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“We can’t go back. We don’t understand everything yet.”
“’Everything’ is a little ambitious. We barely understand anything.”
“Yeah. But that’s what the first part of understanding everything looks like.”

- Randall Munroe, “Time”
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Abstract
The tremendous potential of heterogeneous catalysis for improving the efficiency of
almost any chemical process – including applications like refining, exhaust treatment,
biomass conversion and energy storage - makes the development of more reactive,
selective and stable catalysts a key research area. While improved catalysts can be
developed by trial and error, a mechanistic understanding of catalytic activity opens up
the possibility of rational catalyst design.
A detailed understanding of catalyst reactivity hinges on finding structure-activity
relationships, i.e. how different structures contribute to the overall activity of a
heterogeneous catalyst. Since the structure of catalytic materials is highly sensitive to the
environment, in particular temperatures and reactant partial pressures, catalytic structure
needs to be determined under reaction conditions, i.e. in situ. In addition, catalytic activity
must be determined at the same time as the catalyst structure, leading to operando
experiments. These experiments are challenging and informative, but themselves
insufficient to produce conclusions on structure-activity relationships, since they tend to
observe the dominant structure, which is not necessarily the active structure. It is therefore
necessary to distinguish active species from spectators. This goal can be achieved by
transient spectroscopic experiments. Under transient conditions, an active site will adapt
more quickly than a spectator. The overall response of the system is determined by its
kinetic properties. The ultimate goal of such experimentation is the derivation of structureactivity relationships in heterogeneous catalysis, and the determination of catalytic
reaction mechanism. The combination of kinetic and structural information in transient in
situ experiments is highly suitable for such determinations. Targeted experiments in
principle permit the determination of the effect of different reactants on various steps in
the catalytic cycle.
Transient experiments necessarily introduce gradients through the reactor, which need to
be accounted for in the evaluation of the experiment. Reactor simulations and spaceresolved measurements are feasible approaches to obtain reactor-level information on
catalyst structure and activity.
7

This thesis describes the use of transient spectroscopy to investigate the activity of
platinum species in reactions involving carbon monoxide. This includes a variety of
applications such as automotive exhaust treatment and the production of clean hydrogen
from synthesis gas. In addition to practical applications, reactions involving carbon
monoxide are widely studied as prototypical reactions in heterogeneous catalysis and
exhibit a variety of unusual phenomena. Light-off phenomena are a particularly interesting
case since they feature structural changes that need to be investigated with spatial and
temporal resolution in order to obtain a complete picture of the relevant processes.
Chapters 3 and 4 focus on this aspect through modelling of the reactor based on
spectroscopic data. In chapter 3, time-resolved XAS data was used to reconstruct a timeand space-resolved model that was able to reproduce the reactor level conversion
observed by mass spectrometry. Chapter 4 focused on confirming the model by direct
space-resolved measurements. The results from the simulation demonstrated that activity
was strongly localized in the reactor, a fact that could be exploited by an improved reactor
design.
Subsequent efforts were focused on the elucidation of the effects of catalyst structure on
the activation of small molecules. Chapter 5 describes the kinetics of oxidation of platinum
particles, showing that preoxidation leads to significantly reduced rates for oxygen
adsorption. Chapter 6 shows how the activity of adsorbed carbon monoxide depends both
on the state of the underlying platinum and the reactant. When adsorbed on reduced
platinum, carbon monoxide can react to both water and oxygen, regardless of support. On
cationic single atoms, no reaction to oxygen is observed.
While step response experiments are the most common type in catalysis research, they
are limited with respect to the identification of highly active minority species – an
unfortunate situation, considering that such species are commonly believed to be
responsible for catalytic activity. A possible alternative, the frequency response
measurement, is explored in chapter 7 and shown to be a promising option if experimental
challenges can be overcome.
Taken together, these chapters demonstrate the power of transient spectroscopic
techniques for mechanistic investigations in heterogeneous catalysis. The correlation of
structure and activity in time and space gives unique insight into the factors underlying
8

catalytic activity and provides a framework for investigating and developing
heterogeneous catalysts.
The work overall addresses three issues that are of fundamental importance in
heterogeneous catalysis: the structural requirements for surfaces to activate reactants;
the spatial integration of such structures up to the reactor level; and the development of
analytical techniques to investigate both of these under reaction conditions. Based on this
work, various conclusions of general importance can be drawn.
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Zusammenfassung
Das enorme Potential heterogener Katalyse für die Steigerung der Effizienz beinahe aller
chemischen

Prozesse

–

unter

anderem

Anwendungen

wie

Raffination,

Abgasnachbehandlung, Biomasseumwandelung und Energiespeicherung – macht die
Entwicklung

reaktiverer,

selektiverer

und

stabiler

Katalysatoren

zu

einem

Schlüsselforschungsgebiet. Auch wenn Katalysatoren durch Versuch und Irrtum
entwickelt werden können, eröffnet ein mechanistisches Verständnis katalytischer
Aktivität die Möglichkeit rationaler Katalysatorentwicklung.
Genaues Verständnis der Reaktivität von Katalysatoren bedingt das Finden von StrukturAktivitäts-Beziehungen, d.h. wie verschiedene Strukturen zur Gesamtaktivität eines
heterogenen Katalysators beitragen. Da die Struktur katalytischer Materialien stark von
ihrer Umwelt abhängig ist, insbesondere von der Temperatur und den Partialdrücken der
Reaktanten, muss die Struktur des Katalysators unter Reaktionsbedingungen, also in situ,
bestimmt werden. Zudem muss gleichzeitig die katalytische Aktivität bestimmt werden,
was zu sogenannten operando Experimenten führt. Diese Experimente sind ebenso
herausfordernd wie informativ, aber ihrerseits unzureichend, um Schlüsse über StrukturAktivitäts-Beziehungen zu ermöglichen, da sie typischerweise die dominante Struktur
bestimmen, was nicht notwendigerweise die aktive Struktur ist. Daher ist es notwendig,
aktive Spezies von Zuschauern zu unterscheiden. Dieses Ziel kann durch transiente
spektroskopische Experimente erreicht werden. Unter transienten Bedingungen wird sich
ein aktives Zentrum schneller anpassen als ein Zuschauer. Die Gesamtreaktion des
Systems wird durch seine kinetischen Eigenschaften bestimmt. Das Ziel solcher
Experimente ist die Bestimmung von Struktur-Aktivitäts-Beziehungen in heterogener
Katalyse und des katalytischen Reaktionsmechanismus. Die Kombination aus kinetischer
und struktureller Information aus transienten in situ Experimenten ist gut geeignet für
derartige Messungen. Gezielte Experimente erlauben es im Prinzip, den Effekt
verschiedener Reaktanten auf die diversen Schritte im katalytischen Kreislauf zu
untersuchen.
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Transiente Experimente führen zwingend zu Gradienten im Reaktor, welche bei der
Auswertung der Experimente berücksichtigt werden müssen. Reaktorsimulationen und
ortsaufgelöste

Messungen

sind

brauchbare

Ansätze

um

Informationen

über

Katalysatorstruktur und -aktivität auf Reaktorebene zu erhalten.
Diese Arbeit beschreibt die Anwendung von transienter Spektroskopie zur Untersuchung
der Aktivität von Platinspezies in Reaktionen mit Kohlenstoffmonoxid. Diese Kategorie
beinhaltet eine Reihe von Anwendungen wie Kraftfahrzeugabgasnachbehandlung und die
Produktion reinen Wasserstoffs aus Synthesegas. Ausserdem werden Reaktionen mit
Kohlenstoffmonoxid als prototypische Reaktionen in heterogener Katalyse untersucht und
zeigen eine Reihe von ungewöhnlichen Phänomenen. Das Anspringverhalten ist ein
besonders interessanter Aspekt, welcher mit orts- und zeitaufgelösten Methoden
untersucht werden muss, um ein vollständiges Bild der relevanten Prozesse zu erhalten.
Kapitel 3 und 4 befassen sich mit diesem Thema durch Reaktorsimulation auf der Basis
spektroskopischer Daten. In Kapitel 3 wurden zeitaufgelöste Röntgenabsorptionsdaten
verwendet, um ein zeit- und ortsaufgelöstes Modell des Reaktors zu erstellen, welches
den durch Massenspektrometrie ermittelten Umsatz auf Reaktorebene reproduzieren
konnte. In Kapitel 4 wurde dieses Modell durch direkte, ortsaufgelöste Messungen
bestätigt. Die Ergebnisse der Simulation zeigten, dass die Aktivität im Reaktor örtlich stark
beschränkt war, was durch ein verbessertes Reaktordesign ausgenutzt werden konnte.
Weitere Studien befassten sich mit der Bestimmung des Effekts der Katalysatorstruktur
auf die Aktivierung kleiner Moleküle. Kapitel 5 beschreibt die Kinetik der Oxidation von
Platinpartikeln

und

zeigt,

dass

Voroxidierung

zu

deutlich

geringeren

Sauerstoffadsorptionsraten führt. Kapitel 6 zeigt, wie die Aktivität von adsorbiertem
Kohlenstoffmonoxid sowohl vom Zustand des Platins als auch vom Reaktanten abhängt.
Kohlenstoffmonoxid, welches auf reduziertem Platin adsorbiert ist, kann unabhängig vom
Trägermaterial sowohl mit Wasser als auch mit Sauerstoff reagieren. Auf kationischen
Platinatomen wurde keine Reaktion mit Sauerstoff beobachtet.
Auch wenn Sprungantwortexperimente die häufigsten in der Katalyseforschung sind, so
sind sie limitiert im Bezug auf die Identifikation hochaktiver Minderheitsspezies – eine
unangenehme Situation, da davon ausgegangen wird, dass solche Spezies für die
katalytische

Aktivität

verantwortlich

sind.
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Eine

mögliche

Alternative,

die

Frequenzgangmessung, wird in Kapitel 7 untersucht. Dies ist eine vielversprechende
Option, sofern experimentelle Schwierigkeiten überwunden werden können.
Zusammengenommen zeigen diese Kapitel das Potential transienter spektroskopischer
Methoden für mechanistische Untersuchungen in der heterogenen Katalyse. Die
Korrelation von Struktur und Aktivität in Zeit und Ort ermöglicht ein einzigartiges
Verständnis der Faktoren, welche der katalytischen Aktivität zu Grunde liegen und bietet
ein Modell zur Untersuchung und Entwicklung heterogener Katalysatoren.
Insgesamt befasst sich diese Arbeit mit drei Fragen von fundamentaler Bedeutung für die
heterogene Katalyse: Mit den strukturellen Voraussetzungen, welche notwendig sind,
damit Oberflächen Reaktanten aktivieren können; mit der räumlichen Integration solcher
Strukturen bis zur Reaktorebene; und mit den analytischen Methoden, um die ersten
beiden Punkte unter Reaktionsbedingungen zu untersuchen. Auf der Grundlage dieser
Arbeit können verschiedene Schlussfolgerungen von allgemeiner Wichtigkeit gezogen
werden.
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Chapter 1:
Introduction
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Chapter 1

1.1 Heterogeneous catalysis
Chemical reactions proceed with a certain reaction rate, defined as the derivative of the
concentration of a substance with respect to time. This reaction rate is a function of the
potential energy landscape of the reaction and the temperature. The path from reactant
to product contains multiple transition states, typically of higher potential energy than the
reactant and product states. The energy required to reach these transition states limits
the rate of the reaction, as described by the Arrhenius equation:

− EA

k = A * e RT

(1.1)

With the rate constant k, pre-exponential factor A, activation energy EA, the gas constant
R, and temperature T. This equation shows that, all other things being equal, the reaction
rate increases exponentially with rising temperature. The goal of catalysis is achieving a
higher reaction rate by providing an alternative reaction mechanism with a lower energy
barrier. This is achieved by the addition of a substance, the catalyst, which interacts with
the reactant in a way that facilitates the reaction without being consumed itself in the
overall reaction. The catalyst completes a catalytic cycle, which leaves it in its original
state when the product desorbs. These properties make catalysts inherently attractive for
production on large scales. The lowered energy barriers either permit achieving a greater
space-time yield (amount of product produced in a reactor of a given size per unit time) or
running the reaction at a lower temperature, which, in addition to reducing the amount of
energy required for heating, may have benefits for selectivity and equilibrium conversion.
Catalysts only influence the kinetics of a chemical reaction, never its equilibrium
concentration. Changes in selectivity can thus be achieved under kinetically controlled
conditions.
The field of catalysis is typically split into three major subfields: homogeneous,
heterogeneous, and enzyme catalysis. A homogeneous catalyst is contained in the same
phase as the reactants, whereas a heterogeneous catalyst is contained in a different
phase, typically the solid phase with liquid and/or gaseous reactants and products.
Enzymes are large biomolecules that catalyze processes in living beings as well as in
16
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some technological applications such as fermentation. While enzyme catalysis could be
performed in a homogeneous or heterogeneous manner, the drastically different structure
of these catalysts leads to enzyme catalysis being considered its own subfield. All types
of catalysis have their areas of application, according to the process parameters and the
properties of the catalysts employed. The key advantages of heterogeneous catalysts are
easy separation from the product and the ability of the catalysts to withstand high
temperatures, making heterogeneous catalysis the only practical option for processes
requiring more than 200 °C. These features are the reason for the great relevance of
heterogeneous catalysis to the chemical industry, in particular for refining and commodity
products. An additional application for catalysis is chemical energy storage, where the
lowered reaction barriers increases the efficiency of energy recovery.

1.2 Catalyst development
The tremendous relevance of heterogeneous catalysis provides the incentive for
continuing development of catalysts towards greater activity, selectivity, and lifetime.
There are two approaches to the development of heterogeneous catalysts: a trial- and
error-based approach, where a large number of catalyst samples is tested to find the
optimum properties, and rational catalyst development, which aims to understand the
mechanistic reasons for catalytic structure and activity and to optimize the catalyst based
on these results [1]. A famous example is the development of ammonia synthesis catalysts
in the early 20th century. While this is typically seen as an example for a large scale, trialand error-based approach, the account by Mittasch shows that the researchers were
indeed formulating and testing theories on the desirable properties for ammonia synthesis
catalysts, making their approach a mix of both strategies [2]. Understanding the structure,
mechanism and performance is essential for the operation of a process at the industrial
level. Practical problems such as sudden changes in performance or the use of new feeds
can only be handled with a rational understanding of the catalytic reaction.
A rational approach to the design of catalysts requires an understanding of catalyst
structure at the relevant scale, which, for a mechanistic understanding of a catalytic
reaction, is the atomic one. Since the surface structures of solids can be extremely
complicated, Langmuir suggested using plane surfaces of crystalline solids [3]. This
17
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approach could be realized with the development of ultra high vacuum (UHV) techniques
in the 1960s and has been extremely successful in providing fundamental insight into
reactions at surfaces [4]. However, these approaches were found to be limited for
reactions that do not show significant activities in low pressure regimes, such as methane
activation [5], and are also inadequate for systems with a strong particle size dependence,
which is in particular well-documented for gold [6]. Studies on extended single crystal
planes of metals also cannot contribute to understanding the effect of support materials,
which are often dominant in heterogeneous catalysis. These phenomena, collectively
referred to as the pressure gap and the materials gap, respectively, necessitated the
development of methods for observing heterogeneous catalysts under more realistic
reaction conditions, i.e. in situ.
These types of investigations are challenging, because a reactor design and a
spectroscopic method must be found that are compatible with each other and the reaction
taking place [7]. In addition, it is desirable to be sensitive to the surface rather than the
bulk of materials and to measure with great time resolution and a large signal-to-noise
ratio. An additional desirable feature is the combination of the spectroscopic measurement
of the catalysts structure with a simultaneous determination of activity, typically by on-line
mass spectrometry or gas chromatography. Such studies, called operando, are extremely
valuable, since they enable insight into structure-activity relationships [8].

Fig. 1.1: Schematic representation of the problem of sensitivity in spectroscopic
experiments: (i) illustrates a typical experimental result which is neither selective nor
sensitive. (ii) is sensitive but not selective, and (iii) is both [9]. Reprinted from Chemical
Engineering Science, 63 (20), A. Urakawa, T. Bürgi, A. Baiker, Sensitivity enhancement
18
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and dynamic behavior analysis by modulation excitation spectroscopy: Principle and
application in heterogeneous catalysis”, 4902-4909, Copyright (2008), with permission
from Elsevier.
While these methods deliver valuable insight into catalyst structure under reaction
conditions, one must ensure that what is measured is in fact relevant to the reaction. Two
key problems need to be dealt with in operando spectroscopy, the spectator problem and
the problem of gradients.
The former, illustrated in Figure 1, refers to the notion that the most active species in
catalysis is typically not the most abundant one. This idea is routed in active site theory,
which implies that a small part of the catalyst surface contributes most of the catalytic
activity, because it has a specific configuration of atoms that is particularly suitable to
catalyzing the reaction in question. This view of catalysis at surfaces was first proposed
by Taylor [10] to account for observations, such as the dramatic effect of small amounts
of catalyst poisons on activity and large losses in catalytic activity resulting from heat
treatment that did not significantly alter the observable structure. Since a spectroscopic
experiment is typically most sensitive to the species with the greatest concentration, an
operando experiment does not necessarily detect the active species. Spectators may
dominate the spectral signals. The active sites are performing catalytic cycles and
therefore continually changing their adsorbate coverage. This cycling needs to be
detected and the structural requirements for activity need to be detected in the presence
of a large amount of relatively stable, long-lived spectators. An approach for circumventing
this issue is the use of transient methods, i.e. approaches that aim at investigating the
catalyst under non-steady-state conditions. This approach is based on the idea that an
active site does the turnover and thus adapts to the new condition faster than a spectator.
It also helps to tackle the kinetic identifiability problem in steady state kinetics, i.e. the fact
that one set of observed reaction kinetics can be produced by various underlying
mechanisms [11]. Experimentally, transient spectroscopy is performed by exposing a
catalytic system to a well-defined change in a system parameter, while observing the
catalyst spectroscopically. The key difficulty in this approach is producing a well defined,
reproducible change in conditions that is on a time scale that makes it relevant to the
catalytic reaction, but also detectable by the spectroscopic method used. The excitation
19
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needs to be strong enough to lead to detectable changes in the system, but also not so
strong as to change the underlying mechanism of the catalytic system.
The type of transient experiment is defined by three characteristics: the type of change
induced to produce a response (e.g. temperature, pressure, and concentration), the shape
of the perturbation (e.g. stepwise and sinusoidal) and the method used to detect the
changes (e.g. infrared and x-ray absorption spectroscopy, x-ray diffraction, in situ TEM).
All of these must suit the problem under investigation and the desired time resolution. The
notion of investigating chemical reactions by perturbation from a steady state is not
restricted to catalysis, but was originally developed to investigate the kinetics of fast
reactions in the liquid phase [12]. The overall principles are also related to the field of
signal processing: an input signal interacts with a system and produces an output signal.
From the difference of the two signals (in shape, intensity and delay), properties of the
system can be derived.
The problem of gradients results from the fact that catalyst state and activity are functions
of the gas phase environment to which a catalyst is exposed. In a plug-flow reactor,
conversion occurs along the direction of flow and therefore different parts of the catalyst
bed are exposed to different concentrations of reactants, intermediates, and products.
The typical approach to dealing with such gradients in measuring reaction kinetics is the
use of differential conditions, i.e. keeping the one-pass conversion through the reactor low.
One can still investigate high conversion situations by co-feeding product species along
with reactants. This approach is useful for kinetic investigations and operando
experiments, since it removes the dependence on position along the reactor axis. It is
however fundamentally incompatible with transient experiments using concentration
switches, since these automatically induce a concentration gradient through the switch.
The effects of this gradient must therefore be accounted for in another way, e.g. by
tracking the shape of the switch through measurement and simulation. The differential
approach is also unsuitable for reactions that show ignition, where small differences in the
gas phase concentration lead to changes in catalysts structure and thus activity. Under
these conditions, hysteresis effects make the structure and activity of the catalyst
dependent on the history of the reactor. The ignition process must therefore be studied
directly, which cannot be done under differential conditions.
20
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At least three different timescales are relevant in a transient spectroscopic experiment on
a heterogeneous catalyst: that of the reaction, of the spectroscopic method, and the
transient input. To investigate a process, the probing method needs to be at least as fast
as the process itself. In the case of heterogeneous catalysis, that means that the transient
excitation should be much faster than the macrokinetics of the catalytic process, which in
turn must be detectable by the spectroscopic method.
Transient methods are conceptually and experimentally related to modulation excitation
approaches, in which a periodic variation is applied to the system to enhance the signal
produced by those spectroscopic features which respond to the excitation applied to the
system [9]. This method has been successfully applied to a variety of spectroscopic
methods, including infrared [13] and x-ray absorption [14, 15]. The difference between
modulation excitation and transient approaches lies in the goal of the measurement and
the data analysis. Modulation excitation aims at finding the structural features that undergo
changes, whereas transient experimentation investigates the kinetics of that change. The
approaches are therefore complementary.

1.3 X-ray absorption methods
X-ray based methods are attractive for operando studies of catalysts [16, 17], because
hard x-rays enable the use of a variety of window- and reactor materials consisting of
lighter elements, in particular high performance polymers such as PEEK [18], and quartz
glass. These methods require synchrotron x-ray sources to provide high energy, high
intensity x-ray beams with tunable wavelength.
X-ray absorption spectroscopy (XAS) measures the transition from a low-lying core state
of an atom into or above the valence band. This transition can occur when the photon
energy matches the energy difference between the energy levels involved, leading to a
sudden jump in the absorption recorded experimentally, the so-called absorption edge.
There is an additional fine structure around the edge, typically separated into extended xray absorption fine structure (EXAFS) and x-ray absorption near-edge spectroscopy
(XANES). The transition between the two phenomena is not clearly delineated, but
typically EXAFS is thought to be the part of the fine structure further from the edge and is
governed by single scattering, whereas XANES is the result of multiple scattering. As a
21

Chapter 1

result, EXAFS is easier to understand and analyze based on theory. EXAFS gives
information on the coordination number and distance of the neighboring atoms around the
absorber atom, however it requires elaborate fitting to obtain the information. XANES is
often used as a fingerprinting method, revealing information on oxidation state, geometry
and bonded species, such as adsorbates on the surface. XANES can be acquired in short
measurement times (due to the small energy range required), making it suitable for
transient experiments requiring high time resolution.

Fig. 1.2: XANES and EXAFS regions around the Pt L3 absorption edge measured on
platinum nanoparticles supported on aluminum oxide (figure adapted from [16]).
In addition to techniques based on the absorption of the x-ray photon, it is also possible
to study the follow-up processes that result from the formation of the energetic core hole.
Of particular interest to the in situ investigation of catalysts are again the processes
producing photons rather than electrons, i.e. x-ray emission. The emitted photons can be
used to detect the x-ray absorption or they can be detected in an energy-resolved matter
to give additional information on the electronic state of the catalyst under investigation.
Absorption techniques measure the transition from a core level (with an energy level that
22

Introduction

is essentially independent of the chemical state) to the unoccupied part of the d-band and
therefore give information on the empty density of states. Emission necessarily is the
transition from an occupied state to a core level, and therefore gives information on the
filled density of states. Absorption and emission measurements can be combined to give
more detailed information on the electronic structure in a method known as resonant
inelastic x-ray scattering (RIXS) [19, 20].

Fig. 1.3: Schematic overview of the RIXS process on platinum. The initial state (a) is
excited by an incident x-ray photon of suitable energy (in this case, at the Pt L3 edge). An
electron is transferred from a 2p core state to the 5d valence band. In a concerted process,
the core state is refilled by the transfer of an electron from a higher lying occupied state
(in this case the 3d state, an Lα1 transition) with the emission of a photon, the fluorescence
radiation.
The resulting data, the RIXS plane, can either be used directly to assign the structure of
the catalyst, or it can be used to derive both emission and adsorption spectra, which are
somewhat easier to interpret individually [21]. The appeal of RIXS as a spectroscopic
method lies in the fact that it gives a more complete view of the electronic structure of the
material under investigation, potentially distinguishing between species that have very
similar spectra in conventional XAS, e.g. platinum particles with adsorbed carbon
monoxide and platinum particles with adsorbed hydrogen [22]. However, the requirement
to measure emission spectra at a large number of incident energies across the absorption
edge makes the recording of a full RIXS plane time-consuming.
23
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1.4 Infrared spectroscopy
X-ray absorption methods are highly suitable to investigate the structure of metal particles
involved in catalytic reactions, since the x-rays used to excite the core-to-valence
transitions are of sufficiently high energy to penetrate the walls of typical reaction cells.
For the atoms in the reactant molecules (mostly carbon, oxygen, nitrogen and hydrogen),
all absorption edges occur below 1000 eV, making them almost inaccessible in typical
catalytic conditions. Investigating the reactants and other adsorbates on the surface
therefore requires a complementary technique. Infrared spectroscopy, using excitations
of the rotational and vibrational energy levels of molecules, is highly suitable. It can be
performed under reaction conditions, provided a suitable window material is used in the
reactor, and the observed frequencies are characteristic for functional groups in molecules.
It can even provide insight into the state of the surface through backbonding interactions
affecting the vibrational frequencies of the adsorbed molecule. The infrared region of the
electromagnetic spectrum is typically divided into the far infrared (4 – 400 cm-1), the mid
infrared (400 – 4000 cm-1), and the near infared (4000 – 14000 cm-1) [23]. Mid-infrared is
the region that contains the characteristic bands of adsorbates in heterogeneous catalysis,
and is therefore the technique applied in this work.

1.5 Carbon monoxide oxidation
The oxidation of carbon monoxide to carbon dioxide is one of the most-studied reactions
in heterogeneous catalysis, with reports going back over one hundred years [24]. The
investigations are motivated by a variety of reasons, from fundamental studies in
heterogeneous catalysis [25] to environmental applications, such as automotive exhaust
treatment [26] and the purification of hydrogen derived from the reforming of fossil fuels.
The latter application has become increasingly important with the development of
hydrogen fuel cells, which require feedstocks of extraordinary purity, since carbon
monoxide acts as a poison of the fuel cell catalyst [27]. The reaction can be performed on
a variety of metals and metal oxides, with platinum a widely used option.
The carbon monoxide oxidation over metals is described by Langmuir-Hinshelwood
kinetics; these assume that both reactants need to adsorb on the surface and react there,
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before the product can desorb, completing the reaction [25]. In the case of this specific
reaction, carbon monoxide bonds to the catalyst surface more strongly at low temperature,
leading to a surface that is mostly covered by it. There is therefore a lack of available sites
for the activation of oxygen, leading to a negative reaction order in carbon monoxide and
a positive reaction order in oxygen. The reaction is said to be reactant poisoned.
Desorption of a carbon monoxide molecule is needed before oxygen can be activated.
With increasing temperature, the adsorption equilibrium of carbon monoxide shifts
towards favoring the desorbed state, increasing the amount of sites available for oxygen
adsorption. The ensuing removal of carbon monoxide by reaction with chemisorbed
oxygen creates even more free surface and triggers ever faster reaction. This
phenomenon is known as light-off. While kinetics and mechanism of carbon monoxide
oxidation are relatively well understood in the low-temperature regime through the
Langmuir-Hinshelwood framework, the nature of the active species after, and in particular
during light-off remains controversial. The nature of the metal-oxygen species that
oxidizes the carbon monoxide – specifically, whether it is chemisorbed oxygen or a
surface oxide – and the question whether activity is greater during or after light-off is the
subject of intense debate [28, 29].

1.6 The water-gas shift reaction
The reaction of carbon monoxide with water to form carbon dioxide and hydrogen (1.2) is
known as the water-gas shift reaction. Its technological importance arises from its use in
the production of hydrogen from hydrocarbons [30].


→CO2 + H2
CO + H2O ←


(1.2)

Methane (and other hydrocarbons) are reacted with steam over catalysts at high
temperature to produce synthesis gas, a mixture of hydrogen and carbon monoxide:


→ CO + 3H2
CH 4 + H2O ←
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For purification purposes (since it is much easier to remove carbon dioxide from gas
streams compared to carbon monoxide) and to increase the amount of hydrogen
produced per methane molecule, the water-gas shift reaction is used. Since water-gas
shift is an exothermic equilibrium reaction, decreasing temperature favors the forward
reaction [31]. To achieve reasonable rates at these temperatures, catalysts are needed.
It follows that more active catalysts permit running the reaction at even lower temperatures,
resulting in the greater amount of hydrogen produced. While industrial catalysts for this
reaction are mostly based on iron (for high temperature shift) and copper (for lowtemperature shift) [32], gold and platinum have been investigated for their ability to
catalyze the reaction at even lower temperatures. Mobile applications in particular would
justify the higher prize of such catalysts, if they reduce the required amount of catalyst.
Much of the debate on noble metal catalysts for the WGS reaction focuses on the nature
of the active metal species. Since it was discovered that leaching (i.e. the process of
removing metallic metal from the support by a treatment with cyanide solution) could lead
to systems with high activity, it has been proposed that cationic metal atoms are the active
site for WGS [33]. Similar types of catalysts are active on a variety of supports and doped
materials [34-36]. On the other hand, studies on metallic platinum particles concluded
from the size dependence of activity that corner atoms of particles are crucial for activity
[37]. Reduced platinum was also found to be the dominant species under reaction
conditions for systems containing platinum particles with and without alkali dopants [38,
39].
The water-gas shift reaction is a relatively complex reaction containing two reactants and
two products in equilibrium. The catalyst must provide adsorption sites for both water and
carbon monoxide, sites for the two reactants to interact, and a suitable site for the
formation and desorption of dihydrogen. It is therefore possible that different types of
catalysts follow different mechanisms at the molecular level.
Separate studies on these types of catalysts are difficult to compare. Kinetic data is best
evaluated as a turnover frequency [40], which is not easily determined for highly dispersed
systems, and depends on assumptions made for the nature of the active site. An additional
difficulty arises from the related but distinct properties of dispersion and particle size.
Single atoms of noble metals on oxide supports are typically oxidic, but not all oxidic
catalysts are single atoms. All the factors listed above make the water-gas shift reaction
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over platinum catalysts a reaction requiring study by a combination of methods and
approaches to unravel the contributions of all possible sites to the overall reactivity.

1.7 Scope of the thesis
The aim of this thesis is to develop and use transient spectroscopic methods to unravel
the structure of active phases and sites in platinum-based catalysts. Chapter 1 provides
an introduction to heterogeneous catalysis and the approaches employed to gain a
mechanistic understanding of the catalysts. Chapter 2 contains detailed descriptions of
the experimental and data analysis methods used in this thesis, with a focus on the
underlying principles as well as scopes and limitations.
Chapter 3 describes the investigations into carbon monoxide oxidation over a platinum
catalyst. A relatively straightforward switching experiment revealed the presence of an
intermediate species, the spectrum of which could be isolated. Based on the time-resolved
XAS data, a model of the reactor was set up, giving a space- and time-resolved view of
the catalyst bed under reaction conditions. A new reactor design that exploits the
information gained on the spatial distribution of catalytic activity is proposed and tested,
showing significant improvement in activity.
Testing the proposed model for the spatial distribution of platinum species through the
reactor in carbon monoxide oxidation is the focus of chapter 4. The spatially resolved xray absorption experiment and the required data analysis are described and the measured
distribution of platinum species is compared to the reactor simulation.
Chapter 5 focuses on the activation of oxygen by platinum catalysts, following the
oxidation state of platinum with quick EXAFS measurements of extraordinary time
resolution. The data reveal a strong effect of pretreatment conditions on the kinetics and
observed structures, which can be explained by a two-step mechanism taking into account
coverage-dependent adsorption.
A long-standing question in heterogeneous catalysis, the identity of the active species in
water-gas shift catalysis over platinum, is investigated in chapter 6 by RIXS and DRIFTS.
It was found that cationic platinum can exist under reaction conditions and does contribute
to water-gas shift activity.
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Chapter 7 focuses on the potential of isotopic frequency response for heterogeneous
catalysis. It combines the minimal perturbation of the system typical for isotopic
investigations with the power of frequency response to discover small concentrations of
sites with different reactivity. It is demonstrated theoretically that this method is able to
provide equivalent information to isotopic step methods (while retaining the advantage of
resolution). Considerations regarding data analysis are tested on simulated data.
The overall conclusions are presented in chapter 8, including suggestions for future
applications of transient spectroscopy in heterogeneous catalysis and suggestions for
further development based on the results in this thesis.
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2.1 Catalyst preparation
The consistent and precise preparation of heterogeneous catalysts is crucial for
obtaining reproducible results in kinetic and spectroscopic experiments. Supported
platinum catalysts for heterogeneous catalysis are generally prepared by impregnation
methods, using a platinum precursor, such as hexachloroplatinic acid (H2PtCl6) and
tetraamineplatinum(II) nitrate (Pt(NH3)4(NO3)2. The catalyst used for the platinum
oxidation experiment (Chapter 5) was prepared by a wet impregnation method [41].
Platinum was deposited on commercial γ-Al2O3 support (Sasol Puralox) by wet
impregnation using an aqueous solution of H2PtCl6 solution (Fluka), followed by drying
at 120ºC overnight and calcination at 500 °C for 2h. This procedure resulted in a
platinum loading of 1.3 wt% determined by ICP OES.
A particular variation of impregnation methods is the incipient wetness impregnation,
which uses a volume of the precursor solution calculated to correspond exactly to the
pore volume of the support material. This has the advantage of ensuring an even
distribution of the precursor solution throughout the pore network of the catalyst, which
in turn leads to an even distribution of the metal, and thus a fairly homogeneous particle
size distribution. The catalyst is then dried, calcined and reduced with hydrogen to form
the platinum nanoparticles.
The Pt/Al2O3 catalyst for the x-ray absorption experiment in chapter 3 was prepared by
incipient wetness impregnation of tetra amine platinum nitrate on aluminum oxide
powder to give a metal loading of 1.9 wt% [42]. The catalyst was subsequently dried
at 398 K overnight and at 498 K for three hours. The sample was then reduced in
hydrogen (100 mL/min) at 523 K to give platinum nanoparticles supported on alumina.
Transmission electron microscopy confirmed that the platinum particles had a narrow
size distribution with an average particle size of 0.9 nm [43]. The material used for the
x-ray absorption experiments described in Chapter 3 was produced in the same batch
as that in reference [44].
The catalyst for the T-reactor tests in chapter 3 as well as the space-resolved XAS
experiment in chapter 4 was synthesized by incipient wetness impregnation. 20 mg of
tetra amine platinum nitrate (Aldrich) were dissolved in 1.85 mL deionized water. The
resulting solution was added dropwise to 2 g of aluminum oxide with constant mixing
for a nominal metal loading of 1 wt%. The resulting mixture was calcined under air at
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500 °C for 5 h, then reduced in a flow of 100 mL/min of 5% H2/He for 2 h at 250 °C.
The resulting particles had a mean particle size of 1.9 nm determined by TEM.
The platinum catalysts used in chapter 6 were provided by the groups of Professor
Flytzani-Stephanopoulos (for the sodium-doped samples) and Professor Ribeiro (for
the non-doped samples), respectively. The synthesis methods are reported in the
literature, however we repeat the key points here. The Pt/Al2O3 catalyst was
synthesized by atomic layer deposition. The commercially available alumina support
(BASF) was exposed to MeCpPtMe3 vapor at 100 °C in a plug-flow reactor, followed
by a nitrogen purge, oxidation with 20% oxygen at 300 °C and another nitrogen
purge. One cycle of this process led to the formation of particles with an average
diameter of 1.5 nm and a loading of 2.5 wt% [45]. The Pt/CeO2 was prepared by
incipient wetness impregnation of diammineplatinum(II) nitrite on cerium oxide
followed by draying at room 120 °C and calcination at 500 °C [46]. The sample had a
platinum loading of 0.41 wt% and a particle size of 2.7 nm estimated by EXAFS.
Sodium doped samples were prepared by incipient wetness impregnation of
diammineplatinum(II) nitrate and sodium hydroxide (1:10 sodium to platinum ratio) on
the supports followed by vacuum drying and calcination at 400 °C for four hours in
static air. This procedure produced particles with a platinum loading of 0.5 wt% and
no detectable particles [36].

2.2 Kinetic testing
2.2.1 Catalytic reaction setup
Executing a successful kinetic or in situ spectroscopic experiment in heterogeneous
catalysis requires control of the temperature and gas environment of the sample.
Figure 2.1 shows the typical setup used for this purpose in the water-gas shift reaction.
The same setup can be used for carbon monoxide oxidation with minimal modifications.
The gases are introduced from the gas bottles via pressure reducers and mass flow
controllers (Bronkhorst EL flow series), which can be remotely controlled through
commercial software (Bronkhorst Flow DDE and Flow View) from the computer. Water
vapor is provided through the use of a saturator at room temperature and atmospheric
pressure. The desired gas mixture is then flowed through the reactor, a quartz capillary
that contains the catalyst under investigation held in place by quartz wool plugs [47].
This capillary operates as a plug flow reactor. The capillary can be heated through the
31

Chapter 2

use of an electric heat blower. After the reactor, most of the gas is vented to the exhaust,
while a small part is deviated into the mass spectrometer for analysis of the gas
composition.

Fig. 2.2: Catalytic setup configured for the water-gas shift reaction. Thick lines
represent gas lines, thin lines electrical connections.
The T-shaped reactor bed used in chapter 3 was created in a similar way, by filling a
stainless steel swagelock T-piece with catalyst powder and keeping it in position with
quartz wool plugs. The catalyst was exposed to a flow of 1 mL/min carbon monoxide,
0.5 mL/min oxygen, and 18.5 mL/min helium (the helium flow was added to the
branches in such a way that each branch had a total flow of 10 mL/min). The reactor
was heated through the use of a heat blower. The temperature was calibrated after the
measurement, by positioning a thermocouple at the place of the sample in the reactor
bed. Switching experiments were carried out at a reactor temperature of 225 °C.
A major concern for all experimental setups using carbon monoxide is the prevention
of accidental carbon monoxide poisoning. The measures used in this work were
exhaustive leak testing, the use of carbon monoxide detectors (wall-mounted as well
as hand held) and the connection of all exhaust lines to the ventilation system.
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2.2.2 Mass spectrometry and kinetic data analysis
Mass spectrometry is a widely used technique that is able to separate ions by their
mass-to-charge ratio, typically by the application of electric and magnetic fields to the
ions. The most common realization of this principle for applications in catalysis is the
quadrupole mass spectrometer, which uses four charged metal rods with oscillating
charges to induce the ions to move along complicated trajectories. These trajectories
can be calculated in such a way that only ions of specific mass-to-charge ratios pass
the quadrupole and all others are ejected. Quadrupole mass spectrometers are
popular for catalysis since they are relatively small and cheap. In addition, they offer
good enough mass resolution and fairly good time resolution (seconds or hundreds of
milliseconds range for 3-10 isotopes), making them suitable for kinetic investigations.
The use of mass spectrometry for kinetics hinges on the assumption that the intensity
measured by the mass spectrometer is proportional to the concentration of the analyte
in the feed, which is typically valid, presuming one corrects for non-steady backgrounds
and potential drifts. One important factor is the presence of fragment ions; molecular
ions in a mass spectrometer decay into smaller fragments, which are also detected by
the mass spectrometer and can affect the detection of other masses. A key
fragmentation process for carbon monoxide oxidation and water-gas shift is the
production of a carbon monoxide fragment (mass 28) from carbon dioxide (mass 44).
This leads to additional signal intensity for carbon monoxide even if it is converted to
carbon dioxide, which needs to be corrected for or avoided by using another ion (e.g.
carbon dioxide) for the determination of conversion.
All kinetic experiments in this work were performed in reactors that can be
approximated as plug-flow reactors (vide supra). For the evaluation of data from a plugflow reactor, one has to make a choice whether to evaluate the kinetics for a differential
reactor or an integral reactor. The integral reactor model uses the comparison of the
measured concentration with the integrated rate law and is therefore somewhat more
complicated, whereas the differential reactor model assumes that gradients throughout
the reactor are small and conversion is essentially constant throughout the reactor.
This mode of evaluation is mathematically simpler and valid as long as conversion is
small through the reactor (less than 10%). Differential conditions are in principle
preferable for in situ spectroscopic experiments, since they reduce the impact of the
position of the measurement on the result and high conversion situations can still be
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observed by co-feeding product gases. However, differential conditions are
incompatible with transient experiments, especially concentration switches, since
these induce gradients during the measurement. These experiments need to be
evaluated by more detailed methods, e.g. reactor simulations (vide infra). Differential
conditions are not suitable to investigate situations where changes in the gas
composition cause structural changes and changes in performance. For steady state
experiments, the differential approximation was used, where the reaction rate is given
as:
.
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With reaction rate r, space velocityV , reactor volume V, concentrations c, conversion
X and residence time τ. For first order reactions, the rate constant is then given by the
relation
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XAcA,in
τ

= kcA,out

(2.2)

With rate constant k [48]. In catalysis, the rate of interest is not the overall reaction rate
in the system, but rather the specific reaction rate of the catalyst. Dependent on the
target of research, the rate may therefore be expressed as a rate per gram of catalyst
or per gram of adsorbed metal. For fundamental catalysis research, the preferred
expression is the turnover frequency (TOF), which is given by

TOF =

rA
N

(2.3)

With N the number of active sites present in the reactor during the measurement [40].
This approach has the advantage of giving the intrinsic activity of the catalyst rather
than a measure of the number of available sites. The difficulty of the approach lies in
the fact that the active site of a catalyst is typically unknown, and N therefore needs to
be estimated. A typical estimate is the total number of surface atoms.

2.3 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is generally separated into x-ray absorption near
edge spectroscopy (XANES) and extended x-ray absorption fine structure (EXAFS).
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Since the underlying considerations and experimental procedures are similar, they will
be described together.
The physical mechanism underlying XAS is the absorption of an x-ray photon by an
atom. For this to occur, the electronic structure of the absorber atom must provide for
a suitable transition, i.e. one that requires the amount of energy corresponding to that
x-ray photon. This leads to the excellent element selectivity of XAS, since the
absorption edges of the elements are generally well separated.
The transition probability τ-1 for a given photon flux can be written as


  2 
1
1
h
= ∑ f eε * r i δ Ei +
ω − E f 


τ h
2π

(2.4)

With i and f the initial and final state wave functions, Ei and Ef their corresponding
energies, and ε the field polarization vector and r the coordinate vector of the electron
[49], a relationship commonly known as Fermi’s golden rule and first derived by Dirac
[50]. The transition probability is directly related to the absorption coefficient. The final
state consists of the original system with a core hole and the outgoing photoelectron
wave. This photoelectron wave is scattered by the surrounding atoms and interferes
with itself. The resulting interference pattern is dependent on the distance of the
scatterers and the wavelength of the outgoing photoelectron wave, which is in turn
dependent on the energy of the x-ray photon. The result of that is an energy-dependent
modification of the absorption coefficient that contains information about the
environment of the absorbing atom. How easily that information is extracted from the
spectral data depends on the region of the spectrum under investigation. Near the
edge, multiple scattering processes dominate, which makes theoretical analysis
complicated, but possible. In the single scattering region, the effect can be described
as a sum of attenuated sinusoidals, leading to the expression

χ (k ) = −kf (k ) ∑ j N j exp (−γrj ) / rj 2  exp −σ j 2k 2 / 2 sin 2krj + 2ϕ (k )





(

)

(2.5)
With the photoelectron wave vector k, electron scattering factor f(k), rj the radial
distance of the jth scatterer from the absorber atom, Nj the number of atoms at that
distance, η the phase shift and exp(-γrj) a photoelectron scattering range term [51].
This equation can be Fourier transformed to
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This result is crucial for EXAFS, since it provides a relationship between the Fourier
transform of the fine structure and the radial distribution function, i.e. the distribution of
neighboring atoms around the average absorber atom. This formulation of the EXAFS
equation is not quite the same as the one used in fitting, which will be discussed in the
corresponding section (vide infra).
2.3.1 Experimental details
XAS for structural analysis (as opposed to XAS for the determination of the
concentration of known compounds) requires the determination of the absorption
coefficient of a substance as a function of the incident energy. This measurement is
performed by hitting a sample with a monochromatized x-ray beam and measuring the
intensity before and after the x-rays interacted with the sample. X-ray absorption
spectroscopy has been used since the early 20th century [52], but the application of
hard x-rays to practical problems such as heterogeneous catalysis requires finely
tunable, high intensity x-rays. These can be provided by synchrotron sources, which
produce electromagnetic radiation by accelerating electrons to extremely high
velocities and then maintaining them on a circular trajectory through the storage ring
of the synchrotron facility. Since charged particles emit electromagnetic radiation upon
acceleration, the electrons can be forced to deviate from their path to produce highenergy radiation. The technical details of this process are beyond the scope of this
thesis [53]. Various other optical operations are performed to collimate the beam and
produce the desired spot size. The radiation is also monochromatized using double
crystal monochromators [54]. For a typical x-ray absorption experiment, the radiation
is then sent to a first ion chamber, to measure the incoming beam intensity and then
to the sample. The transmitted intensity is then measured in a second ion chamber. A
variation of this measurement scheme is the use of fluorescence detection, where the
x-ray photons emitted by the sample are detected (a sub-group of which is the RIXS
measurement, using energy-resolved detection).
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Fig. 2.2: Typical spectroscopic setup for transmission XAS and RIXS. Arrows indicate
the path of the x-rays in the experimental setup. In the XAS experiment, the intensities
of the first and second ion chamber and second and third ion chamber, respectively
are used to calculate the absorption of sample and reference. In the RIXS experiment,
fluorescent x-rays impinge on the bent crystal analyzer and are reflected onto the pixel
detector with the position depending on the energy of the x-rays.
Figure 2.2 shows a schematic view of transmission XAS and RIXS experiments as
performed in this thesis. In either case, the monochromatic x-ray radiation produced
by the monochromator passes through a first ion chamber to characterize the intensity
of the incoming beam and then interacts with the sample, in our case catalyst powder
in a capillary reactor. In the transmission XAS experiment, the beam then passes
through a second ion chamber, a reference foil, and the third ion chamber. The
absorption can then be calculated from the measured intensities in the ion chamber,
the relative intensity of first and second ion chamber giving the absorption by the
sample, and the relative intensity of second and third ion chamber giving the absorption
of the sample. The simultaneous measurement of the reference material is
advantageous since it permits alignment of each spectrum to the known energy of the
absorption edge of the reference.
In the RIXS experiment, the fluorescent x-rays must be detected in an energy-resolved
manner. The approach chosen in this work is the use of a van Hamos type
spectrometer [55] as described by Szlachetko et al. [21] In short, the x-rays emitted by
the sample hit a bent-crystal analyzer (in this case a germanium crystal). The x-rays
are reflected at different angles according to their energies, making it possible to record
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the emission spectrum in a single shot on a space-resolved detector. By varying the
energy of the incoming beam, a full RIXS plane can thus be recorded, containing the
information obtained by both XAS and XES experiments
For the x-ray absorption experiment in chapter 3, twenty-two milligrams of the catalyst
were loaded into an X-ray absorption cell with plug flow geometry [56]. The catalyst
was reduced in a flow of 4% hydrogen in helium at 200 °C. The switch was carried out
by passing 27.3 mL/min of 10% carbon monoxide in helium through the cell at 245 °C,
and then adding an additional flow of 2.7 mL/min oxygen to give a 1:1 ratio of carbon
monoxide to oxygen. The reactor was then run at a space velocity of 25 s-1, ensuring
that the time scale of the switch is much faster than the measurement. QEXAFS data
were recorded at the SuperXAS (X10DA) beam line of the Swiss Light Source in
Villigen, Switzerland [57]. The polychromatic radiation was monochromatized with a
channel cut Si(111) crystal in the QEXAFS monochromator. The spectra were
recorded in transmission geometry, using ion chambers for detection, with a reference
platinum foil mounted after the sample for absolute energy calibration. Spectra were
measured in the middle of the catalyst bed, where it was previously shown that
oxidation and reduction occurred depending on the composition of the gas phase [44],
and with a spot size of 1,000x100 µm2 (H x V).

Fig. 2.3: Schematic of the experimental setup for the platinum oxidation experiment.
Monochromatized x-rays are provided by the ultrafast monochromator of the beam line.
The gas composition can be modified by switching fast solenoid valves and analysed
by the mass spectrometer.
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The data presented in chapter 5 were collected at the SuperXAS beamline at the Swiss
Light Source (Villigen, Switzerland) [57]. Approximately 15 mg of powder catalyst
(sieve 50-100 µm) was placed into a quartz capillary reactor (inner diameter 2.8 mm)
between two plugs of glass wool. The capillary reactor was heated by a hot air blower
and a K-type thermocouple (0.5 mm) was inserted at the beginning of the catalyst bed
to to continuously measure the sample temperature. The gas manifold consisted of
four mass flow controllers (Bronkhorst), and two solenoid valves permitted the rapid
switch of the gas feed to the capillary. The outlet of the cell was connected to a mass
spectrometer (Pfeiffer Vacuum OmniStar GSD 320) that was used to follow signals of
m/z 2 (H2), 4 (He), 32 (O2), and 40 (Ar).
QEXAFS (quick-scanning extended X-ray absorption fine structure) spectra [58-60]
were collected in transmission mode at the Pt L3-edge (11.564 eV) using a Si(111)
channel cut monochromator [61] (beam size of 200 µm × 200 µm) and ionization
chambers developed for quick data readout [62, 63]. Energy calibration was performed
using a platinum foil. The spectra were energy calibrated, background corrected and
normalized using JAQ Analyzes QEXAFS, a software developed in-house for
processing and analyzing time-resolved XAS data. Figure 2.3 shows a schematic
representation of the measurement setup, including the spectroscopic equipment and
the gas dosing system and reactor.
Prior to the measurement, a reference spectrum of the fresh sample was measured in
argon atmosphere in the middle of the catalyst bed, followed by reduction at 300ºC in
5 vol% hydrogen in argon (total flow 50 ml/min) for ca. 30 min until the EXAFS spectra
showed that the catalyst was fully reduced. Then the catalyst was cooled to room
temperature under argon atmosphere (total flow 20 ml/min). One reference spectrum
(1 Hz) was measured in argon at room temperature in the same bed position before
starting the QEXAFS acquisition (30 Hz) and switching the gas feed to 20 vol% oxygen
in helium (total flow 20 ml/min). Finally, the sample was reduced again and the
measurement was repeated by following the structural changes of the sample at the
beginning of the catalyst bed.
The in situ RIXS measurements in chapter 6 were carried out at the SuperXAS
beamline at the Swiss Light Source at PSI, Switzerland. The samples (ca. 20 mg) were
loaded into a capillary reactor, heated to 100 °C by a heat blower, and exposed to the
desired gases or gas mixture (schematically represented in Figure 1). Water-gas shift
experiments were carried out using a mixture of reactant and product gases in order
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to avoid large concentration gradients across the catalyst bed. The gas flows used for
the water-gas shift mixture were: 5 mL/min of 10% hydrogen in helium, 0.9 mL/min of
10 % carbon monoxide in helium, 0.07 mL/min carbon dioxide and 15 mL/min argon
flown through an evaporator at room temperature and atmospheric pressure for an
estimated 0.35 mL/min of water vapor. For flowing the individual gases, the balance to
20 mL/min was made up by helium. For carbon dioxide, 0.7 mL/min were used.
The RIXS planes were recorded using a von Hamos type spectrometer [21]. The
incident beam was monochromatized using a double Si(111) monochromator. The full
RIXS planes were obtained by scanning the energy of the incident beam across the Pt
L3 edge and recording the emission spectra on the Lα1 emission line on a pixel detector
through the use of a cylindrically bent germanium crystal. High resolution XAS spectra
were obtained from the RIXS planes by using the intensity at the maximum of the
recorded XES spectra. The catalysts (ca. 20 mg) were loaded into a quartz capillary,
heated to 100 °C with a heat blower, and exposed to the reactive gases.
2.3.2 Space-resolved XAS
Due to the presence of concentration gradients through a fixed-bed reactor, it is
desirable to measure catalyst structure as a function of position in the reactor. This can
be achieved by scanning a microfocused beam along the reactor, or by using a
detector that provides spatial resolution together with a widened x-ray beam. The latter
method, which is applied in chapter 4, is roughly analogous to optical microscopy, in
the sense that the sample is illuminated and the transmitted light is focused onto a
space-resolved detector, typically a CCD camera [64]. By varying the incident photon
energy, a XAS spectrum can be recorded for each pixel in the detector. This method,
widely used in biology, archaeology and materials science, has also found some
applications in heterogeneous catalysis[65].
In order to compensate for variations in beam intensity across the detector, background
images (i.e. without any sample in the beam path) are also measured. Since the
intensity distribution might also fluctuate in time, this is done at each energy step,
necessitating repeated movement of the sample stage.
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Fig. 2.4: Scheme of the setup for space resolved XAS experiments. The capillary
reactor is mounted on a movable sample stage including the heater. The gas supply is
controlled by thermal mass flow controllers. Exhaust gas composition is monitored by
mass spectrometry. Monochromatized high energy x-rays are provided by the beam
line optics. The images are recorded on the x-ray microscope in a transmission
configuration.

Spectra were recorded at the platinum L3 edge, using a setup previously described by
Nowack et al. [66]. The beam, as prepared by the beamline optics was of roughly
trapezoidal shape, 1 mm wide and 0.2 mm high.
The loaded sample holder was mounted on a movable sample stage with attached
heat blower (so that heating was consistent when moving between positions). During
the x-ray absorption experiment, at each energy step the sample holder was moved
into the beam and 16 images were recorded. Subsequently, the sample holder was
moved out of the beam, and another 16 images were recorded as a background. The
spectra were obtained by calculating absorbance in each individual point, integrating
over the whole image perpendicular to the direction of flow and then integrating in the
direction of flow to the desired spatial resolution.
For the operando measurements, the catalyst was exposed to a 1:1 mixture of oxygen
and carbon monoxide and heated to 265 °C (light-off temperature at 255 °C). For
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experiments at reduced oxygen flow, the catalyst was first heated above the light-off
temperature before reducing the oxygen flow. The exhaust gas composition was
monitored by a Hiden Analytical QGA mass spectrometer.
2.3.3 XANES Data analysis
Since path length through the medium and concentration of species in the sample
should remain constant in a catalytic experiment, the absorption is only determined by
the absorption coefficient χ, presuming the background is removed and the data are
properly normalized. The pre-edge background is removed by fitting a suitable function
(in this work, a first order polynomial was usually sufficient) to the data recorded below
the absorption edge and subtracting it from the entire data range. Similarly, the postedge background is fitted (here, usually with a second order polynomial), and the data
is normalized by dividing through the post-edge intensity at a given point (e.g. 50 eV
above the edge). Alternatively, the post-edge (or atomic) background can be removed
by subtracting and then dividing by the fitted background, giving the pure atomic
EXAFS signal.
Owing to the complicated multiple scattering processes that cause the shape of the
XANES, data analysis (compared to EXAFS) relies much less on the fitting of specific
scatterers, and more on visual inspection and the use of reference compounds.
Nevertheless, there are some mathematical techniques that can be applied to XANES
to obtain greater insight into the composition of the sample. The first of these is linear
combination fitting, a popular technique that tries to describe the spectrum of a mixture
of substances as a weighted sum of the spectra of its components. This is possible if
one assumes linearity, which is usually valid for XAS data. The criterion for the fit is
then:
n

I exp(E, t ) − ∑1 ci (t) * I i (E )

(2.7)

Where Iexp is the measured intensity at a given time and Energy, ci is the concentration
of a given species at a given time, and Ii is the intensity of that species at a given
energy value. This procedure provides multiple advantages: First, it offers considerable
data reduction. For a typical XANES case, consider an experimental measurement
with 100 spectra of 1000 energy points. If this data can be described by three reference
components, instead of the original 100000 data points one obtains similar information
in 3300 data points (3 spectra of 1000 data points and a 3x100 matrix for the
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concentration in each measurement). An additional and to this work even more
relevant advantage is the fact that the obtained concentrations are immediately useful
for kinetic analysis. Linear combination fitting therefore forms the basis of the kinetic
description of XAS data.
Nevertheless, there are some difficulties to be aware of when applying this technique.
Since the references and especially the number of references are chosen by the user,
great care must be taken when making this choice. In general, there is some
preliminary knowledge about the mechanism of the process under investigation, which
suggests some species to look for. A mathematical criterion is however still desirable,
since it offers an evaluation unbiased by expectation. One option is to look at the time
course of fitting residuals. Since the noise level in a single measurement should not
significantly change over time, any strong increase in the residual in a subset of spectra
suggests that the data is not well described in that region by the chosen components.
This essentially serves as a safeguard against underfitting the data and is most useful
at the exploratory stage of data analysis.
Another powerful method for investigating XANES datasets is principal component
analysis. The core idea behind principal component analysis is again data reduction.
In order to find a more compact description of the data, a matrix containing a set of
observations of multiple variables is transformed to produce a new matrix that
describes the data in terms of principal components replacing these original variables.
The principal components are constructed in a way that maximizes the amount of
variance in the data captured in the first few principal components, while making all of
them orthogonal to each other [67]. This procedure has the advantage of describing
most of the data with few components, especially for spectroscopic data, where
individual data points are typically highly correlated. It is important to note that a
principal component does not represent a single chemical species; since principal
components capture variance in the data, one can assume that the number of species
is at least one more than the number of relevant principal components. In addition,
species that are either spectroscopically indistinguishable or have similar
concentrations over time may be covered by a single principal component. A typical
example of this is equilibrium-limited coverage in heterogeneous catalysis: a reactant
will not cover the complete surface of a catalyst but do so to a degree given by the
ratio of the rates of adsorption and desorption at a given temperature. Thus the
measured spectrum of the catalyst under these conditions is a mixture of the spectrum
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of a fully covered surface and that of an empty surface. Nevertheless, it makes sense
to consider this as the covered surface, presuming coverage is close to full. In spite of
these limitations, PCA provides useful information on the possible number of species
in the experiment.
When the number of species involved in the experiment is two, further analysis is
relatively straightforward. Typically, it involves a direct transition from the initial to the
final state, and the spectra of these states are an automatic outcome of the experiment.
In situations with intermediate states however, one has to identify the spectrum of a
compound with unknown concentration. Under these circumstances, the spectral
analysis essentially becomes an optimization problem, and thus the extensive range
of options developed for such optimization problems can be applied to it. Our method
of choice for this is the genetic algorithm, which will be explained in detail in the
corresponding section.
2.3.4 EXAFS analysis
The key finding permitting reference-based EXAFS fitting is the transferability of
backscattering amplitudes and phase shifts from reference compounds [68]. This result
simplifies the fitting of the EXAFS data considerably, provided references with the
same absorber scatterer pair are available. The equation to be minimized is
shells

χexp (k ) − ∑

Nj

e
2
j =1 k ' j Rj

−2k ' j ∆σ2j

F 'ref (k ' j ) × sin 2k ' j Rj + ϕref , j (k ' j ) (2.8)



With Χexp the experimentally measured absorption coefficient, Nj the coordination
number of the jth cell, Rj its radius, the difference in Debye-Waller factor ∆σ2, F’ref the
backscattering amplitude of the reference, ϕref its phase shift and k’ a corrected wave
vector [69]. The latter is calculated according to the following equation:

k ' = k2 +

2me
∆E 0
h
2π

(2.9)

With the inner potential difference ∆E0. The parameters to be fitted in each shell are
then the coordination number, the radius, the Debye-Waller-factor and the inner
potential correction. The Debye-Waller factor is a measure of the uncertainty of the
position of the scatterer, arising from thermal and structural disorder. A complication
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arises from the fact that these four variables are not completely independent, but rather
correlated pairwise (Debye-Waller factor and coordination number, and inner potential
correction and radius, respectively). The fitting can in principle be performed in Rspace or in k-space. Koningsberger et al. recommend using R-space fitting to avoid
truncation errors, avoid noise build-up from repeated Fourier transforms, and because
R-space fitting tends to result in more robust convergence [69].
The EXAFS fitting in chapter 5 was performed on 60 averaged spectra (corresponding
to 1 s of measurement in the experiment) with k2 weighted spectra. The Fourier
transform was done over a k range from 3 to 11 Å-1. Fits were performed in r-space,
using a range of 0-5 Å. Initially, the first to shell was fitted using a platinum oxygen
reference or a platinum platinum reference, respectively. The second, third and fourth
shell (if possible) were subsequently fitted with a platinum platinum and platinum
oxygen references, respectively. The values for the inner potential correction were
fitted for one sample and then fixed at the obtained values for all subsequent samples
in order to improve consistency.
2.3.5 RIXS analysis
RIXS data is essentially a set of x-ray emission spectra corresponding to different
incident photon energies. Aside from the full view of the RIXS map, which offers the
most detailed information, but is also difficult to process, there are therefore a few other
ways to visually investigate the data. The RIXS data can be summed up along the
direction of the emission, giving something that approximates a total fluorescence yield
XAS, or they can be viewed along a single emission energy (typically that of the highest
intensity) to give the equivalent of a high resolution XAS spectrum [21]. This method
was used in chapter 6 to obtain the high resolution XAS spectra.

2.4 Infrared Spectroscopy
Modern Fourier transform infrared spectrometers (FTIR) use the principle of the
interferometer to measure spectra. In an interferometer, light from a source is split onto
two different paths and then recombined before detection. Upon recombination,
interference occurs, either constructively or destructively as a function of the difference
in length of the two paths and the wavelength of the light. This interference, really a
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sum of interference patterns for all intensities emitted by the source, can be Fourier
transformed to give the infrared spectrum [70]. The key advantages of using Fourier
transform methods for measuring infrared spectra are the excellent signal to noise ratio
obtained, as well as high precision in the measurement of peak positions. The main
disadvantage is the appearance of atmospheric artifacts, since the measurement of
sample and background occur at different times [71].
Diffuse reflectance FTIR (DRIFTS) is a widely used technique for measuring infrared
spectra of catalytic reactions in situ, since it can be measured on catalyst powders
rather than pellets, which may be difficult to prepare and have quite different overall
characteristics compared to a typical catalytic bed [72]. In DRIFTS, the sample is
illuminated by the infrared source, and the reflected and scattered light is collected
onto the detector. It is desirable to have a relationship between the observed signal
and the concentration of the species producing a given absorption band. For DRIFTS,
this is provided by the Kubelka-Munk equation

2

f (R∞ )

(1 − R )
=
∞

2R∞

=

k
s

(2.10)

With R∞ the reflectance of an “infinitely thick” sample (i.e. one that would not change
reflectance upon becoming thicker), k the molar absorption coefficient and s the
scattering coefficient [73]. Under the assumption of constant scattering over the course
of the experiment, the reflectance is then effectively linear in the absorption coefficient.
The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments
in chapter 5 were carried out in a Bruker Vertex 70 spectrometer with an MCT detector
using a custom-made DRIFTS cell [74]. The catalyst powder samples were heated to
100 °C in the cell and exposed to carbon monoxide (1 mL/ min in 50 mL argon), oxygen
(1 mL/ min in 50 mL argon), water (10 mL/min through an evaporator at room
temperature and atmospheric pressure for an estimated 0.23 mL/min of water vapor,
plus 40 mL argon) or mixture of carbon monoxide and water (60 mL/min total
containing 1 mL/min carbon monoxide, 0.23 mL/min water vapor, balance argon),
respectively.

46

Methods

2.5 Electron microscopy
The resolution of an imaging method, defined as its power to distinguish small features,
is generally limited by the wavelength of the light used. The limit of resolution as a
function of the wavelength is given by

1
λ
2
ε=
µ sin (α)

(2.11)

With the resolvable distance ε, wavelength λ, and numerical aperture µ sin(α) [75].
While there have been successful attempts to circumvent this limit [76], in general the
method is limited to resolving features larger than 200 nm – much bigger than a typical
metal nanoparticle in a heterogeneous catalyst. Imaging heterogeneous catalysts at
the relevant length scale – low nm to sub nm – therefore requires the use of a method
employing shorter wavelengths. One option for this are high-energy electrons, which
are employed in electron microscopy. These electrons, once emitted from an electron
gun, also need to be focused into a spot size on the order of magnitude of the features
to be resolved. For this purpose, a number of condenser lenses is employed. The
electrons then hit the specimen under investigation, interacting with it in a variety of
ways that can be exploited to gain information on the structure of the sample. The
electron beam can be scanned across the sample to image a wider area of the material
under investigation. The electrons interact with the sample in a variety of ways, and
there is a corresponding multitude of electron microscopy techniques. For investigating
metal nanoparticles on a metal oxide support, a strong mass-thickness contrast is
desirable. This is best achieved by the high angle annular dark field (HAADF) method
[77]. In HAADF, the electrons that are strongly scattered by Rutherford scattering are
collected to form the image. Since Rutherford scattering is a function of the atomic
charge, Z-contrast is obtained. The method can produce images of atomic resolution
[78], provided the contrast in the material is sufficient [79]. STEM measurements
presented in this thesis were carried out on a Hitachi HD 2700CS aberration corrected
scanning transmission electron microscope.
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2.6 Reactor simulations
The reactor simulations were run using a simplified finite element model of the reactor,
using several simplifying assumptions. The radial inhomogeneity in the reactor was not
considered, including only the spatial dimension along the direction of flow. Heat
transfer effects and diffusion were also neglected. This results in a simple, but
generally sufficient model of the catalytic bed, which can be used to fit the XANES data.
Figure 2.5 shows the schematic view of the finite element representation of the reactor,
as well as the reactions considered in the model. These are, specifically, the adsorption
and desorption of oxygen and carbon monoxide, the transition from chemisorbed
oxygen to a surface oxide, and two oxidation mechanisms for carbon monoxide, one
proceeding with chemisorbed oxygen, the other with the surface oxide. Carbon dioxide
desorption is in each case considered to be a fast step that has no effect on the overall
kinetics.

Fig. 2.5: Schematic of the finite element model and the chemical reaction steps used.
The red cross marks the spot that is used to fit the XANES/LCF concentrations.
The spectrum obtained from the genetic algorithm was then used to calculate the
concentration of each species for every measured spectrum through a linear
combination fit using MatLab. The kinetic constants of the reactor model were found
by optimizing the kinetic constants in the differential equations describing adsorption,
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desorption, and reaction (eq. 2.12-2.18) to fit the surface concentrations obtained from
the linear combination fit of the XAS spectra for the middle of the reactor. The
simulation was carried out using 20 points in space and 10000 points in time,
corresponding to a spatial resolution of 0.25 mm and a time resolution of 2 ms. For
plotting, the results were extrapolated by a factor of 10. Two additional constants were
introduced, the offset between the measured and simulated times, and a constant
describing the shape of the oxygen increase after the switch. Equations 2.11 to 2.18
are the kinetic equations used in the model based on the reactions shown in Figure
2.5.

dθ free
dt

dCO
= − k1 * cCO * θ free + k 2 * θ CO − k 7 * cCO * θ Ox
dt

(2.12)

d θ CO
= k1 * cCO * θ free − k 2 * θ CO − k 5 * θ CO * θ O
dt

(2.13)

dO2
= − k 3 * c O2 θ free 2 + 0.5 * k 4 * θ o 2
dt

(2.14)

dθ O
= k 3 * c O2 θ free 2 − 0.5 * k 4 * θ o 2 − k 5 * θ CO * θ O − k 6 * θ O
dt

(2.15)

d θ Ox
= k 6 * θ O − k 7 * cCO * θ Ox
dt

(2.16)

= −k1 * cCO *θ free + k2 *θCO − k3 *cO2 θ free2 + 0.5* k4 *θo2 + 2* k5 *θCO *θO + k7 * cCO *θOx
(2.17)

dCO2
dt

= k5 *θCO *θO + k7 * cCO *θOx
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2.7 Genetic algorithms
Genetic algorithms are optimization method based on an iterative, stochastic process.
An initial population (essentially a pool of candidate solutions, either random or user
generated) is tested for its suitability to the problem by the application of the fitness
function, which returns a fitness value, a measure of the suitability of the individual
solution to the problem. A new population is then generated based on the results. The
individuals from the previous population are either taken into the new population
unchanged, “mutated” (i.e. varied in a random fashion), combined with another
individual through crossover, or dropped entirely. The key to the optimization lies in the
way individuals are chosen to be added to the next generation: the higher the fitness
value, the higher the probability to be used. This makes the population converge
towards better solution. Mutation serves two purposes here: to help avoid local minima
(by occasionally moving solutions away from a solution that is locally optimal but might
not be so globally) and to improve the existing individuals by random variation.
Crossover helps to combine individuals that might each be a good solution over a part
of the range of parameters into one that covers everything well.
This procedure of applying the fitness function and generating a new population based
on the results can be repeated until a satisfactory result is achieved, with each iteration
called a generation. The optimization typically ends after a defined number of
generations, if a certain fitness value is achieved, when the changes in the fitness
value are below a certain threshold value, or after a defined computation time.
The genetic algorithm (GA) used for finding the intermediate spectrum in chapter 3 was
implemented using the optimization toolbox of Matlab 7.12 [80] as previously described
[81]. The fitness function computes the optimal linear combination of three spectra to
reproduce the measured spectrum at four selected times (30-33 s after the start of the
experiment, where the concentration of the intermediate was expected to be highest).
The three spectra used for this calculation are the average of the first five spectra, the
average of the last three spectra, and a candidate solution from the population of the
genetic algorithm. The fitness value of the candidate solution is the sum of the squared
residual of the linear combination fit at the selected times. In order to enforce the shape
of a normalized X-ray absorption spectrum, a minimum value for the contribution of the
candidate solution in the linear combination was set between 2% and 10%. In addition,
the initial population was seeded with tangent functions approximating the shape of
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the measured spectra. The genetic algorithm was run for 15000 generations, at which
point the fitness function was not improving significantly anymore.
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3.1 Introduction
Heterogeneous catalysis is the key technology for energy conversion and storage, in
the refinery, and in the production of chemicals. It enables an efficient use of energy
and feedstock in large-scale reactions, while keeping the amount of waste to a
minimum. The rational design of catalysts requires an in-depth understanding of the
catalyst structure on the molecular level and in particular an understanding of how
different structures contribute to activity [4]. Operando spectroscopic techniques
combined with theoretical calculations are generally applied to determine the structure
of functioning catalysts in actual reactors under catalytic conditions [7, 8, 82-86].
However, the relation between the structure of a catalyst measured operando and its
performance is no guarantee that the active phase or the catalytically active site is
identified [87].
Because of conversion of the feed, the conditions inside a reactor and, thus, the
catalyst structure may change along the direction of flow with an accompanying change
in catalytic reactivity [44, 65]. Overall, these factors complicate the unambiguous
identification of the origin of catalytic reactivity. More recently transient methods are
employed to identify the active phases and to differentiate between spectator species
and active species [9, 88]. Transient spectroscopy combined with mass spectrometry
is a particularly powerful tool, since it combines structural information at a single point
in the reactor with integral activity information. This enables the quantitative description
of structure and activity throughout the reactor.
The oxidation of carbon monoxide over platinum-group metals is a topic of many
studies in heterogeneous catalysis, due to its practical application and as a model
reaction [89]. Despite its apparent simplicity, this reaction is remarkably complex, with
different kinetic regimes, light-off, and oscillating kinetics [28, 29, 90-92]. Oxidation of
carbon monoxide over coinage metals occurs in three regimes: (i) a carbon monoxideinhibited low temperature regime where the reaction rate is determined by carbon
monoxide desorption, (ii) a transition regime with so far not well characterized structure
and activity, and (iii) a high-temperature regime where the rate of carbon dioxide
formation is either limited by mass-transfer on a metallic surface or by the lower
reactivity of the oxidized surface. There is still no quantitative assessment as to which
phase contributes to conversion in an actual reactor under catalytic conditions.

54

Detecting and utilizing minority phases in heterogeneous catalysis

Time-resolved x-ray absorption spectroscopy (XAS) is a powerful tool to investigate
heterogeneous catalysts under reaction condition [16, 93]. It has been applied to study
carbon monoxide oxidation on platinum catalysts[94], and is especially useful, because
spectral features in the Pt L3 edge enable distinguishing between oxidized, bare, and
oxygen or carbon monoxide-covered platinum nano-particles [95]. Today’s high time
resolution makes it possible to measure structural changes on a sub-second time scale
and to relate structural changes to kinetics [57]. Our work deals with the application of
transient spectroscopy combined with mass spectrometry and chemometric analysis
to identify the various catalytic phases throughout the reactor. We characterized the
structure and time-resolved conversion of carbon monoxide over the catalyst during
light-off and at steady state. Subsequently, we designed a reactor to facilitate the
creation of a highly active region and thus minimize the amount of coinage metal
needed.

3.2 Results and Discussion
Figure 3.1A illustrates the change in maximum whiteline intensity of the individual
XAS spectra versus time, which is indicative of platinum nano-particles changing their
structure upon rapid switching of the gas phase from carbon monoxide to a carbon
monoxide/oxygen mix (1:1), which induces the catalytic reaction. The whiteline
intensity increased as expected for the transition from a carbon monoxide covered,
reduced platinum surface to a surface oxide as determined by EXAFS analysis[42].
However, before the increase, a small decrease in the whiteline intensity occurred.
This suggests the presence of a third phase during the transition, which is confirmed
by principal component analysis of the full XANES dataset (Figure 3.2). The first PC
describes 97.3% of the variance in the data set, the second PC 1.3% and all further
components less than 0.3%. Figure 3.2 shows the spectra plotted in the space
spanned by the first two principal components. The spectra from 0 to 29 s and the
spectra from 34 to 44 s each form a group clearly separated along the first PC, but
spanning the same range in the second PC. The spectra from 30 to 33 s appear in
this order along the first PC, thus showing the transition from carbon monoxide to
oxygen.
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Fig. 3.1. There are structural changes in a 2 wt% platinum on Al2O3 catalyst during the
switch from carbon monoxide to the catalytic mixture of carbon monoxide and oxygen
as observed by transient quick XANES and EXAFS at the Pt L3 edge. A) Whiteline
intensity of normalized Pt L3 XANES spectra versus time during the shift indicates that
right after the shift, starting from a carbon monoxide-poisoned surface, a short-lived
phase forms, as indicated by a temporary decrease in intensity followed by a rapid
increase. This rapid increase is indicative of the formation of a surface oxide[42]. B)
Corresponding XANES spectra at 0 s (green), 31 s (blue), and 43 s (red). C) Spectra
of the carbon monoxide-covered platinum (green), surface platinum oxide (red) and
the intermediate (blue) determined by the genetic algorithm procedure. D) Fractions of
the surface occupied by carbon monoxide (green), the intermediate species (blue) and
a surface oxide (red) as determined by linear combination fitting of the spectra in C)
(crosses) as a function of time.
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Fig. 3.2. The original spectra plotted in the space spanned by the first two principal
components, with the numbers indicating the time of measurement. The first principal
component distinguishes CO-covered and oxidic platinum, whereas the second
principal component indicates the presence or absence of an intermediate species.
However, they are also separated from both the initial and the final spectra in the
second PC, which is indicative of a transient species. Therefore the three species
suggested by the number of principal components can be identified as carbon
monoxide covered platinum, oxidic platinum and an intermediate species with an
unknown spectrum. This does not exclude the possibility of additional intermediates,
but they may be too short-lived and thus be present in too low concentrations to be
observable with the time resolution and sensitivity in this experiment.Figure 3.1C
shows the XANES spectra of the initial and the equilibrium states as well as the
spectrum of the third (intermediate) component obtained by optimizing the linear
combination fit of the data with a genetic algorithm. The obtained spectrum closely
resembles that obtained for metallic platinum nanoparticles on alumina free of
adsorbates [95] and differs from that representative of a surface with chemisorbed
oxygen [96-98], which shows enhanced whiteline intensity without edge shift.
Chemisorbed oxygen atoms are highly reactive, making them short-lived and therefore
appear in low concentrations only (vide infra), too low to induce changes in the spectra.
We choose to describe this lowly covered surface as a distinct intermediate species,
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since it behaves as one spectroscopically and results in distinct catalytic behavior.
Activity of this intermediate phase is high, because it enables carbon monoxide and
dissociated oxygen to react in a Langmuir-Hinshelwood type mechanism.

Fig. 3.3. Spectra obtained by the genetic algorithm from the datasets measured at
250 °C (blue), 268 °C (green) and 295 °C (red). The spectra show a large degree of
consistency from independent runs of the analysis procedure.
We repeated the time-resolved XAS measurement at different temperatures and the
obtained spectrum of the intermediate was virtually identical in all cases, thus
confirming the structure (Figure 3.3). Figure 3.1D represents the time-dependence of
the experimentally determined three species, in general, as expected for a mechanism
with an intermediate [99]. The lines in the figure indicate the results of fitting a kinetic
reactor model (vide infra) to the data from the linear combination fit. The model takes
into account the concentration of the gas phase and gives a good fit of the fractions of
each phase; in particular, the initially slow, then faster decrease in the concentration of
the carbon monoxide-covered platinum is reproduced.
Figure 3.4A depicts the composition of the reactor exhaust as determined by mass
spectrometry during the switch. The most notable features are: the carbon dioxide
signal increases and the oxygen signal goes through a maximum. The carbon dioxide
signal reaches a maximum just before stabilizing at equilibrium. These features in the
58

Detecting and utilizing minority phases in heterogeneous catalysis

exhaust gas composition are clearly reproduced by the reactor simulation, which is
based solely on the kinetic model that describes the experimentally determined
structures using the XAS data (Figure 3.4B) [100].
Figure 3.5 illustrates how surface structure and gas phase composition influence each
other throughout the reactor at different snapshots in time. The catalyst structures are
based on the XAS data (Fig. 3.1); the mass spectrometry data are modelled based on
assuming reactivity of these structures. Before the switch (Fig. 3.5A), the catalyst is
carbon monoxide covered throughout the reactor, as the only reactant in the gas phase
is carbon monoxide. Two seconds after the switch to catalytic conditions (Fig. 3.5B),
carbon monoxide oxidation has started. This leads to a gradual increase in the carbon
dioxide signal at the reactor exhaust and a decrease of oxygen and carbon monoxide
further into the reactor. A surface covered in carbon monoxide is active after desorption
of carbon monoxide, so that free surface is available for oxygen to dissociatively
chemisorb and to react to adsorbed carbon monoxide [101]. Carbon monoxide and
oxygen are depleted in the downstream parts of the reactor, resulting in decreased
carbon monoxide coverage (Fig. 3.5C), especially near the outlet of the reactor where
the concentrations are lowest. Not all oxygen is converted 2.5 s after the switch, and
is thus present for a short period after the switch in the exhaust of the catalyst, yielding
the local maximum in concentration (Fig. 3.4). The appearance of this oxygen peak
depends on the oxygen to carbon monoxide ratio and the total gas flow.

59

Chapter 3

Fig. 3.4: A) Measured and B) simulated mass spectrometry traces of carbon monoxide,
oxygen, and carbon dioxide during the switch from a carbon monoxide atmosphere to
a CO/O2 atmosphere. Measured and simulated data have identical features, including
a pronounced peak in the oxygen signal before the increase to equilibrium level,
caused by the lower activity of the initially present carbon monoxide-poisoned
nanoparticles. There also is an overshoot in the carbon dioxide signal, originating from
the reaction of the chemisorbed carbon monoxide on the platinum nanoparticles, as
observed in oscillatory kinetics [44].

60

Detecting and utilizing minority phases in heterogeneous catalysis

Fig. 3.5. Simulated gas phase concentrations (yellow: carbon monoxide; magenta:
oxygen; cyan: carbon dioxide) and structure of the nanoparticles throughout the reactor
obtained from the kinetic reactor model, as depicted below each of the graphs:
chemisorbed carbon monoxide (green), surface oxide (red) and surface intermediate
(dark blue) at t= -2 s (A), 2 s (B), 2.5 s (C), 3 s (D), 4 s (E) and 18 s (F). After the switch
to catalytic conditions, carbon dioxide production starts, leading to a region near the
outlet of the reactor where both carbon monoxide and oxygen are depleted and, thus,
a significant amount of the surface shows a very low coverage (intermediate phase, BF). With increasing oxygen concentration that surface gets oxidized, roughly in the
middle of the reactor D) and progressing downstream (E and F).
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As the concentration of oxygen surpasses the amount required to oxidize all the carbon
monoxide (at the catalyst surface), the intermediate surface becomes rapidly oxidized
(Fig. 3.5D). This occurs first in the middle of the reactor, where the gas phase oxygen
interacts with a surface virtually free of carbon monoxide and where the oxygen
concentration is significant. This surface oxidation removes all the oxygen from the
feed, which accordingly is no longer detected in the mass spectrometer. The higher
oxygen concentration leads to a faster reaction near the inlet of the reactor; thus, there
is faster depletion of carbon monoxide resulting in a shift of the carbon monoxide
covered surface towards the front end of the reactor. At the same time, the oxidized
zone expands downstream to the point where all gas phase oxygen is used up (Fig.
3.5E). At steady state, the surface of the catalyst near the inlet of the reactor is covered
by a significant amount of carbon monoxide, whereas downstream the surface is fully
oxidized. This overall behavior is determined by the local concentration ratio of carbon
monoxide and oxygen, which goes from 1:0 to 1:1. Since the stoichiometric ratio is 2:1,
the reactor goes from an oxygen-poor to an oxygen rich state.
The transition area between these two phases contains only a small amount of
platinum nanoparticles with very low surface coverage of reactants, but this phase
contributes significantly to the conversion of carbon monoxide (Fig. 3.6). This is the
only phase in which both oxygen and carbon monoxide are free to adsorb and react,
and it thus represents the most active phase possible [102]. Figure 3.6A shows the
modelled concentrations of gas phase species throughout the reactor at steady-state
conditions obtained from the kinetic reactor model. Near the reactor inlet, desorption
of carbon monoxide enables oxygen activation and formation of carbon dioxide, which
creates the conditions under which the intermediate phase and then surface oxide
form. The yield over each of these two structures is almost the same (Fig. 3.6A), and
the region in which conversion occurs is tightly confined in the reactor at the interface
between the carbon monoxide covered and the oxidic region. This matches previous
observations suggesting that the transition region between these two phases may be
crucial for catalytic activity [102].
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Fig. 3.6: A) The simulated production of carbon dioxide over each of the active phases
and B) the structure of the catalyst at the steady-state in the catalytic reactor with a
catalytic feed of carbon monoxide and oxygen. Close to the inlet of the reactor, activity
is dominated by reaction of oxygen with surface freed by carbon monoxide desorption.
The desorption of carbon monoxide is rate limiting [101]. As carbon monoxide
coverage decreases, surface oxide forms, contributing to the reaction in concert with
the intermediate phase that contributes most at the lowest concentration of carbon
monoxide. Overall, highest activity is achieved in a relatively small area of the reactor
close to but not directly at the inlet.
Based on the experimental and simulation results, we propose the following
explanation for light-off phenomena in carbon monoxide oxidation: In the low
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temperature regime, carbon monoxide oxidation proceeds according to the LangmuirHinshelwood mechanism over reduced platinum, with the rate of reaction increasing
with temperature and with decreasing carbon monoxide pressure. When operating in
excess oxygen, this leads to larger oxygen to carbon monoxide ratios towards the
outlet of the reactor. The carbon monoxide coverage decreases, which creates a very
reactive surface with a low steady state coverage in carbon monoxide and oxygen. At
sufficiently low carbon monoxide coverage, more oxygen dissociatively adsorbs than
can be immediately converted, producing the rapid increase in activity. During lightoff, this transition zone propagates towards the inlet side of the reactor where it is
stabilized, and some amount of reduced, carbon monoxide covered platinum is
maintained at the reactor entrance (enforced by the local carbon monoxide to oygen
ratio). The structure of the intermediate phase and its reactivity has not been solved in
previous XAS studies [44, 103-105].
Since most conversion occurs in the transition zone, which is located close to the inlet,
there is a very inefficient use of platinum, with large oxidic fractions mostly unused.
However, the length of the reactor is crucial for initiating thermal light-off, since it
determines at what temperature a sufficiently high oxygen to carbon monoxide ratio is
first reached to induce ignition at a given ratio in the feed. Using less catalyst requires
a higher activity to reach conditions where the carbon monoxide surface coverage is
low enough for oxygen to freely adsorb and react to adsorbed carbon monoxide,
autocatalytically removing carbon monoxide to very low steady state coverage. An
alternate reaction scheme aimed at producing a larger transition zone between carbon
monoxide covered and oxidic platinum avoids this situation and potentially achieves
high conversion with less platinum and/or at lower temperatures. Fig. 3.7A presents
an example of a flow setup that exploits a t-shaped reactor geometry with two separate
inlets, enabling the switch between a mixture of oxygen and carbon monoxide
(essentially identical to a conventional plug-flow reactor) and having carbon monoxide
and oxygen in counter flow, with the goal of increasing such an active transition zone.
Fig. 3.7B shows that in the case of counter flow of oxygen and carbon monoxide, the
same amount of catalyst yields much higher conversion than with the mixed flow. An
estimated 70% conversion occurred when flowing mixed carbon monoxide and oxygen
while full conversion was achieved in counter-flow mode. This is the result of lower
local carbon monoxide to oxygen ratios in parts of the reactor, inducing high activity
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locally, and thus lower carbon monoxide concentrations (and higher activity)
throughout the catalytic bed.

Fig. 3.7 A) Illustration of a switchable mixed/counter flow setup to test a t-shaped
catalyst bed (yellow: carbon monoxide, blue: oxygen, green: mix); gas flow as indicated
by the green arrows gives a feed of mixed carbon monoxide and oxygen; the yellow
and blue arrows, respectively, indicate carbon monoxide and oxygen flowing from
different sides into the catalyst bed, resulting in an interface between the two gases
within the catalyst bed, and B) formation of carbon dioxide as a function of temperature
and concentration of carbon dioxide at the outlet of the reactor during the switches
between the two flow modes. Counter flow of oxygen and carbon monoxide creates a
transition zone, thereby increasing the amount of the highly active intermediate phase
and, thus, activity.
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This T-reactor approach is a similar to, but distinct from the use of membrane reactors
as well as dosing schemes or multiple axial injections [106] for selectivity
enhancement. Those schemes aim at controlling the local gas concentrations, to
control the reaction selectivity, typically to prevent overreaction and full oxidation. The
concept in our reactor is a first step towards maximizing the concentration of a highly
active phase, which yields a much more active system.

3.3 Conclusions
In conclusion, the local composition of the gas phase, the local catalyst structure, and
activity are intricately linked in heterogeneous catalysis. Transient spectroscopy using
QEXAFS with sub second resolution combined with reactor modelling enable the
quantitative assessment of their relationships. The formation of a highly active region
was identified using this approach. This region, that includes some surface free of
adsorbates, which enables carbon monoxide and oxygen to rapidly react, contributes
to the catalytic activity. The fraction of free surface observed in this region is both the
result of rapid reaction and the cause for it through its capability to adsorb oxygen.
Rapid oxidation of carbon monoxide or of the metal surface occurs. Only transient
methods and reactor modelling are able to capture and quantify such catalytically
active surfaces. The use of the catalyst is very inefficient; good reactor design
facilitates the emergence of the most active region and, thus, high conversion. This
decreases the required amount of catalyst needed to achieve performance.
The spatial distribution of platinum species predicted on the basis of the transient
experiment is tested and confirmed by space resolved XAS in chapter 4. The effect of
the initial carbon monoxide to oxygen ratio on the transition from reduced to oxidic
platinum is investigated by simulation and experiment. The activation of oxygen and
the formation of surface oxides, a crucial process during light-off is studied in detail in
chapter 5, and a structural explanation for the chemisorbed and surface oxide states
are proposed.
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4.1 Introduction
In a working catalytic reactor at high conversion, there are concentration gradients of the
reactant and product gases through the catalytic bed [107]. The gas phase composition
in turn affects the catalyst structure and thus activity [108, 109]. This issue is often
circumvented by the use of so-called differential reactors, in which conversion across the
reactor and thus gradients are kept small. The differential approach is valuable for
investigating catalyst structure and kinetics, but ultimately unsatisfactory. High conversion
situations are inherently interesting because they correspond to the desirable case in
practical operation. They also show unique behavior such as ignition and oscillations [44,
90, 103, 104]. Under these conditions, the catalyst’s structure may vary within a single
reactor. It is therefore desirable to investigate catalyst structure under high conversion
and measure structure space resolved along the catalyst bed.
In catalytic reactors on the industrial level, phenomena at multiple length scales – from
meters to angstroms – interact to produce the overall behavior [110]. Optimal productivity
can only be achieved when the system is optimized across all length scales and
heterogeneities are well understood. This complexity motivates investigations into the
space-resolved structure of catalysts at various scales, from the reactor level to the
particle level [84, 111-113]. In the case of quartz capillary reactors, which are widely
applied for catalysis research at synchrotrons [47], this integration of length scales is
simplified by the relatively small size of the reactor and the use of powders rather than
pellets. Presuming that radial differences are negligible, the main focus is the variation
along the direction of flow.
In Chapter 3, the oxidation of carbon monoxide was investigated in a transient
spectroscopic experiment. It was possible to simulate the behavior of the catalyst bed on
the basis of the transient experiment and exploit the resulting structure to design an
improved reactor. A direct investigation of the spatial distribution of the platinum structures
under reaction conditions could demonstrate the validity of the reconstruction approach
based on the transient experiment and permit investigating the spatial distribution of
platinum species at steady state.
X-ray absorption spectroscopy (XAS) is a widely applied method for structural
investigations on heterogeneous catalysts [16], owing to its ability to provide detailed
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electronic and structural information, as well as its compatibility with many spectroscopic
cells [17, 114-116]. There are two principal methods for obtaining spatial resolution in XAS:
scanning a focused x-ray beam across the sample and recording the spectra as a function
of position or using a widened x-ray beam and a spatially resolved detector to investigate
an extended region of the sample in a single measurement [65, 117, 118]. Both
approaches have been applied to XAS on catalysts under reaction conditions. In a
scanning approach, the same transient input can be applied multiple times, while
recording time-resolved XAS at various positions in the reactor. The full field method has
the advantage of ensuring an overview of the reactor in a single shot and thus a more
complete determination of the structure through space, albeit at the cost of time resolution.
Grunwaldt et al. used full field x-ray absorption of a rhodium catalyst to show that there is
a transition from oxidized to reduced rhodium along the direction of flow during partial
oxidation of methane, demonstrating the importance of space resolved measurements in
high conversion reactors [108].
The oxidation of carbon monoxide over platinum exhibits reactor-level phenomena such
as ignition and oscillations, where concentration, activity, and catalyst structure influence
each other to produce the observed complex behavior [90, 119, 120]. The reaction has
been widely used as a prototypical model reaction for heterogeneous catalysis [120], but
it also has practical relevance for exhaust treatment in three-way catalytic converters [121]
and hydrogen purification [30]. A key question is the dependence of the catalytic activity
on the oxidation state of the metal [28, 29]. On model surfaces, the result may depend on
the specific cut plane, with no activity observed on a PtO2 trilayer on the Pt(111) surface
[122], comparable activity was observed for chemisorbed oxygen and surface oxide on
the Pt(110) surface [123].
Singh et al. investigated the oscillatory behavior of a platinum catalyst under carbon
monoxide oxidation conditions by measuring quick XAS at multiple positions in the reactor
and found that the platinum changes from a surface oxide to reduced platinum during
extinction, with the reduced zone starting near the front of the reactor [44]. Boubnov et al.
studied the oscillatory behavior during ignition and found a similar transition from reduced
to partially oxidized platinum, with the oxidation starting near the outlet of the reactor [103].
Gänzler et al. expanded on this work by combining XAS measurements at multiple
positions in the reactor with IR thermography and concluded that reduced platinum was
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the main active species in carbon monoxide oxidation [104]. The observed variations in
temperature were comparatively minor. These studies have generally focused on nonsteady situations and low carbon monoxide to oxygen ratios, making it hard to reconstruct
the steady-state distribution of structures and the effect of relative concentrations,
respectively.
In this work, we investigate the oxidation of carbon monoxide over platinum catalysts by
XAS using a full field detector. There is a transition from reduced to oxidized platinum
under steady-state conditions and the position of that transition depends on the carbon
monoxide to oxygen ratio in a way that is consistent with previous modelling studies.

4.2 Results
Figure 4.1A shows a typical x-ray absorption image of a part of the catalytic reactor as
recorded by the x-ray microscope. The color corresponds to the intensity of x-rays
impinging on the detector, with blue the smallest x-ray intensity and red the largest. The
inlet side of the reactor is clearly visible, with x-ray transmission blocked by the inserted
metal grid. In the catalytic bed, the recorded intensity varies according to the variation in
platinum content and packing density. Figure 4.1B shows the intensity map recorded
when the reactor is out of position, giving the intensity distribution of the x-ray beam.
From these two images, a point-wise absorption map can be calculated (Figure 4.1C).
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Fig. 4.1: Scheme of the measurement (A) and images recorded in a typical measurement
(B-D) including the approximate size of the x-ray spot (green): The image with the reactor
in the beam (B) and the image without the reactor (C) can be used to calculate the space
resolved absorption (D). A sequence of such images at different incident beam energies
provides the space-resolved x-ray absorption.
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Fig. 4.2: Pt L3 edge XAS spectra of Pt/Al2O3 under carbon monoxide (green, dashed) and
oxygen (red, dashed), as well as under reaction conditions at full conversion and a carbon
monoxide to oxygen ratio of 1:0.8 near the inlet (green) and near the outlet (red).
Figure 4.2 shows examples of spectra reconstructed from the maps presented in Figure
4.1 by summing up along the vertical axis, and along the horizontal axis to the desired
degree. The latter is subject to a trade-off between signal-to-noise ratio of the spectra and
the obtained spatial resolution. For the reference spectra, the entire image was summed
up. For the spectra at selected points in the reactor, the reactor was split into 32 sections,
resulting in an estimated spatial resolution of 30 micrometers. The reference spectrum
under carbon monoxide shows the typical low whiteline intensity and slight shift to higher
energies typical for spectra of platinum nanoparticles with adsorbed carbon monoxide [95].
The oxygen reference spectrum has the increased whiteline intensity typical for the
spectrum of oxidic platinum [96]. The spectra along the reactor axis correspond to a
transition between these two states, although the first recorded state already appears to
be shifted with respect to the carbon monoxide reference. The data quality is insufficient
to conclusively observe a shift of the whiteline to lower energies that could correspond to
the appearance of a free surface state as predicted by the reactor model (see chapter 4).

72

Space-resolved XAS of a platinum catalyst during carbon monoxide oxidation

Fig 4.3: Amounts of carbon monoxide covered platinum (green) and oxidic platinum (red)
along the direction of flow at a carbon monoxide to oxygen ratio of 1:1 (A) and 1:0.8 (B),
respectively, as determined by linear combination fitting of space-resolved Pt L3 edge XAS
spectra recorded on Pt/Al2O3. The transition between the two phases is shifted towards
the outlet side with reduced amounts of oxygen.
Figure 4.3 shows the results of a linear combination fit of the XAS spectra along the
direction of flow through the reactor using the experimental references. Figure 4.3A shows
the results for a 1:1 ratio of carbon monoxide to oxygen. The platinum structure went from
reduced and carbon monoxide covered near the inlet to oxidic near the outlet with an
extended transition region. For the reduced oxygen concentration (Figure 4.3B) a similar
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situation was observed, however the transition was shifted significantly towards the outlet
side of the reactor.

Fig. 4.4: Simulated concentrations of carbon monoxide covered platinum (green), oxidic
platinum (red) and platinum without adsorbates (blue) through space using the kinetic
parameters derived in the light off experiment for a 1:1 ratio of carbon monoxide to oxygen
(A) as well as a 1:0.8 ratio (B) and a 1:0.6 ratio (C).

74

Space-resolved XAS of a platinum catalyst during carbon monoxide oxidation

Figure 4.4 shows the results of the reactor simulation from Chapter 3 with varying oxygen
concentrations. As seen in the experimental data (Figure 4.3) the transition from carbon
monoxide covered, reduced platinum to oxidic platinum is shifted towards the outlet side
of the catalytic reactor with lower oxygen concentrations. The extend of the shift does not
exactly match the experimentally determined values, however this is expected given the
differences in temperature relative to the light-off temperature as well as variations in the
ratio of gas phase concentrations and amount of catalyst between the experiments used
to determine the kinetic constants in the model and the measurement in the experiment
described here.

4.3 Discussion
The space-resolved x-ray absorption data demonstrate that reduced, carbon monoxide
covered platinum is present near the inlet of the reactor, in agreement with findings by
Singh et al. [44] and Gänzler et al. [104]. The onset of the increase in whiteline intensity
due to oxidation is accompanied by a slight shift to lower energy consistent with the
presence of a small amount of adsorbate free surface [95], in good agreement with the
results presented in chapter 3.
The distribution of catalyst species through the reactor is dependent on the carbon
monoxide to oxygen ratio. This relationship can be explained through the LangmuirHinshelwood mechanism of carbon monoxide oxidation [25], when considering the drastic
change in carbon monoxide to oxygen ration through the reactor at full conversion. Near
the inlet, and throughout the reactor in low conversion situations, carbon monoxide covers
the surface and prevents oxygen from adsorbing, limiting conversion [123]. This limited
conversion however reduces the carbon monoxide concentration downstream, increasing
oxygen adsorption and carbon monoxide conversion, until a situation is reached where
significant amounts of oxygen can not only adsorb but also be maintained at the surface.
In this region, strongly increased rates of reaction occur, as predicted by the LangmuirHinshelwood mechanism [25].
There are multiple platinum phases present at high conversion in a single reactor. They
are all affected by the local gas phase concentration of reactants and products, and can
potentially contribute to catalytic activity. The carbon monoxide covered part at the inlet
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side may not show particularly high activity per platinum atom, but it is necessary to lower
the carbon monoxide concentration enough to reach conditions where the surface
poisoning is minimized. Similarly, the platinum in an oxidic state near the outlet of the
reactor cannot contribute to activity because there is no carbon monoxide left to be
oxidized. But it is crucial to initiate light off, since the oxidation of the catalysts initiates
near the outlet side as shown in Chapter 3 and by Boubnov et al. [103]. As shown in
Chapter 3 and confirmed here, even above the light off temperature, there is a reduced
zone near the inlet side of the catalytic reactor, followed by a transition zone and then a
region of oxidized platinum near the outlet of the reactor. The transition zone is the most
active region of the catalyst. This results shows the limit of discussing the structureperformance relationship of a catalytic system based on localized measurements of
structure. Differential approaches are likewise insufficient, since they cannot capture the
unique, reactor-level phenomena that are crucial for high performance in this system. Only
a space-resolved approach can describe the system adequately, whether it is
reconstructed from localized data as in Chapter 3 or directly measured as in this chapter.
In addition to carbon monoxide oxidation, other reactions exhibit transitions between
surface adsorbates. This type of behavior and its implications for reactivity and selectivity
are well investigated for methane oxidation [108, 109, 124]. In general, similar behavior
should be expected wherever the reaction is run close to, but not at, the stoichiometric
ratio of reactants, so that the ratio of reactants changes with conversion. For all reactions
with this type of reactivity, space resolved measurements of structure could lead to greater
understanding of the behavior through space and optimized reactor designs. As the
catalyst structure determines activity and selectivity of the reaction, space resolved
understanding of the catalyst structure opens up a new approach to catalyst optimization.

4.4 Conclusions
Through the application of space-resolved XAS we showed that there is a transition from
carbon monoxide covered to oxidized platinum at steady state conditions. The position of
the transition zone depends on the carbon monoxide to oxygen ratio, and its presence is
responsible for ignition and the related high activity. Space resolved XAS allows the
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detection of the structural changes through the reactor and is therefore crucial for
investigating heterogeneous catalysts at high conversion.
The presence of multiple platinum structures in the reactor is possible because they can
interconvert depending on gas phase conditions. This interconversion can be the result of
a relatively simple adsorption process, as it is for carbon monoxide, or a more complicated,
multi-step process, as exemplified by the interaction of platinum with oxygen, which
proceeds through a chemisorbed state to oxide structures. The details of this process are
investigated in Chapter 5.
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5.1 Introduction
The previous chapters (Chapter 3 and 4) have shown that both reduced and oxidized
platinum are present in the reactor during the oxidation of carbon monoxide over platinum
above the light-off temperature. The formation of the platinum oxide occurs
simultaneously with the light-off and the transition zone between reduced and oxidized
platinum, where interconversion of the phases due to reaction is rapid, is crucial for
catalytic conversion (Chapter 3). Oxygen activation over platinum and the formation of
platinum oxide are therefore topics that require detailed study.
Oxidation processes using atmospheric oxygen are attractive from an economic and
environmental point of view, since the use of more expensive oxidants is avoided. Oxygen
is therefore used in a variety of oxidation reactions in industry [125]. In such processes,
the activation of the oxygen-oxygen bond is a crucial step in the overall reaction [126],
typically achieved by a catalyst. Among others, platinum is used for such oxidation
reactions, not only in industrial processes such as alcohol oxidation [127], ammonia
oxidation, and carbon monoxide oxidation (for the production of pure hydrogen from
syngas), but also in automotive exhaust catalysis [121]. Investigating oxygen activation
over platinum catalysts therefore provides insight into a crucial part of a variety of catalytic
processes of great scientific and commercial interest.
The investigation of this crucial step in isolation, i.e. without the presence of other
reactants, is however complicated by the strong effects of coverage on the adsorption of
oxygen on the surface. Generally speaking, at high oxygen coverages additional oxygen
adsorbs more weakly than at low coverages [128]. This naturally complicates any analysis
with respect to a catalytic process, since the coverage in oxygen on the surface in a
reaction mixture is not always known. An additional complication is introduced by the
multitude of possible structures platinum nanoparticles can take in an oxidizing
atmosphere. The stable platinum oxide at ambient pressure and temperature is α-PtO2,
however, there are multiple other polymorphs that have been identified [129]. In addition,
the stable structure on a nanoparticle can be quite different from those of the materials
and those of single crystals.
Ertl and coworkers reviewed the literature on the interaction of oxygen with surfaces of
platinum group metals in 1979, summarizing many of the findings of early surface
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science[89]. The key findings were the dissociative nature of oxygen adsorption, derived
from isotopic tracing experiments [130] and the distinction between chemisorbed oxygen
and a subsurface oxide structure with differing reactivity. This distinction and the related
question, which type of oxygen species is involved in catalytic reactions, are the source
of much debate in the field of heterogeneous catalysis [28, 29]. Studies on ammonia
oxidation [131], glucose oxidation [132], and gluconic acid oxidation [133] found that
platinum catalysts become less active when oxidized to platinum oxide. Recently,
Somorjai and coworkers investigated oxygen activation over a Pt(110) surface using
ambient pressure x-ray photoelectron spectroscopy [123]. They found that both
chemisorbed oxygen and surface oxides can react with carbon monoxide and do so at
comparable rates. On the Pt(111) surface, Nilsson and coworkers found a higher reactivity
towards carbon monoxide for chemisorbed oxygen compared to surface oxides, with the
α-platinum oxide trilayer showing no reactivity to carbon monoxide [122]. Such single

crystal work helps to answer the question what phase forms in an actual reactor on nanosized particles, which is crucial for understanding oxidation reactions.
Time-resolved spectroscopy provides useful insight into the process of oxygen activation
on supported platinum nanoparticles. The use of hard x-rays also makes the use of
vacuum conditions unnecessary, permitting the use of reactor-like measurement cells
[114] and realistic partial pressures of the reactant gases. These factors have made XAS
a widely used and effective method for structural investigations on heterogeneous
catalysts under reaction conditions [16, 17]. X-ray absorption spectroscopy (XAS) can
provide the required structural information at sub-second time resolution using a QEXAFS
setup [16, 134]. The spectra provide information on the average oxidation state of the
particles through the x-ray absorption near edge structure (XANES), as well as the
average local structure around the platinum atoms in the sample through the extended xray absorption fine structure (EXAFS) [135]. The recent development of faster
monchromators coupled with gridded ionization chambers has extended the time
resolution of EXAFS into the millisecond regime [61, 63].
In this work, we use in situ Pt L3 edge quick EXAFS (QEXAFS) to investigate structure
and kinetics of platinum nanoparticles upon exposure to oxygen at oxygen partial
pressures relevant to practical catalytic applications. Pre-oxidation of platinum
nanoparticles has a drastic effect on the rate of oxidation as well as on the development
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over time of the platinum oxide structure. The results suggest a two-step oxidation process
to be at work for platinum nanoparticles, this has implications for catalysis and catalyst
pretreatment.

5.2 Results

Fig. 5.1: Plot of the normalized maximum whiteline intensity of the normalized Pt L3 edge
XAS spectra as a function of time after switching to an oxygen flow at t=0 s on the reduced
(red) and pre-oxidized (blue) sample. Letters refer to the position of the spectra shown in
Figure 5.2. The right hand plots show the development of the whiteline intensity around
the switch with time at the full time resolution achieved in the measurement.
Figure 5.1 shows the development over time of the maximum whiteline intensity of the
platinum XANES spectra directly after the switch during the oxidation process. On the
reduced sample, the increase in whiteline intensity proceeds initially extremely rapidly, so
that within less than 5 s of the onset of the switch the originally reduced sample has
reached a higher whiteline intensity than the one that was pre-oxidized at the beginning
of the experiment. After the rapid initial increase, the rate of the increase in intensity slows
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down significantly. The whiteline intensity of the pre-oxidized sample shows a similar
behavior, initially a rapid increase, and a slower increase in intensity after ca. 5 s. That
second phase proceeds at a higher rate than on the pre-reduced sample, so that both
samples reach similar whiteline intensities ca. 400 seconds after the switch and proceed
to oxidize at similar rates from that point on.

Fig. 5.2: In situ Pt L3 edge spectra of the pre-reduced platinum catalyst (red) before
switching to an oxygen flow (A) as well as after 55 s (B) and 500 s (C), and for the preoxidized platinum catalyst (blue) before switching (A), 150 s after the switch (B), and 500
s after the switch (C).
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Figure 5.2 shows the Pt L3 edge XANES spectra of the catalysts before the switch (A), at
equal whiteline intensity during the oxidation (B) and towards the end of the measurement
(C). The initial spectra (Figure 5.2 A) show that the whiteline intensity of platinum is higher
in the case of the pre-oxidized catalyst, as expected. The whiteline intensity observed on
the initially reduced catalyst after 55 s corresponds to that on the pre-oxidized catalyst
after 150 s, demonstrating that whiteline intensity changes faster on the initially reduced
catalyst after the switch to an oxygen atmosphere (Figure 5.2 B). After 500 s, whiteline
intensities are again identical (Figure 5.2 C).

Fig. 5.3: Plot of the second versus the first principal component of the Pt L3 edge XANES
spectra taken in the first 500 seconds after the switch to oxygen for the initially reduced
(A) and pre-oxidized (B) sample.
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This difference in starting conditions impacts the structural and kinetic course of the
oxidation process, even if the final result is very similar. This is most clearly demonstrated
by comparing spectra at the same whiteline intensity during the oxidation. At a middle
point in the oxidation (Figure 5.2B, 55 seconds after the switch for the non-oxidized
sample, 150 s for the pre-oxidized sample), the post-edge features show small but
significant differences, suggesting the presence of structural differences that can be fitted
in EXAFS (vide infra). After 500 s these differences are smaller, though not completely
absent.
PCA gives additional insight into the kinetic behavior of the platinum species produced in
the reaction. Figure 5.3 shows a plot of the second principal component against the first
principal component for both samples. In either case, the spectra are separated along the
first principal component according to their sequence in time, indicating that this
component captures the overall transition from reduced to oxidized platinum. Along the
second principal component, the pre-oxidized sample shows no discernible pattern with
time, whereas the initially reduced sample has a clear structure, which changes
dramatically in the first few seconds of the oxidation process and reverses after about 55
seconds. This shape indicates the presence of an intermediate species that is formed and
then decays over time, suggesting a two-step mechanism of oxygen adsorption and
reaction. However, assuming a two-step mechanism, where the first step is fast compared
to the second step and the amount of intermediate limited to a fraction of the total available
platinum, is insufficient to explain the observation. The pre-oxidized sample, upon its initial
exposure to oxygen, would adsorb some of it and produce a certain amount of
intermediate, which would then slowly decay to the final state. Upon the continuous
exposure to oxygen, both samples would adsorb oxygen with the same rate constant. Due
to the properties of the exponential decay governing the kinetics of the adsorption process,
the rate at each point in time would only depend on the oxygen concentration (the pattern
of which over time is sufficiently consistent between the experiments to not affect the
observed kinetics significantly), and the available free surface. It would therefore not be
possible for one sample to become more oxidized after initially being less oxidized. Being
slightly oxidized must therefore have an additional negative effect on the rate constant of
adsorption (vide infra). On the initially reduced surface, one observes a two step reaction,
where in a fast initial step large amounts of the intermediate are formed, which then slowly
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reacts to the final state. On the pre-oxidized surface, some surface oxide has already
formed, limiting the number of free surface sites for the formation of the intermediate.

Fig. 5.4: k2-weighted chi functions for reduced platinum nanoparticles obtained by
measuring for 17 ms (blue), 100 ms (green), 1 s (red) and 10 s (orange).
Figure 5.4 shows how the chi functions obtained depend on the measurement time of the
spectra used in the EXAFS analysis. For a measurement time of 17 ms (i.e. a single
spectrum in the original QEXAFS data), the spectra are noisy and no clear structure is
observable beyond 6 Å-1. The more spectra are summed up, the better the signal-to-noise
ratio becomes at high k- values. In our data, using the data obtained by measuring for 1
s led to a reasonable compromise between time resolution and signal-to-noise ratio. This
data was therefore used in the subsequent analysis.
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Fig. 5.5: Non-phase corrected Fourier transformed EXAFS spectra (red, k2-weighted, 3 <
k < 12) and fits (black, dashed) of the reduced sample before oxygen dosing (A) and 4 s
(C) after the switch and those of the pre-oxidized sample before (B) and 3 s (D) after the
switch.
Figure 5.5 shows the EXAFS Fourier transforms of the platinum catalysts at selected
times. Figure 5.5A shows the initial state of the reduced sample with a coordination shell
between 2 Å and 3 Å, corresponding to a typical platinum-platinum scattering at 2.68 Å
(Table 1), reduced from the typical value of 2.76 Å, because of the lower number of
neighbors. The corresponding Fourier transform of the pre-oxidized platinum EXAFS
spectrum (Figure 5.5B) shows a reduced contribution from the platinum-platinum
scattering and an additional contribution below 2 Å from the platinum-oxygen shell. 4 s
after the switch (Figures 5.5C and D) both samples show an increased contribution from
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the platinum-oxygen shell, with the pre-reduced sample containing a larger contribution
from the platinum-platinum shell.

Fig. 5.6: Non-phase corrected EXAFS Fourier transforms (red, k2-weighted, 3 < k < 12)
and fits (black, dashed) of the reduced sample 55 s (A) and 500 s (C) after the switch and
those of the pre-oxidized sample 150 s (B) and 500 s (D) after the switch.
Figure 5.6 shows the EXAFS Fourier transforms at longer times (50-500 s) after the switch.
For the initially reduced sample after 55 s (Figure 5.6A), there is an increased contribution
from the platinum-oxygen shell, and the platinum-platinum shell is no longer distinctly
visible. In comparison, the pre-oxidized sample at 150 s (Figure 5.6B) shows a stronger
contribution from the platinum-oxygen shell, and a more structured contribution in the high
r region. After 500 s, the initially reduced platinum (Figure 5.6C) has a first platinumoxygen shell comparable to that of pre-oxidized platinum at the same delay and whiteline
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intensity (Figure 5.6D). However, the contribution of the higher shells is more pronounced
in the Fourier transform of the pre-oxidized sample.

Fig. 5.7: EXAFS coordination numbers for platinum-platinum at about 2.65 to 2.7 Å (blue),
platinum-oxygen at about 2 Å (green), platinum-platinum at about 3 to 3.2 Å (red), and
platinum-oxygen at about 3.7 Å (orange) for the reduced sample (A) and the pre-oxidized
sample (B).
EXAFS fitting quantifies these observations (Table 5.1). Figure 5.7 shows how the
coordination numbers develop over time. The coordination number of the platinum
scatterer at 2.7 Å shows behavior comparable to that observed for the whiteline intensities:
rapid initial change followed by much slower changes on the initially reduced sample, and
a more steady change across the entire range for the pre-oxidized sample. The long range
platinum-oxygen and platinum-platinum contributions are much more pronounced for the
pre-oxidized platinum compared to the initially reduced sample. The fit reproduces the
locations of maxima and minima in the imaginary part, suggesting that the right distances
and scatterers were found. The discrepancies in magnitude are mainly due to noise from
incompletely removed backgrounds, as shown by the intensities observed below 1 nm.
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Table 5.1: EXAFS parameters determined from the fits shown in Figures 5.5 and 5.6.
Sample

Time

Scatterer

N

σ0 2

R/Å

ΔE0

Goodness of fit

reduced

0

Pt

7.2±0.4

2.68±0.03

3±0.3

16.35

4

O

1.06±0.05

2.09±0.02

-10.67±1

22.97

Pt

2.85±0.14

2.68±0.03

-2.77±0.3

O

2.1±0.1

2.04±0.02

-4.62±0.5

Pt

3.11±0.16

2.64±0.03

-0.8±0.1

Pt

0.61±0.03

3.18±0.03

-4.62±0.5

O

0.74±0.04

3.63±0.04

-4.62±0.5

O

3.39±0.17

2.0±0.02

-3.46±0.3

Pt

3.59±0.18

2.64±0.03

-0.96±0.1

Pt

2.28±0.11

3.20±0.03

-3.46±0.3

O

1.3±0.07

3.57±0.04

-3.46±0.3
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5.3 Discussion

Fig. 5.8: Suggested particle model and the corresponding intermediates in oxygen
adsorption over platinum. The particle model consists of 2 layers, a bottom layer with 19
atoms (A) and a top layer with 12 atoms (B). From the bare reduced platinum particle (B),
the initial dissociative adsorption produces chemisorbed oxygen atoms typically bridging
two platinum atoms (C). These species evolve into a more stable surface oxide with a
PtO2-like structure (D).
The EXAFS analysis gives information on the size and structure of the platinum
nanoparticle that allows us to propose a structural model consistent with the data.
Comparing the fitted coordination numbers to the particle models developed by de Graaf
et al. [136], the initial reduced particles with a platinum-platinum coordination number of
7.2 suggests particles with a size of ca. 1.2 nm and around 30 atoms. The final
coordination numbers of 3-3.5 suggest an extremely small remaining reduced platinum
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core, with as little as 6 atoms remaining. The best structural explanation for the observed
coordination numbers and reactivity is a particle consisting of two layers of platinum, with
19 atoms in the bottom layer and twelve atoms in the top layer, as depicted in Figure 5.8B.
Calculating the average number of nearest neighbors for each atom gives an average
number of 6.68. Repeating the calculation, but counting only pairs of neighbors where at
least one of each pair is part of the core of the particle (i.e. the inner 7 atoms of the bottom
layer), one obtains an average number of 3.29. Both numbers are in good agreement with
the EXAFS result for the initial and final state of the pre-reduced platinum, respectively.
The kinetic observations suggest a two-step mechanism for the oxidation of platinum prereduced nanoparticles, where the phase formed in the second step inhibits the first step.
The structural differences between the intermediate and final state are observable in
EXAFS in the form of a more structured second shell with scatterers characteristic of a
platinum oxide. We associate an increased whiteline intensity, without detection of an
ordered oxide structure, with chemisorbed oxygen.
Ramaker and coworkers found by XAS spectroscopy that in an electrochemical cell the
adsorption of oxygen proceeds through atop OH groups to oxygen in bridged sites and
then to subsurface oxygen [96]. DFT calculations suggest that unlike OH, chemisorbed
oxygen prefers bridged sites over atop sites [137]. This suggests that the chemisorbed
oxygen from gas-phase oxygen activation occupies a bridged site on platinum, as
depicted in Figure 5.8B. The oxygen in bridged sites corresponds to the chemisorbed
state as found by Somorjai and coworkers [123]. This chemisorbed state is then
transformed with a certain rate to platinum surface oxide. If there are oxidizable
adsorbates present on the surface, the adsorbed oxygen has two options at any stage:
react to oxidize the adsorbate or transition into a more stable configuration of the platinum
oxygen system. The relative rates of the processes depend on the intrinsic rates of either
process as well as the concentration of oxidizable adsorbate on the surface. The
implications for oxidation reactions are clear: for efficient conversion, both reactive oxygen
and the substrate need to be at the surface in sufficient quantities. This suggests that
relative surface concentrations should be adjusted with partial pressures and
temperatures such that both reactants are in competition on the catalyst’s surface.
On the pre-oxidized sample, the coordination numbers of the higher shells are larger than
on the initially reduced platinum. Assuming the structural model deduced for the reduced
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sample (Fig. 5.8), this requires the emergence of a more ordere platinum oxygen structure.
In combination with the lack of a significant second principal component in the PCA, this
suggests that the pre-oxidation produces a system that exhibits some bulk oxidation. This
explains the decreased rate of formation of the chemisorbed state (which is less favored
on oxidized platinum) and the faster increase of the maximum whiteline intensity after the
initial phase.
Based on the structural and kinetic data, we therefore propose the following sequence for
the oxidation of the completely reduced platinum particle (Figure 5.8 B-D): the reduced
platinum particle dissociatively adsorbs oxygen from the gas phase, very rapidly
producing chemisorbed oxygen. This is the intermediate phase observed by PCA. In a
second, significantly slower step, this phase interconverts into a more stable surface oxide
with a locally PtO2-like structure. On the pre-oxidized sample, where the first step is
inhibited, and the second step accelerated, the intermediate phase appears only in low
concentrations, so it is undetected by PCA.

5.4 Conclusions
The oxidation of platinum nanoparticles is a complex process involving reaction
intermediates and kinetics that are strongly dependent on sample history. In this work, we
showed by quick XANES and QEXAFS that oxygen dissociatively adsorbs into bridged
sites on platinum, before converting into a more stable surface oxide, which has a locally
PtO2-like structure. A core of reduced platinum decreases in size. The kinetics of these
two processes, both relative to each other and in absolute numbers, depend strongly on
the initial state of the platinum catalyst. On a clean reduced platinum surface, the
chemisorption process is fast and the formation of the oxide significantly slower. If the
platinum is already partially oxidized, further oxygen chemisorption is relatively slow, but
the formation of additional oxide relatively faster. The extraordinary time resolution
achievable with the QEXAFS setup makes it feasible to describe the kinetics of structural
changes on the millisecond time scale in heterogeneous catalysts.
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6.1 Introduction
In heterogeneous catalysis, catalytically active sites require specific structural motifs [10]
and for relatively few reactions have active sites been experimentally identified [83, 87,
138]. The identification of active sites is of great interest for catalyst development, since it
enables rational modification of the structure towards enhanced activity, selectivity, and
stability. Since the structure of a heterogeneous catalyst is dynamic and subject to strong
variations depending on the reactive environment, it must be studied under reaction
conditions (i.e. in situ) [98] and while monitoring conversion (i.e. operando) [8]. A practical
heterogeneous catalyst typically contains a variety of sites of different activity, as well as
inactive species, making it difficult to assign activity to a specific site [9]. The situation is
further complicated by the support material, whose properties drastically impact the
catalytic behavior [139]. Reducible oxides, such as ceria are directly involved in the
reaction mechanism of oxidation reactions [88, 140]. In addition to the metal particles and
the support, promoters and dopants are often added to increase catalytic performance.
Alkali metals are applied in a variety of reactions [34, 35, 141] but their mechanistic role
is not well understood and depends on the specific reaction and the catalyst composition
and structure [142, 143].
Hydrogen is a key reactant in the chemical industry, as well as an important energy carrier
and storage material [144]. One of the major routes of hydrogen production is steam
reforming of hydrocarbons. Carbon monoxide needs to be removed from the product gas
due to its toxicity and its ability to poison catalysts downstream in the process chain. One
convenient way to achieve this is the water-gas shift reaction, which converts carbon
monoxide

using

steam

to

carbon

dioxide

and

hydrogen.

The

reaction

is

thermodynamically favored at low temperature, where reaction rates are relative low [31].
The reaction therefore requires highly active catalysts to achieve high conversion levels.
Industrially, a two-stage catalytic process is operated, with an iron/chromium-based high
temperature catalyst and a copper/zinc-based catalyst for the low-temperature stage [30].
The disadvantages of the copper/zinc system in particular, pyrophoricity and the need for
pretreatment [145], have led to the search for alternative low-temperature water-gas shift
catalysts.
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One approach to such catalysts is to disperse noble metals on oxides [146]. Various
proposals are available on the nature of the active site in this type of catalyst, the key
debate focusing on the issue whether cationic platinum [33] or reduced nanoparticles [37]
dominate catalytic activity. Ribeiro and coworkers used x-ray absorption spectroscopy
(XAS) and observed that platinum nanoparticles are reduced under water-gas shift
reaction conditions [38]. The activity of water-gas shift catalysts is commonly promoted by
the use of alkali metal promoters. However, this promotion effect was much more
pronounced on alumina compared to titania. Whereas the titania-supported catalyst was
much more active than the alumina-supported one in the absence of dopants, similar
activity was found for either sodium-doped system [39]. Flytzani-Stephanopoulos and
coworkers proposed cationic platinum atoms as the active site for the water-gas shift
reaction [33]. They also reported a strong effect of sodium promotion on activity on various
supports and assigned that activity to cationic platinum, which were detected by XAS and
x-ray photoelectron spectroscopy (XPS) [34, 35]. The activity was independent of the
support once sodium doping was applied [36]. These findings suggest that the sodium
dopant adopts and replaces the function of the metal oxide support in the reaction
mechanism.
Recently, Ding et al. established the reactivity of pre-adsorbed carbon monoxide towards
water and oxygen on metal oxide-supported platinum catalysts by infrared spectroscopy
[147]. Both carbon monoxide adsorbed on nano-particles and on cationic (single) atoms
over a variety of supports was detected. Only carbon monoxide on the nano-particles
reacted with oxygen. On a Na-doped silica catalyst, only carbon monoxide on the nanoparticles was removed by water. Carbon monoxide adsorbed on cationic platinum was
unreactive.
In this chapter, we investigate the reactivity of carbon monoxide re-adsorbed on cationic
platinum atoms and platinum nanoparticles on reducible and non-reducible oxides and /
or in the presence/absence of dopants using in situ RIXS and DRIFTS. The combination
of spectroscopic methods permits identification of the reactivity of specific sites and of the
role of the metal oxidation state, of the dopants and of the support. We specifically address
the question of where water and oxygen are activated on supported metal catalysts for
carbon monoxide oxidation and the water-gas shift reaction, and show that cationic
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platinum atoms can be active for the water-gas shift reaction on a suitable support or after
adding a dopant.
Infrared

spectroscopy

[72]

and

x-ray

absorption

spectroscopy

are

powerful,

complimentary tools for investigating heterogeneous catalysts under reaction conditions
[16, 17]. Infrared spectroscopy detects adsorbates on the catalyst surface, and, using
suitable probe molecules, provides also structural information about the adsorption site
[148]. Carbon monoxide adsorbed on metal nanoparticles and cationic atoms shows
distinct spectral frequencies in infrared spectroscopy. A popular method for executing
infrared experiments is diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), which permits measuring infrared data on catalyst powders rather than pressed
pellets, providing more realistic conditions in the reactor for the in situ experiment [105].
X-ray absorption yields the electronic state and local coordination environment of the atom
under investigation. The use of hard x-rays permits measuring in most reaction media and
enables a variety of cell designs. X-ray absorption provides averaged information over all
the atoms of the probed sample volume, which has the advantage that all metal in the
sample is visible to the spectroscopic experiment [16]. X-ray experiments at the platinum
L3 edge probe transitions from the 2p3/2 core to the 5d valence band. When adsorbates
coordinate to the metal, the empty non- and antibonding states produce detectable
changes in the near edge region (XANES) [149]. These changes can be used to determine
the average oxidation state and coordination of the metal atoms.

6.2 Results
Figure 6.1 shows typical post-reaction TEM micrographs of the catalysts used in the
reaction. On the Na-Pt/LTL sample (Figure 6.1A), relatively large particles (10-20 nm) are
visible on the surface and near the edges of the zeolite crystallites. On the Pt/Al2O3 sample
(Figure 6.1B), large amounts of platinum particles in the range of 1-2 nm are visible on
the alumina support. On the Na-Pt/CeO2 (Figure 6.1C), no platinum particles can be
observed, presumably due to the relatively weak contrast between platinum and the ceria
support. However, there are particles visible in the Pt/CeO2 catalyst (Figure 6.1D),
suggesting that the sodium-doped catalysts contain no or smaller platinum particles than
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the undoped catalyst. The Na-Pt/TiO2 catalyst (Figure 6.1E) also shows the presence of
platinum nanoparticles with a size of ca. 1 nm.

Fig. 6.1: Post-reaction TEM micrographs of Na-Pt/LTL (A), Pt/Al2O3 (B), Na-Pt/CeO2 (C),
Pt/CeO2 (D), and Na-Pt/TiO2 (E). All samples except Na-Pt/CeO2 (C) show significant
particle formation, even if such particles were not observed pre-reaction.
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Figure 6.2 shows the in situ DRIFT spectra of Na-Pt/LTL (A), Pt/ Al2O3 (B), Na-Pt/CeO2
(C), Pt/CeO2 (D), and Na-Pt/TiO2 (E) in the spectral region between 2200 cm-1 and 1900
cm-1 during admission of carbon monoxide, admission of carbon monoxide and
subsequent dosing of oxygen, and admission of carbon monoxide and subsequent
admission of water at 373 K. On all samples, the spectra obtained during carbon monoxide
admission were characterized by the presence of signals at 2100-2200 cm-1 due to
gaseous carbon monoxide which were removed by background correction. Table 1
summarizes all vibrational modes in this region and their assignment.

Fig. 6.2: In situ DRIFT spectra of Na-Pt/LTL (A), Pt/Al2O3 (B), Na-Pt/CeO2 (C), Pt/CeO2
(D), and Na-Pt/TiO2 (E) during admission of carbon monoxide (blue), during admission of
carbon monoxide and subsequent admission of oxygen (red) respectively water (orange),
and during simultaneous admission of carbon monoxide and water in the ratio of 4.3:1
(purple) at 373 K.
No signals of bridge-bonded carbon monoxide were observed in the spectra of any of the
samples after admission of carbon monoxide, suggesting the absence of large platinum
particles. Adsorption of carbon monoxide on Na-Pt/LTL (Figure 6.2A) produced bands at
1960 cm-1 and 2088 cm-1, as well as a broad shoulder centered around 2033 cm-1. These
bands are assigned to small platinum carbonyl clusters, so called Chini complexes [150,
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151], and carbon monoxide coordinated to small platinum particles [152, 153], on the
zeolite surface and in the channels, respectively. The signal at 1960 cm-1 remained stable
after dosing oxygen but disappeared after dosing water. The band at 2088 cm-1
disappeared in case of both oxygen and water dosing. While simultaneously admitting
carbon monoxide and water, the adsorbed carbon monoxide signals were maintained at
lower intensity, while the feature at 2033 cm-1 became better visible.
Table 6.1: IR vibrational modes of adsorbed carbon monoxide on supported Pt catalysts
in the 2250-1900 cm-1 region.
Catalyst

ν(cm-1)

Assignment

Reference

Na-Pt/LTL

1960

Platinum carbonyl

[152]

2033

Platinum nanoparticles in the zeolite channels [153, 154]

(shoulder)

Particles localized on the outer surface of the

2088

L microcrystals or in the near-surface region

[152]

2075

Carbon monoxide on metallic platinum

[153]

2088

Carbon monoxide on terrace sites

Na-Pt/CeO2

2087

Carbon monoxide on Ptδ+

[153]

Pt/CeO2

2064

Carbon monoxide on metallic platinum

[153]

2082

Carbon monoxide on Ptδ+

2063

Carbon monoxide on metallic platinum

2099,

Carbon monoxide on Ptδ+

Pt/Al2O3

Na-Pt/TiO2

[153]

2084
In the spectrum of adsorbed carbon monoxide on Pt/Al2O3 (Figure 6.2B), signals at 2075
cm-1 and 2088 cm-1 are assigned to carbon monoxide adsorbed linearly on platinum
nanoparticles and terrace sites, respectively [153]. Upon oxygen and water dosing, all
adsorbed carbon monoxide species disappeared, whereas the spectrum recorded during
simultaneous dosing of carbon monoxide and water was essentially identical to that
obtained with only carbon monoxide.
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Fig. 6.3: Temporal evolution of representative signals of adsorbed carbon monoxide
during switching from carbon monoxide to water on Na-Pt/LTL (A, green: 2088 cm-1,
orange 1960 cm-1), Pt/Al2O3 (B, green: 2088 cm-1, red 2075 cm-1), Na-Pt/CeO2 (C, green:
2087 cm-1), Pt/CeO2 (D, green: 2082 cm-1, red: 2064 cm-1), and Na-Pt/TiO2 (E, green:
2084 cm-1, red 2063 cm-1).
During carbon monoxide admission on Na-Pt/CeO2 (Figure 6.2C), a single signal was
observed at 2087 cm-1, which is assigned to carbon monoxide on platinum clusters with a
net positive charge. This species was stable against oxygen dosing and disappeared in
the presence of water as well as when carbon monoxide and water were admitted
simultaneously to the sample.
The adsorption of carbon monoxide on Pt/CeO2 (Figure 6.2D) produced absorption
signals at 2064 cm-1 and 2082 cm-1 that can be assigned to carbon monoxide coordinated
to platinum nanoparticles and partially positively charged platinum, respectively. Oxygen
removed the species characterized by the signal at 2064 cm-1, while the latter remained.
Both signals completely vanished in the presence of water, while they were retained at
lower intensity under simultaneous dosing of water and carbon monoxide.
On Na-Pt/TiO2 (Figure 6.2E), carbon monoxide adsorption resulted in two weak signals at
2084 cm-1 and 2099 cm-1 assigned to carbon monoxide on partially positively charged
platinum and a larger one at 2063 cm-1, assigned to carbon monoxide adsorbed on
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platinum nanoparticles, which was removed by both water and oxygen. Oxygen removed
all species but the one represented by the signal at 2100 cm-1. During water dosing, only
a very weak signal remained at 2091 cm-1, that was slightly red-shifted compared to that
detected in presence of water. All adsorbed species were stable under simultaneous
dosing of carbon monoxide and water, but exhibited lower coverage.

Fig. 6.4: Platinum L3 high-resolution XANES of Na-Pt/LTL (A), Pt/Al2O3 (B), Na-Pt/CeO2
(C), Pt/CeO2 (D), and Na-Pt/TiO2 (E) in carbon dioxide (green), hydrogen (red), water
(orange), carbon monoxide (purple) and the full water-gas shift mixture (blue).
Figure 6.3 presents the decay of the adsorbed carbon monoxide species directly after
admittance of water at t = 4 s. On the Na-Pt/LTL sample (Figure 6.3A), the band at 1960
cm-1 assigned to platinum carbonyl species decayed slowly, starting immediately at the
onset of water dosing. The band at 2088 cm-1, due to carbon monoxide adsorbed on
particles on the outer surface of the zeolite microcrystals, initially showed a marginal
decay, then, at ca. 130 s after the switch, a very rapid drop. On Pt/Al2O3 (Figure 6.3B),
coverage of adsorbed carbon monoxide on platinum nanoparticles and terrace sites
decreased initially very slowly until ca. 100 s after the switch, at which point all species
rapidly vanished. In contrast to these two samples, all samples composed of reducible
supports (Figures 6.3 C-E) showed an immediate onset of decay of carbon monoxide
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species adsorbed on both reduced and cationic sites. In summary, essentially two types
of temporal behaviors of adsorbed carbon monoxide species were observed upon
switching from carbon monoxide to water. Reducible supports (ceria and titania) were
characterized by an exponential decay starting instantaneously after the admittance of
water. Non-reducible supports (alumina, LTL) exhibited an initial delay prior to the quick
removal of adsorbed species. Depending on where the carbon monoxide was adsorbed,
Na-Pt/LTL demonstrated a combination of both behaviours.
Figure 6.4 shows the platinum L3 high resolution XANES spectra extracted from the RIXS
data under different gas environments. The spectra of Na-Pt/LTL (Figure 6.4A) showed
large variation. Under water-gas shift conditions and carbon dioxide, the whiteline intensity
was 3.5 units, and under hydrogen, carbon monoxide and water it was 3 units. This is an
averaged value typical for platinum(II) [97]. However, according to infrared data, the
carbon monoxide adsorption sites are a mix of reduced and partially positively charged
platinum, indicating that the adsorption sites are not characteristic for the majority of
platinum species. The spectra of Pt/Al2O3 (Figure 6.4B), showed a whiteline intensity of
2.5 units under carbon dioxide and water, and of 2 units under water-gas shift conditions,
hydrogen, and carbon monoxide. This latter value is typical for fully reduced platinum
catalysts [95], and matches the observation from infrared spectroscopy, where the main
carbon monoxide band corresponds to adsorption on platinum nanoparticles. The spectra
of Na-Pt/CeO2 (Figure 6.4C) showed little variation depending on conditions. The whiteline
intensity indicates strongly oxidized platinum with an oxidation state close to platinum (IV).
This strongly contrasts the result from infrared spectroscopy where carbon monoxide was
adsorbed on partially positively charged platinum. The difference in observed oxidation
state and the lack of strong changes in the XANES spectra upon switching between
reducing and oxidizing atmospheres indicate that only a small fraction of platinum interacts
with molecules from the gas phase.
The whiteline intensity of the spectra of Pt/CeO2 (Figure 6.4D) did not change under
different conditions and retained a value of ca. 2.7 units, indicating platinum that is close
to, but not completely reduced. This matches the results of the infrared experiment, which
suggests that carbon monoxide adsorbs on both reduced and partially positively charged
platinum. The spectra of Na-Pt/TiO2 (Figure 6.4E) also retain their whiteline intensities
and shapes independent of the gas phase composition, but at a slightly higher whiteline
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intensity of ca. 3.5 units, typical for platinum(II). This value does not match the infrared
results, where the main observable band is typical for carbon monoxide adsorbed on
platinum nanoparticles.

6.3 Discussion
The reactivity of carbon monoxide adsorbed on platinum particles supported on nonreducible oxides to oxygen is well-described in the literature [94, 119, 155]. The reaction
features two distinct reaction regimes. At low temperature, the overall reactivity is limited
by carbon monoxide desorption in a Langmuir-Hinshelwood type mechanism [101]. This
suggests that over non-reducible supports like aluminum oxide, oxygen activation requires
an accessible platinum surface. A significant increase in activity for carbon monoxide
oxdidation is reported when using reducible supports. The activation of oxygen at the
metal-support interface avoids poisoning by carbon monoxide as predicted by the
Langmuir-Hinshelwood mechanism [25, 156]. The support (or the metal-support interface)
replaces the role of the extended metal surface in oxygen activation [88, 157], thus
spatially separating the two functions of the catalytic material (carbon monoxide
adsorption and oxygen activation).
Platinum is also active for catalysing the reaction of carbon monoxide with water, i.e. the
water-gas shift reaction [38, 39]. A wide variety of suppport materials has been used in
this reaction, including non-reducible and reducible oxides as well as alkali-doped
materials [158]. The proposed reaction mechanisms fall into two main classes. Redox
mechanisms involve oxidation of carbon monoxide by oxygen supplied from the support
material and regeneration by water. The formate mechanism proceeds through the
formation of intermediate formate species [159]. Only this mechanism seems possible on
non-reducible supports, while both mechanisms contribute on reducible supports,
although their relative importance depends on the specific system and conditions [160].
Because sodium doping is supposed to strongly affect the deprotonation of the formate
intermediate, kinetics are similar regardless of metal oxide support, suggesting that the
alkali-assisted formate mechanism dominates in doped catalysts [39].
The results by Ding et al. [147] and those obtained in this work (Figure 6.2) evidence the
reactivity of carbon monoxide adsorbed on platinum nanoparticles towards oxygen and
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water. The delayed onset of consumption of adsorbed carbon monoxide in the presence
of water on Pt/Al2O3 (Figure 6.3b) demonstrates that there is intially carbon monoxide
poisoning for platinum nanoparticles on non-reducible oxides. This suggests that in the
absence of a water-activating oxide, access to the platinum surface is necessary for
reaction and the onset of rapid reaction occurs when sufficient metal surface is available
to react. On reducible oxides like ceria and titania, the activation of the reactant (water or
oxygen) is mediated by the metal-support interface.
In addition to platinum nanoparticles, supported cationic platinum is also of interest as
catalyst materials [161], because they provide a single active site in the catalyst, making
every metal atom a participant in the catalytic reaction. Isolated platinum atoms can be a
component of an active catalyst for carbon monoxide oxidation when supported on an iron
oxide [162], which is primarily responsible for oxygen activation. This does not necessarily
indicate the ability of single platinum atoms to activate oxygen. The water-gas shift
reaction has been reported on supported single platinum atoms, both for reducible
supports such as cerium oxide [33] as well as for sodium-doped systems [34, 35]. For the
sodium-doped materials, the same mechanism appears to be operating regardless of
support [36].
Different proposals have been made for the effect of sodium doping on platinum catalysts.
In water-gas shift catalysis, the sodium doping can assist in the decomposition for formate
species, thus accelerating the overall reaction [163]. It has also been suggested that
sodium helps stabilize certain cationic platinum species that contribute to water-gas shift
activity [36]. This proposal is consistent with the XAS data presented in Figure 6.4,
showing that sodium-doped samples are more oxidized at the same conditions than nondoped samples on similar supports. The effect of sodium doping can however not be
exclusively limited to the stabilization of cations, as it also accelerates the reaction in
systems containing exclusively platinum nanoparticles [39]. The likely effect is the
acceleration of a deprotonation step in the reaction, possibly the formate deprotonation.
In a non-formate mechanism, it could assist other deprotonation processes e.g. in the
activation of water. This ideas is supported by the effect of sodium doping on the reaction
order in water [39].
Ding et al. investigated the reactivity of carbon monoxide adsorbed on platinum species
supported on various metal oxide [147]. Carbon monoxide on cationic sites was not
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removed during oxygen dosing. The reactivity towards water was only investigated for
platinum on silica, both with and without sodium doping. For this support, only carbon
monoxide adsorbed on platinum nanoparticles showed reactivity towards water, but not
carbon monoxide adsorbed on cationic platinum. The conclusion was that carbon
monoxide molecules adsorbed on cationic platinum species are spectators in carbon
monoxide oxidation and the water-gas shift reaction over these catalysts.
In this work, we observed an identical reactivity behaviour of adsorbed carbon monoxide
with oxygen to the observations of Ding et al. [147] (Figure 6.2). In addition, we verified
the reactivity of carbon monoxide adsorbed on cationic platinum atoms supported on
reducible oxides. In those cases, carbon monoxide reacts with water, demonstrating that
cationic platinum can become active if it is supported on a suitable material (Figure 6.3).
In general, the reactivity of carbon monoxide on platinum can be summarized as follows.
On reduced particles, carbon monoxide is active to oxygen and water, though there is a
carbon monoxide poisoning effect if the support is inactive. Sodium doping helps stabilize
cationic platinum and assists formate decomposition. On cationic isolated atoms, carbon
monoxide is active to water on reducible supports However, isolated Ptδ+ species on nonereducible supports are not. Carbon monoxide on cationic platinum is not reactive to
oxygen on ceria and titania.

6.4 Conclusions
We unraveled the roles of the structure of platinum, of the support, and of the dopant for
the activity of platinum in carbon monoxide oxidation and the water-gas shift reaction. In
the absence of an additional active site, carbon monoxide coordinated to positively
charged platinum is inactive towards oxygen and water. The presence of a reducible
support and dopant enables water activation and thus reaction of carbon monoxide on
cationic sites. Carbon monoxide on platinum nanoparticles poisons the metal, thus
preventing direct water and oxygen activation and only after desorption of part of the
carbon monoxide can the surface react to water and oxygen. In the presence of an active
dopant or support, reactions readily occur, indicative of participation of support,
respectively dopant in the activation of water and oxygen. These experiments provide a
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comprehensive picture of the role of the nature of platinum and of the support and dopant,
thus reconciling observations from different reports.
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7.1 Introduction
The previous chapters have focused on the use of step changes for investigations on
heterogeneous catalysts. However, step changes are not the only possible shape for
transients. There are two additional fundamental types of excitations, infinitely short
pulses and sinusoidal excitations, which have distinct advantages and experimental
challenges. This chapter is a theoretical investigation of the potential of sinusoidal inputs,
in particular when combined with isotopic concentration switches.
Understanding the reactivity of catalysts is extremely important for the production of novel
catalytic systems and/or the improvement of existing ones. The basis of catalysis is the
reaction mechanism, described by intermediates and rate constants for the
interconversion of intermediates. The overall activity of the catalyst can then be described
by a catalytic cycle with its characteristic turnover frequency (TOF), which is a measure
of molecules reacted per number of active sites (*N) per unit of time. In most cases, the
determination of *N is very difficult because not all of the exposed sites are necessarily
active. *N could depend on the surface coverage of intermediates and spectator species
and further kinetic coupling and parallel cycles often occur, which can mask the right
number of active sites.
In the field of catalysis, spectroscopic measurements of active catalysts, so called in situ
or operando methods, are used to investigate catalysts under reaction conditions [7].
Spectroscopic investigations under steady state conditions are limited in several ways;
very active intermediates are necessarily short-lived and may thus be present in much
lower concentration than spectator species [164]. In addition, it is generally not possible
to derive a molecular mechanism from the overall kinetic behavior at the steady state.
Therefore, transient methods are employed [165]. These were first introduced by Eigen
[12] and generally involve a perturbation, i.e. a change in conditions, and monitoring of
the subsequent response of the system. There are three fundamental types of transient
methods: impulse response, step response, and frequency response. Temporal analysis
of products (TAP) uses a narrow reactant pulse to probe a catalyst [165, 166]. Methods
like steady-state isotopic-transient kinetic analysis (SSITKA) employ the principle of step
response, which is the measurement of the behavior of a system after a sudden change
in a system variable [167, 168]. Frequency response techniques were introduced to
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catalysis by Naphtali and Polinski [169], and developed by Yasuda [170]. The advantage
of frequency response lies in its ability to distinguish sites of different turnover frequencies
in the presence of each other without requiring the extreme experimental precision
needed in step response to obtain equivalent information [169].
Frequency response is a quasi steady-state relaxation method, whereby the catalytic
system is subjected to very small but periodical perturbations, and the response is
detected. By varying the frequency of the perturbation, the process of re-equilibration can
be observed when the periodic modulation occurs on a comparable time scale. Analysis
of the response as a function of perturbation frequency enables the extraction of kinetic
parameters from the rate-determining steps of consecutive and parallel processes,
provided that the experimental data can be treated according to a rational model [171].
The outstanding advantage of frequency response is its ability to characterize multikinetic
processes, because fine differences in the response are enlarged and can be clearly
detected, because the kinetic constants do not depend on the amount of the adsorbent.
This means that frequency response is the technique of choice to detect true reaction
rates of the catalyst while only minutely perturbing the system. Frequency response is a
strategy to detect kinetic parameters without changing them.
Although the frequency response techniques are common for measuring diffusion
coefficients [172, 173] and sorption constants in zeolites [174, 175] and mass transfer
kinetics on catalytic surfaces[176], they are rarely used to study heterogeneous catalysis
under reactive conditions[170, 177-186]. McDougall [187] emphasized that the main
reason for the reluctance to use frequency response methodology in the study of catalysts
are limits of the instrumentation, namely that infrared spectroscopy and quadrupole massspectrometers are not fast enough to detect changes faster than 10-3 s, as required for
the evaluation of active sites and reaction intermediates [188], important aspects in the
reaction mechanism and, ultimately, the catalytic cycle. Horn et al. [188] discussed this
limitation in their work on the formation of HCN over a platinum catalyst. The time
resolution of their instrument was 20 ms; thus, in order to be detected, the lifetime of any
transient species had to be in the millisecond range. Consequently, the presence of shortlived species like radicals in the reaction zone could not be excluded because they were
undetectable.
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Fig. 7.1: Schematic representation of isotopic frequency response: the sinusoidal
variation of isotopic composition in the reactant induces a sinusoidal variation in the
reactive intermediate and the product, though with a shift in phase and change in
amplitude. Spectator sites are unaffected.
A disadvantage of transient methods is that their mathematical description is more
complicated than that of steady-state experiments. This can be partially compensated by
choosing the conditions such that the response is linear to a good approximation.
While this can be achieved by choosing small perturbations, a different option was
presented by Le Cardinal et al. [189]: a molecule that is identical to the substrate in terms
of reactivity, but distinguishable by spectroscopic or spectrometric methods. This is the
case for isotopically labeled substrates in the absence of kinetic isotope effects, an
assumption that can usually be made if the labeled atom is not hydrogen. The use of
isotopically labeled substrates to achieve a measurable step response forms the basis of
SSITKA [167]. Due to its advantages, a frequency response method based on periodic
variation of content of isotopically labeled substrate is desirable. Such a method has
however not been realized to the best of our knowledge, presumably because of the
difficulty to produce sinusoidal variations in isotopic concentrations at the high frequencies
required for precise frequency response measurements.
In this paper, we derive a mathematical description of isotopic frequency response and
demonstrate its relationship to SSITKA. Implications for the implementation of such a
method, including data acquisition and analysis are discussed.
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7.2 Isotopic frequency response and catalytic reaction mechanisms
The goal of isotopic frequency response is the elucidation of catalytic reaction
mechanisms by variation of the isotopic composition of the reactants. This variation in
isotopic composition propagates through the various intermediates and ends up in the
product (Figure 7.1). In the absence of kinetic isotopic effects, the propagation of the tracer
is characterized by the same rate constants as that of the unlabeled species. The isotopic
composition of reactive intermediates adapts quickly to a change in the reactant isotopic
composition, whereas spectator sites exchange slowly or not at all. If the input isotopic
composition is varied sinusoidally and the response is linear, the output is also a sinusoid
with the same frequency but with different phase and amplitude. The change in
composition of each intermediate depends on the kinetic characteristics of the
intermediate itself, as well as on those of the preceding intermediates in the catalytic cycle.
The response of the product is determined by all kinetically relevant reaction pathways.
To model the isotopic frequency response of a real catalytic reaction mechanism, an
understanding of the response of a single site, of multiple sites in parallel and of multiple
consecutive intermediates must be understood.

Fig. 7.2: Simple irreversible reaction with reactant R, one intermediate A and product P;
k1 is the rate constant of adsorption of R, k2 is the rate constant of desorption of A.

7.3 Mathematical description
Happel suggested the use of a compartment model, originally used in pharmacokinetic
research [190], for describing the transport of an isotopic label through a catalytic system
[191]. Each compartment corresponds to one intermediate step of the catalytic reaction.
The catalytic mechanism can then be described by the compartments and the transfer
rate constant between the compartments. Consider a simple reaction mechanism with
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one surface intermediate (Figure 7.2).
The time dependence of the concentration of the adsorbed species A is then given by the
differential equation

dcA
= k1cR − k2cA
dt

(7.1)

with the reactant concentration cR and the concentration of the adsorbate cA. For the
steady state concentrations cR,0 and cA,0 the following relation can be derived:

k1 = k2

cA,0
cR,0

(7.2)

For variations around the steady state, it is useful to define the concentration of the
adsorbed species relative to the steady state concentration:

cA,rel =

cA
cA,0

(7.3)

The relative concentration of the reactant cR,rel is defined in the same way. By dividing
(7.1) by cA,0, one can write the following differential equation for the relative concentration
of A:

dcA,rel
dt

= k1

cR
− k2cA,rel
cA,0

(7.4)

By inserting (7.2) into (7.4) the following equation can be obtained:

dcA,rel
dt

= k2cR,rel −k2cA,rel

(7.5)

The measured quantity for frequency response is a measured signal intensity, either of
the product stream or of the surface intermediates. If the signal intensity is proportional to
the concentration, the expressions for the ratio of signal intensity and steady state signal
intensity becomes mathematically equivalent
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Fig. 7.3: Real and imaginary part of the frequency response as given in (7.10). The real
part decreases from 1 to zero with increasing ω with an inflection point at ω= κ. The
imaginary part goes from zero to a minimum of -0.5 at ω= κ and back to 0.
to those given by Shannon [167]. Under the assumption that desorption from the surface
is completely random, i.e. that each adsorbed intermediate a has the same chance of
desorbing in a given time interval, regardless of how long it has been adsorbed on the
surface so far, the isotopic composition of the product that desorbs in an infinitesimally
short time interval is identical to that of the adsorbed species at the beginning of that time
interval. Therefore, the time dependence of the signal intensity ratio of the labelled product
Ip depending on that of the labelled reactant Ir is identical to that of the adsorbed
intermediate and given as:

d
I (t ) = kI r (t ) − kI p (t )
dt p

(7.6)

With k the inverse of the mean surface residence time and can be interpreted as the
pseudo-first order rate constant of desorption. If the reactant isotope ratio is varied
sinusoidally, it can be described by a complex exponential as:

I r (t ) = I 0e i ω t

(7.7)

Which leads to the inhomogeneous differential equation

d
I p (t ) = kI 0e i ωt − kI p (t )
dt

(7.8)

With ω as the angular frequency of the sinusoidal variation. This equation can be solved
by the method of variation of constants, leading to the following expression:
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I p (t ) =

I0
e i ωt
iω
+1
κ




I 0  −κt

+ D −
e

iω
+ 1 


κ

(7.9)

With D representing the isotopic composition at t = 0 and κ as the rate constant in angular
frequency units. The second part of the expression can be neglected for times that are
much greater than the surface residence time of the adsorbate, a condition that is easily
satisfied in the experiment. The remaining expression is a sinusoidal function with shifted
amplitude and phase relative to the reactant isotope ratio.

I p (t )
I r (t )

=

1
2

ω
+1
κ2

−

iω
κ
ω2
+1
κ2

(7.10)

Figure 7.3 shows the real and imaginary parts of the frequency response as a function of
the ratio of the applied (angular) frequency and κ as obtained from (7.10). The real part
goes from 1 for ratios much smaller than 1 to zero for values much greater than 1. The
imaginary part goes from 0 for ratios much smaller than 1, through a minimum where the
applied frequency is equal to κ, and again to 0 for ratios much greater than 1. A more
intuitive way of plotting the frequency response is the polar form

I p (t )
I r (t )

=

1
2

ω
+1
κ2
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Fig. 7.4: Input and response for a catalyst with κ = 1 rad/s. As ω becomes greater than κ,
the amplitude of the response decreases and the phase lag increases as described by
(7.11).
Figure 7.5 shows relative amplitude and phase, as obtained from (7.11). The amplitude
goes from 1 to 0, as fewer and fewer sites exchange the adsorbed molecule in a given
period of oscillation. The phase goes from 0 (perfect in phase behavior for fast-exchanging
sites) to –π/2, i.e. a half-period phase lag for slow exchange.
For multiple, non-interacting sites, the frequency response is given by the sum of the
frequency response of the individual sites, multiplied by the fraction of that site of the
number of all sites (7.12).
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i ωn j
I p (t )
I r (t )

N

=

∑ω

nj
2

j =0

κj 2

−

+1

κj
ω2
+1
κj 2

(7.12)

With nj as the fraction of sites with κj. Multiple sites are best treated in complex notation,
as the polar form gets excessively complicated even for a rather small numbers of sites.
When the rate constants are known from frequency response, the number of site *N can
be determined from the overall rate of production.

Fig. 7.5: Amplitude and phase versus the ratio of applied frequency and κ. The amplitude
decreases from 1 to 0 with an overall behavior similar to that of the real part (Figure 7.3).
The phase goes from 0 to –π/2, corresponding to an increasing phase lag that reaches a
maximum of a quarter period delay.
The number of sites for each intermediate must then be such that the observed overall
rate is obtained by the combination of sites with known κ according to their known relative
occurrence.
As step response and frequency response contain essentially identical information, the
known step response behavior can be used to verify the obtained frequency response.
For a complete switch from one isotopic label to another, the concentration of the initial
label is described by

I r (t ) = H (−t )

(7.13)

With H(t) as the Heaviside step function. The step response of the system is given as
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I r (t ) = H (−t ) + H (t )e −T O F * t

(7.14)

according to [167]. Shannon only writes the exponential part of (7.14), but for the following
calculations it is essential that the full equation is used. To verify that the frequency
response yields the same results as the step response, the step input (7.13) is Fourier
transformed, multiplied with the frequency response kernel (7.10), and the result is
compared to the Fourier transform of the step response (7.14). The calculations are
carried out in the frequency domain, because multiplication can be used there instead of
convolution. The Fourier transform of the step input (7.13) is

i
Hˆ =
ω

(7.15)

1
i
+
i
1
i
* 2
− * 2
= κ2 ω
ω ω
ω ω
ω
+1
+1
+1
2
2
κ
κ
κ2

(7.16)

Multiplying (12) and (7) gives

iω
κ

The Fourier transform of the output (11) is

1 iω
1
i
− 2
+
i
1
i
I r (ω ) = +
= + κ 2 κ = κ2 ω
ω κ + iω
ω
ω
ω
+1
+1
2
κ
κ2

(7.17)

which is identical to (7.16) and thus demonstrates the connection between frequency
response and step response. The result is not only significant because it proves the
validity of the previously derived frequency response; it also shows that it is possible to

Fig. 7.6: Mechanism of an irreversible reaction with two intermediates (redrawn from
[167])
obtain the frequency response of more complicated reaction models through Fourier
transform of the step response and division by the Fourier transform of the step input.
According to Shannon, the step response for a catalyst with two intermediate species
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(Figure 7.6) is given as

 κ

κ2
−κ t
−κ t
2
I r (t ) = H (−t ) + H (t ) * 
e 1 −
e 2 

 κ2 − κ1
κ2 − κ1

(7.18)

The Fourier transform of the step response is

⌢
I r (ω) =

1 −iωκ2 + κ2κ1 −iωκ1 + κ2κ1  i

−
+
κ2 − κ1  κ12 + ω2
κ22 + ω2  ω

(7.19)

Dividing the output (7.16) by the input (7.12) gives the frequency response kernel
2
2
1 −ω κ2 − iωκ2κ1 −ω κ1 − iωκ2κ1 

F (ω) =
−
 +1
κ2 − κ1  κ12 + ω2
κ22 + ω2 

(7.20)

With the imaginary part

(

)

Im F (ω ) = −

ω
ω
+
κ1 κ2
ω4
ω2
ω2
+
+
+1
κ12κ2 2 κ12 κ22

(7.21)

Eq. 7.16 approaches the imaginary part of (7.7) if one rate constant is much greater than
the other, with the slower intermediate determining the response of the system. This
behavior is shown in Figure 7.7 with one rate constant fixed at 1 radians/s and the other
varying from 100 radians/s to 0.1 radians per second. The imaginary part of the response
for a single intermediate is almost indistinguishable from that with one step much faster
than the other.

7.4 Practical considerations
Based on the understanding of the three fundamental models (single site, sites in parallel,
consecutive intermediates), it is possible to discuss how real catalytic reaction
mechanisms behave in frequency response experiments. The bimolecular LangmuirHinshelwood mechanism for example describes a surface reaction between two reactants
giving one product. Isotopic frequency response simplifies the investigation of such a
mechanism, since the composition of only one reactant is varied, while that of the other
reactant is kept constant. For a complete understanding of the reaction mechanism, the
second reactant can be varied in a subsequent experiment. The variation of the labeling
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of one species can be detected for four species, the reactant, the adsorbed reactant, the
adsorbed product and the product in the gas phase. This corresponds to the mechanism
with two consecutive surface intermediates previously discussed. If there is a single rate
limiting step, the rate constant of this step can directly be determined by fitting the
frequency response. Otherwise, the reaction can be considered as two processes with
one intermediate each (reactant to adsorbed reactant to adsorbed product respectively
adsorbed reactant to adsorbed product to desorbed product) that can be fitted separately
in order to identify the rate limiting step and the rate constants.

Fig. 7.7: Imaginary part of the frequency response for two intermediates in series with one
rate constant fixed at 1 radians/s and the other at 100 radians/s (-), 10 radians/s (-), 3
radians/s (-), 1 radians/s (-), 0.3 radians/s (-), and 0.1 radians/s (-), as well as for a single
intermediate with κ = 1 radian/s (-).
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Fig. 7.8: Response to a sinusoidal input for a catalyst with the site distribution given in
Table 1. A decrease in amplitude and an increasing phase shift is observed with
increasing ω. These changes are however more spread out and less steady then those
observed for a single site (Figure 7.4).
For a reaction mechanism where reaction occurs between a surface species and a
molecule in the gas phase (i.e. the Eley-Rideal mechanism), a single intermediate
mechanism is sufficient to explain the behavior of the gas phase component, assuming
that adsorption and reaction are a single process. The adsorbed species is still better
analyzed in terms of a two step mechanism.
Table 7.1: Sites distribution used to generate the frequency response data in Figure 7.8
and 7.9
Site

Fraction, nj

κj/s-1

1

0.50

40

2

0.20

100

3

0.30

500

The measured frequency response is given in the form of a sinusoidal variation in intensity
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of the input (i.e. reactant) and output (product signal). Figure 7.8 shows the calculated
intensity of the product signal as a function of applied frequency and time for a single
intermediate reaction mechanism (as in Figure 7.2) with the site distribution given in Table
7.1.

Fig. 7.9: Imaginary part of the frequency response at 17 applied frequencies for the fitting
example and the fitted curve for the three sites in Table 7.1.
The result obtained from the measurements is a sinusoidal signal. Amplitude and
frequency of this response signal relative to the input signal can be determined by fitting.
From the amplitude and the phase shift, the real and imaginary parts of the frequency
response are calculated according to

Re = A * cosϕ

(7.22)

Im = A * sinϕ

(7.23)

And

This gives a data set containing the imaginary parts for each of the applied frequencies,
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at which the frequency response was measured. To this dataset, sinusoidal functions can
be fitted, and from the result of the fit, relative amplitude and phase of input and output
can be obtained. For fitting the frequency response, the imaginary part is clearly the most
useful, as it has a discrete minimum at ω= κ and contains both κ and the fraction of sites
nj. In order to illustrate the fitting procedure, 17 datapoints were taken from the frequency
response plotted in Figure 7.9 and their imaginary parts calculated.
Figure 7.8 shows the imaginary part of the frequency response at these applied
frequencies from 1 to 10000 radians per second. The visible asymmetry of the imaginary
part suggests that multiple sites in parallel are involved in the reaction. The minimum is
determined by the site that is most abundant. The exact number of sites is however not
obvious. The values should therefore be fitted for different numbers of intermediates in
parallel. When fitting, it is necessary to set sensible boundary values for the fitting
parameters, i.e. all values must be positive and the fractions of the active sites must be
between 0 and 1. It is furthermore recommended to rerun the fit with the results obtained
from the first run as initial values, as a better fit can usually be obtained that way.
Table 7.2: Results obtained for fitting the data in Figure 7.8 to the imaginary part of (7.12)
for 2, 3, and 4 intermediates in paralle
Sites

N1

N2

N3

N4

κ1

κ2

κ3

κ4

R2

2

0.64

0.35

-

-

47

443

-

-

0.9993

3

0.20

0.50

0.30

-

98

40

499

-

1

4

0.31

0.22

0.30

0.17

493

90

39

39

1
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The results of fitting the data in Fig. 7.9 for 2, 3, and 4 active sites by a nonlinear least
squares method to the imaginary part of 7.12 are summarized in Table 7.2. Though
reasonable fits were obtained for all three models, it must be noted that the correct number
of sites is the lowest number for which a R2 = 1 is attained.
For fitting four sites, two very similar sites are obtained from the fit. This is an indication
that too many sites are used in the model. On a real catalyst, sites will have a distribution
of kinetic parameters due to slight differences in their environment. Thus the lowest
number of sites that results in a reasonable fit should be considered the best description
of the data, unless spectroscopic data suggest that there are multiple chemically different
but kinetically similar sites. Several consecutive intermediates cannot be excluded a priori
for this dataset. Since there is however no other evidence suggesting multiple
intermediate steps (e.g. prior investigations, spectroscopic evidence), and the good fit is
obtained without consecutive intermediates, it can be assumed that either there are no
such intermediates or one step is rate limiting and thus almost exclusively responsible for
the observed frequency response (vide supra). A great advantage of this procedure is that
experimental noise is dealt with by fitting the sinusoidal and thus it does not directly affect
the final fit, but only the determination of the sinusoidal parameters. As many periods of
the sinusoidal signal can be acquired quickly for the relatively high frequencies that are
relevant for investigating catalysts, it is possible to determine the amplitude and phase of
the sinusoidal signals with great accuracy and precision.
Figure 7.10 shows three site distributions with 1, 5, and 9 sites centered around 5 radians
per second and the resulting imaginary parts of the frequency response. For a broader
distribution of sites, the peak in the imaginary part of the frequency response is also
broadened, but the position of the minimum remains constant.
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Fig. 7.10: Three site distributions centered around κ = 5 radians per second and their
resulting frequency response. Broadened distributions of sites lead to a broadening of the
frequency response.

A key question for practical applications of frequency response is the ability of the method
to distinguish sites with similar frequencies, i.e. its resolution. While peak broadening due
to site distributions and other experimental factors will reduce the resolution for
experimental data, it is still useful to set a theoretical limit for the resolution of the method.
The imaginary part of the frequency response for two sites of different κ, centered around
κ =α, where one is faster by a factor of β and the other slower by that same factor is given
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by:

iω
αβ

i ωβ
α
Im (ω) = − 2
−
2
ω
βω)
(
+
1
+1
αβ 2
α2

(7.24)

Figure 7.11 shows the plot of (7.24) for a=1 rad/s and various values of β. For β =2, only
broadening of the peak is observed. Starting at β =3, the individual peaks become more
and more distinguishable. It can therefore be concluded, that sites cannot be visually
distinguished, if their κ differs by a factor of less than four (the difference in κ is β squared).

Fig. 7.11: Imaginary part of the frequency response for two sites according to (22). Two
sites centered around a constant α of 1 radian per second; one κ is α multiplied by β, the
other κ is α devided by β of 1 (-), 2 (-), 3 (-), 5 (-) and 10 (-). For increasing β, two distinct
peaks appear.
All considerations up to this point hold for measurements of the product species, e.g. by
mass spectrometry at the outlet of the reactor. For spectroscopic methods that look
directly at surface species, some modifications become necessary. For the intermediate
species that immediately precedes desorption of the product, the isotopic composition is
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at any given time t that which it will contribute to the product stream in the infinitesimal
time span from t to t+dt. It is thus described by the same equations as the product. The
information obtained from the observation of intermediates and products can be combined
to obtain increased knowledge of the reaction mechanism. A mechanism obtained in this
way will naturally only contain intermediates that are abundant enough to be detected by
the chosen analytical method. Such knowledge is however sufficient to identify rate
limiting steps and can thus provide valuable insight for the design of improved catalysts.
Isotopic frequency response can only be measured on intermediates and products that
contain the varied isotopic label. This has important consequences for the measurement
strategy. The reactant should be labeled in a position that does not easily exchange
isotopes. Furthermore, in reactions with multiple products, frequency response is only
detected on the product that contains the labeled species. This is advantageous, as
multiple products can be dealt with separately, thus simplifying the data treatment.
Obtaining a complete view of the catalytic reaction will however require measurements
with different labeled molecules. Measurement strategy should then be determined by
previous knowledge about the catalyst and the goal of the measurement such as the
determination of the rate limiting step for catalyst optimization or mechanistic investigation
of the catalyst.

7.5 Comparison of transient methods
Since frequency response and SSITKA give access to equivalent information (vide supra),
it is necessary to discuss the merits of both techniques. A key advantage of SSITKA lies
in the nature of the step function, which contains all frequencies and is thus able to interact
with site of any k simultaneously. It is thus in principle possible to obtain information on all
sites in a single measurement, though at a cost in sensitivity to each individual frequency.
Frequency response requires measurements at many different frequencies, in particular
at the timescales of the rate limiting processes. This requires precise sinusoidal
modulation of the isotopic composition at high frequencies, which is technically
challenging. Frequency response, however, enables the resolution of multiple sites with
different characteristics, in particular the detection of fast sites in the presence of slow
sites with a large abundance, which are not easy to detect in step-based methods [169].
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With respect to the mathematical treatment, the complexity of the methods is comparable,
since the kinetic equations are identical and the difference is limited to the input function.
Another approach to employ the advantages of isotopes in transient methods is pulse
response, i.e. isotopic TAP. This has the inherent advantage that it minimizes the use of
labeled species, as short pulses are required.

7.6 Conclusions
The considerations and calculations presented in this paper give the basis for the analysis
of isotopic frequency response data. The most general method for deriving models for the
fitting of frequency response data is solving the corresponding differential equations for
the observed species for an assumed mechanism. The presented examples give a basis
for estimating the expected response, and for the even more important inverse problem:
deriving a suitable model for experimentally observed frequency response behavior. The
advantage of isotopic frequency response is its combination of the useful properties of
isotopic labeling (linearity, steady state conditions) and frequency response methods
(detection of multiple sites, free choice of acquisition time).
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The goal of this thesis was the development of transient spectroscopic techniques and
their application to practically relevant catalytic reactions. Chapter 1 gives an
introduction to heterogeneous catalysis and the various approaches towards its
investigation. Chapter 2 provides an overview over the experimental techniques used
in this work, with a focus on the underlying principles. Chapters 3 to 5 deal with the
carbon monoxide oxidation reaction over platinum, showing how a relatively simple
switching experiment can lead to a time- and space-resolved reconstruction of
concentration patterns through the reactor when combined with a reactor model. From
this reconstruction, a region of high activity could be identified and a new reactor was
designed to show that such a region could be expanded and exploited through design
of flow patterns (Chapter 3). Chapter 4 focuses on the confirmation of the simulated
distribution of structures throughout the reactor by space-resolved XAS spectroscopy
with a full field detector. These experiments confirmed the transition from a region of
reduced, carbon monoxide covered platinum to one containing oxidic platinum.
Experiments with varying ratios of carbon monoxide to oxygen showed that this ratio
determines the position of the transition. This proves that the transition is a function of
changing carbon monoxide to oxygen ratios due to conversion.
Chapter 5 illustrates the activation of oxygen over platinum, a reaction that is not only
important for the oxidation of carbon monoxide, but any heterogeneously catalyzed
oxidation reaction. Pre-oxidation of platinum nanoparticles leads to a reduced rate of
oxygen adsorption, but to a faster formation of platinum oxide compared to fully
reduced platinum. The implication for oxidation reactions is that it might be preferable
to retain a reduced region of the catalyst bed, not only for adsorption of the other
reactant, but also because the activation of oxygen molecules proceeds more easily
on a reduced platinum surface.
The identity of the active platinum species in the water-gas shift reaction is the subject
of chapter 6. The reaction was investigated in situ with both XAS and DRIFTS. This
combination of spectroscopic methods proved to be highly suited to identifying the
types of platinum species carbon monoxide adsorbs on in relation to the distribution of
all available platinum atoms. The experiments demonstrate that carbon monoxide
adsorbed on cationic platinum can be active in the water-gas shift reaction, if the
support is capable of water activation. In contrast, oxygen activation is not possible on
the investigated cationic catalysts, requiring access to a platinum surface to proceed.
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Chapter 7 focuses on theoretical considerations for the use of isotopically labeled
reactants in combination with sinusoidal excitation. This approach combines the
advantages of SSITKA, i.e. an excitation with minimal perturbation of the system under
investigation, with the ability of frequency response methods to resolve multiple sites
of varying activity, and in particular its ability to detect minority sites.
The work overall addresses three issues that are of fundamental importance in
heterogeneous catalysis: the structural requirements for surfaces to activate reactants;
the spatial integration of such structures up to the reactor level; and the development
of analytical techniques to investigate both of these under reaction conditions. Based
on this work, various conclusions of general importance can be drawn.
For a catalytic reaction to occur, reactants need to adsorb on the catalyst surface. For
many reactants, this is accompanied by breaking a bond in the reactant molecules.
The energetic cost of breaking these bonds needs to be compensated by (a)
sufficiently strong bond(s) to the catalyst surface. However, too strong such bonds
inhibit the further progress of the reaction or product desorption. This kind of trade-off
is the key to designing efficient catalysts, often illustrated by so-called volcano plots.
The optimum depends on adsorption / desorption of reactant, intermediate, and
product on the one hand and the surface reaction on the other. Reaction occurs over
an ensemble of atoms that form the active site. A specific site can be highly reactive to
one reactant and inert to another. These are crucial properties for catalyst design.
Many reactions involve the interaction of two reactive species on a surface. If one
species adsorbs more strongly than the other, the surface is fully covered by the former
and no sites are available for adsorption of the latter. The result is a LangmuirHinshelwood type reactant poisoned system. If multiple sites in such system can be
tailored to each reactant, this limitation can be avoided. Each reactant adsorbs on its
preferred site, and the interfacial region becomes the zone where both reactants
interact. The system of a metal nanoparticle on a reducible support is a partial
realization of such an approach for oxidation reactions, even though it is not entirely
clear if the oxygen activation occurs over the support, at the interface sites, or on the
metal.
If combining adsorption sites for two types of reactions is the key to efficient catalysis,
the question to address is that of the appropriate mode and scale of integration. The
case of integration on the particle level is well established, as discussed in the previous
paragraph. Integration is however also possible at larger scales, as demonstrated by
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the spatial distribution of platinum species in a catalytic reactor for carbon monoxide
oxidation at high conversion. This was demonstrated in chapter 3, where it was shown
that activity in carbon monoxide oxidation is confined to a relatively small zone in the
reactor at high conversion. This zone marks the boundary between mostly carbon
monoxide covered platinum near the inlet of the reactor and oxidized platinum near the
outlet. This phenomenon could be exploited by the use of a t-shaped reactor,
maximizing the contact zone between oxidized and carbon monoxide covered platinum.
On the analytical side, the key to improving the understanding of catalytic behavior lies
in improving the resolution of analytical techniques, which will permit the execution of
more elaborate experiments and give a stronger foundation for modelling. Resolution
can refer to temporal, spatial, and chemical resolution. Temporal resolution in XAS has
markedly improved in recent years, to the point where typical TOFs on heterogeneous
catalysts are relatively easily accessible. However, the underlying assumption here is
the relative homogeneity of the reactivity of the entire catalyst. If there are certain
regions or sites with much higher activity, it becomes crucial to not only distinguish
these, but also to analyze them at even better temporal resolution. Improvements in
temporal resolution primarily depend on advances in x-ray optics and beam line
equipment. For transient experiments, the use of cyclical operation summing multiple
runs can help with regards to signal to noise, as long as a high degree of reproducibility
is achieved.
The need for spatial resolution is primarily the result of catalytic conversion, which
leads to changes in reactant concentrations throughout the reactor. These differences
in turn result in changes in coverage, and ultimately catalyst structure, which affect the
kinetics of the catalytic reaction. While differential conditions can be used to minimize
concentration gradients, they preclude the investigation of reactor-level phenomena at
high conversion and the use of transient methods. Spectroscopic methods with spatial
resolution are thus needed to describe catalytic activity at the reactor level. The spatial
resolution in XAS is again dependent to a large extent on technical developments. Out
of the two approaches – scanning and full field – the latter has the greater potential
with regards to being able to image the entire reactor, but also greater technical
challenges to overcome. In particular, a combination with time resolution is currently
far from practical, with the recording of a spectrum taking hours to achieve satisfactory
signal-to-noise ratio. Brighter x-ray sources will facilitate the faster recording of spaceresolved spectra.
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The chemical resolution may be the most crucial for achieving deeper understanding
of catalytic activity – realistic catalysts are structurally heterogeneous, and different
structural environments will contribute to a reaction with different rates. XAS by itself
gives averaged information, but transient methods lead to resolution through different
kinetic behavior. This approach works best when the activity of sites is relatively
homogeneous, whereas in cases of widely varying activity, data analysis becomes
difficult even for simple step experiments. In such a case, the majority sites dominate
the observed signal and may swamp out a minority signal of a highly active species.
Frequency response methods are able to resolve such situations in theory, but
producing reliably reproducible sinusoidal concentration variations over multiple orders
of magnitude in frequency is experimentally challenging. Alternatively, one could
employ a spectroscopic method that inherently resolves chemical species. Infrared
spectroscopy is able to do that and provide additional information, since it is sensitive
to adsorbate rather than the catalyst. This type of complimentary information is
valuable since comparisons between the results of different methods can lead to
additional insight into mechanistic details of the reaction. In particular, discrepancies
between the results of different methods will point towards aspects of the reaction that
are not well understood. Kinetic modelling of the reaction is a valuable tool to integrate
data from multiple experiments and to check their consistency with the overall
observed reactivity. In addition, it permits the generation of testable hypotheses on the
catalytic reaction.
In addition to obtaining the right information, it is also crucial to draw the right
conclusions from it. Observing a structure in a reactor is insufficient, it needs to be
shown to be involved in the catalytic mechanism, with a quantitative relationship
between the structure and the overall reaction rate. In this context, it is important to
differentiate between the structure of a site and its steady state coverage under
reaction conditions. The steady-state coverage in turn is a weighted average of all
structures in the catalytic cycle – with the weighting factor inversely proportional to the
lifetime of each state. In many practical cases, that can result in one specific state
being dominantly observed. Such an observation is interesting and possibly
meaningful, but not sufficient for a mechanistic explanation of catalysis. To obtain
deeper insight into the catalytic cycle, the reaction conditions can be manipulated to
favor various steps in the cycle, thus demonstrating the sequence of steps and how
they are affected by reaction conditions.
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Transient spectroscopic experiments are a particularly useful implementation of this
principle, since they can demonstrate correlations between the accumulation or
removal of characteristic structures and observed rates, which can be used to predict
and verify kinetic models. Transient spectroscopic experiments combine two distinct
and otherwise separate types of investigations into heterogeneous catalysis,
spectroscopic and kinetic experiments. Kinetic studies investigate the overall behavior
of the catalyst in a reactor under a variety of circumstances. Typical results include
reaction rates (e.g. in the form of turnover frequencies), reaction orders and activation
energies. While such data contain information on the underlying reaction mechanism,
no explicit structural data is obtained in traditional kinetic experiments. In contrast,
spectroscopic experiments typically give structural information on the single site level,
possible even reactivity information, but it is often unclear how the observed behavior
contributes to observed reactor level activity. It is entirely possible to investigate the
detailed reactivity of a given site that is not in fact the main driver of catalytic activity.
The combination of both approaches, in particular with quantitative integration of the
data obtained from either step, is required to obtain a full description of catalytic activity
and its structural requirements.
The choice of the appropriate transient experiment is specific to the system under
investigation and the spectroscopic methods available. In general, a reactant with a
large reaction order (positive or negative, but not equal to one) at typical reaction
conditions should be preferred. Small changes in concentration for reactants with zero
or near zero reaction order will not lead to an appreciable change in the observed
activity. These reactants might not be directly involved in the rate limiting step. In
contrast, a reaction order equal to one implies no coverage on the relevant adsorption
site and thus nothing detectable by spectroscopic methods. The ideal case might be a
transition from a high coverage, low order situation to low order and high coverage –
i.e. switching off that reactant. In this case, the drop in coverage can be compared and
related to the simultaneous change in the rate, and the two can be compared. In order
to investigate their contributions to the catalytic cycle, this type of experiment should
be done for all reactants. The transient experiment then needs to be combined with a
spectroscopic method that is able to detect the presumed adsorption site of the
reactant and provide sufficient time resolution. Such an experiment, if carefully
executed and evaluated, will give information on the kinetics of the adsorption and
reaction of the reactant under investigation near the steady state and the surface
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structures involved in this. For a reaction with multiple reactants, this is only one part
or component of the active site - a similar investigation then needs to be done for all
other reactants in order to obtain the complete picture.

Fig. 8.1: Structural variation in catalysis at different levels from the atomic to the reactor
level. An ideal model of a heterogeneously catalyzed process would account for the
entire hierarchy of interacting processes in a quantitative manner.
All this assumes that the underlying catalyst structure and reactivity is relatively static
under varying reaction conditions, an assumption that may be unrealistic. Many
processes affect the surface structure in a significant way, from reconstructions upon
adsorption onto the surface and even into the bulk, thereby changing structure, to even
particle disruption. Oxidation in particular provides a challenge since the reactivity of a
metal oxide is drastically different from that of the corresponding metal. This limits
modulation experiments with oxygen, since shifting the conditions too much in favor of
oxygen adsorption (e.g. by completely switching off a competing reactant) will lead to
the formation of a surface oxide and thus completely different behavior in the transient
experiment. However, such an effect needs to be accounted for in a complete
description of the catalytic process.
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In addition to the mechanistic details of the catalytic cycle, the evolution of the
underlying catalyst structure is of great interest in catalyst development. Understanding
of the mechanism of deactivation, and in particular if and how the deactivation steps
are coupled to the catalytic cycle could make it possible to design catalysts not only for
activity but also for stability. Especially for cases such as coking, where the
deactivation is effectively a side reaction, targeted catalyst design could lead to
significant improvements.
Figure 8.1 shows an example of the interacting levels of structural variation
heterogeneous catalysis from the single site to the reactor level. These levels interact,
since each side affects the reactivity in the reactor, and thus the reactant and product
concentrations at all active sites, which in turn affect the site structure. The goal of
obtaining a quantitative description of the entire process requires integrating
information from every level in a quantitative manner.
Developing a quantitative description of catalysis over all scales of length and time is
a challenging goal. Even if not all required information is available, modelling the
system and extrapolating any unknown parameters will point to any gaps in
understanding, and thus the required experiments. The improving capabilities of
spectroscopic experiments combined with better data analysis and reactor modelling
provide a framework for developing more precise descriptions of catalytic behavior.
The ability to assign reactivity to specific chemical species is the key to designing more
active catalysis – through the synthesis of an improved catalyst material or by reaction
conditions that maximize activity.
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