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Abstract

Interactions between surfaces and molecules play a central role in various fields where catal-
ysis is one example. In order to understand different surface processes, physicochemical
characterisation of the surface materials and molecules is required. The present work aims
at characterisation of such processes on nanostructured and microporous surfaces with ap-
plication for astrochemistry and selective NO, reduction.

The astrochemical studies are motivated by the need for realistic model systems of inter-
stellar dust grains that serve as catalysts for the formation of molecules in the interstellar
medium. Experimentally, interstellar dust grains are commonly modelled by flat metal sur-
faces, although such structures are far from reality. This can result in inaccurate predictions
of the surface processes, and thus, the molecular abundances in different regions in space.
Temperature programmed desorption (TPD) with quadrupole mass spectrometry (QMS)
at ultra-high vacuum conditions and optical reflection spectroscopy are used to study the
thermal desorption of water from an ice-covered nanostructured graphite surface. It is found
that the nanostructured surface gives rise to the presence of multiple peaks in TPD-QMS
spectra, which can be assigned to water bound in two- and three-dimensional hydrogen-
bonded networks, defect-bound water, and to water intercalated in the graphite structures.
The diffusely reflected light from the surface measured during a TPD experiment is found
to be dependent on the water ice phase and thickness, allowing the observation of water ice
also in subsurface regions.

In emission control for automotive applications, there is a requirement for catalysts that
are active for the conversion of nitrogen oxides (NO,) to harmless N, over a broad tem-
perature range. One of the most common approaches for heavy-duty vehicles is selective
catalytic reduction with ammonia as reducing agent (NH;-SCR) over copper-exchanged zeo-
lites. However, for cold exhausts, the catalytic activity of the copper zeolites is not sufficient
and a deeper understanding of the detailed reaction mechanism and the properties of the
catalytically active centres are required to further improve the technique. In this work, the
properties of copper-containing chabazite (Cu-CHA) zeolites are investigated. The sam-
ples are prepared using both high-temperature solid-state ion-exchange (SSIE) in air and
low-temperature SSIE performed in a reactive gas atmosphere containing NH; and NO.
The Cu-CHA samples are characterised by infrared, optical and X-ray photoelectron spec-
troscopy together with X-ray diffraction, electron microscopy, and TPD of NH; and NO.
In addition, the catalytic activity for the NH;-SCR reaction is investigated. It is observed
that Cu ions from external CuO diffuse into the microporous structure of the zeolite un-
der NH;-SCR conditions as well as in the presence of NH; and NO. Materials prepared by
low-temperature SSIE assisted by NH; and NO show the highest conversion of NO, for NH,-
SCR with a maintained selectivity for N, formation. In both types of Cu-CHA materials,
the presence of Cu?t and Cu™ species is suggested as a result of the SSIE procedures.

Keywords: Water ice, nanostructured graphite, ultra-high vacuum, temperature pro-
grammed desorption, intercalation, catalysis, NH;-SCR, NO, reduction, zeolites, Cu-SSZ-
13, Cu-CHA, solid-state ion-exchange, UV-Vis spectroscopy, XPS, DRIFTS, XRD, electron

microscopy, materials characterisation
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Introduction

Reactions occuring on complex surfaces play a major role in various fields of
chemistry and physics where a dominant example is heterogeneous catalysis.
A catalyst is a substance which accelerates a chemical reaction without being
consumed itself [1]. In a heterogeneously catalysed reaction, the phase of the
catalyst is different from that of the reactants, e.g. a solid catalyst surface in
a gaseous reactant mixture. Heterogeneous catalysis is essential for the pro-
duction of transportation fuels, bulk and fine chemicals, and the abatement
of pollutants from automotive and industrial exhausts [1, 2]. However, cat-
alytic processes are not only utilised in our modern world but also occur on
interstellar dust grain particles in space and are responsible for the formation
of molecules. This thesis considers two areas where complex, nanostructured
and microporous, surfaces are used to study physicochemical processes and
transformations. More specifically, in the area of astrochemistry, studies on
nanostructured surfaces composed of carbon materials are needed in order to
construct more realistic model systems for interstellar dust grains. In the field
of selective NO, reduction, there is a great need for characterisation of mi-
croporous zeolite materials that are applied as catalysts aiming at a greater
understanding of the catalytic reactions used to clean exhaust gases from pol-
lutants.

In this Chapter, a background to both astrochemistry and selective NO, re-
duction will be given.



Figure 1.1: The “Black Cloud” Barnard 68. This figure is obtained from ESO
(hitp://www.eso.org/public/images/es09924a/).

1.1 Astrochemistry

Despite the very low pressure in space, the regions between the stars, the inter-
stellar medium (ISM), is not empty. Instead, it is filled with a large variety of
gases, ices, and solid particles. The presence of solid particles, referred to as in-
terstellar dust grains, has a considerable impact on the molecular composition
in the ISM because of physical and chemical processes that occur on the grain
surfaces [3]. At present, almost 200 different molecules have been identified in
the interstellar medium or circumstellar shells [4], and water (H,O) is one of
them [5]. Molecules can form in the ISM by gas-phase reactions induced by
e.g. cosmic rays or by surface reactions on interstellar dust grains. Indeed, the
enhanced abundances of some gas-phase molecules, such as H, [6, 7] and NH,
[8], as well as the presence of alcohols, such as methanol [9, 10], is commonly
explained by surface reactions on grains as no efficient gas-phase formation
route is known.

Interstellar dust was probably noticed for the first time by the astronomer
William Herschel in 1784 [11]. He was astonished by the presence of “holes in
the sky”, i.e. apparent voids in the distribution of stars in the night sky, as
shown in Figure 1.1. It is now known that such black regions in interstellar
clouds are owing to dust particles that absorb and scatter and, hence, extin-
guish most of the visible light from stars that are present in the background.

Interstellar dust grains are in many cases composed of a grain core and an
icy grain mantle, as shown on the left panel in Figure 1.2. The interstellar
ices in the grain mantle form by condensation of gas phase molecules on cold



dust grain surfaces. The molecular composition of interstellar grains can be
derived from astronomical infrared absorption spectra. An example is shown
on the right panel in Figure 1.2. The spectrum shows the presence of several
molecules in the icy grain mantle, as well as the dust grain core material, in
this case a silicate. By far, the most abundant molecule in ice mantles is water,
detectable through the broad absorption band at around 3 um that originates
from the OH stretching of water ice in an amorphous phase. Other frequent
molecules are CO, CO,, CH;0H, H,CO, HCOOH, NH; and CH,, but their
abundances are often below 20% relative to the water abundance.

Apart from silicates, dust grain cores can consist of carbonaceous materials
and also heavier elements, such as Al, Ti and Fe [3]. The carbonaceous com-
ponents in dust grains are mainly dominated by graphitic and amorphous
carbon. The profile of the strong interstellar absorption feature at 217.5nm
points to the existence of nanosized carbonaceous structures [12, 13]. This
was concluded because of the high similarity of the spectral characteristics of
defective carbon nanostructures [12] and amorphous carbon nanoparticles [13]
with the astronomical band profiles. Furthermore, observed shifts of the weak
interstellar bands at 6.8 and 7.2 um have been interpreted as the presence of
defective nanostructures in carbonaceous dust [14]. Dust grain sizes can be
derived from optical extinction curves because the wavelength of the extinc-
tion is dependent on the grain size. They can span a wide range, from a few to
several hundred nanometres [3]. The sizes and structures of interstellar grains
are highly influenced by the extreme conditions in space, in particular the tem-
perature, that may range from 10 to 10° K depending on the region, as well
as ultraviolet (UV), X-ray or cosmic radiation, consisting of high energy pro-
tons and electrons. Therefore, the surface of interstellar grains is assumed to
be inhomogeneous. Exposure to the different forms of radiation and elevated
temperatures can furthermore lead to changes in the ice morphology. It can
also result in chemical reactions and the formation of new species, especially
more complex organic molecules [15-17]. Finally, at sufficiently high energies,
interstellar ices can desorb thermally or under the influence of UV photons.

For an accurate interpretation of astronomical observations, adequate model
systems, also referred to as dust grain analogues, must be chosen. This en-
ables the investigation of astrophysical or astrochemical processes that involve
interstellar dust grain surfaces in the laboratory or by computer simulations.
The advantage of dust grain analogues is that they can be examined at chosen
conditions and with different techniques, e.g. under the influence of varying
temperatures, or under the exposure to photons, electrons or ions. Modelling
of interstellar processes in the laboratory can also result in remarkable dis-
coveries. For example, the formation of the carbon allotrope Cg,, known as
buckminsterfullerene, was detected for the first time in 1985 by H. Kroto and
coworkers during laser induced evaporation experiments of graphite [19].
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Figure 1.2: Left panel: Schematic of an interstellar dust grain consiting of a grain
core and an icy grain mantle; Right panel: Astronomically observed infrared absorp-
tion spectrum toward the molecular cloud W33A showing molecules that are present
in the icy mantle (H,0, CO,, CHyOH, CH,, elc.) as well as the grain core material
(silicate). Reproduced by the permission of the AAS from Gibb et al. [18].

To accurately model star forming regions, a detailed understanding of thermal
desorption processes is crucial. While the icy mantle on interstellar dust grains
form in the cold, dense molecular clouds, they can sublimate during the lifetime
of a molecular cloud (10°-108 years) when newly formed stars warm up the
grain material [3]. The warm and dense star-forming regions (called hot cores)
typically contain the ice mantle molecules in gas-phase. Although assumed in
many astrophysical models, the desorption of interstellar ices does not occur
instantaneously when a star in the vicinity is switched on [20]. It has been
shown that the models can be improved by using the experimentally obtained
kinetic parameters of the thermal desorption processes [21].

It is clear, however, that laboratory astrochemical and astrophysical experi-
ments have limitations as models for interstellar processes. For example, inter-
stellar particle densities can be in the order of 200 cm™2 in molecular clouds,
and around 1-10° cm™2 in regions where star formation has recently taken
place [3]. In contrast, under laboratory conditions with ultra-high vacuum
(UHV), pressures in the order of 107! torr can be reached. This corresponds
to a particle density of approximately 107 cm ™3 at 10K, i.e. several orders of
magnitude higher. Furthermore, heating rates in hot cores are approximated
to 1 K per century (which is equivalent to approximately 3x 1072 Ks™1) [20, 21]
whereas, in the laboratory, heating rates on the order of 1Ks™! are usually
applied.
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Figure 1.3: NO, emission limits for heavy-duty vehicles according to the Furopean
legislations in the past 15 years. The data for this plot was taken from Ref. [25].

1.2 Selective NO, Reduction

Exhaust emissions from automotive vehicles include nitrogen oxides (NO,),
carbon monoxide (CO), hydrocarbons (HC) and particulate matter [1]. This
thesis focuses on the abatement of NO,, which is a collective term used for
nitric oxide (NO) and nitrogen dioxide (NO,) [22], and is associated with severe
environmental and health concerns [22-24]. In the atmosphere, NO, can react
to form smog and acid rain, as well as tropospheric ozone [22, 23]. Furthermore,
it can lead to acidification and eutrophication, i.e. a nutrient enrichment of the
Earth’s surface that has a destructive impact on both aquatic and terrestrial
ecosystems [24]. In humans, NO, can lead to respiratory problems owing to the
formation of nitrous and nitric acids with body moisture that can attack the
walls of lung alveoli [22]. Therefore, the emission of NO, gases has been subject
to increasingly stringent legislation during the past decades, in particular in
Europe, the United States of America, and Japan. As an example, the NO,
emission limits in Europe for diesel heavy-duty vehicles during the past 15
years are shown in Fig. 1.3. According to the Euro VI emission standards
implemented in 2013, only 0.2-1.0 g/kWh NO, are allowed to be released from
heavy-duty vehicles within the European Union [25, 26].

In gasoline powered vehicles, NO, emissions are commonly abated using a
three-way catalytic converter. However, the three-way catalyst does not func-
tion at the high air/fuel ratios, i.e. at lean conditions, that most diesel engines
operate on in order to be more fuel efficient. Therefore, other systems are re-
quired in diesel-powered vehicles for the removal of NO, (deNO,) working
at highly oxidising conditions. The leading deNO, strategy in heavy-duty
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Figure 1.4: Scheme of a diesel aftertreatment system with an NH4-SCR catalyst
for conversion of NO, exhaust gases to N,.

vehicles is selective catalytic reduction with ammonia as the reducing agent
(NH;-SCR) [27]. It is typically incorporated in a diesel aftertreatment system
which is shown schematically in Fig. 1.4. The aftertreatment system con-
sists of different parts, i.e. an oxidation unit, a urea system, a part for urea
hydrolysis, an NH5;-SCR catalyst, and a second oxidation catalyst [28]. Not
shown in the scheme, but usually also part of a diesel aftertreatment system is
the diesel particulate filter (DPF) for removal of particulate matter that can
be integrated as a separate unit or as combined SCR-DPF system [29]. The
catalysts used in the catalytic units are usually wash-coated on ceramic or
stainless steel monoliths. Their honeycomb structure functions as the catalyst
substrate, increasing the surface area exposed of the catalyst [1].

In the first oxidation unit, NO, CO and hydrocarbons (HC) are oxidised to
form NO, and CO,, respectively. Through a dosing unit, urea is injected to
the gas mixture. The urea is hydrolysed in situ to form ammonia (NH;) which
acts as the reducing agent in the SCR unit. Usually, NH;-SCR can proceed via
the following three reduction reactions of nitrous oxide (NO) and/or nitrogen
dioxide (NO,) with ammonia under oxygen excess:

4NO + 4NH; + O, — 4N, + 6 H,O (standard)
NO +NO, + 2NH; — 2N, + 3H,0 (fast) (1.2
6NO, + 8NH; — 7N, + 12H,0 (slow) (1.3)

—_
—_
~— ~—

The notation of fast and slow NH;-SCR is derived from their proceeding at
faster and slower reaction rates, respectively, compared to the standard NH;-



SCR reaction. In the last step of the exhaust aftertreatment, the remaining
ammonia is oxidised over a second oxidation catalyst to form N,. This reaction
is also a major side reaction of the NH;-SCR reaction as the direct ammonia
oxidation by molecular oxygen bypasses the reduction of NO,:

ANH, + 30, — 2N, + 6 H,0 (1.4)

1.3 The Surface Science Approach in Catalysis

At first glance, astrochemistry and selective NO, reduction may seem to be
disconnected fields. However, the basic ingredient of both disciplines is het-
erogenous catalysis, i.e. processes taking place on surfaces and, therefore, both
fields rely on the same basic concepts of surface science. Their study requires
similar knowledge about material properties, and the same characterisation
techniques such as electron microscopy and spectroscopy are used. Further-
more, the interaction between adsorbing, desorbing and reacting molecules is
probed to gain information about the surfaces as well as the processes occur-
ring on the surfaces.

1.4 Objectives of this Work

The aim of this work is to investigate reactions that occur on nanostruc-
tured and microporous surfaces. In the astrochemistry studies, the influence
of the surface morphology and other size-related properties of a nanostruc-
tured graphite surface on the thermal desorption of water is studied. The
use of a graphitic and nanostructured substrate is motivated by the need for
realistic model surfaces for studies of astrochemical and astrophysical pro-
cesses on interstellar dust grains. An understanding of water desorption pro-
cesses is essential for astrochemical modelling of surface processes because wa-
ter is the major component in the interstellar ices that are deposited on dust
grains. The nanostructured graphite samples are characterised by electron and
atomic-force microscopy. The thermal desorption is studied by temperature
programmed desorption (TPD) combined with detection by mass spectrometry
(MS) and reflectance spectroscopy.

In the selective NO, reduction investigation, the catalytic activity for NHj-
SCR of copper-exchanged chabazite zeolites prepared by different methods
of solid-state ion-exchange is investigated and the nature and oxidation state
of the Cu species present in the samples are assessed. The motivation for
these studies arises from the requirement for catalysts that are highly active



for the abatement of toxic exhaust gases over a broad temperature range.
For sample characterisation, infrared, optical, X-ray photoelectron and Auger
spectroscopy are used together with X-ray diffraction, electron microscopy and
TPD of NH; and NO.

The thesis is structured as follows: In Chapter 2, an introduction to some
fundamental surface processes will be given. In Chapter 3, previously studied
dust grain analogue systems, and the properties of the interstellar dust grain
model system used in the present studies will be described. In Chapter 4,
the properties and preparation of metal-containing zeolite catalysts will be
outlined and the state-of-the-art understanding of the reaction mechanism
of NH;-SCR over copper chabazite catalysts will be summarised. Chapter
5 provides a presentation of the experimental methods, which are based on
ultra-high vacuum techniques as well as methods at ambient conditions. In
Chapter 6, a summary of the obtained results will be presented and in Chapter
7 conclusions will be drawn and an outlook for future work on this topic will
be given.



Elementary Surface Reactions

This Chapter will give a general background to some fundamental concepts
in surface science with a focus on topics that are relevant for the presented
studies. Elementary surface reactions include adsorption, desorption, diffusion
and reaction, as illustrated in Figure 2.1. These processes have been discussed
in several textbooks, of which the book by K. W. Kolasinski is one example

2.
o®®

. Desorption
Desorption Adsorption “
\ Adsorption
Film Growth
A ‘ ’ Diffusion
Reaction

Diffusion

Figure 2.1: Schematic representation of elementary surface processes.

2.1 Principle of Catalysis

As illustrated in Fig. 2.2, the addition of a heterogeneous catalyst to a reac-
tion provides a new reaction pathway to the uncatalysed (gas-phase) reaction
[30]. The catalysed reaction exhibits lower activation energies (E!) than the
uncatalysed reaction (E,), which leads to an increase in reaction rate.
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Figure 2.2: Reaction enthalpies of an uncatalysed and a catalysed reaction.

Note that the change in enthalpy, AH, is identical for both the catalysed and
uncatalysed reaction meaning that the thermodynamics of the reaction are
unchanged by addition of a catalyst, while the kinetics are affected [30].

2.2 Adsorption

The adsorption of molecules and atoms on solid surfaces is commonly divided
into two types: physical adsorption, called physisorption, and chemical adsorp-
tion, called chemisorption [2]. The potential energy of the molecule or atom as
it approaches the surface describes the interaction between an adsorbate and
a surface. In Figure 2.3, examples of potential energy curves are given. The
depth of the potential well, F,qs, represents the energy that is gained upon
adsorption, the binding energy.

For a physisorbed adsorbate, the resulting potential well, denoted as Eg(lfg ®in
Figure 2.3, is comparably shallow, typical values are <0.3eV [2]. Therefore,
physisorption is considered as the weakest form of adsorption. It can be in-
terpreted as a balance of a long-range van der Waals attraction, that involves
a fluctuating polarisation of the adsorbate, and a short-range Pauli repulsion,
originating from an unfavourable overlap of the filled atomic orbitals of the
adsorbate with those of the surface atoms. Due to the low binding energy,
physisorption is studied at low temperatures, usually <100 K.

In contrast, in the case of chemisorption, new ionic, covalent and/or metallic
bonds between adsorbate and surface are formed owing to a constructive over-
lap of the atomic orbitals. Consequently, chemisorption results in a deeper
potential energy minimum. This is visualised in Figure 2.3, where the binding
energy of the chemisorbed system is indicated as E;]g‘s”m. Commonly, binding

10
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or chemisorbed to a surface with adsorption energies EYY° and Egqs™, respectively.

energies of >1eV are reported [2]. Chemisorption leads to strong perturba-
tions of the molecular properties compared to those of the gas phase molecule.
The bonding strength in chemisorbed systems is determined by the interac-
tion between the valence electrons of the adsorbate and those of the solid
surface. A special case is dissociative chemisorption, which involves breaking
of the intramolecular bond of the adsorbed molecule and consequent atomic
adsorption.

Lateral interactions between adsorbates can become crucial for the energetics
of the adsorption process. These interactions are usually more important at
high coverages. However, even at low coverages, lateral interactions can play a
role, e.g. for island formation, cf. Section 2.2.2. Lateral interactions generally
result in a coverage dependence of the adsorption energy [2].

2.2.1 Adsorption Kinetics

For a molecule to adsorb (stick) to a surface, it must lose enough energy to
be trapped in the adsorption well at the surface. The sticking of molecules
on a surface depends on the specific properties of both the substrate and the
incident species, important factors to consider are the electronic structure, the
temperature, and the angle of incidence. The sticking probability is described
by the sticking coefficient S which is defined by the ratio of the number of
particles that stick, Ngick, and the number of incident particles, Nipc:

Nitick

5(0.Ts) =

(2.1)

where O is the adsorbate coverage, and Tg is the substrate temperature.

11
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Figure 2.4: The different growth modes for molecules and atoms on a surface.

2.2.2 Film Growth

Experimental studies on various systems point to the existence of three differ-
ent growth mechanisms for molecules and atoms on surfaces [31], as visualised
in Figure 2.4. The growth of adsorbates on a surface begins with the ad-
sorption of a small number of molecules that can diffuse on the surface until
they find nucleation centers, e.g. defect sites on the substrate. With adsorp-
tion of more molecules, the formation of two-dimensional (2D) islands starts.
The Volmer-Weber growth mechanism continues with the formation of three-
dimensional (3D) clusters by adsorption of molecules on top of the 2D islands.
In case of the Frank-Van-der-Merwe growth mode, first a complete monolayer
is formed on the surface before the formation of the next layers starts in a
layer-by-layer growth fashion. A mixture between these two growth modes
is the Stranski-Krastanov mechanism, where cluster growth occurs after the
formation of one or a few complete layers. The specific growth mechanism de-
pends on the properties of the adsorbate and the surface, e.g. surface defects
and lateral interactions can play an important role [31].

2.3 Desorption

Desorption is the inverse process of adsorption, and hence, energy is required to
break the adsorbate-substrate bond. This energy can be transferred thermally
or by incoming electrons or photons. In this thesis, desorption by thermal
energy transfer is studied. Thermal desorption is driven by the exchange of
vibrational energy from thermally excited states in the substrate (phonons)
to the adsorbate. Increasing the temperature leads to a higher population of
vibrationally excited states in the adsorbate-substrate bond and to a larger
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Figure 2.5: Schematic representation of the vibrational states of a physisorbed ad-
sorbate, the blue arrow represents the required phonon energy for thermal desorption
of the adsorbate to occur, and the desorption energy is marked as Eges.

number of high-energy phonons in the substrate, see Figure 5.9 [2]. The des-
orption of an adsorbate becomes more likely for highly excited vibrational
states and phonons of high energies.

At thermal equilibrium between substrate and adsorbate, the desorption rate
of © adsorbed species can be expressed in terms of an Arrhenius expression:

_de " E4es(09)
Tdes = E = A© exp <_ kT ) (22)

where t is the time, Fqes is the desorption energy, kg the Boltzmann constant,
T the substrate temperature, n the desorption order and A the pre-exponential
factor. The physical meaning of the pre-exponential factor can be derived
from transition state theory and the value of A can be understood as being
determined by the looseness of the transition state relative to the adsorbed
state of the desorbing species [2]. Typical values of A span between 10! and
109571

Lateral interactions between the adsorbates influence the desorption in a sim-
ilar way as the adsorption process, and impact the coverage dependence of the
desorption rate and energy. For multilayer coverages, the desorption energy
might be constant, whereas it might be coverage-dependent at sub-monolayer
coverages.

For further reading, it is referred to Section 5.3, where the kinetics and ener-
getics of the desorption process are described in more detail.
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Figure 2.6: One-dimensional representation of the potential energy surface as a
function of position on an ideal defect-free surface for a single adsorbate, illustrating
the diffusion barriers. Eags is the adsorption energy (see Figure 2.3) and Eaig 1s the
activation energy for diffusion.

2.4 Diffusion

An ideal, defect-free surface exhibits many sites of the same type that the
adsorbate can bind to. If sufficient vibrational energy is transferred to the
system, lateral movement of the adsorbate across the surface can take place.
This motion is referred to as surface diffusion. It is dependent on the energetic
barriers between the different binding sites, called diffusion barriers.

Diffusion can be expressed in terms of an Arrhenius equation:

By
D = Dyexp ( k;;) (2.3)

Here, D is the diffusion coefficient with dimensions of [length? time™!], Dy
is the pre-exponential factor for diffusion, and Eq;g the activation energy for
diffusion. Because Eq;g is typically only around 5-20% of the desorption energy
[31], diffusion can usually take place at lower temperatures than the desorption.

Diffusion barriers can be represented by a one-dimensional potential energy
surface. Figure 2.6 shows the potential energy of an adsorbate on an ideal
defect-free surface. The depth of each well corresponds to the binding energy
of the adsorbate to the surface, as discussed in Section 2.2. The height of the
hills represents Egig. For inhomogeneous substrates that exhibit a variety of
binding sites and defects, as used in this study, the diffusion barriers vary in
height.

Also for diffusion processes, lateral interactions between the adsorbates can
play an important role [32]. Repulsive interactions between the adsorbates can
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decrease the value of Fg;¢ and increase the value of D. In contrast, attractive
interactions can increase the value of Eq;¢ while decreasing D, as in the case
of water, which forms intermolecular hydrogen bonds.

Another thermally activated process is absorption, the diffusion of the adsor-
bate into subsurface regions of the substrate. For substrates with a layered
structure, such as graphite, a special absorption phenomenon called intercala-
tion can occur, where adsorbates can enter between the atomic layers. A more
detailed description of graphite intercalation will be given in Section 3.4.1.
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Model System of Interstellar Dust Grains

In order to investigate the thermal desorption of interstellar ices from dust
grains in laboratory experiments or in computer simulations, suitable dust
grain models must be developed. Based on knowledge from the well-established
area of surface science, metal surfaces are generally used as models for dust
grain surfaces. Examples include studies on gold [33-37] or platinum surfaces
[38]. However, the desorption behaviour of a molecule can be dependent on the
grain surface [39]. Hence, in order to model the thermal desorption of inter-
stellar ices in a more realistic manner, graphite surfaces have also been used as
dust grain models [40-44]. Furthermore, the influence of the surface morphol-
ogy on the desorption of ices has recently begun to be investigated [45, 46]. In
a study by Noble et al. [46], a strong dependence on the surface type and mor-
phology was observed in thermal desorption experiments of CO, O, and CO,,.
The influence of a porous and rough structure of an amorphous silica substrate
on the thermal desorption of benzene was investigated by Thrower et al. [45],
who found that the desorption energy and the pre-exponential factor vary with
the coverage. One attempt to synthesise a realistic grain model surface was
performed by Mautner and coworkers [47]. In that study, nanoparticles were
produced by laser ablation and controlled condensation from a carbonaceous
meteorite sample resulting in aggregates with porous web-like morphologies
that resemble those found in interplanetary dust grains.

In this Chapter, the dust grain model system that was used in the astrochem-
ical studies of this thesis will be introduced. The model system consists of
a dust grain analogue surface that is composed of well-defined, nanometric,
truncated cone structures of graphite, and water ice. First, the properties of
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Figure 3.1: Graphite structure in side view (left panel) and top view (right panel)
with ...ABA... stacking of the graphene layers.

graphite and the fabrication techniques of the nanostructured graphite surface
will be described. Then, the characteristics of water and water ice will be
presented. The interaction between graphite and water as well as graphite
intercalation will be outlined at the end of the Chapter.

3.1 Properties of Graphite

Graphite is the most stable allotrope of carbon under standard conditions
[48]. It has a planar, layered structure composed of basal planes, each of them
called graphene if isolated. The structure of graphite is shown in Figure 3.1.
Within each sheet, the sp?-hybridised carbon atoms are covalently bonded,
forming a lattice with hexagonal symmetry with a C-C distance of 1.4 A. Each
carbon atom forms three o-bonds to the neighbouring atoms and the remaining
valence electron is delocalised over the honeycomb structure in m-bonds. The
sheets are stacked in an ...ABA... sequence with a separation of 3.4 A between

the layers.

The difference in binding strengths within and between the graphite layers re-
sults in the characteristic anisotropic mechanical, electrical and thermal prop-
erties of graphite. The cleavage of graphite parallel to the layers is easy,
and fresh graphite surfaces can be prepared by peeling off the top layers of
a graphite sample with adhesive tape. Based on this method, K. Novoselov
and A. Geim, Nobel Prize winners in Physics in 2010, invented a technique to
prepare graphene [49]. In addition, graphite is a semiconductor and conducts
electricity very well in the direction parallel to the basal planes due to the
electron delocalization. In contrast, graphite is an insulator orthogonal to the
graphene sheets.

Due to the weak interlayer bonds, graphite interacts very weakly with adsor-
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Figure 3.2: Scheme of the fabrication process of graphite nanostructures: 1) Prepa-
ration of gold nano-discs as masks on top of an HOPG surface, 2) Oxzygen plasma
etching to create graphite nanostructures and 3) Removal of the gold masks by chem-
ical gold etching results in well-defined truncated cone structures of graphite covering
a rough carbon surface.

bates. For the adsorption of most molecules, the presence of defects on the
surface is therefore crucial. Water shows a non-wetting adsorption behaviour
on graphite [43, 50, 51].

Highly oriented pyrolytic graphite (HOPG), that was used as starting material
for dust grain model surfaces in this study, is a synthetic graphite material that
exhibits a low defect density and highly anisotropic properties. It is synthesised
by annealing of graphite under high pressure, resulting in an angular spread
between the basal planes (mosaic spread) of (0.440.1) © for the highest quality
HOPG [52].

3.2 Graphite Nanostructures

The well-defined graphite nanostructures used in this thesis can be fabricated
from HOPG by oxygen plasma etching in combination with hole-mask colloidal
lithography (HCL), a method developed by H. Fredriksson et al. [53, 54]. A
schematic description of the fabrication process is shown in Figure 3.2. First,
protecting gold nano-discs are prepared on top of HOPG by evaporation of
gold onto a hole-mask made from a sacrificial polymer layer (a). Thereby,
holes in the polymer layer determine the diameter of the gold discs. In the
second step, the part of the HOPG surface that has not been protected by
gold discs is removed by oxygen plasma etching (b). The surface between the
structures is significantly roughened after the oxygen plasma etching. In the
last step, after removal of the gold discs by a chemical gold etch, one obtains
nanometric graphite structures in the shape of truncated cones of distinct
height and diameter that decorate a rough carbon surface (¢). The diameter
of the graphite nanostructures is determined by the size of the masking gold
discs, and the height is controlled by the conditions of the etching process.
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Figure 3.3: The water molecule formed by two hydrogen (white) and one oxygen
atom (red). Donor- and acceptor-sites to form hydrogen bonds are marked by dashed
green lines.

3.3 Water and Water Ice

A water (H,O) molecule consists of an oxygen atom that is sp3-hybridised
and covalently bound to two hydrogen atoms at an angle of 104.52° [55],
as depicted in Figure 3.3. Water is a polar molecule due to its asymmetric
distribution of electronic charge. Because of its two electron lone pairs, the
oxygen atom can act as an H-bond acceptor, while the hydrogen atoms can
act as H-bond donors. Thus, intermolecular attractive interactions between
the hydrogen and oxygen atoms can be formed, so-called hydrogen bonds. The
strength of a hydrogen bond in water is on the order of 0.1-0.3 eV /molecule
[56], hence it is stronger than a van der Waals interaction but weaker than a
covalent bond [57]. As a result of the intermolecular hydrogen bonding, water
molecules can form dense H-bond networks by creating up to four hydrogen
bonds per water molecule.

The solid phase of water, ice, can exist in a large variety of crystalline and
amorphous phases with different morphologies. The phases are highly de-
pendent on the preparation techniques and conditions, such as pressure and
temperature. In the metastable amorphous phase, that constitutes the most
abundant forms of water ice in interstellar space, the water molecules do not
exhibit any long-range order [55]. To produce an amorphous solid of high
density, low temperatures and high pressures are required. At very low tem-
peratures and pressures, amorphous ices of low density can be obtained. When
a surface with a temperature below ~ 135K is exposed to water in UHV, wa-
ter ice grows in a low density amorphous phase called amorphous solid water
(ASW) with varying morphologies depending on the experimental conditions,
such as the deposition angle and the deposition rate [58-60]. ASW has an
extremely large surface area owing to the presence of pores and cracks. A
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transition to a supercooled liquid state occurs at a temperature of ~ 135K,
known as the glass transition temperature [61, 62]. By further increasing
the temperature, water undergoes phase transitions into crystalline phases of
water, composed of highly ordered arrangements of water molecules in tetra-
hedrally coordinated networks. The reported temperature for an irreversible
phase transition to metastable cubic crystalline ice, I., varies widely between
120 and 160K [63]. Increasing the temperature to ~ 200K leads to a second
phase transition into the stable crystalline form that predominates on Earth,
hexagonal ice, I,[55]. The phase transitions are accompanied by a reduction
in vapour pressure [64] that allows the transformation to become visible in
thermal and isothermal desorption experiments [38, 51, 59, 63].

3.4 Water-Graphite Interactions

Water adsorbs molecularly on graphite with a coverage-independent sticking
coefficient of unity at low surface temperatures. Vibrational spectroscopy
methods and density functional theory calculations reveal that water is
physisorbed on graphite [40, 43, 44, 65-67]. At temperatures <100 K, ASW
grows on graphite in a cluster growth mechanism [40, 43, 50, 51]. At low
water exposures, water adsorption proceeds by nucleation at defect sites and
subsequent formation of 2D clusters on the surface. When the exposure is
increased, the growth proceeds with the formation of 3D islands owing to the
low binding energy of water to graphite and the strong tendency of water to
form the more stable intermolecular hydrogen bonds. At further increase of
the exposure, larger hydrogen-bond networks of water multilayers are formed.

The presence of water clusters on graphite at low coverages becomes visible in
temperature programmed desorption (TPD) studies [40, 43, 44, 50] (see Section
5.3 for more detailed information on the technique). At high coverages, water
desorption exhibits a single peak in TPD spectra with a desorption energy of
0.41-0.45 eV /molecule, representing the desorption of water multilayers, i.e.
water desorbing from water, or water sublimation. The determined desorption
energy is very close to the sublimation energy of ice at 0 K of 0.49 eV /molecule,
confirming the weak interaction of water with the graphite surface [56]. At
low coverages, a peak at lower temperatures compared to the multilayer peak
is present [40]. Both the phase transitions of ASW to cubic crystalline and the
cubic crystalline to hexagonal crystalline ice can be observed through small
shoulders on the low- and high temperature side of the TPD peaks, respec-
tively.
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3.4.1 Graphite Intercalation

The characteristic stacked structure of graphite and its electronic properties
(see Section 3.1) make it possible to host a wide range of different atoms and
molecules in the space between the graphene sheets [68]. The process is called
intercalation and can be achieved by a charge transfer reaction. The interca-
lating species, called intercalants, are commonly divided into electron donor
and electron acceptor compounds. The most common donor intercalants are
alkali metals. As acceptor intercalants, many different reagents can be used,
such as metal chlorides, bromides, fluorides and oxyhalides, acidic oxides and
strong Bronsted acids such as H,SO, and HNO,. The preparation of inter-
calated graphite compounds can start from solid, liquid or gaseous reagents.
Molecular intercalants usually remain in molecular form upon intercalation.
The intercalation processes is energetically activated, as it is typical for diffu-
sion phenomena, and it is driven by the charge-transfer between the graphene
layers and intercalant species.

Evidence for water intercalation into the graphite sheets upon adsorption on
graphite have been observed experimentally through additional TPD peaks of
very low intensity at temperatures around 180 K [43]. Recently, energy barriers
for intercalation of water into graphite have been obtained using density func-
tional theory (DFT) calculations [67]. The energetic barrier for intercalation of
a water ice bilayer was found to be low and the largest obtained barriers were
in the order of a few hundred meV. However, the adsorption of water is en-
ergetically favoured compared to intercalation because the adsorption energy
was found to be about half as high as the barrier for intercalation.
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Zeolite Catalysts

Owing to their particular structural and chemical properties, zeolites are indus-
trially utilised in a number of different ways. Examples of zeolite applications
are molecular sieving for separation processes [69-71], water softening in deter-
gents [72], and as catalysts for numerous chemical reactions [70, 73-75]. In the
past 30 years, metal-exchanged zeolites have come into focus as catalysts for
SCR of NO, [29] replacing the first generation of catalysts commercialised for
NO, removal applications that consist of oxide-supported vanadia [76]. The
development of zeolitic SCR catalysts started with the consideration of Cu-
and Fe-ZSM-5 zeolites [77, 78], continued with the study of Cu- and Fe-beta
zeolites [79, 80] until Cu-containing chabazite (Cu-CHA) zeolite materials were
found and patented in the late-2000s. To date, these are the most stable and
active catalysts for NH,;-SCR [81-86]. Since 2010, they have been commer-
cialised in diesel-vehicle aftertreatment systems as described in Section 1.2.

In this Chapter, the most relevant properties of zeolites for these studies and
their synthesis will be described first, with a focus on chabazite. Then, dif-
ferent procedures for metal-ion exchange in zeolites will be discussed for the
preparation of Cu-CHA. The last part of this section focuses on the state-of-
the-art understanding of the mechanistic details of NH;-SCR over Cu-CHA
catalysts.

4.1 Properties and Synthesis of Zeolites

Zeolites are microporous crystalline aluminosilicates, which can be either found
naturally or synthesised. In 1756, the first zeolite was discovered by the
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Figure 4.1: Chabazite framework structure consisting of double siz-membered rings
(marked in blue) as building blocks interconnected by four-membered and eight-
membered rings (marked in red).

Swedish mineralogist Cronstedt, who named the new class of minerals derived
from the greek words zeo and lithos meaning “boiling stone” [70].

In most zeolites, the primary structural units are SiO, and AlO, tetrahedra,
interconnected by a shared oxygen atom [70]. They are arranged in simple
polyhedrons, which act as the secondary building blocks, forming the final
three-dimensional zeolite framework. As a result, the framework structure
contains pores and intracrystalline channels. Each AlO, tetrahedron bears
a negative charge that is compensated by an extra-framework cation occu-
pying the voids. When at air and ambient conditions, water molecules are
also present in the pores. Zeolites are classified according to their pore sizes,
which can range between 0.3 and 1nm. Small-pore zeolites typically exhibit a
pore-diameter of 0.3-0.45 nm built by an eight-membered ring, as for example
chabazite (CHA). Larger voids are created by medium-pore zeolites (10-ring
pores with diameters of 0.45-0.6 nm) such as ZSM-5, large-pore zeolites (12-
ring pores of 0.6-0.8 nm), e.g. zeolite Y, and extra-large pore zeolites (14-ring
pores with diameters > 0.8nm), such as UTD-1. Note that there is no sys-
tematic nomenclature for zeolite materials and that the acronyms are a more
or less arbitrary invention of their discoverers.

The structure of a CHA zeolite is shown in Fig. 4.1. It consists of layers
of double six-membered rings interconnected by four-membered and eight-
membered rings resulting in a three-dimensional pore-system with a pore size
of about 3.8 A [70]. One of the synthetic zeolites with chabazite structure is
called SSZ-13.

The Si/Al composition is another important characteristic of zeolites because

it defines their acidity, thermal stability, hydrophobicity, and ion exchange
capacity. The latter is determined by the number of Al atoms in the framework,

24



because of the introduction of an extra negative charge by every Al atom.

Zeolites can be synthesised by a hydrothermal approach which refers to a ma-
terial formation in aqueous solution at elevated temperature. Silica is usually
added in form of an alkali silicate, and the alumina source is typically an alu-
minium oxide or salt [70, 75]. Tetraalkylammonium cations, small amines,
or other organic molecules are often used as structure-directing agents (SDA)
in the synthesis, allowing the desired pores or channels to form around the
hydrophobic organic species of matching size and geometry. The pH is an im-
portant factor in the synthesis and is usually carefully adjusted by hydroxide
solutions. All components are combined in a certain order under agitation to
form a gel before being transferred to an autoclave and left at temperatures
around 50-300°C for several days while possibly being stirred [70].

4.2 Metal Ion-Exchange in Zeolites

For zeolite catalysts, it is often essential to introduce a transition metal ion
into the pores in order to reach a high catalytic performance. This can be
done by replacing the charge-compensating cation (often sodium after the
synthesis) with the desired transition metal ion. Photographs of chabazite
samples ion-exchanged with copper and iron are displayed in Figure 4.2. The
most common way to prepare a copper-exchanged SSZ-13 zeolite, Cu-SSZ-13,
is via an aqueous ion-exchange (AIE) route [87, 88]. For this purpose, the
sodium form of the zeolite is first transformed into the hydrogen form (H-
form) because protons can be more easily replaced by metal ions than sodium
cations. This is done by a wet ion-exchange step with e.g. ammonium nitrate
followed by a calcination of the material. Then, the H-form of the zeolite is
suspended in an aqueous solution of a copper salt and stirred for typically
several hours at elevated temperature and carefully adjusted pH. Sometimes
the procedure has to be repeated in order to reach the desired ion-exchange
level, also referred to as the Cu/Al ratio. Theoretically, if the introduced
species is a Cu?" cation, as proposed for aqueous ion-exchanged Cu-CHA (see
Section 4.3), the maximum Cu/Al ratio should be 0.5 because two Al atoms
are needed to compensate the charge of the divalent cation. This would then
correspond to an ion-exchange level of 100%. In reality, it seems that the
maximum loading can be higher than this, as outlined in Section 4.3.

Instead of using the conventional AIE method in the studies of this thesis,
solid-state ion-exchange (SSIE) procedures were employed for the preparation
of Cu-SSZ-13. A SSIE relies on bringing two solids to reaction at elevated
temperature, and it exhibits several advantages compared to an AIE. In a
SSIE procedure, several steps neccessary in the AIE are bypassed, such as
washing, filtering and drying of the product [89]. Thereby, the production
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Figure 4.2: Chabazite samples after ton-exchange with copper (left) and iron (right).

of environmentally harmful copper-containing waste solutions is avoided. A
SSIE route can be favourable for the introduction of transition metal ions
which form large aqueous complexes, such as iron, especially when small-pore
zeolites are used. In this thesis, two different SSIE approaches were applied,
one was performed at high, and the other at low temperatures. In both cases,
first physical mixtures of the zeolite (preferably in H-form) and the Cu salt or
oxide are prepared by grinding or milling the powders. For the high tempera-
ture approach, the physical mixtures are transferred to an oven and stepwise
thermally treated at air and a maximum temperature of ca. 800°C (see Paper
II). This ion-exchange procedure is referred to as SSIE in this thesis. The high
temperature allows a migration of Cu”*Tions into the zeolite pores along with
the release of water. For the low temperature approach, NH; and NO gases
are used during the ion-exchange to facilitate the introduction of metal ions
[90] (see Paper III). This method is denoted as [NH;+NOJ-SSIE. In this way,
the ion-exchange temperature can be lowered to 250 °C. As for the mechanism
of the ion-exchange, Shwan et al. suggest that the Cu®' species in the metal
salt or oxide are first reduced by NO to form Cu* followed by the formation
of [Cu™ (NH,),]* (x > 2) complexes that can transport the Cu ions into the
zeolite pores [90].

4.3 NH,;-SCR Mechanism over Cu-CHA

Because of their excellent performance in NH4-SCR, the physicochemical prop-
erties of Cu-CHA have been studied intensely in the past decade with a wide
variety of techniques in both the absence (ex situ) and presence of the reaction
gases (in situ or in operando). This has lead to an increasing understanding
of the NH;-SCR mechanism over Cu-CHA zeolites. The main questions re-
garding the active catalytic sites can be summarised as follows: What are
the active sites in the catalyst, where are they located, and what happens to
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Figure 4.3: Double siz-membered ring unit in chabazite in side view (left panel)
and top view (right panel). Silicium atoms are marked in yellow, oxygen in red and
aluminium in grey.

them during reaction conditions? Regarding the NH;-SCR over Cu-CHA it
is still unclear what reaction intermediates are formed, and what the elemen-
tary and rate-determining steps of the reaction are. More specifically, how is
NO activated in the reaction and what role do the Brgnsted acid sites of the
CHA framework play? In this section, the state-of-the-art knowledge of these
questions will be outlined.

Ex situ studies mainly suggest that all Cu species in Cu-CHA are present
as monomeric Cu®" ions, and not as dimers or Cu, O, oligomers [87, 88, 91,
92]. Contradicting these observations, the presence of dicopper species in O,
activated Cu-CHA, possibly originating from Cu,O,, has been proposed based
on UV-Vis spectroscopy investigations [93]. Also using X-ray absorption near
edge structure (XANES), indications of the presence of Cu oxides were found
at high ion exchange levels [94]. Two distinct positions have been observed
for Cu®* in the CHA structure. The ions were both found to occupy positions
in the double six-membered rings (6mr) (depicted in Figure 4.3) [87, 88, 92],
as well as in the larger eight-membered ring (8mr) (depicted in Figure 4.4)
at higher Cu concentrations [95, 96]. More specifically, in the 6mr, Cu*"
ions were found to occupy the faces of the rings [87], most likely slightly
distorted from the center of the 6mr [88, 92]. By using a density functional
theory (DFT) approach, Goltl et al. could distinguish more than the two
different experimentally found positions for a Cu®" ion in CHA as they took
into account the distribution of the charge-compensating Al-atoms [97, 98].
For example, they showed that the Cu site located in the 6mr could give rise
to two distinct peaks in diffuse reflectance infrared Fourier transform (DRIFT)
spectra upon CO adsorption depending on whether one or two Al-atoms were
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Figure 4.4: FEight-membered ring unit in chabazite in top view. Silicium atoms are
marked in yellow, oxygen in red and aluminium in grey.

present in a 6mr.

In air and ambient conditions, water molecules are coordinated to the Cu?*
centres forming octahedral [Cu(H2O)6]2Jr complexes as observed with UV-Vis
spectroscopy, electron paramagnetic resonance (EPR), XANES and DRIFTS
[92, 93, 99, 100]. When dehydrated by calcination or O, activation, a stronger
interaction of the Cu ions with the Cu-CHA framework has been observed by
formation of covalent Cu-O bonds with framework oxygen atoms [93]. More
specifically, with XANES, Extended X-ray absorption fine structure (EXAFS)
and XRD measurements, the formation of [Cu®"(OH) | species in the 8mr
has been observed, with the Cu having two framework oxygen linkages and
one OH ligand [100, 101]. Indications of the formation of an OH-complex were
also found with FT-IR investigations [93, 102, 103]. Interestingly, for the for-
mation of a [CuzJr (OH) ]" complex, charge compensation by two Al atoms in
proximity is not required, so that Cu/Al ratios > 0.5 can be obtained (c.f. Sec-
tion 4.2). Under SCR conditions and with increasing operation temperature,
the Cu ions seem to migrate into the 6mr, and the maximum NO conversion
seems to coincide with a positioning of the Cu ions in the 6mr as observed
with in situ XRD [92]. Based on the findings of these studies, one important
conclusion regarding the state and the position of the Cu species is that they
are highly mobile and that their exact positions are determined by the ion
exchange level and their interactions with the molecules in their environment.
Therefore, a characterisation in ex situ conditions will give a different picture
than in situ studies, when e.g. H,O, NH;, NO, or CO adsorbates will influence
the position and the state of the Cu species [29].
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Furthermore, under standard NH;-SCR, the oxidation state of the Cu species
in the zeolite was observed to change, i.e. both Cu®’" and Cu' ions were
found to coexist [104-106]. This implies that a redox reaction is part of the
mechanism. The reducibility of a Cu®" ion seems to be increased when being
pulled out from its most stable position in the 6mr into the 8mr [95, 96, 107].
Interestingly, different kinetic regimes of the NH;-SCR reaction have been
observed [108], suggesting different mechanisms at different temperatures and
Cu loadings. At high temperatures (> 350°C) and low Cu loadings, isolated
Cu ions located in the 6mr are probably the active centers for the reaction.
At low temperature (< 250°C), the Cu ions are observed to be mobile and
solvated, while they experience a basic environment from stored H,O and
NH,. A difference was observed within this temperature range between very
low Cu loadings (Cu/Al < 0.044) where dimeric Cu-ions seem to dominate as
active centers, and intermediate Cu loadings (0.044 < Cu/Al < 0.29) where
monomeric Cu ions appear to be the active centers. An abnormal kinetic
behaviour was observed between 250 and 350°C in which the Cu sites lose their
extra-framework ligands and migrate to their most stable sites, the faces of
the 6mr. This suggests that the monomeric sites at low and high temperatures
exhibit different chemical environments [108].

Recently, two studies were published which suggest possible reaction mecha-
nisms for standard NH;-SCR (Equation 1.1) over Cu-CHA [105, 109] which
seem to be different from that over V,0O4-based catalysts. Both proposed
mechanisms are similar, and consist of a reduction and an oxidation part, al-
though different intermediates are proposed. Starting from a naked Cu®" ion
(Paolucci et al. [105]) or a Cu** —OH  species (Janssens et al. [109]), NH,
and NO are adsorbed under reduction of Cu*t forming a Cu™H,NNO (ni-
trosamide) complex. Release of a water and an N, molecule leaves a Cu™ ion
behind that is oxidised in the next step. Janssens et al. then propose adsorp-
tion of first an NO and an O, molecule forming a nitrate complex (that has
been observed spectroscopically [110, 111]) followed by adsorption of a second
NO molecule and release of NO,, forming a Cu®"NO, species for the case of
standard NH;-SCR. They highlight that the reaction mechanism of the fast
NH;-SCR reaction (Equation 1.2) is integrated in this cycle as adsorption of
NO, on the Cu™ leads to formation of the same Cu?*NO, complex. Paolucci
et al. suggest a similar oxidation step by NO and O, leading to a Cu2+NO2
species but they take into consideration the involvement of a neighbouring
Brgnsted acid site that forms an NHI species simultaneously. In contrast,
Janssens et al. consider subsequent adsorption of NH, on the Cu site. The
last step in both mechanisms is the release of another molecule of N, and H,O
leaving behind the Cu?>t—OH™ or Cu®" ion the cycle started with, respectively.

In contrast to the proposed mechanism, the formation of an NO™ intermediate

has been suggested during the Cu®' reduction [96, 107, 110, 111]. Beale et al.
argue that an involvement of adsorbed NO,, and NH; seems unlikely. Instead
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they propose the formation of HNO, from Cut—NO™ with water. Indeed,
the involvement of Brgnsted acid sites in the cycle has been debated. On
one hand it was found that the presence of H" seems beneficial as it leads to
higher SCR rates [29]. On the other hand, NH] formed on Brgnsted acid sites
is less reactive than than NH; bound to Lewis acid sites. Therefore, many
researchers have proposed that the Brgnsted acid sites can act as NH; storage
in proximity to the active Cu sites [102, 103]. In particular, they can also
attract more weakly bound NH; species on the NH; sites.

Despite the increasing knowledge about the mechanistic details of NH;-SCR
over Cu-CHA zeolites, the full catalytic cycle at all operating temperatures and
different Cu loadings is not known. An enhanced fundamental understanding
of the mechanism is important as it may give an answer to the origin of the
limited low-temperature activity of the Cu zeolites and lead to the development
of even better performing NO, reduction catalysts.
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Characterisation Techniques

In this Chapter, the various characterisation techniques used in this work will
be presented. Two different home-build experimental setups are used, an ultra-
high vacuum chamber and a flow reactor system, which are introduced in the
first section. Then, the basics of electron and atomic force microscopy are out-
lined. Temperature programmed desorption is described thereafter. Finally,
a range of spectroscopic methods using light sources of different energies, i.e.
infrared, visible and ultraviolet light, as well as X-rays, are presented.

5.1 Experimental Setups

The astrochemical studies were performed in an ultra-high vacuum chamber
to approximate the low pressure in the interstellar medium (Paper I). For the
NH,-SCR studies, different flow reactor systems were used for measurements
of the catalytic activity of the copper zeolites and for temperature programmed
desorption experiments using NO and NH; as probe molecules (Paper IT and
Paper III).

5.1.1 Ultra-High Vacuum System

The UHV system is composed of a cylindrical stainless steel chamber and de-
scribed in detail in Ref. [112, 113]. The UHV chamber is pumped with a
turbomolecular pump in combination with a cryogenic pump backed up by a
mechanical pump to obtain an operational pressure of < 5 x 10719 torr. Two
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Figure 5.1: Images of the UHV chamber. Left panel: Outside view; right panel:
View inside the UHV chamber showing the sample holder with attached sample on
top, the quartz glass tube for gas dosing and the QMS.

vertical planes of the chamber are equipped with preparation and analytical
equipment: different gas dosing units, thermal evaporation sources for metal
deposition, a low-energy electron diffraction (LEED) analyser, an Auger elec-
tron spectrometer (AES), an electron-energy-loss spectrometer (EELS), and
two quadrupole mass spectrometers (QMS, Balzers 311 and 511). The gas
dosing unit for water deposition consists of a stainless steel gas reservoir and
a gas line to the UHV chamber that is connected with a quartz-glass tube of
a diameter of 8 mm inside the chamber. The pressure of the reservoir and gas
line can be monitored by a capacitance manometer. A LabVIEW program
(National Instruments) is used to acquire data from the gas exposures and
the mass spectrometers. Irradiation, illumination of the sample, and detec-
tion of the reflected light from the sample is possible through UV-transmitting
windows attached to the chamber.

The sample is mounted between two tantalum foil pockets that are connected
to a sample manipulator, which allows movement in x, y and z-direction. The
manipulator axis is parallel to the cylindrical axis of the chamber. The sample
can be attached at the end of the manipulator in the radial direction. By
moving the manipulator in the zdirection, the sample can be moved between
the two planes, while rotation of the manipulator axis moves the sample in
a circle to different positions for accessing different devices. Heating of the
sample with defined temperature ramps up to 800K is achieved by passing
a current through it. The sample is cooled to <100K by circulating liquid
nitrogen through the copper rods of the manipulator. The temperature can
be measured by a thermocouple that has been spot-welded to the tantalum
sample holder.
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Figure 5.2: Schematic of a flow reactor system used in the NO, reduction studies.
The copper zeolite catalysts are present as powders in the vertical quartz glass tube.
The gas flow of the reactant or adsorption gases is regqulated by mass flow controllers.
The catalyst can be heated electrically using either a heating coil or a furnace (not
shown) and the temperature is controlled via a thermocouple that is placed in the gas
stream at short distance from the catalyst powder. The effluent gases are continuously
recorded by an FT-IR and/or mass spectrometer.

5.1.2 Flow Reactor System

A typical setup used for measuring the catalytic activity for NO, reduction
and performing temperature programmed desorption experiments using copper
zeolites is schematically displayed in Figure 5.2.

The system consists of a set of Bronkhorst Hi-Tech LOW-AP-FLOW mass flow
controllers (MFC) to regulate the gas flow of the reactant or adsorption gases, a
quartz tube with the catalyst, and an MKS 2030 FTIR spectrometer and/or a
Hiden HPR-20 mass spectrometer (MS). Gas flows between 20 and 300 ml/min
with Argon as balance are used, depending on the particular system. The
catalyst is placed in the quartz tube in powder form. For high gas flows,
the powders are pressed to tablets and then crushed in order to obtain a
larger particle size between 630 pm and 1.0 mm. The catalyst temperature is
adjusted by electrical heating through either a heating coil or a furnace, and is
controlled by a thermocouple that is placed in the gas stream at short distance
from the catalyst powder.

5.2 Microscopy

The topography of the nanostructured graphite surface is analysed by atomic
force microscopy (AFM) and scanning electron microscopy (SEM) (Paper I).
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The zeolite samples are imaged by means of SEM and scanning transmission
electron microscopy (STEM) (Paper II and Paper III). Localised chemical
analysis of the samples imaged by SEM and STEM is performed with energy-
dispersive X-ray spectroscopy (EDX).

Electron microscopy

Electron microscopes utilise an electron beam that is produced by heating a
tungsten filament and focused by magnetic fields in high vacuum [114]. Ow-
ing to the short wavelengths of the electrons, resolutions down to 0.1 nm can
be reached [114]. In scanning electron microscopy, accelerated electrons with
energies of 0.1-30keV from a finely focused beam are rastered across the sam-
ple surface [115]. Within an interaction volume, which is dependent on the
acceleration voltage and can be up to several micrometers in dimension, the
electrons interact with the specimen through elastic and inelastic scattering.
Elastic scattering results in backscattered electrons which can be used to ob-
tain images with compositional contrast. Inelastic scattering creates secondary
electrons, which are usually used to obtain topographic information about the
specimen. An SEM image is generated by conversion of the detected scattering
signal intensity into a greyscale image. In this work, an LEO Ultra 55 SEM
instrument was used.

For scanning transmission electron microscopy, a transmission microscope
(TEM, FEI Titan 80-300™) is used with a smaller probe of 10-15nm which
scans across the surface [114]. In TEM, a thin sample (up to about 200 nm)
is subjected to an electron beam with an acceleration voltage of 60-300keV.
Instead of using the secondary or backscattered electrons as in SEM, the trans-
mitted electrons are used in STEM. Either the direct or the diffracted beam
can be detected creating a bright field or a dark field image, respectively [116].

Chemical analysis with Energy-dispersive X-ray spectroscopy (EDX) can be
performed during SEM and STEM measurements using the X-radiation that
the electron beam creates upon interaction with the specimen [116]. An X-ray
detector that is mounted above the sample, can detect characteristic lines for
each element from the emitted X-rays in addition to a continuous background
spectrum caused by Bremsstrahlung.

Atomic Force Microscopy

With AFM, the height and diameter of the truncated cone structures of the
nanostructured graphite surface can be obtained by mechanically probing the
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Figure 5.3: Concept of the TPD method. The process starts by deposition of
molecules onto a surface kept at a certain temperature (To) (1,2). A linear heat-
ing rate is applied (8) so that the molecules desorb (4) and the desorption rate is
measured by e.g. a mass spectrometer (5). The resulting TPD spectrum (6) is a plot
of the MS signal versus the temperature.

surface with a sharp tip [117]. By scanning the surface laterally, the spatially
varying forces between the oscillating tip and the surface can be converted into
height information. Here, a DI-dimension 3000 SPM instrument was used.

5.3 Temperature Programmed Desorption (TPD)

The surface science technique TPD can be used to obtain energetic and kinetic
information about interactions between adsorbates and the surface as well as
between adsorbates [2]. In this thesis, TPD is used for both the astrochemical
studies in a UHV system (Paper I) as well as for the studies of selective NO,
reduction in a flow reactor system at ambient pressure (Paper IT). The concept
of TPD is rather straightforward and illustrated in Figure 5.3. The procedure
starts by exposing a surface that is cooled to a gas in order to adsorb molecules
on the surface. The surface is heated by applying a (mostly) linear heating rate
and the desorbing molecules are detected by a MS. By plotting the MS signal,
that is proportional to the desorption rate, versus the sample temperature, a
TPD spectrum can be obtained.
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Adsorption

The gas adsorption procedures differ between the astrochemical and the emis-
sion control studies owing to the different experimental conditions, and are
described as follows.

For adsorption of water to form ice on a nanostructured graphite surface, the
sample surface is heated to 800 K in order to clean it from most adsorbates.
Ultrapure water, kept in the gas reservoir, is degassed by repeated freeze-thaw
cycles before the gas line to the chamber is evacuated and replaced by new
water vapour. The surface can be exposed to water by two different dosing
techniques: direct or background dosing. For direct dosing, the sample surface
is positioned in front of the quartz-tube at a distance of ca. 1 mm. Exposing the
surface to gas by direct dosing has the advantage that the rest of the chamber
is not exposed to gas. However, it results in a more non-uniform coverage on
the sample than for background dosing. For background dosing, the sample
surface is at a position far away from the quartz-glass tube and the chamber
is backfilled with the vapour. In the present studies, the cold (100 K) sample
surface is exposed to water to a predetermined pressure for a measured length
of time. Water exposures are expressed in langmuir (L), defined as 1076 Torrs,
corresponding to 4.79 x 10** H,O moleculescm~2 s~ for a sticking coefficient
of unity. Exposures obtained by direct dosing are calibrated by background
dosing through comparison of the resulting TPD peak areas.

For adsorption of NO or NH; on copper zeolites, the samples are first heated
to a temperature of 500°C (773K) in an Ar atmosphere with 8% O,. The
temperature is then kept constant at 150°C (423 K) and the zeolite samples
are exposed to 500 ppm of the adsorbate gas for three to four hours. After
the adsorption step is completed, the system is flushed with Argon in order to
remove any gas not adsorbed on the zeolite surface.

Thermal Desorption

After the exposure to gas molecules, thermal desorption of the adsorbates is
induced by heating the sample with a linear heating rate 3, i.e.

Ts(t)ZTU—‘rﬁXt (5.1)

where Ty is the sample temperature, ¢ is time, and T is the temperature
at t = 0. Typical values of 5 are between 0.2-2.5K/s. An MS is used to
detect the desorbing products as a function of time. The MS can detect the

36



Desorption rate

|
||I|.‘

Temperature

Figure 5.4: Examples of TPD spectra of different desorption orders n and coverages.

partial pressure increase caused by the desorbing species and discriminate it
from species with different masses. The pressure change is proportional to the
desorption rate of the adsorbate from the surface.

Hence, the desorption peak that is observed in TPD spectra results from
changes in the desorption rate. It contains information about kinetic parame-
ters of the desorption process that will be explained in the following Section.

Analysis of TPD spectra

Despite the simplicity of the TPD concept, the obtained TPD spectra are rich
in information. Examples of computed TPD spectra are shown in Figure 5.4.
Both energetic and kinetic parameters can be obtained from TPD spectra [2].
The desorption rate that has been given in Equation 2.2 can be expressed
including the pre-exponential factor A, the coverage O, and the desorption
order m in the proportionality constant:

00 n Edes
Tdes = — 57 = AO" exp (— RT ) (5.2)

where Fqes is the activation energy for the desorption process, T the tempera-
ture, and R is the gas constant with R = kg X Na where N is the Avogadro
constant. This equation is called Polyani-Wigner equation.

If the sample is heated in a linear fashion, Equation 5.2 becomes:

_00 _A0" ([ Eaes
ar — 5 P\ Rr
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The desorption order n can take values of n = 0,1,2. Zero-order desorp-
tion is often observed for multilayer coverages, e.g. H,O/HOPG. Examples
of first-order desorption (n = 1) are atomic or simple molecular desorption,
e.g. CO/Cu. Second order desorption (n = 2) will usually be present for
recombinative molecular desorption, e.g. Oy/Pt or H,/Ni.

For a zero-order desorption behaviour (n = 0), Equation 5.2 can be simplified
to:

Tdes = Aexp <— %;f) (5.4)

In this case, the desorption energy is independent of the coverage of the adsor-
bates. Examples of TPD spectra of a zero-order desorption process are shown
in Figure 5.4. The desorption temperature (peak maximum) increases with
increasing coverage. The slope of the high-temperature side of the zero-order
desorption peaks is determined by how fast the molecules are removed from
the MS detector, i.e. the pumping speed of the pumps in the vacuum chamber.
Ideally, the slope is infinitely high. Rewriting of Equation 5.4 leads to:

Edes 1

In (rges) = In(A) R T

(5.5)

An Arrhenius analysis yields the desorption energy and pre-exponential factor

by plotting In (r4es) as a function of % This results in a straight line with a
Edes
R

slope of — and a y-axis intercept of In (A).

For a first-order process (n = 1), the desorption rate is proportional to the
coverage if A and Fqes are independent of the coverage. A molecular, non-
associative desorption from a surface is usually of first order. TPD spectra for a
first-order desorption process are also presented in Figure 5.4. It becomes clear
that the desorption temperature is constant and independent of the coverage.

In a second-order desorption process (n = 2), the desorption rate is propor-
tional to the coverage squared. Second-order desorption kinetics can be ob-
served in the case of associative desorption resulting in TPD spectra that share
a common trailing edge at different coverages, as shown in Figure 5.4. The
desorption temperature decreases with increasing coverage. Also for systems
of first order desorption behaviour with coverage-dependent desorption ener-
gies, desorption curves with these characteristics can be observed. This is the
case for inhomogeneous substrates that exhibit a large variety of adsorption
sites of different energies.
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Figure 5.5: The electromagnetic spectrum. Radiation types marked in green are
those that are used in the present work.

TPD spectra can contain several peaks of different desorption orders which
may overlap. The features in the TPD spectra, e.g. the number of peaks or
shoulders, give information about the number of inequivalent adsorption sites
that are occupied. The whole integrated peak area corresponds to the initial
adsorbate coverage. If an absolute initial coverage is known through other
measurements, e.g. LEED measurements in UHV, the absolute coverage at
each temperature can be determined. However, if multiple inequivalent ad-
sorption sites are present that result in multiple TPD peaks, the calculated
coverage under each peak does not necessarily correspond to the initial cover-
age at each adsorption site, because diffusion between the different adsorption
sites can take place during the temperature increase.

5.4 Spectroscopy

In spectroscopic measurements, the interaction of light (electromagnetic ra-
diation) with matter is utilised to gain valuable information about material
properties. Light of different energies (wavelengths) can induce different tran-
sitions in a molecule, see Figure 5.5.

In this thesis, spectroscopic techniques which involve infrared (IR), visible
(vis), ultraviolet (UV), and X-radiation are used. The light can be absorbed,
emitted, transmitted or scattered (reflected) by the material. Here, light scat-
tering (reflection) is utilised in several different spectroscopic techniques and
systems and is described in more detail in the following paragraph before the
basics of each spectroscopic technique used is outlined.

Light scattering means that the incoming light is deflected at the surface. One
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Figure 5.6: Schematic of the specular reflection (blue arrow) and diffuse light scat-
tering (green arrows) phenomena.

can distinguish between specular and diffuse reflection (or scattering), shown
in Figure 5.6. If light is specularly reflected, the incident light ray is reflected
at the surface like a mirror. This is described by the law of reflection which
states that the angle of incidence (with respect to the surface normal) equals
the angle of reflection. Diffuse reflection is due to scattering that occurs in
the surface. Parts of the incident light rays are scattered at the boundaries of
the crystallites that build up the surface. It results in a randomised direction
of the outgoing light. The intensity of the diffusely reflected light can be
approximated by Lambert’s cosine law, which states that the intensity of the
scattered light in an angle © with respect to the incident light follows a cos(©)
distribution. This means that the larger ©, the lower the intensity of the
scattered light.

5.4.1 UV-vis Spectroscopy

Shining light at UV and visible wavelengths on liquid and solid substances can
excite transitions from their occupied orbitals into non-occupied orbitals. In
the case of copper zeolites, transitions in the d-band of e.g. Cu®** ions (3d?)
can be observed [93]. If coordinated to water or zeolite framework atoms, the
five d orbitals can split, thus allowing for electronic transitions within the d-
band. For Cu-CHA, this results in a spectral feature observed at 730-1100 nm
[118]. Electronic transitions are also possible between the central ion and
its ligands, they are referred to as ligand-to-metal charge transfer (LMCT)
transitions. For copper zeolites, a transition 0> Cu?** — O Cu™ can occur
between 230-360 nm for Cu-CHA samples [118].

In this work, UV-vis spectroscopy in diffuse reflection is used for probing the
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copper species present in the zeolite samples (Paper II and Paper III). Fur-
thermore, the desorption of water molecules from a nanostructured graphite
surface is analysed by UV-Vis spectroscopic measurements in diffuse reflection.
The experimental details of both techniques are described in the following
paragraphs.

Optical Sample Characterisation in a Spectrophotometer

To optically characterise the zeolite samples, a spectrophotometer was used.
The samples are used as powders in sufficient thickness to be non-transmitting,
so that

A=1-S (5.6)

where A is the fraction of the light being absorbed, and S the fraction of light
being scattered (reflected) from the sample.

Hence, the absorption can easily be calculated by measuring the light being
scattered (reflected) by the sample. The measurement was performed using
a Varian Cary 5000 spectrophotometer with an integrating sphere (Internal
DRA 2500). A sketch of a typical setup for an absorption measurement of
non-transmitting samples with an integrating sphere detector is shown in Fig-
ure 5.7. The sample is irradiated with monochromatic light through a hole
in the sphere (red arrow in Figure 5.7). The specularly (blue arrow) and dif-
fusely reflected light (green arrows) from the sample surface hits the integrating
sphere which is coated with a highly reflective material, polytetrafluoroethy-
lene (PTFE). The coating is able to diffusely reflect 99% of all light between
wavelengths of 350 and 1800 nm. Thus, almost all (specularly and diffusely)
reflected light from the sample can reach the detector that is located at the
bottom of the sphere.

Optical Detection during Water Desorption from Nanostruc-
tured Graphite

In order to follow the thermal desorption of water from the nanostructured
samples optically, the thermal desorption experiment with MS detection de-
scribed in Section 5.3 was modified. In particular, the intensity of the diffusely
reflected light from the sample in specular direction was measured simultane-
ously to the recording of the MS signal. This was made possible by two win-
dows that were attached to the UHV chamber at an angle of 60°. A scheme
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Figure 5.7: Setup of a typical absorption measurement of non-transmitting samples:
Monochromatic light (red arrow) hits the sample and the specularly (blue arrow) and
diffusely scattered light (green arrows) is detected using an integrating sphere.

and pictures of the experimental setup for the optical detection technique are
shown in Figure 5.8.

The water ice-covered surfaces were illuminated with UV and visible light
through one of the UV transmittant window on the vacuum chamber. Two
different light sources were used: an arc lamp (100 W Hg, mounted inside
a housing with elliptical reflectors from Photon Technology Inc., positioned
behind a water filter that removes IR-radiation) and a UV light emitting diode
(LED; Hamamatsu LC-L2, calibrated A=365nm).

The scattered light was detected with a CCD detector (AvaSpec-3648 with
grating UA for A=172-1100nm) through an optical fiber (Avantes, diameter:
400um) fixed at the other window. The fiber was connected to a collecting
lens in order to increase the detected light intensity. Optical spectra were
recorded with the software AvaSoft (version 7.5) during a temperature ramp
of 0.5K/s between 100 and 400 K. With a QMS that was close to the sample,
TPD spectra could be recorded simultaneously.

For data analysis, the light intensities of the reflected light at 365 nm were
extracted and plotted against the temperature 7. The resulting curves R(T' <
300 K') were normalised to the blank intensity Rpjank(7T") at temperatures T >
300K, when all water was desorbed. Hence, the reflected light intensity R is
defined as follows:

R(T < 300 K)

R =
Rblank (T > 300 K)

[%] (5.7)

A quantity AR was defined as difference in R between the blank (at T =
300K) and the ice covered surface (at T = 100K), i.e.:
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Figure 5.8: The experimental setup to measure TPD spectra with combined detec-
tion by QMS and by tracking the diffusely reflected light from the surface in specular
direction. Top: A scheme of the setup. Bottom: A picture of the setup from the

outside (left panel) and a view on the sample through the detecting window (right
panel).
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Figure 5.9: Some typical vibrations of two- and three-atomic molecules.

AR = R(300K) — R(100K) (5.8)

For further data analysis, the first derivative of R, 3—1;, was taken. Derivative

methods were introduced in the 1950s and are commonly used in analytical
spectroscopy because they exhibit some advantages for the analysis of optical
spectra [119]. In general, the enhanced complexity of derivative spectra can
be useful for characterising materials and to distinguish two substances from
each other. Furthermore, derivation enables a background elimination as well
as a discrimination of overlapping optical bands. Here, the first derivative
represents the rate of change of the optical signal with the temperature, and
the peak areas correspond to the slope of the increase of the optical signal.

5.4.2 Infrared Spectroscopy

Transitions between the vibrational levels of a molecule can occur upon absorp-
tion of infrared photons [120]. The number of fundamental vibrations is 3N-6
for non-linear and 3N-5 for linear molecules with N atoms, and four different
types of vibrations can be distinguished, stretching, bending in plane and out
of plane, and torsion vibrations. Some examples of fundamental vibrations of
two and three-atomic molecules are shown in Figure 5.9. The vibrations can
only be clearly observed if the dipole moment changes during the vibrations.
Therefore, e.g. molecular N, is dipole forbidden and absorbs infrared light
only weakly, whereas CO, NO and OH exhibit strong infrared bands.

In this work, IR spectroscopy is employed using a Fourier Transform infrared
spectrometer to analyse the reaction products in catalytic activity measure-
ments (Paper II and Paper III), as well as using diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) in order to gain information about
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Figure 5.10: Schematic setup of an FT-IR spectrometer.

the chemical state and location of the copper species in the zeolite samples
(Paper IV).

Transmission Fourier Transform Infrared Spectroscopy

A Fourier Transform infrared (FT-IR) spectrometer uses a so-called Michelson
interferometer instead of prisms or grids as in traditional spectrometers [121].
The main advantages are that all wavenumbers can be analysed simultaneously
and that the signal-to-noise ratio is enhanced when using an interferometer. A
schematic setup of an FT-IR spectrometer is displayed in Figure 5.10. Light
from an IR source hits a beam splitter that reflects one part of the light that
is directed to a fixed mirror. The other part of the light is transmitted by
the beam splitter and reflects in a moving mirror. The recombined beams are
sent through the sample to the detector. Because one mirror is mobile, the
intensity of the light collected on the detector is dependent on the position
of the mirror. The resulting interferogram shows the intensity as a function
of the path difference which is represented by a quadratic cosine function if
monochromatic light is used. For polychromatic light, the quadratic cosine
functions interfere and give rise to an interferogram that is the sum of those
functions. A spectrum (intensity versus energy) can be created with the raw
data in the interferogram by applying a common algorithm, the Fourier trans-
form. In the activity measurement of the copper zeolite materials, an MKS
2030 FTIR spectrometer is used for a quantitative analysis of the effluent gases,
in particular ammonia and NO, gases.
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Figure 5.11: DRIFT spectra of the asymmetric T-O-T stretching vibrations of the
zeolite framework with T = Si, Al for the H-CHA and Cu-CHA materials.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy

One tool used for the characterisation of the copper zeolite samples is DRIFTS.
Here, a Biorad FTS6000 spectrometer with MCT detector and equipped with
an in situ high-temperature reaction cell was used. The setup of a DRIFT
spectrometer is similar to the transmission FT-IR instrument described above.
The difference is that instead of measuring the transmitting light, the diffusely
scattered radiation from the sample surface is collected with parabolic mirrors
and reflected to the IR detector [121]. In addition, the powder sample is in-
stalled in a small reaction cell, allowing the introduction of probe molecules or
reaction gases. The technique can be used in situ and time-resolved changes
in the surface species can be recorded. This allows the investigation of the ze-
olite materials by probing the different copper species with appropriate probe
molecules, such as CO or NO. However, DRIFT background spectra of the
zeolites (before exposing the samples to probe molecules) can also provide
useful information. For example, in Figure 5.11, DRIFT spectra of H-CHA
and Cu-CHA zeolite materials that are used in this work are presented. The
asymmetric T—O—T stretching vibrations of the zeolite framework (T = Si,Al)
in the region between 860 and 1030 cm~! are found to be more pronounced for
the Cu-CHA than for the H-CHA material. Hence, with these DRIFTS mea-
surements, the successful introduction of Cu species in the zeolite framework
can be confirmed.
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5.4.3 X-ray Diffraction

X-ray diffraction (XRD) is used to investigate the crystal structure of the
zeolite samples after the solid-state ion-exchange as well as to identify the
different phases present in the samples. A Siemens D5000 diffractometer was
used in addition to the I711 beamline of Max IT (MAX IV Laboratory, Lund,
Sweden) giving high-resolution X-ray diffractograms. Diffraction at the crystal
planes of solids can take place if the wavelength of the incident light is in
the same order of magnitude as the interlayer spacing of the crystals [114].
Because the spacing between the arrays of atoms or ions in crystalline solids
is in the order of 100 pm, commonly X-rays from K, of Cu (154.18 pm) are
used. Reflection occurs only if the conditions for constructive interference are
fulfilled which are described by the Bragg equation [114]:

nix=2 dhkl sin@hkl (5.9)

where A is the wavelength of the incoming X-rays, dpx; is the spacing between
the crystal planes with Miller indices hkl, and Opy; is the Bragg angle, i.e. the
angle of incidence between the X-rays and the crystal planes. Powder samples
consist of a large number of crystallites that are oriented randomly with respect
to one another. The diffraction of X-rays will only occur from those planes
that are oriented in the correct angle to fulfill the Bragg condition. Because
the planes can lie in all directions, the crystallites produces reflections that
are located on the surface of cones with a semi-apex angle of 20. During a
measurement, the sample is usually rotated to maximise the number of planes
in the diffraction condition. From the resulting powder diffraction patterns,
the dpx; spacing for each reflection can be assigned. High-resolution X-ray
diffraction (HR-XRD) patterns can be obtained using synchrotron radiation
that are at least five orders of magnitude more intense [114].

For high-symmetry crystal systems, as zeolites, the Rietveld method can be
used to solve the crystal structure from diffraction patterns [114]. Both the
line positions and intensities are interpreted by assigning each peak a gaussian
shape so that an overall line profile can be calculated. Usually, one starts
with a trial structure that is then gradually modified by changing the atomic
positions until the best fit is obtained.
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Figure 5.12: Principle of the photoemission and the Auger process that are the basis
for XPS and AES, respectively.

5.4.4 X-ray Photoelectron and Auger Electron
Spectroscopy

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES)
are used in this work to study the copper species in the prepared Cu-CHA sam-
ples. The XPS and AES investigations were performed with a PerkinElmer
PHI 5000C ESCA system. Both techniques can be used to gain surface-
sensitive information about the elemental composition of the sample and its
chemical state [120]. XPS is based on the photoelectric effect which implies
that an atom absorbs an incoming photon, leading to the ejection of a core or
valence electron. The resulting photoelectron has a kinetic energy Fy;, that is
dependent on the incoming energy of the photon, hv and the binding energy,
Eyin [122], d.e.:

Ekin = hl/ - Ebin (510)

The photoemission process is illustrated in Figure 5.12. By measuring the
intensities of the emitted photoelectrons as a function of their kinetic energy,
the binding energy of an electron can be derived. Binding energies are char-
acteristic for an element and its oxidation state. Apart from the emission of a
photoelectron, the Auger process can take place during an XPS measurement
which is also shown in Figure 5.12. The ejected electron (e.g. from a K shell)
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leaves a hole that can be filled by a less energetic electron (e.g. from a L;
shell). The remaining energy is transferred to another electron (e.g. in a Log
shell) that can be emitted with a certain kinetic energy. In contrast to the
photoemission process, the kinetic energy of an Auger electron is independent
of the energy of the incoming photon energy but characteristic for the element
and oxidation state.

If the photoelectron transfers energy to another electron of the atom, shake-
up or shake-off losses can arise [122]. Shake-up lines can be observed if this
electron is in a higher unoccupied state, whereas shake-off lines are observed
if the electron is in an unbound state. Because the photoelectron has lost part
of its kinetic energy, the shake-up and shake-off lines will appear at higher
binding energy in the XP spectrum. Discrete shake-up lines are prominently
observed for some transition metal oxides, such as nickel, iron, cobalt, and
copper. They can give useful additional information because the losses depend
on the environment of the atom.
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Results and Discussion

In this Chapter, the results are summarised and discussed. First, the charac-
terisation of the properties of the studied materials, nanostructured graphite
(NGS) and Cu-CHA, are outlined, before the investigations of the interaction
between the surfaces and adsorbates from both TPD and spectroscopy studies
are presented. Finally, findings from activity measurements of the Cu-CHA
samples for the NH;-SCR reaction are discussed.

6.1 Characterisation of Materials Properties

Various microscopic and spectroscopic methods have been used to characterise
the nanostructured and microporous surfaces.

Imaging of the samples by microscopic methods is valuable in order to reveal
the different species and dimensions of the features present on the surfaces. In
case of the NGS, scanning electron and atomic force microscopy are employed
and reveal the presence of well defined graphite nanostructures in the shape of
truncated cones that cover approximately 30% of the rough surface, see Figure
6.1 (Paper I). The upper and lower diameter of the structures can be estimated
to about 190 nm and 100 nm, respectively, and the height is measured to about
100 nm. The rough surface features exhibit a characteristic size of <50 nm.

In order to study the microporous copper chabazite samples, SEM is used
(Paper II) along with STEM (Paper III). These electron microscopy investi-
gations reveal the cubic shape of the chabazite crystallites, and enable to map
the distribution of copper species outside and inside the zeolite crystallites, in

o1



SEM AFM

Figure 6.1: The NGS imaged by SEM (left panel) and AFM (right panel). The
AFM image (size (zyz): 2.5pum x 2.5pum x 100nm) of the surface is visualised with
the WSzM 8 software [123].

particular if used in combination with chemical analysis by EDX, as shown
in Figure 6.2. In the physical mixture of CHA and CuO, before employing
the [NH;4+NOJ-SSIE, copper oxide crystallites are visible outside the zeolite
crystallites. After the [NH;+NO]-SSIE, the presence of Cu inside the zeolites
can be detected, thus verifying the insertion of Cu species in the micropores
of the zeolites.

The Cu-CHA samples prepared by SSIE and SSIE-SCR are further charac-
terised by spectroscopic methods, such as X-ray diffraction, UV-Vis and X-
ray photoelectron and Auger electron spectroscopy and some of the results are
highlighted here (Paper II). The maintained crystallinity of the Cu-CHA sam-
ples after SSIE is confirmed using XRD. High resolution XRD further reveals
the presence of CuO in both the SSIE and the SSIE-SCR, samples, as well as
the presence of Cu,O in the SSIE-SCR sample, see Figure 6.3a.

Physical mixture [NH3+NOJ-SSIE

STEM EDX (Cu) STEM EDX (Cu)
Figure 6.2: STEM images of a Cu-CHA sample showing the zeolite crystallites and

the Cu distribution as analysed by EDX in the physical mizture of CHA and CuO
and after the [NH;+NO]-SSIE.
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Figure 6.3: Characterisation of the SSIE and SSIE-SCR Cu-CHA samples by dif-
ferent spectroscopic methods. a) HR-XRD results of the samples with 2.0wt% Cu
(a), AES (b) and UV-Vis-spectroscopy results (c) of the samples with 2.7wt% Cu

The Cu L3VV Auger line observed in XPS experiments can be used to probe
the oxidation state of the Cu species in the Cu-CHA samples, see Figure
6.3b. A significant shift of 5eV to lower kinetic energies (KE) is observed
compared to a CuO reference, which is indicative of an incorporation of the
Cu in the zeolite pores after the solid-state ion-exchange. In addition, the
increased width of the main Auger feature suggests the presence of species in
two different oxidation states, e.g. Cu™ and Cu*" cations.

UV-Vis spectroscopic measurements of the Cu-CHA samples suggest a high
number of absorption peaks in the solid-state ion-exchanged samples studied in
this thesis, see Figure 6.3c. Apart from the LMCT transitions at 230-360 nm
and the d-d-transitions between 730-1100 nm that are commonly observed for
aqueous ion-exchanged samples as reported in literature, also bands at 400—
550 nm are present for the Cu-CHA samples prepared by SSIE. These features
are observed to grow in intensity after exposing the samples to NH;-SCR
reaction conditions and can likely be associated with Cu™ species.
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6.2 Interactions between Molecules and Surfaces

The study of the interaction between molecules and surfaces can serve two
different purposes. One is that probe molecules can help to characterise the
surface as they can interact distinctively with particular features of the surface.
This is utilised in the DRIFTS studies of this thesis (Paper IV) where CO and
NO are used as probe molecules to characterise the Cu(I) and Cu(II) species
present in the Cu-CHA samples. It is also used in the TPD experiments
using NH; which can bind to both the Brgnsted (proton) and Lewis (Cu)
acid sites, and using NO which binds to solely the Lewis acid sites in the
Cu-CHA samples, respectively (Paper IT). In addition, also the properties of
the interaction itself can be of interest. This is the case for the DRIFTS
studies with NO, as well as the TPD experiments with NH; and NO, because
the probe molecules are also present as reactants in the NH;-SCR reaction.
Furthermore, the interaction between water and the NGS is studied using
TPD and a spectroscopic method in order to reveal the impact of the graphitic
nanostructures on the kinetics and energetics of thermal water desorption (not
published). In the following paragraphs, these findings are discussed divided
into results from i) TPD and ii) spectroscopy experiments.

6.2.1 Temperature Programmed Desorption Results

The obtained TPD spectra of both water adsorbed on the NGS (Paper I)
and NH; adsorbed on the Cu-CHA samples prepared by SSIE-SCR (Paper II)
contain multiple overlapping peaks, see Figure 6.4. These peaks correspond
to different binding sites on the samples, that in the case of the NGS are
introduced by the nanostructured features of the surface, and in the case of
the Cu-CHA samples are owing to the presence of various Cu species in the
microporous structure of the zeolite. This gives also rise to kinetic effects that
complicate the analysis of the spectra.

The H,O-TPD peaks observed for the NGS (left panel in Figure 6.4) can be
assigned to water desorption from 2D (peak A) and 3D (peak B) H-bonded ice,
defect-bound water caused by oxygen plasma etching (peak C, D) and water
intercalated into open graphite sheets of the truncated cone structures (peak
E, F). Thus, compared to TPD spectra of water adsorbed on pristine graphite
and rough (oxygen plasma etched) graphite, the NGS gives rise to additional
features in TPD spectra.

The NH;-TPD spectra of copper chabazites (right panel in Figure 6.4) can
be deconvoluted using three different gaussian peaks. Peak o and S have
been observed to increase with increasing copper content which is indicative
of a contribution of Cu sites to these peaks. For peak v, no clear trend with
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Figure 6.4: TPD spectra of molecules adsorbed on two different surfaces used in
this work. Left panel: Water on nanostructured graphite at exposures of 0.3, 2.9 and
53 L, the inset shows the same spectra in logarithmic scale over the same temperature
range; Right panel: NH, on Cu-CHA prepared by SSIE-SCR containing 2.7 wt%.

increasing copper content can be observed, which suggests that kinetic effects
are likely present, such as diffusion limitations and readsorption issues owing to
the microporous structure of the zeolite. Nevertheless, all three peaks probably
result from Cu sites in the zeolite because no good fit could be obtained for
a H-CHA sample using peaks at the same desorption temperatures as for Cu-
CHA. In general, NH; is thought to affect the mobility of the Cu sites in the
zeolite, an effect that is used for the low-temperature SSIE in a reactive NH,
and NO atmosphere. Naturally, this further complicates the interpretation of
the measured TPD spectra.

6.2.2 Spectroscopy Results

In addition to detecting the MS signal during a TPD experiment (Paper I), the
intensity of light reflected from the ice-covered NGS can be measured during
water desorption, see Figure 6.5. Compared to TPD with MS detection, where
the desorbing species are measured, here, the remaining adsorbates and the
state of the substrate are probed. The difference between the intensity of the
reflected light from the ice-covered and the blank NGS is specified as AR. As
displayed in Figure 6.5, AR is linearly dependent on the ice thickness. Water
ice coverages as low as 0.4 nm (corresponding to about 3 L water exposure) can
be detected by this method. Furthermore, a sudden decrease in the reflection
signal is noted (as indicated by the arrows in the right panel in Figure 6.5). In
TPD experiments reported in literature, a phase transition of water from ASW
to cubic crystalline ice can be observed at the same temperature. The variation
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Figure 6.5: Left panel: Reflected light intensity (R) and the MS signal during ther-
mal desorption of water from the ice-covered (12 L) nanostructured graphite surface
with a heating rate of 0.5 K/s. Right panel: Reflected light intensity (R) during TPD
for different water exposures. The arrows mark the decrease in signal intensity ow-
ing to water crystallisation. The inset shows the linear dependence between difference
AR and water exposure. Error bars are derived from the instrumental error in the
instruments.

of the reflection signal can be understood by a change of the refractive index
of the system during the crystallisation. The refractive index of ASW has
been observed to increase linearly from 1.20-1.27 for temperatures between
20 and 120K, to reach constant values of 1.285 &+ 0.01 [124] and 1.31 [125] at
temperatures above 140 K. The change in refractive index is directly related
to the increase of ice density through the Lorentz-Lorenz relation [124, 125].
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Figure 6.6: Left panel: First derivative of the reflected light intensity for a water
exposure of 12 L shown in the left panel of Fig. 6.5 shown together with the MS
signal. Right panel: Derivatives for exposures of 26, 125 and 202 L.
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Figure 6.7: Left panel: In situ DRIFT spectra of the SSIE-SCR ion-exchanged
Cu-CHA samples during exposure to NO at 20° C. The red colour corresponds to the
highest, and blue to the lowest intensities. Right panel: Estimated fraction of Cu®*
and Cu™ species present in the samples, as derived from analysing the NO-DRIFT
spectra at 3s of NO exposure.

By taking the first derivative of the reflection signal, the good agreement be-
tween the MS and the reflection signal for the peak at ca. 150 K corresponding
to multilayer water desorption is apparent, as displayed in Fig. 6.6. Further-
more, taking the derivative of the signal is advantageous to better resolve the
crystallisation peak which can be observed at 129-144 K for water exposures
of 12-202 L.

Spectroscopy of adsorbed molecules on the sample surfaces is also utilised
for characterisation of the Cu-CHA samples, i.e. in DRIFTS studies. With
DRIFTS using CO and NO as probe molecules, further insights into the loca-
tion and oxidation state of the Cu species in the micropores of the zeolite can
be provided (Paper IV). In the left panel of Figure 6.7, in situ DRIFT spectra
of the SSIE-SCR ion-exchanged Cu-CHA sample is shown during exposure to
NO at 20°C. NO can be used as a probe for both Cu®>" and Cu™ species.
The peak that is centered at 2150 cm™! can be assigned to NOT bound to
Cu™ after autoreduction of Cu** species by NO [107]. The peaks in the range
of 1890-1949 cm™ correspond to NO bound to Cu®" species [107, 126, 127]
and the peaks at around 1808 cm ™! can be associated with NO bound to Cu™
species [107]. The relative peak intensities change with increasing NO expo-
sure. Likely, this is owing to both kinetic effects during adsorption of NO and
multiple chemical reactions that can take place upon NO adsorption on the Cu
sites altering their oxidation state. Therefore, it is most feasible to perform an
estimation of the fraction of the Cu™ and Cu®" species present in the samples
after a short time of NO exposure as displayed in the right panel of Figure 6.7.
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Figure 6.8: Catalytic activity of Cu-CHA samples for NHy-SCR. Left panel: Cu-
CHA containing 4 wt% Cu prepared by different methods of solid-state ion-exchange;
right panel: Cu-CHA prepared by SSIE-SCR with varying amounts of Cu (1-5wt%)
and H-CHA (0wt%).

The fraction of Cu™ species is observed to be highest (ca. 40%) in the sample
prepared by [NH;+NOJ-SSIE, followed by the sample prepared by SSIE-SCR.
The SSIE sample exhibits the lowest fraction of Cu™ species (ca. 10%).

6.3 Catalytic Surface Reactions

The catalytic activity of the solid-state ion-exchanged Cu-CHA samples for
NH,;-SCR is examined in this work in order to evaluate their applicability
for NO, abatement and to draw conclusions about the extent of catalytically
active species introduced into the micropores of the zeolite. In Figure 6.8,
the NO, conversions of Cu-CHA samples prepared by different solid-state ion-
exchange methods as well as of Cu-CHA with different Cu contents and H-CHA
are shown. The activity curves displayed in the left panel of Figure 6.8 are
obtained with Cu-CHA samples that contain 4 wt% Cu which corresponds to
a Cu/Al ratio of 0.5 for the SSIE and SSIE-SCR sample and to a Cu/Al ratio
of 0.6 for the [NH;+NOJ-SSIE sample.

The catalytic activity for NH;-SCR is highest for the [NH;+NO]-SSIE sample
at all temperatures, reaching full NO, conversions at 250-400 °C. The sample
prepared by SSIE-SCR shows the second highest activities for NH;-SCR with
a maximum NO, conversion of 90% at 300°C. Compared to the SSIE-SCR
sample, the NO, conversion is reduced for the sample prepared by SSIE at
temperatures between 300 and 500 °C.
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With increasing Cu content, the NO, conversion is generally observed to in-
crease, as shown in the right panel of Figure 6.8 for Cu-CHA samples prepared
by SSIE-SCR. However, there are three exceptions. The sample containing
1wt% shows only a slight increase in NO,, conversion by max. 15% points at
temperatures of 400-500°C. The samples containing 2 and 3 wt% show the
same NO, conversions at temperatures between 150 and 250 °C. It can also be
observed that the NO, conversions of the sample with 5 wt% Cu drops below
the value of the samples containing 3 and 4 wt%.

These activity measurements can together with the results of the characteri-
sation of the Cu-CHA samples presented in Section 6.1 and 6.2 aid the under-
standing of the extent and kind of active species inserted into the micropores
of the zeolite. As reviewed in Section 4.3, isolated Cu** ions are believed to
act as catalytically active species in the NH;-SCR reaction over Cu-CHA. In
the reaction mechanisms proposed in literature [105, 109], the autoreduction
of the catalytically active species to Cu' is suggested to be crucial. Here,
the [NH;+NOJ-SSTE sample, which shows the lowest amount of Cu** and the
highest amount of Cu™ species, exhibits the highest activity in NH,-SCR. How-
ever, with the [NH;+NOJ-SSIE preparation method the highest total number
of Cu species are anticipated to migrate into the zeolite micropores. Further-
more, the presence of CuO in the samples is observed to be lowest for this
sample and highest for the SSIE sample. This leads to the conclusion that the
total number of Cu species present in the micropores of the chabazite is more
important than the oxidation state of the species. Presumably, all species are
oxidised to Cu®" species under the reaction conditions (oxygen excess).

By inserting 1 wt% Cu in the zeolite pores, a Cu/Al level of 0.1 is obtained and
only the most stable Cu sites are filled. The results shown in the right panel
of Figure 6.8 suggest that these sites are not the most active ones because an
increase in NO, conversion compared to a H-CHA sample is only observed
at temperatures between 400 and 500 °C. Insertion of 2wt% Cu in chabazite
(Cu/Al= 0.3) allows the most active sites for NH;-SCR to be occupied as the
relative conversion increase with respect to the Cu content is highest between
1 and 2wt% Cu. This site can presumably be filled up continuously when
increasing the amount of Cu in the samples up to 5 wt% which is the highest
amount investigated here. The third kind of Cu species that shows an increased
activity at temperatures between 150 and 250 °C is inserted by increasing the
Cu content from 3wt% (Cu/Al=0.4) to 4-5wt% (Cu/Al=0.5-0.7).

For all samples with a Cu content equal to or above 4 wt%, the NO, conversions
are observed to decrease at a temperature of 500 °C. This is likely owing to a
direct oxidation of NH,; by molecular oxygen bypassing the reduction of NO,
that is more favourable at high temperatures. Direct ammonia oxidation is
also increased in the presence of copper oxides which is in line with both the
most significant decrease in activity for the SSIE sample exhibiting the highest
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fraction of copper oxides, and the enhanced decrease for samples containing
high total amounts of Cu. This conclusions is strengthened by the observation
of a maintained NH; conversion at 500 °C (not shown).

The presence of Cu oxides, i.e. an incomplete ion-exchange, in the solid-state
ion-exchanged Cu-CHA samples is probably also the reason why no saturation
in conversion, can be observed for the SSIE-SCR samples despite being com-
monly measured for aqueous-ion-exchanged Cu-CHA. Nevertheless, for Cu-
CHA samples prepared by [NH;+NOJ-SSIE, a saturation in conversion could
be observed at Cu contents from 3wt% corresponding to a ratio Cu/Al=0.5
(not shown). This further confirms that the Cu ions are more efficiently in-
troduced in the chabazite pores by an [NH;+NOJ-SSIE as compared to an
SSIE-SCR approach, where up to a Cu/Al ratio of 0.7, no saturation in NO,
conversion is observed.
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Conclusions and Outlook

This thesis comprises studies of thermal water desorption from a nanostruc-
tured graphite surface and investigations about the nature of the copper species
in solid-state ion-exchanged copper chabazite.

In contrast to the majority of previous thermal desorption studies in the area of
astrochemical surface science, we have introduced a nanostructured surface as
substrate. This surface can be considered as a more realistic model grain core
than the standard model surfaces. The more complicated surface morphology
of the nanostructured graphite surface has shown to strongly affect the kinetics
and energetics of the desorption process. For example, desorption of defect-
bound water was observed resulting in an enhanced desorption energy for
water desorption relative to the desorption energies for water desorption from
pristine graphite. Furthermore, signs of intercalation of water into the graphite
sheets were found indicating a possible enhanced accessibility of the intersheet
openings due to the nanostructuration. The commonly applied detection of the
QMS signal of the desorbing species was complemented with a spectroscopic
detection method using light reflection from the surface which allows for a
characterisation of the remaining adsorbate. Using this method, water ice
coverages as low as 0.4nm could be observed in addition to the water phase
transition from amorphous to crystalline water ice.

One can see many possibilities for future research on this topic. The HCL-
based fabrication method of the nanostructured substrate enables the design of
a broad spectrum of nanostructured surfaces for usage as dust grain models. It
is possible to use other materials with compositions similar to interstellar dust
grain cores, as for example glassy carbon, fused silica or a combination of both.
Future studies could investigate the influence of the surface material, as well as
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of the dimensions and shape of the nanometric features on the desorption pro-
cesses of water or other molecules. One can also imagine further research on
chemical reactions using nanostructured dust grain model surfaces motivated
by the well-known catalysing effect of defect sites and nanostructures. One ex-
ample may be an investigation of the hydrogen formation mechanism, which is
still not fully understood although molecular hydrogen is the most abundant
molecule in the interstellar medium. Because the employed nanostructuration
of a graphite surface has also been observed to change the light absorption
and reflection properties of the material, the optical detection technique may
be further studied with other substrates of varying dimensions and at differ-
ent wavelengths of the incoming light. With the aim to further enhance the
sensitivity of the optical detection method, it might also be possible to make
use of the sensing potential of plasmonic absorptions by using substrates that
are fabricated with additional metal nanoparticles.

Within the area of selective NO, reduction, the properties and catalytic activ-
ity for NH;-SCR of Cu-CHA prepared by different approaches of solid-state
ion-exchange have been investigated. After the SSIE procedure at 800°C in
air, CuO crystallites were found outside the zeolite crystallites. However, af-
ter exposure to NH;-SCR conditions, the CuO signatures were observed to
decrease and an enhanced activity for NH;-SCR was found. Simultaneously,
both the formation of external Cu,O crystallites and an increase in Cu(I) and
Cu(II) species inside the zeolite pores was found, likely originating from the
CuO present after the SSIE. The concept of a reaction-driven ion-exchange
was further applied for the preparation of Cu-CHA samples by an SSIE in a
reactive NH;/NO atmosphere at 250°C. Cu-CHA samples prepared by this
[NH,;+NOJ-SSIE were found to exhibit complete NO, conversions at temper-
atures between 250°C and 400°C. The use of a physical CuO/CHA mixture
containing 2wt% Cu was found to be the most favourable in the [NH;+NOJ-
SSIE in order to obtain high NO conversions and to avoid a decrease in activity
at high temperatures. The location and oxidation state of the copper species in
the zeolite micropores were found to vary between Cu-CHA samples prepared
by SSIE, after subsequent exposure to NH;-SCR conditions and to samples
prepared by [NH;+NOJ-SSIE. In particular, the fraction of Cu(I) species was
estimated to be highest for the [NH;+NOJ-SSIE (40%) and lowest for the SSIE
sample (10%). The locations of the Cu(I) species in the zeolite micropores,
however, were not found to differ between the different samples whereas the
locations of the Cu(II) species were found to be sensitive to the SSIE proce-
dure.

As an outlook for the studies in this field, further investigations of the [NH;+NO]-
SSIE seem promising thanks to the easier preparation method of Cu-CHA com-
pared to an AIE approach and the excellent activities of the samples for NH,-
SCR. The mechanism of the Cu insertion into the zeolite using [NH;+NO]-
SSIE is worth clarifying, possibly leading to the discovery of other molecules
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that can assist the Cu diffusion into the chabazite micropores. Furthermore,
SSIE methods offer the possibility to insert metal ions into small-pore zeolites
that only exist in bulky complexes in water, which limits the AIE procedure.
Hence, the preparation of an iron-containing Fe-CHA or a bimetallic Fe/Cu-
CHA material containing both Fe and Cu ions may be realised in future by
using a solid-state ion-exchange approach. These materials can potentially
exhibit higher NH;-SCR activities at low temperatures compared to Cu-CHA
that only reaches full NO, conversion from temperatures of 250°C. The lack
of low-temperature activity may be owing to the adsorption of water block-
ing the active sites for the reaction. Future studies could focus on a way to
remove that water or to create active sites that are less favourable for water
adsorption.
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