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ABSTRACT

Operando spectroscopy is an experimental method in catalysis that combines measure-
ments of catalytic activity and selectivity with simultaneous in situ spectroscopic charac-
terization of the catalyst. Since the structure and composition of the catalyst are probed
under reaction conditions, the method can provide valuable information to elucidate
the mechanism of the studied reaction. In this thesis, operando spectroscopy has been
performed using X-ray absorption fine structure (XAFS) as an in situ characterization
technique to study catalysts during the total oxidation of methane. Methane is a strong
greenhouse gas and catalytic oxidation can be used, for example, to remove uncombusted
methane from the exhausts of vehicles fueled with natural gas or biogas.

Palladium is the most active metal for the total oxidation of methane, but the oxidation
state of palladium can change rapidly during reaction conditions, which has an effect on the
catalytic activity. Time-resolved XAFS was used to investigate Pd/Al,O5 catalysts under
transiently changing reaction conditions for methane oxidation, by performing oxygen
pulse-response experiments, so the conditions periodically change from net-reducing to
net-oxidizing. Simultaneously, the outlet concentrations of reactants and products were
monitored with mass spectrometry. The XAFS data show that palladium in the catalyst
is readily reduced and oxidized when the feed gas composition is changed from reducing
to oxidizing. The highest activity for methane oxidation is found over bulk-oxidized
palladium (PdO), while surface oxidized palladium in comparison is less active. Similar
experiments were also performed for a Pd/CeO, catalyst. Compared to the alumina
supported catalyst, palladium supported on CeQO, is oxidized more rapidly in an oxidizing
atmosphere, and is reduced at a slower rate in a reducing atmosphere. This shows that
CeO, is able to stabilize Pd in the oxidized state which, could be beneficial for the
methane oxidation activity.

Moreover, methane oxidation under cycling conditions was investigated for bimetallic
Pd—Pt/Al,O4 catalysts. Pd—Pt catalysts have attracted interest due their higher long-
term stability compared to Pd-only catalysts. In our studies we found that the calcination
temperature during catalyst preparation is of high importance for the morphology of the
catalysts. For catalysts calcined at 500 °C, Pd and Pt are not alloyed but are found as
separate Pd and Pt nanoparticles. However, for catalysts calcined at 800 °C alloyed Pd—Pt
nanoparticles are found as well as monometallic Pd nanoparticles. The methane conversion
was higher over the alloyed Pd—Pt nanoparticles calcined at 800 °C. In similarity to the
Pd-only catalyst, high activity for methane oxidation is connected to a high amount of
oxidized palladium in the catalyst. Although XAFS is only available at synchrotron light
sources, the ability to investigate the active phase of catalysts with high time resolution,
under reaction conditions, makes it a highly useful technique in catalysis research.

Keywords: heterogeneous catalysis, methane oxidation, palladium, operando spectroscopy,
XAS, XAFS
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Chapter 1

Introduction

One key challenge for a sustainable development is to reduce the emissions of greenhouse
gases in the transport sector. This has led to an increased interest in alternative fuels to
supplement traditional petroleum fuels such as petrol and diesel. One such alternative
fuel is natural gas, which is a gaseous fossil fuel found abundantly in the crust of the
earth.

Natural gas consists primarily of methane, which is the simplest hydrocarbon, but
also contains longer hydrocarbons such as ethane and butane. A small percentage of
other gases such as hydrogen, carbon dioxide, and hydrogen sulfide are often also present.
As a fuel, natural gas burns cleanly with low emissions of nitrogen oxides (NO,) and
particulate matter, which helps to minimize the impact on the local environment [1].
Natural gas is also the fossil fuel with the highest hydrogen-to-carbon ratio, which means
that combustion of methane results in the lowest emissions of carbon dioxide (CO,) per
unit of energy released. Replacing other fossil fuels with natural gas has been suggested
as strategy to lower CO, emissions to the atmosphere, and reduce long-term climate
change [2]. Furthermore, natural gas can be easily substituted with biogas, which is a
methane-rich fuel produced from biological feedstocks. Biogas can be mixed with natural
gas in any proportion and is fully compatible with existing natural gas technologies, which
means that biogas can be introduced in the current supply of fuel as production allows.
This makes natural gas technology attractive as a bridge between fossil and renewable
fuels [3].

In the production, transportation and use of natural gas or biogas, it is critical that
emissions of methane to the atmosphere are minimized. This is because methane is a
strong greenhouse gas, with a global warming potential 86 over 20 years (global warming
potential is measured relative to carbon dioxide, which has a standardized value of
unity) [4]. When methane is used as a fuel in a vehicle, to power an internal combustion
engine, ideally all methane would be combusted to form carbon dioxide. However, no
combustion process is ideal and uncombusted methane and carbon monoxide will be
present in the exhaust from the engine. The preferred technique to remove these pollutants
from the exhaust, before they are released to the atmosphere, is to use a catalytic converter
to facilitate the total combustion of methane to carbon dioxide.



Catalytic converters for vehicles are typically realized as noble metal nanoparticles
dispersed on the surface of a high-surface-area metal oxide such as alumina (Al,O3),
or ceria (CeO,). The catalyst material is coated on the inside of a ceramic or metallic
substrate, that features many small channels through which the exhaust flows. The
pollutants in the exhaust adsorb to the surface of the metal nanoparticles where they
decompose and transform into less harmful products which are released to the atmosphere.
Since the metal nanoparticles are small, the total surface area of the metallic phase is
huge even for a small total amount of metal. The metal oxide support material keeps the
metal particles well dispersed and prevent them from sintering together. For methane
oxidation, palladium is the metal that gives the highest catalytic activity during oxygen
excess [5], and investigations of palladium catalysts for methane oxidation have been the
main focus of this work, primarily using X-ray absorption fine structure (XAFS).

Unravelling the catalyst structure-activity relationship

The traditional goal of catalyst design is to produce a catalyst that maximizes the catalytic
activity. That is, for the reaction conditions of interest the conversion rate of reactant
molecules should be as high as possible for a given amount of catalyst. In order to develop
improved catalyst formulations, it would be highly beneficial to have a good understanding
of the chemical and physical phenomena that are responsible for the catalytic reaction.
Both the chemical composition and the atomic-scale physical structure of the catalyst are
important in this respect. Real-world catalysts are, however, typically multi-component
systems with a heterogeneous structure that makes detailed studies of the interaction
between the catalyst and gas phase molecules difficult. Furthermore, the chemical and
physical structure of the catalyst is not static and could change depending on the operating
conditions of the catalyst. Many different approaches, both theoretical and experimental,
have been developed in catalysis research to investigate the connection between catalytic
activity and the physical and chemical structure of a catalyst, and it is likely that the
combination of several techniques will be required to obtain a more complete picture.

One approach to study fundamental aspects of a catalytic reaction, is to investigate
adsorption and reaction on clean, well defined, metal surfaces. These types of clean
surfaces can typically only be obtained under ultra-high vacuum conditions, and a number
of experimental techniques have been developed to analyze surfaces under these conditions.
This type of research on metal surfaces, and other types of surfaces and interfaces, is
often referred to as surface science. Many important fundamental aspects of catalytic
reactions have been learned from surface science experiments, which has been recognized,
for example, by the awarding of 2007 Nobel Prize in chemistry to Gerhard Ertl, for his
studies on iron catalysts for the Haber-Bosch process and carbon monoxide oxidation over
Pt surfaces [6]. However, the clean surfaces studied with surface science techniques and
the ultra-high vacuum conditions are quite different from real-life catalysts, where most
catalysts are operated at a pressure close to atmospheric. In catalysis research the terms
materials gap and pressure gap are often used to indicate the difference in materials and
pressure between surface science experiments and catalyst applications [7, 8].

A different approach to study catalytic reactions is to use a catalyst with a realistic



structure, and test the catalytic activity and selectivity in a reactor that mimics the
real-life operating conditions, together with simultaneous in situ characterization by some
spectroscopic technique. This approach is called operando spectroscopy [9], and can be
used together with different spectroscopic techniques such as IR spectroscopy, UV-vis
spectroscopy, X-ray absorption fine structure, and also X-ray diffraction. Using operando
spectroscopy, the relationship between the structure and composition of the catalyst, and
the catalytic activity can be studied directly, since the state of the catalyst is probed
using spectroscopy simultaneous to the collection of kinetic data.

Objectives

In this thesis, the total oxidation of methane over palladium catalysts has been investigated
using operando X-ray absorption fine structure, with the primary aim to study the active
phase of palladium during the catalytic reaction. The catalysts studied have been
palladium model catalysts prepared by incipient wetness impregnation. These catalysts
have complex heterogeneous structure, similar to realistic catalysts, but contain fewer
components in order to focus the investigations on the effects of the individual components.
A particular focus of the experimental work has been placed on data processing, in order
to extract more information from the collected data sets. For example, the use of phase
sensitive detection to acquire more noise free data-sets, and complementary theoretical
studies have also been performed in order to explore how different structures effect the
X-ray absorption spectra. A further objective has been to investigate different support
materials, as well as how modifications of the Pd metal phase effect the catalytic activity.



Chapter 2

Operando Spectroscopy

Time is a parameter of high importance in the study of a catalytic reactions. The activity
of a catalyst refers to the amount of reaction product formed as a function of time,
with typical catalysts having a turnover frequency of 1072 to 102 s~!. This means that
ideally we should be able to measure changes in the catalyst chemistry and structure on
a timescale from minutes to milliseconds [10]. The term operando spectroscopy has been
established in catalysis research to describe an experiment with simultaneous activity
measurements and spectroscopic characterization of a catalyst.

In situ characterization

In situ characterization or in situ spectroscopy, refers to spectroscopic measurements of a
catalyst under some specific conditions of temperature, pressure, concentration, or other
important experimental parameters. Operando spectroscopy can be viewed as a type of
in situ spectroscopy where spectra are recorded in situ under reaction conditions with
simultaneous activity measurements. Other types of in situ spectroscopy experiments
are possible, for example recording spectra during different pre-treatment conditions, or
temperature programmed oxidation/reduction.

Spectroscopic Techniques

Operando spectroscopy can be performed using several different spectroscopic techniques.
Each spectroscopic technique has its own sensitivity and limitations, which means that
one single spectroscopic technique will not provide all the necessary physical and chemical
information (e.g. oxidation state, coordination environment, metal dispersion) [11]. The
work in this thesis is centered around the use of X-ray absorption spectroscopy for operando
spectroscopy studies. X-ray absorption spectroscopy has become a widely used technique
in catalysis research to characterize the catalyst composition and identify the active
phase of the catalyst and more details on X-ray absorption spectroscopy are given in the
following chapters. Other spectroscopic techniques used for operando experiments include
infrared (IR) spectroscopy, Raman spectroscopy, UV-Vis spectroscopy, ambient-pressure



X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), and
also X-ray diffraction (XRD). The choice of experimental technique is dependent upon
several factors, the main limiting factor being that the technique must be compatible
with the type of sample, environment, and reaction cell. Moreover, the technique must
be able to provide relevant information on the investigated catalyst. Most spectroscopic
techniques for in situ characterization are based on a photon-in-photon-out principle where
the sample is stimulated with electromagnetic radiation and the response is measured
by detecting electromagnetic radiation, see Figure 2.1 for an illustration. This approach
is used since photons are able to escape from the sample and be detected also when
gas phase molecules are present around the sample. Capturing heavier particles, such
as electrons diffracted or emitted from the catalyst, under these conditions is typically
difficult as the mean free path for these particles will be short unless the sample is held
under ultra-high vacuum conditions, although techniques such as ambient pressure XPS
have been developed which can to a certain extent overcome this limitation.

Infrared spectroscopy has a long history in the investigation of catalytic reactions.
The earliest operando spectroscopy paper was possibly published in 1977 by Okawa,
Onashi, and Tamaru [12], describing experiments where pulses of reactants were fed to an
infrared cell containing a catalyst while simultaneously performing a chromatograhpic
analysis of the reaction products [9, 12]. The typical use of infrared spectroscopy is
to identify adsorbed species on the catalyst since the absorption bands of vibrationally
active molecules are changed by the adsorption process. There is a range of infrared
spectroscopy techniques suitable for catalysis experiments. For powder catalysts, the
three most common techniques used are transmission-absorption IR, spectroscopy, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), and attenuated total
reflection IR spectroscopy. In this thesis, operando DRIFTS and mass spectrometry were
used in Paper V to study methane oxidation over bimetallic Pd—Pt catalysts. DRIFTS
has become a widely used spectroscopic technique in catalysis as powder catalysts can
be analyzed under in situ conditions with a limited amount of sample preparation. For
the traditional transmission-absorption measurement, the sample must be prepared as
a self-supporting pellet with a suitable IR transparency, DRIFTS can instead be used
directly on powder samples, which can avoid diffusion limitations in tightly pressed
samples, and there is also no requirement for IR transparency [13]. The major downside
with the DRIFTS technique is that there is no linear relation between the intensity of the
absorption band and the concentration of the absorbing species, which makes quantitative
analysis complicated. In operando spectroscopy, the main focus is usually on the dynamics
of the catalyst material during reaction conditions, and how the adsorbed species and
surface structure change in relation to the catalytic activity, so spectroscopic quantification
is usually not a first priority. The identity of surface species can be an important piece of
information to understand the mechanism a catalytic reaction, therefore, the combination
of infrared spectroscopy with online kinetic measurements has been a widely used approach
for operando catalysis studies.

Raman spectroscopy is another spectroscopic technique that has been frequently used
for operando studies of catalysts. Although not having the inherent surface sensitivity often
found with infrared spectroscopy, the different selection rules between Raman and IR can
make Raman spectroscopy the preferred choice for some catalyst systems. In particular,
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Figure 2.1: Cartoon illustrating an in situ spectroscopy experiment with a photon-in-
photon-out measurement technique, the photons are able to probe the catalytic material
also with gas phase molecules present. This is the basis for techniques such as XAFS,
XRD, and IR spectroscopy.

supported metal oxide catalysts are often found to have properties advantageous for in
situ Raman studies [9]. UV-Vis spectroscopy can also be used for operando studies of
catalysts, however, due to the difficulties of preparing transparent films of solid catalysts,
spectra must almost always be collected in a diffuse reflectance geometry. While UV-Vis
spectroscopy directly probes the electronic structure the resulting spectra are often complex
containing many broad overlapping bands, making interpretation of the spectra more
difficult [11]. Although not strictly a spectroscopic technique, powder X-ray diffraction is
a catalyst characterization technique that works well for in situ experiments. Due to the
penetrating power of hard X-rays compared to light in the UV-Vis-IR wavelength region,
X-ray diffraction can be relatively easy adapted for in situ experiments with control
over heating and gas phase environment around the sample. The obvious drawback of
this technique is that diffraction requires crystalline materials, and for supported metal
catalysts, X-ray diffraction will not be sensitive to metal nanoparticles smaller than
2-3nm [14].

In recent years, advancements have been made in methods that have primarily been
used under ultra-high vacuum conditions, in order to make measurements also under higher
pressures. X-ray photoelectron spectroscopy (XPS) has been a widely used technique
for studying chemical reactions on solid surfaces due to its high surface sensitivity and
element specificity. XPS has traditionally been an ultra-high vacuum technique since
it is dependent on capturing photoelectrons emitted from surface atoms, but ambient-
pressure XPS instruments have been constructed for many years and are continuously
improved [15]. The basic design of these instruments consists of a sample enclosed by
an elevated pressure volume, and an X-ray source and an electron energy analyzer kept
at ultra-high vacuum conditions. The X-rays enter the elevated pressure volume via an
X-ray transparent window or multiple stages of differential pumping. The photoelectrons
are collected through a small aperture in the elevated pressure volume close to the sample,
which leads to a differentially pumped electron energy analyzer. Using this type of setup,



experiments were performed at pressures up to about 1 mbar [15]. The main factor limiting
experiments at higher pressures is the attenuation of photo electrons due to scattering by
gas phase molecules [15]. This technique has been improved by using synchrotron light
sources, which provide much more intense X-rays and a higher flux of photoelectrons. A
second improvement is the use of electrostatic lenses in the differential pumping stages in
the energy analyzer, which refocus the electrons onto the apertures separating the stages.
Incorporating these improvements, modern synchrotron-based ambient pressure XPS can
be used at pressures above 7mbar [16, 17]. In situ methods have also been developed for
transmission electron spectroscopy, often referred to as environmental TEM. Similar to
XPS, the electrons used to image the sample are scattered by gas phase molecules, so
the volume with higher pressure around the sample should be small, while the rest of
the microscope column should be kept under high vacuum. This is accomplished using
apertures and differential pumping, so that the volume with increased pressure is only in
the immediate vicinity of the sample. Using this approach, it is possible to obtain atomic
resolution images using pressures up to a few millibar [18, 19].

Time resolution

For operando spectroscopy, the spectroscopic technique must have a sufficiently high
time resolution to capture changes in the catalytic material that occur during reaction
conditions. As mentioned above, the kinetics of a catalytic reaction can change on time
scales on the order of minutes to milliseconds, so depending on the experiment, the
spectroscopic technique used in an operando experiment must typically achieve a time-
resolution in this range. There is often a trade-off between obtaining high time resolution
and recording high-quality spectra, which is an important parameter in the design of
operando experiment. The acquisition time must be long enough to obtain acceptable
levels of random noise, but in order to obtain significantly higher time resolutions, it might
be necessary to change to a different mode of acquisition. For XAFS, a good example of
this is energy-dispersive XAFS that can provide time resolution in the millisecond range,
which is much higher than what traditional monochromator based beamlines can achieve
(see section 3.1 for more details). However, the energy-dispersive XAFS technique usually
results in less detailed spectra due to the lower energy resolution and higher sensitivity to
beam instabilities.

Transient kinetic measurements

Kinetic data from a catalyst is often recorded under steady state conditions (i.e no
variations in temperature, pressure, and reaction rate), however, to obtain detailed
understanding of the reaction mechanism, it is often necessary to do experiments in a
non-steady-state or transient regime. In catalysis, chemical transient kinetics refers to the
analysis of kinetic data starting from a pertubation of one of the parameters controlling
the kinetics of the catalytic reaction, until a steady state has been reached. The two
main transient kinetic methods are to either vary the chemical composition of the feed
gas, such as rapidly changing the concentration of one of the reactants, or to change the



isotopic composition of the feed gas without changing the chemical composition [20]. In
principle, it would also be possible to perform transient kinetic measurements by changing
the temperature, but in practice it is difficult to change the temperature of the system
quickly enough compared to the changes in the kinetics when a catalytic reaction adapts
to this perturbation.

One method for transient kinetic experiments using changes to the isotopic composition
is SSITKA (steady-state isotopic transient kinetic analysis), originally developed by Happel,
Bennet, and Biloen [21-23]. This method has, for example, been used to study methane
oxidation over Pd/Al,O, [24]. Here, transient kinetics were observed by switching '°0,
to %0, while flowing methane over the catalysts, and oxygen containing species in the
outlet such as 1°0,, 1%0,, 1°0'%0, C'0,, C'®0,, and C'°0'®0 were monitored by mass
spectrometry. Notabably, ClGO2 was detected in the outlet up to eight minutes after the
feed had been switched from 1602 to 1802, showing that oxygen from the PdO lattice
must be taking part in the methane oxidation reaction in a Mars-van Krevelen redox
mechanism.

In this thesis, we have performed transient kinetic measurements mainly through pulse-
response experiments, where the concentration of one or several reactants are changed
periodically between two values. The rapidly changing inlet concentrations can induce
changes in the surface coverage of reactants on the catalyst, or reconstructions of the
catalyst surface. By observing the effect on the catalytic conversion and the effect on
the catalytic material by in situ spectroscopy, insight on the catalytic mechanism can be
obtained which would not be available from steady-state experiments. Periodic pulses of
reactants can in certain cases also be used to increase the catalytic activity compared to
steady-state conditions. At low temperature, the oxidation of CO over platinum catalysts
is limited by the strong adsorption of CO to the platinum surface compared to oxygen,
which prevents oxygen from adsorbing and dissociating on the catalyst surface. By
introducing periodic pulses of oxygen, the oxygen coverage on the surface was increased,
giving an increased conversion for every subsequent oxygen pulse [25]. In some catalyst
applications, there is also a variation in the feed gas composition over time, and periodic
pulsing can be a method to achieve similar changes in a controlled manner. For example,
in automotive catalysis the composition of the exhaust changes depending on how the
vehicle is operated.

An extension of the pulse-response technique for operando spectroscopy is modulation
excitation spectroscopy. In this technique, one experimental parameter such as concen-
tration, temperature or pressure is varied periodically (modulated) while simultaneously
collecting spectroscopic data. The main requirement for using this technique is that the
catalyst (and thus the spectroscopic data) changes periodically and reversibly with time,
as a function of the periodic modulation. The main benefit of modulation excitation
spectroscopy is the increased sensitivity in the spectroscopic data to small changes in the
catalyst material, similar to how small signals can be extracted using a lock-in amplifier.
Section 3.4 explains in more detail how modulation excitation spectroscopy can be used
together with X-ray absorption fine structure for experiments in catalysis.



Chapter 3

X-ray absorption fine structure

X-ray absorption fine structure (XAFS) is a type of absorption spectroscopy using X-rays.
The technique is similar to other types of absorption spectroscopy involving lower energy
radiation, and is also called X-ray absorption spectroscopy (XAS). X-ray absorption fine
structure requires a broadband, tunable, source of X-rays, which means that measurements
are primarily performed using synchrotron light sources.

X-ray absorption spectra

The basic setup used for recording a transmission mode X-ray absorption spectrum is
shown in Figure 3.1. The intensity of the X-rays are recorded before and after being
transmitted through the sample, and by using a monochromator to measure the intensities
at different energies the absorption spectrum can be constructed using the Lambert-Beer
law

pr =1In — (3.1)

where p is the linear absorption coefficient, x is the thickness of the sample, I; is the
incident intensity, and I; is the transmitted intensity. The XAFS spectrum is measured
at an absorption edge which is a sharp increase in absorption due to the excitation of
core electrons out of their bound states and into the continuum, creating photo-electrons.
Figure 3.2 shows a spectrum of a Pd foil recorded in transmission mode, the absorption
edge is close to 24350V and is due to the excitation of 1s electrons which is also called
a K edge spectrum.

The structural information in the XAFS spectrum is found in the small variations,
or fine structure, in the absorption coefficient near the absorption edge and at higher
energies. For analysis the XAFS spectrum is typically subdivided into two regions. The
region near the absorption edge which is called X-ray absorption near edge structure
(XANES), and the region at energies higher than the absorption edge is called extended
X-ray absorption fine structure (EXAFS).
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Figure 3.1: Schematic illustration of a transmission mode X-ray absorption fine structure
experimental setup.
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Figure 3.2: XAFS spectrum of a palladium foil recorded in transmission mode.

The shape of the XANES is influenced by the presence of high-lying unoccupied
bound states that can accept the excited core electrons. The most straightforward
approach to analysis of XANES is fingerprinting, which means directly comparing the
measured spectrum to the spectrum of a known compound or a simulated spectrum from
a calculation. XAFS spectra can be calculated from first principles with high accuracy.
Such calculations were performed in Paper VI to investigate the effect of particle size,
morphology, and oxidation state on the Pd K edge XAFS spectra. Fingerprinting can be
improved by using modulation excitation spectroscopy, as described in Section 3.4, since
small changes in the XAFS spectra can be isolated. The fine structure in the EXAFS
region is due to backscattering of the photoelectron, which is created in the excitation,
from nearby atoms that modulate the absorption coefficient. The EXAFS region can
be analyzed to determine the structure around the absorbing atom, as described in
Section 3.2.

Recording an XAFS spectrum with a step-scan monochromator typically takes many
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Detector

Figure 3.3: Setup of an energy-dispersive XAFS beamline. The horizontally focusing
mirror increases the divergence of the beam before the polychromator crystal, which
disperses the X-rays and focus them through the sample. The beam that diverges from
the sample hits a position sensitive detector.
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minutes, however, for in situ studies of catalytic reactions it would many times be
beneficial to record spectra with higher time resolution. Two techniques that can achieve
this are quick XAFS and energy-dispersive XAFS. In quick XAFS a faster scanning
monochromator is used that moves continuously through the energy range of interest, so
that it is possible to acquire a full spectrum in less than 1s [26]. Energy-dispersive XAFS
uses a distinctly different setup where the monochromator is replaced by a polychromator
crystal that disperses the X-rays into its different frequencies and focus them through the
sample [27]. The beam that diverges on the other side is incident on a position sensitive
detector where the high energies are recorded at one end and the low energies at the other
end, this type of setup is shown in Figure 3.3. The time-resolution is only limited by the
time it takes to read out the detector and the acquisition time can be on the order of
tens of milliseconds. There are drawbacks with this method that can result in reduced
spectral quality such as decreased energy resolution and problems correcting for beam
instabilities since I and Iy cannot be measured simultaneously. The majority of the XAFS
experiments in this thesis were performed with the energy dispersive XAFS technique.
The model catalysts used in our studies have a heterogeneous structure, and due to this
we have accepted the trade-off in spatial resolution for a higher time resolution. The
main objective in our studies has been to study the dynamics in the catalyst structure
during changing operating conditions, rather than an exact characterization of the catalyst
structure under constant reaction conditions.

EXAFS analysis

The photoelectron that leaves the atom due to the absorption of X-rays will have both
particle and wave characteristics. The outgoing photoelectron wave can be scattered back
from neighbouring atoms to the absorbing atom, which leads to interference between
the outgoing, and the backscattered photoelectron. As a result of this, the absorption
coefficient is modulated so that it is enhanced at energies where constructive interference
occurs [13]. The oscillations increase in intensity with increasing number of neighbouring
atoms, and the frequency depends inversely on the interatomic distances. Mathematically
this is described by the EXAFS equation [13]

X(k) = D7 A, (k) sinf2kr; + (k) (32)

where x(k) is the EXAFS function, j is the label of the coordination shells around the
absorbing atom, A;(k) is the amplitude due to the scattering intensity from the 5t shell,
r; is the distance between the absorbing atom and the atoms in the 4t coordination
shell, and ¢(k) is the total phase shift. The wavenumber k is related to the photoelectron
kinetic energy through k = 2% 2m. E}, where m, is the electron mass and Fj, the kinetic
energy of the photoelectron. Each coordination shell contributes with a sine function
multiplied by an amplitude, and this amplitude is proportional to the number of atoms in
the coordination shell N; [13]:

o—2r5 /()

2
kr]—

Aj(k) = N, S2(k)Fy(k)e 277 (3.3)
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Figure 3.4: (a) XAFS spectrum of a palladium foil (solid) with fitted background curve
(dashed). (b) EXAFS function obtained by subtracting the background function from the
measured spectrum.

Other terms included are the exponential attenuation of electrons propagating through the
material (e=273/2(%)) a correction for relaxation effects in the absorbing atom (Sp), the
effect of lattice vibrations (672]620? ), and F};(k) which is the effective scattering amplitude.

EXAFS is often analyzed by extracting x(k) from the experimental data, and then
performing a curve fit to a theoretical scattering path. The experimental x (k) is extracted
by subtracting a smooth background function that is fitted to the measured spectrum, as
shown in Figure 3.4. A theoretical scattering path is constructed by considering a model
structure that should be close to the material that has been measured. A numerical
calculation is performed that estimates the unknown functions in the EXAFS equation
like F;(k), ¢;(k), and e~ 27i/A(k) based on the model structure. The EXAFS equation is
set up for the model structure and the difference to the experimental EXAFS function
is minimized by varying parameters of interest like the interatomic distance r; and
coordination number N;. By this approach, the best-fit parameters for variables in the
EXAFS function such as r; and N; can be determined.

The different coordination shells that contribute to the EXAFS function can also be
visualized by Fourier transformation, which will separate the different sine waves that
contribute to the EXAFS function. The magnitude of the Fourier transform will show a
curve similar to a radial distribution function, Figure 3.5 shows the Fourier transform
of an EXAFS function from a palladium foil. The peaks correspond to the different
coordination shells in the Pd face centred cubic structure, however, the positions on the
R axis do not exactly correspond to the interatomic distances since the phase shift (¢(k))
is not taken into account.
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Multiple-scattering XAFS calculations

Theoretical scattering paths for EXAFS fitting as well as simulated XANES spectra
were calculated with the FEFF real-space multiple-scattering code [28]. FEFF is a first-
principles code where the main input is the atomic coordinates and the type of atoms
in the system. One atom is designated as the atom where the excitation occurs and the
orbital of the electron that is excited to create the photoelectron is selected. Scattering
of the photoelectron from atoms far away from the absorbing atom is not significant for
XAFS, so for extended materials, a cluster with a representative geometry can be cut out
and the absorbing atom placed in the centre; periodic boundary conditions are not used
by FEFF.

XAFS can be described, in the single electron and dipole approximation, as the dipole
mediated transition of a deep core electron |i) into some unoccupied state |f). The
probability for this transition is described by Fermi’s Golden Rule [29]

u(E) o Y |(f1e-xli)*8(E — Ey) (3.4)
!

where € is the X-ray polarization vector, |¢) is an initial core state, and |f) is a final state.
The sum over final states and the energy-conserving delta function can be compactly
written in terms of the Green’s operator G(E) = 1/(F — H — i(), where ¢ denotes the
net lifetime, including effects of extrinsic and intrinsic losses [30]. Using the spectral
representation ) ;| f)6(E — E¢)(f| = (=1/m)Im G(E), we can rewrite Eq. (3.4) [31]

p(E) o« —%Im(ﬂ%-rG(E)é-r\i) (3.5)

In the position representation, G can be written in terms of the single-particle wavefunc-
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tions v, of energy E,

 E) .
Glr,r'; Z E— E,L + zg (36)
The wavefunctions v, are solutions to the equation
p
h/"/)n = (2 + V:coul + E( )) Y = Evp (3-7)

where V/_ , is the net Coulomb potential felt by the photoelectron and X(E) is the self
energy, which is analogous to the exchange-correlation potential V. in ground-state
calculations [30, 31].

The Green’s function separates the contributions from the central atom and multiple

scattering contributions from the neighbouring atoms, so that we can write [30]
G(r,v'; E) = G(r,v'; E) + G5€(r,v'; F) (3.8)

The scattering portion of the Green’s function GS€ can be calculated from [31]
G =(1-aG"T)"'g° (3.9)

where GY is the free electron propagator and T is the scattering operator. This part can
be efficiently calculated by expansion into a series

G =Gy + GoTGy + GoTGoTGy (310)

Each term in the expansion describes an order of scattering. GoT'G( describes all possible
ways that the photoelectron can scatter by only one neighbouring atom. GoTGyTGq
describes all the ways that a photoelectron can scatter from two surrounding atoms. The
next term in the series describes all the ways that a photoelectron can scatter three times,
and so on [32]. This means that the multiple scattering contribution to the absorption
coefficient can be expanded as a sum of terms, each which corresponds to a scattering
path that begins and ends at the central atom, which involves scattering one or more
time from atoms in the vicinity [31].

Calculating multiple scattering using the series expansion above typically works well for
the EXAFS region, however, for the region close to the absorption edge, the XANES region,
this type of calculation may not be accurate. Here it is more reliable to calculate GSC
through matrix inversion according to Equation 3.9. This will include the contributions
from all orders of scattering, however, this is much more computationally expensive. In
FEFF this type of calculation is called full multiple scattering and was used to calculate
the simulated XANES spectra in Paper VI. The theoretical standards used for EXAFS
fitting in Paper I and IT were calculated using the series expansion approach, which is
called path expansion in FEFF.

Modulation excitation spectroscopy

Modulation excitation spectroscopy is an experiment where at least one experimental
parameter is periodically varied while simultaneously collecting spectroscopic data [33].
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Examples of experimental parameters that can be varied are concentration, temperature,
pressure, potential, or magnetic field. This method is not limited to any particular
spectroscopic technique, it has been used together with IR spectroscopy [33], X-ray
diffraction [34], Raman spectroscopy [35] and X-ray absorption fine structure [36, 37].
In Paper I and IT modulation excitation spectroscopy was used together with X-ray
absorption fine structure in rich-lean cycling experiments. The main advantage of using
the modulation excitation approach is that the resulting spectra can be analysed using
the phase sensitive detection technique, which is described by the equation [38]

PSD
@

AT (B) = i/OTA(E,t)sin(kwt+¢kPSD)dt (3.11)

where A(E,t) is the original signal (i.e., the XAFS spectra) as a function of time ¢ and
energy F, k determines the frequency of the demodulation (k = 1 is the fundamental
harmonic), w is the frequency of the periodic modulation, kP 3D is the demodulation phase

angle, and 7 is the modulation period. Aﬁpw (E) are the phase resolved or demodulated
spectra that result from the transformation from the time domain to the phase angle
domain by Equation 3.11 for phase angles between 0 and 360°. The value in the modulation
excitation technique lies in the advantageous properties of the demodulated spectra [37]:

e They contain only the contribution from species that respond to the external
stimulation with the same frequency. This gives a significant increase in sensitivity
to active species that respond to the stimulation, compared to static signals produced
by spectator species.

e The signal-to-noise ratio is improved because noise has a different frequency com-
pared to the periodic perturbation and will be filtered in the demodulated spectra.

e If multiple intermediate species occur with a phase delay (e.g, oxidation and reduction
via multiple oxidation states) they can in principle be differentiated.

One of the major limitations of using XAFS to study catalysts is the lack of surface
sensitivity. Since catalysis is a surface phenomenon it would be advantageous to selectively
probe the surface of the metal nanoparticles, however, in XAFS there will always be a
contribution from the bulk of the nanoparticles. The use of the modulation excitation
approach can be one way to work around this limitation, since the static signal from the
bulk atoms can be filtered [37].

Example of demodulated XAFS spectra are shown in Figure 3.6 where a flow of 1.5%
oxygen was switched on and off over a Pd/Al,O4 catalyst every three minutes while
flowing a constant concentration of 0.1% methane. The demodulated spectra isolate
the changes in the spectra due to the periodic modulation, and is a type of difference
spectrum. Here, we see the demodulated spectra from oxidation and reduction of Pd;
the demodulated spectra are very similar to the difference spectrum of metallic Pd and
PdO shown in Figure 3.6. In Paper I, modulation excitation spectroscopy was used
for fingerprinting similar to the example above. In Paper II, a fitting model was used
to obtain quantitative data from the demodulated spectra on the oxidation state of Pd
during methane oxidation.
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Figure 3.6: (a) Demodulated XAFS spectra from Pd/Al,O; where a flow of 1.5% oxygen
was switched on and off every three minutes while flowing a constant concentration of 0.1%
methane at 360 °C. (b) Spectra of palladium metal, palladium oxide, and the difference
spectrum of Pd and PdO.
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Chapter 4

Model catalysts in catalysis
research

Catalysts used in real-life applications are typically complex multi-phase systems. Sup-
ported metal catalysts can consist of several different active metals deposited on a support
material that is a mix of several different metal oxides. The exact formulation of these
catalysts has in many cases developed over a long time where components have been
added and removed in a more or less trial-and-error fashion. In order to study more
fundamental aspects of catalysis, researchers have often used simplified model catalysts
that are easier to characterize. However, this also introduces the problem of whether the
results obtained on these model catalysts also translate to more complex catalysts.

Scaling back complexity from realistic catalysts

An automotive three-way catalyst is a good example of a supported metal catalyst with
a complex structure. The noble metals platinum, palladium, and rhodium are typically
included as active components in these catalysts. Platinum and palladium have been
known for a long time to be very active for the oxidation of carbon monoxide and
hydrocarbons, and by combining them with rhodium, also good activity for the reduction
of NO, can be achieved [39]. Alternative approaches, such as Pd-only three-way catalysts
have also been demonstrated [40]. The support material is a mix of several metal oxides
providing different functions. A major component of the support material is typically
v-Al, O3, which provides a high surface area for the deposited metal nanoparticles as
well as a high hydrothermal stability. Another important component is the CeO,—ZrO,
oxygen storage material, which is a reducible material that can store oxygen when excess
oxygen is present in the exhaust, and release oxygen when the exhaust is fuel rich [41].
This is an important function in an automotive catalyst since the air-to-fuel ratio varies
rapidly during operation of the vehicle, and oxygen storage and release by the catalyst is
crucial to maintain high conversion under these conditions. Other metal oxides such as
Lay0O4, Y503, Ga,05 can be added as promoters to further improve the oxygen storage
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capability [42].

Model catalysts are simplified catalysts developed for research. One common motivation
for working with a model catalyst is to study a catalytic reaction with some specific
analysis technique, that is not compatible with the type of catalysts used in the real-life
application. Moreover, model catalysts can be prepared in order to study the effect of just
a single component in the catalyst, eliminating other components that might complicate
such a study. Ome of the most well known model catalysts in catalysis research are
single crystal metal surfaces. Research on these model systems is strongly connected
to the development of surface science techniques from the 1960’s and onwards, which
enabled detailed studies of chemical reactions on clean solid surfaces under ultra-high
vacuum conditions [43]. Although many important insights have been learned from surface
science experiments the experimental conditions are quite, dissimilar compared to realistic
operating conditions for most catalysts. This has led to the creation of the terms materials
gap and pressure gap to describe the dissimilarity of materials and pressure between
surface science experiments and catalyst applications [7, 8].

Many different model catalysts have been developed with the motivation to ”bridge
the materials gap”. One example of such model systems are metal nanoparticles deposited
on a single-crystal metal oxide surface, such as Pd nanoparticles deposited on a flat MgO
surface [44, 45], see Figure 4.1 for illustrations of different types of catalysts. These model
catalysts introduce a support material and the metal nanoparticles have a morphology
that is closer to that found in supported metal catalysts, while still providing a flat
surface that is compatible with many surface science characterization techniques. For the
experiments performed in this thesis, we have used supported metal catalysts prepared
through incipient wetness impregnation. These catalysts have a heterogeneous structure
similar to many real-life catalysts. However, we still refer to these catalysts as model
catalysts since we mostly limit these catalysts to a single metal supported on a single
metal oxide support, and do not include additional components such as promoters and
stabilizers. Most experiments have been performed on Pd/Al,O4 catalysts, but also
Pd/CeO, as well as bi-metallic Pt-Pd/Al,O4 have been investigated.

Synthesis and characterization

The catalysts investigated in this thesis were prepared through incipient wetness im-
pregnation. The preparation starts with a support material, such as y-Al,O3, to which
an active metal precursor is added. The active metal precursor is typically an aqueous
solution of a metal salt, for a supported Pd catalyst this could be for example Pd(NH;),
solution. In the incipient wetness method, the volume of liquid added is the same as the
pore volume of the amount of support material used, so that the liquid is drawn into the
pores by capillary action. The impregnated support material is then dried to remove the
liquid phase and enable precipitation of the metal in the pores of the support material.
The drying step is important to achieve a good distribution of the metal in the pores of
the support material, freeze drying can be used to reduce the metal precursor solution
mobility and prevent them from migrating out of the pores of the support material. As a
last step the catalysts are typically calcined at an elevated temperature to decompose
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Figure 4.1: (a) TEM image of supported Pd/Al,O4 catalyst, the metal nanoparticles are
visible as brighter spots in the alumina matrix (b) Illustration of a Pd(111) single crystal
surface. (c¢) Hlustration of Pd nanoparticles on top of a flat MgO(100) surface (green=Mg,
red=0, and gray=Pd).

and drive off any remaining volatile compounds.

After synthesis the catalyst is often characterized using physio-chemical methods
to determine the structure and composition of the prepared catalyst. In this thesis
the main characterization methods used were powder X-ray diffraction, chemisorption,
and scanning transmission electron microscopy. Several characterization methods are
commonly used together as no single technique provides all necessary information, but
results that complement each other can be obtained by using multiple characterization
techniques.

Powder X-ray diffraction is a commonly used characterization technique in catalysis
since catalysts typically contain one or many crystalline phases. The X-ray diffraction
pattern is measured by irradiating the sample with monochromatic X-rays and varying
the angle between the detector and the X-ray source. At some particular angles, a large
increase in intensity will be measured at the detector, due to scattering from different layers
in a crystal lattice interfering constructively, which gives a peak in the diffraction pattern.
The diffraction pattern can be used to identify the crystalline phases in the sample by
comparing the recorded diffraction pattern to diffraction patterns of reference compounds.
Furthermore, the widths of peaks in the diffraction pattern contain information about the
size of the crystalline domains, since the diffraction peaks will broaden if the crystalline
domains are small. For a supported metal catalyst it is typically not possible to obtain
a clear diffraction pattern from the metal phase if the metal nanoparticles are smaller
than 2-3nm [14]. Thus, the absence of a diffraction pattern suggests that the metal
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nanoparticles are small and well dispersed or form non-crystalline phases. Theoretical
models, such as the Scherrer equation, have been developed to calculate the average
crystallite size from the peak widths in the diffraction pattern [13].

Chemisorption of gas phase probe molecules can be used to characterize the surface
of the catalyst. For supported metal catalysts a probe molecule can be introduced that
selectively adsorbs to the metal phase, and by measuring the amount of gas adsorbed the
amount of metal exposed (metal dispersion) can be measured. Furthermore, knowing the
metal dispersion allows for estimation of the mean particle size, by assuming a specific
particle morphology and finding an expression for the volume-to-surface ratio. One major
difficulty in dispersion measurements using chemisorption is to determine the correct
adsorption stoichiometry, for example CO can adsorb on Pd in a linear mode which gives
a CO:Pd ratio of 1:1 but it can also adsorb in bridged modes with CO:Pd ratios of 2:1 and
3:1. Another possible issue is that small probe molecules like hydrogen can dissolve into
the bulk of the metal and create phases like palladium hydride, which gives an ill-defined
adsorption stoichiometry [46].

Scanning transmission electron microscopy (STEM) is an attractive characterization
technique since it gives an image of the catalyst morphology on a length scale close to
the atomic level. By imaging supported nanoparticles it is possible to investigate the
particle sizes, and particle shapes, and the contact between the particle and support. The
particle size distribution can be determined if particle size data is gathered for a large
number of particles, provided that the detection probability is the same for all particle
sizes. Detection of supported particles can be hampered by poor contrast between the
particles and the support, for example if the supported particles are well-dispersed metal
oxides.

A further characterization technique, that we utilized in Paper IV, is low-energy ion
scattering (LEIS). This is a very surface sensitive method that was used to determine the
surface composition in the metal phase in our bimetallic Pd—Pt/Al,O, catalysts. The
principle behind LEIS is that ions are accelerated to a specific energy and directed toward
the surface, the ions collide with surface atoms and are scattered. In this energy range
the scattering can be described as hard-sphere elastic scattering [47]. If we consider an
ion with mass M; and energy Fy = %Mlv% colliding with a surface atom at rest with
energy Mo, then conservation of energy gives

1 1 1
§M1'U(2) = §M1U% + §M2'Ug (41)

where v; and vs are the velocities of the scattered ion and target atom, respectively. From
this it can be derived that the energy of the scattered ions collected at a specific scattering
angle will depend on the mass ratio between the ion and the target atom [47]. For the
study in Paper IV LEIS was not used to analyze the as-prepared catalysts, but rather
the catalysts were pre-treated in hydrogen or oxygen to investigate the effect of oxidation
and reduction on the surface composition.
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Chapter 5

Methane oxidation over Pd
catalysts

Methane is the smallest hydrocarbon and is the principle component of natural gas and
biogas. The abundant supplies of natural gas and the clean-burning properties of methane
makes methane an attractive fuel, both for generation of electric power and for automotive
applications. By using a catalyst, the temperature required to achieve combustion of
methane can be drastically lowered, for stationary applications this lower combustion
temperature can be used to reduce emissions of NO,, which is formed from nitrogen
in air during high-temperature combustion. For automotive applications, the catalytic
combustion of methane is important for exhaust aftertreatment. Methane is a strong
greenhouse gas and it is important that emissions of uncombusted methane are minimized.
This can be achieved by placing a catalytic converter in the exhaust that facilitates the
total oxidation of methane to carbon dioxide and water.

The high symmetry of the methane molecule and the strong C-H bonds make methane
the most stable hydrocarbon, and the most difficult to oxidise catalytically. The best
performing catalysts today can oxidise methane at a temperature of about 400 °C and
higher, however, the expected requirement in the exhaust of a lean burn engine is below
300°C [48]. The metals palladium and platinum have high activity for methane oxidation
and are used as active metals in catalysts for methane oxidation. For platinum the
metallic phase is considered to be the most active for methane oxidation, whereas, lean
operating conditions can lead to the formation of platinum oxide and deactivation of the
catalyst [49, 50]. For palladium the situation is more complex since palladium oxide is
the thermodynamically stable phase at temperatures lower than ca 790 °C, which means
that palladium oxide can decompose to palladium metal at higher temperatures, or at
lower temperatures if the feed gas composition is sufficiently reducing. High activity for
methane oxidation in palladium-based catalysts has been attributed to reduced (metallic)
palladium [51, 52], metal-supported surface oxide [53], or bulk metal oxide [54, 55]. In
single-crystal studies and through computations the PdO(101) facet of palladium oxide
has been identified as highly active for methane oxidation, with a low barrier for hydrogen
abstraction at under-coordinated surface sites [56, 57]. A detailed microkinetic model has
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Figure 5.1: Oxidation of 0.1 % CH, over Pd/Al,05 at 350°C, oxygen pulses with a
concentration of 1.5% are added to the feed with a duration of 500s. (a) XAFS spectra
recorded at the end of the rich and lean periods, (b) color-coded intensities of XAFS
spectra (low intensity blue, high intensity red), and (¢) methane conversion (black line)
and outlet concentration of oxygen (red line).

been developed for methane oxidation over PAO(101) which is in good agreement with
experimental reports [58].

In-situ characterization of palladium catalysts during methane oxidation shows that
palladium oxide is the active phase at low temperature and under lean conditions [59, 60].
With a feed gas composition close to the stoichiometric point, palladium was found to be
in a mostly reduced state during methane oxidation [61]. It has also been suggested that
the equilibrium of bulk-Pd/surface PdO is important for the activity at stoichiometric
conditions [62]. Another topic that has been intensely studied in connection to methane
oxidation over Pd catalysts is the inhibiting effect of water at low temperatures. Addition
of water to the feed has been demonstrated to inhibit methane oxidation over Pd catalysts
at temperatures lower than 450 °C [63]. Desorption of water was found to be delayed
compared to other reaction products at temperatures below 450 °C, which indicates that
water produced as a reaction product can have an inhibiting effect on methane oxidation
over Pd at low temperatures [64].
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Oxidation state of Pd during methane oxidation

In order to further investigate the structure-activity relationship of methane oxidation
over Pd catalysts we performed an operando study with time-resolved XAFS spectroscopy
(Paper I). The experiments were performed using an oxygen pulse response technique,
where the flow of oxygen was periodically switched on and off while a constant concentration
of methane was flowed over the catalyst. The concentration of oxygen was 1.5 % and the
concentration of methane 0.1 %, which gives net-oxidizing periods with a large excess of
oxygen and net-reducing periods. XAFS spectra recorded during this periodic oxygen
pulsing are shown in Figure 5.1a, the difference between the spectra recorded during the
rich and lean periods is clearly seen following the absorption edge. The spectra change
periodically and reversibly as a result of the periodic oxygen pulses, which is shown by
the colour coded intensity map in Figure 5.1b. Also, the methane conversion changes as a
result of the oxygen pulsing (Figure 5.1c), with the highest methane conversion observed
at the beginning of the rich period (600s, 1200s).

To follow the oxidation of Pd, we plot the intensity of the XAFS spectrum just after
the absorption edge, at an energy of 24370V, as a function of time. This region of the
spectrum is known as the whiteline region and is commonly used as a semi-quantitative
measure of the extent of oxidation. Figure 5.2 shows the XAFS whiteline intensity and
the methane conversion from the methane pulse response experiments at 300 and 350 °C.

During the lean periods, with oxygen added to the feed, the conversion of methane
increases and simultaneously the whiteline intensity increases. The increasing whiteline
intensity indicates that the catalyst becomes more oxidized, towards the end of the lean
period, both the whiteline intensity and the methane conversion approaches a steady
value, indicating that the catalyst is approaching a steady state in terms of both structure
and conversion. There is a higher increase in the whiteline intensity at 350 °C compared
to 300 °C, but the methane conversion during the lean periods is similar at about 60 %.

The whiteline intensity also shows that there is a difference in the rate of reduction
of palladium when the lean period ends and oxygen is removed from the feed. In the
experiment at 300 °C, the whiteline intensity initially decreases slowly when oxygen is
removed from the feed and after ca 90s the decrease continues with a higher rate. At
350 °C, the whiteline intensity decreases rapidly as soon as oxygen is removed from the
feed. In both experiments, there is a temporary minimum in the methane conversion when
oxygen is removed from the feed. In the experiment at 300 °C, the methane conversion
increases after the temporary minimum to approximately the same value as during the
lean period, and the methane conversion then decreases in the later parts of the rich
period. Similarly, in the experiment at 350 °C the conversion increases after the temporary
minimum, but here the conversion is higher than during the lean period at approximately
70 %, and later in the rich period the methane conversion decreases.

To further characterize the catalyst during the rich lean cycling, an EXAFS analysis
was performed for spectra representing the reduced catalyst during the rich period and
the oxidized catalyst at the end of the lean period. Figure 5.3 shows the EXAFS fits from
the rich period at 350 °C, as well as the lean period at 300 and 350 °C. The EXAFS fit
in R-space gives information about the neighbouring atoms, although R is not identical
to the interatomic distances. The spectrum collected during the rich period at 350 °C
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Figure 5.2: Oxidation of 0.1% CH, over Pd/Al,O4 at 300 and 350 °C, where 1.5% O,
is introduced for one period. The top panels show the methane conversion and XAFS
whiteline at 24 372 eV, the middle panels show the O, and CO, outlet concentrations,
and the bottom panels show the CO and H, outlet concentrations.
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shows two peaks at R = 1.7A and R = 2.5 A, both these peaks are due to the first-shell
nearest-neighbour palladium atoms, and the spectrum is similar to that of palladium metal.
The spectrum from the lean period at 350 °C shows a prominent peak at R = 1.5 A, which
is the result of palladium-oxygen bonding, and a similar peak is found in the spectrum
from palladium oxide. During the lean period the whiteline intensity in the experiment
at 300 °C is lower compared to the experiment at 350 °C, and the EXAFS spectrum is
also different. The EXAFS spectrum has strong contribution from both Pd-Pd and Pd-O
bonds, indicating an intermediate oxidation state.

The results indicate that at 300 °C, both the rate of reduction and the oxidation state
is lower compared to 350 °C. The changes in the methane conversion with time on stream
can also be connected to the Pd oxidation state. During the lean period the methane
conversion approaches a steady value, and when oxygen is removed from the feed at the
start of the rich period, the methane conversion decreases. However, after the initial
decline, the methane conversion increases for a short period of time, and we attribute
this temporary increase in the methane conversion to the reduction of palladium. When
oxygen is removed from the feed, the methane conversion decreases but when palladium
has been reduced, as indicated by the decreasing whiteline intensity, reduced Pd sites
become active for methane dissociation and the conversion increases. Later in the rich
periods the methane conversion decreases since oxygen becomes a limiting reactant.

In Paper I, the phase sensitive detection technique was used to characterize the Pd
catalyst during the rich-lean cycling in order to connect the spectral changes observed
with the oxidation and reduction of Pd in the catalyst. To further utilize the potential in
this technique a new set of experiments were designed in order to investigate methane
oxidation under a wide variety of Pd oxidation states, including low oxidized Pd. These
experiments became the basis for Paper II, where a methane oxidation was investigated
over a Pd/Al,O4 catalyst using oxygen pulsing with different oxygen concentrations. In
these experiments, a constant flow of 0.1 % methane was maintained over the catalyst
while the flow of oxygen was switched on and off every 180s, three separate experiments
were performed using oxygen concentrations of 1.5, 0.25, and 0.15% oxygen. Figure
5.4 shows the XAFS spectra recorded during the rich and lean periods for the three
different experiments at 360°C. In the experiment with 1.5 %, oxygen the changes in
the XAFS spectra between the rich and the lean period are clearly visible, however, in
the experiments with lower oxygen concentration the changes in the spectra are fairly
small. In order to analyze the changes in the spectra more closely, in particular for the
experiments with lower oxygen concentration, the set of XAFS spectra collected were
demodulated using the phase sensitive detection technique. A selection of the resulting
demodulated spectra for all three experiments is shown in Figure 5.4b. In the demodulated
spectra all static features have been removed which clearly shows the energy bands in the
spectra that change as a result of the rich-lean cycling. The demodulated spectra can
be compared to the Pd-PdO difference spectrum which also shows changes in the same
energy bands which shows that the changes in the spectra are due to the oxidation and
reduction of palladium.

The methane conversion as a function of time on stream for the experiments with
0.15, 0.25 and 1.5 % oxygen is shown in Figure 5.5 together with the XAFS whiteline
intensity. In the experiments with 0.15 and 0.25 % oxygen, the methane conversion is
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Figure 5.4: (a) XAFS spectra of Pd/Al,O; recorded at the end of the rich and lean
periods from the oxygen-pulse experiment with 0.15, 0.25, and 1.5% O, at 360°C. (b)
Demodulated XAFS spectra from the experiments with 0.15, 0.25, and 1.5% O,, and
scaled Pd—PdO difference spectrum. (c) XAFS spectra of Pd oxide and Pd metal.
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fairly low but there are temporary increases in the conversion at the switches between
the rich and lean periods. In the experiment with 1.5% oxygen the methane conversion
is generally higher, and the highest conversion is observed at the end of the lean period.
The whiteline intensity increases rapidly at the start of the lean period in all experiments.
When pulsing 0.15 and 0.25 % oxygen the whiteline intensity is stable during the lean
period and then decreases rapidly at the start of the next rich period, which gives the
whiteline intensity a symmetric profile. In the experiment with 1.5 % oxygen the increase
in the whiteline intensity appears to proceed in two steps, after the initial rapid increase
there is a slower increase that continues for the duration of the lean period. At the start
of the next rich period the whiteline intensity decreases, initially with a slow rate but
later the rate increases until a steady value is reached for the rich period.

By using the demodulated spectra from phase sensitive detection we can improve
the sensitivity in the EXAFS fitting and also quantify the Pd oxidation state. The
demodulated spectra are fitted according to a model where the partially oxidized state
during the lean period is fitted as the difference to a reference state. Here, the partially
oxidized state is modelled with palladium—oxygen and palladium—palladium bonding,
while the reference state includes only palladium—palladium bonding. Figure 5.6 shows
the EXAFS fits of the demodulated spectra and Table 5.1 shows the best fit parameters.

The results from the EXAFS fitting show that the change in average Pd—Pd coordi-
nation number (ANpq_pq) in the lean periods decreases when the oxygen concentration
is increased. The average Pd—O coordination number (Npq_o) increases with higher
oxygen concentration, with fitted values of 0.6 +£ 0.2, 0.8 £ 0.2, and 1.4 4+ 0.2 for the
lean period in the experiment with 0.15, 0.25, and 1.5 % oxygen. Assuming a mixture of
PdO, which has a Pd-O coordination number of 4, and metallic Pd without any Pd—O
coordination this corresponds to approximately 15, 20, and 40 % for the experiment with
0.15, 0.25, and 1.5 % oxygen, respectively.

The experiments presented thus far have been based on the pulse-response modulation
excitation approach, however, we also wanted to study methane oxidation with step-
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Table 5.1: Best-fit parameters for the EXAFS fit of the demodulated spectra from
Pd/Al,O4 from the experiments with 0.15, 0.25, and 1.5 % oxygen pulsing at 360 °C.

Parameter Value (0.15% O2) Value (0.25% O2) Value (1.5% O2)
Npa-o 0.6 0.2 0.8+0.2 1.44+0.2
Rpa—o (A) 1.991 + 0.009 1.994 + 0.008 1.988 + 0.005
o240 (A?) 0.007 = 0.003 0.006 £ 0.003 0.005 = 0.001
ANpd_pd —-0.9+£0.3 -1.2+04 —-3.3+£0.5
ARpd_pa (A) —0.0089 % 0.0009 —0.010 £ 0.001 —0.022 £ 0.001
Aoy pg (A?) 0.0004 = 0.0003 0.0004 £ 0.0003 —0.0004 = 0.0005
R-factor 0.011 0.012 0.005

response experiments in order to obtain results at conditions that are steady for longer
periods of time. These types of experiments were performed in Paper III where a
Pd/Al,O4 catalyst was held under a flow of 0.2 % methane for approximately 15 min after
which oxygen was added to the feed. Three different experiments were performed with
oxygen concentrations of 0.6, 1.2, and 2.5 %, and each set of experiments were repeated at
three different temperatures: 320, 360, and 400 °C. During the experiment, in situ XAFS
spectra were recorded as well as the outlet concentrations of reactants and products.
Since the experiments were not performed as pulse-response experiments, we cannot use
phase sensitive detection to analyze the XAFS results, instead we relied primarily on
linear combination fitting to investigate the chemical state of Pd during the experiment.
Figure 5.7 shows the methane conversion and the fraction of Pd?" in the catalyst
determined by linear combination fitting as a function of time on stream from the oxygen
step-response experiment at 320 °C. The methane conversion decreases to almost zero
conversion before oxygen is introduced to the feed, after which the methane conversion
increases and full conversion is eventually reached for all three experiments. The fraction
of oxidized Pd increases when oxygen is introduced to the feed. The oxidation of Pd
appears to be a two step process with an initial rapid oxidation followed by oxidation
with a slower rate. We calculated the apparent activation energy for the oxidation of
Pd by fitting a straight line to the second part of the oxidized Pd fraction as a function
of time, as shown in Figure 5.8a. This results in apparent activation energies of 45, 84,
and 101kJ mol~! for the experiment with 0.6, 1.2, and 2.5 % oxygen, respectively. The
oxidation is likely to be diffusion limited, so these activation barriers do not reflect the
thermodynamics of the oxidation process, but rather the dynamics of the oxidation.
Summarizing the results from the operando XAFS studies on Pd/Al,O4, the first
observation is that the oxidation state of Pd is dependent on the oxygen-to-methane ratio
in the feed, and that the oxidation state can change very rapidly, on the order of seconds.
We have not performed any detailed analysis of the oxidation-reduction mechanism for
Pd under methane oxidation conditions, but some qualitative trends can be observed.
Regardless of the oxygen concentration, the initial oxidation of Pd is rapid, and the
rapid oxidation is followed by a slower oxidation step. The rate of the second oxidation
step depends on the oxygen concentration in the feed as seen for example in Figures 5.5
and 5.7. In Figure 5.5, the oxidation state of Pd hardly increases at all, after the rapid
initial oxidation in the two experiments with the lowest oxygen concentration (0.15%
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Figure 5.7: Oxidation of 0.2 % CH, over Pd/Al,O at 320 °C. Oxygen with a concentration
of (a) 0.6, (b) 1.2, and (c) 2.5% is added to the feed at 900s. Each panel shows the
fraction of oxidized Pd determined by linear combination fitting, the methane conversion,
outlet concentration of oxygen, and outlet concentration of CO,.
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Figure 5.8: a) Arrhenius plot of the fitted oxidation rates in oxygen step-response
experiments. b) Fitting the oxidation rate for the experiment with 1.2% O, at 400 °C.

0,/0.1% CH, and 0.25% 0,/0.1% CH,) while for the experiment with the highest
oxygen concentration (1.5% 0,/0.1% CH,) the Pd oxidation state increases almost
linearly after the initial rapid oxidation. A similar behaviour can be observed for the
reduction of Pd when oxygen is removed from the feed. There is an initial comparatively
slow reduction followed by a more rapid reduction until a stable oxidation state is reached
under reducing conditions. The oxidation-reduction behaviour observed is consistent with
the mechanism proposed by Su et al. [65]. In this mechanism the initial oxidation of Pd
is rapid and occurs in accordance with Cabrera-Mott theory. The oxidation is driven by
tunneling of electrons through the thin oxide layer which react with adsorbed oxygen to
form oxygen anions. The charge separation creates an electric field that drives the anions
toward the metal-oxide interface, however, as the thickness of the oxide layer increases the
rate of oxidation sharply decreases. Instead, diffusion of oxygen through the oxide layer
becomes rate limiting which gives a much slower rate of oxidation [65]. The reduction of
PdO is instead nucleation-controlled, where metallic Pd domains must first form which
is followed by a rapid reduction with a nearly zero-order dependence on the fraction of
reduced Pd [65].

During lean conditions palladium oxide is the active phase for methane oxidation, in all
experiments a higher oxidation state of Pd is associated with a higher methane conversion.
When oxygen pulsing is performed with different oxygen concentrations (Figure 5.5), the
methane conversion increases with the Pd oxidation state, and oxygen is not a limiting
reactant since it is detected in the outlet in all experiments. Also in Figure 5.5, in the
experiment with the highest oxygen concentration, there is an increase in the methane
conversion with time on stream during the lean period, as Pd becomes more oxidized. In
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the pulse-response experiments on Pd/Al,O5 the methane conversion in many cases go
through temporary minima and maxima when oxygen is added or removed from the feed.
When oxygen is removed from the feed, the methane conversion typically decreases, and
then increases again for a brief period of time, before decreasing again. Similarly, when
oxygen is added to the feed the methane conversion increases, and then decreases for a
brief period of time, before increasing again. We explain this behaviour by considering
the changing surface coverages during the rapid changes in oxygen concentration. When
oxygen is removed from the feed, the methane conversion decreases since oxygen vacancies
in the PdO lattice are not healed. The reduction of PdO begins with nucleation of metallic
Pd domains and this also creates sites where CH, can adsorb and oxidize, which briefly
increases the methane conversion. Since oxygen has been completely removed from the
feed after some time oxygen will become a limiting reactant and the methane conversion
will decrease. When oxygen is added to the feed at the start of a lean period the methane
conversion increases since oxygen is available for methane oxidation, simultaneously there
is also an oxidation of carbonaceous species that have accumulated on the surface of the
catalyst during the rich period. The Pd surface will be rapidly oxidized, as indicated by
the rapid increase of the XAFS whiteline intensity at the start of the lean period.

Surface oxidation of Pd results in a lower methane conversion, this can be observed
transiently in Figure 5.7 where the temporary decrease in the methane conversion when
oxygen is added to the feed is connected to the rate of Pd oxidation. In the experiment with
the lowest oxygen concentration (0.2 % CH,/0.6 % O), where the rate of Pd oxidation is
slower, the transient period with lower methane conversion is much longer compared to
the experiment with higher oxygen concentration. Low methane conversion over surface
oxidized Pd can also be observed in Figure 5.5 where the conversion during the lean
period is much lower in the two experiments with low oxygen concentration compared
to the experiment with high oxygen concentration. In these experiments the oxygen
concentration is so low (0.15% and 0.25% O, with 0.1 % CH,) so the bulk oxidation of
Pd is very slow and Pd is mostly surface oxidized, which gives a lower methane conversion
compared to the experiment with 1.5 % O, where Pd is bulk oxidized. These findings are
also consistent with the much higher apparent activation barrier for methane oxidation
reported for oxygen saturated Pd°® surfaces (158 kJ mol~1) compared to bare Pd metal
or PdO (84 and 61 kJmol ™!, respectively) [66]. Palladium readily forms surface oxides
under oxidizing conditions, the (v/5 x v/5)R27° surface oxide which forms over Pd(100),
was reported not to be very active for methane oxidation, compared to a thicker bulk-like
PdO film [57].

Support effects

The operando XAFS studies in this thesis were mostly performed with Pd/Al,O4 catalysts,
however, in Paper I also experiments with Pd/CeO, were included. y-Al,O4 is commonly
used as a catalyst support material due to its high surface area and thermal stability.
Furthermore, for XAFS studies Al,O4 supports have the advantage that aluminium and
oxygen are light elements compared to most noble metals, which reduces scattering of the
X-rays. Cerium on the other hand is a heavy element (Z = 58) that scatters X-rays more
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effectively than lighter elements, and a high cerium content in the catalyst will make it
difficult to record high quality XAFS spectra.

In our experiments with Pd/CeO,, we were able to record the part of the XAFS
spectrum close to the absorption edge and thus compare the evolution of the whiteline
intensity with the Pd/Al,O4 catalyst as a function of time on stream. Figure 5.9 shows
the whiteline intensity recorded during the rich-lean cycling experiments as well as the
methane conversion and outlet concentrations of products and reactants. The oxidation
of Pd supported on CeO, is quicker compared to Pd/Al,O5, and the reduction of Pd
when oxygen is removed from the feed is also slower. This observation is consistent with
previous reports that CeO, helps to stabilize Pd in the oxidized state [67]. There are also
some interesting differences in the methane conversion and outlet product concentrations.
The methane conversion increases rapidly when oxygen is removed from the feed and
at the same time the outlet concentrations of H, and CO increase. This indicates that
the catalyst can rapidly switch to methane conversion by partial oxidation, when the
oxygen concentration in the feed decreases. This difference might be related to the oxygen
storage capability of CeO, and increased oxygen mobility, leading to reverse spillover of
oxygen to Pd [68]. These results indicate that the support material can help to stabilize
Pd in the oxidized state and maintain high methane conversions in oxygen deficient feeds,
which would be an important function in automotive catalysis.

Bimetallic Pt-Pd catalysts

Bimetallic catalysts have a widespread use in chemical processes such as catalytic reforming,
pollution control, and energy conversion. Combining two metals as the active phase can
lead to higher catalytic activity and selectivity, compared to the monometallic counterparts,
which makes bimetallic catalysts an important class of catalysts. For the total oxidation of
methane, Pd—Pt catalysts is a bimetallic catalyst system of particular interest. Previous
studies have reported that supported Pd—Pt catalysts show an increase in CH, oxidation
activity with time on stream and have higher long-term stability than supported Pd
catalysts [69-72]. Moreover, Pd—Pt catalysts have been reported to be less prone to
sintering in oxidative environment compared to Pt only catalysts [73]. The structure of
the metallic phase of the Pt—Pd catalyst is likely to be complex, alloy formation between
Pd and Pt along with segregation of Pd to the surface has been previously reported [74—
76]. In the present study, we wanted to investigate how the calcination condition and
oxidative and reductive treatment influence the surface composition and alloy formation
of model Pd—Pt/Al,O4 catalysts. Furthermore, we also wanted to investigate how the
structure and composition of Pd—Pt/Al,O4 catalyst affect the methane oxidation activity.
Pd—Pt/Al,04 catalysts were investigated in two different studies, the first study (Paper
IV) focused on characterizing the metal particles during oxidation/reduction, while the
second study (Paper V) investigated methane oxidation during rich-lean cycling with
operando DRIFTS/MS and in situ XAFS. The catalysts used in these studies were
prepared by incipient wetness impregnation with a Pd loading of 2.0 % and Pt loading
of 0.4%. Three different catalysts were prepared by calcination under three different
conditions, in air at 500 °C for 2h (denoted F500), in air at 800 °C for 10h (F800), and
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Figure 5.9: Oxidation of 0.1 % CH, over Pd/CeO, at 300°C and 350 °C, with 1.5% O,
introduced for one period. The top panel shows the CH, conversion and XAFS whiteline
intensity at 24 372eV; the second panel shows the outlet concentration of O, and COy;
and the third panel shows the outlet concentrations of H, and CO.
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Figure 5.10: LEIS results for (a) the reduced (50 mbar of H, at 300 °C for 25 min) and
(b) oxidized (atomic oxygen at room temperature for 60 min) Pd—Pt/Al,O4 catalysts.
Pd and Pt are included as references.

in air with addition of 10 % water at 800 °C for 10h (L800). The as-prepared catalysts
were characterized using TEM, XRD, and CO chemisorption.

The TEM analysis of the F500 sample showed that larger Pt nanoparticles (up to
about 100 nm) were present mainly outside the alumina matrix, while significantly smaller
Pd nanoparticles were embedded in the alumina matrix. By mapping the elemental
distribution using energy-dispersive spectroscopy in TEM only segregated palladium and
platinum nanoparticles could be detected for the Pd—Pt F500 catalyst. For the F800
sample the morphology of the catalyst is different, since Pt is alloyed with Pd and the
particles are situated mainly in the alumina matrix. The Pt—Pd nanoparticles have a
diameter of about 50-100 nm and in addition a large number of smaller Pd nanoparticles
(about 5nm diameter) can be observed well distributed across the alumina support. The
morphology of the L800 Pd—Pt catalyst was similar to the F800 counterpart, however,
the Pd—Pt nanoparticles appeared to have a more uniform size with a diameter of around
50nm. The XRD pattern for the Pd—Pt F500 catalyst showed reflections from PdO, but
not from metallic Pd or Pt, likely Pt could not be observed due to the relatively low Pt
loading and/or high Pt disperison. For the F800 and L800 Pd—Pt catalysts reflections
for PdO as well as metallic fcc structure could be observed, the fec reflections were sharp
indicating a bulk structure and were observed at angles in between those expected for
metallic Pd and Pt, indicating the formation of an alloy.

The characterization results for the as-prepared catalysts show that while the F800 and
L800 Pd—Pt catalysts feature alloyed Pd—Pt nanoparticles, the F500 catalysts contains
mainly segregated Pd and Pt nanoparticles. To investigate how this difference affects the
oxidation and reduction behaviour, oxidation and reduction were studied using low-energy
ion scattering (LEIS) and in situ XAFS. Figure 5.10 shows the surface composition
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Figure 5.11: Pt Lyyr edge in situ XAFS spectra of the reduced (a, b) and oxidized (c, d)
Pd—Pt/Al,O4 catalysts at 300°C. Pt foil and PtO, spectra are included as references.
(a, ¢) XANES spectra and (b, d) Fourier transformed EXAFS spectra (magnitude with
k-weight = 2).

determined by LEIS for the three Pt—Pd bimetallic catalysts. Under reducing conditions
both Pd and Pt are exposed on the surface of the catalyst with Pd being the dominating
species. The surface Pd/Pt atomic ratio is in the range 3.9-4.8 for all catalysts, which
shows that Pt is enriched at the surface compared to the bulk. After oxidizing treatment a
distinct difference is observed between the F500 catalyst, and the F800 and L800 catalysts.
For the F500 catalysts approximately the same amounts of Pd and Pt are exposed at
the surface, while for the F800 and L800 samples the surface becomes highly enriched
with Pd, the surface Pd/Pt atomic ratio is 17.2 and 16.3 for the F800 and L800 catalyst,
respectively. It is expected that under oxidizing conditions Pd is oxidized and forms PdO
which dominates the surface.

To further study oxidation and reduction of the catalysts, in situ XAFS was recorded
during transient oxidation and reduction at both the Pd K-edge and the Pt Ly; edge.
The changes in the Pd K-edge XAFS spectra during oxidation are consistent with the
formation of PdO, and Pd was reduced to metallic Pd after treatment in hydrogen.
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Figure 5.12: Illustration of the mechanism proposed for the oxidation and reduction of the

different Pd—Pt catalysts. REPRINTED wITH PERMISSION FROM REFERENCE [77]. COPYRIGHT 2016 AMERICAN
CHEMICAL SOCIETY.

There was no direct observation of Pd—Pt bonding in the Pd K-edge XAFS for the F800
and L800 catalysts, but this might be due to the low loading of Pt compared to Pd.
Figure 5.11 shows the Pt Lyj; edge XAFS spectra after oxidation in 5 % O, for 20 min and
after reduction in 5 % H, for 20 min. The XANES spectra for the reduced catalysts are all
similar to the Pt foil spectrum, indicating that Pt is in a metallic state. For the oxidized
catalysts the F500 catalyst has a much higher whiteline intensity, giving a spectrum
similar to that of PtO, while the spectra for the F800 and L800 samples are similar to Pt
foil. This result suggests that Pt in the F500 catalyst is in a state with high affinity to
oxygen, possibly in the form of small Pt nanoparticles, that are readily oxidized. The
Fourier transforms of the EXAFS spectra for the reduced catalysts show a double peak
structure at R values between 2 and 3 A, which is attributed to metal-metal scattering.
The peak positions for the F500 sample are similar to those of Pt foil, indicating a Pt—Pt
type bond, while for the F800 and L800 catalysts the peaks are shifted to slightly higher R
values suggesting a Pt—M type bond (M = Pd or Pt). The Fourier transformed EXAFS
spectra for the oxidized F800 and L800 catalysts are very similar to those recorded for
the reduced catalyst, this shows that Pt in the catalysts retain its metallic state after
treatment in oxygen.

Summarizing the results from the characterization of the as-prepared catalysts as well
as the LEIS and XAFS experiments, there is clear evidence of alloy formation between
Pd and Pt in the catalysts calcined at 800 °C. In contrast, for the catalyst calcined at
500 °C, no similar evidence is found indicating alloying between Pd and Pt. Furthermore,
the F500 catalyst shows a distinctly different behaviour under oxidation, as seen both in
the LEIS and in situ XAFS experiments. The Pt Ly edge XAFS for the F500 catalyst
shows that Pt in the catalyst is oxidized when treated in oxygen, while for the F800 and
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Figure 5.13: Oxidation of 0.1% CH, over the Pd—Pt/Al,05 F500 (left panels),
Pd—Pt/Al,05 F800 (middle panels), and Pd—Pt/Al,05 L800 (right panels) samples,
with periodic pulsing of 1.5 % O,. The top panels show the color coded intensities (blue
low intensity, red high intensity) of the IR absorption bands in the region 1200-3800 cm~!.
The middle panels show the evolution of the XAFS whiteline intensity (WLI) at 24 372eV.
The bottom panels show the outlet concentration of O, (red), CO, (black), CH, (green)
and H, (blue) measured by MS.

L800 catalysts Pt is in a metallic state also after oxidation. We do not find any evidence
of a mixed Pt—Pd metal oxide in any of the catalysts. The EXAFS analysis for the F500
sample shows both PdO and PtO, after the in situ oxidation, however, if the nanoparticles
were mixed Pd—Pt we would expect to see some indication of alloy formation, similar to
what is observed for the F800 and L800 catalysts. This leads us to exclude the formation
of a mixed Pt—Pd oxide on all samples. The Pt Li;; edge EXAFS analysis of the F800
and L800 catalysts reveals Pd—Pt bonding, while the Pd K edge EXAFS reveals mostly
PdO bonding. This suggests that there are regions containing mostly Pd, as well as
regions with Pd—Pt mixing. Under reducing conditions, the bimetallic nanoparticles
expose a Pd—Pt metallic surface enriched in Pt, while under oxidizing conditions PdO
dominates the surface. PdO is present both in form of crystals at the surface of the
Pd—Pt particles and as isolated PdO crystals on the support. For the F500 catalyst, Pd
and Pd are found as individual monometallic nanoparticles that are oxidized to PdO
and PtO, during oxidizing conditions. Figure 5.12 shows an illustrative model for the
oxidation and reduction behaviour of the Pd—Pt catalysts.

The methane oxidation activity of the Pd—Pt catalysts was investigated using operando
DRIFTS/MS and in situ XAFS. The experiments were performed as pulse-response
experiments with pulses of 1.5% O, introduced over a constant flow of methane of 0.1 %
with a duration of three minutes at a temperature of 360 °C. The operando DRIFTS/MS
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experiment was combined with in situ energy-dispersive XAFS at the Pd K edge, recorded
under the same conditions. The results from these experiments for the Pd—Pt F500,
F800, and L800 catalysts are summarized in Figure 5.13. The evolution of the IR
absorption bands during the rich-lean cycling shows an increased absorption in the region
1800-2000 cm ™! at the end of the rich periods corresponding the adsorption of carbonyls
(CO adsorbed on the metal nanoparticles). For the F500 catalyst two distinct bands
are observed in this range, with linearly adsorbed carbonyls giving a band at higher
wavenumbers and bridge bonded carbonyls giving a band at lower wavenumbers. For
both the F800 and L800 catalysts, bridge bonded carbonyls appear to be dominating
since the band at higher wavenumbers is much less intense. The difference in the carbonyl
absorption bands suggests that the surface composition is different between the F500
catalyst with monometallic Pd and Pt particles, compared to the F800 and L800 catalysts,
which contain alloy Pd—Pt nanoparticles. The whiteline intensity of the Pd K edge is
used to follow the changes in the oxidation state of Pd, as was done in earlier studies.
The increasing whiteline intensity during the lean periods indicates an oxidation of Pd
and the whiteline intensity decreases rapidly at the start of the rich period. The rate
of oxidation is higher for the F800 and L800 catalysts, compared to the F500 catalyst.
This suggests that the alloyed nanoparticles follow different oxidation kinetics compared
to monometallic nanoparticles during methane oxidation, this could be caused by the
alloying but possibly also by differences in particle size distribution or shape. Comparing
the methane oxidation activity for the three catalysts we find that the F800 and L800
catalysts, containing alloyed nanoparticles, have higher activity than the F500 catalyst,
containing monometallic nanoparticles. This may be due to the increased amount of PdO
for the catalysts with alloyed nanoparticles, which is indicated by the increased whiteline
intensity in Figure 5.13. However, there is also a difference in activity between the F800
and L800 samples, but the cause of this is not clear. One possible explanation for this
observation is that the F800 sample features a smaller average particle size than the
L800 sample which results in the formation of a higher amount of PdO. This is beneficial
for the methane oxidation reaction but to analyze this in more depth would require an
accurate particle size distribution which is presently not available. Overall, we find that
high activity for methane oxidation in Pt—Pd bimetallic catalysts is associatied with the
formation of PdO on the surface of the catalyst, similar to the results found for Pd-only
catalysts.

Simulated XAFS spectra from first principles

In addition to the experimental operando spectroscopy studies, we have also investigated
theoretical simulations of XANES spectra from first principles. XANES spectra of
palladium model systems were calculated using the FEFF code, using structures with
geometries optimized using density functional theory. The palladium model systems were
chosen in order to investigate the effect of morphology, particle size, and oxidation state
on the Pd K edge XANES spectra. The results showed that the morphology of a Pd
nanoparticle has a limited impact on the XANES spectra, for example nanoparticles of
similar size with different morphologies were very similar. Pd nanoparticles with different
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Figure 5.14: Pd K edge XANES spectra simulated using FEFF9 for a palladium atom
forming an fcc hollow in the Pd(111) surface, the corresponding atom with a (2 x 2)
oxygen overlayer (coverage 0.25 ML), the threefold coordinated surface Pd in PdO(101),
and bulk PdO.

particle sizes produced spectra that were somewhat different, mainly owing to the different
Pd—Pd nearest neighbor distances resulting in shifted peak positions on the energy axis,
as well as differences in the average number of nearest neighbors which affected the
amplitude of the XAFS oscillations. The effect of Pd oxidation state can be seen in the
simulated XANES spectra shown in Figure 5.14. The spectrum for palladium at the
Pd(111) surface is similar to the spectrum of bulk metal. Adding an O(2 x 2) overlayer
gives an increased amplitude of the first peak after the absorption edge and a decreased
amplitude in the second peak. The PdO(101) surface of bulk PdO features Pd with a
3-fold oxygen coordination as well as Pd with a 4-fold oxygen coordination, the spectrum
for the 3-fold coordinated surface atom as well as the spectrum for the PdO bulk (4-fold
oxygen coordination) are shown in Figure 5.14. The spectrum of the PdO bulk and PdO
surface atoms are similar, however the amplitude of the XAFS oscillations is lower for the
PdO(101) surface atom.
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Chapter 6

Conclusions and Outlook

In this thesis we have explored the use of operando XAFS spectroscopy with focus on
Pd catalysts for the total oxidation of methane. Although many interesting results have
been obtained, in science there is always a drive to refine procedures and techniques in
order to further advance knowledge. In the field of operando XAFS both experimental
techniques and equipment, as well computation and simulation of XAFS data, are areas
in which future developments are expected to make a large impact.

To obtain the results presented in this thesis we have primarily relied on the ability
of XAFS to provide information on the chemical composition of the active phase in the
catalyst. Moreover, XAFS spectra were acquired with high time resolution under in situ
conditions. By using these techniques we have been able to show several results of how
the active phase of Pd catalysts changes under reaction conditions for methane oxidation.
Another interesting result is the rate of oxidation and reduction of palladium when the
reaction conditions change. Although it is difficult to extract kinetic parameters for these
catalysts with a heterogeneous structure, the results highlight the rapid rate with which
the Pd oxidation state can change.

One piece of information that is mostly missing from XAFS is information specifically
on the surface structure of palladium. In this thesis we have worked with experimental
and data processing techniques in order to improve the sensitivity to small changes in
the XAFS spectra, primarily by using modulation excitation spectroscopy and phase
sensitive detection. Using these techniques we have been able to refine and expand the
results obtained from the collected spectroscopic data and examine the palladium phase
in more detail. XAFS will probably never approach the surface sensitivity of techniques
like XPS, but with additional improvements, in situ XAFS can become a much more
sensitive technique to small changes in the active phase, for example, changes that are
localized to the surface.

Next steps

In this thesis one theoretical study was performed focusing on first-principles simulations
of XANES spectra. The results from this study showed that the changes in the XANES
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spectra just from the adsorption of oxygen on the Pd surface are fairly limited, a local
structure similar to bulk PdO is necessary to have a strong whiteline peak. Although
this study was limited in its scope, it highlights the capabilities of current techniques of
simulating the full XAFS spectrum, and with future developments and higher availability of
these techniques they have a strong potential to make a larger impact in catalysis research.
However, our experience so far indicates that in order to achieve tight integration between
theory and experiments, carefully designed experiments and suitable model catalysts are
required.

The experimental operando spectroscopy studies in this thesis were mainly performed
with the energy-dispersive XAFS technique. The advantage with this technique is that
spectra can be acquired very quickly, and in our experiments we have been able to achieve
time resolutions as low as 200 ms. This time-resolution is certainly sufficient for operando
catalysis experiments, but the energy-dispersive technique comes with significant sacrifices
in spectral resolution. From this perspective, further developments in XAFS techniques
should focus on achieving higher spectral quality at in situ/operando conditions. During
the work with this thesis there was no opportunity to perform experiments with high
time resolution quick XAFS, but for operando catalysis I would think this technique
has more potential for the future. Another area where development can make advances
is sample cells for operando experiments. The sample cell has to be designed so that
kinetic data can be measured and simultaneously high-quality spectra can be recorded.
In addition to optimizing and balancing these two requirements there is also a need for
sample cells that are compatible with more than one characterization technique, such
as XAFS and XRD, or XAFS and DRIFTS. Although this is becoming increasingly
available at XAFS beamlines, there is always a balance between increasing the complexity
of the experiment, and the additional data that can be gained. The increasing complexity
of experiments performed at synchrotron beamlines makes it essential to have a good
collaboration between beamline scientists and the research groups that are granted time
to use the beamline.

Outlook

The results obtained so far for the total oxidation of methane over Pd catalysts highlight
the rapid oxidation and reduction of Pd when the feed gas composition changes and that
maintaining Pd in a bulk-oxidized state is important to maintain high conversion. The
experiments with Pd/CeO, show that ceria is capable of stabilizing Pd in its oxidized
state. Further work should be aimed at investigating more complex multi-component
support materials, such as CeO, combined with Al,O4 and additional dopants to find
out how different support materials affect properties of the catalyst such as catalytic
activity and stability. Including platinum in the palladium active phase gives beneficial
properties to the catalyst, such as increased long-term stability. However, our work
shows that the synthesis procedure, and in particular the calcination temperature, is
important to obtain alloying between Pt and Pd. Our results for methane oxidation
over Pd—Pd/Al,O4 indicate that PdO is still the component that is responsible for most
of the methane oxidation activity and further investigations could be aimed at further

44



characterize catalysts with different Pd/Pt atomic ratios. Pd—Pt catalysts can also be
suitable systems for further theoretical studies, both with respect to electronic structure
and how this affects the catalytic activity, and also how the interaction between Pd
and Pd affects the XAFS spectrum. Operando XAFS has been a critical tool in order
to obtain the results in this thesis, although limited to synchrotron radiation facilities,
with continuous improvements in procedures and techniques operando XAFS will be an
important technique in catalysis research for many years in the future.
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