantum numbers n, l, ml and ms represent the basis of all other quantum
numbers. For example, L , M , and S define the sum of l, ml or ms , respectively.
And both j and J represents the total angular momentum, where j is of an individual
electron and J is for an entire atom, ion or molecule, see Table 2.1.
Table 2.1: Spin-orbit splitting parameters.
Subshell

S

l

j = l+s

M = 2j+1

s
p
d
f

0
1
2
3

±1/2
±1/2
±1/2
±1/2

1/2
1/2, 3/2
3/2, 5/2
5/2, 7/2

1:2
2:3
3:4

2.6.2 Considerations
It is necessary to consider which kind of sample is investigated, since charging has
a huge effect depending on whether the sample is an insulator or a conductor. For
a conductor, the Fermi level of both the sample surface and the spectrometer are
equivalent. As the sample is grounded, no charge will build up. For an insulating
sample, the Fermi levels are not equivalent between the sample and the spectrometer
and an additional positive charge will build up on the surface of the sample over time,
this will cause the Fermi level of the spectrometer to shift to a higher energy. The
shift in the Fermi level results in the kinetic energy to be different from the actual
value.
Furthermore, when analyzing the data it needs to be considered which energy scale
should be used. The data collected is strictly a measurement of the kinetic energy
of the electrons. As useful as that might be, it is, however, difficult to directly
compare with kinetic energies recorded on other XPS systems. This is because the
kinetic energy of the electron is related to the energy of the incident X-ray. Since
most systems will not have the same incident x-ray energy, it is not as convenient to
compare kinetic energies. Binding energies, however, are unique to the element and
not the system.
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2.6.3 The XPS Spectra
Taking these considerations into account, it is time to look at the different signals in
the XPS spectra. Where the main contributions are caused by photoelectrons that
are emitted either from any core-level or the valence band, provided that the energy
of the radiation is higher than that of the electrons at a given level.
Auger
Auger lines are caused by a three electron process; firstly an electron is emitted due
to the photoelectric effect, secondly an electron from outer shells fills the created hole
via photo emission and transmit the energy to a thirdly electron, which is emitted
from the atom.
X-ray Satellites
Satellites are a consequence of not filtering the X-rays prior to irradiating the sample,
which means that the non-monochromatic radiation leads to minor X-ray lines that
appear at kinetic energies characteristic of the energy separation between the primary
X-ray lines.
Spin-Orbital Splitting
Spin-orbital splitting (also called j-j coupling) leads to XPS doublet peaks, following
photoionization from an orbital where l = 0 (i.e. 1s shell), a singlet photoelectron
peak is observed since only one final state is possible. For orbitals where l > 0 (i.e. 2p
shells) the orbital angular momentum and spin angular momentum of the remaining
electron can couple either in parallel (lower energy) or anti-parallel (higher energy),
resulting in two possible final states. This gives rise to a doublet structure defined as;
j = l ± s, where j is the total angular momentum quantum number. In the case of
the 2p spectral line j+ = 2p3/2 and j− = 2p1/2 values are obtained. The intensity of
the doublets is determined by the occupation probability of the two different energy
states, which is expressed as the multiplicity, M = 2j + 1.
Multiplet Splitting
Multiplet splitting (also called spin-spin-coupling) arises from the parallel or antiparallel coupling of the spin angular momentum of an remaining unpaired 2p core
electron with the spin angular momentum of an unpaired 3d valence electron. Exchange interactions between electrons with parallel spins are lower in energy than the
interactions between electrons with anti-parallel spins, resulting in a doublet structure.
Shake Up/Off
Shake up peaks arise from simultaneous losing a photoelectron and exciting a valence
electron to a higher unoccupied bound state. Shake off peaks starts out similarly.
However, instead of the valence electron being excited into an unoccupied energy
level, the valence electron is lost to the continuum, resulting in a doubled ionized
final state.
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Background
Photoelectrons are emitted from a depth of a few nm. During their way to the
surface they undergo inelastic and elastic scattering. During the inelastic processes,
the photoelectrons lose energy and give rise to an increase in the count rate on the
lower kinetic energy side of each peak, causing the background to increase. In addition
to the inelastic scattering (extrinsic), intrinsic effects (excitations due to the created
core hole) will also participate in the increasing background.

2.6.4 Near-Ambient Pressure XPS
The Near-Ambient Pressure XPS (NAP-XPS) method is designed to partially overcome the so-called pressure gap, which refers to the fact that, the surface science
experiments are performed under ultrahigh vacuum (UHV) conditions. In NAP-XPS
systems, the sample is exposed to high pressures in the order of millibars, while it
is placed very close to a massively pumped nozzle, which brings the photoelectrons
quickly to an UHV environment. Here, the photoelectrons are separated and subsequently detected by differentially pumped XPS. The system is equipped with a
special glass window, which allows the generated soft X-ray through into the high
pressure section.
In NAP-XPS spectra, peaks emerging from the gas-phase are sometimes observable.
However, the advantage of the NAP-XPS setup is, that it is possible to observe the
catalysts under in situ conditions (during reaction) by XPS. So, unlike the ordinary
XPS method, NAP-XPS allows the studies of dynamic catalytic reactions while taking
place.

2.6.5 Data Analysis
Firstly, the intensity is normalized to the incident photon flux, which is measured
using a foil as reference. Secondly, to account for charging during measurement the
sample was embedded into an Au grid, which improved a lot, but not completely.
Furthermore, during analysis, all binding energies are calibrated to a metallic peak,
with a known peak position not overlapping with the material of interest, which is
typically calibrated to either Carbon 1s with binding energy of 285.1 eV or Gold 4f7/2
with binding energy of 84.0 eV.
As mentioned above, the background is a significant contribution to the spectra.
Therefore, for a quantitative determination of the peak area, a background correction
is always required. Choosing the correct background for subtraction is important,
since a poorly chosen background causes wrong peak intensities and consequently
could result in misinterpretation of the data. There are several background removal
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Figure 2.22: Examples of the three primary types of backgrounds used in XPS for
the Fe 2p spectra, with a) Linear background, b) Shirley background and c) Tougaard
background.

methods, which are compared by M. Repoux.63 Here, the three most used are briefly
mentioned.
A linear background64 gives a straight line between two points located on either side
of the peak of interest. Although it is a very simple approach, it can provide acceptable results for insulators, as a background increase is hardly observed due to no
background increase, see Fig. 2.22a. However, it was mainly used in early days of
XPS. A Shirley background65 is a S-shaped background, with the form defined by
the intensity trend from the lower and higher side of the peaks of interest and the
peak intensity. Although this is a subjective weighted average approach (an ad hoc
method), it is relatively simple with an acceptable accuracy, this has made this type
the most popular type of backgrounds which are used, see Fig. 2.22b. A Tougaard
background66 is the only method attempting to calculate the background to simulate
the inelastic scattering event of electron-electron interactions of the emitted electrons
with the electrons in the solid. As a result, this is the least subjective, but the most
complex of these three approaches, see Fig. 2.22c. The Tougaard background is
therefore the most accurate method, but the disadvantage of the method is the complications in practical use (required long energy range, minimum peak overlapping).
The Shirley background is just as accurate, however, its easy application has resulted
in its widespread adoption.
After background removal, the individual peaks are fitted. The selection of correct
line shape is just as important as a proper background subtraction. For metallic
components a Doniach-Sunjic line shape is the best choice. For other peaks, a Voight,
or a product of a Gaussian with a Lorentzian line shapes, is used to obtain the best
fit. The peak positions are then compared to, either a reference (most optimal) or if
that is not possible, to values from the literature, as the position and chemical shift
of a specific element is somewhat fixed.
Finally, it is possible to determine the composition of the sample from the electron
binding energy peaks in the XPS spectrum. Since the area under the binding energy
curve is proportional to the number of atoms that emit the electrons at that binding
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energy, it is possible to take the ratio of the area under the curve for each element,
and thereby determine the composition of the sample’s surface. However, a sensitivity
factor must be introduced for each element in this ratio.

CHAPTER

3
Experimental

In this chapter, the different experimental setups and machines used during this thesis
will briefly be specified and under which conditions the different experiments were
carried out.

3.1 Synthesis of Nanoparticles
During this thesis, all samples were synthesized by collaborators, and the following
description is based on help from them. The Rh-based catalysts on different oxide
support were synthesized by Max Schumann from the Department of Chemical and
Biochemical Engineering at the Technical University of Denmark (DTU), as part of
the VSustain collaboration. The iron oxide sample was synthesized by Dr. Xi Liu
from Synfuels China Technology in Beijing.

3.1.1 Rh-based Catalysts
Rh/SiO2 catalysts were prepared by wet impregnation and nominal Rh weight loadings were 1 and 5.5 wt%. The nominal amount of Rh(NO3 )3 (Sigma Aldrich) was
diluted in demineralized water and then impregnated on SiO2 (Saint Gobain, SS61138,
surface area 250 m2 /g), which was sieve-fractioned (150 – 300 µm) and calcined at
400°C (1 h, flowing air) before. Afterwards, the rhodium-silica dispersion containing
round bottom flask was connected to a rotary evaporator and kept stirring at 40°C for
1 hour. Excess water was removed under reduced pressure while constantly stirring
at 40°C. After drying, the yellow colored catalyst precursor was calcined in flowing
air at 400°C (ramp: 10°C/min) for 1 h.
Rh/TiO2 catalysts were prepared by wet impregnation and nominal Rh weight loadings were 1 and 5.5 wt%. The nominal amount of Rh(NO3 )3 (Sigma Aldrich) was
diluted in demineralized water and then impregnated on Anatese-TiO2 (Saint Gobain, ST61120, surface area 161 m2 /g), which was sieve-fractioned (150 – 300 µm) and
calcined at 550°C (1 h, flowing air) before. Afterwards, the rhodium-silica dispersion containing round bottom flask was connected to a rotary evaporator and kept
stirring at 40°C for 1 hour. Excess water was removed under reduced pressure while
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constantly stirring at 40°C. After drying, the yellow colored catalyst precursor was
calcined in flowing air at 550°C (ramp: 10°C/min) for 1 h.

3.1.2 Iron Oxide
The hematite catalysts used in this study was synthesized by Dr. Xi Liu by a combination of co-precipitation and spray-drying methods and was prepared by thermal
decomposition of iron oleate using 1-octadecene as a high boiling point solvent, inspired by Park et al.67 or Wu et al.68 depending on the desired size of the NPs.

3.2 Characterization Methods
During this work, various complementary in situ characterization techniques were
utilized, where ETEM was the main focus, in situ XRD was a part of supervising
individual projects in addition to a master project. Both in situ NAP-XPS and XAS
were carried out on synchrotrons, where XPS was by the help of Dr. Alexander
Klyushin from Dr. Axel Knop-Gericke’s group in Berlin and XAS was by the help
of Dr. Thomas Sheppard from Prof. Jan-Dierk Grunwaldt’s group in Karlsruhe. In
addition, Associate Professor Christian Danvad Damsgaard and Thomas Smitshuysen
assisted with XAS measurements in Karlsruhe doing a three-team rotation.

3.2.1 Transmission Electron Microscopy
During this thesis two TEMs were used, both are located at DTU Nanolab (former
DTU Cen), see Fig. 3.1.
TEM
For basic analysis such as imaging and subsequently size distribution the FEI Tecnai
T20 G2 was used, with a LaB6 filament operated at 200 kV, see Fig. 3.1a. The samples
were dispersed in ethanol and sonicated for 10 minutes and then drop-deposited onto
a copper grid with holey carbon.
ETEM
For both high-resolution TEM (HRTEM) and in situ TEM experiments, the environmental FEI Titan 80-300 microscope, (ETEM) was used, operated at 300 kV, see
Fig. 3.1b. The ETEM is a unique state-of-the-art monochromated and image Cs corrected TEM equipped with an environmental E-cell, which allows observations
of interactions at the atomic level under controlled gaseous atmospheres at elevated
temperatures. To achieve this, an external gas-inlet vacuum system has been added
to the microscope column, illustrated in grey, see Fig. 3.2.

3.2 Characterization Methods

(a) FEI Tecnai F20 G2
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(b) FEI Titan 80-300

Figure 3.1: TEMs utilized during this work, located at DTU Nanolab, where a) is
the FEI Tecnai T20 G2 and b) is the monochromated and CS -corrected environmental
FEI Titan 80-300, ETEM.

The ETEM can be operated in two modes. When the external gas-inlet system is
sealed off from the column, by closing the VC-IGPco , VC-IGPcl and VC-TMPcl valves
and the VM-Cl and VM-Co valves are open, the microscope function like a conventional
TEM. In ETEM mode, the external gas-inlet system has access to the column while
the regular vacuum system is sealed off from the column. This is achieved by closing
the VBy-S , VEXH-S and VEXH-GI valves, by guiding the gases through the column.
Basic operation procedure:
Prior to the Rh experiments on different support, i.e. either silica or titania, the
samples were dispersed in ethanol by sonication for 15 min and were drop deposited
onto a through-hole Si3 N4 suspended membrane on a wildfire chip. Any contamination was burned off by heating to 200°C for an hour. Firstly, the Rh particles were
calcined in 3 ml/min O2 corresponding to 4.2 mbar at either 400°C for silica or at
550°C for titania, then reduced at 400°C in 2 ml/min H2 corresponding to 1.3 mbar.
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Figure 3.2: Vacuum overview of the ETEM located at DTU Nanolab, where the grey
illustrate the additional gas-inlet vacuum system added to the microscope column.
Figure from the ETEM manual.
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Prior to iron oxide experiments, the wildfire chip was plasma cleaned, while the
sample was dispersed in ethanol by sonication for 15 min and was drop deposited
onto a through-hole Si3 N4 suspended membrane of a wildfire chip. Letting the ethanol
evaporate at room temperature before inserting the holder into the microscope, the
iron oxide was reduced in situ at 500°C for 2 hours in various amounts of hydrogen,
2-8 ml/min H2 corresponding to ∼1.3-3.8 mbar.
High Pressure Holder
All high-pressure studies were carried out at the ETEM using the closed gas-cell
holder from DENSsolution, called the Climate holder, see Fig. 3.3a.

(a) Nano-reactor

(b) Misaligned

(c) Aligned

Figure 3.3: Nano-reactor assemble in the tip of the Climate holder, where a) is the
nano-reactor sandwich, b) misalignment of the chips and c) the chips are aligned.69

The gas supply system, which allow on-site mixing, contains three inlet lines and the
desired gas is selected on the left side in the flowsheet in the Climate software and
a flow is set between 0.2 ml/min to 5 ml/min (depending on the gas). It is then
possible to set the gas pressure and flow rate independently to achieve a maximum
pressure of 1 atmosphere through the nano-reactor and all excess gas is lead out
though the bypass. The gases are transferred through a mechanical arm placed close
to the sample holder, to achieve a fast response during experiments.
Prior to any experiments, a clean surface is secured in the flow cabinet by laying
out a fresh layer of tinfoil, since cleanliness is imperative for a successful sandwich
assemble. Then, the sample was dispersed in ethanol by sonication for 15 min and
was drop deposited onto a the heating chip. The loading is checked in an optical
microscope before closing the nano-reactor, before introducing it to the alignment
tool. With the help of the optical microscope, the electron transparent windows in
the top and bottom chips are aligned, see Fig. 3.3b and 3.3c. Before inserting the
holder into the microscope, the holder is brought to the leak-test tool, to ensure that
there is no leakage and the gas lines are pumped to remove any residual gases. Once
inside the microscope, the sandwich is flushed and leak-tested before starting, where
experiments are controlled from the flowsheet in the Climate software, see Fig. 3.4.
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Figure 3.4: Gas-line overview of the Climate holder from DENSsolution.

3.2.2 X-ray Powder Diffraction
X-ray powder diffraction (XRD) patterns were collected on a X’Pert Pro (PANalytical) diffractometer, see Fig. 3.5, operating at 45 kV and 40 mA using a Cu(Kα )
radiation source (λ = 0.1541 nm), generating contributions from Kα (L3,2 → K) and
Kβ (M3,2 → K). To filter out the Cu(Kβ ) contribution a Nickel filter was used.

Figure 3.5: Experimental in situ XRD setup at SurfCat in DTU.
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In situ XRD measurements were achieved by the gas system, see Fig. 3.6. The
overview is adapted from the graphical interface of the LabView script controlling the
system, with parts faded put as they are not used. The green buttons corresponds to
pneumatic valves, and is open if the button is lit.

Figure 3.6: Overview of the XRD gas system: turbomolecular pump (TMP), roughing pump (RP17), mass flow controllers (MFC A-E), pressure gauges (G1-6), the
Anton-Paar XRK-900 reaction chamber (XRK-900) and a manual valve (Out1) for
alternative exhaust line (ambient pressure) (From Moss, A.70 ).
The sample is placed within a ceramic sample holder, and connected to both a temperature control unit and the gas system. A gas flow can be set using the flow controllers
near the gas inlets. The gas is lead through the sample and out of the furnace past
a sniffer, which collects some of the outlet gas for the mass spectrometer to analyse.
The remaining outlet gas is pumped out of the system by the rough pump and a
pressure control ensures that a desired pressure is maintained within the system.
A preliminary experiment was made to determine the temperature range for the phase
transitions taking place during the reduction. During this, a mass spectrometer was
used both to follow the development of the gases (consumption of hydrogen and
production of water) and to check the cleanliness of the system, meaning that the
water vapour in the system is acceptable. To approach ETEM-like conditions, the H2
flow controller was set to the minimum value of 2% resulting in a flow of 2 ml/min and
He was set to 100%, resulting in a flow 140 ml/min. Due to a malfunctioning pressure
controller, the exhaust was sent out into the open and the pressure at the back of the
system was therefore 1 atm, corresponding to a H2 partial pressure of 14 mbar. The
experiment conducted at a scanning angle 2θ of 25-55°with step size 0.04°and time
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per step was set to 270 ms, and heating was carried out with the highest temperature
ramp possible of 40°C/min.
After the preliminary experiments, using the mass spectrometer was no longer possible. To ensure that the XRD system is clean prior to experiments, the XRD system
is pumped down to around 40 mbar and then flushed with He to 1100 mbar, this was
repeated three times. Furthermore, the scanning angle 2θ was minimized to 28-46°,
just enough to distinguish the different iron phases. In addition, the time per step
was lowered to 200 ms and the step size was lowered to 0.026° to obtain a better
resolution. With the pressure controller repaired, it became possible to control the
pressure at the back, and 1000 mbar was used instead of 1 atm, assuming the two
conditions are equivalent.
During the carburization process, the scan angle 2θ range was expanded to 28-67°, so
more than one peak of a crystal structure is included, as overlapping peaks make it
difficult to distinguish the separate phases, making Rietveld refinement difficult.
Identification of the different iron phases was carried out by a comparison with JCPDF
standard spectra software (X’Pert HighScore Plus) or simulated references from ICSD
database.50 The Rietveld refinement was done by others, but script dealing with the
vast amount of data was originally made by Asger Moss, and therefore the specification for the refinement parameters can be read in his Master’s thesis.71

3.2.3 X-ray Photoemission Spectroscopy
The experiments at the Fe 2p edge (709 eV), the O 1s edge (530 eV) and the C 1s edge
(284 eV) with soft X-rays were performed at the ISISS beamline at BESSYII/HZB
in Berlin, Germany. In this setup, both XPS at near ambient pressure (NAP-XPS)
and reflective XAS in electron yield mode are performed at elevated pressures (mbar
range) with X-ray energies from 80-2000 eV. All measurements were carried out in a
stainless-steel NAP-XPS chamber, see Fig. 3.7c.
To reduce charging, the hematite powder sample was pressed into a pellet on a Aumesh, see Fig. 3.7a. Then mounted on a sapphire sample holder between a stainlesssteel backplate and lid with 6 mm hole, see Fig. 3.7b. The samples were heated from
the back using an infrared laser, and the temperature was measured by a type-K
thermocouple fastened to the sample surface.
Hematite was reduced in pure hydrogen, while heating to 700°C with a temperature
ramp of 40°C/min at 0.3 mbar H2 . XPS and NEXAFS were recorded simultaneously
before and after ramping the temperature. The reduction experiment is continued
for additionally 2 hours to make sure hematite is completely reduced.
Following reduction, the temperature was lowered to 280°C for carburization in a 2:1
H2 /CO ratio. After 2 hours of reaction time in the H2 /CO mixture, the temperature is
raised to 310°C to see, whether that has any effect while acquiring XPS and NEXAFS.
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(a) Sample on Au-mesh

(b) Sample Holder

(c) NAP-XPS Setup

Figure 3.7: Experimental in situ NAP-XPS setup at BESSYII in Berlin, Germany.
Where a) is the sample pressed into a pellet on a Au-mesh, b) is the sapphire sample
holder, and c) is the in situ setup.

The intensity was normalized to the incident photon flux, which was measured using
an Au-foil as reference. The binding energies (Ebin ) were calibrated to give an Au
4f7/2 second-order metallic gold peak at 84.0 eV. The accuracy of the Ebin calibration
was estimated to be around 0.05 eV. All NAP-XPS spectra were analyzed using
CasaXPS software.72 For metallic iron a Doniach-Sunjic line shape was used whereas
for iron oxide’s Fe 2p, O 1s and C 1s a product of a Gaussian with a Lorentzian line
shape was used, all with a Shirley-type background to obtain the best fit. For surface
composition calculation the cross section tables of Yeh and Lindau were used.73

3.2.4 X-ray Absorption Spectroscopy
Both XANES and EXAFS spectra were measured at the Fe K-edge (7112 eV), in the
hard X-rays range. These measurements were carried out at the CAT-ACT beamline
at ANKA in Karlsruhe, Germany.
All measurements were carried out using a double crystal monochromator equipped
with Si(111) crystals. The ANKA storage ring is operated at an electron energy of
2.5 GeV and currents of 80-160 mA. Unsupported hematite was diluted with alumina
(γ-Al2 O3 ) to achieve a total absorption of 1, resulting in an iron content of ∼16.7
wt%, contrary to the 2-5 wt% normally used. The mixture was pressed into a pellet
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Figure 3.8: Experimental in situ XAS setup at ANKA in Karlsruhe, Germany.74

and sieved to 100-200 µm and loaded into a 1 mm capillary reactor with a bed length
of 3.5 cm. The experiments are performed with a total flow rate of 29 ml/min.
Hematite was reduced in 50,000 ppm 5% H2 in He during heating to 600°C at a ramp
of 17°C/min while acquiring XANES in a continuous quick-scan mode (4 min/scan).
The reduction is continued for additionally 2 hours to make sure hematite is completely reduced. The temperature is lowered to 42°C for acquiring EXAFS spectra
(20 min/scan), since EXAFS is considerably damped at elevated temperatures due
to the Debye–Waller factor. After reduction, metallic iron is carburized in various
H2 /CO ratios, i.e. 1:1, 2:1 and 4:1 ratios corresponding to 1724 ppm 0.2% CO in He,
mixed with either 1724 ppm, 3448 ppm or 6897 ppm 5% H2 in He, respectively. The
temperature is raised to 280°C at a ramp of 17°C/min while acquiring XANES. After
2 hours of reaction, the temperature is lowered to 42°C for acquiring EXAFS.
The raw data were analyzed using the Athena and Artemis extensions of IFEFFIT
software.75 The spectra were merged, energy-calibrated to an Fe-foil and normalized.
The pre-edge peak was extracted from the absorption edge by interpolating points
several eV before and after the pre-edge region. Energy positions and intensities of
the pre-edge peaks were compared to those of reference compounds to estimate the
oxidation state and coordination geometry of the Fe centers. EXAFS was extracted in
k-space, and the Fourier-transformation was conducted for the k 2 -weighted EXAFS
function (k = 2.0–12.0 Å−1 ).
NEXAFS measurements at the Fe L-edge (709 eV) and O K-edge (529 eV) were
carried out in total electron yield (TEY) mode and obtained at the ISISS beamline
at BESSY II/HZB in Berlin, Germany. The TEY signal is calibrated with the ring
current and flux. Then a linear background is subtracted and is finally normalized.

Part I

Simulations

CHAPTER

4
Holder
Characterization

During this PhD project, the design of the micro-heater in the wildfire chips was
optimized by DENSsolution for in situ TEM applications as well as the nano-reactor
configuration in the climate holder. Since these MEMS-based chips are vital for the
in situ experiments conducted at the ETEM, a characterization of the different chip
configurations is addressed by simulations in Comsol Multiphysics® .

4.1 Wildfire Holder
In ETEM experiments, the single tilt Wildfire S3 holder from DENSsolution was used.
These MEMS-based heaters are used in TEM applications to analyze the transient
behaviour of the sample during heating. Even though MEMS-based technology have
come a long way since the old furnace type holders, modern technology constantly
push for improvements. By changing the spiral configuration, DENSsolution was able
to improve upon the bulging characteristic of their heating chips.
The Wildfire chip is MEMS-based (Micro Electro Mechanical Systems) where a power
supply of about 10 mW is applied to the spiral, heating up the sample area. This is
done by the integrated circuit, by a four-point resistance measurement to assess the
local temperature of the region near the sample. The suspended membrane starts
to deflect due to thermal expansion, which depends on local temperature, material
properties and design geometry.
During the expanse of this PhD project, the design of the micro-heater in the wildfire
chips was optimized by DENSsolution through a completely new configuration, see
optical images of both configurations in Fig. 4.1, resulting in both improved thermal
stability and reduced bulging.
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(a) 1st Generation Chip

(b) 2nd Generation Chip

Figure 4.1: Optical image of the DENSsolution Wildfire chips of the fully suspended
membrane, where a) is the 1st generation chip and b) is 2nd generation chip.

4.1.1 Simulation
For both chip configurations, the surface stress, the displacement and the temperature distribution were simulated using Finite Element Analysis (FEA) in Comsol
Multiphysics® (version 5.4).
Geometry
The model geometries were defined on the basis of the chip designs from DENSsolutions, where Fig. 4.1a is the 1st generation chip and Fig. 4.1b is the 2nd generation
chips. They were imported into Comsol Multiphysics® for comparison. Both chips
are compatible with single-tilt Wildfire S3 system (DENSsolutions). The chip parameters are listed in Table 4.1. The math behind consists of the solid mechanics module
for a linear elastic material, heat transfer in solids and electric currents modules.
Physical Model
Suspended thin films on a substrate are subject to residual stresses, unlike bulk samples. In general, residual stress develops, when the film changes its dimensions relative
to the substrate. In this case, during the chemical vapor deposition (CVD) and the
cooling processes, the silicon nitride (SiNx ) membrane and the silicon substrate have
different thermal expansion coefficients, leading to residual stress. Depending on the
process, the residual stress can either be tensile or compressive stress. Therefore, in
the solid mechanics module, we included the residual stress as initial stress parameters. All the domains were fixed, except the suspended membrane and electrode for
the membrane deflection study.
In the heat transfer to solids module, it is assumed that all surfaces exposed to
vacuum are subject to ambient surface radiation, and material emissivities were used
to account for thermal radiation. The bottom of the silicon chip and the faces of the
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Table 4.1: Wildfire Chip Parameters
Wildfire chip parameters for geometry design.
Configuration
Membrane Material
Suspended Membrane
Membrane Thickness
Electrode Material
Electrode Thickness
Area of Heating Spiral
Viewable Area
Initial Stress and Strain

Old Chip

New Chip

Square
SiNx
615 x 615 µm2
720 nm
Molybdenum
200 nm
360 x 360 nm2
2050 µm2
250 MPa

Circular
SiNx
525 x 525 µm2
420 nm
Molybdenum
200 nm
160 x 160 nm2
850 µm2
250 MPa

sides are close to the TEM holder, and the temperature was set to room temperature
as it is assumed, the heat is localized only in the suspended membrane region.
The electrical potential was applied through one electrode, where the electrode farthest away was chosen to be ground, to enable the current to pass through the configuration, and heat up the membrane. The input potential was swept from 0 to 2000
mV, and the temperature is varied at different input voltages.
Mesh
Figure 4.2 shows the general distribution of the mesh elements used in the simulation.
Around the suspended membrane and the electrode, smaller mesh elements were used.
On the Si chips, larger mesh elements were used.

Figure 4.2: Schematic illustration of the mesh in the 1st generation Wildfire chip.
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4.1.2 1st Generation Chips
The 1st generation chips (original design) was a square spiral. Figure 4.3a shows the
simulated surface stress, showing an equal distribution of surface stress. Figure 4.3b
shows the simulated temperature distribution. The desired temperature only occurs
in the middle of the spiral and a drastic temperature drop is observed when moving
away from the center of the spiral. Resulting in a temperature difference of 350°C
from the middle of the chip to the outer windows. Figure 4.3c shows the simulated
displacement (or bulging in z-direction) caused by both the surface stress and temperature, showing a bulging of 30 µm when assuming an initial stress and strain of
250 MPa. In Fig. 4.3d, the temperature profile of the temperature distribution is
plotted, taken from a cross-section through the chip as illustrated in Fig. 4.3b, further
illustrating the temperature gradient. This temperature drop makes it imperative to
use the inner windows when a specific reaction temperature is desired.
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Figure 4.3: The simulation results of 1st generation Wildfire chip, where a) surface
stress, b) temperature distribution, c) displacement and d) temperature profile along
the line indicated in b).
In order to optimize the Wildfire chips, DENSsolution optimized the pattern of the
heating spiral from a square spiral into a circular spiral, see Fig. 4.1b.
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4.1.3 2nd Generation Chips
The 2nd generation chips consist of a circular spiral. Figure 4.4a shows the simulated
surface stress, showing directional stress along the electrode. Figure 4.4b shows the
simulated temperature distribution, with a more uniform temperature distribution
around the area with windows. Figure 4.4c shows the simulated displacement (bulging
in z-direction) caused by both the surface stress and temperature, showing a bulging
of 30 µm, when assuming an initial stress and strain value of 250 GPa. In Fig. 4.4d,
the temperature profile of the temperature distribution is plotted, taken from a crosssection through the chip as illustrated in Fig. 4.4b, illustrating the more uniform
temperature distribution.
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Figure 4.4: The simulation results of 2nd generation Wildfire chip, where a) surface
stress, b) displacement and c) temperature distribution and d) temperature profile
along the line indicated in b).
The suspended membrane and the heating spiral were minimized to improve the
viewable area, i.e. ratio between the suspended membrane and area with windows to
850 µm2 . The viewable area in the 1st generation chips, only considering the 6 inner
windows, is 490 µm2 . However, the viewable area of all 27 windows is 2050 µm2 .
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The window configuration was optimized by changing from windows of identical sizes
placed along the heating spiral into windows with specific size and orientation in order
to optimize for a specific purpose. Four elongated windows in the α-tilt orientation
optimized for tomography, two windows placed within the heating spiral to achieve a
better temperature homogeneity for even more precise experiments, and four circular
windows without topography around the edges, optimized for FIB lamellas, a focused
ion beam (FIB) sample preparation technique to prepare a thin lamella of sample in
a dual-beam scanning electron microscope (SEM).
By decreasing the size of the suspended membrane and the surface area of the heating
spiral, the bulging should be reduced considerably. However, this result is not evident
in our simulations. Something could be wrong in the simulations, perhaps something
was not taken into consideration. However, without knowing the value for initial
stress and strain, many explanations are possible. It was discovered that a change
to the initial stress and strain made it possible to tune the bulging as pleased from
bulging inwards to outwards.

4.2 Climate Holder
For all experiments at elevated pressure, the Climate holder from DENSsolution was
used. The nano-reactor is a sandwich between a bottom heater-chip and a top-chip
confining the gas to a small volume. The chips are (like the Wildfire chip) based on
MEMS-technology and the bottom chip consists of a molybdenum heating spiral used
in TEM applications to analyze the transient behaviour of the sample during heating.
The micro-heater is based on a four-point resistive measurement suffering from same
bulging issues as the Wildfire chips. In addition, there is the added gas flow through
the nano-reactor with a pressure up to 1000 mbar affecting the experiments.

(a) Old Top-Chip

(b) New Top-Chip

Figure 4.5: The climate nano-reactor, where a) the old top-chip and b) the new
top-chip. Figures are used from DENSsolution’s website.76
Like the wildfire chips, in the duration of this work, the design of the Climate nanoreactor was optimized by DENSsolution, see Fig. 4.5.
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A new top-chip was developed by DENSsolution to be EDS compatible, where the new
top-chip consist of a large electron transparent window, with extra material removed
around the lid to allow for a large solid angle of X-ray detection during EDS. Besides
getting rid of the alignment tool, the change of the top-chip have a great affect on
the gas-flow.
Figure 4.6 shows the confined space in the nano-reactor for both the old and new
configuration in the Climate holder, where Fig. 4.6a illustrates the space between the
bottom heater chip and the top lid, making the gas-pathway appear solid (omitting
the lid) and Fig. 4.6b shows the new Climate chip configuration.

(a) Old Climate Chip

(b) New Climate Chip

Figure 4.6: Schematic illustration of the Climate chips with a cross-section used to
illustrate the simulated gas flow, where a) old climate chip and b) new climate chip.
Figure 4.7 shows the path of the gas flow of the two Climate configurations.

(a) Old Climate Chip

(b) New Climate Chip

Figure 4.7: The gas flow of the two Climate configurations, where a) the old Climate
configuration and b) the new Climate configuration.
In the old Climate configuration, the top chip is to small to cover the gas in-let and
out-let, not confining the gas to the sample area and thereby creating a pathway for
the gas around the top chip, meaning only a very small part of the gas reach the
sample. This is clearly visualized in Fig. 4.7a, which shows the trajectory of the gas
flow, revealing that most of the gas actually flows in the groove around the top chip.
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The new top chip is enlarged in size so that is covers both the gas in-let and out-let
and the gas is therefore confined by the o-ring, and not the lid of the sample holder.
This has improved the trajectory of the gas flow in the new Climate chip configuration,
which is visualized in Fig. 4.7b where the majority of the gas flows in the direction
of the sample area.
Figure 4.8 shows the velocity magnitude, taken from the cross-sections illustrated in
Fig. 4.7. Where 0 corresponds the middle of the chip with the sample area and the
gab with no gas flow, at maximum compression (5 µm), correspond to the spacer.
This further confirms, that the majority of the gas, flows in the groove around the
top chip in the old Climate configuration and more over the sample area in the new
Climate configuration.

(a) Old Climate Chip

(b) New Climate Chip

Figure 4.8: The velocity magnitude of the two Climate configurations, where a) the
old Climate configuration and b) the new Climate configuration.
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A few simulations were carried out with the top chip compressed to different degrees:
i.e. 5 µm, 10 µm, and 15 µm (not shown here), in order to see the effect on the flow
profiles. Each pixel (vertically) was averaged to get the average velocity magnitude
and integrated over unity to provide the flow rate, which can be seen in Fig. 4.9.

500 750 1000 1250 1500
Position [ m]

(a) Old Climate Configuration

10

3

10

4

5 m
10 m
15 m

0

250

500 750 1000 1250 1500
Position [ m]

(b) New Climate Configuration

Figure 4.9: The flow rate for the Climate configurations, where a) the old Climate
configuration and b) the new Climate configuration.
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For the old Climate chip configuration, in Fig. 4.9a, it is worth noticing that at
maximum compression (5 µm) more gas is forced into the groove around the top
chip. When not fully compressed, more gas is allowed to travel over the sample area.
Whereas for the new Climate chip configuration, in Fig. 4.9b, it is imperative to
compress the chips to the maximum, i.e. to height of the spacer on the chip (5 µm)
to force as much of the gas as possible to travel in between the spacers over the sample
area. In general, the gas flow is higher in the new Climate configuration.
In order to evaluate the amount of gas reaching the sample area, the first 50 µm
is integrated corresponding to half of the sample area · 2 in the new Climate chip
configuration (kept same for comparison). For the old Climate configuration, 0.013%
of the gas sees the sample area at 5 µm, 0.099% at 10 µm and 0.24% at 15 µm
compression. For the new Climate configuration, 7.8% of the gas sees the sample
area at 5 µm, 3.5% at 10 µm and 2.6% at 15 µm compression.

4.3 Discussion
For both 1st and 2nd generation of Wildfire chips, the surface stress, the temperature
distribution and the resulting displacement were simulated in Comsol Multiphysics®
to address the optimized configuration, and to understand what this might mean to
any further experiments. A clear improvement in the temperature gradient across
the Wildfire chip was shown, when moving away from the center. Making the temperature of 2nd generation chips much more homogeneous. However, it seems like
the improvement of the temperature gradient was made on expense of surface stress,
since additional stress along the electrodes of the heating spiral have appeared.
Since the gas flow simulations for the Climate chips highly depend on the values
of initial stress and strain, the simulations were not taken any further than these
preliminary results, i.e. simulations without taking bulging into considerations. These
simulations indicated that the gas flow of the old Climate chip was suffering from the
configuration of the top chip, resulting in the majority of the gas flow surpassing
the top chip, never reaching the sample area. This was corrected in the optimized
configuration of the new EDS compatible Climate chip. Although there seems to be
a huge difference in the gas flow for the two top chips, which is assumed to change
considerable when coupled with bulging. However, a way of minimizing this effect
was shown by the degree of compression of the top chip. For the old Climate chip
configuration it is better to less compression, allowing more gas to flow over the sample
area whereas more compression forces the gas into the groove around the top chip.
For the new Climate chip configuration it is better to have maximum compression,
i.e. to height of the spacer on the chip (5 µm) to force as much of the gas travel in
between the spacers and be guided over the sample area. Whereas less compression
allow the gas to flow over the spacers.
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For most optimal experimental conditions; when conducting a heating experiment
it is better to use the 2nd generation Wildfire MEMS-chips and when conducting a
experiments at elevated pressures it is better to use the new Climate top chip with
minimum distance between top and bottom chip for best results.

Part II

Catalytic Conversion of Syngas into
Higher Alcohols

CHAPTER

5

CO2 Hydrogenation
In this chapter, Rh catalysts on different supports are investigated, where the interaction between the metal and support is of interest. Here, in situ particle formation
is proven possible and a SMSI effect is demonstrated.

5.1 Motivation
The rapidly increasing CO2 concentration in the atmosphere is causing the greenhouse effect, which is the main reason for global warming. Global warming causes a
series of disasters and challenges worldwide, including rising temperatures resulting
in e.g. melting the ice of the poles and desertification. This is one of the greatest
environmental challenges of our times.
Greenhouse gases, the gaseous constituents in the atmosphere, both natural and
anthropogenic, that adsorb and re-emit infrared radiations, include carbon dioxide
(CO2 ), methane (CH4 ), nitrous oxide (N2 O) and fluorinated gases. However, ∼76 %
of the greenhouse gas is carbon dioxide. The vast amount of CO2 in the atmosphere
acts as a blanket, trapping heat and thus warming the planet, which is the main
cause of global warming. The emission of CO2 originates mainly from burning and
consumption of fossil fuels like coal, oil and natural gas as well as industrial processes
for chemical processing. The energy consumption over the last century is based on
easy access to inexpensive fossil fuels. With a growing global population and an
ever increasing energy demand around the world, it is obvious that the emission of
CO2 following the use of fossil fuels is threatening the climate on the earth, and this
makes the development of sustainable energy solutions the greatest challenge of our
time. Efforts have been made to reduce carbon emission and to capture, store or
reuse CO2 and a lot of research to utilize CO2 as fuels, chemicals or reagents has
rapidly increased.
CO2 is a highly oxidized and thermodynamically stable compound, so active metal
catalysts are required to reduce it further.77 The catalytic hydrogenation of CO2 is
an old process, where carbon dioxide is catalytically converted depending upon the
shape and structure of the catalysts used78 and here heterogeneous catalysts have
been successfully utilized.79 The support plays an important role in the catalyzed
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reaction because of its ability to modify the chemical behaviour of the dispersed
metal and it provides thermal stability. Group VIII metals and noble metal catalysts
have been widely studied for CO2 hydrogenation, especially rhodium-based catalysts,
as they are very active in the reforming of hydrocarbons and they favour steam
reforming rather than oxidation reactions.

5.2 Catalytic Conversion of CO2
The conversion of carbon dioxide into chemicals and fuels is an important way to
reduce climate change. The process of CO2 utilization by catalytic hydrogenation is
an important field.
Today, carbon dioxide is mainly obtained from renewable sources such as biomass
and organic waste via gasification80,81 or produced via steam reforming of natural
gas82–84 and partly from coal gasification.85 However, what if it became possible to
remove emitted carbon dioxide from the atmosphere and turning it into liquid fuels,
or to transform carbon dioxide, before it is ever released?

5.2.1 Mechanism
In the beginning of the 20th century, Paul Sabatier discovered methanation, the catalytic hydrogenation of CO2 to methane, also known as the Sabatier reaction, which
gave a new approach to CO2 conversion into value added products via hydrogenation.86
CO2 + 4H2 ⇄ CH4 + 2H2 O

∆Hr = -165.0 kJ/mol

(5.1)

Methanation is an important catalytic process of fundamental interest with a potential commercial application.79,87–89 It is a reversible, exothermic and thermodynamic
reaction at room temperature. With a H2 and CO2 gas feed with a H2 /CO2 ratio
of 4, the main products are methane (CH4 ) and water (H2 O) and typically operated at temperatures between 200°C and 550°C depending on the catalyst used. At
higher temperatures, additional CO2 is generated, as the increased energy shifts the
equilibrium to favour the reverse reaction, and with temperatures above 450°C, the
formation of CO by-products increases, due to the reverse water-gas shift (rWGS)
reaction.
CO2 Hydrogenation to Methanol
Commercially, methanol is produced from synthesis gas using natural gas or coal,
containing CO2 , CO and H2 , which can be seen in the following equations:86

5.2 Catalytic Conversion of CO2

CO2 + 3H2 ⇄ CH3 OH + H2 O
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∆Hr = -49.5 kJ/mol

(5.2)

CO2 + H2 ⇄ CO + H2 O

∆Hr = 41.1 kJ/mol

(5.3)

CO + 2H2 ⇄ CH3 OH

∆Hr = -90.7 kJ/mol

(5.4)

There is no consensus on the reaction mechanism of CO2 to methanol. However,
there are two main mechanisms proposed: direct hydrogenation of CO2 in Eq. 5.2
and a two-step reaction mechanism, where CO2 and hydrogen are first converted into
COads intermediate and water via the rWGS reaction, in Eq. 5.3. In a subsequent
reaction, methanol is formed from carbon monoxide and hydrogen, Eq. 5.4.79,90
CO2 Hydrogenation to Ethanol
Currently, ethanol is obtained from biochemical processes, like using sugar, starch
or feedstocks, which are also food resources. Therefore, CO2 hydrogenation into
higher saturated hydrocarbons is of great interest. The most stable C2 hydrocarbon
is ethanol and it is formed according to the following86
2CO2 + 6H2 ⇄ C2 H5 OH + 3H2 O
CO2 + H2 ⇄ CO + H2 O
2CO + 4H2 ⇄ C2 H5 OH + H2 O

∆Hr = -86.7 kJ/mol

(5.5)

∆Hr = 41.1 kJ/mol

(5.6)

∆Hr = -253.6 kJ/mol

(5.7)

Direct ethanol synthesis in Eq. 5.5 suffers in practice from low selectivity and conversion rates at even high pressures.91,92 Instead, a two-step mechanism is adopted
through rWGS in Eq. 5.6 followed by the CO hydrogenation in Eq. 5.7.

5.2.2 Support
Supported Rh has been known to have the ability to produce C2 oxygenates such
as ethanol, acetaldehyde and acetic acid selectively from syngas.93 Rh is versatile,
because it can form methane, alcohols or other oxygenates from CO hydrogenation
depending on reaction conditions, promoter and support. The support affects the
Rh dispersion, which in turn affects the nature of the CO adsorption. For example, Trautmann and Baerns found, that 0.5% Rh supported on SiO2 produced Rh
crystallites which adsorbed CO non-dissociatively, whereas the same metal loading
on TiO2 formed more dispersed clusters which adsorbed CO dissociatively.94 Qualitatively similar effects are reported by others,95 with TiO2 typically being the most
active support for dissociative adsorption.96
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5.3 Strong Metal-Support Interaction
Metal nanoparticles (NPs) on an oxide support play an important role in promoting
heterogeneous catalytic reactions. However, the oxide often plays a critical role affecting both activity and selectivity,97–100 determined by the choice of the metal, the
pretreatment and also the properties of the supporting oxide. The function of the
oxide support is to stabilize the metal in a highly dispersed state, but it may also interact with the metal, thus affecting the catalytic properties e.g. by CO oxidation,101–105
CO and CO2 hydrogenation,106,107 hydroformulation,108 or partial hydrogenation reactions.109–112
Already in 1931, Schwab discussed the electronic interaction between the support
and metallic particles, which influenced the activation energy and reaction rate for
some reactions.113 About 50 years later, Tauster et al.98 introduced the concept of
strong metal-support interaction (SMSI) to describe the suppression of H2 and CO
chemisorption, by transition metal NPs supported on TiO2 following a H2 -reduction
treatment at 500°C. Initially, explanations as both an electronic perturbation of the
metal catalyst and migration of a mobile phase of the partially reduced support which
encapsulates the metal particles were considered.114 Baker et al. were the first to show
that titania migrates on top of the metal surface during reduction treatments blocking the metal sites from chemisorbing H2 or CO by the help of TEM.115 Komaya
et al. showed by using TEM that during increasing the reduction temperature, the
coverage of titania on the metal catalyst also increased, resulting in total encapsulation at 500°C.116 With continuously improving TEM resolution, evidence for metal
encapsulation by a reduced support has become unquestionable,117 and it is well accepted that the partial reduction of TiO2 leads to TiOx suboxide species (x < 2)
which migrate onto the surface of metal particles.118
The SMSI concept is still under debate, and many hypotheses have been proposed
over the last 20 years. In general, the SMSI effect is either explained by “geometric” or electronic” interactions. In the geometric explanation, the active surface of
the metal change under reduction, either by migration of the oxide over the metal
surface, encapsulating the metal, or by sintering and thereby spreading of the metal
particles out onto the support. The electronic interactions consist either of a charge
transfer between the metal and the support, a change in the electric field acting on the
metal-support interface or the formation of metal-metal bonds in the highly reduced
state. In reality, the electronic and geometric effects are not mutually exclusive and
each focus on explaining a slightly different observation related to supported metal
catalysts, thus every metal-oxide combination interacts depending on the conditions
upon them. Today, the SMSI term is used to describe almost any effect either promoting or prohibiting the catalytic activity of the metal by the support, which cannot
be explained as purely structural.

5.4 Experimental
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5.4 Experimental
5.4.1 Loading

Product Selectivity [%]

Particle size is one of the important properties which can be tuned. Arakawa et
al.119 suggested that the size of the Rh particles has an effect on product selectivity,
where smaller Rh particles lead to methanol and larger Rh particles lead to longer
hydrocarbons. Figure 5.1 shows their proven relationship between product selectivity
and particle size. An optimum particle size diameter for high C2 -selectivity is 3-4 nm,
where smaller particles results in methanol.
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Figure 5.1: The effect of mean Rh particle size on product selectivity. Plotted from
Arakawa et al.119
An attempt to control the size of the Rh NPs was made during synthesis, e.g. by
changing the metal loading of Rh particles. In order to evaluate the success, TEM
characterization was performed and the size distribution was found, see Fig. 5.2

(a) 1wt% Rh/SiO2

(b) 3wt% Rh/SiO2

(c) 5.5wt% Rh/SiO2

Figure 5.2: Rh/SiO2 with increasing loading, where a) 1wt% Rh/SiO2 , b) 3wt%
Rh/SiO2 and c) 5.5wt% Rh/SiO2 .
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From Fig. 5.3 it was confirmed that an increase in size distribution correlates with
an increase in weight loading of the Rh particles on the silica support, where 1 wt%
Rh/SiO2 has an average size of 1.7 ± 0.4 nm, 3 wt% Rh/SiO2 has an average size of
2.6 ± 0.48nm and 5.5 wt% Rh/SiO2 has an average size of 3.5 ± 0.8 nm. This result
is, however, not surprising, but perhaps more a control.
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Figure 5.3: Size distribution of Rh/SiO2 with increasing loading, where a) 1wt%
Rh/SiO2 has an average size of 1.73 ± 0.4 nm, b) 3wt% Rh/SiO2 has an average size
of 3.08 ± 0.6 nm and c) 5.5wt% Rh/SiO2 has an average size of 3.5 ± 0.8 nm.

5.4.2 Spent/Fresh Comparison
Since elevated H2 /CO gas pressure is required to obtain C2 -oxygenates as the majority
product over Rh catalysts, the catalysts were treated in 250°C in a H2 /CO mixture at
30 bar for 2 hours, and a comparison was made between the fresh and spent catalyst.
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(b) 3wt% Rh/SiO2

Figure 5.4: Size distribution of both 1wt% and 3wt% Rh-particles comparing a
fresh and spent catalyst, where a) 1wt% Rh/SiO2 with the average size of 1.73 nm of
the fresh and 2.32 nm of the spent. b) 3wt% Rh/TiO2 with the average size of 3.08
nm of the fresh and 3.09 nm of the spent.
In Fig. 5.4 the size distribution for 1wt% Rh/SiO2 and 3wt% Rh/SiO2 is compared
between the fresh and spent catalyst. For the 3wt% Rh/SiO2 there are almost no

5.5 In situ Measurements
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change, with an average size of the fresh catalyst being 3.08 nm and an average size
of the spent catalyst is 3.09 nm. However, there is a larger change for the 1wt%
Rh/SiO2 where the average size of the fresh catalyst being 1.73 nm and the average
size of the spent catalyst is 2.32 nm. Indicating that the treatment has a higher effect
on smaller Rh particles.
A H2 /CO treatment at 30 bar was also performed. However, that resulted in a
complete depletion of Rh particles, most likely due to the volatility of the formed
carbonyls.

5.4.3 Support Analysis
It is well known that the support has a huge impact on the catalyst, therefore two
different supports were investigated.

(a) 3wt% Rh/SiO2

(b) 3wt% Rh/TiO2

Figure 5.5: TEM micrographs of Rh-particles on different support, where a) 3wt%
Rh/SiO2 and b) 3wt% Rh/TiO2 .

In Fig. 5.5 silica (SiO2 ) a less reducible support is compared to titania (TiO2 ) a
reducible support and their corresponding size distribution is plotted in Fig. 5.6 both
for particles with a 3wt% loading, where the average size is 3.08 nm for the particles
on silica, which is higher than the average size 1.93 nm for particles on titania.

5.5 In situ Measurements
To confirm it was possible to obtain similar results in situ, the ETEM was utilized.
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Figure 5.6: Size distribution of 3wt% Rh-particles on different support, where a) is
on SiO2 with an average size of 3.08 nm and b) is on TiO2 with an average size of
2.25 nm.

5.5.1 Particle Formation
In Fig. 5.7 the formation of 3wt% Rh/SiO2 was carried out. Figure 5.7a is taken at
room temperature before the particle formation, Fig. 5.7b is after calcination at 3
ml/min O2 corresponding to 4.2 mbar at 400°C and Fig. 5.7c is after reduction in 2
ml/min H2 corresponding to 1.3 mbar.

(a) Before Reaction at 25°C

(b) Calcination in O2 at 400°C (c) Reduction in H2 at 400°C

Figure 5.7: In situ particle formation of 3wt% Rh/SiO2 where a) is before reaction
at room temperature, b) during calcination in 3 ml/min O2 at 400°C and c) is during
reduction in 2 ml/min H2 at 400°C.
It is possible to follow the development of the particle formation before reaction, where
no Rh particles are visible. After calcination, particles have nucleated and during
reduction they keep growing indicating that the particle growth does not happen
via particle migration or coalscence, but through Ostwald ripening, where smaller
Rh species attach though diffusion on the support. The effect of beam damage is

5.5 In situ Measurements
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obvious from Fig. 5.7 where the silica support is extremely beam sensitive, and the
collapse of the support is observed. In order to follow the synthesis, it was necessary
to occasionally take a micrograph. However, to be able to evaluate the influence of
the beam, two different regions where exposed to different illumination, see Fig. 5.8.

(a) Region 1: Intermittent Illumination

(b) Region 2: No Illumination

Figure 5.8: Micrographs acquired after particle formation of 3wt% Rh/SiO2 in 2
ml/min H2 corresponding to 1.3 mbar at 400°C, where a) is region 1 regularly exposed
to the beam during reaction and b) is region 2 with no previous beam exposure.

The idea of varying the amount of illumination is to get a clear indication whether
the observations are beam induced. Fig. 5.8a shows images from region 1, recorded
regularly during the reaction. Fig. 5.8b shows reference images from region 2 after
the reaction, which was previously unilluminated. Importantly, this experiment shows
that the average particle size is considerable bigger in region 1, than in reference region
2. This clearly illustrates a beam induced effect. However, particle formation of 3wt%
Rh/SiO2 was still achievable, just with a smaller average particle size away from the
beam illumination.
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(b) Region 2: No Illumination

Figure 5.9: Size distribution of 3wt% Rh-particles formed in situ with different
exposure to illumination, where a) is regularly exposed and b) no previous exposure.

5.5.2 SMSI
Particle formation of 3wt% Rh/TiO2 was also performed in situ in the ETEM, see
Fig. 5.10.

(a) Before Reaction at 25°C

(b) Calcination in O2 at 550°C (c) Reduction in H2 at 400°C

Figure 5.10: In situ particle formation of 3wt% Rh/TiO2 where a) is before reaction
at room temperature, b) after calcination in 3 ml/min O2 at 550°C and c) is during
reduction in 2 ml/min H2 at 400°C.

Unlike before, Rh-oxide particles are present from the beginning at room temperature,
see Fig. 5.10a. After calcination in 3 ml/min O2 corresponding to 4.2 mbar at 550°C
a nucleation takes place, but this time it appears to take place via particle migration,
where smaller particles assemble to become bigger particles, see Fig. 5.10b. During
the reduction step in 2 ml/min H2 corresponding to 1.3 mbar at 400°C, the Rh
particles on titania were encapsulated by a layer of TiOx -phase, which was directly
visualized by in situ high-resolution ETEM images, see Fig. 5.11.

5.6 Climate Holder

(a) 3wt% Rh/SiO2
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(b) 3wt% Rh/TiO2

Figure 5.11: Strong metal-support interaction visualized in a reducing atmosphere
for a prolonged time period at elevated temperature where a) 3wt% Rh/SiO2 with
a less reducible support and b) 3wt% Rh/TiO2 on a reducible support. SMSI only
appearing on TiO2

SMSI commonly appears at the metal-support interfaces, where the support is reducible, e.g. with TiO2 .120 Whereas less reducible oxides, such as SiO2 ,98 show no
SMSI behavior, which was confirmed by previous particle formation. This result is not
surprising, since previous studies have shown that TiO2 as a support exhibits SMSI
effects during H2 reduction and migrates on top of the supported metal nanoparticles,
inhibiting their H2 and CO chemisorption capabilities.99

5.6 Climate Holder
To see whether pressure has any effect on the formation of a SMSI layer, synthesis
of 3wt% Rh/TiO2 was attempted. Starting with calcination in 1 bar O2 at 550°C
followed by reduction in 1 bar H2 at 400°C.
The climate holder is highly prone to beam induced contamination. To prevent this, it
is essential to first burn off any carbonaceous contamination, preferable at 300-400°C,
before any experiments. However, since the calcination takes place in that temperature range, it was decided to perform calcination completely before any beam interaction. The micrographs in Fig. 5.12 were therefore not recorded until reduction was
taking place. Unfortunately, particle formation/activation of the catalyst was never
proven successful. Since no images were acquired before calcination, it is impossible
to say, whether the particles in Fig. 5.12a were nucleated during calcination, like in
the case for synthesis of 3wt% Rh/SiO2 in the ETEM, or if the nucleation took place
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(a) Calcination in O2 at 550°C

(b) Reduction in H2 at 400°C

Figure 5.12: Particle formation of 3wt% Rh/TiO2 at high pressure in the climate
holder, where a) calcination and b) reduction.

via particle migration, like in the case for 3wt% Rh/TiO2 . With the extra membrane,
it was difficult to get a a signal useful to do EELS or a resolution to acquire a HRTEM
image, to prove the activation by reduction to metallic iron.

5.7 Challenges
An extreme sensitivity to beam induced contamination was encountered. This is,
however, not surprising, since beam induced contamination is also present during
ETEM measurements due to carbonaceous contamination and this issue is worked
around by either plasma cleaning the chips prior to experiments or burn-off after
inserting into the microscope. However, the degree of sensitivity was difficult to
predict.
Figure 5.13a is a micrograph taken shortly after inserting the climate holder into the
microscope, after only a few seconds making sure that the sample is present in the
overlapping windows. The degree of contamination varies from chip to chip, and this
is the worst example. Nevertheless, this stresses the need for cleanliness, meaning
always plasma clean the nano-reactor prior to experiments, always use fresh/clean
solvent, always check if sample is present before inserting into the microscope and
the necessity of burning-off the contamination at the highest temperature which the
sample allows without affecting the experiment, if possible at temperatures as high
as 300-400°C.
In addition, there have been some challenges concerning the chips, where holes were
burned in the membrane due to the beam or where the membrane reacts with the

5.8 Discussion
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(a) Beam Sensitivity

(b) Reaction with Membrane

Figure 5.13: Challenges concerning the climate chips, where a) shows the extreme
beam sensitivity and b) shows the membrane interacting with the hematite at 600°C.

sample, see Fig. 5.13b. Again, this is not a new behavior and it is well known that
silicon nitride (Si3 N4 ) membranes can react with the sample at elevated temperatures.
However, this was observed at temperatures as low as 500-600°C. However, the biggest
challenge was that the Climate system is constructed with silica tubing, a porous
material. This means too much water in the system, making reduction experiments
difficult. E.g. reduction of iron oxide (hematite) was not possible due to the amount
of water, and a re-oxidation occurs before complete reduction.

5.8 Discussion
This first part of this work, was carrying out TEM characterization of Rh nanoparticles on different supports as part of a bigger collaboration for catalysts synthesised
in a plug flow reactor.
To confirm that similar results were achievable in situ, the ETEM was used. Here
in situ particle formation of Rh nanoparticles on less reducible support (silica) and
a reducible support (titania) was demonstrated. The development of the reaction
was followed, with the nucleation of the particles during calcination and growth of
the particles during reduction. The formation of a SMSI layer was demonstrated
for the Rh/TiO2 catalyst, where the Rh particles on titania were encapsulated by a
layer of TiOx -phase. No formation of a SMSI-layer on Rh particles on silica occurred,
indicating that there is a support effect, where a reducible support is more prone to
SMSI behavior.
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In addition, a great amount of time was used on getting a newly acquired high pressure
holder up and running, to identify some of the challenges this system consist of and
to gain knowledge on future procedures.

Part III

Activation of Iron Oxide for
Fischer-Tropsch

CHAPTER

6
Fischer-Tropsch

In this chapter, a combination of different in situ techniques was used to investigate
the activation of iron oxide for the Fischer-Tropsch synthesis. This investigation is
divided into two parts; the reduction of hematite to metallic iron in pure hydrogen
followed by the carburization in different H2 /CO ratios, using unsupported hematite
as the starting material.

6.1 Motivation
The greatest challenge facing the world in the 21st century is the growing demand for
energy. With a growing global population and a modern society with an increasing
energy consumption, the need to increase the energy supply, while reducing the impact
of mankind on the environment, requires scientists to re-evaluate the way in which
energy demand is met. Our modern society currently depends on crude oil, which
has motivated researchers to re-evaluate our energy forms and sources, especially
with regard to transportation fuels, due to mass production of cars, oil powered ships
and growing air travels. Furthermore, the desire of countries with limited or no oil
reserves to become energy independent grows stronger. In addition to a growing
global awareness that our reserves are finite, the general rise in price of crude oil and
stricter legislation with regard to transportation fuels and their production has led
to a renewed interest in synthetic fuels. Furthermore, environmental concerns are
rising and the biggest environmental consequence when using oil as the main source
of transportation fuels, is the amounts of “unwanted” associated gas flared during
production. Some of the consequences associated with gas flaring are the impact on
air quality, the formation of acid rain from the emissions and contamination of soils
and groundwater with heavy metals in the surrounding areas. In addition to the
environmental concerns, there is also an economic loss associated with gas flaring. In
order to address the issues of gas flaring from both an environmental and an economic
perspective, the ”unwanted” associated gas produced during crude oil extraction can
be minimized by employing Gas-to-Liquid (GTL) Fischer-Tropsch technology, which
utilizes the ”waste gas” as feedstock to produce liquid hydrocarbons. In addition to
being of higher value than natural gas/associated gas, the liquid hydrocarbons are
easier to store and transport. The Fischer-Tropsch process for the production of liquid
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hydrocarbon fuels from synthesis gas is very flexible, in the sense that the synthesis
gas (syngas) can, in theory, be obtained from any carbon containing source. The
process can be operated utilizing Biomass-to-Liquid (BTL), Coal-to-Liquid (CTL) or
Gas-to-Liquid (GTL) technologies. The carbonaceous material such as coal, biomass
or natural gas is converted into syngas and subsequently into liquid fuels via the
Fischer-Tropsch synthesis. This synthesis is by far the most promising and proven
technology and it has the potential to revolutionize the fuel industry.
Fischer-Tropsch Synthesis (FTS) is a catalyzed chemical reaction, in which synthesis
gas (syngas), a mixture of carbon monoxide (CO) and hydrogen (H2 ) obtained from
either coal, biomass or natural gas, is converted into mainly hydrocarbons (linear
paraffins and primary olefins), with various amounts of oxygenates (alcohols, aldehydes, ketones and acids), which are subsequently used for making liquid fuels and
chemicals. Several group VIII metals, such as: iron (Fe), cobalt (Co), nickel (Ni) and
ruthenium (Rh) are known to be active components of the FTS catalysts. However,
since nickel has a high selectivity to methane, which is undesirable, and ruthenium
resources are expensive, both elements are not commonly used. As a result, mainly
iron and cobalt catalysts are used industrially. Compared to cobalt, iron is cheaper
as it is one of the most abundant elements in the crust of the earth. Iron catalysts
are less impacted by operating conditions, like pressure and temperature, therefore it
is less sensitive towards sintering.121 Iron catalysts are good water-gas shift (WGS)
catalysts, and they are the preferred catalysts when coal, with a low hydrogen to
carbon ratio, is the source of syngas.122 These advantages make the Fe-based catalysts an attractive candidate in the development of next generation FTS catalysts.
The Fe-based FTS catalysts is one of the most studied systems known in the field of
heterogeneous catalysis. However, even after more than 90 years of research, many
important research questions remain unanswered. During activation of the Fe-based
catalysts and subsequent FTS, a complex mixture of iron phases is present. In general, it is recognized that iron oxides, metallic iron and carbidic iron co-exist after
activation and during FTS. Surface carbidic iron is believed to be the active phase
by most. Nevertheless, even after great effort in characterizing the active phase, the
exact identity of the active catalytic phase remains controversial.
In order to gain deeper insight into the activation behaviour of Fe-based FTS catalysts,
a better understanding of the structure and of the role of the different iron species
formed during the different stages of reaction is needed. Since the sensitivity of
the Fe-based catalysts to oxidation by air is well known,123 a combination of different
complementary in situ techniques were used to investigate the activation of iron oxide
for the Fischer-Tropsch synthesis, iron oxide is typically activated in either hydrogen
(H2 ), carbon monoxide (CO) or syngas (a mixture) before synthesis reaction.124 Since
a CO or a syngas activation lead to iron carbides, the idea is to divide the activation
process into two parts; the reduction of hematite to metallic iron in hydrogen followed
by the carburization using unsupported hematite, and thus to gain information about
their evolution in time under in situ conditions.

6.2 Brief History of Fischer-Tropsch Synthesis
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6.2 Brief History of Fischer-Tropsch Synthesis
The discovery of the Fischer-Tropsch (FT) process was credited after Franz Fischer
and Hans Tropsch who converted a mixture of carbon monoxide and hydrogen to
hydrocarbons using an iron catalyst.125
However, the history of FTS can be traced all the way back to 1902, when Paul
Sabatier and Jean-Baptiste Senderens were the first to report the catalytic conversion of carbon monoxide and hydrogen into methane from syngas over a nickel catalyst.126 In 1913, Mittasch and Schneider from the Badische Anilin and Soda Fabrik
(BASF) in Ludwigshafen, Germany, patented a process for producing hydrocarbons
and oxygenated products from syngas containing an excess CO in a ratio of CO/H2
of 2:1 using alkali promoted osmium and cobalt catalysts at higher temperature and
pressure.127 Due to the outbreak of World War 1, the hydrocarbon research was
abandoned and priority was given to industrializing the synthesis of ammonia and
methanol. After World War 1, the synthetic fuel industry was given a great impetus
by the German government that kept pushing for energy independence by imposing
controls and regulations on the German oil industry. Therefore, an extended effort
was put into research towards developing a process to convert Germany’s abundant
coal reserves into fuels and chemicals and it resulted in major discoveries within the
production of synthetic fuels (or synfuels). The first discovery was made by Friedrich
Bergius, a German researcher in Rheinau-Mannheim. He developed a method to directly liquefy coal at about 477°C and up to 700 bar in the presence of finely divided
iron catalysts and then “crack” the coal molecules into smaller molecules using hydrogen.128 The second discovery was the production of hydrocarbons (synthol) from
syngas over alkalized iron catalysts at 100-150 bar at 400-450°C made by the German
scientists Franz Fischer and Hans Tropsch at the Kaiser Wilhelm (currently the Max
Plank) Institute for Coal Research in Müllheim, Germany.125 They worked on the
means of indirectly converting coal into liquid fuel by using a gas ratio of H2 /CO
of 2:1 to avoid carbon deposition (soot). In 1925, Franz Fischer and Hans Tropsch
successfully converted a mixture of CO and H2 to hydrocarbons and water at atmospheric pressure and reaction temperatures of 250-300°C, completely eliminating the
oxygenated compounds, over iron catalysts.129 The production routes for synthetic
fuel were quickly recognized as an opportunity for Germany to become fuel independent by the German government and incorporated into Germany’s energy plan.
Although Bergius coal hydrogenation process was the main contributor to transportation fuels requirements during World War 2, is was for the most part abandoned after
the war, when low-cost Middle-East oil became available in the 1950’s. Synfuel research and development was only revived in industrialized nations during times of oil
crises, but often abandoned again in times with declining oil prices. Fischer-Tropsch
research and development suffered same fate due to fluctuations in crude oil prices
and availability. However, recent concerns over depleting crude oil, political unrest in
countries of major crude exporters and the increasing demands for greener strategies,
among other factors have sparked a renewed interest in FT research.
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6.3 Iron Oxide
Iron-based FTS catalysts have the advantage that iron is the fourth most abundant
element in the earth’s crust and therefore iron-based catalysts are relatively cheap.
In addition, they are more resistant to poison and have a high WGS activity that
provides supplemental H2 , allowing the use of hydrogen deficit syngas, typically derived from coal or biomass, and are therefore a commonly used catalysts. There are
sixteen iron oxides, including both iron hydroxides and iron oxide hydroxides (both
referred to as oxides for simplicity).
Table 6.1: General properties of selected iron oxides and metallic iron.

Formula
Structure Type
Crystal System
Space Group
Lattice
Density (g/cm3 )
Color
ICSD Code*
ICSD Code**

Hematite

Magnetite

Wüstite

Iron

α-Fe2 O3
Corundum
Hexagonal
R3̄c
hcp
5.26
Red
15840
71194

Fe3 O4
Inverse Spinel
Cubic
Fd3̄m
fcc
5.18
Black
20596
50567

Fe1-x O
Defect Rocksalt
Cubic/Tetragonal
Fm3̄m
fcc
5.9–5.99
Black
27850
31081

α-Fe
Rocksalte
Cubic
Im3̄m
bcc
7.87
Black
64795
53451

*ICSD code used by Asger in his individual project and Master’s thesis.70,71
**ICSD code used by Anton in his individual project.44
Table 6.1 presents an overview over a few selected iron oxides and metallic iron, reported to be the most important in FTS with some general properties; these phases include hematite, magnetite, wustite and metallic iron (with the exception of maghemite
and goethite).

(a) α-Fe2 O3

(b) Fe3 O4

(c) FeO

(d) α-Fe

Figure 6.1: Representation of crystal structures, where: a) hematite, b) magnetite,
c) wüstite and d) metallic iron. The unit cell is indicated by the square axis.

6.3 Iron Oxide
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Hematite
Hematite (α-Fe2 O3 ) is widespread in nature both in solids and in rocks, and is a
big constituent of iron ore, which is the 4th most abundant element in the Earth’s
crust. As a powder, it has a red/brownish colour, while it appears grey or black when
crystalline. It has the same structure as corundum (α-Al2 O3 ) and is therefore based
on a hexagonal closed-packed (hcp) structure of oxygen ions with trivalent iron ions
(Fe3+ ) occupying two thirds of the octahedral sites,130 see Fig. 6.1a.
Magnetite
Magnetite (Fe3 O4 ) is a black powder with an inverse spinel structure containing both
divalent Fe2+ and trivalent Fe3+ ions in the ratio of 1:2 with a face-centred cubic (fcc)
structure,130 see Fig. 6.1b, where the ferric ion Fe3+ gives up half of the octahedral
sites to the ferrous species Fe2+ and the displaced ferric ions Fe3+ ions take up
the tetrahedral coordination in the sub-lattice. Magnetite is thermodynamically the
most stable form of iron oxide under standard conditions and is commonly found in
deactivated catalysts.
Wüstite
Wüstite (FeO) is a black powder and it has a defective halite structure, where the
anion sites are occupied by O2- and most cation sites are occupied by divalent Fe2+ ,
with a face-centred cubic (fcc) anion array,130 see Fig. 6.1c. A cation-deficient phase
written as Fe1−x O exists at 0.1 MPa pressure and temperatures higher than 570°C.
Pure FeO does not exist, as the crystal lattice always contains defects and is therefore
not stable in air. Wüstite is an important intermediate during the reduction of oxidic
iron ores to iron, and is therefore formed during the reduction of FTS catalysts
precursors. Though, not always observed.
Metallic Iron
Metallic iron is typically not found in nature, as nearly all metallic iron is produced
by the reduction of iron ores. The most common form of pure metallic iron found at
low to moderate temperatures (<723°C) is Ferrite (α-Fe) also called soft iron. It has
a body centered cubic(bcc) crystal structure,130 see Fig. 6.1d.
The characteristic diffractive and spectral features of the commonly observed iron
oxide phases in FTS are summarized in Table 6.2 for the applied characterization
techniques used in this thesis.
Iron oxide is a very important precursor in FTS catalysts, and iron oxide in the form
of magnetite plays an important role during the FTS process. As it is well known
that magnetite catalyzes the water-gas shift reaction,131 magnetite is considered to
be the phase responsible for the WGS activity of the Fe-based FTS catalyst.131–136 It
is generally accepted in literature that the WGS reaction and the FTS reaction take
place on different active sites on the catalyst. Since magnetite is known to co-exist
with other iron phases during FTS, it plays an important role in determining the
overall activity and selectivity of the catalyst. In some cases, magnetite is suggested
to be the active phase in FTS.137–139

Table 6.2: Signatures of selected iron oxides and metallic iron for applied characterization techniques.
XRD147

Phase

(hkl)

XPS148,149

Origin

NEXAFS*150

Origin

XANES**151–153

Origin

α-Fe2 O2

d
d
d
d
d
d
d

=
=
=
=
=
=
=

2.670
2.510
2.201
1.838
1.690
1.484
1.452

Å
Å
Å
Å
Å
Å
Å

I
I
I
I
I
I
I

=
=
=
=
=
=
=

100
50
30
40
60
35
35

(104)
(110)
(113)
(024)
(116)
(214)
(300)

711.0
55.7
93.6
529.8

eV
eV
eV
eV

Fe(2p3/2 )
Fe(3p3/2 )
Fe(3s)
O(1s)

709.1 eV

1s → 4p
1s → 3d

7123.1 eV
7113.5 eV

1s → 4p
1s → 3d

Fe3 O4

d
d
d
d
d

=
=
=
=
=

2.967
2.532
2.099
1.612
1.484

Å
Å
Å
Å
Å

I
I
I
I
I

=
=
=
=
=

30
100
20
30
40

(220)
(311)
(400)
(511)
(440)

708.3 eV
53.9 eV
530.2 eV

Fe(2p3/2 )
Fe(3p3/2 )
O(1s)

709 eV
711 eV

1s → 4p
1s → 3d

7123.0 eV
7113.0 eV

1s → 4p
1s → 3d

FeO

d
d
d
d

=
=
=
=

2.490
2.153
1.523
1.299

Å
Å
Å
Å

I
I
I
I

=
=
=
=

80
100
60
25

(111)
(200)
(220)
(311)

709.5
54.9
92.5
530.0

eV
eV
eV
eV

Fe(2p3/2 )
Fe(3p3/2 )
Fe(3s)
O(1s)

707.6 eV

1s → 4p
1s → 3d

7119.3 eV
7112.5 eV

1s → 4p
1s → 3d

α-Fe

d = 2.027 Å
d = 1.433 Å
d = 1.170 Å

I = 100
I = 20
I = 30

(110)
(200)
(211)

706.6
707.4
720.0
90.8
52.4

eV
eV
eV
eV
eV

Fe(2p3/2 )
Fe(2p3/2 )
Fe(2p1/2 )
Fe(3s)
Fe(3p)

706.8 eV

*NEXAFS: Fe L-edge.
**XANES: Fe K-edge.

7111.2 eV
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During pretreatment, the iron oxide precursors are treated in H2 , CO or syngas to
convert it to its active form, where a complex mixture of iron phases are formed. It
is recognized that metallic iron, carbidic iron and iron oxides co-exist after activation
and during FTS. First, focusing on the reduction to metallic iron. The reduction
mechanism of iron oxides has been studied extensively over the last century.140–143 It
is generally accepted that the water content effects the reduction kinetics.140–146 As
water is a product of the WGS reaction in Fe-based FTS, this is important for this
thesis and a few highlights from some of the articles are presented.
Wimmers et al.143 used Temperature Programmed Reduction (TPR) at direct heating rates to investigate the reduction of Fe2 O3 particles. They observed that the
reduction rate is affected by H2 O and concluded that the water inhibits the reaction
significantly. This is confirmed by Zielinski et al.,140 who investigated the effect of
water on the reduction path for hematite in pure H2 . They showed that not only did
water inhibit the Fe2 O3 reduction, but the water content also determined whether or
not the reduction path occurred in two or three steps:
α-Fe2 O3 → Fe3 O4 → α-Fe

(6.1)

α-Fe2 O3 → Fe3 O4 → FeO → α-Fe

(6.2)

This is further supported by Rau154 and Barin155 who noticed that the three step
reduction process only takes place at temperatures above 570°C and at (XH2 O )/(XH2 )
ratios over 0.35. Lorente et al.141 found that the first reduction step (Fe2 O3 → Fe3 O4 )
is not affected by water. However, further reduction is significantly inhibited even at
the lowest content of water. Kock et al.156 reported that if the water content becomes
too high with H2 /H2 O ratios of 1, it becomes impossible to completely reduce to
metallic iron, even at 1000°C. For that reason, it can sometimes be advantageous to
use gaseous CO as the reducing gas instead of H2 .

6.4 Iron Carbide
Iron carbides can adopt many structures and they can be classified according to the
sites occupied by the carbon atoms. Structures with carbon atoms in trigonal prismatic (Tp ) interstices and structures with carbon atoms in octahedral (Oh ) interstices.
Cementite (θ-F3 C)157 , Hägg carbide (χ-Fe5 C2 )158 and Eckstrom and Adcock carbide
(Fe7 C3 )159 are common TP carbides to occur in FTS. Oh carbides such as ε-Fe2 C and
ε’-Fe2.2 C are however less studied in regard to FTS, because their small particle size
makes it difficult. Table 6.3 presents an overview of selected Tp iron carbides found
in FTS.
The characteristic diffractive and spectral features of these observed iron carbide
phases in FTS are summarized in Table 6.4.
Carbides can be classified by their chemical bond types as either covalent (e.g. SiC),
ionic (e.g. CaC2 ) or interstitial (e.g. WC). When binding with transition metals,
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Table 6.3: General properties of selected iron carbides.

Formula
Crystal System
ICSD Code

Cementite

Hägg Carbide

θ-Fe3 C
Orthorhombic
29341

χ-Fe5 C2
Monoclinic
423886

(a) θ-Fe3 C

(b) χ-Fe5 C2

Figure 6.2: Representation of crystal structures of selected TP iron carbide present
in FTS, where a) cementite and b) Hägg carbide. The unit cell indicated by the
square axis.

Table 6.4: Signatures of selected iron carbides for applied characterization techniques.
Phase

XRD159–161

(hkl)

XPS138,162–164
711.0 eV

Fe(2p3/2 )

720.3
707.3
91.4
53.0
283.2

Fe(2p3/2 )
Fe(3p3/2 )
Fe(3s)
Fe(3p)
C(1s)

θ-Fe3 C

d
d
d
d
d
d
d

=
=
=
=
=
=
=

2.259
2.215
2.102
2.064
2.027
2.011
1.974

Å
Å
Å
Å
Å
Å
Å

I=20
I=20
I=60
I=60
I=55
I=100
I=55

(002)
(201)
(211)
(102)
(220)
(031)
(112)

χ-Fe5 C2

d
d
d
d
d
d
d

=
=
=
=
=
=
=

2.285
2.207
2.113
2.081
2.047
2.011
1.986

Å
Å
Å
Å
Å
Å
Å

I=25
I=50
I=25
I=80
I=100
I=30
I=20

(020)
(11-2) (202)
(112)
(021)
(510)
(40-2) (31-2)
(22-1) (51-1)

eV
eV
eV
eV
eV

Origin
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due to the size and electronegativity, it either becomes an ionic or an interstitial
class of carbides. Many transition metals interstitially dissolve small atoms such as
carbon, oxygen and nitrogen into their crystal lattice and are referred to as transition
metal carbides (TMC) (e.g. Fe3 C). Bonding in interstitial compounds occur through
interaction between the s − p orbitals of the non-metal and the s − p − d band of the
metal atoms.
It was first noted by Levy and Boudart165 that the carbides of tungsten catalytically
behaved similar to platinum metal by catalyzing the reaction of H2 and O2 at room
temperature. Since this discovery, carbides have gained much attention for studying
catalytic reactions and often the activity, selectivity and resistance to poisoning surpass the properties of the group VIII catalysts for hydrogenation reactions.166 TMC
compounds are therefore promising heterogeneous catalysts due to their enhanced
attrition (i.e. breaking up of catalyst particles into smaller particles) and sintering
(i.e. loss of catalytically active surface area) resistance.167 However, TMC compounds
often have small surface areas and are therefore easily contaminated by free carbon
or oxygen on the surface, which are the main challenges of TMC catalysts.
Very little research has been conducted on the electronic structure and physical properties of iron carbide species with respect to catalysis, which is surprising since many
have stated the importance of iron carbide phases for FTS.166,168,169 The precise role
of iron carbides in FTS have not been determined yet, but their formation causes
the iron environment to change, which modifies the catalytic activity of the parent
metal by alloying with carbon. As the identification of iron carbides was done by
XRD characterization, non-crystalline phases were not identified. Niemantsverdriet
et al.160 concluded from Mössbauer spectroscopy, resonant absorption and emission
of gamma rays, that the carbide was only observed in co-existence with α-Fe or just
after this phase disappeared. Therefore, they concluded that the carbide was probably a poorly defined intermediate between α-Fe and a known carbide structure. The
exact mechanism for producing hydrocarbons over iron carbides remains unknown.
Only recently, studies have been conducted on the hydrogenation of CO on carbide
surfaces.170,171
Even though it has been observed experimentally that carburized iron is an active
catalyst, it is still disputed in literature whether or not bulk carbide phases play an
active role in the FTS.170,171 The question is why iron forms bulk carbides under FTS
conditions, when the other active metals do not, this is addressed by Niemandsverdriet
and colleagues.172 They pointed out, that the activation energy of carbon diffusion
in Fe (43.9 – 69.0 kJ/mol) is lower than for Co and Ni (145 and 138-146 kJ/mol,
respectively).28 The activation energies for the FTS reaction are similar for the three
metals.173 For Fe, Co and Ni there are 89.1 ±3.8, 105 ±5.0 and 113 ±18 kJ/mol,
respectively. For iron, the activation energy for carbon diffusion is lower than for
the FTS reaction. Since the pre-exponential factors in the Arrhenius equation is
somewhat equal for both carbon diffusion and FTS reaction (within a factor of 40),
the activation energies can be directly related to the reaction rates, which means
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that the reaction rate for the carbon diffusion reaction is higher than the rate of the
FTS reaction for iron. Because of this, iron undergoes, early in the reaction when
the amount of surface carbon remains small, a period in which FTS activity is low,
when iron can form bulk carbides. For cobalt and nickel, carbon diffusion rates are a
factor 105 lower than for iron, and the carbon diffusion rate becomes negligible and
all carbon is converted into FTS products. Many authors claim that iron carbides
are necessary for an FTS catalyst to be active. However, this is still disputed as some
believe that metallic iron is the active phase in FTS.160,174

6.4.1 Proposed Mechanisms
Several chemical reactions occur simultaneously during the FTS, producing both
desired and undesired products. The general products for the synthesis over Fe-based
catalysts are summarized in the following equations,175 such as Eq. 6.3 for alkanes
(paraffins), Eq. 6.4 for alkenes (olefins) and Eq. 6.5 for the WGS.
nCO + (2n + 1)H2 → Cn H2n+2 + nH2 O

Paraffins:

nCO + 2nH2 → Cn H2n + nH2 O

Olefins:

CO + H2 O ⇄ CO2 + H2

Water-Gas Shift:

(6.3)
(6.4)
(6.5)

For Fe-based FTS catalysts, the water-gas shift (WGS) reaction in Eq. 6.5 is an
important reaction and provides a means to alter the H2 /CO distributions. Side
reactions, such as those producing alcohols in Eq. 6.6 or undesired carbonaceous
deposits via Boudouard reactions in Eq. 6.8, also take place during FTS.
nCO + 2nH2 → Cn H2n+2 O + (n − 1)H2 O

Oxygenates:

(6.6)

Carbonyls:

nCO + (2n − 1)H2 → (CH2 )n O + (n − 1)H2 O

(6.7)

Boudouard:

2CO → C + CO2

(6.8)

Most Fe-based FTS catalyst precursors consist of iron oxides. During activation,
dependent on the gas composition and temperatures used, the following chemical
transitions can take place in the catalyst:
Red/Ox in H2 :

Fex Oy + yH2 ⇄ xFe + yH2 O

(6.9)

Red/Ox in CO:

Fex Oy + yCO ⇄ xFe + yCO2

(6.10)

Adsorb/dissociate:
Carburization:

* + CO* ⇄ C* + O*
xFe + yC ⇄ Fex Cy

(6.11)
(6.12)

Where Eq. 6.9 and Eq. 6.10 are either the reduction and the oxidation of the
catalysts in hydrogen or carbon monoxide, respectively. The metallic iron species can
then subsequently adsorb CO on one of its active surface sites (represented by *) and
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dissociate it in Eq. 6.11. The adsorbed species can then further react with the iron
species to form iron bulk carbides, Eq. 6.12.
Dissociated CO can be converted in two other reactions. If hydrogen is present,
hydrogen molecules can be dissociated on the catalyst surface, and surface carbide
species can be hydrogenated, Eq. 6.13.
Hydrogenation:
Carbon Coupling:

C* + xH* ⇄ CHx * + x*
C* + C* ⇄ Ci

(6.13)
(6.14)

The CHx species can further react with each other on the surface, forming longer
hydrocarbon chains. However, when more carbon species are available on the surface
with only a few hydrogen atoms present, a direct coupling of carbon atoms can occur,
Eq. 6.14, where Ci stands for inactive surface carbon species. The build-up of these
carbon species on the surface can lead to blocking of active surface sites, lowering the
overall catalyst activity.
During FTS, the Fe-based catalyst is known to form many co-existing phases, including iron oxides, metallic iron and iron carbides. The exact role of the phases in FTS
remains controversial. Claims of catalytic activity of α-Fe2 O3 176 , Fe3 O4 137–139,162,177 ,
α-Fe160,174 and iron carbides178–181 in FTS are all found in literature. Even the role
of the specific carbide phases has been the subject of debate.178
Four main models have been proposed to explain the the catalytically active phases
of the Fe-based FTS catalysts, which was first gone though by Niemantsverdriet et
al.172 These models are based on the elementary reaction steps mentioned above. The
Competition Model160 suggests that surface iron species are the active sites in FTS.
In this model, surface carbide is the precursor facilitating a competition between the
carburization of the iron phase (Eq. 6.12), the hydrogenation of the surface carbon
atoms (Eq. 6.13) and the formation of inactive surface carbon by the reaction between
adsorbed carbon atoms (Eq. 6.14). The Carbide Model178,180,181 suggests that surface
carbides with an underlying iron carbide bulk structure is the active phase, where
metallic iron is assumed to be inactive for FTS. Here, the carbide phase controls
the number of active surface sites. The Slow Activation Model160 assumes that CO
dissociation happens very fast with sufficient carbon present for both carburization
and hydrocarbon synthesis - i.e. resulting in surface complexes consisting of both
iron, carbon and hydrogen to the active phase for FT activity. As these complexes
have to build up, the surface is described as slowly activated. A fourth, less accepted
model is sometimes mentioned in literature, this model suggests that magnetite is
the active phase. Although no description of the active sites or reaction mechanism
is suggested.137–139,162,177
Ever since the FTS reaction mechanism was proposed in the original paper by Fischer
and Tropsch125,129 it has been a discussed topic. Many detailed reviews are available
on the mechanism.182–184 However, an in-depth discussion of the different reaction
mechanisms is beyond the scope of this thesis.

112

6 Fischer-Tropsch

6.5 X-ray Powder Diffraction
The main purpose for using XRD, is to get an overview over parameters influencing
the reduction of hematite, i.e. temperature and pressure. The results is transferred
directly to measurements conducted in the ETEM, to evaluate whether or not a
reduction of iron oxide is possible.
Foremost, the XRD is used to determine the conditions under which the different
phase transitions occur, since XRD enables the chemical reaction to be followed over
time and thereby can identify the phases present during the reduction. Here, temperature is varied to get an idea of the time frame for the reduction to occur. At the
ETEM, the reaction needs to be so fast that it occurs in real time. However, not so
fast that the transitions are impossible to observe. The pressure is varied to approach
ETEM conditions, again to determine whether a reduction carried out in the ETEM
is possible.
In order to approach ETEM-like conditions, the H2 flow was set to the minimum
value of 2% resulting in a flow of 2 ml/min and the He was set to 100% resulting in
a flow of 140 ml/min. Due to a malfunctioning pressure controller, the exhaust gas
was sent out into the open and the absolute pressure on the back of the system was
therefore 1 atm, corresponding to a H2 partial pressure of 14 mbar. During reduction,
the gas signals were measured by mass spectrometry (MS) to follow the progress of
the reaction by monitoring the the consumption of hydrogen and production of water.

6.5.1 Reduction of Iron Oxide
An experiment was made to roughly determine the temperature range for the different
phase transitions taking place during the reduction.
The experiment was conducted at scan angle 2θ, between 25-55°with step size 0.04°and
time per step was set to 270 ms. The first scan at room temperature, then at 100°C,
from here a crude increase in temperature in steps of 100°C with a heating rate of
40°C/min, which can be seen in Fig. 6.3.
6.5.1.1 Crystal Structure Determination

From this experiment, it was possible to determine 4 different crystal phases based
on a comparison with JCPDF standard pattern software (X’Pert HighScore Plus)
or simulated references from the ICSD database.50 The 4 phases found during the
reduction process: hematite (α-Fe2 O3 ) with peaks at 33.2°, 35.5°, 40.8°, 49.5° and
54.1°, magnetite (Fe3 O4 ) with peaks at 30.1°, 35.3°, 36.9°, 43.0° and 53.4°, wüstite
(FeO) with peaks at 35.8° and 41.7°, and metallic iron (α-Fe) with a peak at 44.8°.
α-Fe2 O3 → Fe3 O4 → FeO → α-Fe

(6.15)
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Figure 6.3: XRD patterns from the initial experiment with 2 ml/min H2 in 140
ml/min He, with partial pressure of 14 mbar. Each line corresponds to XRD scans
taken at different temperatures. The first scan is at 25°C, the second scan at 100°C
and thereby increasing by 100°C per scan with a heating rate of 40°C/min.

Except from wüstite, each structure can be singled out at different temperatures from
this experiment, see Fig. 6.4, where each structure has been normalized to the highest
peak in the pattern. At room temperature, the sample consists of hematite, at 400°C
the sample is reduced to magnetite, at 600°C the sample consists of a mixture of
wüstite and metallic iron and at 700°C the sample is completely reduced to metallic
iron. The bottom window in Fig. 6.4 is the reference spectra simulated in Python,
with the packages Pymagten and Xrayutilities, where Pymagten is used to create the
structures and Xrayutilities is used to simulate the diffraction patterns.
The peaks in Fig. 6.4 shift towards lower angle with increasing temperature compared
to the simulated reference patterns. This is due to both thermal expansion of the
crystal and the sample displacement, as the amount of sample shrinks during removal
of oxygen, during the reduction.
The data from the mass spectrometer of the initial experiment are shown in Fig.
6.5, with the detected ion currents on the left axis and the temperature profile on
the right axis. The temperature profile illustrates the experiment, starting at room
temperature, increasing to 100°C and then increasing in steps of 100°C until 700°C
is reached and finishing back at room temperature.
The mass spectrometer data in Fig. 6.5 show the reduction corresponding to the
XRD patterns in Fig. 6.3. The use of hydrogen (mass 2), which is more pronounced
at a linear scale, with the production of water (mass 18) show a reduction is taken
place. At each temperature increment, the mass spectrometer data show the release of
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Figure 6.4: XRD patterns from the initial experiment used to identify the 4 different
crystal phases that are present during reduction: hematite (α-Fe2 O3 ), magnetite
(Fe3 O4 ), wüstite (FeO) and metallic iron (α-Fe), where the bottom window is the
simulated references spectra.

other compounds in addition to water, like mass 12, mass 28 and mass 44, which was
not expected. However, these masses most likely correspond to carbon (C), carbon
monoxide or nitrogen (CO/N2 ) and carbon dioxide (CO2 ), respectively. It was initial
considered whether these carbon compounds were residuals present in the sample from
the synthesis process. After confirming that these carbon based compounds were not
used in the preparation, it was suspected that the contamination could come from the
setup. The experiment was repeated without any sample (not shown here). Again,
the mass spectrometer data show the release of these compounds, but as the levels
are continuously decreasing, it is assumed that the presence of these carbonaceous
contaminations are due to previous experiments, in which carbon based gases had
been utilized and the system should be baked out prior to experiments.
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Figure 6.5: Mass spectrometer data from the initial experiment where the ion
current detected is on the left axis and the red temperature profile on the right axis.

6.5.1.2 Temperature Dependency

The time per step was lowered to 200 ms and the step size was lowered to 0.026°in
order to maintain a good signal-to-noise ratio with a low background. To minimize
the scan time for each scan, the range of scan angles 2θ was set to 28-46°, which
is just enough to distinguish the different iron phases. The disadvantage of such a
relatively short scan range is, however, that much of the structural information lies
in the relative intensity between the peaks from the same phase. If more peaks from
magnetite and iron should be included, the scan range would almost be doubled.
Furthermore, the mass spectrometer was no longer available due to reparation.
To better understand the temperature dependency, the reduction was performed at
a set temperature and each experiment was carried out at different temperatures, so
Fig. 6.6 shows the experiments at 300°C, 400°C, 500°C and 600°C, as the experiments
at lower temperatures did not result in fully reduction of metallic iron.
Fig. 6.6a is the experiment conducted at 300°C and even after 170 hours the reduction is still not fully completed, and still contain magnetite. A small sign of hematite
is observed, but quickly reduced to magnetite and metallic iron. Fig. 6.6b is the experiment conducted at 400°C. At this temperature, hematite is reduced to magnetite
during temperature ramping, even before the first scan. The sample is considered
fully reduced after ∼44 hours, and it is possible to see a small trace of wüstite. Fig-
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Figure 6.6: Contour plot of the reduction extent over time, taken at different temperatures. a) is at 300°C, b) is at 400°C, c) is at 500°C and d) is at 600°C. They are
all with a partial pressure of 14 mbar and absolute pressure of 1000 mbar. In d) a
shift of wüstite towards lower angle is observed around 5 hours, which most likely is
due to thermal expansion of the crystal.

ure 6.6c is the experiment conducted at 500°C. At this temperature there is no sign
of hematite and magnetite is fully converted to a mixture of wüstite and metallic
iron within 8 hours. However, fully converting wüstite seems to be a long drawn-out
process and even after 40 hours, there still seems to remain a trace. Figure 6.6d is the
experiment conducted at 600°C. There is a small trace of magnetite, which is quickly
reduced to a mixture of wüstite and metallic iron within the first hour. Around 4-5
hours, wüstite is shifted towards lower angle, this could be due to thermal expansion
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of the crystal or due to a reduction in the amount of sample. However, then it would
be expected to also affect the iron trace. Like at 500°C there seems to be remaining
trace of wüstite not getting fully reduced.
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Even though it is possible to observe the transition qualitatively, the unequal intensities of the peaks in the different phases makes it challenging to obtain any quantitative
information. In order to get quantitative phase amounts, a Rietveld refinement was
made, see Fig. 6.7. Each pattern is refined independently from the same initial values
and no information is carried over by the algorithm.
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Figure 6.7: Rietveld refinements of the reduction extent over time, taken at different
temperatures, where a) is at 300°C, b) is at 400°C, c) is at 500°C and d) is at 600°C.

The Rietveld refinements confirm the observations from above. Figure 6.7a is the Rietveld refinement for the experiment conducted at 300°C, where only a small trace of
hematite is present, and it confirms that the experiment was terminated too early for
achieving full reduction. Fig. 6.7b shows the Rietveld refinement for the experiment
conducted at 400°C, where no trace of hematite is observed, and the reduction goes
from magnetite to metallic iron. Unlike the contour plots, the wüstite phase is not
visible. Figure 6.7c shows the Rietveld refinement for the experiment conducted at
500°C, where wüstite is present between 4-15 hours. Figure 6.7d shows the Rietveld
refinement for the experiment conducted at 600°C. A significantly larger contribution
of wüstite is observed, with a small indication of some remaining wüstite at the end
of the experiment.
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The experiments all show the same trend: the reaction rate increases with increasing
temperature, just as the formation of wüstite increases with increasing temperature.
This corresponds to what was reported by others, and is therefore not surprising.
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Figure 6.8: Temperature dependency of the reduction extent for all experiments,
where 200°C (blue), 250°C (orange), 300°C (green), 350°C (red), 400°C (purple),
500°C (brown) and 600°C (pink).

Figure 6.8 shows the reduction extent for all experiments conducted at 1000 mbar
with varying temperature from 200-600°C. No reduction takes place at 200°C, at
250°C the reduction to magnetite is clear, but does not proceed. Both experiments
were terminated after ∼20 hours, since no further reduction seemed to take place.
At 300°C and 350°C the hematite phase is just barely visible, but from 400°C the
reduction happens so fast that the hematite phase is impossible to observe. The
experiments at 500-600°C start out as magnetite, as the first transition takes place
during temperature ramping.

6.5.1.3 Partial Pressure Dependency

In order to approach ETEM conditions, the pressure was varied. Due to a malfunctioning pressure controller, at first, it was not possible to change the absolute pressure.
Instead, the partial pressure was varied, investigating the partial pressure dependency
of the reduction process.
All settings were kept as the initial experiment, again with the mass spectrometer
available. As the initial experiment showed that no reduction takes place at temperatures below 200°C, the temperature is ramped to 200°C and then scanning at every
10°C until 700°C. The initial experiment is repeated with the above modifications,
with as low partial pressure of H2 as possible to approach ETEM conditions. The
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lowest flow possible is 2 ml/min H2 in 140 ml/min He, resulting in a partial pressure
of 14 mbar H2 and absolute pressure of 1 bar in the system.
Figure 6.9a shows the XRD patterns from the low partial H2 pressure. Roughly
around 300°C the transition between hematite and magnetite occurs. Further reduction begins around 400°C, where a peak around 44°starts to appear, indicating
a direct transition to pure metallic iron. The peaks from magnetite disappear completely around 550°C, where small peaks around 36°and 42°emerge, corresponding to
wüstite. The reduction is complete at 600°C , with only a peak from metallic iron.
700

5

450

4

400
350

3

300

2

250

1
25

30

35

40
45
2 [degrees]

50

(a) 14 mbar H2 in He

55

6

550
Temperature [°C]

Temperature [°C]

500

7

600

6

550

8

650

7

600

200

700

8

650

500

5

450

4

400
350

3

300

2

250
200

1
25

30

35

40
45
2 [degrees]

50

55

(b) 980 mbar H2 in He

Figure 6.9: Contour plot for different partial pressure, where a) has low partial H2
pressure of 14 mbar in He and b) has a high partial H2 pressure of 980 mbar in He.
Figure 6.9b shows the XRD patterns from the high partial H2 pressure. Around
250°C the first transition from hematite to magnetite takes place. The following
transition happens directly from magnetite to metallic iron, without the presence of
intermediate state wüstite. This makes sense, as the intermediate wüstite is only
expected at temperatures above 570°C, and since the full reduction has already run
the course at 330°C, explaining its absence. The reduction at high partial H2 pressure
is much faster than the reduction at low partial H2 pressure.
Again, the mass spectrometer data confirm what is observed in the XRD patterns.
In Fig. 6.10 the signals are smoother and do not show the release of compounds in
incremented steps, like in the crude temperature steps. Zooming in, the transition
from hematite to magnetite around 300°C is observed by the consumption of H2 and
the release of water. The water signal slowly rises towards a peak shortly after 12
hours, confirming the slower transition to metallic iron observed in the XRD data.
The overall water production is much higher at the second step corresponding to the
more hydrogen consuming reaction.
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Figure 6.10: Mass spectrometer data from the low partial H2 pressure experiment
with 2 ml/min H2 in 140 ml/min He corresponding to a partial pressure of 14 mbar.
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Figure 6.11: Mass spectrometer data from the high partial H2 pressure experiment
with 100 ml/min H2 in 2.8 ml/min He corresponding to a partial pressure of 980
mbar.
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The data from the mass spectrometer from the high partial H2 pressure can be seen
in Fig. 6.11. The consumption of H2 is almost non-visible, whereas the production
of water is considerably higher, which confirms the fast reduction to metallic iron
observed in the XRD patterns.

6.5.1.4 Absolute Pressure Dependency

In the previous section, the influence of the partial pressure was investigated in order
to determine the feasibility of ETEM experiments carried out at lower pressures.
A series of experiments were performed with reduced absolute pressure at different
temperatures in Fig. 6.12, in an attempt to better approach the conditions available
in the ETEM.
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Figure 6.12: The content of the iron phase during the reduction performed at both
500 mbar and 1000 mbar, low- and high absolute pressure, at varying temperature at
300°C, 400°C and 500°C.
Reducing the absolute pressure affects the partial pressure is also reduced as the H2
and He flows are unchanged. Therefore, the reduction process is expected to be slower,
since the reduction rate depends on the partial pressure of hydrogen. However, since
the partial pressure of H2 is so small, the change is expected to be minor or even
undetectable.
Experiments with a low absolute pressure of 500 mbar were performed at various
temperatures: 300°C, 400°C and 500°C. It is seen that the reduction rate is increased
when increasing temperature. However, only a small variation is observed when
varying the pressure. At 500°C, the reaction rate for the experiment at 500 mbar
was slightly slower than the experiment at 1000 mbar. At 400°C there are almost no
difference and at 300°C a more pronounced increase in reaction rate is observed for
the experiment performed at 500 mbar.
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It is assumed that the difference in reaction rates at low absolute pressure can be
explained by faster removal of water. This means that the influence of absolute
pressure can be temperature dependent due to the water produced during the reaction.
However, since the observed changes are so small and only two experiments were
performed at the same temperature, this trend could be within statistical variance
and more experiments are needed to confirm this trend.

6.5.1.5 Sample Size Dependency

In order to investigate if the difference in reaction rates at low absolute pressure can
be explained by faster removal of water, a series of experiments were made using only
half the sample. This is achieved by using a spacer ring to raise the sieve in the Anton
Paar cell corresponding to only half of the full sample being examined.
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Figure 6.13: Reduction extent showing the sample size dependency, of samples at
both 300°C and 400°C at different absolute pressures a 1000 mbar and 500 mbar
repeated with half the amount a sample.
In Fig. 6.13, the reduction at both 300°C and 400°C at different absolute pressures at
1000 mbar and 500 mbar is repeated with half the amount of sample. For experiments
performed at the same temperature, there is a significant increase in reaction rate for
both 300°C and 400°C. However, the effect of lowering the absolute pressure seems
to have a higher effect at higher temperature. Whereas for lower temperature, the
biggest increase in reaction rate when using half a sample is for the highest absolute
pressure.
The increase in reaction rate is more pronounced for the reaction at 400°C, which
could be explained by higher reduction rate. As water is produced faster, the partial pressure of water must also be higher and the reduction of the sample should
therefore be affected more at higher reduction rates. Thus, the effect of removing
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half the sample is more pronounced at 400°C. This strongly indicates a sample size
dependency.

6.5.2 Carbide Formation
First, it needs to be mentioned that a new batch of iron oxide was received from Dr.
Xi Liu used during the carburization XRD experiments. Due to a color change, change
in magnetic properties and a smaller size distribution, it is clear that the sample does
not contain pure hematite, but most likely a blend of hematite and magnetite (or
maybe even maghemite (γ-Fe2 O3 ) by XRD, which has the same crystal structure as
magnetite, which can not be distinguished). The first challenge with the new sample
occurs while loading the sample into the Anton Paar cell. Due to the smaller size
distribution, the sample goes through the sieve. In order to overcome this challenge,
a ”reverse cup” is used, which means that instead of the gas flow penetrating the iron
oxide powder sample, the gas flow move around the sample, resulting in a significantly
smaller sample depth. Due to a decrease in both size distribution and sample depth,
a noisier XRD pattern is observed.
6.5.2.1 H2 /CO Ratio

The carburization process is assumed to occur faster for the metallic iron. Therefore,
the first XRD experiments were separated into the reduction of hematite (in 2 ml/min
H2 in 140 ml/min He) followed by the carbide formation at varying H2 /CO ratios.
In the following, the reduction data is not included, as it was already thoroughly
investigated in the section above.
In Fig. 6.14 metallic iron is the starting phase, due to the previous reduction. As
iron is carburized, it turns into a mixture of cementite (θ-Fe3 C) and Hägg carbide
(χ-Fe5 C2 ), which is more clear from the Rietveld refinement in Fig. 6.15.
The carburization process seems to be complete during the first few hours, with the
disappearance of the metallic iron phase and the increase in both cementite and Hägg
carbide, with Hägg carbide as the dominating carbide at 280°C. Even after additional
∼20 hours no further reactions take place. It is therefore assumed, that the carbide
formation does not only take place on the surface, but in bulk.
A few experiments were performed under somewhat similar conditions, where the
total flow was held at a constant level, only varying the H2 /CO ratio; 4:1 H2 /CO
ratio, 2:1 H2 /CO ratio and 1:1 H2 /CO ratio, with an increasing reaction rate with
increasing H2 /CO ratios and all ratios, a mixture of Cementite and Hägg Carbide is
formed.
As expected, the XRD pattern is very noisy with broad peaks, which in order to
improve the signal-to-noise ratio suggest an increase in both the step size and integra-
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Figure 6.14: Contour plot of the carburization process in a 4:1 H2 /CO ratio in He
carried out with an absolute pressure of 1000 mbar.
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Figure 6.15: Rietveld refinement of the carburization process of metallic iron in a
4:1 H2 /CO ratio in He carried out with an absolute pressure of 1000 mbar.

tion time. In addition, to improve the Rietveld refinement, it is necessary to increase
the scanning window so that more than one peak of crystal structures is included, as
the overlapping peaks makes it difficult to distinguish the separate phases, which was
done for the remaining XRD experiments.
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6.5.2.2 Carburization in Pure CO
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When activating iron oxide in carbon monoxide, see Fig. 6.16, both a reduction and a
carburization takes place simultaneously. In Fig. 6.16a the activation is performed in
2 ml/min CO in 140 ml/min He at 400°C. In Fig. 6.16b the activation is performed
in 2 ml/min CO in 98 ml/min He at 280°C like the previous carburizations.
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Figure 6.16: Contour plot of the activation of iron oxide in carbon monoxide, where
a) is in 2 ml/min CO in 140 ml/min He at 400°C and b) is in 2 ml/min CO in 98
ml/min He at 280°C.
From Fig. 6.16 it is clear that the activation of iron oxide in CO has a temperature
dependency, as Fig. 6.16a and Fig. 6.16b have different end products. At 400°C the
formation of Cementite is dominating with an intermediate wüstite phase appearing
in the beginning. This is further confirmed by the Rietveld refinements in Fig. 6.17.
At 280°C the reaction rate is much slower, which could be expected due to the significantly reduced temperature. Furthermore, the intermediate wüstite phase is found
in higher concentrations. The activation results in a mixture of magnetite and Hägg
carbide, with a small amount of cementite, even after 35 hours. Whether this is an
intermediate towards the other is challenging to confirm. The slope in the Rietveld
refinement, seen in Fig. 6.17b, indicates that equilibrium is still not established
meaning that the activating process is still not complete.

6.5.2.3 Carburization in Syngas

Carburization of hematite was performed in syngas (4 ml/min H2 , 2 ml/min CO in 94
ml/min He), resulting in a 2:1 H2 /CO ratio at 280°C, see Fig. 6.18. From the contour
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Figure 6.17: Rietveld refinement of the activation of iron oxide in carbon monoxide,
where a) is in 2 ml/min CO in 140 ml/min He at 400°C and b) is in 2 ml/min CO in
98 ml/min He at 280°C.
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plot a slow depletion in magnetite is observed. However, the remaining structures
seem undefined or overlapping.
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Figure 6.18: Contour plot of the carburization process of hematite in a 2:1 H2 /CO
ratio in He carried out at 280°C with an absolute pressure of 1000 mbar.

Comparing the Rietveld refinement of the reactions performed in a syngas-like mixture in Fig. 6.19 with the activation in pure carbon monoxide in Fig. 6.17b, both
conducted at 280°C, it is worth noting that there is no indication of the intermediate
wüstite phase in H2 /CO mixture. Furthermore, it seems like the activation process
is sped up drastically with the added hydrogen flow, as the reaction seems more or
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less complete within 36 hours with the depletion of magnetite, whereas the activating
process in pure carbon monoxide is still far from reaching equilibrium.
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Figure 6.19: Rietveld refinement of the carburization process of hematite in a 2:1
H2 /CO ratio in He carried out at 280°C with an absolute pressure of 1000 mbar.

6.6 In situ Transmission Electron Microscopy
6.6.1 ETEM
The ETEM experiments are used for in situ investigation of the iron oxide during
reduction of the atomic resolution at elevated temperature in different gases at a few
mbar, i.e. to follow any structural changes of the individual Fe nanoparticles and to
monitor the reduction at a nanoscale under reaction condition.
First, it is established that full reduction of iron oxide in the ETEM is possible under
conditions unravelled in the previous section. This is supported by EELS spectra.
The crystal structures are determined by electron diffraction and this confirms what
was discovered during the XRD experiments. Then a sample size dependency is
demonstrated and the effect of water is addressed.

6.6.1.1 Crystal Structure Deterination

The four phases present during the reduction were further confirmed when reducing
hematite in the ETEM. With a H2 flow of 2 ml/min corresponding to a pressure of
1.3 mbar, it was possible to reduce hematite to metallic iron. To avoid long electron
beam exposure, which could lead to induced beam interaction, the beam was on only
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used when taking TEM images and EELS spectra at every 30 minutes. This resulted
in hematite being completely reduced at 500°C. Fig. 6.20 show an image before and
after reduction, both acquired with a dose rate of 4.6·103 e- /nm2 s.

(a) α-Fe2 O3

(b) α-Fe

Figure 6.20: ETEM images before and after reduction performed at H2 flow of 2
ml/min corresponding to a pressure of 1.3 mbar, with a dose of 4.6·103 e- /nm2 , where
a) is hematite at 200°C and b) is metallic iron at 500°C.

It is not possible to directly observe the reduction process from the micrographs.
However, since the images are taken at the same magnification, a sample reduction is
obvious, which could indicate a reduction. Instead, this was proven by using EELS,
which was performed simultaneously and can be seen in Fig. 6.21.
By following the development of both the oxygen K-edge (onset ∼532 eV) and iron
L-edge (onset ∼709 eV), it is possible to comment on the reduction. After background
subtraction, a depletion of the oxygen K-edge is observed with increasing temperature
in addition to the change in ratio of the iron L3 and L2 edges. The L3 /L2 intensity
ratio goes from 3.6 for hematite,185 3.4 for magnetite185 approaching 2 for metallic
iron.185 This indicates that a reduction was taking place, and it was demonstrated
that it is possible to reduce hematite to metallic iron in the ETEM at 1.3 mbar H2 .
This was further confirmed in a separate electron diffraction experiment performed
with a H2 flow of 8 ml/min corresponding to a pressure of 3.8 mbar, see Fig. 6.22.
The reduction experiment was initiated by raising the temperature to 200°C and
waiting for 15 min., before acquiring a diffraction pattern. This process was repeated,
while increasing the temperature in step of 50°C. At first, no change in the diffraction
pattern was observed. Nothing happened until 500°C, where the first transition to
magnetite appeared. The next transition to wüstite was observed at 850°C and the
last transition to metallic iron appeared around 1000°C. Even though these transi-
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Figure 6.21: EELS data from the reduction of hematite at increasing temperatures,
showing the oxygen K-edge (∼532 eV) and the iron L-edge (∼709 eV).

tions took place at significantly higher temperatures than expected from the XRD
experiments, which will be commented on later, it was possible to identify each phase
by electron diffraction.

(a) α-Fe2 O3

(b) Fe3 O4

(c) FeO

(d) α-Fe

Figure 6.22: Electron diffraction patterns of the observed phases during reduction
of hematite to metallic iron in 3.8 mbar H2 , where a) hematite at room temperature,
b) magnetite at 500°C, c) würsite at 850°C and d) metallic iron at 1000°C.
From Fig. 6.22, the inner fringes (concentric circles) in the electron diffraction patterns are measured, and the radius is converted to nm and plotted in Fig. 6.23 with
the simulated pattern. The electron diffraction patterns are imaged inversely, meaning that the smallest fringe correspond to the largest interplanar distance. From the
overlap in Fig. 6.23, it is quite convincing that the four different phases are identified
by electron diffraction.
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Figure 6.23: The interplanar distance extracted from the electron diffraction pattern
compared to simulated spectra, where a) hematite, b) magnetite, c) würsite and d)
metallic iron.

6.6.1.2 Sample Size Dependency

This is further confirmed using the ETEM. As mentioned earlier, when identifying the
different phases with electron diffraction, the transitions took place at significantly
higher temperatures than expected. Based on the results above, the electron diffraction experiment was repeated. The experiment was initialized at 200°C and after 15
min an image and diffraction pattern were acquired, while increasing the temperature
by 50°C. Like earlier, no changes in the diffraction pattern were observed. However,
after reaching 450°C and a significant change in the micrograph had taken place, the
electron diffraction pattern remained the same. A smaller agglomerate was found,
and the electron diffraction pattern showed that for the smaller agglomerates, that
hematite was completely reduced to metallic iron. This is seen in Fig. 6.24 where
the two different agglomerates have their corresponding electron diffraction patterns,
showing both hematite and metallic iron, both acquired at 450°C. From this, it indicates a sample size dependence, where the reduction transitions takes place at higher
temperature for bigger agglomerates. However, it could also be explained by either
poor thermal conductivity of the sample or the local production of water.
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(a) Big Agglomerate - Hematite
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(b) Small Agglomerate - Metallic Iron

Figure 6.24: Electron diffraction patterns taken for different size agglomerates at
450°C showing both a) hematite and b) metallic iron, with their electron diffraction.

6.6.1.3 Water Content Dependency

To evaluate the local production of water and its influence, the water dependency was
looked into with the ETEM. The base pressure of water in the column has increased
(for unknown reasons). Proving that the content of water has a major effect on the
reaction, since the reduction of hematite was no longer possible, even after plasma
cleaning and bake-out of the column.

(a) Before

(b) After

Figure 6.25: Morphology change where a) hematite at 200°C before gas and b) after
3 hours at 700°C in 8 ml/min H2 corresponding to 3.8 mbar, reduced to 280°C.
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In Fig. 6.25 images acquired before and after attempted reduction is shown. The
temperature is raised to 200°C for an hour to burn of any contamination before
hydrogen is introduced. Then, the hydrogen flow was set to 8 ml/min H2 and the
temperature ramped up to 700°C for 3 hours. To avoid any major beam-induced
effects, the temperature was lowered to 280°C before acquiring any micrograph, see
Fig. 6.25b.
Here, a significant morphology change is observed. However, when studying the EELS
spectra in Fig. 6.26 no evidence of reduction is observed, as the EELS spectra remain
unchanged in the oxygen O K-edge and in the ratio in the Fe L-edges.
At first, it was assumed that the morphology change occurred during the 3 hours of reduction at 700°C. However, after several experiments trying to narrow down the point
where it occurs, it was discovered that the change takes place before reaching 700°C,
during temperature ramping around 650°C. It was suspected that a re-oxidation was
taking place, preventing a reduction. However, since the EELS spectra in Fig. 6.26
show no evidence of reduction taken place, a re-oxidation is not possible.

No Gas
280°C

Fe L3-edge

Intensity [a.u.]

O K-edge

Fe L2-edge

500

600
700
Energy-Loss [eV]
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Figure 6.26: EELS of reduction in ETEM where a) is EELS of hematite at 200°C
before gas is introduced and b) is EELS after 3 hours at 700°C in 8 ml/min H2
corresponding to 3.8 mbar with the temperature reduced to 280°C.

6.6.2 Climate Holder
This was further confirmed when imaging the reduction process at higher pressures,
using closed cell system. Here, morphology changes are observed, as in the previous
section.
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(b) Re-oxidation

Figure 6.27: Strong metal-support interaction visualized in a reducing atmosphere
for a prolonged time period at elevated temperature.

Ion Current [A]

In Fig. 6.27 hematite is attempted to be reduced in the Climate system without
success. Figure 6.27a show hematite at 200°C in a H2 flow of 0.9 ml/min in 950
mbar. In Fig. 6.27b the temperature is ramped to 600°C and a morphology change
is observed visualized as bulging, similar to the Kirendall effect. This is confirmed in
Fig. 6.28 with the mass spec data clearly show a consumption of oxygen in mass 32,
when ramping the temperature, which was reversible when lowering the temperature.

10

10

10

11

10

12

2
14
16
18
28
30
32
40
44

0

2000

4000 6000 8000 10000
Time [seconds]

Figure 6.28: Mass spec data of the reduction/re-oxidation of hematite in the climate
holder performed in 950 mbar hydrogen.
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6.7 X-ray Photoelectron Spectroscopy
XRD demonstrate that carburization of the metallic iron phase leads to bulk carbide
formations. However, since XRD looks at the entire sample, it is not possible to determine how the curburization process occur. E.g. the formation of core iron carbide,
with metallic iron on the surface or though surface iron carbide facilitating the conversion. In order investigate the carburization process further, X-ray photoelectron
spectroscopy was used to get the surface composition.
XRD demonstrates that a carburization of the metallic iron phase leads to bulk carbide formations. However, since XRD looks at the entire sample, it is not possible
to determine how the curburization process occurs. E.g. the formation of core iron
carbide, with metallic iron on the surface or though surface iron carbide facilitating
the conversion. In order investigate the carburization process further, X-ray photoelectron spectroscopy was used to get the surface composition.
The XPS peaks of Fe 2p are shown in Fig. 6.29a where the binding energies of Fe
2p3/2 and Fe 2p1/2 obtained under UHV conditions at room temperature prior to
reduction is 710.7 eV and 723.8 eV, respectively, which correspond to hematite with
a multiple splitting due to the high spin nature of the Fe3+ compounds. The Fe 2p
region has a significant spin-orbit splitting of 13.1 eV which is also visible in the two
satellite peaks at 718.6 eV and 731.7 eV, respectively. The XPS peaks of O 1s are
shown in Fig. 6.29b which can be deconvoluted into two types of peaks. Herein, the
main peak located at about 529 eV corresponds to oxide (O2− ), whereas the minor
peak around 531 eV corresponds to adsorbed -OH. However, the oxygen 1s peaks
cannot be used to determine the oxidation state, as the iron oxides are hampered by
the fact that the oxygen 1s transition is very similar for all oxides. The XPS peaks of
C 1s are shown in Fig. 6.29c with a slight potassium contamination at higher binding
energy (which will not be further commented on). However, carbon is ubiquitous and
is present on all surfaces for XPS analysis.

(a) Fe 2p

(b) O 1s

(c) C 1s

Figure 6.29: XPS core-level spectra of hematite taken under UHV at 25°C, where
a) Fe 2p, b) O 1s and c) C 1s.
During reduction the sample is heated to 700°C in 0.3 mbar H2 and remain at elevated
temperature for 2 hours to ensure full reduction to metallic iron. XPS spectra of the
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Fe 2p peaks, O 1s peaks and C 1s peak was recorded before and after reduction. After
the heat treatment in H2 , the reduction of Fe 2p to metallic iron is prominent as the
Fe 2p3/2 and Fe 2p1/2 peaks shift to 706.1 eV and 719.3 eV, respectively. In addition
to the total depletion of O 1s and contamination burn-off of the C 1s peaks.

(a) Fe 2p

(b) O 1s

(c) C 1s

Figure 6.30: XPS core-level spectra of hematite taken under 0.3 mbar H2 at 700°C,
where a) Fe 2p, b) O 1s and c) C 1s.
After reduction, a H2 /CO ratio was set to 2:1 at 280°C while acquiring XPS data,
waiting 2 hours to make sure no further carburization took place. After end activity,
the temperature was further raised to 310°C, and repeated.

(a) Fe 2p

(b) O 1s

(c) C 1s

Figure 6.31: XPS core-level spectra of hematite taken under 0.3 mbar H2 + CO at
310°C in 0.3 mbar H2 + CO with a 2:1 H2 /CO ratio, where a) Fe 2p, b) O 1s and c)
C 1s.
After carburization for 2 hours, the Fe 2p3/2 peak in Fig. 6.31a shifts towards higher
binding energies, and two Fe 2p3/2 peaks at 709.6 and 722.7 eV are observed, with
satelite peaks around 715.8 eV and 728.9 eV, respectively. This could indicate the
formation of iron carbides. However, this looks similar to wüstite and it is considered
whether or not a re-oxidation is taking place instead of a carburization, due to fact
that the experiments are performed at lower pressure. It doesn’t improve the situation
that O 1s peaks in Fig. 6.31b reappear at 530 eV during carburization. When looking
at the C 1s peaks in Fig. 6.31c small carbon peaks are observed at 285.5 eV and 284.3
eV, respectively. This could further indicate that carbide is being formed and suggest
that the formed carbonaceous species, if any, is in the form of a small surface layer.
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6.8 X-ray Absorption Spectroscopy
After determining which species are present on the surface with XPS, X-ray absorption spectroscopy is used to follow the carburization process in transmission mode,
where both the Fe L-edge and Fe K-edge are investigated.

6.8.1 Soft X-rays
XAS measurements in the soft X-ray range, commonly denoted NEXAFS (Near-Edge
X-ray Absorption Fine Structure) was conducted at BESSYII simultaneously with
XPS measurements.
The Fe L-edge in Fig. 6.32a of 3d metals are dominated by intense ”white line”
features due to d-p dipole transitions into unoccupied d states, which is due to a
combination of crystal field splitting, band formation, spin-orbit coupling and final
state exchange interaction. The crystal field splitting of the d states can be observed
as the splitting of the ”white line” feature related to t2g and eg final state in the
octahedral field. The position of the main L3 -edge peak at 709.3 eV,186,187 confirms
that the starting Fe species are present as a pure Fe3+ α-Fe2 O3 phase. The O K-edge
in Fig. 6.32b show the NEXAFS spectra with a double peak in the pre-edge region
at ∼530 eV,188 split into Fe 3d t2g and eg states, which correspond to the low energy
transition from the O 1s state to the hybridized O 2p-Fe 3d state. The second feature
higher than 540 eV correspond to O 2p state hybridized with Fe 4s4p states.

(a) Fe 2p

(b) O 1s

Figure 6.32: NEXAFS spectra of hematite taken under UHV at 25°C, where a) Fe
2p and b) O 1s.
During reduction the sample is heated to 700°C in 0.3 mbar H2 and remain at elevated
temperature for 2 hours to ensure full reduction to metallic iron. NEXAFS spectra
of the Fe 2p peaks and O 1s peaks were recorded simultaneous as the XPS spectra,
i.e. before and after reduction. After reduction a complete reduction to metallic iron
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is confirmed, as indicated by the high contribution of the spectral feature at 706.8 eV
in addition to the complete depletion of the O K-edge.

(a) Fe 2p

(b) O 1s

Figure 6.33: NEXAFS spectra of hematite taken under 0.3 mbar H2 at 700°C, where
a) Fe 2p and b) O 1s.

During carburization, a H2 /CO ratio was set to 2:1 at 280°C while acquiring NEXAFS
data, waiting 2 hours to make sure no further carburization took place. After no
activity, the temperature was further raised to 310°C, and repeated. In Fig. 6.34a a
second peak is observed around 709 eV which slowly moves towards smaller excitation
energy at 310°C. Again, there is a indication that a re-oxidation is taking place, as
O 1s peaks are observed, see Fig. 6.34b (the large peak is assumed to be the gas
contribution). However, coupled with the XPS data, it could indicate that a very
small amount of carbon is incorporated, perhaps as a small surface amount.

(a) Fe 2p

(b) O 1s

Figure 6.34: NEXAFS spectra of hematite taken under 0.3 mbar H2 + CO at 310°C
in 0.3 mbar H2 + CO with a 2:1 H2 /CO ratio, where a) Fe 2p and b) O 1s.
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6.8.2 Hard X-rays

Ref Hematite
Ref Magnetite
Ref Metallic Iron

Intensity [a.u.]

Intensity [a.u.]

XAS measurements in the hard X-ray range was performed, commonly denoted
XANES (X-ray Absorption Near-Edge Structure). In Fig. 6.35 XANES spectra
acquired during the reduction in 1 bar H2 while heating to ∼600°C at a ramp of
43°C/min are shown. Fig. 6.35a is the reference data of bulk materials, which was
used to identify the specific phases in the experimental data in Fig. 6.35b by comparison. The first notable thing, is the experimental data show smaller peak ratio
due to being a nanopowder. The spectrum of hematite is at room temperature, with
a pre-edge at 7112.4 eV corresponding to the 1s → 3d electronic transition, and the
main edge (1s → 4p) transition at 7131.1 eV, both characteristic for α-Fe2 O3 .152
Upon exposure to H2 and heating, the Fe3+ species in the catalyst are reduced to
metallic iron, as indicated by the edge position gradually shifting from 7131.1 eV
towards 7128.2 eV in addition to the increasing intensity of the pre-edge feature at
7112.4 eV. Even though the catalyst is completely reduced to metallic iron during the
temperature ramp, an additional 30 min dwell time at 600°C is added, to make sure
the reaction is complete.

Hematite
Magnetite
Metallic Iron

7100 7125 7150 7175 7200 7225 7250 7100 7125 7150 7175 7200 7225 7250
Excitation Energy [eV]
Excitation Energy [eV]
(a) Reference Spectra

(b) Experimental Data

Figure 6.35: XANES spectra where a) is reference spectra of the iron oxides and
metallic iron and b) is the obtained spectra during the reduction of hematite in 1 bar
H2 while heating to 600°C at a ramp of 43°C/min where the spectra for hematite,
magnetite and metallic iron have been selected.
After identifying the different phases present, least squares linear combination fitting
of the XANES spectra was carried out to estimate the phase composition of the
catalyst during the reduction, see Fig. 6.36. It was possible to identify hematite
reduced to metallic iron with an intermediate phase.
Since iron carbide is less examined, finding references spectra for all iron carbides
was not possible. However, it was possible to find a reference spectra for Fe2 C, which
was roughly used to identify which peaks correspond to the addition of carbon. From
the 2nd derivative of EXAFS spectra, it was possible to get an indication of a small
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Figure 6.36: Phase composition of the catalyst during the reduction.

trace of carbon. However, since the amount was so small, it can at most be used to
indicate the addition of a small amount of carbon, but this cannot be confirmed.
The Fourier transformed EXAFS data in Fig. 6.37 for this catalyst further suggest
that the catalyst is largely reduced after H2 treatment as some intensity is observed
around ∼1.4 Å due to Fe-O or Fe-C scattering resulting from the presence of Fe3 O4
and and θ-Fe3 C, respectively.

Figure 6.37: Fourier transformed EXAFS data of hematite, metallic iron and iron
carbide.
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6.9 Discussion
A variety of different complementary in situ experimental methods has been used
during this project. The combination of HRTEM, examining the local environment,
with other bulk techniques like XRD and surface-sensitive techniques like XPS and
XAS, examining the global environment, provides unique insights into evolution of
the catalyst.

6.9.1 XRD
Although direct determination of the oxidation state is not possible using XRD, it
offers quick identification of the crystallite structures. In situ XRD was used to
identify the crystal structure of four different phases present during activation of
iron oxide: A hexagonal crystal structure corresponding to hematite; a cubic inverse
spinel structure, which could be either magnetite or maghemite, as they have same
crystal structure with almost identical lattice parameters, and therefore difficult do
differentiate with XRD. However, it is for now assumed to be magnetite; the third
crystal structure identified was a halite structure corresponding to wüstite and lastly
a bcc structure corresponding to metallic iron (α-Fe).
A clear difference in the reaction rates between high and low partial pressure experiments was observed. The increased reaction rate of the high partial pressure could be
due to the fact, that the reaction is diffusion limited. Comparing the initial experiment with the low partial pressure experiment does, however, not indicate this, since
both experiments were performed with the same partial pressure, but with different
heating rates. The initial preliminary experiment had a steeper heating rate going
from 25-700°C in ∼7 hours whereas the low partial pressure experiment went from
200-700°C in ∼13 hours. The experiments are not fully comparable, as the different
ramping could have an effect.
All experiments show a clear increase in reaction rate with increasing temperatures.
A failed experiment (which ran out of helium, not shown here) has an increased reaction rate due to the increased hydrogen concentration was observed. Even though
the change was significant, the increased reaction rate is not comparable to the higher
reaction rate seen when increasing the temperature. This indicates, that the influence of temperature on the reaction rate is much higher than the partial pressure of
hydrogen. However, this trend should be further investigated in order to make any
final conclusions.
The reaction rate is not only dependent on the partial pressure of hydrogen, but
it also depends on the water content. The XH2 O /XH2 ratio determines whether or
not the reduction path occurs in a two step (α-Fe2 O3 → Fe3 O4 → α-Fe) or three
step (α-Fe2 O3 → Fe3 O4 → FeO → α-Fe) process, if the XH2 O /XH2 ratio is higher
than 0.35. From the initial experiment, the mass spectrometer data indicate that the
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XH2 O /XH2 ratio is in the range of ∼0.2, significantly lower than 0.35, yet still observing wüstite. However, the macroscopic structure and flow rate indicate, that a large
portion of hydrogen might pass the sample without interacting, and the effect seen
could be explained by a higher local concentration of water produced in the sample,
which could bring the local XH2 O /XH2 ratio to levels above 0.35. Furthermore, it is
commonly known, that water can significantly affect and even inhibit the reduction
reaction.
Looking into the affect of the local concentration of water, some of the experiments
were repeated with half the amount of a sample. This lead to a significant increase in
reaction rate. This tendency was observed for experiments both at 300°C and 400°C
and for experiments performed at different absolute pressures at 500 mbar and 1000
mbar. All indicating a clear sample size dependency.
The quality of the new batch of iron oxide for the XRD carburization experiments
leads to a lower signal-to-noise ratio due to both a mixture of crystalline phases
present in the sample and a decrease in size distribution. The later further resulted
in the necessity of using the reversed cup so that the sample would be contained in the
Anton Paar cell, leading to a decreased sample depth which further broaden the peaks.
This especially effected the Rietveld refinements, which require high quality data with
distinguishable peaks. Due to broad overlapping peaks, it was further necessary to
increase the scanning window so that more than one peak of a crystal structure is
included, which compromised the time resolution of the reaction. In order to improve
the signal, it was considered increasing the step size and the integration time, which
would effect the time resolution even further. However, to be able to compare between
the previous experiments, despite of the new sample, it was decided to keep the same
conditions as earlier.
Common to all XRD carburization experiments, regardless of the iron starting phase
and carburization conditions, are the complete conversion into bulk iron carbide. Sure,
the final iron carbide products vary. Nevertheless, the iron oxide or metallic iron is
completely converted into bulk iron carbide, with the exception of the carburization
experiment in pure CO at 280°C, which still contain magnetite. However, the slope
in the Rietveld refinement tells us that equilibrium is still not established and the
activating process is not complete. It is therefore assumed that with sufficient amount
of time, the magnetite phase will completely disappear, like in the other carburization
experiments.
The carburization process from metallic iron speeds up the process significantly leading to a mixture of Hägg carbide (χ-Fe5 C2 ) and cementite (θ-Fe3 C). Regardless of
the H2 /CO ratio used during the carburization experiment leads to a 4/1 Hägg carbide/cementite ratio. The carburization process from hematite is considerable slower,
with magnetite being present during most of the reaction. However, this reaction also
result in a combination of Hägg carbide and cementite, with a slightly different ratio
closer to 3/1 Hägg carbide/cementite ratio. Activating hematite in pure CO at 280°C
results in a significant amounts of the intermediate wüstite phase. This experiment
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indicates that wüstite phase is an inhibiting intermediate towards the formation of
iron carbide, as the concentration of the carbides does not seem to increase until the
concentration of wüstite decreases. This can, however, be due to influence of water as
it is well known that wüstite is formed when there is a high water content.140,154,155
Activating hematite in pure CO at 400°C result in a smaller amount of wüstite, which
is removed from the reaction much faster, resulting in almost pure cementite. This
support the idea that the formation of iron carbide is temperature dependent. Where
the formation of Fe5 C2 is favored for the experiments at 280°C while Fe3 C is favored
at 400°C.
The nature of the iron catalyst, i.e. whether or not it is reduced or not, and the
carburization conditions plays an important role in the process of determining which
iron carbide, or combination of iron carbides, is formed at different reaction conditions.
Furthermore, it seems that there is a general loss of crystallinity after carburization,
which might be explained by the fact that XRD only detects crystalline structures.
However, octahedral iron carbides are often either amorphous, which is not visible in
the XRD, or contain very small crystal structures that are difficult to detect due to
peak broadening. Therefore, more surface-sensitive techniques are used in order to
make a full story.

6.9.2 ETEM
Since XRD does not have the spatial resolution to provide information on the catalyst
nanostructure, an environmental TEM was used. Here it was possible to reduce
hematite to metallic iron in 1.3 mbar H2 , which was confirmed by EELS with the
depletion of the oxygen K-edge and change in the iron L3 /L2 ratio. Furthermore,
the individual phases were determined with electron diffraction, which also supports
the sample size dependency mentioned above as different sized agglomerates showed
different stages of the reduction. This could be explained by heat transfer problem
between the MEMS chip and agglomerate, preventing larger agglomerates to achieve
the needed temperature for the reduction to take place. Another possible explanation
could be the shortage of reactive gas in the large reaction chamber in the ETEM
(∼800 cm3 ). The later is, however, very unlikely as the sample/gas ratio is much
larger with only a few micrograms of hematite dispersed on a MEMS chip. However,
in combination with the XRD finding, it is most likely due to the presence of water
created during the reduction blocking access to the reactive sites, decreasing the
reaction rate. The reason why this is so pronounced in the ETEM, is because the
gas flow is only 2 ml/min and may not evacuate the product gas efficiently around
the iron oxide particles. This effect of water decreases at high temperature and the
particles tend towards full reduction.
Another proof that the water content has a major role and play an huge effect on the
reaction was observed during experiments performed in the ETEM at a later stage.
For unknown reasons, the base pressure of water in the column has become slightly
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higher, even after plasma cleaning and bake out of the column. Which means complete
reduction to metallic iron is no longer possible. By increasing the temperature, a reoxidation occurs instead. The same tendency was observed when trying to reduce
hematite in the Climate system. Due to the large amount of water present in the
porous silica tubes, full reduction was never possible.
As ETEM experiments provide a local idea of what is going on and XRD provide little
information about the chemical nature of iron surface (or formed surfaces) during
activation at bulk, surface-sensitive complementary techniques were used such as
XPS and XAS. Where XPS is used to examine the elemental composition on the
surface. Here it was possible to confirm both iron and oxygen species, with peak
positions corresponding to hematite being the starting point, with the addition of
carbon contamination. After reduction, metallic iron is confirmed with the depletion
of the oxygen peak. This was further confirmed by XAS.

6.9.3 Surface Analysis
After carburization for 2 hours in 0.3 mbar 2:1 H2 /CO ratio, the Fe 2p3/2 and 2p1/2
peaks shift towards higher binding energy, at 709.6 eV and 722.7 eV, respectively. This
could correspond to wüstite in addition to the O 1s peak at 284.4 eV reappearing.
However, since two small carbon peaks appear in the C 1s spectrum at 285.5 and
284.4 eV, it could indicate that a small amount of carbonaceous species is formed. If
this is true, then in contrast to the XRD experiments bulk iron carbide is not formed,
but more likely formed carbonaceous species on the surface.
Therefore, in situ XAS was performed at the K-edge, which is more surface-sensitive.
Since iron carbide is less examined, finding references spectra for all iron carbides was
impossible. However, it was possible to find a reference spectra for Fe2 C, which was
used to identify which peaks correspond to the incorporation of carbon. From the
2nd derivative of the spectra, it was possible to find a small trace of carbon. However,
since the amount was so small, it can at most be used to indicate the addition of a
small amount of carbon, but nothing can be said for sure.
The question remains, why the XRD experiments form bulk carbide, when both the
XPS and XAS experiments only indicate a small amount carbonaceous species formed
as a surface layer. Of course, these experiments were performed at different absolute
pressures. And especially the XAS experiments were done with very dilute gases,
which might explain the different results.
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CHAPTER

7
Conclusion

In this chapter, the results from the previous chapters will be presented. Starting with
the simulations in Comsol Multiphysics® , followed by the catalytic hydrogenation of
CO2 into liquid fuels by Rh catalysts on different supports and finally the activation
study of iron oxides for Fischer-Tropsch synthesis. In the end, a short outlook for
future work.

7.1 Results
The high pressure holder used in combination with TEM to visualize catalysts under
reaction conditions, approaching the conditions of a chemical reactor, is essential to
study the catalysts under working condition, which is known to influence the catalyst
structure. Since these kind of holders are relatively new, there are still a great deal
not fully understood. Therefore, the majority of this work have been dedicated to
the use these holders.

7.1.1 Holders
The surface stress, the displacement and the temperature distribution were simulated
in Comsol Multiphysics for the Wildfire chips from DENSsolution. A clear improvement in the temperature gradient across the Wildfire chip was shown, when moving
away from the center. For the Climate holders, the gas flow of the old top chip and
new EDS compatible top chip was compared. These simulations indicated that the
gas flow of the old Climate chip suffer from the majority of the gas flow surpassing the
chip, which was corrected in the optimized configuration of the new EDS compatible
Climate chip. However, it was shown that this could be minimized by compressing
the top chip during assemble.

7.1.2 CO2 Hydrogenation
This work was part of a bigger collaboration, called VSustaon, where electron microscopy characterization of Rh nanoparticles on different supports was carried out.
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To confirm that it was possible to obtain similar results in situ, to those carried out
in a plug flow reactor by our collaborators, the ETEM was used. Here in situ synthesis of Rh nanoparticles on silica and titania was demonstrated. It was possible
to follow the development of the reaction, with the nucleation of the particles during calcination and growth of the particles during reduction. In addition, a SMSI
layer was demonstrated for the Rh/TiO2 catalyst, where Rh particles on titania were
encapsulated by a layer of TiOx -phase. Since the formation of SMSI only occurred
on titania and not silica, indirectly indicate that there is a support effect, where a
reducible support is more prone to SMSI behavior.

7.1.3 Fischer-Tropsch
The main purpose of using XRD, was to get an overview over parameters influencing
the activation of hematite, to evaluate whether activation of iron oxide is possible
in the ETEM. XRD was used to determine the conditions under which the different
transitions occur, and to identify the crystallite structures present during reduction
in hydrogen and structures present during carburization. Here, temperature and
pressure is varied to approach ETEM conditions. A clear temperature dependency
was demonstrated, with increasing reaction rate with increasing temperature.
In the ETEM, it was demonstrated that a complete reduction is possible and that
iron oxide have a sample size dependency, i.e. bigger agglomerates need higher temperature to reduce. This is most likely due to the local production of water, as the
water content was demonstrated to have a high effect. The X H2 O /X H2 ratio not only
determine whether or not the reduction path occurs in a two or three step process,
but can completely suppress the reduction. With the high pressure holder connected
to a mass spectrometer of the ETEM, it was demonstrated that it is possible to follow
the consumption and production of reactive gases in the nano-sized reactor cell.
Last, surface analysis with XPS and XAS was performed. There are no conclusive
results, but both methods indicate that a small amount of carbonaceous species is
formed at the surface of the bulk metallic iron. This is a bit different than the XRD
experiments that show bulk iron carbide formation. However, these experiments were
performed at different conditions, and can therefore not be directly compared.

7.2 Outlook
Because the knowledge and experience acquired working with the high pressure holder
during this work, the succeeding experiments will become significantly easier for future users.
The MEMS-based chips are vital for studying heterogeneous catalysts in situ in the
TEM, at elevated temperature with reactive gases at varying pressures. Therefore,
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it is important to characterize and understand the effect of these chips on the reaction. With more time, the Comsol simulations would be expanded and the gas flow
simulations of the Climate chips coupled with bulging would have high priority.
With respect to the catalytic conversion of syngas into higher alcohols, there are so
much more to be done. But I guess the most pressing, would be to carry out the
different in situ methods under same conditions, so they can be compared directly.
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