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ABSTRACT

Combustion processes in diesel engines are expected to play a significant role
in the foreseeable future, especially in heavy-duty vehicles. In response to
increasingly stringent legislations aimed at reducing emissions of nitrogen oxides
(NOy), considerable efforts have been devoted to developing effective technologies.
Among them, the selective catalytic reduction (SCR) with ammonia (NHj) is
the most established method for both stationary and mobile sources. To date,
titania-supported vanadium oxides (VOy/TiOg) are the most widespread SCR
catalyst type in use. However, the application in vehicles presents several
challenges due to the dynamic conditions. Both low-temperature activity and
high-temperature stability are crucial due to temperature fluctuations in the
exhaust gas. Catalyst development has focused on enhancing the activity by
modification of the active VO species and the support.

In this work, the effects of the vanadium loading and catalyst modification
were investigated, with a particular emphasis on the behavior after thermal
stress, representing a critical factor in the context of mobile source applications.
Promising results have been achieved through the modification with oxides of
cerium (Ce), niobium (Nb), and antimony (Sb), demonstrating the optimization
potential of V-based SCR catalysts. The results showed that the Ce-modification
results in an improved low-temperature activity, while the incorporation of Nb
contributes to a higher thermal stability. Remarkable catalyst activation was
observed after aging upon Sh-modification. The addition of modifiers enhanced the
stability by limiting sintering processes of both the TiOy and VO, species. Infrared
spectroscopic methods allowed the identification of surface VOy species, surface
hydroxyl groups, and adsorbed surface species of the reactants and products (NHs,
NO, H20). Further, the decomposition of the NO adsorption spectra enabled a
comparison of the surface species ratio among the samples and provide potential for
future in-depth spectroscopic studies. This thesis encourages further exploration
of VO, /TiO9 catalysts to improve fundamental knowledge about catalyst design
in the NOy emission control and beyond other applications.

Keywords: NH3-SCR, NO, emission control, vanadium oxide, VOy, titania,
aging, Nb, Ce, Sh
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1 Introduction

1.1 Air pollution and emission regulation

The awareness and better scientific understanding of health and
environmental issues caused by exhaust gases from combustion processes
have brought these concerns to public attention. Those exhaust gases
contain a variety of harmful pollutants, such as carbon monoxide,
particulate matter, and nitrogen oxides (NOy). In particular, NO, gases
contribute to respiratory illnesses, cardiovascular problems, acid rain, as
well as ozone layer depletion [1, 2]. With escalating complications of smog
in urban areas and mega-cities, government agencies across the world have
established emission regulations, and thus ongoing efforts have focused on
the development of cleaner technologies, stricter emission standards, as well
as alternative energy solutions [3].

Diesel engines are widely used in the transportation sector in heavy-duty
vehicles, ships, as well as for stationary purposes in compressors, pumps,
or generators. Further applications can be found in agriculture, such as
tractors or harvesters, and in construction, including bulldozers, cranes, or
drilling equipment. The cost-efficient operation, higher thermodynamic
efficiency, and robustness make diesel engines irreplaceable to date [4].
However, diesel engines operate continuously in an oxidizing environment
(lean conditions, excess of oxygen in the exhaust gas), resulting in the
unavoidable formation of NO, gases. The term NO, refers to nitrogen
monoxide (NO) along with nitrogen dioxide (NO3). As the transport sector
is the largest source of NOy emissions (Fig.1.1), the first NOy regulation
in Europe was introduced in 1992 for light- and heavy-duty vehicles (Euro
I) [5]. Since then, the emission standards have been regularly adjusted
with increasingly stringent restrictions. In the upcoming Euro VII proposal
(expected introduction in 2027), a NOy emission standard of not more than
0.09 g-kWh™! is designated for heavy-duty vehicles [6]. Further, restrictions
for nitrous oxide (N2O) are considered, as NoO is a strong greenhouse gas
with approximately 300 times the warming potential of COq [7].

A variety of techniques have been implemented to tackle this issue. The
abatement of NOy emissions in mobile sources can be categorized into three
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Figure 1.1: NO, emissions in the EU divided by source sector [8] (left) and
historical Euro NO, emission standards for heavy-duty vehicles (right). Data
taken from [6, 9.

classes, which include pre-combustion, combustion, and post-combustion
modifications [10, 11]. The pre-combustion control can be achieved by
lowering the nitrogen content in the fuel. In the combustion control, the
emphasis lies on engine modifications such as an improved fuel delivery
system and ignition timing. Although the pre-combustion and combustion
control contribute to a reduction of the NOy formation, they only achieve a
moderate decrease of the total NOy emissions [12]. Nowadays, the produced
NOy from the oxidation of organic nitrogen in the fuel is less considerable,
due to the decrease of the nitrogen content in gasoline and diesel. The
post-combustion control focuses on reducing the NO, gases after they have
been formed. This after-treatment approach is considered the most suitable
for complying with the emission regulations, and has initiated research in
the catalysis field since the 1980s.

The most commonly used technology is the selective catalytic reduction,
which utilizes ammonia as a reducing agent (NH3;-SCR) to convert
NO, gases to nitrogen and water. However, the limited space in the
after-treatment system and the dynamic environment involving fluctuating
temperatures and exhaust gas compositions remain a challenge.



1.2 Challenges in the mobile emission control

The NHj3-SCR technology using titania-supported vanadium oxide
(VO4/TiO2) catalysts was initially introduced in the 1970s in Japan for
stationary systems [13, 14], until 1985 employed in Europe [4]. In the
mid-1990s, development projects focused on the adaptation for diesel truck
and car engines, coinciding with the introduction of the Euro IV emission
standards in 2005 [15, 16]. The application in mobile sources involves
different requirements and certain challenges that have to be addressed. In
general, the catalysts must achieve a high efficiency and perform reliably
in this dynamic system.

An unmodified VOy/TiOy catalyst shows good performance in the
temperature range of 300 to 400 °C, with a NO, conversion over 90%, which,
however, significantly declines outside that range (Fig. 1.2). Short-distance
driving or cold starts lead to lower temperatures (>150°C), posing the risk
of ammonium sulfate formation, which can block the catalyst surface as well
as corrosion of the equipment [4]. Long-range drives on highways result in
higher temperatures (<650°C), which can lead to the formation of V5,05
and potential vanadium release starting from 500 °C [17].
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Figure 1.2: Temperature operating window of a VO,/TiOs catalyst: NO,
conversion versus temperature.

V5,05 is declared as a harmful pollutant causing incidental hazard risks to
human health and the environment [18] coupled with strict disposal limits
[19, 20]. In addition, high temperatures cause side reactions such as the
formation of NoO or the oxidation of ammonia, resulting in an overall lower
total efficiency.
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The gradual loss of catalytic activity over time and understanding
the corresponding processes, such as structural changes and the loss of
active sites, are an essential subject of investigation. Placing the catalyst
in a vehicle represents the best possible testing approach, to which a
given catalyst is exposed under real driving conditions. Automotive
manufacturers use vehicle aging test procedures; however, the use of such
methods is usually limited due to the high efforts and costs. To address this,
so-called accelerated “aging® procedures have been developed, mimicking
the long-term application. An aging protocol may include tests in an
atmosphere-controlled lab furnace, aiming to investigate the catalysts at
elevated temperatures in the presence of water (hydrothermal aging) or
specific contaminants (chemical aging). Since the primary factor is the
catalyst’s thermal stability, the exposure to high temperatures is a primary
factor to be tested (thermal aging), especially when evaluating several new
catalyst compositions.

In summary, an ideal catalyst should withstand peak temperatures up to
650 °C without releasing vanadium, should also be low-temperature active,
and should not be affected by any contaminants. Further, the catalyst
durability while maintaining a good performance is an important aspect
to meet the vehicle’s lifetime. In order to face the challenges for the
application in mobile sources, the development of suitable SCR catalysts
has focused on the modification with metal oxide additives to promote
the activity over an expanded temperature range and to stabilize both the
vanadium oxide species and the support. Commercially available catalysts
are commonly modified with tungsten oxide (W); however, the development
of this modifier is close to maturity. Since the activity at lower temperatures
is of special interest, there is a driving force to explore alternative elements
as promoters. Provided that both the activity and stability can be
improved, the VO /TiOy system remains a relevant material platform for
industrial catalysts and encourages further fundamental research.



1.3 Objective of this thesis

The goal of this work is to improve the fundamental understanding of
VO /TiOy catalysts for the application in mobile sources, and guide
towards a more rational catalyst design. The thesis is divided into three
sections. The first part (Chapter 4.1) focuses on unmodified VO /TiOq
catalysts with a varying vanadium content. The characterization of the
catalysts and the impact of thermal aging, reflecting a long-term usage,
was investigated. This chapter is based on the publication in "Journal of
Physical Chemistry C" (J. Phys. Chem. C 2024, 128, 7, 2894-2908).

The second part (Chapter 4.2) addresses the improvement of the thermal
stability and durability of VO, /TiO4 catalysts, and the impact of different
modifiers (oxides of Sb, Ce, or Nb) on the catalyst was investigated in terms
of activity and catalyst texture, in fresh state and after thermal aging. The
chapter is based on publications in "Journal of Catalysis", (J.Catal. 2025,
450, 116303) and two manuscripts.

The final part (Chapter 4.3) focuses on surface characterization
via infrared spectroscopy. The adsorption of ammonia (NHs),
nitrogen monoxide (NO), and water (HyO) facilitates precise surface
characterization in terms of adsorbed species on the surface as well as
adsorption sites, and is thereby essential for the interpretation under
complex and more application-relevant conditions.






2 Background

2.1 Heterogeneous catalysis

Catalysis can be described as a modification or an increase in the rate of
a chemical reaction. In simpler terms, a chemical reaction occurs faster or
with a reduced energy demand (e.g., temperature, pressure) with a catalyst.
As a consequence, around 90% of all industrial chemical processes involve
the utilization of catalysts and highlight their importance to industry and
society [21].

A catalyst may be a single atom, molecule, or more complex structure,
such as an enzyme, that bonds with the reactants, initiating the reaction to
form a product, but it is not consumed by the reaction. In “heterogeneous
catalysis”, the catalyst is in a different phase (commonly solid) than the
reactants (gaseous/liquid), which brings the benefit that it is easy to
separate from the reactants and products of the reaction. Therefore, around
80% of all industrially utilized catalysts are heterogeneous catalysts [22].
The essential part of a heterogeneous catalyst is the active sites (or active
centers), which are usually dispersed on an inert carrier material or support.
The support is typically a high surface area material, and it is generally
preferred to maximize the number of active sites per volume.

A catalytic reaction is a cyclic event (Fig. 2.1a) where the catalyst
participates in the reaction and regenerates to its initial state at the
end of each cycle [23]. In principle, for a chemical reaction to happen,
an energy barrier must be overcome. A catalyst provides an alternative
reaction pathway, which may involve several steps, in which reactants form
intermediates and undergo structural changes. Still, the overall energy
barrier is lower compared to a non-catalyzed reaction (Fig. 2.1b).

Understanding the reaction mechanism is crucial for an improved catalyst
design. Several mechanisms for catalytic reactions are known, depending
on how the adsorption takes place (cf. Fig. 2.2). The Eley-Rideal
mechanism describes the adsorption of a molecule, followed by the reaction
with another directly from the gas phase, without prior adsorption. The
Langmuir-Hinshelwood mechanism defines the adsorption of two molecules
on two neighboring surface sites, followed by a bimolecular reaction. The
characteristic feature of the Mars-van Krevelen mechanism is the reaction
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Figure 2.1: a) lllustration of a catalytic cycle as a sequence of elementary
steps. The reactants A and B adsorb on the catalyst to form the product P. b)
Potential energy diagram of a catalytic reaction compared to a non-catalyzed

reaction.

of the adsorbed molecule with one or more constituents from the catalyst
surface (often oxygen), leaving a vacancy that is regenerated through
surface adsorption or lattice diffusion of the respective component [24].
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Figure 2.2: Schematic illustration of the Eley-Rideal, Langmuir- Hinshelwood,
and Mars-van Krevelen mechanism.



2.2 Selective catalytic reduction of nitrogen
oxides with ammonia

The selective catalytic reduction of nitrogen oxides (NOy) with ammonia
(NHs3) has been established as the foremost technology to comply with
the increasingly stringent NO, emission regulations. In the SCR reaction,
gaseous NO, and ammonia are selectively converted to harmless water
and nitrogen (cf. Fig. 2.3). The main reaction in this process is the
“Standard-SCR”, in which equimolar amounts of ammonia and NO react
in the presence of oxygen to form the products (Eq.2.1). When NO,
is present (~10% in automotive exhaust [25]), the so-called “Fast-SCR”
reaction (Eq.2.2) takes place, which proceeds at a higher reaction rate,
especially at lower temperatures [26].

4NO +4NH3s+ Oy — 4Ny +6H,0 (2.1)

NO + NO3y + 2NH3 — 2Ny + 3H,0 (22)

Potential side reactions at higher temperatures demonstrate a serious
obstacle, lowering the total SCR reaction efficiency and leading to the
formation of nitrous oxide (N3O), as shown in Eq.2.3. Further, the
oxidation of ammonia can contribute to formation of NyO (Eq. 2.4).

4NO +4NH3 + 309 — 4N50 + 6 H,O (23)

2NH3 + 205 — NyO + 3H0 (24)

In stationary applications, catalyst bricks are grouped into metal frames,
and the catalyst is held in place by their geometric structure [4]. For mobile
applications, the catalyst is either washcoated onto an inert monolith
substrate or extruded so that the monolith consists of the catalyst material.
The monolith type structure (Fig. 2.3) provides a high contact area and
mechanical strength to withstand forces and vibrations, which the catalysts
will be exposed to within the vehicle. The installation of gaseous or
liquid ammonia in mobile sources is not preferred due to the hazards and
potential risks. Instead, a urea solution (CO(NHg)2) commonly known as
AdBlue© (32 wt% urea in water) is used as an NHj source and is injected
into the combustion gas stream. In the presence of water and heat, urea is
converted to ammonia and carbon dioxide (Eq. 2.5).
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CO(NHQ)Q + HyO — 2NH3 + COq (2.5)

For the exhaust after-treatment in mobile sources, the NH3-SCR unit is
only one unit within the system. Other units include the diesel oxidation
catalyst (DOC), which partially oxidizes unburned hydrocarbons and NO
to NOy, diesel particulate filters (DPFs) remove soot particles, and finally
an ammonia slip catalyst (ASC) oxidizes excess NHz not converted in the
NHj3-SCR unit. Additional components, such as NO, monitor sensors, are
used for proper control to regulate the urea injection system. Moreover, a
differential pressure sensor is installed in the DPF to monitor pressure
drops, due to soot and ash build-up in the filter, which affects engine
efficiency [27, 28].

VO,/TiO;

Figure 2.3: Schematic representation of the NH3-SCR in mobile sources:
The ezxhaust gas composition containing NO, flows through diesel oxidation
catalysis (DOC), diesel particulate filters (DPF) until ammonia is injected in
form of an urea solution prior to the NHg-SCR unit. Any excess ammonia is
removed via ammonia slip catalysis (ASC).
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2.3 Reaction mechanisms

Over the years, several NH3-SCR reaction mechanisms for vanadium-based
catalysts have been proposed. It is important to note that supported
vanadium oxides have a formal oxidation state of either V®* or V4,
respectively, holding oxidized V=0 or hydrolyzed V-OH groups, which
play an important role in the SCR reaction. Ammonia, as a key reactant,
adsorbs on those sites either as surface NH3 on a Lewis acid site coordinated
to the vanadium atom. Alternatively, the adsorption on a Brgnsted acid
site involves the abstraction of a proton from the V-OH group, consequently
forming surface NHJ, as illustrated in Fig. 2.4.

NH3.‘% 0O O O-NH:
U \\V
o9 9 9
|
Lewis acid site Bronsted acid site

Figure 2.4: Ammonia adsorbed on Lewis and Bronsted acid sites of a
vanadium ozide (V°F) species.

The first popular proposal was an Eley-Rideal type mechanism, where
ammonia is adsorbed on a Bregnsted acid site followed by the reaction
with gas phase NO to form Ny and HyO [29]. Further, a “nitrosamide”
mechanism was proposed, with the ammonia adsorption occurring on a
Lewis acid site, due to the higher thermal stability of the coordinated form
of ammonia. It involves breaking of the N-H bond to form a radical-like
amide species. The produced species reacts with gas phase NO to form
a nitrosamide intermediate (NHyNO), which readily decomposes to the
products [30, 31].

A combination of both mechanisms was introduced by Topsge et al. [32]
and contains both an acid and a redox cycle. In this reaction mechanism,
ammonia adsorbs on a Brgnsted acid site (Step 1) and is activated by an
adjacent vanadium V=0 site, followed by the reaction with gaseous or
weakly adsorbed NO (Step 2). The intermediate converts to Ny and HyO
(Step 3), while partially reducing the vanadium site. Lastly, the reduced
site is regenerated by oxygen (Step 4). Here, the activity is correlated to
the number of Brgnsted acid sites.

Despite the fact that these catalysts have been used and studied for
decades, the exact nature of the NH3-SCR reaction is still a subject
of several investigations. Advances in in situ oroperando spectroscopic
techniques, as well as computational studies, continuously provide new



12 2 Background

Acid Redox
(1 0
?'...+H3N...H(I)
V5+ V4+ H2O
NO
OH (2)
Ve
O ---*H3N-N=0---HO
I 5+ 4+ 02
V V
(3) .
clj'--- HsN-N=0O (IJH (4)
5+ 4+
N, +H,0 Vv v

Figure 2.5: Standard SCR mechanism proposed by Topspe et al. [32]. The
first step involves the ammonia adsorption (1) and activation by an adjacent
V=0 site. The reaction with NO (2) leads to the formation of water and
nitrogen (3), and the reduced site is reoxidized (4).

insights. Based on the mechanism by Topsge [32], the formulation of
a standard and fast SCR mechanism [26] and also a mechanism over
monomeric and polymeric vanadium species [33] have been elaborated.
Transient IR and Raman spectroscopic studies delivered further insights on
mechanistic details, such as the importance of the Lewis acid sites, which
are more active than Brgnsted acid sites in the SCR reaction [34, 35]. Both
TiOs and VO sites have been proposed to be involved in the SCR reaction,
with only a fraction of coordinatively unsaturated VO, being active, and
the support that acts as a reservoir for ammonia [34, 36]. Studies with
isotopically labeled reactants have shown that the nitrogen atoms that
produce Ny originate from both NH3 and NO. Moreover, experiments with
180, showed that oxygen from the TiO, lattice could have an active role in
both the SCR reaction and ammonia oxidation, and the reoxidation step
occurs with gas phase Og via the Mars-van Krevelen mechanism [35].
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2.4 Vanadium-based SCR catalysts

Different types of SCR catalysts are used, including noble metals, metal
oxides, or zeolites [37]. Among these titania-supported vanadium oxides
(VO4/TiO3) have been used from the very beginning and are the most
commonly used catalysts in urea-based SCR systems because of their high
activity, even for a low vanadium content (~1-2 wt%), and the relatively
low material costs compared to other systems. Further advantages are the
high chemical resistance to sulfuric compounds [14] and the low formation
of nitrous oxide (N,O) [38], considering potential NoO emission standards
for heavy-duty vehicles [6]. Anatase-TiOs is considered to be the most
suitable support given to the high dispersion of the VO, surface species
[39], chemical robustness [40] and resistance to corrosive gases such as
SOy and SOj3 [41, 42]. Besides the prominent application the NH3-SCR
reaction [43], further utilization is found in the valorization of hydrocarbons
by selective oxidation [44], environmental protection by trapping mercury
through oxidation (Hg to Hg?") [45], or the production of sulfuric acid
(HoSOy4) by oxidation of sulfur dioxide (SO2 to SO3) [46]. More recently,
potential in the biomass conversion to produce valuable fuels and chemicals
has been demonstrated [47] and establishes titania-supported vanadium
oxide catalysts as an interesting material platform beyond the scope of this
work.

The vanadium content or loading plays a crucial role in the activity,
selectivity, and thermal stability of the catalyst. Another depiction of the
loading can be expressed as surface coverage with vanadium atoms per unit
area (V/nm?). At a low vanadium loading (<2 V/nm?), the vanadium oxide
species are widely dispersed on the support with three bridging Ti-O-V
bonds and a terminal vanadyl (V=0) bond (monomeric VO, coordination,
as displayed in Fig. 2.6). Further increasing the vanadium loading leads
to the formation of oligomeric and polymeric VO, species with bridging
V-O-V bonds up to the theoretical maximum of the monolayer coverage.
Polymeric vanadium oxide species have been found to have the highest
specific activity, which is associated with the so-called "coupling effect".
The interacting adjacent VOy species shorten the regeneration time of the
redox sites, which results in an overall lower energy barrier of the catalytic
cycle [33]. When the vanadium loading exceeds the monolayer coverage
(>8 V/nm?), crystalline VoOj5 particles begin to form [38].

In general, a low vanadium loading is beneficial for the temperature
stability as the VOy species are finely dispersed [48]. A higher vanadium
loading improves the low-temperature activity but decreases the thermal
stability along with NoO formation [33] and enhances the SOy oxidation.
The resulting SO3 can convert to sulfuric acid (HySOy) in the presence
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Figure 2.6: Structures of monomeric, polymeric and crystalline vanadium
oxide species on the catalyst surface as a function of vanadium loading.

of moisture [38, 49, 50] and damage the equipment. Present industrial
VO,-SCR catalysts contain around 1-3 wt% vanadium to achieve a high
ratio of polymeric VO, but also to minimize the undesired side reactions
(cf. Section 2.2).

2.4.1 W- and Si-modified VO,/TiO, catalysts

The catalyst development of VO, /TiO, catalyst involved the modification
with various modifiers. Tungsten (W) oxide is the most widely used
additive for both stationary and mobile applications [4, 51| and has been
studied extensively.

The inclusion of tungsten oxide is proposed to have multiple promotional
benefits, categorized as either chemical (or electronical) effects as well
as structural (or physical) effects. In the first case, tungsten interacts
with vanadium by modifying its reducibility, which facilitates the redox
properties and thus results in an improved selectivity due to lower ammonia
oxidation and extending the operating window [41, 52-55]. In the structural
context, the presence of tungsten oxide promotes the polymerization of the
VOy species due to the occupation of the TiOs surface, resulting in an
improved activity. Additional promotional effects include the improvement
of thermal stability of the TiOs-anatase phase [37, 56|, increased acidity
[57], and poisoning resistance to alkali metals [54].

Another common additive, often in combination with tungsten, is
silicon (Si) oxide, which maintains the stability of the TiOs support by
counteracting the sintering process [17, 56, 58-61]. However, the presence
of silicon oxide can lead to reduced activity at low temperatures, due to
coverage of VOy species [62]. Both the modification with tungsten or silicon
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oxide have demonstrated a significant effect on the thermal stability upon
aging treatment [56]. In the case of tungsten, hydrothermal aging at 600 °C
for 16 hours was shown to activate the catalyst, resulting in a higher NOy
conversion [63].

2.4.2 Other modifiers

Molybdenum (Mo) oxide has been investigated early in the development of
these catalysts and has a similar effect on VO, /TiO as tungsten to prevent
catalyst deactivation. The modification with Mo increases the acidity,
reduces the NO and SO4 oxidation, and inhibits TiOs sintering. However,
the high formation of NoO at high temperatures makes its application in
mobile sources unfeasible [37, 39, 52, 64].

Since the low-temperature activity is a matter of special importance, the
addition of cerium oxide (Ce) and manganese oxide (Mn) has recently been
considered a promising approach due to their high oxygen storage capacity
and redox properties of the active sites [65-68]. On the grounds of their
inherent catalytic activity, Mn-based catalysts can be prepared without V,
though lack in tolerance to water and SO [65, 66].

The modification with niobium (Nb) oxide has been shown to increase
the surface acidity, resistance to SOg, and SCR performance [69-71] as well
as to minimize the formation of crystalline V5,05 phases [72].

When antimony (Sb) oxide is added in small amounts, it prevents catalyst
poisoning by SO, and promotes the decomposition of ammonium bisulfate
[73-75], a critical catalyst poisoning compound in SCR applications.
Furthermore, the Sb-modification increases the redox ability of the catalyst
surface, beneficial for the low-temperature activity [71].






3 Methodology

This chapter provides descriptions of the sample preparation, aging
procedure, experimental approaches, and characterization techniques used
in this work. The catalytic activity of the prepared samples was evaluated
in a gas flow reactor. The quantitative composition of the catalysts
was determined by X-ray fluorescence (XRF). As the development for
heterogeneous catalysts often aims for a high surface area to give an
extensive access for the reactants, the specific surface area (SSA) was
determined by No-physisorption. The temperature programmed desorption
of ammonia (TPD) was used to evaluate the quantity and strength of
the interaction between the catalyst surface and ammonia as the key
reactant. Further, the existence or formation of crystalline particles on
the samples after the aging procedure was investigated by X-ray diffraction
(XRD) and Raman spectroscopy. The spectroscopic investigation involves
in situ DRIFT spectroscopy as a valuable technique to investigate the
sample surface as well as adsorbed surface species of the different probing
molecules.

17
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3.1 Sample preparation and aging procedure

The samples were prepared via the incipient wetness impregnation, where
the support (TiOs) is mixed with the precursor solution containing the
active compound or promoting additives. When more than two components
were loaded, the dissolved precursors were mixed beforehand and added
by co-impregnation. This technique allows an accurate and reproducible
control of the desired compound loading. In addition, low labor and cost
requirements, along with minimal waste generation, make it a preferred
method to prepare metal oxide catalysts. For the incipient wetness
impregnation, the impregnation solution should correspond to the pore
volume of the support to ensure a complete incorporation into the pores,
without any excess solution. In contrast to that, the wet impregnation
describes the preparation in an excess of solution, which is removed, e.g.,
under heat. The resulting samples underwent the calcination process,
heating to 500 °C for one hour, which transforms the catalyst to its active
state via removal or decomposition of the non-metallic compounds (such
as oxalates, nitrates, etc.).

An overview of the utilized titania support and metal precursors is
provided in Table 3.1.

Table 3.1: Chemicals used for the catalyst preparation and precursor materials

Name Formula Purity
DT51-D TiO, TiO, 99 wt% anatase®
Vanadyl (IV) oxalate ~ VO(C204) chemically pure®

Cerium(III) nitrate Ce(NO3)3-6H20 99.999%°

Niobium(V) oxalate (NH4)NbO(C204)2  99.99%¢

Antimony(III) acetate Sb(CH302)3 99.99%°
@ Tronox plc, ® GfE GmbH, ¢ Sigma-Aldrich

As for the practical application in automobiles, the catalysts must maintain
high catalytic activity over extended time periods in order to meet the
vehicle’s lifetime. To address this, the effect of thermal aging was tested.
Since the operation temperature in vehicles varies widely, the maximum
temperature is not used as the sole aging criterion. In this work, a portion
of the prepared samples were thermally aged by exposure to a temperature
of 580 °C for 100 hours in static air, representing a common aging protocol
for the application in automotives, as reported in literature [48].
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3.2 Catalytic tests

Reactor tests are the ultimate method to evaluate the catalytic activity of
the prepared catalysts in the projected reaction or to test different reaction
conditions. Beyond that, parameters such as the best sample composition,
additives, or preparation method can be explored. The reactor experiments
may involve testing the catalytic reaction at different temperatures in a
controlled gas stream, or the effect of additional compounds (e.g., water or
sulfuric compounds) in the stream, depending on the specific application.
In this work (Paper I-III), the catalytic activity for the NOy conversion
over samples was measured in a fixed-bed flow reactor (Fig. 3.1) under
standard SCR conditions. About 0.3g of each sample, with a particle
size of 250-300 um, was used and pressed into pellets. The reaction
conditions were adapted to a typical diesel exhaust gas mixture with a
model feed gas containing 500 ppm NO, 525 ppm NHjs, 300 ppm CO,
3% CO,, 10% O, 5 vol% Hy0O, with Ny as carrier. NHj was dosed in
a slight excess in order to achieve a maximum NO, conversion, unaffected
by any potential side reaction of ammonia. The total gas flow was 2000
mL-min!, representing a gas hourly space velocity of 60,000 h™! as common
flow conditions in conventional diesel vehicles [76, 77]. The composition
of the effluent gas stream (including NoO) was continuously analyzed by
infrared spectroscopy. The NOy conversion was determined from the ratio
of inlet to outlet concentrations, as shown in Eq. 3.1

NOx,in - Noxput
NOx,in

- 100% (3.1)

NOy conversion =

The specific rate was calculated by the amount of converted NO (in mol)
normalized by the vanadium mass (in gram), which has been determined
by X-ray fluorescence (see Section 3.3.1).
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Figure 3.1: Representation of the flow reactor setup used in this work. The
gas feed is requlated with mass flow controllers and can be directed to the
reactor or through a bypass. The effluent gas composition is analyzed by an
IR spectrometer.

3.3 Catalyst elemental composition and texture

3.3.1 X-ray fluorescence spectrometry

X-ray fluorescence (XRF) is a non-destructive technique that can be
used for qualitative and quantitative analysis to determine the elemental
composition of a material, including solids, liquids, or powders, with
minimum sample preparation. At the atomic level, the X-ray fluorescence
proceeds as follows: First, the sample is irradiated with X-rays, which
induces the excitation of an atom within the material, which then ejects an
electron from the inner orbital shells. This results in an electron vacancy
and an unstable configuration for the atom. Lastly, a higher-energy electron
from an outer shell refills the vacancy, lowering its energy, and this excess
energy is emitted in the form of fluorescent X-rays (Fig. 3.2). The energy
difference between the ejected and replaced electrons is characteristic of
every element in which the fluorescence process occurs. These emitted
X-rays have energies that are characteristic of the involved elements and
transitions. In the resulting spectrum, each element is identified by its peak
position, while the intensity or peak height correlates to the concentration.

In Paper II, XRF was used to determine the elemental composition
of the samples. The measurements were performed with an AXIOS XRF
spectrometer (Malvern-Panalytical), using a Rh Anode as X-ray source.
The spectrometer was calibrated with a set of standard materials (Omnian,
Malvern-Panalytical).
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Figure 3.2: Simplified mechanism of X-ray fluorescence: An incident X-ray
ejects an electron (here from the K-level), followed by replacement of an
outer-shell electron that emits characteristic fluorescence X-rays.

3.3.2 Nitrogen physisorption

The physisorption of nitrogen (Nj3) at -196°C is a widely used analysis
technique to determine the surface area of solid samples. The essential
components of a catalyst are the active sites, which are usually dispersed
on the high-surface area support, and it is generally desirable to maximize
the number of active sites per volume. Nitrogen is commonly used as a
gaseous adsorbate based on the weak interaction with solid surfaces and
availability in high purity [78]. The specific surface area (SSA in m?.g!)
of the samples can be calculated using the Brunauer, Emmett and Teller
(BET) method [79]. The BET theory extends the Langmuir model on
monolayer adsorption, correlating the partial pressure of the adsorbate to
its adsorbed volume. The BET method is based on several assumptions,
expecting the solid surface to have a definite number of adsorption sites,
where each site adsorbs only one molecule and is energetically equivalent.
The gas molecules can adsorb in multilayers with no adsorbate-adsorbate
interaction within the same layer. FEach layer follows the Langmuir
adsorption isotherm independently, and the heat of adsorption for all
layers, beyond the first, is equal to the heat of liquefaction (i.e., physical
condensation) [24, 80]. The resulting BET equation is presented in Eq. 3.2.

P -1 L.
V(Ph—P) Vi@u-C Py Vp-C

(3.2)

with P and Pj as equilibrium and saturation pressure of the adsorbate,
V' is the total volume of adsorbed gas and C' is the BET constant. At
a low relative pressure (around P/Py<0.25) the behavior follows a linear
relationship and the nitrogen volume for monolayer formation (V,,,) can be
obtained from the slope and intercept of the regression line (cf. Fig. 3.3).
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Figure 3.3: Illustration of the BET theory. The value of the slope and the
y-intercept are used to determine the specific surface area (SSA).

With the given V,,, the SSA can be calculated in m?-gt (Eq. 3.3).

Vim0 - Ny

A:
ss T

(3.3)

in which o represents the occupied area of a single Ny molecule on
the adsorbent, N4 the Avogadro constant, m refers to the mass of the
investigated material and Vys as the molar volume of nitrogen under
standard conditions. The accuracy of the determined surface area may
be affected by insufficient drying and a short equilibrium time at the
measurement points. The BET method is only valid in a specific relative
pressure range (commonly 0.05-0.25 P/Py), while outside this range, the
model does not accurately represent the experimental data. Due to the
assumptions, the BET model may not reliably describe inhomogeneous
surfaces. In addition to that, the gas adsorption in micro-pores can result
in pore blocking, consequently overestimating the surface area.

In this work (Paper I-III and V), the specific surface area (SSA) was
determined using a Tristar 3000 instrument (Micromeritics). About 200 mg
of sample was used and degassed in nitrogen at 250 °C for 6 h prior to the
measurements.



23

3.3.3 Temperature programmed desorption

Temperature-programmed desorption (TPD) is used to evaluate the
quantity and strength of the interaction between the catalyst surface and
respective reactants or adsorbates in a controlled temperature setting.
Further information such as binding energy, kinetic parameters, or surface
coverage can be obtained. The experimental TPD procedure includes a
pretreatment step at elevated temperatures and an oxidizing or reducing
atmosphere to remove any contaminants or gases on the surface. Then,
the probe molecule or adsorbate is introduced at a low temperature until
complete saturation of the surface. Following this, any weakly adsorbed
molecules are flushed away by an inert gas (typically Ar or Ny). The
temperature is then linearly increased with a specific heating rate while
constantly monitoring the signal of the desorbing probe molecule (e.g., by
a mass spectrometer). As the temperature rises, the adsorbates on different
sites desorb from the surface and result in multiple desorption peaks, either
sharp or broad, depending on the nature and composition of the adsorption
sites [23]. In general, different peaks correspond to different surface sites
(Fig. 3.4). Higher peak temperatures indicate a stronger interaction or
higher activation energy.
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Figure 3.4: Schematic representation of a temperature programmed
desorption experiment. First, the surface is covered with the adsorbate,
followed by a temperature increase, while the adsorbates on the different surface
sites desorb at different temperatures.

In this work, the TPD experiments were performed with ammonia
(NH3-TPD) as a probing molecule to investigate the acidity of the samples
in Paper I-III. About 40 mg of the sample (100-250 pm) was pretreated
in 10 % Oy at 500 °C for 30 min and cooled down to 100 °C in Argon
atmosphere. Then, the sample was exposed to 2000 ppm NHjs at 100°C,
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followed by Ar purging to remove weakly adsorbed ammonia species until
the NHj3 signal vanished. The desorption was monitored in the temperature
range of 100 to 700 °C at a heating rate of 5°C per minute. The resulting
TPD profiles were baseline subtracted and calibrated to the concentration
of the NHj signal. The NHj3 uptake (in pmol-g') was determined by
integrating the TPD profile and normalized to the used sample mass.

3.3.4 Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a conventional technique to evaluate the
crystallinity of a material and provides information about crystalline and
amorphous compounds, or the crystal structure. The structure of a crystal
can be defined as an ordered arrangement of atoms in the crystal lattice
and in a repeating unit. The X-rays that enter a sample are scattered
by the electrons in the atoms, and those scattered waves can interfere
constructively at certain angles. The X-ray wavelength (\) is directly
related to the spacing (d) between diffracting planes, as defined in Bragg’s
law (n-\ = 2d-sinfl), with n as an integer [81]. A schematic representation
is shown in Figure 3.5.

@ @ @ @ @

Figure 3.5: Schematic representation of Bragg’s law with the reflection of
X-rays by crystal planes. The distance (d) of the planes can be determined
with the known X-ray wavelength (\) and angle (0).

By scanning across a range of incident angles, the constructive diffraction
occurs from planes that are oriented at the correct angle to fulfill the
Bragg’s Law [82], resulting in a XRD diffractogram (or XRD pattern), with
the intensity of the diffraction X-rays versus the angle between the incident
and diffracted X-rays (26). Each material has a characteristic set of XRD
patterns that can be compared with standard crystallographic databases
for a qualitative analysis. Sharp and distinct signals indicate large crystals,
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whereas broad peaks suggest the presence of smaller crystallites. The
relation is expressed by the Scherrer equation (Eq. 3.4), which can be used
to determine crystallite size (7 in A) from a measured diffraction peak
profile [83]. The value of 7 represents the diameter of crystallites, which is
expressed by X-ray wavelength (), full width at half maximum (FWHM)
of the peak (), and the Bragg angle 6. K is a dimensionless shape factor
and depends on the geometry of the crystallite, with a typical value of 0.9
resembling nearly spherical particles.

K-
T_B-cosﬁ

(3.4)

The samples in Paper I-III were analyzed by XRD to validate the
formation of crystalline particles before and after the aging procedure.
In addition, the crystallite size of TiOs-anatase was determined for the
signal at 20 = 25° to investigate the impact of thermal aging on the
TiOy support. The XRD diffractograms were collected with an AXS DS
instrument (Bruker) equipped with a Cu-K,, radiation source (0.15406 nm)
operating at 40 kV and 40 mA. The samples were mounted in a hollow
puck holder with Si-Kapton©tape to avoid sample spreading. For the
measurement, the sample was not rotated and measured in fixed-area mode
with a length of 5mm.

3.4 Spectroscopic techniques

In the field of surface science and catalysis, infrared (IR) spectroscopy is
a well-established method to probe compounds in their solid, liquid, or
gaseous state. When a molecule absorbs infrared radiation, the energy
excites vibrational (or rotational) modes. Under the condition that
diple moment changes during the vibration, an infrared spectrum can be
recorded. If the vibration does not result in a change of the dipole moment,
as in a linear, diatomic molecule (e.g., Ny, O2), it is not IR active. When
infrared radiation interacts with matter, it can be transmitted, reflected,
scattered (diffuse reflected), or absorbed (Fig. 3.6). Various types of
vibrations and rotations are defined by definite ranges of frequencies within
the infrared spectrum. The frequency of the vibration depends on the mass
of the respective atoms involved in the chemical bond. As a result, chemical
bonds, functional groups, or molecular species can be distinguished in an
IR spectrum, with subtle changes that can also depend on their adjacent
environment. [84, 85].

The assignment of infrared bands requires a proper knowledge of the
vibrational modes. For an isolated non-linear molecule with N atoms, there
are typically 3N-6 normal vibration modes (3N-5 for linear molecules). The
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Figure 3.6: Schematic representation of infrared light interacting with matter.

modes correspond to the three degrees of freedom including translation,
rotation, and vibration. For example, ammonia has six (3-4-6) vibrational
modes that correspond to symmetric and anti-symmetric stretching as well
as bending modes (Figure3.7).

N-H symmetric N-H assymmetric N-H symmetric N-H assymmetric
stretching vs stretching vas deformation os deformation das
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Figure 3.7: Vibrational modes of isolated ammonia.

?

3.4.1 Diffuse Reflectance Infrared Fourier Transform
Spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a
commonly used method in the field of heterogeneous catalysis. In general,
this technique is relatively simple thanks to minimal sample preparation,
which includes sieving the powder sample to an appropriate particle size
(40-80 wm in this work), and enables rapid collection of spectra across a
wide span of wavenumbers [86]. This technique allows the detection of
surface changes upon the adsorption, desorption, or reaction of species
by the vibrations of their functional groups. Further, minor species or
intermediates adsorbed on the surface of the catalyst can be identified
under the condition of a detectable intensity. A simplified illustration of
the DRIFTS setup used in this work is shown in Figure 3.8.

In Paper I-1V, in situ DRIFTS was operated with a Vertex 70 or
80v (Bruker) spectrometer equipped with a high-temperature reaction cell
(Harrick Scientific) and CaFy windows. The inlet gas flow was controlled
by mass flow controllers (Bronkhorst). The temperature of the sample
bed was measured with a thermocouple, inserted through the exhaust pipe
and placed right below the sample surface. This was done due to the
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Figure 3.8: Schematic illustration of the in situ diffuse reflectance infrared
Fourier transformation setup in this work: The IR beam is directed via mirrors
onto the sample. The diffuse reflected radiation is collected and guided to the
detector. The resulting interferogram is Fourier-transformed to obtain the IR
spectrum. The inlet gas flow and temperature can be controlled as preferred.

temperature discrepancy between the sample bed and the set temperature
of the Harrick cell [87]. Unless otherwise stated, the reported temperatures
of the in situ spectra are referred to the sample bed temperature [88].
In Paper IV, water vapor was provided with a portable water reactor,
fed with hydrogen and oxygen gas, allowing low concentrations of water
in high purity [89]. Modulated infrared radiation is induced by passing
a broadband light beam through a Michelson interferometer (not shown
in Figure 3.8), which splits, reflects, and combines the waves so that
the combined light produces an interference pattern. This pattern
depends on the difference in the distances that the two waves traveled
(90, 91]. The IR beam is directed onto the powder sample, and upon
interaction with the rough surface of the sample, the incident radiation
undergoes scattering (which is limited by the penetration depth), and is
reflected in a diffuse manner across a range of multiple angles [92]. The
reflected radiation is then collected and directed towards the MCT detector
(Mercury-Cadmium-Telluride). The conductivity of the MCT-material is
altered by the IR photons, and the signal is measured as a change in current.
To reduce thermal noise, the implementation of a MCT detector requires
cryogenic cooling with liquid nitrogen [93]. The collected and resulting
raw data is called an interferogram, with the signal intensity versus



28 3 Methodology

optical path difference, measured as the moving mirror in a Michelson
interferometer changes position. It contains all the frequency information of
the infrared radiation absorbed or emitted by the sample. With the Fourier
transformation, the spectral raw data is converted to an IR spectrum with
intensity versus wavenumber.

Difference spectrum—
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Figure 3.9: Ezample of a difference DRIFT spectrum for the ammonia
adsorption on a VO,/TiOy catalyst. First, the background spectrum (grey) is
recorded after a pretreatment step. Upon ammonia adsorption, the reference
spectrum (black) is recorded and subsequently subtracted from the background
to obtain the difference spectrum (red).

The adsorption experiments were used for the qualitative investigation of
the surface and identification of formed species on the investigated samples
by recording difference spectra. An example of such a spectrum is shown in
Figure 3.9, illustrating the adsorption of ammonia on a titania-supported
vanadium oxide catalyst. The first step contains a pretreatment
procedure, at elevated temperatures and an oxidizing atmosphere, to
remove water and any other contaminants, followed by recording the
background spectrum (Bkg). Upon adsorption of the respective probe, the
reference spectrum (Ref) was recorded and subtracted with the background
[-log(Ref)-log(Bkg)], resulting in the difference spectrum. The removal
of the baseline contribution simplifies the interpretation. However, a
drawback with this approach is a potential baseline drift due to water vapor
or atmospheric fluctuations in the cell, and the loss of absolute identity of
species. Any quantitative analysis of such spectra would require specific
preparation and efforts, since the IR intensity generally does not directly
correlate to the concentration of adsorbed species [94].
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3.4.2 Raman spectroscopy

Raman and infrared spectroscopy are complementary techniques. Some
vibrational modes can be observed by Raman spectroscopy, but cannot
be probed by infrared spectroscopy, and wice versa [85]. While infrared
spectroscopy relies on a change in a molecule’s dipole moment, Raman
spectroscopy is based on a change in the polarizability during the vibration.
The illumination with a high-intensity laser, ranging from ultraviolet
to near-infrared light, results in scattering of the light. Most of the
light is elastically scattered, retaining the same energy as the incident
light (Rayleigh scattering). A much smaller fraction of light is scattered
inelastically (Raman scattering), either losing or gaining energy, depending
on the vibrational state (Stokes, anti-Stokes). ~ With the use of a
monochromatic laser, the frequency shift between the incident light and
the Raman scattered light can be determined (also called Raman shift)
[95].

In this work, the samples were investigated in terms of the existence
of the distinct VOy species (monomeric, polymeric, crystalline Vo0Oj5) and
alterations after the aging procedure. FEz situ Raman spectroscopy was
performed in Paper I-III, with an InVia Reflex spectrometer (Renishaw)
using a 532nm wavelength diode laser as excitation source. The spectra
were recorded on selected surface spots on the powder samples under
ambient conditions. A moderate laser power (0.6 mW) was chosen to
prevent local heating, hence the dehydration of the VO, particles. Optical
images of the selected spots were inspected before and after the spectra
collection to verify that no damage occurred from the laser illumination.
The resulting Raman spectra were baseline subtracted and normalized to
the peak intensity of the feature at 639 cm™, associated to the anatase
phase of titania. In situ Raman measurements (Paper V) were performed
with a SPEX 1403 Monochromator (Horiba) and a 491 nm DPSS (Cobolt)
laser in an oxygen (20% O2/He) atmosphere. The samples (~140 mg) were
pressed into pellets and mounted on the sample holder of a homemade
optical Raman cell [96]. Recording of the spectra under dehydrated
feed conditions started at 430 °C, followed by subsequent cooling to lower
temperatures (250, 175, and 120°C) under the continuous flow of 20%
Os/He. The spectra were collected after one hour of sample treatment at
each temperature and were normalized as described in more detail in Ref.
97].
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3.4.3 Peak profiles and decomposition

Infrared spectra may contain non-symmetrical vibrational bands, variation
of the band positions, or bandwidths, which are related to the presence
of more than one component resulting in a series of overlapping bands
as a total spectrum [98]. Since each vibrating molecule is affected by its
surrounding environment (e.g., different adsorption sites or interaction with
other molecules), it leads to slight variations in the vibration frequencies.
Further, the vibrations of different compounds can be located within a
narrow frequency range, which complicates a correct assignment.

Peak decomposition by curve fitting is a valuable method in order to
obtain additional information from the spectra, considering the spectrum
as a sum of individual peak profiles (Fig. 3.10a). The choice of peak profiles
is of importance since the natural relaxation and instrumental broadening
must be considered. For solids, a low molecular movement is expected so
that the statistical distribution of vibrations results in a Gaussian profile
with a symmetric “bell curve” shape and relatively narrow wings. For
gases, the fast movement and frequent collisions, as well as rotations, follow
a distribution with broad wings as in a Lorentzian profile. A Voigt profile
is the convolution of a Gaussian and Lorentzian profile (Fig. 3.10b) and is
usually considered for compounds in a liquid state [99].

Original Spectrum | i
Gaussian

_Fitted curve

Intensity /arb.u.

Figure 3.10: a) Ezxample of a peak-fitted spectrum and b) illustration of a
Gaussian and Lorentzian profile with the same peak height. The Voigt profile
is their convolution.

In this work, peak decomposition was done in order to evaluate the
contribution of respective species/bands as well as to observe trends or
alterations throughout the sample series before and after thermal aging.
The NO adsorption spectra were fitted in Paper I-111, using the IGOR Pro
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8 (WaveMetrics) software. The adsorbed species are neither a gas, solid,
nor liquid. Therefore, the spectra were fitted by Voigt profiles, as to include
both a Gaussian and Lorentzian character. A shape parameter, which is
defined as the ratio of Lorentzian and Gaussian widths (vIn2-Wp/Wg),
with a value of 0.1 was used. Prior to fitting the experimental data in
Paper I-111, a linear spline was fitted to the spectra and subtracted. The
number of peaks and their respective positions were verified based on the
time-resolved spectra. For fitting the series of spectra, the positions of
peaks are usually fixed with a constraint 1 cm™!, while the intensity was
set free to vary. The in situ Raman spectra in Paper V, were fitted
with the in-built function of the OriginPro© (OriginLab) software. Prior
fitting, each spectrum was subtracted with the spectrum of the bare TiO,
support at the respective temperatures. The spectra were fitted with Gauss
profiles, in which the width of each band was fixed, while the position was
fixed with a constraint of 1 cm~!. Further details of the fitting procedure
are described in Ref. [97].

Through integration of the fitted peaks and normalizing to the total peak
area, a comparison of proportions of the different species for each sample
can be made.






4 Results and Discussion

4.1 Investigation of VO,/TiO; reference
catalysts

The vanadium loading is an important parameter for titania-supported
vanadium oxide catalysts (VOy/TiO3) in terms of both activity and
stability, due to the presence of different VO, species on the surface.
Monomeric VO, species are expected to be predominant below a loading
of 1.5 wt% while crystalline V,05 forms at loadings higher than 4 wt%.
Present industrial V-based catalysts contain around 2 wt% vanadium
as a compromise between activity and stability at higher temperatures,
while also containing a high ratio of polymeric VO,. In Paper I, a series
of VO, /TiO2 model catalysts with five different vanadium loadings was
prepared (0.5, 1.5, 2.0, 4.0, and 8.0 wt%) to investigate the effect of loading
on the catalytic performance and stability before and after thermal aging.
Accordingly, this series is expected to include the entire range of VOy
species, with only monomeric VO at a loading of 0.5 wt% and mainly
crystalline VoOj5 species at 8 wt%. The two samples with a loading of 1.5
and 4 wt% represent transition zones, with multiple VO, species being
present.

33
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4.1.1 Catalytic performance and thermal stability as a
function of vanadium loading

The catalytic activity of the VO4/TiOy catalysts was evaluated under
operation of the standard SCR reaction, testing the NO, conversion in a
temperature range from 175 to 450 °C (Fig. 4.1a-b). The results from the
vanadium loading series in fresh state show that a high vanadium loading is
advantageous to achieve high NO, conversions at lower temperatures. On
the other hand, catalysts with a low loading benefit the long-term stability,
as they maintain catalytic activity after aging.

As an example, the catalyst with a loading of 1.5 wt% shows a low to
moderate NOy conversion up to 300°C (<46%), which steadily increases
with temperature, reaching 92% at 450°C. Notably, after the aging
procedure, the NOy conversion is enhanced at low to mid-temperatures
(<350°C) and reaches a maximum of 86% at 350°C. In addition to
that, the 1.5V catalyst represents the best catalytic activity among all
aged catalysts. The NOy conversion over the fresh 8V catalyst achieves
moderate conversions starting from lower temperatures and reaching the
overall highest observed NOy conversion of 99% at 350 °C. However, with
increasing temperatures, the performance reduces significantly, which is
likely attributed to the partial oxidation of NH3 to NOy [100]. After the
aging procedure, the overall catalytic activity is substantially reduced with
a maximum NO, conversion of 50%. The overall lower NO, conversion,
observed for the aged catalysts, may also be related to sintering processes of
the VO particles, forming less active species together with V5,035 particles,
decreasing the number of accessible sites (vanadium atoms in “bulk”).
The formation of nitrous oxide (N2O) is an important indicator for the
reaction selectivity but also a critical parameter in practice, due to the
expected legislative restrictions, as mentioned in the Introduction (Chapter
1). Therefore, the effluent NoO signal was also monitored during the
activity measurements (Fig. 4.1c-d). Over the fresh catalysts NyO is
formed in a minor degree at low- to mid-temperatures (<4 ppm up to
350 °C). At 450 °C, the NoO formation increases significantly to 13.2 and
70.6 ppm for the 4V and 8V catalyst, respectively. This suggests that
N0 is prevalently formed over crystalline VO35 or highly polymerized VOsy.

To correlate the observed catalytic performance with the physicochemical
properties, the catalysts were further analyzed by Ny physisorption,
temperature-programmed desorption with ammonia (NH3-TPD), X-ray
diffraction (XRD), and Raman spectroscopy.
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Figure 4.1: NO, conversion a-b) and N2 O formation c-d) over the VO,/TiOy

catalysts with varying vanadium loading before and after aging.
525 ppm NHs, 500ppm NO, 300ppm CO, 3% COs, 10% Os,
5% Hy O in Ny balance with a GHSV = 60,000 .

conditions:

Reaction

4.1.2 Correlation between catalyst texture and SCR

activity

The comparison of specific surface area (SSA) with the crystallite size shows
the interrelation of the two parameters (c.f. Fig. 4.2). The bare TiOs
support exhibits a specific surface area of 88 m?-g!, which is reduced by
almost a half after the aging procedure (47 m?-g ). This loss of surface area
is related to the particle growth of TiOg-anatase [101], which is confirmed
by XRD through determination of the crystallite size, which increases by
24% (196 to 257 A). The addition of a small amount of vanadium oxide (0.5
wt%) has been found to increase the SSA, while higher loadings lead to a
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SSA decrease for catalysts in fresh state, presumably due to potential pore
blocking. After the aging procedure, the SSA of the catalysts significantly
reduces as the loading increases. This significant loss is likely due to the
promoting impact of vanadium oxide, which contributes to sintering of the
support. Coupled with that, previous studies [102-104] confirmed that
vanadium has a catalytic effect on the anatase-to-rutile transformation,
starting from 575°C, and accelerates the decrease of the surface area at
high vanadium loadings [61]. The growth in particle size increases with a
higher vanadium load.

100 Surface area Anatase crystallite size
fresh IR ®
| aged aged 4 600
. <C
4400 &
I £
oo A
----------- )
I ] pd 4 200
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2V 4V 8V

TiO, 05V 1.5V TiO, 0.5V 15V 2V 4v 8V

Figure 4.2: Comparison of specific surface area (SSA) (left) and
TiOs-anatase crystallite size (right) for the TiOg support as well as VO,/TiOs
catalysts before and after aging. The crystallite size was determined by the
Scherrer equation for the signal at 0 = 25°.

In order to gain further insight into the interaction of the catalysts with
ammonia, a key reactant in the SCR reaction, temperature-programmed
desorption (TPD) experiments with NH3 were carried out (Fig. 4.3a).
The TPD profile of the TiOs support shows a broad desorption peak that
begins with a sharp increase around 150 °C and extends to 390 °C, followed
by a tail to 550 °C. With lower loadings of vanadium (<2wt%), the TPD
profiles show features similar to those of the bare support. Notably,
the desorption peak around 390°C decreases with increasing vanadium
loading, indicating a weaker interaction of ammonia with the vanadium
oxides. At a higher loading (>4 wt%), only one main desorption peak
at lower temperatures (~250°C) is present. While it is likely that these
broad profiles originate from different acid sites (i.e., Lewis, Bronsted), a
clear assignment remains difficult, as those peaks are also present on the
bare TiOs support.

Alternatively, the integration of the TPD profiles and determination of the
NH3 uptake (in pmol-g!) allows a comparison of the overall acidity for
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Figure 4.3: a) NH3-TPD profiles and b) determined NHs uptake of the
VO,/TiOy catalysts and TiOz support before and after aging.

the samples (Fig. 4.3b). The observed trends of the NH3 uptake before
and after aging correlate with the results from the surface area (SSA). The
TiO2 support loses more than half of its NH3 uptake capacity after the
aging procedure (175 to 78 umol-gt, -56%). A low amount of vanadium in
fresh state (0.5V) results in a higher uptake of 231 umol-g™!, presumably
due to the higher surface area or formation of V-O-Ti bonds that have a
higher acidity. With the introduction of more vanadium, the NHs uptake
gradually decreases, which is in accordance with previous studies [39, 105,
106] given that the NHj adsorption energy is lower for vanadium than
for TiO9 [106, 107]. After aging, the NH3 uptake significantly decreases
for all catalysts. The correlation of specific surface area together with
NHj; uptake suggests that both parameters are primarily directed by the
support, or influenced by the degree of exposed titania. Yet, in relation to
the activity, both parameters appear not to be the limiting parameters for
the SCR reaction (under steady state conditions). For example, the aged
1.5V catalyst achieves an increased NOy conversion compared to the fresh
state, despite significant losses of SSA and NHj3 uptake.

X-ray diffraction and Raman spectroscopy provide information about
respective alterations of the vanadium oxide particles as well as potential
formation of crystallites. In fresh state, all catalysts show broad XRD
patterns of the anatase phase of TiO,, indicating that the VOy species are
highly dispersed in a rather amorphous state on the surface (Fig. 4.4a).
For a loading of 8 wt%, signatures of crystalline VoO5 are detected. After
the aging procedure, the signatures of TiOq-anatase sharpen, indicating a
higher crystallinity resulting from the growth in particle size. The catalysts
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with a high loading, starting from 4 wt%, show characteristic signatures of
crystalline V505 and rutile TiO,.
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Figure 4.4: a) Background-subtracted X-ray patterns and b) normalized
Raman spectra of the fresh (solid line) and aged (dashed line) VO,/TiO,
catalysts recorded under ambient conditions. The Raman spectra are shown
after normalization to the intensity of the mode at 639 cm™ and the * symbols
mark additional VyOj5 features. c) displays the V=0 wvibration area, which is
magnified by a factor of 7, and the intensity of 8V was adjusted by a factor of
0.25 for better visibility.

The Raman spectra of the bare TiOs support and the VO, /TiO5 catalysts,
recorded at ambient conditions, are shown in Fig. 4.4b-c. The Raman
spectrum of the bare TiOs support reveals three Raman active modes
in the region of 300-700cm™ that are related to the anatase phase of
TiOy. The region around 800-1100 cm™ displays the V=0 vibration area
(Fig. 4.4c). Vibrational modes at 942cm™ represent V-O-Ti stretching
vibrations of monomeric VOy species [108], while V-O-V vibration modes
of polymeric VO, are located around 890cm™ [109]. The catalysts with
a loading lower than 2 wt% reveal a main feature around 942cm™ and
therefore suggest to contain a high ratio of monomeric VOy. With a
loading of 4wt% and thus reaching the theoretical vanadium monolayer
coverage, the vibrational modes of V-O-V and a weak signature of V505
(995cm™ [42, 109, 110]) are observed. Further, an additional feature
at 1019cm™ is observed. In dehydrated conditions, vibrational modes
around 1030cm™ have been assigned to isolated or monomeric VO
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species [42]. Because of the high vanadium loading and the fact that
the feature around 1019 cm™ arises also for pure V,Os, this band is here
proposed to originate from highly polymerized VOy species. Reaching
the highest vanadium loading in this study (8 wt%), mainly crystalline
V505 modes are observed, with an intense and sharp feature at 995 cm™
and additional modes at lower wavenumbers (marked with an *). After
aging, the Raman spectra show an intrinsic morphological transition of
titania due to changes in the intensity of the respective modes in between
300-700 cm™ [111, 112]. The presence of rutile TiOs cannot be excluded,
and the detection is challenging since the Raman scattering cross section
of rutile is significantly smaller than that of anatase [113]. In addition to
that, the characteristic vibrational modes of rutile (expected at around
612 and 480cm™ [114]) were not observed in the spectrum of the 4V
sample, while the presence was confirmed by XRD. In the spectra of
the aged VO4/TiOy catalysts, modes related to V-O-V vibrations and a
shoulder at 1019 cm™ for a loading starting from 1.5 wt% appear, which
indicate the formation of more polymeric VO species [115]. Starting
from a vanadium loading of 2 wt%, the vibrational modes of V505 are
also observed. Although the XRD gives evidence for the formation of
V3505 only at higher loadings (>4 wt%), Raman spectroscopy reveals the
V505 formation even for the catalysts with a moderate V loading of 2 wt%.

To summarize, it has been shown that a low loading is beneficial for the
thermal stability, while a high loading improves the overall activity at
lower temperatures. Linking the physicochemical properties with catalytic
performance, the observed lower NO, conversion after thermal aging is
related to sintering of the VOy species to form crystalline V,Os5, at the
expense of decreased number of accessible surface sites. The VO species
promote the loss of SSA and NHj3 uptake and beyond transformations of
the titania support as evidenced by XRD and Raman spectroscopy. When
reaching or exceeding the monolayer coverage of the support, the formation
of crystalline VoO5 cannot be avoided, which is detrimental for the SCR
activity and reaction selectivity at higher temperatures. The presence of
V505 correlates with the formation of NoO. Lastly, the results demonstrate
that the SSA and NHj3 uptake should generally not be considered as main
design parameters for VO, /TiO, catalysts with respect to the SCR activity
(under stationary conditions). In reference to the SCR mechanism (cf.
Section 2.3), it appears that the redox properties play a major role in the
SCR reaction, especially for the activity at lower temperatures.
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4.2 Madification of VO,/TiO; with Ce, Nb,
and Sb

With relevance to the challenges in the application for mobile sources,
the development of suitable SCR catalysts has focused on improving
the catalysts thermal stability without sacrificing the SCR performance
by modification of the VO,/TiOs system with other metal oxides. In
Paper II and III, the VO,/TiOy catalysts were modified with either
cerium oxide, niobium oxide, or antimony oxide, and the effect of thermal
aging was investigated. In addition to that, samples labeled as 'modified
support’ were prepared to study the impact of the modifier on the
support. The respective loading was chosen to obtain a near equimolar
ratio of vanadium and the respective modifier. The prepared samples
were investigated via X-ray fluorescence (XRF)to confirm that the target
loading of the respective compounds has been achieved. The vanadium
loading was 2.1-2.2 wt%, with either 4.6 wt% cerium, 3.6 wt% niobium,
or 4.7 wt% antimony. The modified samples were compared to the bare
TiO4 support and an unmodified VO, /TiOs catalysts containing an equal
vanadium loading (2.2 wt%) as references.
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4.2.1 Catalyst performance and stability

The NOy conversion over the modified VO /TiO, catalysts as well as the
unmodified reference (V/T1i) in the temperature range from 175 to 450 °C is
shown in Fig. 4.5. In the fresh state, the addition of the modifiers resulted
in NOy conversion values that are similar to the reference, with a slight
advantage at low- to mid-temperatures (<300°C). The enhanced activity
of the Ce-modified catalyst (V-Ce/Ti) can be attributed to the inherent
redox capability of ceria [116], as the modified support (Ce/Ti) proved a
particular SCR activity with 54% conversion at 450 °C. The antimony oxide
species also proved to be SCR active (49%), while niobium oxide is rather
inactive (8%). At high temperatures (>400°C), the unmodified catalyst
shows the overall best performance (94%) among the tested catalysts.

After the aging procedure, some significant changes in the NOy
conversion among the different samples can be observed. While V/Ti
exhibits a considerable drop in the catalytic performance, the modified
catalysts maintained high to moderate NO, conversions. However, the
Ce-modified catalyst (V-Ce/Ti) indicates to be more adversely affected,
particularly at lower temperatures. On the other hand, the V-Nb/Ti
catalyst favors the preservation of the overall activity after aging, showing
similar conversions up to 300 °C compared to that in fresh state and just a
slight decline at higher temperatures. Notably, the aged catalyst modified
with antimony oxide (V-Sb/T1i) shows a remarkably improved performance
over all tested temperatures.

Normalizing the NO, conversion by the vanadium loading offers a
different perspective to evaluate the effect of the modifiers on the catalytic
performance (Fig. 4.6). The specific rate (in converted mol NO per
gram vanadium) determined at a low (225°C) and high temperature
(300°C), further confirms the previous observations. In comparison with
the reference catalyst, the implementation of cerium oxide and niobium
oxide in fresh state reveals a higher activity at lower temperatures,
while degrading after thermal stress. After aging the modification with
niobium oxide also especially demonstrates a preserved activity. The aged
antimony-modified catalysts exhibit the overall best performance at both
temperatures.
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Figure 4.5: a-b) NO, conversion and c-d) specific rate of the modified
VO,/TiOs catalysts with the reference before and after aging.

conditions:

Reaction

525 ppm NHs, 500ppm NO, 300ppm CO, 3% COo, 10% Os,
5% HyO in Ny balance with a GHSV = 60,000 ™.

With respect to the formation of nitrous oxide (N2O), all modified catalysts
suppress the formation of NoO, especially at higher temperatures compared
to the reference (V/Ti). In fresh state, concentrations of less than 2 ppm
(<300°C) and at most 3.4 ppm at 450°C were measured (4.5 c,d).
Only V-Ce/TiO4 reveals a slightly higher NoO formation of 2.7 ppm at
300°C, increasing to 5.2ppm at 450°C. After the aging procedure, the
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Figure 4.6: N,O formation over the modified VO,/TiOy catalysts with the
reference before and after aging.

N,O formation over V-Ce/Ti and V-Nb/Ti increases for mid-temperatures
(300-350°C), reaching a maximum of 6 ppm (V-Ce/TiOs) and 8ppm
(V-Nb/TiO2) at 450°C, respectively. Notably, the Sb-modified catalyst
reveals the overall lowest NoO formation (3.4 ppm at 450 °C).

4.2.2 Impact of the modifiers on the catalyst texture

The specific surface area (SSA) of modified samples as well as the references
before and after aging are displayed in Fig. 4.7. The implementation of the
modifiers demonstrated a notable preservation of the surface area after the
aging procedure. In comparison to the fresh support (TiO3), the addition
of niobium oxide resulted in a slightly higher SSA, which could relate to the
three-dimensional growth of the Nb-species even before reaching monolayer
coverage [113]. When cerium oxide or antimony oxide was added, the
determined SSA was lower than the reference. After the aging procedure,
Sb/Ti proved a significant stabilization effect by only a marginal loss of 5%
of its initial surface area. The SSA of Nb/Ti decreased by 26% followed
by 29% for Ce/Ti. The modified catalysts reveal a similar SSA in fresh
state. After aging, the SSA of V-Sb/Ti decreased by 3%, demonstrating an
exceptional preservation of the SSA, proving a stabilizing effect of antimony
oxide on TiOy with and without the presence of vanadium oxide. With the
addition of niobium oxide, V-Nb/Ti retains about half the original surface
area. The addition of cerium oxide stabilizes the TiOs support effectively,
but does not seem to counteract the TiOy particle sintering in presence of
VOx.

The comparison of the determined NH3 uptake in Fig. 4.8 shows that the
promoted supports have a lower NH3 uptake than the reference catalyst,
suggesting that the promoters do not contribute to the overall acidity.
While the Ce- and Nb-modified support reveals a rather similar NHgz uptake
in fresh state (168, 191 pmol-g’!), the NH3 uptake for the Sb-modified
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Figure 4.7: Comparison of specific surface area (SSA) of the modified TiOy
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support is much lower (80 umol-g!). However, after the aging procedure,
the uptake for Sb/Ti is increased (+54%). The presence of niobium oxide
appears to preserve the surface acidity by a marginal loss (-1%), while with
cerium oxide, this effect is more pronounced (-27%).
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Figure 4.8: Comparison of determined NHs uptake for the modified TiOs
(left) and VO,/TiOy catalysts (right) before and after (*) aging. Dotted lines

are inserted to guide the eye.

The comparison of the modified VO, /TiOs catalysts with the reference
show similar trends. The Sb-modified catalyst (V-Sb/Ti) reveals a much
lower uptake than V-Ce/Ti or V-Nb/T1i in their fresh state. After aging,
V-Sb/Ti shows a preservation of the NHs uptake with a slight decrease of
-13% (98 umol-g!), while for V-Ce/Ti it decreases by -64% and V-Nb/Ti
decreases by -54%. Nevertheless, compared to the reference sample, all
modified catalysts demonstrate a higher preservation of the NHj uptake
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throughout the aging procedure.

The diffractograms and Raman spectra of the modified catalysts and the
reference catalyst are shown in Fig. 4.9. The X-ray diffractograms are
dominated by features of TiOs-anatase. In fresh state, no reflections related
to vanadium oxide, the modifiers or mixed vanadates (e.g., CeVO,) were
observed, suggesting that both the VO species and the additives are highly
dispersed on the surface. After the aging procedure, reflections related to
CeOy are seen for V-Ce/Ti, and demonstrate a sintering process of the
cerium oxide species. All modified catalysts reveal a maintained intensity
of the features, suggesting that no significant changes occurred.
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Figure 4.9: a) Background-subtracted X-ray patterns and b) normalized
Raman spectra of the modified VO, /TiOy catalysts before (solid line) and after
(dashed line) aging. Raman spectra were measured under ambient conditions
(A = 532nm) and are here shown after normalization to the peak intensity of
the mode at 639 cm™. c¢) displays the V=0 vibration area, which is magnified
by factor of 7.

The Raman spectrum of the aged reference catalyst (Fig. 4.9¢) indicates
the formation of V,05 by the feature at 995cm™ [42, 109, 110]. The
shoulder around 1019cm™ has been discussed in Section 4.1.1, and it
is expected to relate to highly polymerized VO, species, since it was
only observed for catalysts with vanadium loadings nearby or above
monolayer coverage. The modified catalysts show features that are related
to polymeric VO species. While the spectrum of V-Ce/Ti exhibits one
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main feature around 942cm™, the modification with antimony oxide

and niobium oxide (V-Nb/Ti, V-Sb/Ti) shows features around 915 and
1000 cm™, thus representing a higher degree of polymerized VO, species.
After aging, no V505 was detected on all modified catalysts, and no
notable changes in the features in the spectra were observed. In the
spectrum of V-Ce/Ti, an additional feature at 463 cm™ is related to CeOy
[117].

As shown by XRD and Raman spectroscopy, the modifiers stabilize the
support by preventing the TiOs particle growth and the formation of
crystalline VoO5 upon aging. The modified catalysts exhibit a high ratio of
polymeric VOy, which is preserved upon thermal stress, and thus facilitate
the SCR activity to a greater extent while suppressing the formation of
N5O.

4.2.3 Effect of the modifiers on the dispersed VO,
structure

In Paper V, low-loaded samples (~0.5 V-nm~2) were prepared to
investigate the effect of the modifiers on dispersed VO, species before and
after aging. The sample composition was chosen to obtain an equimolar
ratio of vanadium (0.35 wt%) and the modifier (0.96 wt% Ce, 0.64 wt%
Nb, or 0.84 wt% Sb). Such a loading was chosen to ensure the existence
of isolated VO sites, thereby enabling the spectroscopic distinction of
the structurally different species. Infrared spectroscopic methods, such
as in situ Raman and FTIR are one of the best suitable techniques to
investigate the structure of the VO species. A combined Raman-FTIR in
situ spectroscopic study [97] described structures of three monomeric VOy
species for low coverages (<0.74 V-nm~2). Species-I is the predominant
species, with a mono-oxo distorted tetrahedral configuration. Species-II has
a mono-oxo distorted octahedral configuration, and the minority Species-I11
with a di-oxo configuration (Fig. 4.10). The relative presence of those
species was found to be temperature-dependent, leading to reversible
structural transformations, where underlying mechanism is the hydrolysis
of the V-O-Ti sites [97]. When decreasing the temperature (from 430 to
250°C), retained water molecules by the surface, mediate transformations
from Species-1I to Species-1. Further decreasing the temperature (from 250
to 120°C) leads to the transformation of Species-I to Species-II1.

The analysis of the recorded in situ Raman spectra as a sequence
of decreasing temperature, focuses on the V=0 stretching vibrations in
the 900-1050 cm™ region. Fig. 4.11 shows the in situ Raman spectra
obtained for the unmodified V/Ti sample in fresh state and after the
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Figure 4.10: Proposed strucutres of the dispersed VO, species I-III at a low
vanadium loading. Atom colors: gold (V), red (O), grey (Tti), white (H).
Adapted from Ref. [97].

aging procedure. The corresponding spectra obtained for the bare TiO,
support are shown as a grey background under each spectrum. At 430°C,
the main Raman feature at 1024-1026 cm™ is associated to the majority
Species-1, followed by Species-II at ~1014-1016cm™ and a third weak
feature (Species-III) located at ~1000cm™). The presence of the three
species is also confirmed by in situ FTIR, recorded in the overtone region
(2200-1900 cm™), providing a separation of the overtone counterparts due
to the approximate doubling of the features’ distances. The in situ
Raman spectra recorded after the aging procedure indicate a structural
transformation of the dispersed VO, species. In the spectra series, a
broad feature around ~900-950 cm™ is observed, gaining intensity as the
temperature decreases, and correlates to V-O-V modes [42, 109, 110,
118], thus suggest the agglomeration of the dispersed VOy species to form
polymeric or oligomeric VOy. Under the condition that the specific surface
area lowers upon aging, it results in a higher V surface density, thereby
accounting for the agglomeration of isolated VO units to polymeric VO,
and an increase of the normalized Raman intensities of, e.g., Species-I and
Species-II in the aged sample relative to its non-aged counterpart.

A peak analysis procedure was performed to identify the separate
contributions to the respective species. Only the spectra recorded at
430 and 250°C were analyzed, due to the relevance in the NH3-SCR
process and the distortive impact of the broad V-O-V features at lower
temperatures. The existence of two bands assigned to Species-III is due
to the symmetric (vs) and antisymmetric (v,s) vibrations of the di-oxo
group. An example of a peak-fitted spectrum is shown in Fig. 4.12 along
with the results of the peak analysis, which provides further insight into
the effect of thermal aging on the dispersed VOy phase. By lowering the
temperature, the extent of Species-I presence is increased at the expense
of Species-1I for both fresh and aged samples.

The spectra of the fresh Ce-modified sample (V-Ce/Ti) in Fig. 4.13 show a
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Figure 4.11: In situ Raman spectra of the unmodified VO,/TiOy before (left)
and after (right) the aging procedure. The grey traces represent the TiOy
spectra.
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Figure 4.12: Ezample of peak-fitted in situ Raman spectrum after subtraction
with the corresponding TiOg background (left) and proportion of the species at
480 and 250°C' (right)

slightly increased intensity of the feature at 1025 cm™ (Species-I), compared
to the unmodified V/Ti reference, and confirmed by peak analysis. During
cooling to 250°C, the relative distribution of all species remains widely
consistent. After thermal aging, the peak analysis shows a limited increase
of Species-1 over Species-11. These findings imply that thermal aging of the
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V-Ce/Ti sample does not significantly affect the temperature-dependent
transformation of the dispersed VO, species.

With the modification with niobium oxide (V-Nb/Ti) or antimony oxide
(V-Sb/Ti), the corresponding spectra for the fresh samples exhibit a higher
intensity of the feature of Species-I (~1025cm™). The same trend is
followed, as demonstrated by the peak analysis, for the proportions of
Species-1T and Species-111. IN contrast to the V-Ce/Ti sample, the existence
of broad features in the 900-950 cm™ region indicates the presence of
polymeric V-O-V domains and potential V-O-Sb or V-O-Nb bridging
modes [113, 119-121]. As expected, the lower temperature (250 °C) results
in a transformation from Species-1I to Species-1. After the aging procedure,
the resulting spectra exhibit a strong increase in the Species-1/Species-I1
ratio for both V-Sb/Ti and V-Nb/Ti. Further, a higher intensity of the
previously mentioned bridging modes (900-950 cm™) is observed. The peak
analysis confirms the established transformation of Species-1 to Species-II.
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Figure 4.13: In situ Raman spectra of the modified VO,/TiOy before and
after the aging procedure (top). The grey traces represent the TiOy spectra.
(bottom) Peak analysis of the spectra at 430 and 250°C' (right).
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The comparison of the modified samples suggests that Ce-modification at
a low vanadium loading enhances the stabilization of the dispersed VO,
species, while suppressing the agglomeration of vanadium oxides during
thermal aging. The modification with both niobium oxide and antimony
oxide introduces bridging V-O-M (M = V, Nb, Sb) domains, indicating an
interaction of the vanadium and antimony/niobium species, in particular
after thermal aging.
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4.3 Surface characterization by molecular probe
infrared spectroscopy

Catalyst surfaces can be analyzed by infrared spectroscopy using suitable
chemical probes, such as IR-active molecules that adsorb on the surface
of the samples. Ammonia (NH;3) as well as nitrogen monoxide (NO) are
common probe molecules and water is IR-active. As those molecules
have a direct relevance to the NH3-SCR reaction, representing reactants
or products, studying the adsorption of these molecules is particularly
convenient in this case. The catalyst surfaces were investigated by
adsorption of either NHs, NO, or water after an oxidizing pretreatment
step. While the adsorption experiments performed in Paper I-IV differ
from practical SCR conditions. This approach facilitates a well-defined
setting to characterize the surface and to analyze the fundamental
adsorption of these gases, minimizing the influence of overlapping signals
from other compounds. These insights are essential for the interpretation
under more complex conditions.
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4.3.1 Adsorption of ammonia

The DRIFT spectra of the ammonia adsorption exhibit two vibrational
regions of interest. Positive IR bands in the N-H deformation region
between 1800 and 1100 cm™ allow the identification of coordinated NH3 on
Lewis acid sites, alongside with NH4" formed on Brgnsted acid sites. Due
to the self-absorption of the anatase phase of TiO4, the samples are opaque
to the infrared light below wavenumbers of 1000 cm™ [122]. Negative bands
appear in the region between 3800 and 3500 cm™ and provide information
about suppressed surface hydroxyl (OH) groups as a consequence of the
formation of NH;" upon ammonia adsorption.

In Paper I, the in situ DRIFT adsorption spectra of ammonia on TiOq
and the VO, /TiOy catalysts were recorded after exposing the samples to
500 ppm of NHj3 for 30 min at room temperature and are displayed in Fig.
4.14. In the OH region on TiO,, bands of isolated or terminal Ti-OH (3735,
3718 cm™) and bridged Ti-(OH)-Ti groups (3672, 3642cm™) on different
surface facets [101, 123] are observed. With the introduction of vanadium
(0.5 wt%), the isolated Ti-O-H bands are significantly weaker, indicating
that the vanadium oxides preferentially interact with those groups and
the main band at 3650 cm™ is related to isolated V-OH groups [30, 124].
When reaching a higher vanadium loading (>2 wt%), an additional band at
3635 cm™ can be identified and is assigned to bridged V-(OH)-V, following
the analogy of the surface hydroxyl groups on titania.

In the N-H deformation region (Fig. 4.14b), the negative band around
1360 cm™ is assigned to asymmetric S=O stretching vibrations of surface
sulfates due to the preparation of the TiOs support via the sulfate route
[125, 126]. While the TiOy support mainly exhibits an adsorption band
related to Lewis acid sites (1595 cm™), the VO, /TiOs catalysts additionally
reveal bands related to Brgnsted acid sites (1480-1430 cm™). Throughout
the sample series, two overlapping bands can be distinguished with
positions around 1480-70 cm™ and 1440-1430 cm™. The latter emerges as
the main band as the loading increases. According to the observations in
the OH region, these bands are correlated to NH; that is formed on isolated
V-OH, here labeled as “monomeric Brgnsted acid site” (1480-1470 cm™),
and bridged V-(OH)-V or V-(OH)-Ti groups as “polymeric Brgnsted acid
site” (14401430 cm™). In addition, the shift of the Lewis acid site from
1599 cm™ to 1606 cm™! indicates an altered environment due to the higher
polymerization degree of the VOy species, as confirmed earlier by XRD
and Raman spectroscopy. After thermal aging, the spectra of the samples
generally showed a reduced intensity. In the OH region, the main band
shifts to 3635 cm™ indicating the oligomerization/polymerization of VO,
species and the formation of bridged V-(OH)-V groups. In the N-H region,
the feature of the Brgnsted acid sites shifts to 1430 cm™ as the main signal,
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Figure 4.14: DRIFT spectra of the NHs adsorption at room temperature on
the VO,/TiOy catalysts and TiOy support. v(O-H) region (left) and 6 (N-H)
deformation modes (right) of NHs adsorbed on Lewis and Bronsted acid sites.

representing the NH, " formation predominantly on bridged OH groups.
The outcomes of the band assignment for the ammonia adsorption on

Brgnsted acid sites are summarized in Fig. 4.15.
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Figure 4.15: Proposed structure of ammonia adsorbed on monomeric (left)
and polymeric (right) Bronsted acid sites.
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Based on the acquired expertise in Paper I, the band assignment was
further conducted on the modified TiOs and the VO,/TiOy catalysts
before and after aging in Paper II and III. The adsorption spectra are
displayed in Fig. 4.16 and 4.17. In particular, the correlation of the O-H
signals from the modified TiOy with those of the modified VO/TiO,
catalysts, allowed the differentiation of isolated and bridged hydroxyls for
the respective modifier (M), e.g. M-(OH)-Ti or M-(OH)-V.

In Fig. 4.16, the Ce- and Nb-modified supports (Ce/Ti, Nb/Ti) feature
O-H bands similar to those of bare TiO;. The broad features around
3630-3600 cm™ and 3650-3620 cm™ indicate bridging hydroxyls between
titanium and the modifier, as Ce-(OH)-Ti or Nb-(OH)-Ti, respectively.
For Nb/Ti, the more pronounced intensity around 3690cm™ is similar
to Nb-OH in bulk NbyOjs at 3702cm™ [127] and suggests the presence
of isolated Nb-OH, which appears more distinctly after aging. With the
addition of antimony oxide (Sb/T1i), the intensity of the suppressed O-H
signals is relatively low, suggesting that most of the titania sites are
covered by antimony oxide entities. The bands at 3707 and 3624 cm™
are proposed to originate from isolated Sb-OH and bridged OH groups,
either Sb-(OH)-Ti or Sb-(OH)-Sb. Notably, after the aging procedure, the
O-H bands intensify. The more intense band at 3707 cm™ suggests that
more isolated Sb-OH sites have formed throughout the aging process while
revealing additional titania sites as the intensities of the bands at 3735 cm™
and 3670 cm™ are also increased.

In the N-H deformation region, Ce/Ti and Nb/Ti show weak bands
of Brgnsted acid sites, while the modification with niobium oxide results
in a higher intensity, suggesting that the niobium oxide species have a
Brgnsted acid character. After the aging procedure, the intensity of the
Brgnsted bands on Ce/Ti increases, suggesting that more Ce-(OH)-Ti
sites have been formed. With respect to that, Li et al. [128] discussed
the potential incorporation of titanium into ceria species as to create
Ce-O-Ti sites. On Nb/Ti, the intensity decreases and shifts to a higher
wavenumber, representing the adsorption primarily on isolated /monomeric
surface sites, which indicates a segregation of the niobium oxide species
to form isolated NbOy species. For Sb/Ti, the intensity increases for both
acid sites. Notably, the Brgnsted bands shift to higher wavenumbers, also
suggesting a segregation and formation of isolated SbOy species, while
exposing additional TiO, sites. These observations correlate with the
findings of Eppler [129], suggesting the incorporation of antimony into
titania. The exposed additional TiOs may contribute to the observed
higher NH3 uptake after aging, due to the higher ammonia adsorption
capacity [39, 106] (as discussed in Section 4.2).
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Figure 4.16: DRIFT spectra of the NHs adsorption at room temperature on
the modified TiOy before (solid line) and after (dashed line) aging. v(O-H)
region (left) and §(N-H) deformation modes of NHy adsorbed on Lewis and
Bronsted acid sites (right). The intensity of the O-H bands on Sb/Ti was
adjusted by a factor of two for better visibility.

The spectral analysis of the modified VOy/TiOy catalysts (Fig. 4.17)
reveals the formation of different hydroxyl species and provides information
about the interaction of vanadium with the modifiers. The spectrum of
V-Ce/Ti exhibits a main band centered at 3660 cm™, suggesting a high
degree of monomeric V-OH sites. In addition, a broad shoulder at around
36203600 cm™ is assigned to bridged Ce-(OH)-V sites. After aging, the
band shifts to 3639cm™, suggesting that more bridged hydroxyls and
thus more polymerized VOy species have formed throughout the thermal
treatment. The shoulder at around 3704 cm™ indicates Ce-OH sites, which
originate from the formed crystalline CeOs as confirmed by XRD and
Raman spectroscopy. The spectra of the V-Nb/Ti catalysts exhibit a
shoulder related to isolated Nb-OH sites (3690cm™). A weak feature
around 3620-3590cm™ is observed and assigned to Nb-(OH)-V groups,
suggesting a low initial interaction between V and Nb and resulting in a
higher degree of polymerized VO, (3648 cm™) compared to the reference.
The Sb-modified catalyst shows strong bands related to bridged Sh-(OH)-V
hydroxyl groups (3624 cm™), alongside isolated Sh-OH (3707 cm™) and
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vanadium hydroxyl groups (3651 cm™). After aging, the intensities of the
vanadium hydroxyls and Sb-O-H bands increase. In contrast, the intensity
of the bridged Sb-(OH)-V groups decreases, suggesting a segregation of
vanadium and antimony oxides on the surface throughout the aging process,
resulting in isolated Sb-OH and more available sites of vanadium hydroxyls.
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Figure 4.17: DRIFT spectra of the NHs adsorption at room temperature on
the modified VO,/TiOy catalysts supports before (solid line) and after (dashed
line) aging. v(O-H) region (left) and §(N-H) deformation modes of NHg
adsorbed on Lewis and Bronsted acid sites (right).

The spectra in the N-H deformation region show a more intense band
at 1430 cm™ on V-Ce/Ti, suggesting that NH," predominantly forms
on bridged OH sites after aging, which indicates that aging causes
polymerization of VO, species. The Brgnsted feature located at 1439 cm™
and a shoulder around 1480 cm™ indicate that mainly bridged V-(OH)-V or
V-(OH)-Nb sites are present, which becomes more pronounced after aging.
The V-Sb/Ti catalyst shows that the intensity of Lewis acid sites increases
after aging. Correlating the DRIFT spectra with the activity data (Section
4.2.1) suggests that increased performance after aging is directly related to
the increased intensity of the vanadium hydroxyl groups.
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Table 4.1: Assignment of hydroxyl bands in the wavenumber region of
3700-3600 cm™ upon the adsorption of ammonia

Position /em™  Assignment Vibration
3660-3650 terminal V-OH v(OH)
3635 bridging V-(OH)-V v(OH)
3704 terminal Ce-OH v(OH)
3630-3600 bridging Ce-(OH)-Ti v(OH)
3620-3600 bridging Ce-(OH)-V v(OH)
3690 terminal Nb-OH v(OH)
3650-3620 bridging Nb-(OH)-Ti v(OH)
3620-3590 bridging Nb-(OH)-V v(OH)
3707 terminal Sb-OH v(OH)
3622-3604 bridging Sb-(OH)-Ti / Sb-(OH)-Ti  v(OH)
3624 bridging Sb-(OH)-V v(OH)

Concluding interpretation of characterization results with DRIFTS

Correlating the DRIFT adsorption spectra with the activity and
characterization helped to gain a better understanding of the catalyst’s
surface before and after thermal aging. A visualization of the interpreted
results is given in Fig. 4.18, with emphasis on the respective alteration
of the surface area (SSA) and theoretical monolayer coverage of titania by
the different compounds. During thermal aging of VO, /TiOs catalysts,
the titania support and VO, phases undergo different changes. Commonly,
thermal aging involves sintering of the TiOs-anatase particles, eventually
accompanied by an anatase-to-rutile phase transformation, leading to a
significant loss of specific surface area, which is directly linked to particle
growth. The presence of vanadium oxides on titania enhances these
processes, and the effect correlates with the added amount, or surface
density, of the vanadium oxides [102-104|. Consequently, the available
surface area for the dispersed phase shrinks, which affects the VO, species.
They may undergo aggregation, forming higher polymerized VO, species,
and in some cases form crystalline Vo035, which potentially leads to pore
clogging [48]. The crystalline V503 particles promote side reactions such as
ammonia oxidation and NoO formation, ultimately resulting in an overall
decreased catalytic performance [104].

The modification of VO /TiOy with the modifiers shows a stabilizing
effect on both the TiO, support and the VO, species. The absolute
majority of the titania sites are covered by vanadium and the modifiers,
with the latter counteracting the TiOs-anatase sintering. This is apparent
for the niobium and antimony oxide modifications, for which the surface
area remains high and no crystalline metal oxides are detected. This in turn
prevents the agglomeration of the VOy species such that no detectable
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Figure 4.18: Schematic illustration of the consequences of the aging procedure
and the deactivation mechanisms that are counteracted by the modification with

Ce, Nb, or Sb. All modifiers hinder the formation of V2Os. The cerium oxide
and antimony oxide species show some SCR activity.
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4.3.2 Adsorption of nitrogen monoxide

Surface NOy species are important intermediates in the NH3-SCR reaction,
and their identification is essential. The number of coexisting species on the
surface and overlapping infrared bands within a narrow wavenumber region
make the assignment challenging. Despite the challenges, it is commonly
accepted that nitrates, NO, and NO, are the predominant species adsorbed
on vanadium-titanium oxide surfaces [130, 131]. The structure of the
nitrates is presented in Fig. 4.19.
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Figure 4.19: Structures of surface nitrate species on metal ozides.

In Paper I, the in situ DRIFT adsorption spectra of nitrogen monoxide on
TiOg and the VO, /TiO4 catalysts were recorded after exposing the samples
to 500 ppm of NO for 20 min at room temperature, and are displayed in
Fig. 4.20. The region of interest (1700-1200cm™) is related to 7(N=0)
and asymmetric 7(ONO) vibrations of surface nitrates as well as gaseous
or weakly adsorbed NO,. The respective symmetric 7(ONO) vibrations
are located below 1000cm™ and cannot be observed due to the lattice
vibrations of TiOs. Based on the values found in literature [131-133],
the assignment of bridged nitrates (1645cm™), bidentate (1578 cm™), and
monodentate nitrates (1508 cm™!) as well as their respective split vibrations
was made. The main band for most of the samples is centered around
1625 cm™, corresponding to the asymmetric 7 vibration of NO,, which is
easily formed in the presence of surface oxygen. The respective symmetric
mode (1325 cm™) is only observed with Raman spectroscopy [130, 131].

The spectrum of the TiOy support reveals a main band related to N,O
(1628 cm™), and vibrations of bidentate (1585 cm™) as well as monodentate
nitrates (1504 cm™). The respective 7,s(ONO) vibrations of bidentate and
monodentate nitrates are located at 1288 and 1244cm™. The negative
bands around 1360-50 cm™ belong to covered surface sulfates, as mentioned
in Section4.3.1. With vanadium introduced onto the support, the bands
undergo slight shifts with respective positions at 1624cm™ (NO3), 1579
and 1284 cm™ (bidentate NO3”), 1510 and 1242 cm™ (monodentate NOj).
As the vanadium loading increases, the relative amount of monodentate
and bidentate nitrates decreases whereas the band related to bridged
nitrates (1645cm™) arises until becoming the main band for a vanadium
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Figure 4.20: DRIFT spectra for the adsorption of NO at room temperature
on the VO,/TiOy catalysts as well as TiOg support.

loading higher than 4 wt%. The respective split vibrations in the area of
1300-1200 cm™ further confirm the gradual decrease of monodentate and
bidentate nitrate bands, resulting in a distinct band for bridged nitrates at
1210 cm™ as the loading increases.

To investigate how the contribution of the respective species changes,
the adsorption spectra were decomposed through peak fitting using Voigt
profiles. The positions of the bands were reviewed by analysis of the
time-resolved spectra and revealed additional bands for NOs, bidentate
and monodentate nitrates. An example of the peak decomposition for the
spectrum of the VO /TiO4 catalyst with a loading of 2 wt% is presented in
Fig. 4.21. Additional bands for NOy, bidentate and monodentate nitrates
(bid-NOg, mon-NO3) were found. A detailed band assignment of the NOy
surface species on VO, /TiO, along with the respective wavenumbers is
summarized in Table4.2.

The integration of the fitted peaks enables comparison of the ratio of
the different NOy species on the samples (Fig. 4.21). For the bare TiO,,
adsorbed NOs and monodentate nitrates are the dominant species. As
the vanadium loading increases, the proportion of monodentate nitrates
declines, while the ratio of bridged nitrates steadily increases. Adsorbed
NOy remains the dominant species for most of the catalysts, as only the
highest vanadium loading (8 wt%) reveals bridged nitrates as the main
species. This suggests that bridged nitrates are preferably formed on
crystalline VoOj particles.
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Table 4.2: Assignment of NO, adsorption bands in the wavenumber region
1700-1200 em™*

Band position Band Assignment Notation  Vibration
Jemt
1645 bridged nitrate on V bri-NOj v(N=0)
1631 bridged nitrate on Ti bri-NO3 v(N=0)
1625 gaseous/adsorbed NO, NOs Vas(NO2)
1605 gaseous/adsorbed NOq NO, Vas(NO2)
1578 bidentate nitrate bid-NO3  7(N=0)
1556 bidentate nitrate bid-NO3  7(N=0)
1533 monodentate nitrate mon-NO3  7(N=0)
1508 monodentate nitrate mon-NO3  7(N=0)
1288-81 monodentate nitrate bri-NO3  7,5(ONO)
1244-33 bidentate nitrate bid-NO3  7,5(ONO)
1210 bridged nitrate mon-NO3  7,,(ONO)
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Figure 4.21: Decomposed spectrum for the VO,/TiOs catalyst with a
vanadium loading of 2 wt% (left) and relative abundance of NO, species on
the VO,/TiOy catalysts as well as TiOy support (right).

Based on the expertise gained in Paper I, peak decomposition was also
conducted for the modified supports and catalysts before as well as after
aging (Paper II and III). The comparison from the integrated peak area
shows a different distribution of the surface NOy species. The modification
with cerium oxide (Ce/Ti) induces a higher ratio of monodentate nitrates
(42%) compared to the bare support. In contrast, with the presence of
niobium oxide (Nb/Ti), a higher ratio of bridged nitrates (25%) is formed.
The aging procedure does not significantly alter the species distribution
on those samples. In contrast, Sb/Ti exhibits notable changes throughout
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aging. While in the fresh state, the distribution of the surface species
resembles that of bare TiO,, aging leads to a higher ratio of NOy and
bidentate nitrates at the expense of monodentate nitrates.

The comparison of the modified catalysts with the reference shows that
V-Ce/Ti has a high ratio of bidentate nitrates (42%), which shifts to a
higher fraction of bridged nitrates (36%) after aging. The modification
with niobium oxide (V-Nb/Ti) shows a high ratio of bridged nitrates
(29%), which becomes even more pronounced after aging (49%). For
the Sb-modified catalysts (V-Sb/Ti), NOy remains the dominant species
throughout thermal stress, with minimal changes upon aging.

The results of peak decomposition show that the addition of the modifiers
affects the overall ratio of formed NO, species on the surface. While
the correlation between respective nitrate species and catalytic activity
remains unresolved, the findings encourage future investigations. Transient
in situ spectroscopic studies by modulation excitation experiments and
phase-sensitive detection analysis may give insights about active and
spectator species through a periodic perturbation of the given system [36,
134, 135].
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Figure 4.22: Summary of peak-fitted spectra with relative abundance of NO,
species on the modified VO,/TiOy catalysts and TiOg before and after (*)

aging.
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4.3.3 Adsorption of water

Understanding the interaction of water with VO, /TiOs is essential for
catalyst optimization in the NH3-SCR reaction, where water is both a
product but also an inhibitor. In general, the presence of water is known to
significantly reduce the overall NO, conversion at low temperatures due to
blocking the adsorption sites and competing with the reactants [64, 136].
Takeuchi et al. [137] proposed structures of adsorbed H2O that differ in the
number of intermolecular hydrogen bonds, as demonstrated in Fig. 4.23.

Figure 4.23: Structure of adsorbed HpyO with different numbers of hydrogen
bonds. Adapted from Ref. [137].

In Paper IV, the adsorption of water was conducted with an Argon stream,
containing 600 ppm of HyO, at temperatures starting from 350 °C to 50 °C.
Followed by desorption in an Argon atmosphere from 50 °C to 350 °C. The
analysis of the DRIFT spectra focused on the H-O-H deformation modes
of water (17001500 cm™). The adsorption of water on the TiOy support
at 350°C reveals a weak adsorption band around 1617 cm™, which most
likely correlates to the S; mode as described by Takeuchi et al. [137].
As the temperature decreases, the intensity of this band increases coupled
with a shift to a higher wavenumber (~1635cm™), suggesting an increase
in surface coverage and the formation of multilayers, with a higher degree
of hydrogen bonds (S3, S4). Below a temperature of 100 °C another band
located at 1595 cm™ arises. While this band has been attributed to water
coordinated to Ti** sites [138], which is thermally stable, the observed
temperature-dependent behavior in the spectra suggests an alternative
assignment that is related to the presence of water vapor. Kevorkyants
et al. [139] proposed the vibration around 1560cm™ as a single water
molecule in the water bulk. Potential shifts to higher frequencies (1590
cm™!) originate from the interaction of H-atoms of the adsorbed water
molecule with O-atoms in the bulk. A summary of the band assignment is
provided in Table 4.3.

Upon the desorption experiment, the spectrum at 50°C exhibits a
decrease in intensity of the vibrational band around 1635cm™, which
suggests to be related to weakly bound water. In the temperature range of
100-200°C, the desorption spectra closely resemble those obtained under
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Table 4.3: Band assignment of deformation vibrations of HsO

Position /em~!  Assignment Mode
1645 liquid water [139] So [137]
1635 multilayer or weakly bonded water S3,54 [137]
1617 monolayer or strongly bonded water S1,52 [137]
1595 associated with water vapor [140] or physisorption -
1560 isolated water molecules in bulk-like state [139] -

a continuous flow of water, suggesting that a dynamic equilibrium exists
between adsorption and desorption within this temperature range, where
the water molecules are neither firmly bound nor irreversibly lost. At
higher temperatures (> 300°C), the spectral intensity is markedly reduced
compared to the adsorption spectra and implies the irreversible desorption
of water molecules.
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Figure 4.24: DRIFT spectra for the adsorption and desoprtion of HaO on
the VO,/TiOg catalysts as well as TiOg support at temperatures from 350 to
50°C.

To evaluate the influence of the vanadium loading on the adsorption and
desorption of water, the same experimental procedure was conducted on
VOy/TiOq catalysts with a vanadium loading of 0.5, 2.0, and 8.0 wt%,
respectively. The spectra of the water adsorption on the catalyst with a
loading of 0.5 wt% show generally similar adsorption characteristics as the
bare TiOy support, which implies that such low quantities of vanadium
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oxide do not impact the adsorption of water. With a higher vanadium
content (2 wt% V), the adsorption band at 50 °C centers around 1627 cm™,
indicating a lower surface coverage. For the catalysts with a loading of
8 wt%, the water adsorption is low for high temperatures (>150°C), while
the band position around 1613 cm ™! at 50 °C suggests that the adsorption
occurs predominantly in the S; mode.
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Figure 4.25: DRIFT spectra for the adsorption and desorption of HsO on
the modified VO,/TiOy catalysts at temperatures from 350 to 50°C.

The introduction of modifiers to the VO, /TiO9 system further altered the
water adsorption characteristics. The Ce-modified catalysts (V-Ce/TiO,)
show a high contribution of a shoulder at 1595cm™! starting from
temperatures of 150°C. Under desorption conditions, a strong water-
surface interaction is observed at mid-temperatures (150 to 250°C). The
spectra of the Nb-modified catalyst (V-Nb/TiO3) at 50°C show a band
located at 1623 cm™ and suggests the water adsorption predominantly in
S1,52 like configurations, rather than adsorption in multilayers (S3,S4).
The desorption spectra with a similar band intensities at temperatures
150— 250 °C suggest a strong surface-water interaction in this range. The
spectra of the Sb-modified catalyst (V-Sb/TiO3) exhibit the overall lowest
adsorption of water among the modified catalysts. At 50°C, the main
band around 1623 cm~! indicates the water adsorption in the S;,Ss mode.
A negative band around 1577 cm ™! potentially corresponds to vibrations of
formic acid (-COsH) [141], originating from residual acetate species in the
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Sb precursor that has been used in sample synthesis.

Water has been shown to negatively influence the SCR activity over
VO4/TiOy catalysts [142]. One may consider that a low adsorption of
water and a rapid desorption from the catalyst surface are beneficial
for the overall catalytic activity. For instance, a high vanadium loading
has shown a weak adsorption of water and an overall high SCR activity
(Section 4.1.1). The higher load leads to a coverage of the TiOy support,
resulting in the formation of V-OH or V-(OH)-V groups on the surface
(Section 4.3.1), which suggest to have a lower water adsorption capacity. In
addition to that, the modification with the metal oxides indicated a weaker
adsorption of water while also showing a higher SCR activity, compared
to the unmodified reference. Nevertheless, the HoO adsorption is not the
only factor to be considered for the SCR activity, and the relevance of the
water adsorption in the SCR reaction requires further investigations.



5 Conclusions and Outlook

This work aims to contribute to an overall improved fundamental
understanding of VO, /TiO4 catalysts for the application in mobile sources,
guiding towards a more rational catalyst design. The effect of the vanadium
loading, implementation of different modifiers (oxides of Ce, Nb, Sb),
as well as the impact of thermal aging, were investigated by various
ez-situ characterization techniques, flow reactor measurements, and in-situ
spectroscopic methods.

In the first part of this work, a comprehensive evaluation of
VOy/TiOy catalysts with varying vanadium loadings revealed that a high
vanadium loading exhibits a high low-temperature activity in fresh state,
compromising the long-term stability, whereas a low vanadium loading
benefits in thermal stability, and in the case of the 1.5V catalyst, improved
catalytic performance after aging. The catalyst deactivation through
thermal aging was closely linked to physicochemical changes, sintering
of TiOy, and formation of V505 linked to a reduced availability of the
VOy species. The correlation between specific surface area (SSA) and
NHs-uptake with the NOy conversion indicated that those parameters
should generally not be considered as main design parameters for the
SCR reaction. Rather, the redox properties seem to play a significant
role in the conversion of NO,. The second part explored the impact
of metal oxide modifiers on the catalyst durability and activity. The
inclusion of cerium oxide enhanced low-temperature activity, while the
incorporation of niobium oxide significantly stabilized the VO, species and
titania support, preserving the surface area and VO, dispersion throughout
thermal stress. Notably, the antimony-modified catalysts demonstrated an
exceptional preservation of the catalyst texture and catalytic performance
after thermal stress. The observed improvements are attributed to the
absence of crystalline V05 post-aging, stabilization of polymeric VO,
species, and potential contributions to redox properties by the cerium
oxide and antimony oxide species. At a low loading, in situ Raman
spectroscopy indicated that the dispersed monomeric VO, species were
preserved upon thermal stress in the presence of the modifiers, most notably
with cerium oxide. In the third part, molecular probe infrared spectroscopy
studies provided insights into the surface characterization and fundamental
adsorption of the probing gases. The surface characterization allowed the
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differentiation of the surface hydroxyl groups (OH) as well as adsorbed
surface species of ammonia, NO, or water. Peak decomposition of NO
adsorption bands enabled the comparison of surface species ratios. Upon
the adsorption of water, both the vanadium loading and modification with
metal oxides had an impact on the adsorption characteristics. For instance,
on unmodified VO, /TiOs, the adsorption of water and coverage decreased
with increasing vanadium loading. Those findings could provide potential
for further investigations.

The findings in this thesis open up for future research on
titania-supported vanadium oxide catalysts, beyond the application in the
selective catalytic reduction (SCR) of nitrogen oxides (NOy) to extend
to a broader range of applications. The modifications of the VO, /TiO,
catalysts were conducted with a near-equimolar ratio of the modifier and
vanadium. Further investigations could focus on a systematic optimization
of the catalyst composition, by variation of both the vanadium and
the modifiers loading. In this work, the catalysts were individually
modified, while the combined effect of two or more modifiers has been
unresolved. Future studies could examine the co-modification of VO, /TiO4
by various combinations, that may also include tungsten- and silicon-oxide.
Subsequent studies should also address the catalytic performance under
more practical conditions via hydrothermal aging as well as in the presence
of contaminants (e.g., SO3). Such assessments would provide additional
insights into the long-term stability and robustness of the catalysts.
Investigating the impact of the modifiers on the coordination and valence
of vanadium would be an interesting subject for investigation. Advanced
spectroscopic techniques such as in situ X-ray absorption fine structure
(XAFS) could elucidate the local and electronic structure/coordination of
vanadium as well as oxidation states, while nuclear magnetic resonance
(NMR) could provide complementary information about the quantitative
distribution and alteration of the different VO, species. These methods
might advance the understanding of structure—function relationships in this
catalytic system. Finally, the surface analysis has demonstrated the effect
of the modifiers on the formation of different surface NO species. Yet,
the correlation between respective nitrate species and catalytic activity
remains unresolved, which could be studied by transient spectroscopic
studies through modulation excitation experiments and phase-sensitive
detection analysis to give insights about active and spectator species.
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