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Abstract

Heterogeneous catalysis plays an important role in many areas of the chemical
industry such as oxidation reactions, and dehydrogenation reactions. In heterogeneous
catalytic processes, the materials experience changes in their structure depending
on variations in their chemical environment and in the course of their application,
which can lead to a reduced function of the catalyst. A precise understanding of
the processes taking place and the structural changes occurring on various length
scales - from the atomic scale of catalytically active sites to the macroscopic scale - is
therefore of great importance for industrial applications. In order to characterize these
structural and chemical changes different techniques can be employed. Conventional
spectroscopic characterization tools such as Raman spectroscopy allow real-time

measurements, quantitative analysis and identification of reaction mechanisms.

X-ray microscopy can make an important contribution here, as it allows for the
extraction of structural information from within samples in three dimensions, due to
the relative weak interaction of hard X-rays with matter. Also, this technique can
easily be combined with spectroscopy, allowing for the investigation of both the local
density and the chemical state of a material. In this way, dynamic processes can
be analyzed under operando conditions with high temporal and spatial resolution.
In this work, methods were developed to combine X-ray full-field microscopy with
X-ray absorption spectroscopy. The methodology was demonstrated on well-known
chemical reactions as test systems at beamline P64 (PETRA III). This allowed for the
investigation structural changes in the chemical oxidation state of a platinum catalyst

during the catalytic partial oxidation of methane under operando conditions.

This initial 2D demonstration of the method was further extended to 3D using X-ray
tomography, and the oxidative dehydrogenation of ethane to ethylene was investigated
using this method. This enabled us to investigate the local chemical oxidation state of
Molybdenum as catalytic material during operation. Overall, the results demonstrate
the great potential of the method for visualizing chemical catalysis processes with
high spatial resolution in 3D. These methods can be easily implemented at beamlines
equipped with high X-ray flux, fast-scanning X-ray monochromators, and a suitable

gas-phase analysis environment.
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Zusammenfassung

Heterogene Katalyse spielt in vielen Bereichen der chemischen Industrie eine wichtige
Rolle, z. B. bei Oxidationsreaktionen, und Dehydrierungsreaktionen. Bei heterogenen
katalytischen Prozessen verédndern die Materialien ihre Struktur in Abhéngigkeit von
Variationen in ihrer chemischen Umgebung und im Laufe ihrer Anwendung, was zu
einer reduzierten Funktion des Katalysators fithren kann. Ein genaues Verstindnis
der ablaufenden Prozesse und der strukturellen Verdnderungen auf verschiedensten
Léangenskalen - von der atomaren Skala der katalytisch aktiven Zentren bis hin zur
makroskopischen Skala - ist daher von grofler Bedeutung fiir die industrielle Anwen-
dung. Um diese strukturellen und chemischen Verédnderungen zu charakterisieren,
konnen verschiedene Techniken verwendet werden. Konventionelle spektroskopische
Charakterisierungstools wie z. B. Raman-Spektroskopie erlauben Echtzeitmessungen,

eine quantitative Analyse und die Identifizierung der Reaktionsmechanismen.

Rontgenmikroskopie kann hier einen wichtigen Beitrag leisten, da aufgrund der relativ
schwachen Wechselwirkung von harter Rontgenstrahlung mit Materie strukturelle In-
formation auch aus dem Inneren von Proben in 3D erhalten werden kann. Auch lésst
sich die Technik leicht mit Spektroskopie kombinieren, so dass zusétzlich zur lokalen
Dichte auch der chemische Zustand eines Materials untersucht werden kann. Auf diese
Weise kann man daher dynamische Prozesse unter operando Bedingungen mit hoher
zeitlicher und rdumlicher Auflésung untersuchen. In dieser Arbeit wurden Methoden
weiterentwickelt, Rontgenvollfeldmikroskopie mit Rontgenabsorptionsspektroskopie
zu kombinieren. Die Methodik wurde an bekannten chemischen Reaktionen als Test-
systeme an Beamline P64 (PETRA III) demonstriert. Dies erlaubte zum Beispiel die
Untersuchung von strukturellen Verdnderungen des chemischen Oxidationszustandes
eines Platin-Katalysators wahrend der katalytisch partiellen Oxidation von Ethan

unter operando Bedingungen.

Diese erste 2D Demonstration der Methode wurde aulerdem auf 3D mit Hilfe der
Rontgentomographie erweitert und am Beispiel der Oxidativen Dehydrierung von
Ethan zu Ethylen demonstriert. Dies erlaubte den lokalen chemischen Oxidations-
zustand des Molybdén-Katalysematerials wahrend des Betriebs zu untersuchen.
Insgesamt zeigen die Ergebnisse das grofle Potenzial der Methode fiir die Visuali-
sierung von chemischen Katalyseprozessen mit hoher raumlicher Auflésung in 3D.

Die Methode lasst sich leicht an Beamlines implementieren, die mit einem hohen



Rontgenfluss, einem schnell scannenden Rontgenmonochromator und einer geeigneten

Gasphasen-Analyseumgebung ausgestattet ist.
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1 Introduction

Synchrotron radiation (SR) sources provide a wide range of analytical methods
and techniques for studying a variety of scientific and industrial fields, including
materials science, structural biology, chemistry, and medical imaging [1,2]. X-ray
microscopy (XRM) is a powerful imaging technique to provide detailed information
about the structure of the samples. Since X-rays have a short wavelength and a large

penetration depth, they are ideal for imaging samples at high spatial resolution.

Catalysts are widely used to produce a significant amount of chemical products in
the chemical industry. In heterogeneous catalysis, catalysts and reactants exist in
different phases, and materials undergo dynamic structural changes based on their
chemical environment [3]. As the structure and function of catalysts are closely
related and the structural response of a catalyst system is not necessarily uniform
in many cases under working conditions, spatially and temporally resolved catalyst
characterization is critical to provide a comprehensive insight into the functioning of

a catalyst system [4-6].

The combination of spectroscopy and microscopy methods based on hard X-rays has
attracted attention for its ability to provide spatially resolved structural information
[7,8]. Among the different in situ spectroscopic techniques [9], X-ray absorption
spectroscopy (XAS) is a powerful technique in catalysis research that can provide
structural information on the oxidation state of elements within the material [10,
11]. However, conducting both spatial and time-resolved studies simultaneously
with conventional spectroscopic characterization tools under operando conditions is
challenging due to the technical complexity of experimental setups, the requirement

for data synchronization, and the stability of samples.

The first part of this thesis expands the above idea by developing the experimental
method for the rapid operando 2D X-ray absorption near edge spectroscopy (XANES)
imaging with spatial and temporal resolution simultaneously at the beamline P64,
PETRA III. By recording sequences of 2D transmission images of the catalytic bed

at different energies around an absorption edge of an element of interest, a detailed



description of the chemical state of this type of atom can be obtained for each pixel
in the images. This X-ray spectro-microscopy can be used to provide information
about dynamic processes in catalysts and other functional materials under working

conditions [12].

In the second part of this thesis, the previous 2D XANES imaging technique is
extended to 3D. By acquiring complete tomographic data sets at different energies
around an absorption edge of some element, detailed information about the chemical
state of this type of atom can be obtained for each voxel of the volume. The method,
also known as spectro-tomography, can be used to visualize the chemical state of a

catalytic reactor in 3D under operando conditions as a function of time.
This thesis is organized as follows:

In Chapter 2, an overview of SR, XAS, and XRM is given. In Chapter 3, a description
of the beamline P64 at PETRA III as well as the experimental setups implemented
for rapid 2D and 3D XANES imaging are presented.

Due to the large volume of data that was collected during the study of chemical
reactions by 2D and 3D XANES imaging methods, an optimized data evaluation
pipeline has been developed in Python. A description of the measurement methods

and analysis of each of them are provided in Chapter 4.

In Chapter 5, a rapid 2D XANES imaging technique with temporal and spatial
resolution is developed using a quick-extended X-ray absorption fine structure (QEX-
AFS) monochromator and a high-resolution X-ray camera. This method is tested by
2D imaging around the Pt L3 absorption edge of a model Pt/Al,O3 catalyst inside
of the quartz capillary during catalytic partial oxidation of methane [12] and the

results of this study are presented in this chapter.

In Chapter 6, rapid tomography XANES imaging measurement with spatial, temporal,
and energy resolution under operando conditions is performed by utilizing the
Rotating Capillary for Tomographic In situ/ Operando Catalysis (aRCTIC) sample
environment [13]. This method is tested by 3D imaging of a model Mo/Al,O3 catalyst
inside a sample environment during oxidative dehydrogenation of ethane and results

are presented in this chapter.



2 Theoretical Background

The main mathematical and physical concepts related to X-ray imaging with absorp-
tion contrast are presented in this chapter. Due to the photon-hungry nature of this
technique at high spatial resolution, the experiments are carried out at SR sources
that provide the required X-ray flux (see Sec. 2.1). Since the focus of this study is
X-ray imaging using absorption contrast, Sec. 2.2 provides a detailed explanation of
this principle. The basic principle of XAS is given in Sec. 2.3 with a description of

various regimes of the XAS spectrum.

The imaging techniques used in this research, full-field 2D and 3D XANES imaging,
with the mathematical formulation are described in the XRM Section (Sec. 2.4).
Finally, in order to determine the application of these imaging techniques, the
heterogeneous catalysts were selected as a case study and are introduced briefly in
Sec. 2.5.

2.1 Synchrotron Radiation

SR is electromagnetic radiation with high energy and desirable spectral characteristics.
In the initial step, electrons are accelerated in the linear accelerator. Afterwards, in
the booster, electrons reach their final speed and are then injected into the storage
ring, in which the electrons are stored over extended times. As electrons are lost,
the storage ring is refilled in certain intervals with electrons to maintain a constant
number of electrons in the ring. Bending magnets (BMs) are used to deflect the
electrons from their straight path and store them in a closed loop, alternating between

round and straight sections.

In the straight sections of the storage ring, additional magnetic structures, known
as Insertion Devices (ID’s) such as 'wigglers’ and 'undulators,” are installed. Today,
the 'wigglers” and 'undulators’ are used as the main sources of SR. In the following

paragraphs, some details related to the characteristics of the radiation emitted by



2.1 Synchrotron Radiation

wigglers and undulators will be introduced.

Charged particles circulate with a high velocity near the speed of light in these storage
rings. The relation between particle speed and energy is given by the relativistic

formulas as shown below:

E, = ym.c? (2.1)
1
Y= W (2.2)
1
522%1—2—72, (2.3)

where FE is the energy, m, is the mass of the electron, c is the speed of light and v is

the particle speed.

Emitted radiation has the typical dipole distribution in the reference frame of a
moving electron (see Fig. 2.1(a)). In the laboratory frame, however, the radiation is
emitted into a small cone in the forward direction with an angle of 6 ~ ~~! due to
relativistic aberration effects (see Fig. 2.1(b)) [14].

orbj¢

‘% opening angle: 0 ~7y"

(a) non-relativistic electron (b) relativistic electron

orbj¢

Figure 2.1: The spatial distribution of emitted radiation for different electron energies;
Reprinted from Ref. [15].

Fig. 2.2 illustrates an alternating magnetic structure change in these ID’s in the
direction of the particle’s propagation, causing the particle to perform an almost
sinusoidal motion. In this figure, Ay, Nips, and .y represent the ID’s period, the
number of magnetic periods, and the maximum deflection angle. The distance h
between poles can be adjusted, thereby changing the magnetic field strength in the
ID. The undulator and wiggler can be distinguished from each other by a certain

value of a factor x. This factor is a multiple of the opening angle of the emission
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cone, v, with maximum deflection angle a,,, where k = ay, 7.

magnetic poles

Cd

7
_ 7 a

e X\ max

b

R
’ ’ electron beam

<«— A, —

Figure 2.2: A beam of electrons passing through the ID’s.

The wiggler is the ID with a strong magnetic field. In the wiggler, the opening angle

of the emission cone is much smaller than the maximum deflection angle:

1
— <Ly r>1 (2.4)
~

Since the wiggler emits light from different angles, the light emitted from different
points does not interfere with one another and the overlap will be minimal. Therefore,
source points can be considered independent and intensified by increasing the number
of magnetic poles. The emission intensities of each magnetic pole in the wiggler add
up to each other to obtain the whole emission intensity of the wiggler. This means
that the probability of the emission of a photon in the wiggler is calculated as the
sum over the squared probability amplitudes of emitting a photon at each magnet.
Consequently, a wiggler emits X-ray radiation with a spectrum similar to a BMs,
but intensified by the number of poles 2V [16].

In comparison, the undulator is built and designed such that the maximum deflection

angle is similar to the emission cone of single electrons (see Eq. 2.5).
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1

— > Oz S K <1 (2.5)

/’)/
Therefore, interference effects related to photon emission events originating from
the different undulator poles become relevant. Thus, a strong intensity increase is
observed at certain harmonic frequencies due to constructive interference of emission
amplitudes. In this case, the emitted intensity scales as N? at these wavelengths. In
consequence, at undulator strongly enhanced radiation emission in narrow energy

bands with an intensity that is now scaling to the number of poles squared N?2.

The wavelength of the j-th harmonic can be described as follows [16]:

Ay K2
A= 1+ (=
1+

I )+7°6%) j=1,2,3,.. (2.6)

where j is the number of given harmonics, A\, is the undulator periods, and 6 is the
angle between the direction of observation and the undulator axis. As x depends on
the magnetic field, changing the magnetic field by changing the gap of the undulator
and the maximum deflection angle allows us to tune the line spectrum and adjust

the wavelength and « factor for the measurements.

In the undulator, the interference effects lead to smaller angular divergence of the
X-ray light in comparison to light produced by the wiggler or the BMs and it causes
the beam to be even more collimated. X-ray light produced with the undulator
is linearly polarized in the plane of undulation (horizontally). With the following
formula, the divergence of light, where the emitted intensity falls to zero, can be
determined [16]:

1 /3 142
o=—\/—"
yVar N,

(2.7)

Specific features of light produced with the undulator cause the undulator considered
as the most powerful source of SR. Therefore, wigglers and BMs are replaced by

undulators in most SR sources.

In addition to producing synchrotron radiation, the X-ray sources are specially
designed to produce a beam with high brightness, a small angular divergence, and
a small size. This combination of parameters is used to measure the quality of an
X-ray source and is referred to as spectral brightness. The photon source’s brightness

is determined by a photon flux per phase space. In this way, the spectral brightness,
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By, is described in the following manner [17]:

F

Bo = 0 A AB/E

(2.8)
This parameter is a ratio between the photon flux (2222 the solid angle Q2 [mrad?]

into which radiation is emitted, source area A [mm?] and the energy bandwidth A—EE
~ 0.1 % bandwidth.

Higher spectral brightness is ultimately associated with higher available photon flux
at the experiment and therefore enables experiments with higher temporal or spatial
resolution. As the coherent portion is the total X-ray flux and is directly proportional
to the brilliance of the source, a high degree of coherence light allows us to get a

nice and sharp phase contrast image.

2.2 Photoelectric Absorption

Today atoms are understood in terms of quantum mechanics (QM) and have different
energy levels. The electron configuration of an atom is a representation of the way
electrons are distributed among its atomic orbitals and it follows certain principles

based on QM, see reference [18] for more details.

Photoelectric absorption is a process in which the X-ray photon interacts with the
atom, getting absorbed in the process. The excess energy is then transferred to an
electron located at a lower energy level (for example, n=1, K shell). Consequently, an
electron is ejected from the atom, termed a photoelectron, resulting in the ionization

of the atom [17]. This process is illustrated in Fig. 2.3.

In this way, the atom becomes ionized by ejecting an electron from an inner shell
and a hole is created within that shell. As an atom with a core electron removed is
unstable, it has a preference for having the inner energy level filled. To fill this hole
by an electron from an outer shell, one of the following reverse processes may be
used: fluorescent X-ray emission or Auger electron emission, see references [19, 20]

for more details.

The fluorescent X-ray emission (see Fig. 2.4 (a)) occurs when one of the electrons
in the outer shells of the atom (L or M shell) undergoes a transition into the inner
shell (K shell) and fills its hole. If the electron ejects from L to K shell, it emits a

photon with an energy equal to the energy differences between the binding energies

10



2.2 Photoelectric Absorption

continuum
Photoelectron out PY Energy
i A
n=3 = 3s,p,d M shell
n=2 = 2s,p L shell
Photon , '
n=1 1s K shell

Figure 2.3: Schematic diagram of photoelectric absorption. An electron residing in
the lower energy level of the atom is excited to the upper level of the
atom by absorbing the X-ray photon energy and leaving an empty state
in the lower energy level. The transitions between energy levels follow
the selection rules (see Eq. 2.14).

of the K and L shell and the radiation emitted is referred to as fluorescent radiation
K, line. When the transition happens from M to K shell, the Kz line is formed. As
the energy of fluorescent radiation is element-specific, this method can be used to

determine the elemental composition of a sample.

In the Auger electron emission process, a hole in the inner shell (K shell) is filled by
an internal process when an electron from the outer energy level transitions into the
hole [21]. This process is shown in Fig. 2.4 (b). The energy of an Auger electron, Ex

can be derived from below formula:

Es= Ey + Ep — Ex (2.9)

where E'5 is the energy of an Auger electron, Ey; is the energy of an electron in M
shell, £, is the energy of an electron in L shell, and E is the energy of an electron in
K shell. As each element has specific energy associated, Auger electron spectroscopy
enables us to detect all chemical elements except hydrogen and helium by detecting

the Auger transition intensities.

As described the incident X-ray beam interacts and absorbs within atoms of the
sample, thereby reducing the X-ray intensity while propagating through the sample
volume, see Fig. 2.5. The amount of the sample absorption can be determined

with the absorption coefficient p. For a constant linear attenuation coefficient, the

11
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) continuum
n=3 z 3s,b,d M shell
Fluorescent
KCX n=2 . 23,p L shell
f\m Fluorescent
n=1 1s P K shell
b) continuum

Auger electron 9

’
’
’
’
’
7

n=3 3s,p,d M shell

n=2 = 2s,p L shell

n=1 \—- 1s K shell

Figure 2.4: (a) Schematic diagram of fluorescent X-ray emission. An upper electron
in the L or M shell drops to fill the vacancy in the K shell by emitting
photons. This photon is known as fluorescent radiation and is labeled
by K, or Kgz; (b) Schematic diagram of Auger electron emission. The
transitions between energy levels follow the selection rules (see Eq. 2.14).
Not all electrons in each shell are depicted here. As an example, only one
of the electrons in each shell that contributes to the transition is shown.

attenuation effect is well described by the Lambert-Beer law (see Eq. 2.10) and
detailed descriptions about it can be found in the [17].

I(z) =Ipe™** (2.10)

In this equation, the [ is described as the incoming X-ray intensity, u is the linear
attenuation coefficient, z is the thickness of the material, and I is the transmission

X-ray intensity.

12



2.2 Photoelectric Absorption

Z >

Figure 2.5: The X-ray beam intensity decays exponentially while propagating through
the sample.

According to the Lambert-Beer-Law equation (see Eq. 2.10), the attenuation of
the beam inside of the sample can be obtained by measuring the incoming and
out-coming X-ray beam intensity in the experimental measurements. Also, an X-ray
absorption spectrum can be determined by the ratio between the intensity of the
beam in front of the absorber (/) and in behind it (/y), while the photon energy is
altered which can provide information regarding the chemical state of materials.

The absorption coefficient can be calculated based on the sample’s absorption cross-
section o, too. Actually, an absorption cross-section measures the probability of
electromagnetic radiation being absorbed by a particle. It is defined as the ratio
between the amount of radiation absorbed by the sample and the amount of incident
radiation per unit of cross-sectional area and is commonly expressed in square

centimeters. Based on it, the absorption coefficient can be defined as follows [17]:

N
(= paGa = /)AA% (2.11)

where p,, N, pm and A are the atomic number density, the Avogadro’s number, the

mass density, and the atomic mass number respectively.

As the absorption cross section is approximately proportional to the energy E-* and
the atomic number of the absorber Z*, it causes the attenuation coefficient decreases

with increasing photon energy as follows [22]:

- rZ
= AFE3

p (2.12)

As the atomic mass number is proportional to the Z, the attenuation coefficient

has a strong dependence on X-ray energy E2™ and the atomic number Z27 for

13
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the complicated structure of the atoms. If the sample consists of different elements,
the mass attenuation coefficients can be calculated by adding up each component’s
contribution (Eq. 2.13):

H g
- = — G (2.13)
P zl: Pi

where ¢ is the weight concentration of each component [22].

Briefly, the absorption coefficient refers to the measure of a material’s ability to
absorb a particular type of electromagnetic radiation, such as X-ray light. This
parameter is used to determine the concentration of absorbing species in a sample as
well as to study the interaction of light with matter in XRM [17].

The following section focuses on the X-ray absorption process in more detail.

2.3 X-ray Absorption Spectroscopy

XAS is a powerful analytical technique used to investigate the chemical and electronic
properties of materials. This technique involves shining X-ray radiation with diverse
energies at a sample and measuring how much radiation is absorbed by the sample
as a function of energy (see Eq. 2.10). There is a brief description of this technique

here and more details are available in [20].

Fig. 2.6 represents the atomic structure of the molybdenum. An X-ray beam with
sufficient energy shines on it. When the photon energy reaches the binding energy of
the certain shell, the photoelectron can be excited from a strongly bound core level
(K-shell) to a high-energy unoccupied state. The resulting spectrum is known as the
XAS spectrum and provides information about the element-specific electronic and

atomic environment of the material.

However, a series of selection rules for the excitation of electrons as well as which
transitions are allowed or prohibited between different states describe the transition

conditions as follows [23]:
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E
E unoccupied orbitals
f
3spd M shell
2520 keV | —o—d—o—a— 2p7°
2.625 keV 2p1/2 L shell
2.865 keV - 2s
19.999 keV - 1s K shell

Figure 2.6: The atomic structure of molybdenum with different shells. The set of
selection rules (Eq. 2.14) describes the transition of electrons between

shells.
An #0
ANl =+1 AL =0,+1
Amy; =0,+1 AS =0 (2.14)
Amg =0 ANJ =0,+1
Amj =0,%1 <  not allowed

where the n, L, S, and J are the principal quantum number, orbital angular
momentum, spin angular momentum and total angular momentum, respectively.
During the electron’s transition, one must also consider the Pauli exclusion principle,
which states that within an atom, no two electrons in an atom can occupy the
same quantum state that means have the same quantum number such as angular

momentum, magnetic moment, and spin [23].

The probability of transitioning from one quantum state to another (from an initial

state | 7) to a final state | f)) per unit of time can be calculated with Fermi’s Golden

15



2 Theoretical Background

Rule. According to this rule, the transition rate depends on the matrix element of
the dipole Hamiltonian between the initial and final state. Fermi’s Golden Rule

describes with:

D=0\ | H | i)PS(E — B — hw) (2.15)
f

where H is the dipole Hamiltonian and refers to the interaction between the electric
dipole moment of a system and the external electric field and the Dirac delta function
0 describes the energy conservation of the process. Ey and E; describe the final and
initial energy levels of the transition [20]. Besides providing important information
about the energy levels and transitions of the system, this equation enables to make

predictions about how the system will behave under different conditions.

As every element in the sample has a characteristic X-ray absorption spectrum, the
shape and intensity of the X-ray absorption spectrum can provide information about
the local environment and coordination of atoms, elemental identity, the oxidation
state of the element, electronic configuration, and the chemical bonding. Thus, XAS
is used to study the composition, structure, and properties of materials in a wide
range of fields including materials science, chemistry, biology, and environmental
science. Fach XAS spectrum includes different regions: the pre-edge region, the
absorption edge, and the post-edge which includes the XANES regime and the
extended X-ray absorption fine structure (EXAFS) regime. These regions are shown
in the Fig. 2.7.

The absorption edge in the X-ray absorption spectrum refers to the sharp increase
in X-ray absorption that occurs when the binding energy of the core electrons in the
sample matches with the energy of the incident X-rays. In this case, the X-ray beam
is absorbed by the electron in the core-shell of atoms and the electron is promoted
to higher energy levels [25]. It’s important to note that the energy of the absorption
edge is specific to the type of atom absorbing the X-rays and it is determined by the

energy required to remove an electron from the inner shell.

The pre-edge designates the region of the spectrum that occurs just before the
absorption edge, while the post-edge refers to the region after the absorption edge in
the X-ray absorption spectrum. Within the post-edge region, the X-ray absorption
coefficient progressively rises with increasing X-ray energy and includes multiple
peaks or oscillations. The post-edge analysis can provide information regarding the

coordination and local symmetry of the absorbing atom as well as the nature of
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Absorption
I 1
edge

pre-peak

T

Energy

Figure 2.7: Here is a general schematic representation of the X-ray absorption spec-
trum, which consists of different regions within its spectrum; Reprinted

from Ref. [24].

the unoccupied electronic states. Also, it is possible to determine the valence state,
oxidation state, and local bonding environment of an atom by observing the intensity
and shape of post-edge features. The XANES and EXAFS techniques are commonly
utilized for post-edge analysis [26]. These techniques are discussed in more detail in

the following:

2.3.1 X-ray Absorption Near Edge Structure

The term XANES refers to X-ray Absorption Near-Edge Structure and it is used for
the high-energy X-ray range. This region typically begins 10eV below the absorption
edge and extends 50-100eV above it. The XANES is a fingerprinting technique that
can identify and characterize elements in a material based on spectral features such as
oxidation state, local coordination environment, and electronic configuration [25]. As
a powerful spectroscopic technique, it can be used to determine the local unoccupied

projected density of electronic states.

In this technique, X-ray energy is tuned to be near the absorption edge of an interest
element in the sample and illuminate on a sample. Afterwards, the transmitted X-ray
intensity is measured typically as a function of the incoming X-ray energy yielding
an X-ray absorption spectrum. The physical processes behind the absorption of

X-ray photons in matter are related to the transition of core electrons to unoccupied
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states right below the continuum of free electron states [17]. The shape of the
spectrum is defined by the density of states in the vicinity of the absorption edge.
Due to the likelihood of a higher density of bound states near the edge compared to
unbound states, the absorption spectrum displays a peak [17]. Thus, the XANES
region exhibits distinct characteristics such as sharp peaks, shoulders, or features in

proximity to the absorption edge.

Here is an overview of the types of information extractable from XANES [20]:

e Electronic structure: As the shape and intensity of XANES spectra are related
to the density of states of the unoccupied electronic states of the material,
XANES can give insight into the electronic structure of a material. Furthermore,
this technique enables the measurement of all unoccupied states surrounding

the atom, which are accessible for electron transitions.

e Coordination environment: XANES is capable of revealing whether an atom is
surrounded by other atoms or molecules as well as providing information about

an atom’s local coordination environment and the distances between atoms.

e Oxidation state of atoms: XANES technique is capable of revealing an atom’s
oxidation state. Due to that the absorption energy of an X-ray relies on the
electronic configuration of the absorbing atom, this configuration is influenced

by the atom’s oxidation state.

e Chemical bonding: As an atom’s electronic structure influences the X-ray
absorption energy, XANES can provide information about its chemical bonds

with its neighboring atoms.

e Local structural disorder: XANES can also provide information regarding the
local structural disorder such as distortions or defects in a material’s crystal

structure.

When the photoelectron is ejected into a partially occupied molecule, valence orbital,
or another atom, fewer electrons remain more tightly within its inner shell in an
atom. Consequently, the oxidation state shifts the absorption edge’s energy several
eV. For instance, the XANES spectra corresponding to various oxidation states of
molybdenum are shown in Fig. 2.8 [27]. As expected absorption edge of molybdenum
shifts to higher energies with an increasing oxidation state indicating that the inner

1s electrons are more strongly bound to the atomic nucleus.

Overall, XANES is an invaluable tool in a wide variety of scientific fields includ-

ing materials science, chemistry, physics, and geology, enabling the exploration of
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Figure 2.8: The K-edge XANES spectrum for different oxidation states of molybde-
num and Mo-N,/d-C sample. The edge position of the MoO; (red line)
has a shift around a few eV in comparison with the edge position of the
MoOj (green line) and Mo as the foil; Reprinted with permission from

Ref. [27]. Copyright 2022 American Chemical Society.

material properties in catalysts, semiconductors, batteries, and providing enhanced

comprehension of materials’ local structure [25].

2.3.2 Extended X-ray Absorption Fine Structure

The term EXAFS stands for Extended X-ray Absorption Fine Structure. The
EXAFS’s region usually starts in the range from 100eV to keV range above the
absorption edge of the element [17]. Depending on the element to be studied and
the edge to be probed, this energy range may vary [22].

In the EXAFS energy range, the photon energy is far above the ionization threshold
and the photoelectron is liberated which propagates as a spherical wave (Fig. 2.9)
[22,28,29]. When the spherical wave of the absorber atom is emitted, it is scattered
off the atom in the surroundings, leading to the interference pattern. In this way,
the EXAFS structure results from the backscattering of the photoelectron by the

surrounding atoms.

Based on the interference between outgoing photoelectron waves and the backscat-
tered waves from neighboring atoms (constructive or destructive), the final state

is determined. In the EXAFS spectra, maximum oscillations represent construc-

19



2 Theoretical Background
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Figure 2.9: The photoelectron emitted in the absorption process propagates as the
spherical wave from the absorber atom. If other atoms are located, the
photoelectron is scattered by neighbors, and the incoming and scattered
waves may interfere. The EXAFS oscillation is the result of the construc-

tive and destructive interference between these waves; Reprinted from
Ref. [28].

tive interference between waves while minimum oscillations represent destructive
interference. In the EXAFS region, the oscillations appear as a series of oscillatory

modulations beyond the absorption edge.

As the incident photon has energy E above the absorption edge energy, the removal
of a core-level electron from an atom occurs and the excess energy goes into the
kinetic energy of photoelectron E\;, as the following [28]:

p2

2me

where ¢ is the absorption edge energy, p is the momentum of the electron and m, is

the electron’s mass.

As the wave number of a photoelectron k is connected to its momentum by p = hk,
the relationship between the wave number of a photoelectron and its energy can be

expressed as follows [28]:

2m

k=5 (B~ ) (2.17)

From an EXAFS spectrum, various crucial atomic structural details can be derived.

These include determining the coordination number, establishing the distance be-
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Y

tween the absorbing atom and its neighboring atoms, identifying neighboring atoms
chemical composition, and even discerning local structural alterations, for more
details see [29].

A variety of software packages are available for analyzing XAS spectra. Demeter
(Data Extraction, Modeling, and Estimation Toolbox for EXAFS and XANES)
software package is one of the most popular and powerful tools used for this purpose
with three components: Athena (analysis of XAS data), Artemis (include EXAFS
and XANES) data), and Hephaestus (consists of tables about the X-ray absorption
coefficients and elemental data). Demeter allows for the processing and analysis
of XAS data, including tasks such as background removal, normalization, Fourier
transform (FT), curve-fitting, and data simulation. Further information regarding

this software is available in the [30].

As the combination of X-ray absorption spectroscopy and X-ray microscopy imaging
is well-suited to providing local structural information on materials, this thesis
emphasizes the utilization of the XANES technique in imaging applications. In this
way, a brief introduction to X-ray microscopy is given in the following. Further

details about X-ray microscopy can be found in [20].

2.4 X-Ray Microscopy

X-ray microscopy is an imaging technique that produces high-resolution images of
objects on a microscopic or nanoscopic scale and allows the examination of the
internal structure of the material. Three types of microscopic studies utilizing both

soft and hard X-rays are as follows:

e Full-field X-ray Microscopy.
e Scanning X-ray Microscopy.

e Coherent X-ray Diffraction Imaging.

The following is a brief description of these techniques and more details can be found

in [20].
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2.4.1 Full-field X-ray Microscopy

Before interacting the X-ray beam with the object, it can be focused using different X-
ray optics like refractive X-ray lenses, mirrors, and Fresnel zone plates. Subsequently,
the highly sensitive detector records two-dimensional images of the internal structures
of the object. In this technique, image contrast is primarily determined by differences
in X-ray absorption, attenuation, and refraction properties of materials contained
within the sample. Since different materials absorb and scatter X-rays differently, the
intensity of the X-rays reaching the detector fluctuates based on the material type.
Based on the complex refractive index n, it is possible to determine the coefficients

of X-ray absorption and attenuation of an object as the following:

n(x,y,z) =1—96(z,y,2) +ib(z,y, 2) (2.18)

where ¢ corresponds to the real part of the complex refractive index and is the
refractive index decrement. The phase shift of the X-ray wavefield after passing
through a material can be determined from the f —k é(x,y,z)dz. P represents the
imaginary part of this index and describes the exponential attenuation of the X-ray
intensity due to absorption within the object. By this method, the complex index of

refraction of the object can be determined.

Full-field imaging involves a variety of geometries based on the sample’s specific

characteristics and the desired imaging outcome. It includes:

e Parallel beam geometry: the X-ray beam emitted from the synchrotron radia-
tion source is collimated and the object is illuminated with a parallel X-ray
beam. This geometry allows the capture of high-resolution and high-quality
images. Through the examination of recorded images, detailed analysis and
characterization of the sample’s structure, composition, and properties become

feasible. The schematic of this geometry is depicted in Fig. 2.10.

e Point projection imaging: it is also known as the magnified imaging technique.
This technique aims to magnify and enhance specific regions or features of an
object by focusing the X-ray beam in front of the object. This is achieved
by placing focusing X-ray optics, such as Kirkpatrick-Baez (KB) mirror, the
Fresnel zone plate, and the refractive lens. Afterwards, from this secondary
source, the magnified projection can be recorded by the detector. Based on the
distance between the focus (secondary source) and detector Ly and the distance

between the sample and focus (secondary source) Ly, the magnification M can
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Detector
Hard X-ray beam

Figure 2.10: The parallel beam geometry.

be determined as follows:

M=22
Ly

(2.19)

e Magnified imaging with an objective lens: it involves combining X-ray imaging
with an optical objective lens to obtain high-resolution and magnified images
of an object. In this technique, the collimated or focused X-ray beam passes
through the object. The magnified X-ray images on the detector are produced
by placing the optical objective lens downstream of the sample [31].

Full-field imaging in combination with tomography is commonly known as full-field
tomography, blending the respective advantages of both techniques. Through the
use of the parallel beam and rotation of the object in this technique, a series of 2D
projections of the object under different angles are recorded by the detector. From
this angular projection series the 3D structure of the sample can be determined
by using tomographic reconstruction algorithms [10]. A detailed description of the

tomography is provided in the following (see Sec. 2.4.4).
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2.4.2 Scanning X-ray Microscopy

Scanning X-ray Microscopy (SXRM) allows us to study the internal structures of the
sample at the nano-scale level. This technique uses a variety of X-ray optics, including
KB mirrors, multilayer Laue lenses, refractive X-ray lenses, and Fresnel zone plates,
to focus the X-ray beam onto an object. This focused micro- or nanobeam is used to
scan the sample and the transmitted or scattered X-ray beams are recorded on the

detector.

SXRM includes several types such as scanning transmission X-ray microscopy
(STXM), scanning X-ray fluorescence microscopy (SXRFM), X-ray diffraction (XRD)
in the wide and small angle regimes (WAXS and SAXS), and absorption spectroscopy
with various contrasts. Depending on which technique is used, information can be
obtained regarding the composition and distribution of elements (using the SXRFM
technique), the local structural information (through the STXM technique), as well
as the chemical properties of a given species (through the XAS microscopy) [8]. The
spatial resolution of the recorded images in the STXM technique is limited by the

focus size.

2.4.3 Coherent X-ray Diffraction Imaging

The coherent X-ray diffraction imaging (CXDI) technique is based on using coherent
X-ray light without relying on X-ray optics for scanning the object. As X-ray optics
are not used in this technique, the spatial resolution is not limited by the numerical
aperture and lies on the nano-scale [32]. In this geometry, the coherent X-ray
beam is shined onto the object and scattered in various directions. Interfering the
scattered X-ray beams with each other produces diffraction patterns in a far-field on a
detector. In this diffraction pattern, the amplitude (intensity) of the scattered waves
is displayed and the phase information can be extracted with additional knowledge
using mathematical algorithms known as phase retrieval methods [33]. Using the
phase information retrieved, an image of the object is reconstructed, depicting its

internal structure.

For selecting the type of microscopic geometry for studying the sample, factors such
as sample characteristics, resolution needs, imaging depth, contrast sensitivity, and
sample stability should be taken into account. As tomography has the capability to
generate a cross-sectional view of an object without the need for physical dissection, it

was employed in this research for sample characterization. Therefore, a comprehensive
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explanation of the tomography method is presented in the subsequent section.

2.4.4 Tomography

X-ray computed tomography (CT) is a well-established technique for discovering the
inner structure of an object without physically cutting it. Detailed descriptions of
computed tomography can be found in Kak [34]. In the following sections, a brief
overview of the mathematical concept behind CT as well as tomographical principles

and its requirements in three dimensions discussed.

2.4.4.1 Basic Principle

The X-ray shines on the sample, traversing through it, and interacts with the electrons
of the sample. During this interaction, X-ray acquires a small phase shift, which
can be represented by ¢, as well as some attenuation, which can be represented by
B. These parameters are defined in the complex refractive index of refraction, see
Eq. 2.18 and the relation between the attenuation coefficient p and attenuation S is

given by:

47

wae,y,2) =~ Blzy,2) (2.20)

The transmission function, depicting the correlation between the properties of
incoming X-rays and the outcoming light after passing through an object, is derived

by combining phase shift and attenuation parameters as follows:

. 1
T(x,y,2) —elkmj-exp{—ik’/ 5z, y,2) dm}-exp{——/ w(x,y, 2) dac} (2.21)
(y.2) 2 Jiw2)

ikAx

In this equation, the e is the phase factor and independent of the object,

exp{—ik fl(y,z) §(z,y,2) dx} describes the phase shift of the X-rays due to refrac-

tion and exp{—% f1(y 2 p(z,y, z)dx} represents attenuation. Assuming the object is
thin, multiplying the incoming wave field by this transmission function allows us to

determine the exit wave field directly after the object.

For modeling tomographic data evaluation, the coordinate systems in the object

frame and the laboratory frame are considered as (z,y, z) and (s, , 2’), respectively.
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The s-direction in the laboratory frame is aligned along the X-ray beam direction, the
z-direction is aligned along the rotation axis in both frame systems, and the detector
pixels’ coordinates are r and z directions. By utilizing the coordinate transformation

between the laboratory and object frame, the rotation can be described as follows:

T cos¢p —sing 0 S
y| =|sing cosp O r (2.22)
2 0 0 1/ \7

where ¢ represents the rotation angle of the sample relative to the laboratory system
(see Fig. 2.11).

X-rays
detector

Figure 2.11: A representation of the object’s (z,y, z) and beam’s (s, r, z’) coordinate
systems.

As the rotation is along the z-direction, the 2 is going to the z-direction and the
coordinate transformation between the object frame and laboratory can be reduced

for fixed z by considering only (x,y) or (s,r) plane as follows:

T\ [cosg —sing) [s
(y) a <sin¢ cos ¢ ) <7~> (2.23)
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In this way, the transformation can be reduced to a slice or section of the sample with
fixed z values. By considering all slices, the 3D volume can be constructed. Based

on this, the transmission Ty at a given rotation angle corresponds to the following:

Ty(r) = / p(z,y)ds (2.24)

where p(x,y, z) is the physical property of the sample and is equal to the attenuation
in absorption tomography. For the special case of the absorption tomography with the
detector positioned immediately after the object, Ty(r) corresponds to the absolute
square value of the complex transmission function in Eq. 2.21. By replacing the
sample coordinates (z,y) with the beam coordinates (s,r) in the above equation,

the Radon transformation is formed:

Ty(r) = /p(x,y) ds = /p(s cos ¢ — rsin ¢, ssin ¢ + r cos @) ds (2.25)

The Radon transformation represents the mathematical relationship between the
properties of the object being imaged and the measurements acquired by the imaging
system from different angles. It is dependent on two variables (¢, r) and can be
used to map the physical properties of objects into the projected line integral at
various rotation angles. As each feature of the sample is projected on the sinusoidal
curve, the measured data is called a sinogram. The sinogram is the initial data set

for tomographic reconstruction and interpretation of the object.

Since the Radon transforms are linear integrals, this integral (Eq. 2.25) is transformed
into a large sum because of the number of pixels of the detector, the number of

voxels of the sample, and the number of rotations (given by ¢ and r).

Several methods can be used to solve this set of linear equations:

e An approach that considers the specific structure of the problem: Fourier
method and filtered back projection (FBP). Both techniques are based on
a direct mathematical inversion of the measured projection. Through the
utilization of problem symmetry, these algorithms streamline calculations,

leading to swift object evaluations.

e A variety of algebraic techniques such as Simultaneous Iterative Reconstruction
Technique (SIRT), Simultaneous Algebraic Reconstruction Technique (SART),
Algebraic Reconstruction Technique (ART), Conjugate Gradient (CG). They

are iterative algorithms that start with an object estimate, refining it iteratively
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by simulating measurements, comparing these simulations with actual measure-
ments, and updating the estimation based on the differences observed. These
techniques are relatively flexible, operating without the need for symmetry,
and generate objects efficiently from a few projections or missing data with
fewer artifacts. However, they are slow for calculation in comparison to the
Fourier method and FBP.

e Deep learning: A neural network can learn complex relationships between
projection data and image features. It enables the generation of high-quality
images, particularly in the case of noisy or limited data sets. It’s an advanced

technique to solve linear equations.

The following are detailed descriptions of the first and second reconstruction meth-

ods:

2.4.4.2 Filtered Backprojection

The FT of a projection T, » for a fixed ¢ with respect to the r coordinate can be

written as:

Ty(k,) = / e~k Ty (r) dr (2.26)

by considering the Eq. 2.24 and r = —x sin ¢ + y cos ¢,

Tk = [[ e - pladsar
Ty(ky) = / / e p(x,y) du dy
T¢(kr) _ // o~ ikr (=2 sin gy cos ) - p(z,y) dz dy (2.27)
Ty(k,) = // eilhr singathn cos6Y) (0 0 i dy
T,

(kr) = ﬁ(_kr sin ¢7 kr COs ¢)

This formula indicates that the FT of a single projection at a given angle of ¢. In
fact, the 1D FT of projection gives the FT of the object on a line defined by (ky, ky)
= (-k; sin ¢, k, cos¢) in the 2D Fourier space of the object, also described by the
Fourier Slice Theorem. Fig. 2.12 (a) illustrates how the set of projections fills up the
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Fourier space of the object on a radial array of lines.

a) b)
K k
Ky AY I\
kS
o
> K, * —> K
X

Figure 2.12: (a) Fourier space of an object (ky, ky) during measurement; (b) The
number of measurements of multiple projections at different angles is
represented by discrete orange points in Fourier space.

In the case of a few projections, the density of measured points in the Fourier
space may not be sufficient to sufficiently scan the object. Hence, the optimal
number of projections is required to obtain the full information about the object as
follows [35]:

M=~ ~ 15N, (2.28)

| X

where N is the number of pixels or the number of effective resolution elements and
M is the number of rotations required. In this way, the set of the projections defined

FT of the object on a radial array of lines.

Since the data is measured in polar coordinates as a function of distance k, and
angle ¢, reconstruction of the object using the inverse F'T in polar coordinates
is easier and more stable in comparison to interpolation in Fourier space, which
has interpolating errors. The inverse FT algorithm is known as a FBP and is a
widely-used technique for image reconstruction. It reconstructs the image by utilizing

the problem’s symmetry.

To reconstruct the object, the object must be recalculated from its projections using

inverse FT:
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pley) = 1 // (ks iy )dhindk, (2.29)

is represented in in polar coordinates, r = —x sin ¢ + y cos ¢, it forms as:

p(z,y) 47r2/ / —k, sin ¢, k,. cos ¢) - k, dk,.do (2.30)

Consideration of Eq. 2.28 allows us to rewrite the above Equation into:

1 2 o L
e [ e A b ava
// T P (k) - k| dhndgp

where T¢ represents the F'T of projection.

(2.31)

Back propagation in the FBP algorithm can be performed in two steps. In the first
step, the FT of each projection is filtered by multiplying with |k| in the Fourier

space:

1 > iker
Qulr) =3 [ ™ Tk bl

Lo T 2:32)
Qy(1) :4—7T2/_Ooe 4 ]k!-/_ooe " Ty(r) - drdk

In the second step, the filtered sinograms are back-projected, and the individual

contributions from each projection are added:

1 T -
p(z,y) = Q/O R T (k). |y | dd
_ [ d
P, y) / Qu(r)

In this way, all projections from all angles are placed at this point to assemble the

(2.33)
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whole object. Similarly, back-projected filtering is referred to as this algorithm.

2.4.4.3 Simultaneous lterative Reconstruction Technique Algorithm

SIRT is one of the iterative algorithms. This algorithm starts by estimating the
sample and then the image estimate is improved iteratively based on the differences
between the measured and calculated projection data. Based on the current estimate,
the algorithm simulates how the object would be imaged for each recorded projection.
This algorithm consists of calculating the difference between the measured projection
and the calculated projection (residual). The residual should be back-projected to
all pixels that contributed to the original projection, and the estimated image can
be updated by adding the back-projected residual. Each of these steps is repeated

for a predetermined number of times to obtain the final estimate of the image.

In contrast to other reconstruction algorithms, SIRT updates all pixels along the
line of sight of each projection simultaneously. It is important to note that although
this process is time-consuming, it contributes to the maintenance of stability as well

as the reduction of noise amplification in images.

SART is another iterative algorithm that updates the image estimate using a system
of linear equations derived from all available projections simultaneously at each
iteration [36]. The image estimate is updated by combining back projected residuals
with a weighted combination. Since all projections are considered in each iteration,
this algorithm is faster than SIRT.

Several open-source software packages are available for processing and analyzing
tomographic data. These packages provide a variety of tools and algorithms for
reconstructing 3D images from 2D projection data as well as correcting artifacts.
Tomopy and Astra Toolbox are two popular packages for the reconstruction of

tomographic images which are described in detail in Chapter 4.

2.5 Characterization of Heterogeneous Catalysts

Catalysts are everywhere and play a pivotal and multifaceted role in numerous aspects
of science, industry, and the natural world. They are substances that enable chemical
reactions to occur at faster rates by providing an alternative reaction pathway with
lower activation energy. They often exhibit high selectivity, directing reactions to

produce specific desired products while minimizing undesired by-products. These
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Figure 2.13: Hierarchical situation in a catalytic reactor with its different length
scales.; Reprinted from Ref. [37].

properties are particularly valuable in industrial processes, where efficiency and
productivity are important. They lead to cost savings in industrial processes by
reducing the amount of energy required, increasing reaction efficiency, and minimizing

waste.

In biological systems, enzymes serve as catalysts, accelerating biochemical reactions
crucial for life. Outside the laboratories and manufacturing plants, also catalysts
influence the environment by contributing to natural processes such as photosynthesis.
Given the crucial role of catalysts across diverse fields, particularly in chemical
reactions, the characterization of them becomes an essential tool for enhancing their
performance. Due to the distinct role that catalysts play in facilitating sustainable
and cost-effective chemical transformations during reactions, this thesis concentrates

on studying their characterization.

Examining catalysts under ambient conditions or ex-situ conditions can provide
valuable information about the structure of the active material. Therefore, it is
crucial to conduct catalyst characterization under realistic conditions to identify their
active sites [8]. Considering the close relationship between catalyst structure and
function, in situ and operando characterization is becoming a key tool to determine
the changes in the catalyst under reaction conditions during the ignition or extinction,
as well as the activation or deactivation of reactions over time. This approach allows
for obtaining information about the activity of the chemical reaction, including

conversion and selectivity [38].

As a result of the importance of understanding the meso- and macroscopic structures

of catalysts during a catalytic reaction, as well as the function of a catalyst, the
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study of heterogeneous catalysts requires an examination of all length scales from
millimeters to atoms. Electron microscopy plays a pivotal role in the characterization
of catalysts by offering high-resolution imaging down to A and detailed structural
information. Due to its restricted electron penetration depth, electron microscopy
is suitable for distinguishing only thin samples, particularly effective for catalysts
with nanoscale dimensions. Additionally, it has limitations in conducting in situ and

operando studies.

Synchrotron radiation can overcome these challenges of electron microscopy. Hard X-
rays have a variety of applications in science and technology due to their exceptional
properties. Their key advantage is their high penetration depth into the matter,
which allows the beam to probe samples’ interiors without destroying them. It can
investigate catalytic reactions that occur on the surface of materials or within bulk
materials at high temperatures and pressures, in the presence of gases, as well as
under various other conditions in a time-resolved manner and provides real-time
information on catalytic activity [39]. Hence, it is an extremely useful tool for the

spectroscopic analysis of heterogeneous catalysts.

XAS is a powerful technique employed in the examination of catalysts. It provides
real-time information on catalyst mechanisms, and structural changes, including
alterations in oxidation state, and the involvement of specific elements in the reaction
(see Sec. 2.3). Therefore, in this research, XAS is combined with microscopic imaging.
As it is possible to extract local spectroscopic information (XAS contrast) from
the attenuation of the incoming X-ray by varying the incoming X-ray energy, the
dynamic changes of the oxidation state of the platinum (Pt) during the partial
oxidation of methane (see Chapter 5) and the oxidation state of molybdenum (Mo)
during oxidative dehydrogenation of ethane (see Chapter 6) based on full-field 2D

and 3D X-ray absorption microscopy were investigated.

These developed 2D and 3D X-ray imaging methods in this research offer opportunities
for observing dynamic processes in catalysts under working conditions with high
spatial, temporal, and energy resolution. The experimental configurations utilized in
these imaging methods (see Chapter 3), along with the measurement outcomes from
studying these two chemical reactions employing these techniques (see Chapters 5

and 6) will be presented in the following chapters.
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The high photon flux can enhance the sensitivity of measurements and is a crucial
parameter in studying the dynamics of heterogeneous catalysis. The experiments of
this research were carried out at the P64 advanced X-ray absorption spectroscopy
beamline at the synchrotron radiation light source PETRA IIT due to its high photon
flux [40]. At the beginning of this chapter, the beamline configurations, devices,
and types of equipment relevant to the measurements are introduced (see Sec. 3.1).
A detailed description of the operando 2D and 3D XANES imaging experimental

setups are provided in Sec. 3.2.

3.1 Beamline P64 at PETRA Il

PETRA (Positron-Elektron-Tandem-Ring-Anlage, ” positron-electron tandem-ring
accelerator”) was built between 1975 and 1978 as a storage ring for high-energy
physics at DESY (Deutsches Elektronen-Synchrotron) [41]. PETRA is the largest
synchrotron radiation source in the world with a 2.3km long storage ring and is
operated in top-up mode with a current of 100mA at 6 GeV. It was remodeled
into PETRA III whose operation started in 2009. PETRA III is the most brilliant

synchrotron radiation source in the hard X-ray regime of the third generation [42].

In spite of the fact that electron bunches in the storage ring can be refilled without
dumping the entire ring and beam current fluctuations are limited to one percent, a
strong asymmetry still exists between the horizontal and vertical sizes of the electron
bunches which prevents the use of large amounts of the X-ray beam for scanning
microscopy. The fourth-generation synchrotron source overcomes this problem by
installing a lattice structure utilizing multi-bend achromats to focus the electron
bunch more efficiently, thereby increasing the usable fraction of the beam by two
orders of magnitude. It is intended that such a lattice structure will be installed
in the PETRA storage ring by the end of this decade as the PETRA IV project at
DESY [43,44].
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3.1 Beamline P64 at PETRA II1

The beamline P64 is located at the high brightness storage ring PETRA III at the
experimental hall ’Paul P. Ewald’. This beamline is designed for high photon flux
XAS experiments that provides a standard method for the quantitative analysis of
materials based on their constituent elements. It has the capability of performing X-
ray absorption fine structure spectroscopy for highly diluted systems, quick extended
X-ray absorption fine structure spectroscopy (QEXAFS) measurements on a time
scale of 10ms - 10s, and resonant X-ray emission spectroscopy (RXES) [40]. In the
following, the components of the P64 beamline will be introduced briefly and the
layout of the beamline is given in Fig. 3.1. More description about the beamline can

be found in Caliebe et al., [40].

Undulator

QEXAFS
U monochromator

:Ili?s 57 Q

Fixed-exit
monochromator

Figure 3.1: Schematic illustrating beamline P64 at PETRA III. Two different
monochromators are available in this beamline to permit the performance
of different measurements under different time scales with selective wave-
lengths.

3.1.1 Frontend

The X-ray beam is emitted by the electron beam inside the undulator. This beamline
is equipped with a 58-magnetic pole undulator with a 2m length and magnetic period
of 32.8 mm. In order to minimize changes in the harmonic or intensity variations
exceeding a factor of five over the range of an EXAFS-scan, the period of the

undulator was selected by the overlap between the first and third harmonics.

High-power slits are mounted downstream of the source and define the beam aperture.
The opening in the first vertical pair must be at least 1 mm wide, while the remaining

pairs can be completely closed [45].
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3.1.2 Optics Hutch

The monochromator is the first element in the optics hutch and is a critical component
in a wide range of experiments. It precisely selects a narrow range of wavelengths (i.e.
energies) from a broad spectrum of electromagnetic radiation. In the optics hutch of
this beamline, two independent monochromators are placed for various usages: the
Double-Crystal fixed-exit Monochromator (DCM) for typical energy scans in order
of minutes with a fixed exit and a Channel-Cut Monochromator (CCM) for fast
energy scanning with a millisecond response time and oscillation up to 50 Hz, also
known as the quick-EXAFS (QEXAFS) monochromator [46]. Only this beamline
in PETRA III is equipped with a QEXAFS monochromator. Further details about

these monochromators are provided in the following.

3.1.2.1 Double-Crystal Monochromator

The DCM in beamline P64 is designed by Oxford Ltd and it consists of two parallel and
finely polished crystals of silicon to produce a monochromatic X-ray beam [47]. The
first crystal of the monochromator absorbs energy from the incoming polychromatic
light and diffracts it into its component wavelengths at a specific angle based on the
crystal structure and orientation. This diffraction can be described based on Bragg’s

law as follows:

nA = 2dsin 6 (3.1)

where n is the order of diffraction, A is the wavelength of the incident beam, d is
the spacing between the crystal planes, and 6 is the angle of incidence of the X-rays

relative to the crystal.

The second crystal, known as the analyzer crystal, receives a selected and narrow
range of wavelengths from the first crystal and diffracts them again at slightly
different angles. By adjusting the angles of the incidence beam for both crystals
according to Eq. 3.1, only a narrow and particular range of wavelength or energy

from the incident radiation spectrum is allowed to pass through.

To produce a monochromatic beam of X-rays parallel to the incident beam, the
two crystals must be positioned very precisely and parallel to each other. As the
downstream part of the first crystal of the monochromator will block the beam

reflected by the second crystal, a physical movement of the first crystal of the
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3.1 Beamline P64 at PETRA II1

monochromator toward the beam is required to reach low energies [48]. In order
to ensure thermal stability, monochromator crystals are cryogenically cooled to the

temperature of liquid nitrogen.

The energy range of the monochromator can be selected by rotating both crystals
and varying the Bragg angle. In DCM, Si(111) is capable of sustaining energies
between 2.4keV and 54 keV and can provide high photon flux of 10'® photon-s—*
on the sample with energy resolution of 2= 1.4-10~%. The Si(311) is capable of
sustaining energies from 4.6keV to 103keV with an energy resolution of 3-107° and
less photon flux when compared to the Si(111) [40]. This monochromator was used
to generate a monochromatic X-ray beam for XANES tomography measurement of

this research (see Chapter 6).

3.1.2.2 QEXAFS Monochromator

The QEXAFS monochromator enables high repetition accuracy energy scans in a fast
and continuous manner by smoothly oscillating the monochromator’s crystals and
allowing a single spectrum to be acquired in real-time from tens of minutes to the sub-
second regime [49]. Considering it has high element sensitivity, time resolution, and
large penetration depth, it is an ideal technique for studying phenomena, particularly
the kinetics of chemical reactions within XANES or EXAFS regions by measuring

continuous cycles through a small energy region of interest [50].

This monochromator was developed by the group of Prof. Dr. Frahm at the University
of Wuppertal. One of these QEXAFS monochromators is located at the Super XAS
beamline at the Swiss Light Source (SLS) and the other at beamline P64 at PETRA
ITI. Considering the goal of this thesis is to perform high spatial and temporal
measurements of chemical reactions, I have chosen the beamline P64 at PETRA
IIT which is equipped with the QEXAFS monochromator. Fig. 3.2 illustrates the
QEXAFS monochromator installed at the optics hutch of this beamline and the

following is a brief description of this monochromator [51].

The monochromator is mounted on CAMdrive tilt tables in order to achieve rapid
angular oscillations and is housed in a vacuum tank with an 800 mm inner diameter
[46]. The oscillating water-cooled direct drive torque motor (Siemens SIMOTICS
1FW6) is installed coaxially inside of the goniometer, as shown in Fig. 3.2, and
connected to the crystal stage which is located inside the larger goniometer by a

fixed axis.
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Figure 3.2: QEXAFS monochromators are installed in the optics hutches of beamlines
P64 and P65; Reprinted from Ref. [51].

The crystal stage is mounted directly to the axis which is connected to the rotor of

the torque motor and is stabilized by ball bearings which are shown in Fig. 3.3.

Encoder

Cooling Lines

Figure 3.3: Schematic of the crystal stage of the QEXAFS monochromator with
two-channel cut crystals; Reprinted from Ref. [49], with the permission
of AIP Publishing.
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3.1 Beamline P64 at PETRA II1

It consists of monochromator crystals, the crystal cooling unit, and the angular
encoder scales [49]. To increase the range of energy accessible to X-rays, two different
orientations of the channel-cut crystals, Si(111) and Si(311), are mounted side by
side on the same Bragg axis at this stage. The Si(111) can provide photon energies
between 4.0keV and 22.7keV and the Si(311) can cover between 7.6keV to 43.4keV
with a vertical beam size of 1 mm [49]. A combination of these two crystals in the
QEXAFS enabled us to obtain the monochromatic beam with an energy range from
4.0keV to 32.0keV [46]. By moving the vacuum chamber horizontally, perpendicular
to the incident beam, the crystal can be selected [50]. On the side of the crystal
stage, there is a circular scale and a rigid frame, mounted on the side wall of the

vacuum chamber and holds the read head.

Torque motors of the monochromator have rotors that can rotate freely, but their
stator is constrained by the goniometer’s rotational stage. Consequently, the torque
motor’s reference frame rotates as well with the rotation of the goniometer. Both
the goniometer and the torque motor are located on the atmospheric side of the
monochromator vacuum chamber and both rotations are fed independently of one
another [46]. The rotor drives oscillatory movements of the crystal stage with a
given amplitude and frequency and is able to limit the amplitude of the direct-drive
motor too. The goniometer facilitates precise alignment of the center angle of the
oscillation and is able to adjust the mean Bragg angle (6y). Therefore, the movement

of the crystal stage (0prage) i determined as follows [51]:

eBragg = 60 + 9030@)7 (32)

where 0og.(t) is the time-dependent oscillatory angle and is coupled to the movement
of the crystal. As the amplitude and the center position of the crystal oscillation de-
termines the Bragg angle, the range of Bragg angles in the QEXAFS monochromator
is between 5° to 30°. In this monochromator, a wide range of oscillation frequencies
can be achieved from 0.01 Hz to 100 Hz with a maximum amplitude of 4° that is
limited by the torque provided by the motor at high frequencies [51]. Due to the
sinusoidal oscillation and the recording of two spectra within an oscillation period
(one cycle), one with increasing and one with decreasing energy, the acquisition
rate of absorption spectra is double that of mechanical oscillations frequency and

Y

the spectra are referred to as "up” or "down” according to the direction of the

scan [49].

Since Bragg angles define the energy scale of each spectrum, it is of critical impor-
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tance in QEXAFS experiments to measure the precise Bragg angles of the crystals
in real-time. The optical angular encoder, located within the monochromator near
the crystals, is able to determine the total Bragg angle with respect to the vac-
uum chamber and enhances the accuracy of QEXAFS measurements by measuring
mechanical deformation [49]. It is important to note that the mechanical stability
of the monochromator (a time frame for each data point), the response times of
the detectors, the photon flux available, and the data acquisition system are all
factors that limit QEXAFS’ capacity for achieving a high temporal resolution. This
monochromator was used in the rapid 2D XANES imaging measurement (see Chapter

5).

3.1.2.3 Mirrors

Two Si-mirrors, as shown in Fig. 3.1, were installed downstream of the monochro-
mator at this beamline to provide a low-pass filter for reducing or rejecting higher

harmonic frequencies.

Depending on the range of X-ray energy, three different coatings have been designed
for these mirrors to reflect only the fundamental wavelength of X-ray energy. Mirror
with only silicon coating can be used for lower energy ranges, with rhodium coating

for intermediate energy ranges, and platinum coating for higher energy ranges [40].

Additionally, these mirrors have the capability of focusing the beam horizontally
and vertically. In order to achieve horizontal focus, two grooves of varying radii are
machined into the first mirror. This allows the beam to concentrate in the energy
range of 2.4keV to 22keV horizontally. For vertical focusing over the entire range
of energies, the second mirror can be bent. In this way, a focal beam size down to
50pm (v) x 150 pm (h) can be achieved [46]. These mirrors are described in more
detail in Caliebe et al., [40].

3.1.3 Experimental Hutch

In the experimental hutch, the monochromatic photon flux of the 10'? to 10'® photons
per second is available with the beam size of Ilmm x 1mm on the sample. Ion
chambers are used as standard detectors in this beamline to measure the intensity of
the incident and transmitted flux on the sample. In addition to the ion chambers,
other detectors available at this beamline provide the ability to study a wide range of

samples, including highly diluted, thick, and low-concentration samples [45]. Despite
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the presence of these detectors on this beamline, I used a high-resolution X-ray
detector for my XANES imaging measurements, which will be discussed in more

detail in the following.

3.1.3.1 Detector

In order to obtain a high spatial and temporal resolution, the sequences of two-
dimensional images as a function of time were recorded during measurements using
a high-resolution two-dimensional X-ray imaging instrument. The high-resolution
detector shown in Fig. 3.4 consists of the high-resolution X-ray microscope (Optique-
Peter microscope) optic coupled to an sSCMOS camera (PCO.Edge 4.2 CLHS). It
operates by converting the visible light from the X-ray scintillator screen of the
microscope into electronic signals on the camera in order to visualize the X-ray
light intensity distribution. The following is a more detailed description of these

mstruments.

Optique-Peter microscope

Figure 3.4: The high-resolution X-ray microscope was combined with the PCO.Edge
4.2 CLHS camera as the X-ray detector during measurements.

41



3 Instrumentation

High Resolution X-ray Microscope

The high-resolution X-ray imaging microscope includes a scintillator, multiple mo-
torized objective lenses, a bending mirror, and a tube lens. To enhance the spatial
resolution of recorded images, this microscope is based on a tandem lens configuration.
First, the scintillator converts the incoming X-ray intensity into visible light. After
that, a divergent beam of light from the scintillator is magnified and converted into
a parallel beam by the first lens (objective lens). The bending mirror, which is
positioned after the objective lens, reflects light vertically and the second lens, known
as a tube lens, focuses a parallel beam upon the image plane (camera). A scintillator

and triple objective lenses of the microscope are shown in Fig. 3.5.

Figure 3.5: (a) The non-tiltable scintillator of a high-resolution X-ray microscope
made from LAG crystal with a thickness of 180 um; (b) Multiple objective
lenses with different magnification factors are located on a motorized
nosepiece of the microscope.

An objective lens’ magnification power is determined by its focal length and the
distance from the scintillator. The information regarding these triple-objective lenses
such as numerical aperture (NA), working distance (WD), and effective magnification
(EM) are available in Table 3.1.

To improve the spatial resolution of the recorded 2D images in the second experiment
of this research, a high-resolution X-ray microscope has been refurbished. Conse-
quently, the LAG crystal scintillator has been replaced with triple scintillators and
the scintillator mount has been upgraded to a motorized mount to accommodate

these triple scintillators. According to Fig. 3.6, these scintillators are tiltable and
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Objective lens NA WD (mm) Resolution limit (ym) EM

2% 0.08 6.2 3.44 X
4x 0.16 13 1.72 10x
10x 0.40 3.1 0.69 25 %

Table 3.1: Parameters of triple objective lenses of the high-resolution X-ray micro-
scope.

made from different materials with varying thicknesses.

LUAG:Ce
35 um

o LUAG:Ce
100um

LSO:Th
8um

Figure 3.6: Rotatable scintillator mount on the high-resolution X-ray microscope
with three slots. Scintillators are covered with 75 pm thick black kapton.

The summary of the materials and thickness of them are provided in Table 3.2.

Material Thickness (ym) Dimension (mm)
LSO:Tb on 170 pm YbSO 8 8 x 8

LuAG:Ce 35 8 x 8

LuAG:Ce 100 15 x 15

Table 3.2: Parameters of triple tiltable scintillators mounted on the high-resolution
X-ray microscope.

A scintillator’s thickness has a direct impact on the resolution of imaging. Thicker
scintillators may capture a higher percentage of incident radiation, which may increase
detection efficiency. The spatial resolution of the optical microscope is limited by NA,
which determines the depth of focus. As the depth of field must cover the thickness

of the scintillator, the resulting NA limits the spatial resolution.
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Higher spatial resolution and lower signal-to-noise ratio can be obtained in recorded
images by using thinner period scintillators. The thinner scintillator can be imaged
sharply by an objective with a higher NA, thus yielding higher resolution. However,

this comes at the cost of reduced detection efficiency with a thinner scintillator.

In general, selecting the appropriate scintillator thickness and an objective lens for
each measurement requires consideration of a number of factors, including specimen
type, magnification level, and field of view, as well as spatial resolution and testing
them.

PCO.Edge 4.2 CLHS Camera

PCO.Edge 4.2 CLHS camera is based on scientific Complementary Metal-Oxide-
Semiconductor (sCMOS) sensor technology. This camera has the capability of
capturing images at very high frame rates between 35 to 100 frames per second
(fps), enabling it to record dynamic processes that occur very rapidly. If the X-ray
photon statistics are poor, the signal-to-noise ratio is too low (0.8 median electrons),
potentially leading to the acquisition of low-quality images. In comparison to other
cameras, this camera is able to convert 82 % of incident light into detectable electrons,

which indicates a high quantum efficiency.

In order to minimize noise and increase sensitivity, PCO.Edge cameras are equipped
with a cooling system that maintains a low temperature during operation. There are
several trigger options available for this camera, including external triggers, software
triggers, and hardware triggers, making it an ideal tool for time-resolved imaging
with low readout noise and high sensitivity. The resolution of the PCO.Edge camera
is 2048 x 2048 pixels with a pixel size of 6.5 um x 6.5 pm and a field of view (FOV)
of 13.3mm X 13.3mm. The exposure time of the camera is adjustable between
100 pus and 10s and the camera is capable of capturing images at up to 100 fps at

full resolution.

This camera is specifically designed for scientific applications that require high
sensitivity, high dynamic range, low noise, fast frame rates, and simultaneous reading
of all pixels. Due to these specific characteristics, this camera was combined with the
high-resolution X-ray microscope and used in the experiments. Detailed information
regarding the features and parameters of the camera for each measurement is provided
in Sec. 3.2.
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3.1.3.2 Gas Analysis

A gas analysis technique is an important component of catalysis studies that in-
volves identifying and quantifying various reactant and product gases present during
the chemical reaction. Several analytical techniques are employed to analyze gas
samples, including Gas Chromatography (GC), Mass Spectrometry (MS), Infrared
Spectroscopy, Electrochemical Sensors, and Optical Sensors. The feature of the
chemical system under consideration plays a key role in selecting the appropriate
gas analysis technique. Here, I present a brief overview of two of the most commonly
used gas analysis techniques, MS and GC. These techniques have been utilized in

the experiments of this research.

Mass Spectrometry

MS is a method of analyzing the composition of gases to determine the molecular
mass and structure of samples, especially useful to identify unknown substances or
quantify the individual components in complex mixtures. This method identifies
and separates the chemical substances based on their mass-to-charge ratio (Z)
and abundance. Since this technique delivers faster data acquisition and greater
flexibility compared to other gas analysis methods, it is an ideal method for studying

time-resolved measurements.

MS, in general, consists of three components: the ionization chamber, the analyzer,
and the detector. I briefly describe these components here. In the first step, the
incoming gas flow is ionized into charged particles (ions) with a characteristic
mass m and charge z by various ionization methods, such as electron ionization or

photoionization inside the ionization chamber.

Afterwards, a mass analyzer applies an electric or magnetic field to the ions in
order to separate them from the sample stream. The MS with quadrupole analyzers
accelerates ions with the electric field and allows them to travel through four parallel
rod electrodes that are located at the corners of a square and known as the quadrupole
assembly. Since there is a direct voltage potential and a high-frequency alternating
voltage between adjacent poles, it is possible to sort the ions according to their
mass-to-charge ratio and bring ions of a defined mass to the detector on a stable

trajectory by varying the frequency of the poles.

Finally, ions follow different trajectories depending on their mass-to-charge ratio,

and ions of a defined mass can strike a detector and generate an electrical signal
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proportional to the number of ions detected. This signal provides information about
the abundance of ions at different mass-to-charge ratios. A data acquisition system
processes the electrical signal generated by the detector which is known as a mass
spectrum, a plot of ion abundance versus mass-to-charge ratio. In this profile,
different peaks correspond to specific ions with a specific mass-to-charge ratio, and
their relative intensities indicate the relative abundance of each ion. Comparison of
measured mass spectra with known mass spectrum databases (such as NIST’s Mass
Spectral Library) can facilitate the identification and quantification of compounds

within samples.

Since the MS system is unable to separate gaseous ions with the same mass-to-
charge ratio, e.g. CO (28) and Ny (28), numerous techniques and strategies, such as
high-resolution MS, may be employed to overcome this limitation and provide more

detailed information regarding the compounds to be analyzed.

Gas Chromatography

GC is a sophisticated technique used to separate, identify, and analyze liquids or
gases. It is based on partitioning a sample mixture into two phases: a stationary
phase and a mobile phase which allows the separation of individual components
based on the relative affinity of each component to each phase. GC process can be
classified into different categories based on the operating principle, the type and
dimensionality of the column, the type of detector used in it, the stationary phase,
and the modulation technique. In the GC used in this study, the mobile phase is a
gas and the stationary phase is a solid. The following is a brief explanation of the

basic aspects associated with this type of GC.

In order to transport analytes through columns in GC, helium or argon gases are used
as the mobile phase. Solid materials with high surface areas and specific adsorption
properties serve as substrates for the interaction of analyte components and the

separation of sample components based on their adsorption properties.

The most common type of column is the capillary column. The capillary column is
an open, long tube made from a fused silica. In this type of reactor, the stationary
phase is immobilized inside the inner capillary tube walls or supported on solid inert
packing. Porous Layer Open Tubular (PLOT) capillary columns used in this research
contain a porous layer of solid material (e.g., alumina, molecular sieves, Porapak)
attached to their inner wall that serves as an adsorbent. During the passage of the

gas sample components through this packed column, different interactions between
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the components with a stationary phase lead to the actual separation process.

Depending on the chemical properties of the analytical sample, such as molecular size,
polarity, and functional group, the affinity for the solid support and each component’s
retention time on the column will vary. Consequently, components with a stronger
affinity for the solid phase will be retained longer in the column, resulting in a longer
retention time, while components with weaker affinity will be less retained and eluted
sooner. In this way, the light hydrocarbons, CO,, and HyO can be distinguished

based on their polarity, as well as permanent gases based on their size.

In order to measure the separated components eluted from the column, a detector
is used. At a certain retention time, the detector generates a signal (peak area,
intensity) proportional to the species’s concentration. Several hardware and software
components make up the data system and are responsible for capturing and pro-
cessing the detector signals to generate a chromatogram. From this chromatogram,
information regarding the retention time and peak characteristics of the separated
components can be derived, and the identification and quantification of reactants

and products during the reaction can be done.

3.2 Experimental Setup at Beamline P64

This research consists of two measurements, one involving the rapid full-field 2D-
XANES imaging of catalytic partial oxidation (CPO) of methane (see Chapter
5) and the other involving the rapid full-field tomography imaging of oxidative
dehydrogenation (ODH) of ethane (see Chapter 6) at the beamline P64, PETRA
I11.

In both measurements, the XANES technique was combined with full-field X-ray
imaging (see Sec. 2.4.1). This configuration enables to measure 2D images of a large
section of the catalyst bed, enabling a comprehensive and detailed view of the spatial
distribution and performance of the catalyst within the reactor. Also, high-resolution
detectors used in these experimental setups provide higher signal-to-noise ratios due
to their high photon sensitivity. A description of the experimental setups used in

these measurements is provided in the following.
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3.2.1 Operando 2D XANES-Imaging Setup!

High monochromatic photon flux and the availability of the QEXAFS monochromator
at P64 make this beamline especially suitable for studying time-resolved phenomena.
A scheme of the experimental operando 2D XANES-imaging measurement is illus-
trated in Fig. 3.7. This setup involves the quartz capillary, mass flow controller, MS,
and high-resolution X-ray camera. The following is a more detailed description of
them.

mass f ’
spectrometer L =
>

product
analysis high-resolution
X-ray camera

glass wool reactor bed
4

Wtiey i
\{

exhaust

gas supply

------

QEXAFS monochromator hot air stream mass flow
controller

Figure 3.7: An illustration of the operando 2D XANES imaging. The 2.2 wt%
Pt/Al;O3 embedded in a quartz capillary and a high-resolution X-ray
camera imaged the capillary at a fast sequence of different energies around
Pt L3 edge X-ray absorption edge; Reprinted from Ref. [12].

In order to study the dynamic changes of Pt catalyst during the CPO of methane to
synthesis gas (see Sec. 5.2), the catalyst material supported on Al,O3 was placed
in a quartz capillary, a detailed description of the catalytic data is provided in Sec.
5.3.1. To align the capillary vertically and horizontally with the X-ray beam, it was

mounted on a stack of motor stages.

A gas mixture of CHy, Os and He was provided as reactants that flowed from the

reactor’s inlet towards the outlet. Several mass flow controllers (El-Flow, Bronkhorst,

'Parts of the text and figures in this section were adapted and reprinted from [12].
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The Netherlands) were utilized to adjust the appropriate gas flow rate and to deliver
the gas mixture into the reactor in order to control the chemical state of the catalyst
by adjusting the gas flow through the capillary. Detailed information about the gas

composition and flow rate is provided in Sec. 5.3.2.

A pair of hot air blowers (LE Mini, Leister AG, Switzerland) were mounted below
the capillary in order to provide heat for this reaction, and the temperature of
the capillary was calibrated in advance using a portable thermometer, a type K
thermocouple. The thermocouple was positioned very close to the catalyst bed
position in order to measure the differences in temperature between the capillary
temperature and the temperature from the built-in thermocouples of the gas blowers.
In Fig. 3.8, the separate Eurotherm controller for gas blowers and the mass flow

controller are illustrated.

Figure 3.8: The mass flow controller, the upper device, regulates the flow rate of
gas. The Eurotherm controller, which is located at the bottom of the
mass flow controller, can be used to control the temperature of each gas
blower.

The reaction products were analyzed online via MS (OmniStar GSD 320 O, Pfeiffer
Vacuum, Germany) connected to the outlet of the catalytic reactor. This MS was
provided and operated by the group of Prof. Dr. Grunwaldt at the Karlsruher Institut
fiir Technologie (KIT). The setup was checked for leaks before the experiment began

in order to ensure the gas tightness of the system.

The high-resolution X-ray camera described in Sec. 3.1.3.1 was used in the operando
2D XANES imaging for recording the 2D images, Fig. 3.9. The three objective
lenses of the microscope in combination with the scintillator were tested prior to
the measurement. Finally, the 4x objective is used in combination with the 2.5x

ocular for recording high-resolution 2D images. In this way, the imaged area was
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magnified by a factor of 10 and the effective pixel size in recorded images was peg
= 0.651um, based on a camera pixel size of p = 6.5um. As the total FOV was
1.33mm x 1.33 mm, each recorded image contains approximately 4 million resolution

elements.

a)  Optique-Peter microscope PCO.Edge b)  glass capillary scintillator cap
o~

outlet  hot air blowers inlet

Figure 3.9: Imaging setup installed at beamline P64 for 2D XANES imaging: (a)
The high-resolution X-ray microscope in combination with the PCO.Edge
4.2 CLHS camera were recorded the high-resolution 2D images; (b) In
this experiment, two hot air blowers were used to heat the reactor bed
embedded in the glass capillary. With thermocouple installed on the air
blowers’ nozzles, the temperature was measured. Reactants flow from
the inlet (on the right) towards the outlet (on the left) of the catalytic
reactor; Reprinted from Ref. [12].

3.2.2 Operando Tomography XANES-Imaging Setup

I extended the previous technique into a rapid operando XANES tomography with
spatial-, energy- and time resolution at P64 beamline. In Fig. 3.10 the main parts of
the experimental setup installed at P64 are shown, including the aRCTIC sample

environment, mass flow controller, GC, and high-resolution X-ray camera.

To investigate the dynamic changes of the Mo catalyst during the ODH of ethane to
ethylene (see Sec. 6.2) in this experiment, the Mo catalyst supported on Al,O3 was
placed within a quartz capillary. The catalytic data is described in more detail in
Sec. 6.3.1.

Tomography imaging was performed using the aRCTIC sample environment which

is responsible for the rotation of the reactor. This operating tomography setup was
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3.2 Experimental Setup at Beamline P64

a) Optique-Peter microscope PCO.Edge b)

SN ‘\g

inlet glass capillary

hot air blowers

Figure 3.10: Imaging setup installed at beamline P64 for operando tomography
XANES imaging: (a) The high-resolution X-ray microscope in com-
bination with the PCO.Edge 4.2 CLHS camera; (b) The reactor bed
embedded in the glass capillary was mounted on the sample unit of the
aRCTIC setup and was heated by two hot air blowers. Reactants flow
from the inlet (on the top) towards the outlet (on the bottom) of the
catalytic reactor.

designed and developed by the group of Dr. Sheppard and Prof. Dr. Grunwaldt at
KIT and has been tested at the European Synchrotron Radiation Facility (ESRF),
Paul Scherrer Institut (PSI), and PETRA III facilities [7,52].

This aRCTIC setup consists of the sample unit, the alignment stage, and the rotation
motor, as shown in Fig. 3.11. A glassy carbon stabilizing rod (5 mm diameter, Alfa
Aesar, Germany) is mounted on the alignment stage and connects the bottom and
top plate of the sample unit [52]. A full reactor with catalyst particles was glued and
fixed on a sample unit and mounted perpendicularly to the X-ray beam direction. It
is important to note that the stabilizing rod is responsible for taking on the load
from the capillary. Due to the tiltability of the sample unit and its function as a
goniometer, the sample can be aligned vertically with respect to the rotation center.
The alignment stage which enables the sample to be positioned in the middle of the
rotation stage by translating it in the horizontal and vertical direction to the X-ray
beam. There is a passage in the middle of the rotation and alignment stages where

flexible gas tubing can pass and be connected to the sample unit [13].

A gas mixture of CoHg, Oy and Ny was provided as reactants and the mass flow

controllers used in the previous measurement adjusted the gas flow rate and delivered
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Rotation Motor ¥ea:

Figure 3.11: CAD drawing of the aRCTIC setup; Reprinted from Ref. [52].

the reactants inside of the reactor. The gas composition and flow rate are discussed
in detail in Sec. 6.3.2.

The two hot air blowers were adjusted to the sample height in order to ensure that
the heat was evenly distributed throughout the sample. The temperature of each of
these hot air blowers was controlled by a separate Eurotherm controller. By adjusting
the flow rate of gases through the capillary and temperature with two hot air blowers,
the chemical state of the catalyst was controlled and studied under different reaction

conditions.

In order to analyze the composition of the reaction products online, GC (Agilent
7890B, United States) was connected to the outlet of the catalytic reactor. It was
provided and operated by a group of Prof. Dr. Horn at the Technical University of
Hamburg (TUHH) for this measurement and shown in Fig. 3.12.

Similar to the operando 2D XANES imaging measurement, the high-resolution X-
ray camera was used in this experiment. However, as mentioned previously (see
Sec. 3.1.3.1), the X-ray microscope was refurbished for this measurement and the
scintillator was replaced with triple scintillators. Consequently, three objective lenses
of the microscope in combination with the triple scintillators were tested before the
measurement, and the resolution and magnification of recorded 2D images were
assessed. As a result, the Lutetium Aluminium Garnet (LuAG:Ce) scintillator with a

thickness of 35 um in combination with a 4x objective lens recorded high-resolution
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3.2 Experimental Setup at Beamline P64

Figure 3.12: GC was used to separate and analyze the chemical components of the
sample online in the XANES tomography imaging measurement of this
work.

projection images compared to the other scintillators and objective lenses of the
microscope. With this combination, the recorded image area was magnified by a
factor of 10 with an effective pixel size of pog = 0.65 pm and a total FOV of 1.33 mm

X 1.33mm.
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4 Data Analysis

Since the large volume of data was recorded in 2D XANES imaging of the CPO
of methane to synthesis gas (see Chapter 5) and 3D XANES imaging of the ODH
of ethane to ethylene (see Chapter 6) with the energy- and time-resolution, I have
developed an optimized pipeline for evaluating data. Descriptions of the data
acquisition methods, as well as the methods of sorting and processing the data in

each measurement are provided in Sec. 4.1 and Sec. 4.2 of this chapter.

4.1 Full-Field 2D XANES Imaging!

In heterogeneous catalysis, many processes and materials undergo dynamic structural
changes depending on their chemical environment. In order to monitor such dynamic
changes, conventional spectroscopic characterization tools can be challenging, due to
the high time resolution required. In this study, the custom sample environment was
installed at the beamline P64 (see Fig. 3.9) and the fast QEXAFS monochromator at
this beamline was coupled to a high-resolution X-ray camera (PCO.Edge 4.2 CLHS) to
perform rapid spectroscopic 2D imaging of the chemical state of a Pt/AlyO3 catalyst
during partial oxidation of methane to synthesis gas with chemical contrast over
individual pixels. The experimental procedures and data analysis of this technique

are based on Ref. [12] and are discussed in greater detail in the following.

4.1.1 Data Sorting

Here, the QEXAFS monochromator was operated independently from the rest of the
setup and continuously oscillated around the Pt Lz absorption edge at a frequency
of 0.18 Hz. In this way, the time period to record a single up or down sweep of the
QEXAFS monochromator over Pt L3 absorption edge was 2.8 s. In this configuration,

the high-resolution X-ray camera (see Fig. 3.4) was operated at a 50 Hz full-frame

'Parts of the text in this section were adapted and reprinted from [12].
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4.1 Full-Field 2D XANES Imaging

rate, and a 2D transmission image was captured with it at the same time as the

encoder value of the monochromator was recorded into the file [12].

According to Sec. 3.1.2.2, the angular position of the monochromator can be measured
by an incremental encoder. Since Bragg’s law is associated with angular position,

the X-ray energy can be calculated as follows:

he
E = —— 4.1
hv Y (4.1)
nA = 2dsin 0 (4.2)
hic
E= 2d sin @ (4.3)

where A, v, ¢, and d are the Planck constant, frequency, the speed of the light, and
the lattice spacing, respectively. By converting the recorded encoder value into
energy with this equation, the energy corresponding to each image was calculated.
The schematic of the recorded encoder’s values of the monochromator is shown in
Fig. 4.1.
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Figure 4.1: Profile of encoder values for the QEXAFS monochromator. In the data
analysis, encoder values in the range between the maximum and minimum
were taken into account.

95



4 Data Analysis

The data was collected in chunks of 100 scan points. In this figure, the encoder
values for the six chunks, and both maximum and minimum values are shown. In
data processing, the maximum and minimum encoder values were defined in the
Python script to limit the X-ray energy range. As 10% of all images were measured
at the highest and lowest energy values in comparison to the defined range, these
images were removed and were not considered in the data analysis. Thus, a full stack
of about 80 XANES transmission images around the absorption edge of the catalyst

was recorded in a total time of 1.6 [12].

4.1.2 Dark- and Flat-Field-Corrected 2D Absorption Image

A sequence of images was captured with the beam shutter closed in order to account
for the constant signal background specific to the camera. In this case, about 500
frames were recorded at 50 Hz, i.e. about 10s total exposure time, and then averaged
to produce a representative dark-field image. This image has been subtracted from
the all sorted flat-field and transmission images and all negative pixels were replaced

with zero values. This process is known as dark-field correction.

At each temperature after thermally stabilizing the catalyst bed, the capillary was
moved out of the X-ray beam, and the intensity of the incoming X-ray beam Iy(E,
X, y) was taken into account. These so-called flat-field images were recorded with
continuously oscillating monochromators and a total exposure time of 200s at 50 Hz,

corresponding to approximately 10000 single frames.

As the QEXAFS monochromator and high-resolution camera were operated inde-
pendently, the encoder value of the monochromator and the measured 2D images
have been recorded in separate files. Therefore, the measured images had to be
re-sorted before any further processing was performed. A crucial part of reorganizing
recorded data is the determination of an appropriate flat-field image as the incoming
2D intensity distribution of the X-ray beam changes as a function of energy. For this
purpose, the flat-field images were separated into up or down oscillations according
to the changing procedures in encoder values (increasing or decreasing). After that,
images were sorted in 200 energy bins, each with a width of approximately 0.5eV and
containing more than 10 single flat-field images. By averaging all images of a single

bin, a representative flat-field image with particular X-ray energy was obtained.

In order to determine the intensity of the transmitted X-ray beam I(E, z,y), the

sample was moved back into the X-ray beam after recording the flat-field images.
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4.1 Full-Field 2D XANES Imaging

After that, transmission images of the catalytic reactor bed were recorded with a
continuously oscillating monochromator and a total exposure time of 600s at 50 Hz,

which is approximately 30 000 frames.

Due to the fast measurement, the noise level in single pixels was relatively high
and the XANES spectrum extracted from each pixel was very noisy. So, in order
to enhance the local XANES signal, the images had to be binned by a factor of 16
x 16 before any data processing. After that, the transmission images were further
processed in accordance with Lambert-Beer law (see Eq. 2.10), which describes the

absorption of X-rays by matter:

I(E,x,y) = I)(E, x,y)exp {—/,u(E,x,y, z)dz] (4.4)
o I(E, z,y)
/,u(E,x,y, 2)dz = ln[—IO(E . y)] (4.5)

where [ u(E,x,y, z)dz describes the projected attenuation of the X-ray in the beam
direction as a function of energy and lateral position. In this way, these 2D absorption

images of the catalytic bed were considered for further data processing.

4.1.3 Linear Combination Analysis

As XANES spectroscopy is a powerful technique used to study materials’ electronic
and structural properties, various data analysis techniques can be used in XANES
spectroscopy to extract meaningful information from the spectra depending on data
quality, the extent of prior knowledge of the studied system such as the availability of
reference spectra and the information to be extracted. Some important techniques are
principal component analysis (PCA), multivariate curve resolution-alternating least

squares (MCR~ALS), machine learning (ML), FT, and linear combination analysis
(LCA).

PCA can be applied to systems with a low understanding of the underlying chemical
processes and without clearly defined reference states. There is often a prior guess
regarding the number of species and their nature. However, it is challenging or
impossible to obtain reference spectra comparable to the studied data. Chemometric
processes such as the MCR-ALS [53] and the non-negative matrix factorization
(NNMF) [54] are being used to deconvolve complex mixtures of XANES spectra and

enable us to determine the individual component spectra and their concentrations
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4 Data Analysis

in the mixture. If the purity of the internal references can be verified, e.g. through
comparison of spectral features with literature, the obtained weight can be correlated

to the concentration of each species.

If the data quality is poor and comparison with reference data is not possible, or
when intermediate states cannot be viewed as linear combinations of reference state
spectra, ML techniques such as neural networks and support vector machines may
be required. However, a good understanding of the system allows the production
of theoretical datasets for neural network training. ML is most commonly used to
classify and analyze datasets from XANES, where no chemical transformation occurs,
but only the size of nanoparticles changes [55] or to analyze EXAFS [56]. In large
datasets, these methods are useful for identifying subtle differences and patterns.
Also, the FT is a mathematical technique and can be applied to XANES data to
transform data from the energy domain (eV) into the wavenumber domain (cm™1).
Through this method, it is possible to discover hidden structural and electronic
information, allowing the identification of specific chemical bonds, coordination

environments, and subtle variations in spectra [57].

Among these techniques, the LCA method was chosen to fit the measured XANES
spectra based on the reference curves, since fits with reference spectra can system-
atically explain the observed spectra within the uncertainty of the noise. First of
all, reference spectra were normalized by comparing the ratio between the pre-edge
and post-edge of the spectra with the ratio between the pre-edge and post-edge
in the theoretical platinum spectrum before the LCA. The normalized platinum
oxidized and reduced reference spectra for this chemical reaction are shown in Fig.
5.6. Afterwards, the measured XANES spectra of each pixel were fitted to normalized

reference spectra, see Fig. 5.7, as follows:

F(E) = Zg7 [afor(E) + bfrea( E) + ] (4.6)

where f,, and f,. represent the oxidized and reduced reference spectra as functions.

Here, a least-squares search was conducted in order to determine the amount of
oxidized Pt, reduced Pt, and constant background (absorption by other elements)
for every pixel of the 2D image by yielding the fit factors a, b, and ¢ which sum of
them should be 1. This LCA is implemented in Python using the minimize function
of the SciPy package (SLSQP method), which can be used to provide quantitative

information.
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4.2 Full-Field XANES Tomography

In order to make optimal use of the available photon flux, the XANES imaging data
were acquired continuously. By this method, a total of more than 500000 single
transmission images were acquired, resulting in approximately 3800 sequences of
XANES images and approximately 20 million single-pixel XANES spectra were fitted
by LCA.

Since the signal-to-noise ratio of each pixel determines the quality of data fitting by

LCA, this quality can be shown as the image in terms of an R-factor:

Silu(E) — w(Ei gir))?

= =S E)

(4.7)

where p(E;) and pu(E; g) are the measured and fitted values of the absorption
coefficient at the measured X-ray energy values (E};). A representative example of

the R factor for LCA of recorded images can be found in Fig. 5.7.

Results of this study are presented in Chapter 5.

4.2 Full-Field XANES Tomography

In this measurement, the 2D XANES imaging technique described previously has
been developed into the operando full-field XANES tomography and the 3D imaging
of the chemical state of a MoOx/Al,O3 catalyst during the ODH of ethane to ethylene
was done with this technique by implementing a custom sample environment at
beamline P64 (see Fig. 3.10).

It was planned to do 3D operando XANES tomography with energy- and time
resolution by integrating a fast high-resolution X-ray camera into beamline P64
and synchronizing it to the QEXAFS monochromator available at this beamline.
However, some electronic equipment required to read out the encoder of the QEXAFS
monochromator was not operational during the beamtime such that the standard
DCM was used instead of it in this beamtime. Unfortunately, this prevented running
the energy scans in continuous mode as the inner loop scan motor and increased
the total scanning time. For this reason, in order to still be able to record XANES
tomograms, the energy scan was run as the outer scan loop and the X-ray energy had
to be adjusted to distinct values around the Mo K-edge in this case. The overview

of the step sizes in the defined energy range is presented in Table 4.1.

The measured energy points around the Mo K-edge spectrum are shown in Fig. 4.2.
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Region Start energy [eV] Stop energy [eV] No. of steps

pre-edge 19900 19950 d
rising edge 19950 19980 10
XANES 19980 20080 60
EXAFS 20080 20150 26

Table 4.1: Description of the energy ranges used for full-field tomography with
different step sizes for different regions of the XAS spectrum.

These points were chosen such that fast variations in the Mo K-spectra can be nicely

resolved while others don’t need to.

19.90 19.95 20.00 20.05 20.10 20.15
X-ray energy [keV]

Figure 4.2: Recorded energies around the Mo K-edge spectrum.

At each energy value the high-resolution 2D X-ray camera was operating at 20 Hz full-
frame rate and sequences of full-field projections of the catalytic bed were recorded
across a rotational range of 180°. In this configuration, each 2D projection recorded
in the 0.05s and a single tomogram consisting of 1000 projections at one energy
point was recorded in only 2min total scan time including the time between two
tomographic scans. These projection series were repeated at 105 energy points (see
Fig. 4.2) in order to produce Mo K-edge XANES data at each sampling point. The
total measurement time for the whole data set was about 3.5h. It is important to

note that this ODH of ethane to ethylene was a stationary reaction, and these 105
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4.2 Full-Field XANES Tomography

tomograms were recorded under the same conditions.

By reconstructing these sequences of projections as the function of the energy
and time, XANES spectra can be obtained for each voxel (volumetric pixel) of a
tomographic 3D dataset. This procedure provides a full 3D XANES dataset, which
can be used to determine the local chemical oxidation state of the catalyst within
the reactor bed. Detailed information regarding the experimental procedures and
data analysis is provided in the following. It’s crucial to emphasize that, given
the substantial volume of datasets generated during this measurement, scripts were
executed in parallel via the slurm (”simple linux utility for resource management” )

on cluster nodes, utilizing multiple cores concurrently.

4.2.1 Dark- and Flat-Field-Corrected 2D Absorption Image

Similar to the previous experiment (see Sec. 4.1.2), a sequence of images was acquired
with the beam shutter closed before recording a single tomogram for each X-ray
energy point. A representative dark-field image was created by averaging about 30
frames recorded at 20 Hz, i.e. about 1.5s total exposure time, and is used to subtract

from the imaging data.

At each X-ray energy point, a sequence of flat-field images, Iy(E, x, y), was measured
regularly by moving the sample completely out of the FOV of the detector. Based on
the averaging of 20 frames recorded at 20 Hz, i. e., about one second of total exposure
time, a representative flat-field image was generated. After recording this series of
flat-field images, the capillary was moved into the X-ray beam and the sample stage
was rotating over an angular range 0° to 180° in 1000 steps at this energy. Therefore,

a single tomogram consisted of 1000 projections.

These procedures were repeated for recording the flat-field images and tomogram at
each energy point, Table 4.1. In this way, full X-ray tomograms of the capillary and
the embedded catalytic particles were recorded sequentially at 105 distinct X-ray
energies around the Mo K-edge in a fly-scan mode. Considering the relatively high
noise level in single pixels, the images were hardware-binned by a factor of 2 x 2
during the measurement. After that, these images were binned computationally
during the data processing again by another factor of 2 x 2 to enhance the XANES

signal. Hence, the effective pixel size in all images was 2.6 pm.

Before any data processing, all flat-field and projection images were dark-field

corrected and pixels with negative values were replaced with zero. Afterwards, pro-
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jection images were processed by using Lambert-Beer’s law to obtain the attenuation

coefficient in matter u (see Eq. 4.5) and are used for the reconstruction of object.

4.2.2 Correct the Rotation Angle Offset

In order to rotate the capillary between 0° 180° in 1000 steps at each energy point,
the rotation motor is moved to a certain angle and accelerated to a constant velocity.
When the motor reached this velocity, the high-resolution detector received exactly
1000 trigger pulses which led to the recording of 1000 images. Afterwards, the motor
decelerated and came to a stop. This procedure was repeated at 105 energy points
(see Table 4.1).

Since the first trigger is not perfectly synchronized to a certain angle value, slight
offsets existed in the rotation angle which should be corrected for each tomogram.
This offset was corrected by comparing the first rotation angle of these 105 recorded
tomograms, taking the minimum value of these angles as an offset, and subtracting
it from all rotation angles. As an example, Fig. 4.3(a) and Fig. 4.3(b) illustrate the
first rotation angles of the recorded tomograms before and after the correction of the
offset.

4.2.3 Find the Rotation Center

The rotation center is an essential component of tomographic imaging and recon-
struction. In tomographic data acquisition, the rotation angle is used to ensure that
projection images acquired from various angles are positioned and oriented correctly
with respect to the rotation axis and it facilitates an accurate reconstruction of the
sample’s internal structure. When the rotation center is incorrect, the reconstructed

image may exhibit distortions, blurring, or misalignment.

The Tomopy Python library is widely used for the reconstruction and analysis of
X-ray CT images [58]. This library offers a comprehensive set of tools and algorithms,
including image processing, image reconstruction, and artifact correction. The
”tomopy.write_center” function in this library was used to estimate the rotation
center value in each tomogram. By supplying a stack of 2D projection images and
their rotation angles at each tomogram into this function, the routine determined the
position of the rotation axis in the measured projections of the recorded tomogram.

Based on this rotation center, the recorded projections were aligned and reconstructed,
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Figure 4.3: lllustration of the first rotation angles of the 105 recorded tomograms
before (a) and after correction of offset (b).

as described in the following.

4.2.4 Alignment of Projections

In this step, projections from the same angle of rotation were aligned to each
other at each energy point. This alignment was performed in order to compen-
sate for fluctuations in the beam intensity and correct the misalignment before
performing the tomographic reconstruction. Two alignment functions are available
in the Tomopy Python library: ”tomopy.prep.alignment.align_joint function” and

”tomopy.prep.alignment.align_seq function”.

While the first function considers all projection images as a single dataset and
aligns together as a single process based on a common alignment strategy, the
second function aligns each projection image independently based on its own align-
ment parameters. The alignment of projections with each of these two functions
is based on one of the following algorithms: ART, fourier grid reconstruction algo-
rithm (GRIDREC), maximum-likelihood expectation maximization (MLEM), SIRT,
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gradient descent method with a constant step size (GRAD) [59].

In this measurement, the first function by using the SIRT algorithm with 50 iterations
at each energy point provided the best alignment of the recorded projections. In this
way, the recorded 2D projections of the same rotation angle were aligned to each
other perfectly by reducing fluctuating beam intensity and shifts between projection

images.

4.2.5 Reconstruction

Reconstruction is a fundamental stage in tomographic imaging that facilitates the
visualization and analysis of an object’s internal structure by generating 3D rep-
resentations of objects from recorded projections data. The ASTRA Toolbox is
an open-source software package designed for image reconstruction in tomographic
imaging modalities [60] that is used in this measurement. This toolbox offers a variety
of reconstruction algorithms and tools, including fast analytical algorithms like the
FBP, and SIRT for reconstructing high-quality images from projection data [61].

These algorithms are described in more detail in Sec. 2.4.4.

After the alignment step, the projections of each energy point were individually
reconstructed using the FBP (FBP_CUDA (Compute Unified Device Architecture))
algorithm of the ASTRA Toolbox. This FBP reconstruction algorithm outperformed
other algorithms and yielded the highest-quality result.

As the Astra Toolbox requires a definition of tomographic geometry for reconstruction,
the rotation center of each tomogram, the size of the projection images, the pixel size,
and the geometry of the beam were defined. In the first step of the reconstruction
with this algorithm, projections are filtered in order to emphasize the low-frequency
components and to eliminate the high-frequency components in the Fourier space.
Afterwards, the filtered projections were then back-projected into real space to
reconstruct the volume. As the CUDA algorithm is a parallel computing platform, it
was used here to speed up the FBP by paralleling the filtering and back-projection
steps.

4.2.6 XANES Spectra

The previous measurement (2D XANES imaging) allowed us to determine the

oxidation state of the catalyst during the chemical reaction by analyzing the full
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XANES spectrum. In this measurement, the previous step led to a reconstructed 3D
volume for each individual energy point. The full XANES spectrum for each spatial
voxel in the sample, with a voxel size of 2.6 x 2.6 x 2.6 pm? is finally obtained. In
this way, the spectrum can be used in order to determine the catalyst’s oxidation

state by the LCA method, as discussed below in more detail.

4.2.7 Linear Combination Analysis

Similar to the previously presented 2D XANES imaging (see Sec. 4.1.3), the LCA
was used to evaluate the individual spectra that are now related to each voxel within
the 3D volume. According to the measurement conditions, different reference spectra

were considered for LCA method, as shown in Fig. 6.6 and Fig. 6.7.

After the normalization of reference spectra (similar way with the previous mea-
surement), the XAS spectrum of each voxel was fitted to Mo oxidized and reduced
reference spectra in the energy range of 19.94keV to 20.15keV by using Eq. 4.6. In
this way, the relative concentrations of oxidized and reduced Mo material, as well
as the constant contributions of other materials equivalent to the fitting coefficients
a, b, and ¢ were determined in each voxel. A representative example of the LCA is

shown in Fig. 6.8.

4.2.8 Avizo

Obtaining meaningful data on dynamic systems requires visualization of the results of
the previous step in order to gain a deeper understanding of reaction mechanisms and
changes in the oxidation state of the catalyst. Visualizing the reconstructed volume
through the use of various techniques, such as volume rendering, cross-sectional
slices, and surface rendering, can provide valuable information regarding the object’s

structure and composition.

Thermo Fisher Scientific has developed a commercial software package known as Avizo
to facilitate the visualization and analysis of three-dimensional data for scientific
applications. Avizo’s visualization tool plays a crucial role in understanding the
spatial relationships, structures, and attributes present in complex 3D models. It
includes many significant customization options, including rendering modes, lighting
and shading, color mapping, transparency, and opacity, as well as animation and

interactivity [62].
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Internal structures of the retrieved chemical data in this measurement were visualized
by using the volume rendering technique in Avizo. By utilizing color mapping
techniques in Avizo and assigning different color scales to the amount of oxidized
and reduced Mo particles which are obtained by LCA method, the chemical gradient
along the catalyst bed was determined and the dynamic changes in chemical reactions

were analyzed.

Results of this study are illustrated in Chapter 6.
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5 Rapid 2D-XANES Full-Field

Imaging

Due to the focus of this thesis on the development of a method for high spatial and
temporal imaging of heterogeneous catalysts, a rapid 2D XANES imaging measure-
ment technique was investigated. This chapter starts with a general introduction
to this method in Sec. 5.1. Sec. 5.2 presents an overview of the CPO of methane
reaction, which was studied using this technique. Details regarding the catalyst
synthesis and reaction conditions are provided in Sec. 5.3. Afterwards, this chapter
continues with the results of this chemical reaction under operando conditions in
Sec. 5.4. Parts of the text and figures in this chapter were adapted and reprinted
from Alizadehfanaloo, et al. [12].

5.1 Overview of this Experiment

Extending beyond conventional spectroscopic characterization with bulk XAS, a
concept for monitoring dynamic changes with high spatial and time resolution in
heterogeneous catalysis was investigated at beamline P64, PETRA III. In this method,
a QEXAFS monochromator was synchronized with a 2D X-ray camera operating
at 50 Hz full-frame rate, enabling the acquisition of entire XANES spectra ’on the
fly’ in a rapid and spatially resolved manner as well as providing new insights into
the dynamic processes occurring within catalysts and other functional materials at
work [12]. This rapid spectromicroscopy approach combines spatial and temporal

resolution together with chemical contrast over individual pixels.

Considering that catalysts are often complex 3D objects, the proposed method
provides more detailed information regarding the chemical and structural composition
of the catalyst within the reactor. In principle, this spectromicroscopy technique can
improve chemical processing efficiency and identify catalytic active sites during the

process.
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Here, the chemical gradients within a model Pt/Al;O3 catalyst during the CPO
of methane to synthesis gas were investigated with this technique under operando
conditions. By using this developed method, the entire catalytic microreactor was
imaged rapidly and the spectroscopic data at each pixel along the Pt L3 absorption

edge was recovered [12]. This chemical reaction is described in the following.

5.2 Partial Oxidation of Methane to Synthesis Gas

Synthesis gas, a mixture of hydrogen gas (Hy) and carbon monoxide (CO), is a
versatile intermediate product that plays a crucial role in a variety of industrial
processes to produce fuels, chemicals, and other valuable products. Steam Reforming
of Methane (SRM) is a big industrial process and the source of 95 % of all syngas. It

involves a series of endothermic chemical reactions as follows:

1) Reforming of methane:

2) Water-gas shift reaction:

This SRM chemical process is conducted at high temperatures and nickel-based
catalysts are commonly used in it. It is possible to separate the hydrogen component

of syngas and use it for a variety of purposes, including the production of fuel cells.

Catalytic partial oxidation of methane to syngas is another chemical process for
producing syngas. It is of interest to the hydrogen economy concept, as it offers a
potentially energy-efficient route towards the generation of syngas as an alternative
to large-scale and energy-intensive methane steam reformer facilities [63,64]. This
process has been studied over a wide range of catalysts in the literature and an

overview of them can be found in a review published by Enger, et al. [64].

CPO over noble metal catalysts such as platinum, palladium, or rhodium has
demonstrated an interesting oscillatory behavior, whereby several reaction pathways
become active under different temperature conditions, including methane combustion,

direct partial oxidation (DPO), and combustion reforming, among others [65-67].
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5.2 Partial Oxidation of Methane to Synthesis Gas

Due to the dynamic nature of the reaction and possible transition between oxidized
and reduced states as a function of temperature, CPO is an ideal model system
and case study for rapid spectromicroscopy. It is an alternative method that is
currently being investigated and has the potential to perform at milder conditions

over platinum catalysts. However, it is not an established industrial process.

In this process, the reaction between methane and oxygen in order to form the
syngas can occur in two different chemical paths, depending on the temperature
of the system. It is possible that both of these mechanisms occur simultaneously.
First, a small amount of combustion of methane can be expected in order to increase
the temperature, which is a two-step process involving catalytic combustion and
reforming of methane. In this mechanism, firstly the combustion of methane takes
place at low temperatures and carbon dioxide (CO;) and water (HyO) are formed.
After that, methane reacts with the CO5 and H,O and reforms into the CO and H,

as summarized in the following [68]:
A: Catalytic Combustion and Reforming (CCR)

1) Combustion of methane:

CHy+ 20y — COy +2H,O,  AH = —801.7kJmol . (5.3)

2) Reforming of methane:

CH, + H,O — CO + 3H,, AH = 206.1kJmol .

o (5.4
CH, + COy — 200 + 2H,, AH = 247.5%kJmol . )

Considering the exothermic nature of methane combustion and the endothermic

nature of reforming, an ideal stoichiometry results in an overall exothermic reaction.

DPO of methane is another alternative pathway for the formation of syngas. It can

take place at higher temperatures and is an exothermic process [69]:
B: Direct partial oxidation (DPO)

1) Partial oxidation of methane:

1 .
CHy+ 50, = CO +2H,, AH = —35.5kJmol . (5.5)
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As the transition between these paths affects the oxidation state of Pt, where
combustion may occur on an oxidized surface and reforming without oxygen leads
to a reduced state, the presented imaging technique can be used to monitor these
changes in the oxidation state of the catalyst and provide information regarding
possible reactions paths. The following are the details of the experiment method and

the results of studying this chemical reaction.

5.3 Experimetal Details

The following section provides further details regarding the experiment parameters,
such as the catalyst, the gas composition, the flow rate, the temperature program,

and the experimental method.

5.3.1 Catalyst Synthesis

The catalyst was prepared by incipient wetness impregnation, using y-alumina support
(Puralox SCFa-230, Sasol) with specific surface area approximately 230 m? g~ and
hexachloroplatinic acid (HaoPtClg.xH,O, Merck) as Pt precursor. The latter was
dissolved in water and added dropwise to the support, resulting in a Pt/Al,O3
catalyst with 2.2wt% Pt loading according to atomic absorption spectroscopy [70].
The resulting powder was dried overnight at 70 °C and calcined at 500 °C for 2h in
static air before further use. The catalyst was pressed and sieved. A fraction with

grain sizes between 100-200 pm was used for this experiment [12].

5.3.2 Reaction Conditions

The operando 2D imaging setup described in Sec. 3.2.1 was used in this measurement.
The catalyst material (2.2wt% Pt/Al,O3) was filled as a sieved powder into a
capillary with an outer diameter of 0.5 mm and fixed in position with glass wool.
Catalyst bed length was approximately 6 mm and the experimental setup including
the chemical reactor is shown in Fig. 3.9. The gas mixture of 3% CH4/1.5 %02 /He

was provided as reactants with a flow rate of 15 mL min~".

In this measurement, the reactor bed was gradually heated up from room temperature
with distinct steps and the temperature was measured with thermocouples attached to

the nozzle of the air blowers. Since no reaction was expected until higher temperatures,

70



5.4 CPO Results

the temperature was rapidly increased in bigger steps of 25°C up to about T =
250°C. Afterwards, the step size was reduced to 10°C in order to precisely find the
ignition of the chemical reaction [12]. In this way, several reaction zones with distinct
changes in the oxidation state of Pt were observed: pre-ignition (temperature from
50°C to 290°C), the CPO ignition point (temperature around 290°C), and several
temperature steps above the ignition point (temperature from 290 °C to 370°C).

5.3.3 2D XANES Imaging During CPO of Methane

After thermally stabilizing the catalyst bed at each temperature, the gas analysis
was performed by MS and a sequence of energy-resolved transmission images was
recorded which yielded full 2D XANES spectra. As the QEXAFS monochromator
oscillated at a frequency of 0.18 Hz, information on the local chemical state as a
function of time and the applied temperature was obtained for a single full up or

down sweep over the Pt Lz absorption edge in about 2.8s (see Sec. 4.1) [12].

In this configuration, the recorded 2D images had a FOV of 1.33 mm by 1.33 mm,
well matched to the horizontal and vertical beam size at P64. It should be noted
that although the sample was illuminated continuously with high photon fluxes,
radiation damage was not observed and the sample stability was not critical at this
length scale. The images recorded during this measurement were analyzed using

self-developed data processing methods, as described in Sec. 4.1.

5.4 CPO Results

Following are the results of the gas analysis during the reaction, as well as the

analysis of the 2D images recorded during the reaction.

5.4.1 Mass Spectrometry Data

The kinetic of this chemical reaction was examined during the measurement by
connecting the MS to the outlet of the catalyst bed.

This chemical reaction took around 5.5h and the ignition started about 3.5h after
the beginning of the experiment at a temperature of around 290 °C (see Fig. 5.1 (a)).
Within the pre-ignition region, the concentrations of CH, and O, as reactant gases

were stable (see Fig. 5.1(b)). These results are consistent with previous studies about
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Figure 5.1: (a) Temperature profile of the catalyst bed during the CPO reaction;
(b,c) Profiles of reactants and products measured by MS; Reprinted from
Ref. [12].

this reaction that indicate relatively low activity for methane combustion when Pt

alone is used [71].

Around the CPO ignition point, the abrupt consumption of CH, and O5 gases and
production of Hy, CO, and CO, gases were visible. Above this zone, the product
profile (see Fig. 5.1 (¢)) indicates the amount of CO and Hy is increased by continuous
consumption of the reactants. In fact, the full consumption of oxygen led to the
reduction of the catalyst in this zone which this reduction is visible in the recorded

images.

During the recording of flat-field images, the capillary was slightly moved out of
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the X-ray beam and away from the gas blowers. This movement resulted in a
temperature drop and a lower conversion. Prior to ignition, no significant conversion
was observed. Above the ignition region, the reaction profile displays seven distinct
jumps in conversion, corresponding to the moments when the capillary was shifted
out of the X-ray beam to collect flat-field images, resulting in slight changes in

conversion [12].

5.4.2 2D XANES Imaging Data

Fig. 5.2 represents an exemplary dark- and flat-field corrected absorption image of
the catalytic bed.

capillary walls 2%P1/Al,O5 grains

ROI #1 ROI #2 ROI #3

Figure 5.2: Dark- and flat-field-corrected 2D absorption image of the glass capillary
containing the 2.2wt% Pt/Al,O3 grains. This image was measured at
an X-ray energy of 11.54keV; Reprinted from Ref. [12].

As discussed in the previous chapter (see Sec. 4.1.2), the recorded images were binned
by a factor of 16 x 16 due to the high level of noise in the single pixels. In this
way, the pixel size was the 10.4pm x 10.4pm. After the binning, dark- and flat-field
corrected absorption images of a catalytic reactor bed were calculated for all recorded
2D images at each temperature and were considered for further data processing. A
representation of the absorption images of the catalytic bed at various X-ray energies
during the single full-up sweep at T = 127°C are shown in Fig. 5.3(a) - 5.3(d).

Since transmission images of the Pt/Al,O3 catalyst bed at different energies display
the absorption for a particular energy, particles can be distinguished in terms of the
transmitted beam intensity. In Fig. 5.3, at an energy below the absorption edge
of Pt Ly (E = 11.566 keV) the much smaller absorption is visible. Afterwards, the
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Figure 5.3: (a)-(d) Binned absorption images of the catalytic bed measured at dif-
ferent X-ray energies and at a temperature of T = 127°C; (e) A repre-
sentative XANES spectrum was obtained by averaging over the three
ROIs, indicated in Fig. 5.2. Color bar is shown in Fig. 5.2; Reprinted
from Ref. [12].

absorption increases significantly at the edge position and decreases again at the
energy above the absorption edge. The whole image at the edge position (Fig. 5.3(c))

indicates greater absorption and more oxidized Pt particles.

In order to determine the dynamic changes of the catalyst from the XANES spectrum,
XANES spectra were extracted by averaging the absorption signal over three regions
of interest (ROI) from all images captured during a single oscillation of the QEXAFS
monochromator. The positions of these ROIs are illustrated in Fig. 5.2 and an
example of the obtained XANES spectrum from these ROIs at T = 127°C is shown
in Fig. 5.3(e). A spectrum represents the changes in the amount of absorption by

particles at different energies.

The XANES spectra, extracted by averaging over the three ROIs, at different
temperatures during the pre-ignition are shown in Fig. 5.4. At the beginning of the
experiment (T = 66°C), the XANES spectrum shows an intense absorption peak
(white line), suggesting that Pt was fully oxidized. With increasing temperature
from T = 66°C to T = 282°C, the white line gradually becomes less intense,
indicating a slow homogeneous reduction of Pt particles before the actual start of the
ignition. This behavior is in agreement with relatively low activity towards methane
combustion over Pt/Al,O3 catalysts, since at the same time no appreciable methane

consumption was observed by MS (see Fig. 5.1).

A comparison of XANES profiles obtained from different reaction zones is illustrated
in Fig. 5.5. At the pre-ignition region (black line), XANES spectra indicated fully
oxidized Pt located within the catalyst bed. Before the ignition, heating removed
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Figure 5.4: A comparison of XANES spectra measured at different temperatures
during the pre-ignition phase; Reprinted from Ref. [12].

gradually oxygen species from the surface of the catalyst which fully oxidized particles
reformed into partially oxidized particles, and the gradual disappearance of the white
line (blue dashed-dotted line) was observed. By consumption of all oxygen at the
very end of the chemical reaction, the complete reduction of Pt occurred (red dashed

line).
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Figure 5.5: The comparison of XANES spectra measured at the beginning, during
the ignition of the chemical reaction, and at the end of the chemical
reaction; Reprinted from Ref. [12].

In order to determine the local Pt oxidation state of the reactor as a function of
time, the LCA data fitting was performed at each temperature for each pixel of
the sequence of recorded images considering the appropriate reference spectra (see
Eq. 4.6). The fully oxidized (black line) and fully reduced (dashed red line) spectra
shown in Fig. 5.5 were considered as reference spectra for LCA data fitting in the

pre-ignition region. For visualizing the rapid chemical reduction of Pt within the
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reactor bed during the ignition zone and above it, the LCA data fitting was performed
with consideration of the partial oxidized (at the beginning of the ignition phase,
around 270°C) and fully reduced (at the end of the chemical reaction, around 370 °C)
Pt spectra, as illustrated in Fig. 5.6.
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Figure 5.6: Reference spectra extracted from sequences of X-ray transmission images
of the partially oxidized (dash-dotted blue line) and fully reduced (dashed
red line) catalytic reactor bed; Reprinted from Ref. [12].

Fig. 5.7 illustrates the example of fitting LCA data with images of the fitting
coefficients a, b, and ¢, which correspond to the amount of oxidized (Fig. 5.7(a)) and
reduced Pt (Fig. 5.7(b)), as well as a constant offset that is unrelated to Pt (Fig.
5.7(c)). In principle, the background (c coefficient) plays a greater role than other
factors, which is visible in the color bar. At this temperature (ignition zone), the

distinct interface between oxidized and reduced Pt was visible by this technique.

In order to illustrate the quality of the LCA data fitting, two pixels were selected at
the oxidized and reduced regions of the catalytic reactor (see Fig. 5.7(a) and Fig.
5.7(b)). XANES spectrum obtained from the pixel in the oxidized region is shown
with a triangle, and the reduced region is shown with a diamond. In Fig. 5.7(d) -
5.7(e), the quality of fitting spectra of these pixels to the reference spectra are shown.

Results demonstrate a high-quality fitting outcome.

Furthermore, the plot of the signal-to-noise ratio of each pixel (see Eq. 4.7) is shown
in Fig. 5.7(f). This ratio varied from about 0.5- 1073 to 3 - 10™% with the highest

values in areas with low imaging contrast, meaning a lower Pt content.

In microscopy and image processing, fourier ring correlation (FRC) is a powerful
method of assessing the resolution and spatial frequency information of images. FRC

evaluates the similarity between two images of the same object by transforming them
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Figure 5.7: (a) Amount of oxidized Pt, (b) reduced Pt, and (c) the distribution of
other materials measured at a temperature of approximately 290 °C. Since
the glass capillary does not contain any Pt, the glass capillary can only be
seen in (c). The scale bar corresponds to the a and b coefficients shown
on the left side of the image a). The scale bar corresponding to the ¢
coefficient is shown on the right side of the image c); (d, e) Single XANES
profiles were extracted from areas as indicated in the upper images (a, b)
and LCA data fitting of them; (f) R-factor map showing differences in fit
quality depending on the amount of Pt in a pixel (scaled between 0 and
1.5- 1073 to enhance visibility); (g) FRC analysis using two subsequent
XANES images before ignition yields a spatial resolution of 18.6 pm. Raw
transmission images have a spatial resolution of approximately 2.2 yum,
as indicated in the lower FRC spectrum; Reprinted from Ref. [12].

into Fourier space and computing a correlation image from their fourier transforma-
tions [72]. As the concentric rings are defined at different spatial frequencies, the
correlation coefficient between those rings is then calculated as a function of spatial
frequency for each ring. In this way, it is possible to estimate the resolution of an

image by examining the correlation curves [72,73].
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In this measurement, the spatial resolution was determined by this technique based
on two subsequent images of the time series. Results indicated that the spatial
resolution decreased for the raw imaging data (unbinned) from 2.2 ym (half-period)
(lower FRC plot in Fig. 5.7(g)) to about 10 pm for the constant background image
and slightly more than 20 pm for the images of the oxidized or reduced Pt distribution
(upper FRC plot in Fig. 5.7(g)). As an extension of previous 2D operando XANES
experiments [13,65], the results demonstrate the high potential of XANES microscopy

for the visualization of catalytic chemical reactions under operando conditions.

The LCA data fitting for all recorded images at various temperatures was performed.
In the following, the results of the LCA data fitting at different chemical reaction zones
are illustrated. At each time scale, the upper image represents the 2D distribution

of oxidized Pt, while the lower image depicts the reduced distribution of Pt.

Results of LCA data fitting at different temperatures at the beginning of the experi-

ment are shown in Fig. 5.8.

T=66°C

t=0 s

T=216°C
t=0 s

200pm

Figure 5.8: 2D distribution of oxidized Pt (upper images) and reduced Pt (lower
images). Gas flowed from the left to the right of the catalyst bed. The
first row illustrates results corresponding to T = 66 °C and the second
row illustrates results corresponding to T = 216°C. The t = 0s at the
first row (T = 66 °C) corresponds to the 0 min over the whole duration
of the reaction. At the second row (T = 216°C), t = 0s corresponds to
the 37 min over the entire reaction period.

At the temperature T = 66 °C, the results indicate that the catalyst bed was filled

78



5.4 CPO Results

with the fully oxidized Pt catalyst and no reduced particles were visible. At the
higher temperature in this region (T = 216°C), the amount of oxidized Pt particles
was decreased compared to the lower temperature (T = 66°C). In fact, the gradual
removal of oxygen species from the catalyst surface at the higher temperatures in
this region led to a slow formation of reduced Pt particles as can be seen. This
behavior corresponds to the gradual weakening of the white line in the XAS spectra

during the pre-ignition phase (see Fig. 5.4).

The ignition started about 3.5 h after the beginning of the experiment which coincided
with a sudden consumption of CH4 and O, and the generation of Hy, CO, and COs,
as indicated by MS (see Fig. 5.1). The overview of the LCA data fitting results
during the ignition phase over time duration can be found in Fig. 5.9. The t = 0s in
this region corresponds to the 210 min over the whole duration of the reaction.

t=122s t=183s

t=363s

Figure 5.9: 2D distribution of oxidized Pt and reduced Pt during the ignition phase.
The t = 0s in this zone corresponds to the 210 min over the entire
reaction period. The reduction of Pt begins at the outlet (right side) of
the catalytic reactor and then moves rapidly toward the inlet [12].

Results indicate that during the ignition at t = 0s the catalyst bed was filled with
oxidized particles. Through the consumption of CH4 and Oy gases and production
of Hy, CO, and COy in this chemical region (see Fig. 5.1), the amount of oxidized
species decreased as the amount of reduced species increased over time. At t =
61s, a small amount of the reduced Pt catalyst was observed at the reactor’s outlet,
indicating that the reduction begins at the outlet. In this way, the relatively sharp

interface between oxidized and reduced Pt forms was visible at t = 183s. This

79



5 Rapid 2D-XANES Full-Field Imaging

interface then moved rapidly towards the inlet of the catalyst bed in about 7 min.
Hence, by consumption of the whole amount of oxygen at this region (see MS, Fig.
5.1), the oxidation state of the catalyst bed changed to completely reduced and the
catalyst bed was filled with the reduced particles after about t = 424s.

The amount of oxidized and reduced Pt species along the capillary can be determined
based on these LCA results. Fig. 5.10 is derived from Fig. 5.9 and illustrates the
fraction of oxidized and reduced Pt-species along the catalyst bed during the ignition

as a function of time. The t = 0s in this region corresponds to the 210 min over the

whole duration of the reaction.
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Figure 5.10: The distribution of oxidized and reduced Pt-species during the ignition
phase. Blue squares represent the oxidized Pt and red bullets represent
the reduced Pt. The t = 0s in this zone corresponds to the 210 min
over the entire reaction period.

At time t = 05, the amount of the reduced particles was close to zero as expected. At
t = 183, the fraction of the reduced particles was increased by decreasing the amount
of the oxidized particles at the end of the catalyst bed (between 0.9 mm to 1.3 mm
length of the catalyst bed) which this fraction was around 10 % of the total fraction

at position 0.5 mm of the catalyst bed. Afterwards, the fraction corresponding to
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reduced particles was increased to 35 % at t = 302s and 80 % at t = 424 s at position
0.5 mm within the catalyst bed. In this way, at t = 424 s from the 0.5 mm to 1.3 mm
of the catalyst bed was occupied by 95 % reduced particles and less amount of the

oxidized particles.

As the results of LCA data fitting at different temperatures above the ignition
regime were similar to each other, only the result of the temperature T = 325°C is
shown here (see Fig. 5.11). Due to the complete consumption of oxygen during the
ignition phase and the production of syngas (see MS, Fig. 5.1), the Pt particles were
completely reduced over the whole catalyst bed at temperatures above the ignition
zone that were visible in the results of LCA.

t=0s t=194 s t=394 s t=589 s

oxidized 0.08

Figure 5.11: 2D distribution of oxidized Pt and reduced Pt above the ignition phase
at T = 325°C. At this temperature, t = 0s corresponds to the 280 min
over the entire reaction period. Pt particles are slowly being reduced.

5.5 Conclusion

This research presented a demonstration of rapid 2D-XANES imaging at beamline
P64, PETRA III. The chemical state of a Pt/AlyO3 catalyst during CPO of methane
to synthesis gas was investigated as the proof-of-concept of this method. In order to
tune the photon transmittance through the reactor tubes to suitable values for XAS
experiments, the catalyst weight loading was selected to 2.2 wt% Pt on Al,O3 and
the catalyst was filled inside of the reactor with the outer diameter of the 0.5 mm.
By using a pair of hot air blowers, the sample was heated from room temperature
to 350°C. In this measurement, the catalytic activity of the catalyst is recorded by
an online gas analysis with MS during imaging, which allows full monitoring of the

chemical state of the catalyst in operando conditions.

By synchronizing a fast, continuously oscillating, QEXAFS monochromator with

a high-resolution X-ray camera full XANES movies could be recorded at a time
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resolution of 2.8s. The spatial resolution on the other hand was limited by the
incoming photon flux and the sensitivity of the detector to about 20 pm with chemical
contrast. According to the XAS spectra obtained in this measurement, fully oxidized
Pt catalysts were located inside the catalyst bed at low temperatures and were then
partially oxidized when the temperature was raised. At the ignition regime by full
consumption of the oxygen, this method resolved a spatial gradient between partially
and fully reduced Pt inside the catalyst bed. This gradient moved from the outlet to
the inlet of the catalyst bed on a minute timescale. Furthermore, results indicated
that only reduced Pt catalysts were detected at temperatures above this ignition

regime.

The obtained results in this study for CPO of methane over the Pt catalyst are
consistent with previous XAS measurements [65]. A significant aspect of my research
is the ability to record 2D images of a large section of the catalyst bed with high
time resolution, as well as with energy-resolved XANES spectra. In contrast to
previous X-ray spectro-microscopy studies, which either focused on rapid imaging
at single energy or on relatively slow imaging across the XANES region [10,51], T
achieved combining all of the above in this research. With the ability to perform
rapid spatially and energy-resolved measurements with this method and illustrate
the gradient between oxidative and reductive processes in this simple case study,
this spectroscopic imaging is able to provide a more accurate representation of the

reaction progress and can extend to other complex chemical systems [12].

In the next step, the method was further developed into operando XANES tomography

which is introduced in greater detail in the following.
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The 2D XANES imaging technique presented in Chapter 5 was extended to 3D
by adding an additional rotational degree of freedom for sample alignment. This
approach allows the recording of full X-ray tomograms over a range of X-ray energies,
thereby providing full XANES spectra in single voxels of a sample volume. This
complements the acquisition of the absorption coefficient projected along the X-ray

beam direction.

This tomographic imaging technique was investigated using the ODH of ethane as
an example, conducted under various chemical conditions. This chapter starts with
a general introduction to this method in Sec. 6.1. The mechanism of the ODH of
ethane to ethylene is presented in Sec. 6.2 and details on the catalyst synthesis and
reaction conditions are described in Sec. 6.3. Finally, the results of this tomographic

experiment with chemical sensitivity are summarized in Sec. 6.4.

6.1 Overview of this Experiment

In principle, the combination of X-ray microscopy with tomography offers unique
opportunities for spatially resolved measurements. Here, the preceding measurement
technique (see Chapter 5) was developed based on combining the spatially-resolved
imaging with hard X-ray tomography, chemical contrast with coupled XANES data,
and rapid acquisition of tomographic datasets at beamline P64. This concept is
herein called operando XANES tomography (three spatial dimensions, time, and

energy-resolution).

Usually, CT is a common technique for acquiring valuable information about catalysts
under ex-situ conditions. To date, only a few in-situ studies are available in the
literature, and there is an even smaller number of operando studies simultaneously
measuring catalytic activity [74,75]. For a better understanding of the structural and

chemical gradients in the catalyst, XANES tomography should be performed under
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in-situ and operando conditions. Hence, a suitable sample environment (aRCTIC,
see Sec. 3.2.2) with complete control over the temperature, gas flow, and rotating
the sample was used for this experiment. This setup enabled tomographic imaging

of the catalyst under operando conditions [7].

In this case, the DCM was adjusted to distinct X-ray energy values around the
absorption edge of the sample (see Sec. 4.2) and a full tomogram was recorded at
each energy value. In this manner, each tomogram was acquired in the fly-scan
mode within only 2min and a full 3D XANES dataset comprising 105 energy values
could be recorded in approximately 3.5 h utilizing the fast and high-resolution X-ray
detector (see Sec. 3.1.3.1). This technique facilitated rapid tomographic XANES
imaging of the catalytic microreactor and retrieval of spectroscopic information at

each voxel along the Mo K absorption edge.

As a case study of this technique, a "static” sample was selected, demonstrating min-
imal changes in chemical gradients, enabling the recording of an XANES tomogram
over some hours. In this way, the chemical gradients within a model MoO, /Al;O3
catalyst during the ODH of ethane to ethylene were investigated under ex-situ,
oxidized, and operando conditions. Further details regarding this chemical reaction

will be provided in the following section.

6.2 Oxidative Dehydrogenation of Ethane

Ethylene (CyHy) is an important compound in the field of petrochemicals and serves
as a building block for the production of a wide range of important chemical products.
The main process for producing ethylene is the steam cracking of hydrocarbons. The

steam cracking of hydrocarbons consists of several steps as described below [76].

First of all, hydrocarbon feedstocks such as ethane, propane, butane, naphtha, or gas
oils are selected, preheated, and then mixed with steam. Afterwards, the mixture
is introduced into a high-temperature cracking reactor or furnace, where intense
heat induces the splitting or cracking of hydrocarbon molecules into their smaller
components [77]. By breaking the carbon-carbon bonds, smaller molecules such
as ethylene, propylene, methane, hydrogen, and aromatics are formed and cracked
products are rapidly cooled or quenched to prevent further reactions [78,79]. To
separate and purify desired products, such as ethylene, from cracked gas mixtures,

various separation and purification processes are utilized.
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Due to the highly endothermic nature of steam cracking, it is one of the most
energy-intensive processes in the chemical industry. In this way, high temperatures
necessary for operating this process are achieved through the combustion of fossil
fuels, resulting in annual global emissions exceeding 300 million tons of COs [77].
To mitigate the environmental impact of these reactions, it is crucial to devise
strategies. This could entail replacing fossil feedstock inputs with renewable or
recycled alternatives, capturing and utilizing CO5 emissions generated during the

process, or implementing more sustainable practices [77].

The direct catalytic dehydrogenation of alkanes is a potential alternative to thermal
catalytic cracking used in steam crackers [76,80]. During this procedure, a hydrocar-
bon, typically an alkane, is exposed to an oxidizing agent such as oxygen or air in the
presence of a catalyst. Hydrogen atoms are removed from hydrocarbon molecules
by the catalyst and forming unsaturated hydrocarbon products such as ethylene.
Mixed metal oxides including vanadium, molybdenum, and chromium supported
on oxides such as alumina, silica, and titania are typically used as catalysts in this
process. Dehydrogenation offers the advantage of being a highly exothermic reaction,
utilizing hydrogen as an acceptor and requiring less energy compared to the steam

cracking of hydrocarbon molecules [81, 82].

In the petrochemical industry, ODH is commonly utilized for producing essential
chemicals, such as ethylene (CyHy) from ethane (CoHg), propylene (C3Hg) from
propane (C3Hg), and butadiene (C4Hg) from butenes (C4Hg). Successful industrial
implementation of the ODH process requires a careful analysis of catalysts, reaction
conditions, and economic considerations to ensure the efficient and cost-effective pro-
duction of the desired unsaturated hydrocarbons. In this manner, a laboratory study
of the ODH process yields valuable insights. These insights include the optimization
of process parameters, the synthesis and testing of novel catalyst formulations for
advancements in catalyst design applicable to industrial-scale applications and the
development of kinetic models to identify key parameters before transitioning to

large-scale industrial implementation.

The ODH of ethane to ethylene, as depicted in Eq. 6.1, offers an attractive one-step
production route for ethylene at temperatures lower than the current industrial
standard [83]. Therefore, it has been selected as a case study in the XANES
Tomography imaging setup.

1 :
CoHs + 502 = CoHy + H,0,  AH = —104.88 kJmol . (6.1)
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Supported MoO, /Al,O3 catalysts are attractive systems for this application, however,
this reaction displays strong gradients in the oxidation state and catalytic activity
along the bed during periodic reduction and reoxidation processes. This characteristic
renders the system an ideal test case for rapid XANES tomography, as changes in the
oxidation state can be readily observed at the Mo K absorption edge. The following
section outlines the experimental method and presents the results obtained from the

investigation of this chemical reaction.

6.3 Experimental Details

The following section provides specific details related to the experimental parameters,
encompassing aspects such as the catalyst synthesis, gas composition, flow rate, and

the experimental method.

6.3.1 Catalyst Synthesis!

The catalyst was prepared by using the incipient wetness impregnation technique [84].
Alumina spheres with a diameter of 1mm and a surface area of approximately
160m? g~! were supplied as the support catalysts (Sasol) and Ammonium Hepta-
molybdate Tetrahydrate ((AHM, (NHy)g Moz Oy - 4 Hy0, 99.0 %), Merck) was
provided as the molybdenum precursor. Before impregnation with the Mo precur-
sor solution, the alumina spheres were crushed and sieved to the desired particle
size [79,85].

The specified amount of AHM was dissolved in deionized water, maintaining a
pH level of 5.2. In 15 - 20 steps, the support particles were impregnated with
the precursor solution. Between each step, the solvent was evaporated in a rotary
evaporator (40°C, 100mbar, 5h). Afterwards, the catalyst was dried at 120°C
overnight and the MoO3/Al,03 powder catalysts with different particle shapes have
been prepared. The catalyst calcination process took place in the reactor in synthetic
airflow at a temperature within the range of 540 - 560 °C for a duration of 3h. This

step preceded the initiation of measurements.

!This part of the text was adapted and reprinted from [79].
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6.3.2 Reaction Conditions

The imaging setup including the aRCTIC sample environment described in Sec. 3.2.2
was utilized in this measurement (see Fig. 3.10). The catalyst powder of MoO3/AlyO3
with a 20.0 wt% MoO3 loading and a particle size of 50 pm to 100 pm was filled into
a capillary with an outer diameter of 1 mm. The particles were fixed in position with
quartz wool (QW) and the length of the catalyst bed was approximately 8.5mm.
The reactor was glued with epoxy glue into the gas inlet and outlet channels on the
aRCTIC setup (see Fig. 6.1).

Figure 6.1: Filled quartz capillary with the catalyst powder of MoO3/Al,O3 was
glued on the sample holder. The capillary inlet was located at the top of
the setup.

The sample was investigated under three different conditions: i) ex-situ, ii) fully

oxidized, and iii) operando conditions.

In the ex-situ condition, the Mo catalyst was analyzed at room temperature under a
flow of Oy/Ny gases. In this case, the catalytic particles are white in color. In the
oxidized condition in the presence of a flow of Oy/Ny gases, the catalyst was heated
up from room temperature up to 490 °C in the step of 50°C and the temperature
was measured with thermocouples attached to the nozzle of the air blowers. At
490 °C, the catalyst color turned to yellow. Under the operando condition for ODH
of ethane, a gas mixture of ethane, oxygen, and as diluent a mixture of He in N,
was provided as reactants. The information regarding the species, compositions, and

flow rate of gases under various conditions is provided in Table 6.1.
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Condition Species Gas Composition Flow rate [mLmin™]
ex-situ O,, N, 20/80 0.5
oxidized O3, Ny 20/80 0.5
operando  CsHg, Oy, Ny 11.5/11.5/77 0.26

Table 6.1: Gases utilized under various conditions during the ODH of ethane reaction.

Fig. 6.2 illustrates the synthesized material under both ex-situ (a) and operando (b)
conditions. The color gradient observed along the vertical axis of the catalyst bed in
Fig. 6.2 (b) signifies the changing chemical state of the catalyst, transitioning from
gray (oxidized at the inlet) to black (reduced at the outlet).

gas flow

inlet

outlet

outlet

Figure 6.2: The 20.0 wt% MoOs supported on y-AlyO3 was fixed in position with
quartz wool inside the reactor. (a) At room temperature under the ex-situ
condition, the Mo catalysts had a white color, indicating the presence of
the orthorhombic a-MoOj [85,86]; (b) During the operando condition,
the color gradient inside the catalyst bed was visible from top (gray
color) to bottom (black color) along the flow direction. The « (green
dotted line) indicates the inflection point where the oxidation state of
the catalyst changed. At specified positions along the catalyst bed, full
XANES tomograms were recorded. The pos 2 and pos 3 were selected
close to the a.

The chemical reactants and products of the reaction under different conditions

were analyzed online by GC connected to the gas outlet of the catalytic reactor.
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It is important to note that, to protect the detector from the high temperature
surrounding the sample under oxidized and operando conditions, a piece of aluminum
foil was placed in front of the X-ray camera. Also, the setup was checked for leaks

to ensure gas tightness before beginning the experiments.

6.3.3 Tomography XANES Imaging During ODH of Ethane

The full X-ray tomogram of the capillary was measured by recording a set of 1000
projections in about 2min over an angular range of 180° at each energy point (see
Fig. 4.2). In total, 105 tomograms were captured at different energies around the Mo
K absorption edge in about 3.5h. The experimental procedure for recording each full
XANES tomogram and the energy range of the recorded tomogams are described in

more detail in Sec. 4.2.

At ex-situ and oxidized conditions, the full 3D XANES dataset was recorded in the
middle of the catalyst bed. As a color gradient from gray to black along the vertical
axis of the catalyst bed under the operando condition was observed (see Fig. 6.2
(b)), four full 3D XANES data sets at different positions along the catalyst bed
were recorded. These positions are shown in Fig. 6.2. The pos 1 and pos 4 refer
to the beginning and end of the catalyst bed, where the Mo catalyst was partially
oxidized and fully reduced, respectively. The pos 2 and pos 3 were selected close to
the inflection point (cv, the transition region between the oxidized and reduced areas)
in the middle of the catalyst bed in order to investigate the changes in the oxidation
state of the catalyst. The reason for the apparent color gradient from gray to black

along the vertical axis of the catalyst bed will be discussed in the following.

In this configuration, the image area captured by the X-ray camera had a size of
1.33mm x 1.33mm (see Sec. 3.2.2). It is important to note that this chemical reaction
was brought to a steady state during the recording of full 3D XANES tomograms at
different heights along the catalyst bed under the operando condition as confirmed
by analysis of the gas phase products by GC. This ensures that tomograms were
recorded under stable conditions and remained relatively constant throughout the
measurement of each projection series. To attain a comprehensive 3D representation
of the catalyst bed and examine variations in the Mo oxidation state, the recorded
projections under each condition were processed using self-developed data processing

methods outlined in Sec. 4.2.
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6.4 ODH Results

Results of the data processing for recorded full 3D XANES datasets are presented in
the following.

6.4.1 Tomography XANES Imaging Data

As explained in the Chapter. 4 (see Sec. 4.2.1), computational binning of images
by a factor of 2 x 2 was employed during data processing. This was done due to
the high level of noise observed in individual pixels. Afterwards, dark- and flat-field
corrected absorption images were calculated by applying the Lambert-Beer law to
all recorded projections (see Sec. 4.1.2). A representative example of it is shown in
Fig. 6.3. This projection was recorded at an X-ray energy of 20.0keV in a rotation
angle of 5.38°.

capillary walls

0.6
0.5
0.3
0.2

0.0

20%Mo0O,/Al,O4 garins

Figure 6.3: Dark- and flat-field-corrected 2D absorption image of the glass capillary
containing the 20.0 wt% MoO3/Al,O3 catalyst at an X-ray energy of
20.0keV under ex-situ condition.

After the alignment of the projections (see Sec. 4.2.4), the data were reconstructed

(see Sec. 4.2.5). An example of a reconstructed slice is shown in Fig. 6.4.

As the reconstructed 3D volume is represented as a grid of voxels (volumetric pixels),
where each voxel corresponds to a small volume element within the reconstructed
object, the XANES spectrum of each voxel provides the chemical state of the Mo

catalyst at each voxel. In this way, by sorting each slice from each reconstructed
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capillary walls

0.008

0.006

0.004

0.002

0.000

20%Mo0O,/Al,05 garins

Figure 6.4: Single slice of the reconstructed 3D volume measured at an X-ray energy
of 20.0keV under ex-situ condition.

tomogram, where each tomogram was measured as a function of energy, the XANES

spectrum was obtained for every voxel within each slice (see Sec. 4.2.6).

As an example of it, a sequence of a specific slice measured as a function of X-ray
energies under ex-situ condition is shown in Fig. 6.5(a) - 6.5(f). Results indicate
that at energies below the Mo K absorption edge (E = 20keV), the absorption was
very low. Afterwards, the absorption increased along the edge and then decreased
again above the edge as the X-ray energy increased. This behavior corresponds to
the Mo XAS spectra as illustrated in Fig. 2.8. At the edge position, the bright spots
are indicative of greater absorption and more oxidized Mo particles. To extract
information about the chemical state of Mo particles in this slice, three ROIs were
selected and their positions are shown in Fig. 6.5(g). By averaging signals from these
ROIs, the XANES spectrum corresponding to this slice was derived and is illustrated
in Fig. 6.5(h).

To determine the oxidation state from the XAS spectra, the LCA data fitting process
(see Sec. 4.2.7) was performed for each voxel within every slice. In this measurement,
two datasets, illustrated in Figs. 6.6 - 6.7, served as reference spectra for the data
fitting process. The selection of the appropriate reference spectrum for data fitting

was based on the chemical conditions of the measurement.

In the first dataset, orthorhombic MoO3 and monoclinic MoO corresponding to
Mo(VI) and Mo(IV) were utilized as reference spectra for the data fitting of the
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Figure 6.5: (a)-(f) A specific slice of the reconstructed tomograms as function of
energy under ex-situ condition; (g) These three ROIs were selected for
extracting a XANES spectrum; (h) The XANES spectrum, derived from
averaging over these three ROIs, indicates that Mo was fully oxidized.

recorded full 3D XANES datasets under both ex-situ and oxidized conditions. These
spectra were considered from the results of measurement by Wollak, et al. [85]. The

normalized reference spectra are shown in Fig. 6.6.

In the second dataset, two regions near the inlet and outlet of the catalyst bed under
operando condition were selected. The extracted spectra from these regions were
considered as the oxidized and reduced reference spectra in the LCA data fitting
process of the recorded full 3D XANES datasets under operando condition. The

normalized reference spectra are shown in Fig. 6.7.

92



6.4 ODH Results
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Figure 6.6: Reference spectra of orthorhombic MoO3 and monoclinic MoOsy corre-
sponding to Mo (VI) and Mo (IV) are shown in black and red, respectively.
These were utilized for the LCA data fitting process of recorded full 3D
XANES datasets under ex-situ and oxidized conditions.
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Figure 6.7: Reference spectra corresponding to MoO3 and MoOs under the working
condition are depicted by black and red lines, respectively. These were
utilized for the LCA data fitting process of recorded full 3D XANES

datasets under operando conditions.
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The spectra were obtained under operando condition as reference spectra (see Fig.
6.7) are different from the orthorhombic MoO3 and monoclinic MoOy spectra (see
Fig. 6.6). This discrepancy arises because the reference samples are highly crystalline
MoOs3 and MoQO,, while the sample under the operando condition consists of mixed

oxides with other transition metals.

By employing Eq. 4.6 and utilizing appropriate reference spectra corresponding
to the measurement condition, LCA data fitting was performed for each voxel in
the recorded full 3D XANES datasets under various chemical conditions, providing
information about the local Mo oxidation state. As an example, Fig. 6.8 displays
the LCA data fitting for the specific slice of the reconstructed 3D volume shown in

Fig. 6.5 under ex-situ conditions.

Here, the first datasets of reference spectra (see Fig. 6.7) were employed for data
fitting. The fitting coefficients a and b (see Eq. 4.6) correspond to the amount of
the oxidized and reduced Mo, respectively, as illustrated in Fig. 6.8(a) - 6.8(b). The
constant offset in the absorption spectrum, which is not related to Mo, is taken into
account by the parameter ¢ as shown in Fig. 6.8(c). Under this chemical condition,

only the oxidized Mo particles were visible (see Fig. 6.8(a)).

I measured the projected absorption coefficient on the detector, which can be derived

from the Lambert-Beer-Law equation (see Eq. 2.10) as the following:

I
70 = uAz (6.2)

In

1
voxel size

Since p is in units of | ], the © Az results in a dimensionless value. As I
measured g Az in the reconstruction process and applied LCA data fitting to each
voxel in the reconstructed 3D volume, the resulting values from the fitting process

are dimensionless.

The XANES spectra from two individual voxels of this slice are illustrated in Fig.
6.8(d) - 6.8(e) with the triangle symbol and their respective LCA fitting spectra
are represented by the dashed line. The quality of the data fitting was evaluated
similarly to the previous measurement by calculating the signal-to-noise ratio in
each voxel (using Eq. 4.7 ), as shown in Fig. 6.8(f). This plot illustrated that the
R-factor varied between 0.0 and 1.2 with the highest values in areas of air and low
imaging contrast, i.e., in areas with less Mo. In the presence of Mo content within

the capillary, the R-factor exhibited a range between 0.0 and 0.09.
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Figure 6.8: (a) Amount of oxidized Mo; (b) Amount of reduced Mo; (c¢) Distribution
of other materials measured under the ex-situ condition. Since the glass
capillary did not contain any Mo, it is only visible in this image; (d, e)
Single XANES profiles were extracted from two voxels of the image and
LCA data fitting of them; (f) The R-factor map showed differences in fit
quality according to the amount of Mo in each voxel.

The spatial resolution in this measurement was determined using FRC. By analyzing
two oxidized or reduced Mo images, obtained through LCA data fitting of the
reconstructed images, the spatial resolution was obtained approximately 4.9 pm
which is depicted in Fig. 6.9(a). Additionally, through the examination of two
reconstructed projections from distinct energy scans at 19.900keV and 19.910 keV
and calculating spatial resolution through FRC (see Fig. 6.9(b)), the result indicates

95



6 XANES Full-Field Tomography

the overall high quality of the normal tomogram.
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Figure 6.9: FRC analysis and the half-bit criterion with the estimated spatial resolu-
tion in the oxidized Mo distribution under operando condition (a) and
reconstructed images (b).

Indeed, the upgrade of the scintillators in the high-resolution X-ray detector for
this measurement (see Sec. 3.1.3.1) resulted in a significant improvement in spatial

resolution in this measurement compared to the previous experiment.

Detailed results of the analyzed recorded full 3D XANES datasets under various

conditions during the ODH of ethane are presented in the following.

6.4.2 Ex-situ Condition

The full 3D XANES tomogram was recorded in the middle of the catalyst bed under
ex-situ condition. Representation of the reconstructed 3D volume at a specific energy

(E = 20.0keV) is shown in Fig. 6.10.

As this volume consisted of 212 slices and the height of each voxel was 2.6 pm, the
551.21m of a total length of the catalyst bed was examined in this measurement.
The oxidation state of Mo for each voxel in every slice of the reconstructed data
was established by employing LCA data fitting and utilizing the first datasets of
the reference spectra (see Fig. 6.6). Results of LCA data fitting for several slices at
different heights of the catalyst bed (see Fig. 6.10) are shown in Fig. 6.11. Similar to
the previous measurement, the results of LCA for each slice are illustrated in two
images, with the upper and lower images representing the amounts of oxidized and
reduced Mo, respectively. Observations of Mo species exclusively only in the first row

of different slices indicated that the catalyst bed had been completely oxidized under
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Figure 6.10: (a) Tomographic reconstruction of the Mo catalyst embedded in the
capillary. Data were measured at the X-ray energy of 20.0 keV under
ex-situ condition; (b) 3D rendering of the reconstructed 3D volume.

this chemical condition with no observed reduced Mo particles in the second row.
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Figure 6.11: Ex-situ condition: Distribution of oxidized Mo (upper images) and
reduced Mo (lower images) at several heights along the catalyst bed.
These heights are shown in the reconstructed 3D volume in Fig. 6.10.

To enhance the visual representation of the distributions of oxidized (a coefficient, Eq.
4.6) and reduced (b coefficient, Eq. 4.6) Mo particles obtained from LCA data fitting,
3D volume renderings for each coefficient were generated for the entire reconstructed
volume using Avizo (see Sec. 4.2.8). The volume rendering of the amount of oxidized

particles (red-yellow) is shown in Fig. 6.12.

Due to the complete oxidation of the catalyst bed under this chemical condition, the
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Figure 6.12: Ex-situ condition: (a) The volume rendering of oxidized Mo catalysts as
determined by LCA data fitting; (b) 3D rendering of oxidized Mo. The
red to yellow color bar indicates the % content of the oxidized particle.

3D rendering of reduced Mo was not visible here.

6.4.3 Oxidized Condition

After thermally stabilizing the catalyst bed under oxidized condition, the catalyst
changed its color to yellow. Afterwards, the complete XANES tomogram was recorded
in the middle of the catalyst bed. In this measurement, the reconstructed volume

consisted of 150 slices, covering a total length of 390 pm within the catalyst bed.

LCA data fitting was performed for the reconstructed volume by considering the
first datasets of reference spectra (see Fig. 6.6). Results of several slices at different
heights of the catalyst bed are shown in Fig. 6.13. Since only oxidized Mo particles
were visible, it indicates that the catalyst bed was fully oxidized under this chemical

condition.

Fig. 6.14 illustrates the volume rendering of the amount of oxidized particles for the

whole reconstructed volume.

6.4.4 Operando Condition

Under this chemical condition, a color gradient from gray to black (see Fig. 6.15)
is observed along the axial position of the catalyst bed in the direction of the gas
flow. To emphasize the manifestation of this color gradient, four full 3D XANES

tomograms were recorded around the Mo K absorption edge at various heights
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Figure 6.13: Oxidized condition: Distribution of oxidized Mo (upper images) and
reduced Mo (lower images) at several heights along the catalyst bed.
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Figure 6.14: Oxidized condition: (a) The volume rendering of oxidized Mo catalysts
as determined by LCA data fitting; (b) 3D rendering of oxidized Mo.
The red to yellow color bar indicates the % content of the oxidized
particle.

(positions) along the catalyst bed: 1) close to the inlet (pos 1, black region), ii) middle
(pos 2, orange region), iii) middle (pos 3, green region), and iv) close to the outlet

(pos 4, red region), as depicted in Fig. 6.15.

According to Fig. 6.15, the recorded tomogram at pos 2 overlaps with the recorded
tomogram at pos 3 by approximately 455 pm, and the recorded tomogram at pos 3
overlaps with the recorded tomogram at pos 4 by approximately 145.6 pm. The gap
between the recorded full 3D XANES dataset at pos 1 and pos 2 was approximately
196.8 pm. The details of each recorded tomogram, including the number of slices and

the measured length of the catalyst bed, are available in the table below.

LCA data fitting was conducted for these four recorded full 3D XANES tomograms
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MoO3 pos 1

pos 2
pos 3
pos 4

MoQO2

outlet

Figure 6.15: The length of the catalyst bed was 8.5 mm. Under operando condition,
four full 3D XANES tomograms were recorded along the total length of
the catalyst bed. The recorded regions are depicted along the catalyst
bed with labels pos 1, pos 2, pos 3, and pos 4. The details about the
measured length in each region are provided in Table. 6.2.

Position Number of slice Measured length [pm]

pos 1 221 574.6
pos 2 245 637
pos 3 245 637
pos 4 250 650

Table 6.2: The information regarding the total measured length of the catalyst bed
in each recorded tomogram.

under this chemical condition, utilizing both datasets shown in Figs. 6.6 - 6.7 as
reference spectra. Fig. 6.16 illustrates the LCA results for slices at various heights in

each recorded position, using reference spectra in Fig. 6.7.

In pos 1, close to the beginning of the catalyst bed, the color of the MoO3 catalyst
was gray (see Fig. 6.15). At this position (see the first row in Fig. 6.16), a higher
concentration of oxidized Mo and a lower concentration of reduced Mo are visible.
The MoQOs is the transition metal oxide catalyst that facilitates the exchange of
oxygen atoms between its lattice and oxygen present in the surrounding gas phase [87].
In fact, this lattice oxygen, nucleophilic oxygen, participates in the ODH reaction
by removing hydrogen from ethane molecules and yielding ethylene. The optical

properties of Mo oxides undergo significant changes depending on the concentration
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Figure 6.16: Operando condition: Distribution of oxidized Mo (upper images) and
reduced Mo (lower images) at various heights in each recorded tomogram
along the catalyst bed. This fitting was performed using the reference
spectra in Fig. 6.7.
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6 XANES Full-Field Tomography

of oxygen vacancies which is influenced by thermodynamic factors, particularly the
oxygen partial pressure [88]. During operation conditions, the concentration of these
vacancies increases as the oxygen partial pressure decreases in comparison to the
oxidized condition. In this way, the catalyst’s color changes rapidly from yellow color
under oxidized condition to a darker color (gray color at the inlet) during operando
conditions due to a presence of partially oxidized MoO3 with a minimal quantity of
reduced MoOy at this position [79,89].

In pos 2, close to the transition region from the gray color region (partially oxidized
region) to the black color region (reduced region), the results indicate that in the
upper slices (slices 1 and 110), the catalyst bed was predominantly filled with partially
oxidized Mo catalyst, with smaller amounts of reduced catalyst (see the second row
in Fig. 6.16). Suddenly, a greater amount of reduced catalyst was observed in the
middle slice (slice 144) of this position. Specifically, from slice 144 to the last slice
(slice 240) at this position, a significant increase in the amount of reduced Mo catalyst

was evident, attributed to a decrease in the amount of partially oxidized Mo.

In pos 3, near the transition region, the results indicate a similar pattern to pos 2.
From the first slice up to slice 74, a smaller amount of reduced Mo particles becomes
visible (see the third row in Fig. 6.16). Suddenly, a partial reduction of Mo particles
is observed from slice 74 to slice 245 at this position. As the oxygen partial pressure
declines from the inlet of the catalyst bed into its outlet, the reduction of the Mo
particles started from slice 74 at the position and from slice 144 at pos 2. Below a
certain oxygen partial pressure, the catalyst’s structure became unable to offset or
compensate for the presence of oxygen vacancies [79]. In this way, structural changes
are induced rapidly with the reduction of the MoO3 into the MoQOs in the direction

of the gas flow and the catalyst became darker.

In pos 4, near the outlet of the catalyst bed, LCA data fitting results indicate a
lower amount of oxidized Mo, as expected, and a significant quantity of reduced
Mo particles (see the last row in Fig. 6.16). Due to the very low oxygen vacancy
concentration at the end of the catalyst bed compared to the beginning and the
middle of the catalyst bed, the large amount of Mo particles located in this position
were reduced to MoO, particles [79]. This characteristic signifies variations in the
oxidation state of the Mo catalyst in response to the concentration of oxygen vacancies
within the catalyst bed under operando conditions which this imaging technique
facilitated the identification of them.

As previously mentioned, the recorded full 3D XANES tomograms in pos 2 and pos
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3 overlapped with each other. The LCA data fitting of corresponding slices from
these positions is identical (see Table 6.3) and are visible in Fig. 6.16.

pos 2 pos 3

slice 144 74
slice 204 134

Table 6.3: Similar slices at pos 2 and pos 3.

To enhance the visualization of the amount of oxidized and reduced particles obtained
from the LCA data fitting for these recorded four tomograms, the volume rendering

was performed using Avizo and is shown in Fig. 6.17.

oxidized
0.014

: 0.007

h0.001

Figure 6.17: Operando condition: The volume rendering of the amount of oxidized
and reduced Mo particles along the catalyst bed. The red to yellow
color bar indicates the % content of the oxidized particles. The blue
to green color bar indicates the % content of the reduced particles. It
is derived from LCA data fitting of all slices, considering the reference
spectra presented in Fig. 6.7. The approximate region of each recorded
position is illustrated here.

The 3D rendering of the amount of oxidized material along the total measured length
of the catalyst bed (recorded four positions) is presented on the left side of Fig.
6.17 in the red-yellow color. On the right side of Fig. 6.17, the 3D rendering of the
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6 XANES Full-Field Tomography

amount of reduced material along the total measured length of the catalyst bed is
displayed in the blue-green color. The gap between recorded tomograms in pos 1

and pos 2 is visible in this figure.

In this figure, a high concentration of MoOj is visible at pos 1 in comparison to the
other positions. Moving from the pos 1 towards the outlet of the catalyst bed, the
amount of oxidized particles decreases. In contrast to the concentration of oxidized
particles along the catalyst bed, the amount of reduced particles increases from the
inlet into the outlet due to a gradual reduction of the Mo particles. Indeed, at pos
4 fully reduced MoO, particles and a smaller amount of oxidized MoQOg3 particles
are visible. The inflection point, indicating the transition from the partial oxidized

region to the reduced region, is clearly evident.

To understand the fluctuations in the quantities of oxidized and reduced particles
throughout the entire length of the measured catalyst bed, the average values of
them for each slice in every recorded position were calculated from the selected
region (see Fig. 6.18(a)) in each slice. In Fig. 6.18(b), these values were then plotted
as a function of the measured length of the catalyst bed which was 2.1 mm. At a
height of approximately 1.1 mm, a distinct transition point between the reduced and

oxidized regions becomes evident.
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Figure 6.18: Distribution of the amount of oxidized and reduced Mo along the
measured length of the catalyst bed. (a) Distributions are taken by
averaging in amount of the oxidized and reduced particles from the blue
region in all slices; (b) Blue squares represent the oxidized Mo and red
bullets represent the reduced Mo particles at each height.

In order to gain insight into the shape of XANES spectra at different heights (slices)

of pos 3, three ROIs were selected in marked reconstructed slices (see Figs. 6.19(a)
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- 6.19(d)) and XANES spectra were obtained by averaging over these ROIs. The
normalized XANES spectra of these slices are shown in Fig. 6.19(e).

slice 1 slice 84
ROl #2
ROI #3
ROI #3
ROI #2
ROI #1
ROI #1
slice 245
ROI #3
ROI #2
ROI #1 ROI #1
e) slice 1
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Figure 6.19: Operando condition: (a)-(d) Reconstructed slices at the X-ray energy =
20.02keV with marked ROIs at pos 3; (e) Normalized XANES spectra
derived from these ROIs for different slices (heights) along the catalyst
bed at this measured position.
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The XANES spectrum extracted from slice 1 exhibits the same features and edge
position as the MoOj3 oxidation state in Fig. 6.7. This spectrum indicated that Mo
was in the oxidized chemical state at this point. On the other hand, the pre-edge
and white line shapes of the XANES spectrum measured at slice 245 are similar to
the MoQO, oxidation state, indicating the presence of reduced Mo at this height of
the catalyst bed. The XANES spectra of slices 84 and 175 reveal a gradual decrease
in the pre-edge in comparison to the XANES spectrum of slice 1. This observation
confirms that by moving from the upper heights (inlet) into the lower heights (outlet)
and decreasing the concentration of oxygen, the oxidation state of Mo particles
was gradually homogeneously reduced from the oxidized form to the reduced form.
Around the inflection point, the XANES spectra (spectra slices 84 and 175) are linear

combinations of the oxidized and reduced spectra.

The LCA data fitting for the recorded full 3D XANES datasets was conducted using
the reference spectra shown in Fig. 6.6 as well. The 3D rendering of the amount of
oxidized and reduced particles along the entire measured length of the catalyst bed
is illustrated in Fig. 6.20.

It can be seen in this figure that the amount of oxidized particles decreases from pos
1 to pos 4, in which less amount of MoO3 particles are visible at pos 4, particles are
darker in comparison with other positions. Moreover, the reduced MoO, particles

are observable solely at positions 3 and 4.

As shown in Fig. 6.17, where reference spectra of the sample were used in LCA data
fitting (see Fig. 6.7), oxidized MoOj3 particles were not visible at position close to the
outlet of the catalyst bed (pos 4) and less amount of the reduced MoOs particles were
observed near the inlet (pos 1) and specific amounts of the reduced particles near
the transition region (pos 2). These results are different from the volume rendering
shown in Fig. 6.20 demonstrating the presence of oxidized MoOj3 particles at pos 4,

whereas there are no reduced MoO, particles at pos 1 and pos 2.

When utilizing the reference spectra presented in Fig. 6.6 for LCA data fitting,
the results indicate everything seems ideal completely oxidized and reduced (see
Fig. 6.20). In contrast, applying the reference spectra obtained from the inlet and
outlet of the catalyst bed under operando condition (see Fig. 6.7) in LCA data
fitting, reveals everywhere is the mixture of the two Mo species and probably some
intermediate species (see Fig. 6.17). The range of different concentrations of these
species is represented by the beginning and end of the reactor. In fact, this dataset

reflects dynamic changes from the start to the end points. Compared to the first
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Figure 6.20: Operando condition: The volume rendering of the amount of oxidized
and reduced Mo particles along the catalyst bed. The red to yellow
color bar indicates the % content of the oxidized particles. The blue
to green color bar indicates the % content of the reduced particles. It
is derived from LCA data fitting of all slices, considering the reference
spectra presented in Fig. 6.6. The approximate region of each recorded
position is illustrated here.

dataset of reference spectra (see Fig. 6.6), they provide a more detailed view of the
distribution of Mo species along the reactor. However, they do not indicate the level

of quantifiability in the results.

6.5 Conclusion

This research presented the combination of the operando XAS with microtomography
as a powerful characterization tool for simultaneously spatially- and energy-resolved
3D imaging at beamline P64, PETRA III. By utilizing the aRCTIC sample environ-
ment in this technique, the 3D imaging of the chemical state of Mo supported on
Al, O3 species was performed during the ODH of ethane to ethylene. This reaction
system exhibits ideal properties for investigating development methods, such as the

convenient manipulation of gas phase species, rapid catalyst synthesis, sustained
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6 XANES Full-Field Tomography

catalyst performance within a short time frame, and long-term stability of the cat-
alyst. To tune the photon transmission through the reactor, 20 wt% Mo on Al,O3

was placed inside the reactor with an outer diameter of 1 mm.

This chemical reaction was studied under three chemical conditions (ex-situ, oxidized,
and operando). In the oxidized condition, the sample was heated to a temperature of
490 °C, utilizing two freely positionable hot air blowers and under operando condition,
the temperature of the sample was around 490 °C. The GC was utilized for real-time

monitoring of the catalyst’s catalytic activity during the imaging process.

By utilizing the high-resolution X-ray camera with data acquisition of 20 Hz, a full 3D
XANES dataset was captured at 105 distinct energies around the Mo K absorption
edge in approximately 3.5h. According to the LCA data fitting of the reconstructed
tomogram under ex-situ and oxidized conditions, the oxidized molybdenum catalyst
was filled inside the catalyst bed due to the presence of the full amount of oxygen.
Under operando conditions, through the oxygen conversion in the direction of the
gas flow, a color gradient was observed along the axial position of the catalyst bed in
which the catalyst appeared gray at the inlet of the catalyst bed and was followed by a
black region at the outlet. In fact, this operando XANES tomography facilitated the
detection of local structural gradients at a micrometer spatial resolution, ranging from
oxidized Mo at the beginning to reduced Mo at the end of the microreactor during
this chemical reaction. These results are consistent with previous measurements of
ODH of ethane over a Mo catalyst [84,85,90].

Additionally, it’s essential to emphasize that conventional X-ray tomography mea-
surements in the past were limited to the ex-situ condition or at a single energy, are
incapable of generating the results demonstrated here. Also, a rapid spatial and
energy-resolved tomography under working conditions is necessary for the represen-
tation of the reaction progress or reaction steps in a complex sequence of events.
In this way, this operando XANES tomography method integrates all these aspects
and provides a technique for verifying the presence of a reaction, investigating the
catalyst’s chemical state, and identifying chemical gradients as a function of the

position of the catalyst bed simultaneously under operando conditions.
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This research was focused on X-ray absorption near edge structure (XANES) mi-
croscopy and the measurement concepts for learning about the chemical composition
of materials, especially heterogeneous catalysis under in-situ/operando conditions.
This was accomplished first in 2D and then in 3D with spatial-, temporal-, and

energy resolution.

In the first measurement (see Chapter 5), a rapid full-field 2D-XANES imaging
was implemented at the beamline P64 at PETRA III by using the quick-extended
X-ray absorption fine structure (QEXAFS) monochromator in combination with a
high-resolution X-ray detector. This method was validated by studying the known
chemical reaction of catalytic partial oxidation of methane to syngas over Pt catalyst.
With this technique, full XANES movies were recorded with a time resolution of
2.8s. During the ignition, a distinct gradient between partially and fully reduced Pt
particles appeared, which moved rapidly from the outlet to the inlet of the catalyst

bed on a second timescale.

Since the X-ray detector has a low photon sensitivity, images were binned by a factor
of 16 which limited the spatial resolution to slightly better than 20 pum. The primary
issue with this experiment was the necessity to alter the experimental chemical

conditions to obtain images.

The previous methodology was then extended into XANES full-field tomography
imaging (see Chapter 6) for the subsequent experiment. For this purpose, the
Rotating Capillary for Tomographic In situ/ Operando Catalysis, short aRCTIC,
setup for rotating the reactor was utilized. During the rotation of the capillary
containing the catalytic material over 180° and the recording of flat field images of
the reactor, the distribution of heat was uniform throughout the sample. Additionally,
by upgrading the scintillator of the detector for this measurement, images were binned
only by a factor of 4, and the spatial resolution was limited to 5 pm. Consequently,

the accuracy of the measurement was substantially improved.

The double-crystal fixed-exit monochromator (DCM) was used in this measurement
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and the energy scan was run as the outer scan loop. In this way, the X-ray energy
was adjusted to distinct values around the absorption edge of the catalyst. In order
to test this developed technique, the oxidative dehydrogenation of ethane to ethylene
over Mo catalyst was chosen and a full 3D XANES dataset containing the 105 energy
points around the Mo K-edge was recorded in about 3.5 h.

Under operando conditions, through the conversion of oxygen, a chemical gradient
was observed along the axial position of the catalyst bed in the flow direction. As
a result, the catalyst bed was divided into different zones and full 3D XANES
tomograms were recorded in multiple regions along the catalytic reactor bed. X-ray
absorption spectroscopy (XAS) spectra obtained from the reconstructed and sorted
data demonstrated the presence of different oxidation states of the molybdenum

catalyst.

At the beginning of the catalyst bed, the partial oxidized Mo was observed in the
presence of oxygen. During the rapid decline of oxygen partial pressure along the
catalyst bed, oxygen vacancies in the catalyst structure cannot be refilled. In this
way, the XAS spectra indicated the phase transformation from the oxidized form at
the beginning to the reduced form at the end of the catalyst bed [79,85]. Additionally,
the linear combination analysis of the spectra near the ignition point, where the full
gas phase oxygen was converted, indicated that the recorded spectra at this region

were a mixture of the oxidized and reduced Mo spectra.

Overall, these methodologies enable us to do 2D and 3D XANES imaging with
spatial-, energy- and time resolution under operando conditions. Unlike prior studies
that focused on rapid imaging at a single energy or relatively slow imaging at multiple
energies across the XANES region, these approach combine all of them [12]. These
approaches are flexible and are applicable to alternative XAS or QEXAFS beamlines,
along with an appropriate sample environment for gas-phase analytics, facilitating

concurrent catalytic studies [12].

In this research, full-field 3D XANES tomography was studied using a DCM. It is
possible to repeat this measurement with a QEXAFS monochromator in order to
speed up the recording time of the full 3D XANES dataset [12]. Modern QEXAFS
technology enables quicker scanning of X-ray energy on the millisecond time scale
and even below. Due to this, if the signal levels are sufficient and faster 2D X-ray
cameras are utilized, time resolution in 2D and 3D XANES imaging measurements

can be enhanced [12].

Another direction to improve the quality of these kinds of measurements involves
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the utilization of pixel detectors. These detectors have considerably higher photon-
counting capabilities and when combined with magnified imaging, they can increase

the spatial and temporal resolutions to micrometer and millisecond scales [12].

As XANES tomography produces a large volume of data records, data analysis is
very time-consuming. Automated data analysis with machine learning (ML) can
quickly analyze large volumes of datasets and reduce the analysis time by parallelized
data processing [91]. ML provides real-time analysis of XANES data and extracts
valuable information regarding the oxidation state of the catalytic material during
measurement, which facilitates quality control and prompt decision-making during
measurement. Consequently, it would be of great benefit to incorporate all the
above-mentioned upgrades, especially automated data analysis with ML into the 2D

and 3D XANES imaging to enhance the performance and accuracy.

It is important to note that the reactions and catalysts employed in this study were
only test systems. However, these methods can be applied to a range of systems,
including heterogeneously catalyzed and industrially relevant reaction systems under
operating conditions, which can be conducted within a capillary at such length scales.
Studying the reaction mechanisms within a laboratory frame enhances comprehension
of process kinetics and facilitates the optimization of chemical reactions, thereby
minimizing risks. Since kinetics is an intrinsic phenomenon, understanding it enables
successful scaling up of processes to larger reactors. In this way, we can play a role

in contributing to the development of a more efficient chemical industry.

The significant advantage of operando measurements is their capability to investigate
structure/activity relationships. This holds great importance in catalysis as these are
functional materials and the structure and function are closely related. Hence, these
measurements enabling the investigation of the relationship between a material’s

structure and its activity are highly valuable.

The full-field imaging technique is applicable to large systems, covering millimeter-
length scales. This method facilitates the study of larger objects than simple model
systems. Especially, employing full-field tomography to examine the structure of large
objects with relatively high resolution provides valuable insights into their structural
characteristics over large length scales. Another significant advancement of this
method is the speed of the measurement. We can study processes that occur rapidly,
such as responses to different gas environments. This kind of measurement enables

the study of kinetics, obtaining both structural and activity data concurrently.

Overall, full-field imaging enables examination beyond model samples and pro-
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vides the potential for high time resolution (under appropriate conditions). These

capabilities are particularly pertinent for larger-scale reactors or technical systems.
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Appendix

List of beamtimes

Experimental data collected at PETRA III from 2018 and archived on the central
ASAP3 storage system by DESY IT. Beamtimes are identified with an eight- digit
beamtime ID and have a responsible principal investigator (PI). Following is infor-
mation regarding the beamtimes ID and the co-proposers for each measurement

conducted during my Ph.D.:
Beamtime ID 11005251
e PI: Alizadehfanaloo
e Beamline: P64

e Co-proposers: Alizadehfanaloo (DESY), Dr. Garrevoet (DESY), Dr. Murzin
(DESY), Dr. Becher (KIT), Dr. Doronkin (KIT), Dr. Sheppard (KIT), Dr.
Schropp (DESY), Prof. Dr. Grunwaldt (KIT), Prof. Dr. Schroer (DESY, UHH).

Beamtime ID 11007035
e PI:. Dr. Wollak
e Beamline: P64

e Co-proposers: Dr. Wollak (TUHH), Alizadehfanaloo (DESY), Dr. Sheppard
(KIT), Prof. Dr. Grunwaldt (KIT), Prof. Dr. Schroer (DESY, UHH), Prof. Dr.
Horn (TUHH).

Beamtime ID 11009452
e PI. Dr. Wollak
e Beamline: P65

e Co-proposers: Dr. Wollak (TUHH), Alizadehfanaloo (DESY), Dr. Sheppard
(KIT), Dr. Doronkin (KIT), Prof. Dr. Grunwaldt (KIT), Prof. Dr. Horn
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(TUHH).
Beamtime ID 11009453
e PI: Dr. Wollak
e Beamline: P64

e Co-proposers: Dr. Wollak (TUHH), Alizadehfanaloo (DESY), Dr. Sheppard
(KIT), Dr. Doronkin (KIT), Prof. Dr. Grunwaldt (KIT), Prof. Dr. Horn
(TUHH).

Beamtime ID 11009843
e PI: Alizadehfanaloo
e Beamline: P64

e Co-proposers: Alizadehfanaloo (DESY), Dr. Wollak (TUHH), Dr. Murzin
(DESY), Das (KIT), Dr. Sheppard (KIT), Dr. Schropp (DESY), Prof. Dr. Horn
(TUHH), Prof. Dr. Schroer (DESY, UHH).

The data for this thesis are derived from measurements that I conducted as the
PI.
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