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Abstract

This work investigates the preparation of thermally stable ceria-zirconia-based mixed oxides
and their catalytic performance in the CO + Oz and CO + NO reactions. In recent years, many
studies have been focusing on the synthesis of highly active catalysts for the oxidation of CO
and the reduction of NO to counter the adverse effects of gasoline-fueled vehicles on human
health and the environment. Less attention, however, has been paid to their thermal stability,
while it is crucial to prevent the sintering of the active phase in order to increase the lifetime of
these catalysts. Thus, this work aims at the synthesis of catalysts that are both thermally stable
and show high activity towards the oxidation of CO and the reduction of NO.

The synthesis of highly stable ceria-zirconia-based solid solutions is reported in Chapter 2. For
this purpose, a one-step polymer-assisted sol-gel method was employed. Various transition
metals (Fe, Cu, Co, Cr, Ni and Pd) with different loadings were used for doping of the ceria-
zirconia support, after which the catalysts were calcined at 500 °C and 800 °C. The textural and
structural properties of these solid solution systems were determined by a number of analysis
methods, including X-ray diffraction (XRD), transmission electron microscopy (TEM) and N>
physisorption. The surface composition and chemical state of the different transition metal
dopants were examined by X-ray photoelectron spectroscopy (XPS). The presence of
segregated oxide phases was further investigated by UV-Vis measurements, while extended X-
ray absorption fine structure (EXAFS) measurements were performed to gain more insight into
the local structure around the transition metal dopants. Finally, the reducibility of the catalysts
was investigated by H>-TPR analysis. It was found that sol-gel synthesized ceria-zirconia-based
solid solutions exhibited high thermal stability. In particular, 1PdCZ was found to be stable at
800 °C, while earlier studies have reported that PdO in ceria-related materials thermally
decomposes into metallic Pd at such high temperatures.

Chapter 3 describes the synthesis of non-noble metal and Pd-based ceria-zirconia mixed oxides,
followed by their catalytic activity testing for the oxidation of CO and the reduction of NO.
Various characterization techniques, such as XPS, DRIFTS and H>-TPR, were used to identify
the active phase in these catalysts for the CO + O and CO + NO reactions. It was found that
the Pd-impregnated catalysts generally performed better in the CO + O reaction compared to
the Pd-doped samples, while the opposite was found to be true for the CO + NO reaction.
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Chapter 1

Introduction

1. Heterogeneous catalysis

By definition, a catalyst is a substance that alters the rate of a reaction without being consumed
or modified by it. Provided with a different pathway with a lower activation energy, the reaction
can proceed more rapidly than in the absence of a catalyst. Furthermore, the selectivity of the
reaction can also be improved in the presence of catalysts in order to prevent the formation of
side products. This has significant economic impact on the chemical industry. In this way, the
use of catalysts is indispensable for nearly every industrial chemical process, as they allow
reactions to occur more efficiently and cost-effectively. In the majority of these processes,
heterogeneous catalysts are preferred over homogeneous catalysts, even though the latter
provide excellent activity and selectivity. This is related to the difficulty of catalyst separation
from the products typical for homogeneous catalysis, resulting in a higher overall processing
cost. In addition, homogeneous catalysts are often thermally and mechanically less stable than
heterogeneous analogues, thereby limiting their use in industrial processes that involve high
temperatures and pressures.

One of the simplest examples of heterogeneous catalysis in industry is the oxidation of CO by
molecular oxygen on the surface of a solid state catalyst. This catalytic reaction has been
extensively studied because of its many applications, the most important of which is air
purification. In particular, the catalytic oxidation of CO is one of the key reactions in three-way
catalytic converters (TWCs), which A
are used to convert pollutants in 9%
automotive exhausts into less harmful :

compounds:
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however, the O, molecule can dissociate relatively easily on the catalyst surface with a
significantly reduced activation energy, thereby allowing the CO oxidation reaction to proceed
under ambient conditions. It has been shown in literature that transition metals, and in particular
platinum-group metals, are highly efficient in catalyzing the dissociation of the O-O bond [2—
4]. Before the actual cleavage of the oxygen molecular bond, both CO and O, adsorb on the
metal catalyst surface in the first step of the reaction mechanism. After the dissociation of O,
the reactants subsequently diffuse on the catalyst surface leading to the formation of a reactive
surface complex when an oxygen atom encounters a CO molecule. In the final step, the catalyst
surface is regenerated through desorption of CO>, whereupon a new catalytic cycle is initiated.
Figure 1.2 (adapted from [1]) shows the catalytic cycle of the CO oxidation reaction in more

detail.
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Figure 1.2: Catalytic cycle for the CO oxidation by O2 over a catalyst surface. Orange =
carbon, grey = oxygen. Adapted from [1].

The reaction mechanism described above for the CO oxidation by molecular oxygen is called
the Langmuir-Hinshelwood mechanism. In this mechanism, both reactants first adsorb on the
catalyst surface, and after reacting with each other the product desorbs from the surface in the
final step. A second mechanism, however, also exists for this reaction depending on the support
material that is used. For example, when a reducible oxide such as ceria (CeQO>) is used as the
support material, the reaction might proceed via the Mars-Van Krevelen mechanism. According
to this mechanism, the oxygen atom in the resulting CO2 molecule is coming from the support
itself, leading to the formation of an oxygen vacancy on the surface of the reducible oxide [5,6].
In a final step, the vacancy can be restored via the adsorption of molecular oxygen from the gas
phase, after which the catalytic cycle can repeat itself. Figure 1.3 shows a simplified scheme of
the Mars-Van Krevelen mechanism for platinum nanoparticles supported on a reducible oxide

[7].
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Figure 1.3: Simplified scheme of the Mars-Van Krevelen mechanism. After the desorption of
COa», the oxygen vacancy formed on the surface of the support is replenished by gaseous Oa.
Copied from [7].



As illustrated by the Mars-Van Krevelen mechanism, the nature and structure of the reducible
support can strongly influence the catalytic performance. The support further plays an important
role in heterogeneous catalysis by enhancing the thermal and mechanical stability of the
catalyst. Anchoring sites on the surface of the support can effectively stabilize the active phase,
which typically consists of supported noble metal nanoparticles which are prone to sintering
[8,9]. The stabilization of these particles by the support is crucial in order to prevent catalyst
deactivation due to the loss of available active sites and thus to improve the efficiency of many
important heterogeneous catalytic reactions in the chemical industry. Conclusively, it is clear
that the interaction between the metal and the support is of great importance for the majority of
heterogeneous catalytic processes. Hence, optimization of the already existing synthesis
methods and development of entirely new ones in order to enhance the metal-support
interaction — is in the spotlight of the catalysis community.

2. Automotive exhaust gas emissions

Concerns about air pollution and global warming have become increasingly prominent in
transport policy decision-making, leading to extensive research in recent years on the
development of highly active three-way catalytic converters (TWCs). These TWCs are able to
convert environmental pollutants from automobile exhausts into less harmful compounds. As
the fuel combustion is not completely efficient, unburnt hydrocarbons and partially combusted
compounds such as ketones, aldehydes and carboxylic acids are formed. These compounds
denoted by HC, represent one of the three major pollutants in gasoline engine exhausts. The
second main pollutant in the exhaust is carbon monoxide (CO), which also originates from an
incomplete fuel combustion:

Fuel (hydrocarbons) + O, = H,O + CO (1)

The last main pollutants present in gasoline exhausts are nitrogen oxides (NOx). They are
formed by the thermal recombination of N2 and O> from air due to the high temperatures
reached by the fuel combustion (reaction (2)), followed by their partial oxidation by O in the
vehicle tailpipe (reaction (3)):

N, + 03 = 2 NO ()
NO + % 0, > NO» (3)

In order to prevent the emission of HC, CO and NOx, TWCs are implemented in the vehicle
tailpipe for converting these hazardous pollutants into less harmful compounds. In particular,
HC and CO are oxidized to carbon dioxide (CO») in reaction (4) and (5), while nitrogen oxides
(NOx) are simultaneously reduced to molecular nitrogen (Nz) in reaction (6) and (7) [10]. In
addition, a direct reaction also occurs between HC and NO, as illustrated in reaction (8). The
presence of H» in the exhaust can be explained by the WGS reaction and reforming processes
occurring in the catalytic converter.

HC + 0, > CO; + H,0 “4)



CO+% 0> CO, 5

CO+NO 2> N, +CO; (6)
NO + Hz > N2 + H,O (7)
HC +NO 2 N + COz + H20 )
Hy + % 02 > H,0 )

TWCs were first implemented in the second half of the twentieth century, when human health
problems related to air pollution started to emerge due to the increased use of vehicles [11]. The
1970 Clean Air Act that was mandated in the United States is an important example of the need
for catalytic converters in the automobile industry. This act demanded the reduction of HC, CO
and NO amounts by 90% in automotive exhaust gases, leading to the development of Pt/Pd
catalysts in the late 1970s that could successfully remove 90% HC and CO from the exhausts
by oxidizing them to less harmful compounds [12]. In the middle 1980s, the first catalyst was
commercialized that could simultaneously abate HC, CO and NOx to a great extent by
employing a dual-bed converter. The simultaneous catalytic removal of these three major
pollutants from the exhaust explains why these catalysts are called ‘three-way’ catalysts.
Conclusively, the 1970 Clean Air Act can be considered as a decisive turning point in climate
policies, resulting in the increased authority enforcement of the Environmental Protection
Agency (EPA) for fighting environmental pollution.

TWCs typically consist of a ceramic monolith of cordierite with a honeycomb structure, loaded
with a 20-150 pm thin layer of a cerium-based oxide with high surface area and oxygen storage
properties, one or more noble metals and, lastly, often a metal oxide promotor [11].

Figure 1.4: Schematic representation of an automotive catalyst (left) and SEM
microscopy picture of a cordierite substrate coated with a ceria layer (right). Left figure:
copied from [14], right figure: adapted from [12].

The usefulness and importance of ceria (CeO;) in TWCs was first envisaged by scientists at
Ford Motor Company in 1976 when they demonstrated the superior oxygen storage capacity
(OSC) of CeO, compared to other metal oxides [13]. More specifically, CeO, is able to store
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significant amounts of oxygen atoms in its lattice under fuel-lean (net oxidizing) conditions.
Consequently, due to the reversible Ce*"/Ce** redox couple, CeO: is able to assist the oxidation
of HC and CO under fuel-rich (net reducing) conditions by providing its lattice oxygen. In this
way, CeO; acts as an oxygen buffer to prevent perturbations on the catalyst and to keep the air-
to-fuel (A/F) ratio at a stoichiometric value of A/F=14.6, which is necessary for the efficient
operation of the TWC [14]. From this it follows that higher conversion efficiencies can be
achieved with catalysts showing higher OSCs. Other benefits of using CeO; as the support
material include the stabilization of the active noble metal in a form of single-atoms [15,16],
the promotion of the water gas shift [17] and steam reforming reactions [ 18], the increase of the
thermal stability of the alumina support and favoring catalytic activity at the interface of the
metal and CeO- [19].

The main active components of TWCs are the noble metals, for which platinum-group metals
are typically used. Osmium (Os), iridium (Ir) and ruthenium (Ru), however, cannot be used in
TWCs due to the high volatility of their oxides leading to metal loss at high temperatures.
Conversely, platinum (Pt), thodium (Rh) and palladium (Pd) remain metallic under the
operating conditions of TWCs, explaining their predominant use in catalytic converters. As Pd
is less noble than Pt and Rh, Pd is more prone to poisoning by lead and sulfur, which are both
present in gasoline and diesel. Nevertheless, Pd is more preferred due to its higher availability
and lower cost as compared to Pt and Rh. After a decrease in lead concentrations in fuel in the
1980s, the more expensive Pt could partially be substituted by Pd, eventually leading to the
successful commercialization of Pd/Rh catalysts in 1989 [20]. A combination of two noble
metals is often used to ensure that both oxidation and reduction reactions take place: Pt and Pd
primarily promote the oxidation of CO and HC, while the reduction of NOx is most efficiently
catalyzed by Rh [11].

The persistent use of Rh in TWCs can partially be explained by the segregation of Pd as PdO
on the catalyst surface under oxidizing conditions [21]. Because of this segregation
phenomenon the conversion of NOx remains suppressed at lower temperatures. The reduced
conversion efficiency of Pd for NOx as compared to Rh is clear from Figure 1.5, which shows
only a narrow NOx window for a Pd-based catalyst [20]. Thus it can be concluded that the NOx
conversion by Pd will decrease significantly under fuel-lean or fuel-rich operating conditions
[22]. This problem of Pd-only catalysts was mainly solved in the 1990s when solid solutions of
CeO» with ZrO; were prepared for increasing the overall thermal durability of TWCs [23]. This
was one of the demands imposed by the new emission regulations that time. An additional
benefit that was observed after doping with ZrO> was the enhanced OSC of the TWC. This
enhancement could be explained by the promoted oxygen transport in the bulk of the support
resulting in more effective Pd-only catalysts, as the more easily formed oxygen vacancies
appear to play a crucial role in the conversion of NOy [23].
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Figure 1.5: HC, CO and NOy conversion efficiencies as a function of air-to-fuel (A/F) ratio
for TWCs based on Pd (left) and Rh (right). Copied from [20].

Even though the implementation of TWCs has decreased the number of pollutants in the exhaust
gas emissions of gasoline vehicles, these exhaust gases still contain undesired byproducts in the
form of HC, NOx and CO, as the TWCs are not enough efficient. In particular, during the first
two minutes after the cold-start of the engine, toxic pollutants are emitted due to the low
temperature in the catalyst bed. In other words, during the time period in which the temperature
of the TWC is lower than the light-off temperature of around 250°C, the conversion rates of the
pollutants are significantly reduced. Due to this “cold start problem”, there is a strong need for
catalysts that are active at low temperatures. Moreover, the selectivity of the catalyst towards a
specific end-product should be considered as well, as undesired byproducts may also be formed
in the low temperature regime. For instance, an important byproduct of the decomposition of
NOx at low temperatures is N2O [24], which is one of the strongest greenhouse gases and the
largest stratospheric-ozone-depleting substance [25,26]:

CO +2NO = N2O +CO2

Although the adverse effects of N2O on Earth’s climate have long been known, its concentration
has increased significantly in the last 150 years, as shown by Figure 1.6 [27]. Moreover,
predictions made by climate models have shown that the anthropogenic N>O emissions will
almost double by 2050, and a non-negligible part of this amount will originate from mobile
sources [27].
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Figure 1.6: The atmospheric N>O concentration in the period from 1750 to 2013. Copied
from [27].
In order to mitigate any climate change impacts caused by harmful N>O emissions from mobile
sources, TWCs showing high selectivity towards N> must be developed. Even though N>O
thermally decomposes at temperatures around 200 °C, the formation of N>O during the cold
start of the engine should be prevented. The following reactions should therefore be favored:

CO+NO > %2 N2+ CO;
CO +N20 2 N2+ CO2

As it has been shown in the literature that oxygen vacancies can assist in the decomposition of
NOx, ceria-based systems showing high OSC are mainly preferred to counter the emission of
these harmful compounds [28,29].

3. Ceria-based systems as a support

In heterogeneous catalysis, metal oxides are of paramount importance, serving as active
catalysts, catalyst supports, and as promotors and modifiers [30-32]. In addition, mixed metal
oxides have also found widespread use as solid catalysts due to their altered chemical, electronic
and structural properties as compared to the parent oxides. This had been attributed to synergy
between the different components in the mixed oxide [33—35]. In particular, heterogeneous
catalysts based on transition metal oxides have attracted special interest due to their distinct
chemisorption properties, related to the partially filled d-orbitals of transition metal ions [36].

Among the numerous metal oxides, cerium dioxide (CeO) has attracted much attention over
the past decades due to its unique physicochemical properties, which make it of great interest
for various industrial applications. Its high oxygen ion conductivity, for example, in
combination with its high mechanical strength, allows its effective use in Solid Oxide Fuel Cells
(SOFC) [37]. Furthermore, CeO; is often used as the active component in oxygen sensors
[38,39], and its strong UV absorption and high transparency to visible light make of CeO2 an



interesting material to use in solar applications [40]. Finally, due to its high oxygen storage
capacity (OSC), CeO, plays an important role in heterogeneous catalysis as a support or
promotor material [41].

One major drawback of CeO,, however, is its low thermal stability: CeO, sinters easily at
temperatures higher than 1073 K, and especially under reducing conditions [42,43]. The
sintering of the metal particles at high temperatures must be prevented at any cost, as this will
lead to a lower surface area of the support resulting in a lower OSC and thus negatively affecting
its catalytic redox activity. To counteract the thermal deactivation of the support, solid solutions
of CeO» with zirconia (ZrO2) were prepared in the 1990s to increase the overall thermal stability
[44]. However, due to the many different stable polymorphs in which ZrO; can exist, the phase
diagram of the CeO»-ZrO; solid solution system reveals a complex behavior in terms of phase
transformations depending on the temperature and the mole percentage of ZrO> [45]. These
different crystal phases and their characteristics have been extensively studied by Trovarelli et
al. [46,47]. ZrO; adopts a monoclinic crystal structure at room temperature and tetragonal and
cubic crystal structures at higher temperatures, while CeO> displays a CaF; fluorite structure
(space group Fm-3m), which is shown in Figure 1.7 (left). In the fluorite structure of CeO», the
oxygen anions are occupying the tetrahedral holes and they have a coordination number of 4,
while the coordination number of Ce is 8.

Figure 1.7: CaF> fluorite structure of CeO> (left). Doping of CeO; with ZrO; results in more
labile lattice oxygen anions due to the creation of elongated Zr-O bonds, which could
contribute to the increased OSC observed for Ceo.5Zro.s02 (right) compared to CeO,. Grey =
Ce, white = O, black = Zr. Left figure: drawn with Vesta, right figure: copied from [46].

Doping CeO, with an equimolar amount of ZrO; leads to the crystal structure as shown in
Figure 1.7 (right). This structure was evidenced by EXAFS measurements performed by Vlaic
et al., who showed the existence of two different types of oxygen anions [48]. For the first type
only one of the four nearest neighbor (NN) Ce*" cations is substituted for a single Zr*" cation,
while for the second type three of the four NN Ce*" cations are substituted for three Zr*" cations.
The oxygen anions from the second type tend to adopt a geometry similar to the one found in
ZrO», and as a consequence these anions will move closer to two NN Zr*" cations to form a



typical Zr-O bond length of 2.13 A. Simultaneously, the bond that the oxygen anion forms with
its third Zr*" neighbor elongates to a nonbonding distance of 2.60 A or higher. The formation
of these elongated Zr-O bonds might explain why there are more labile oxygen anions found in
Ceo.5Z19.502, which in turn leads to the improved redox properties of Ceo.5Zro.s0> compared to
Ce0y. In summary, the increased OSC observed for CeosZrosO2 is the result of a higher
reducibility of Ce*" after doping with a smaller isovalent Zr*" cation, leading to lattice strains
and structural defects which facilitate the movement of oxygen anions through the lattice.

It has been shown in literature that ceria-zirconia solid solutions of different Ce/Zr ratio’s yield
different results in terms of their redox behavior. Optimal redox properties were reported for
ceria-zirconia solid solutions with a composition of Ceo.5Zro.s02 by Fornasiero et al. [49]. This
result was confirmed by density functional theory calculations applied by Wang et al, who also
found that ceria-zirconia solid solutions with a Ce/Zr ratio of one exhibits the best OSC
performance [50]. Consequently, most research groups have been preparing Ceo.5Zro.502 solid
solutions and they have been further optimizing them in order to meet the stringent emission
regulations set by the federal environmental protection agencies.

The Ce/Zr ratio in CexZr1xO2 not only seems to affect the OSC, but also the thermal stability
of the solid solution system. However, some contradictory results were reported in the literature
regarding the content of ZrO; that is needed in the solid solution with CeO: in order to achieve
the highest thermal stability. In 1997, Trovarelli et al. found that Ceo.sZro2O> showed the
highest thermal resistance as compared to other solid solution compositions [51]. In contrast,
Cuif et al. observed in the same year that ZrO»-rich compositions showed less sintering as
compared to CeO»-rich compositions [52], while Ceo.sZro.5s0> compositions were found to be
more thermally stable than either CeOx-rich or ZrO;-rich compositions by Kaspar et al. [53],
who employed a citrate complexation synthesis method which allowed them to obtain
homogeneous single phase products. Accordingly, it was previously reported that high phase
purities are crucial for obtaining higher thermal stabilities [54]. Knowing that the pore structure
of the solid solution also strongly affects its resistance to sintering [55], it can be concluded that
it is difficult to establish a general rule concerning the optimal composition of CexZr1xO2 solid
solution systems when they are synthesized with different methods and used under different
reaction conditions. Another reason for this discrepancy observed in literature was given by
Kaspar et al. [53], who suggested the uncontrollable formation of metastable phases at the
nanoscale level with synthesis methods yielding pseudo- or non-homogeneous solid solution
systems, and which are difficult to detect by the traditional characterization techniques [56].
Therefore, new synthesis methods need to be developed that can produce real homogeneous
single phase materials in order to obtain reproducible results and to establish general rules
concerning the effect of reaction conditions on the material’s properties [53].

Various synthesis methods have been reported in the literature for preparing ceria-zirconia
mixed oxides [57]. Selecting the appropriate method is of critical significance for the
performance of the end-product, as the synthesis method determines its surface area, phase
homogeneity and textural and morphological properties. In addition, the choice of the synthesis
method is of considerable economic and environmental importance. For this reason, solid state
synthesis of CexZr1xO2 should be abandoned not only due to the requirement of high



temperatures for firing the oxides, but also due to the low surface area of the end-product
[49,58]. A second method often used for preparing solid solution systems is the co-precipitation
method, which requires much lower processing temperatures than the solid state synthesis
[23,59,60]. However, post-synthesis treatments (i.e., filtering and washing) makes this method
not economically feasible and environmentally friendly. Moreover, a major drawback
experienced with the co-precipitation method is the necessity to fully control various synthesis
parameters in order to achieve high homogeneity of the end-product, hampering the
reproducibility of this method. In contrast, high homogeneity can be more easily achieved with
the sol-gel method, which is one of the most used wet-chemical techniques for synthesizing
metal oxides [61,62]. This one-pot synthesis method allows facile formation of high purity
metal oxides with uniform and small particle sizes via low-cost, low-temperature processing.
Consequently, the sol-gel method is considered to be more industrially relevant than the
previously mentioned synthesis methods. The high versatility of this synthesis route also
ensures control of the textural and morphological properties and the composition of the end-
product, hence explaining why this method has become widely popular for the synthesis of
heterogeneous catalysts.

Besides doping CeO: with ZrO: to increase the thermal stability of the support, multiple
transition metals such as Cu [63,64], Co [65], Ni [66] and Fe [67] have also been used as a
dopant to alter the catalytic redox properties of the system. It has been shown that doping CeO>
with transition metals increases the number of oxygen vacancies [5], which are believed to play
an important role in the reduction of NOx to N2 [24,28,68]. Besides the creation of more oxygen
vacancies, another reason for the improved catalytic activity is the presence of a synergistic
effect between the reducible CeO: and the transition metal. For example, the exceptional high
activity for NOx reduction observed for Cu/CeQO: systems is primarily attributed to the presence
of both Cu**/Cu* and Ce*"/Ce*" redox couples, allowing active Cu” sites to regenerate, after
having adsorbed NO or N>O, by the subsequent reaction with Ce*" sites [69]. The availability
of these Ce*" sites is related to the amount of oxygen vacancies in the support, and therefore
more reduced CeOz-based supports typically exhibit superior redox properties due to the
improved synergistic interaction between the metal and the support. Finally, these dopant
effects could lead to significant changes in the catalytic activity towards various applications
such as preferential oxidation of CO [70], oxidation of hydrocarbons [18], steam reforming
[71], VOCs oxidation [72,73] and the water-gas shift (WGS) reaction [17].
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4. The problem of metal particle sintering

In order to meet the increasingly stringent emission standards, high conversion rates of the
exhaust gas pollutants at low temperatures must be achieved. Solving the cold-start problem
therefore involves the development of catalysts that are not only highly active at low
temperatures, but also show high selectivity for a specific end-product. The alternative and
more direct solution implemented by the automotive industry is to make use of close-coupled
catalysts. These type of catalysts are mounted close to the engine exhaust manifold where it is
exposed to temperatures as high as 1273-1373 K, allowing it to reach the light-off temperature
much faster to limit the prolonged emission of the pollutants in the first seconds after the cold-
start of the engine [74,75]. This simple and effective measure, however, involves a new problem
related to the undesired thermal deactivation of the catalyst. Being exposed to higher operating
temperatures means more facile sintering of the metal phase, resulting in a decrease in specific
surface area and catalytic activity. Moreover, a lower selectivity to the desired end-products
can be expected as well. Consequently, this thermal deactivation limits the long-term use of
TWCs, bringing adverse effects on the economy and environment [76]. Therefore, new catalyst
systems showing high thermal stability need to be developed to overcome the problem of
thermal deactivation.

To successfully develop catalyst systems that are thermally stable at high temperatures, a proper
understanding of the origin of thermal deactivation is required. The two main mechanisms that
form the basis of thermal deactivation are the solid-state reaction and sintering. The first
mechanism typically affects the active phase of the catalytic converter, which is transformed to
a non-active phase at high temperatures. PdO species, for example, which are believed to be
the active phase for full oxidation of hydrocarbons [77], are decomposed into non-active Pd at
temperatures around 800 °C [78,79]. The second mechanism, which is also called coarsening
or thermal aging, involves the sintering of the catalyst leading to a loss of metal or support
surface area and/or pore collapse. Collapse of the material or immense sintering is often the
result of a phase transformation taking place at high temperatures, by which the newly formed
phase typically exhibits a lower surface area. For example, y-alumina transforms to the sintered,
densified a-phase (with lower surface area) at temperatures higher than 1000°C. Consequently,
the sintering of the support material can result in a decreased OSC and in the encapsulation of
the supported noble metal leading to deactivation of the TWC [80]. Whether encapsulation of
the noble metal occurs, however, depends on numerous variables such as the synthesis method,
reaction conditions and the support material. For example, Graham et al. observed
encapsulation of supported Rh and Pd in the pores of ceria-zirconia support after high
temperature aging under redox conditions, while no encapsulation was observed for Pt
supported on ceria-zirconia [81].

The driving force for metal particle sintering is a decrease in surface energy when larger
particles are formed, and the extent to which sintering occurs depends on various parameters
such as the applied synthesis method, the choice of the support and metal, the presence of a
promotor, the gas environment and, of course, the temperature. It is believed that the sintering
can occur either via Ostwald ripening or via particle migration [82,83].
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Figure 1.8: Illustration of the two different sintering phenomena that can occur for
supported metal nanoparticles. In the left figure, the sintering occurs via the Ostwald
ripening mechanism (atomic migration), while in the right figure sintering via the particle
migration mechanism is depicted.

In the Ostwald ripening mechanism, which is also called atomic migration, atoms from small
particles migrate to larger particles via diffusion, as shown in Figure 1.8 (left). This migration
of atoms either takes place on the surface of the support or via the vapor phase. Conversely, in
the particle migration mechanism shown in Figure 1.8 (right), not atoms but entire particles
migrate over the support’s surface until they eventually collide and coalesce with other particles
in their path.

5. Preparation and stabilization of single-atom catalysts

Before the actual synthesis of the heterogeneous catalyst, important decisions have to be made
that can significantly influence its final properties, including its catalytic activity and thermal
stability. The choice of the metal oxide support, for example, plays an important role in
preventing the sintering of the supported active metal phase. On a reducible support such as
CeO: or TiO2, metals can be stabilized in the form of single sites due to a strong electronic
interaction between the metal and the reducible support. This ‘strong metal-support interaction’
was first reported by Tauster in 1978, and it explains why CeO> can disperse metals on its
surface so efficiently [84]. Metal-support interactions also explain the increased catalytic
activity that is observed when CeO: is added to ceramic supports of alumina (Al20s3) [20,85]:
the high dispersion of supported noble metals on CeO; allows almost full use of the noble metal
loading, and the associated decrease in particle size leads to a higher surface area and more
surface noble metal atoms that can participate in the catalytic reactions.

The generation of single metal sites on the surface of a reducible support has finally led to the
introduction of the term ‘single atom catalysts’ (SACs). These single atoms often function as
active sites for many catalytic reactions, and they have already proven to be highly reactive for
the oxidation of CO [86,87], the water-gas shift reaction [88], hydroformylation of olefins
[89,90], hydrogenation reactions [91,92] and photo- and electrocatalytic hydrogen evolution
reactions [93,94]. Consequently, multiple synthesis methods have been developed which aim
to generate atomically dispersed metal species on the support’s surface. Wet chemistry
methods, for example, have been extensively used since the early days of heterogeneous
catalyst preparation, and researchers often employ these methods to obtain single atom catalysts
because of their simplicity, high versatility and often low process temperatures. Wet
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impregnation, for example, involves pouring a metal salt solution over the support in excess of
its pore volume, leading to the deposition of the metal on the support after mixing and
evaporating the dispersion medium. With this method, atomically dispersed supported metal
catalysts can be produced when one opts for a support that is reducible such as CeO: or TiO>
[86,95].

It should be noted that at elevated temperatures isolated noble metal atoms supported on a
reducible metal oxide might still sinter via surface diffusion to form crystals with reduced
catalytic activity. Their sintering is favored because single metal atoms typically exhibit higher
surface energies than metal nanoparticles and clusters. In addition, atoms are generally more
mobile than nanoparticles and clusters, especially at elevated temperatures where their sintering
becomes more favored. Therefore, a strong metal-support interaction is crucial in order to
obtain stabilized single metal centers supported on a surface [96]. In line with this, it has been
extensively reported in literature that by supporting the active phase on a reducible metal oxide,
anchoring and stabilization effects can be achieved that can suppress the sintering of the
supported metal to a certain extent. These results are consistent with the original study
conducted by Tauster on strong metal-support interactions [84]. For example, in 2006, Nagai
et al. reported the formation of stable Pt-O-Ce bonds in an oxidizing environment, and it was
shown that these bonds can act as anchors to suppress sintering of the noble metal [9]. The same
conclusion was reached by Shinjoh et al. in 2009 [8], and more recent studies also indicate the
formation of similar bonds between CeO> and Pt [15,16]. Farmer et al. explained the high
stability achieved with CeO> using calorimetric measurements, showing that the adhesion
energy of Ag on CeO:z is intrinsically higher compared to Ag supported on the non-reducible
MgO support [97]. The large difference in adhesion energies was explained by the presence of
both defects and (111) terraces for CeO», which are able to form strong bonds with metal atoms.
The high amount of oxygen vacancies present in CeO> was also given as a partial explanation
for the high sintering resistance of transition metals supported on CeO3, as it was shown that
vacancies can also act as trapping sites for the supported metal [98]. Conclusively, electronic
defects associated with unsaturated sites and vacancies on the support’s surface might play an
important role in the resistance to sintering, as these defects can act as anchoring sites that can
strongly bind metal atoms or particles.

In addition to electronic defects, functional groups on the support’s surface were also shown to
partially suppress the sintering of supported metal atoms or particles. For example, the
modification of the surface of a rutile TiO2 support with hydroxyl groups was shown to decrease
the mobility of supported palladium atoms [99]. This was explained by Density Functional
Theory (DFT) calculations which clearly showed that surface diffusion barriers for Pd atoms
on hydroxylated surfaces are higher than on hydroxyl-free surfaces. However, in the end Pd
clusters were also observed on the hydroxylated surfaces, even at room temperature and low
noble metal loading.

Despite ample evidence demonstrating that supported noble metal atoms can be stabilized by
reducible metal oxides, the observed metal-support interaction is often not strong enough to
prevent sintering of the active phase. Consequently, multi-step synthesis techniques in which
the noble metal is deposited on the support in a later step might suffer significantly from
sintering phenomena. This conclusion indicates the significance of solid solution catalyst
systems, in which the noble metals are present in the form of ions separated by O* ions of the
reducible support. By substituting some of the Ce*" ions in the lattice of CeO,, the noble metal
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ions are kept apart by the oxygen bonds, reducing their sintering in high temperature operating
conditions. Furthermore, CeO; appears to be a suitable support for solid solution systems
because of its Ce*'/Ce*" redox couple. This allows for instance Pd to cycle between its oxidation
states Pd*" and Pd’, while its high dispersion in the support is maintained and no bulk Pd metal
particles are being formed [100]. Examples of synthesis methods that can produce solid solution
systems are co-precipitation, deposition-precipitation, sol-gel and flame-spray pyrolysis
synthesis [57].

One can argue, that the drawback of the solid solution systems is that the majority of the noble
metal loading is buried in the bulk of the support, leading to a significant loss of noble metal
atoms available on the surface for catalyzing the intended reactions. Consequently, alternative
synthesis methods have been proposed that allow full use of the noble metal loading by
transferring or depositing the noble metal on the support’s surface, avoiding the formation of
bulky noble metal crystallites after aging at high temperatures that are observed for wet
impregnated supports. A recent technique proposed is so called “atom trapping”. It involves the
transfer of noble metal atoms from one oxide to another oxide, with the latter having a higher
affinity for the noble metal. This transfer phenomenon, shown in Figure 1.9, was observed for
platinum supported on Al,O3 after aging in air at 800 °C [16]. After the high temperature
treatment, individual platinum atoms were transferred to ceria and trapped on its surface in the
form of single atoms. The efficiency and the extent of trapping the platinum atoms depended
on the morphology of ceria: ceria nanorods and polyhedral ceria were more efficient than ceria
nanocubes in trapping of the noble metal atoms. This observation was explained by the more
defective nature of the ceria nanorods and polyhedral ceria which expose (111) facets compared
with ceria cubes dominated by the (100) surfaces. These surface defects play a key role in the
trapping mechanism, as they are typically characterized by coordinately unsaturated sites which
can strongly bind the supported metal atoms.

Sintering stops on CeO,+Pt/La-Al,O,

Figure 1.9: Simplified scheme of the atom trapping mechanism. After thermally aging at
800 °C, it was observed that platinum atoms were transferred from Al,O3 to CeO-,
resulting in the ‘trapping’ of the noble metal on the surface defects of the reducible

support in the form of single atoms. Copied from [16].

A major benefit of atom trapping is that single atom sites can be obtained in high temperature
regions, where normally Ostwald ripening or particle migration phenomena are observed.
However, this method is largely dependent on the amount of defects present on the surface of
ceria. Thus, applications where high noble metal loadings are preferred cannot rely on atom
trapping, since the amount of noble metal atoms that can be trapped and stabilized by the defects
is limited by the concentration of such anchoring sites. In addition, the amount of surface
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defects exposed by each morphology ceria support can vary significantly, rendering this
technique not fully reproducible if the certain loading must be kept.

Physical synthesis methods such as atomic layer deposition (ALD) have also been proposed,
and they have proven to be powerful techniques for obtaining single metal sites on a support’s
surface [101]. The requirement of high vacuum conditions and specialized equipment makes
ALD, however, expensive and not very practical. Moreover, similar to the case of atom
trapping, only low noble metal loadings can be deposited on the support’s surface with this
technique [102].

Finally, the above examples illustrate that the metal loading can be an important factor in
preventing metal sintering. Catalyst systems with high metal loadings carry an increased risk
for sintering simply due to the decreased distance between each individual noble metal atom,
favoring the formation of nanoparticles or clusters. Combination of different synthesis methods
and noble metals yield different optimal metal loadings up to which no metallic or oxide species
are observed. For example, Li et al. showed the absence of Pd metal in impregnated mesoporous
Pd/CeOzup to 2.5 wt.% metal loading [103]. In solution combustion synthesized Pt-CeO>, no
Pt metal or oxide was found for a metal loading of 2 at.% as demonstrated by Bisht et al. [104],
while for sol-gel synthesized Pd-CeO; no Pd metal or oxide was present for a metal loading of
1 at.% as shown by Wang et al. [105].
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Chapter 2

Synthesis of thermally stable ceria-zirconia solid solution
systems via a polymer-assisted sol-gel method

1. Introduction

In the sol-gel method, various synthesis parameters must be controlled that can lead to end-
products showing different textural and structural properties. As a result, ceria-zirconia solid
solution systems have been prepared with multiple sol-gel routes for a wide range of
applications [63,106—-109]. Independent of the synthesis method applied, the homogeneity of
the solid solution was often found to be a key factor for the final performance of the product in
a specific application. In addition, a high homogeneity appears to be crucial in preventing the
segregation of the different metal components in the solid solution system [53,110,111].

Besides considering variables such as the temperature, pH, gelation time, amount of water for
the hydrolysis and solvent removal, the choice of the precursor is considered as an important
parameter for obtaining well-defined solid solution type systems of high homogeneity. For
example, most reported sol-gel syntheses make use of metal alkoxide precursors, despite their
high sensitivity to heat, moisture and long-term storage. Furthermore, different alkoxide
precursors often show different hydrolysis susceptibilities leading to reduced homogeneity of
the final metal oxide, which can eventually result in phase segregation [112]. Most of the
alkoxide precursors are also toxic, difficult to synthesize and generally expensive. These
problems can be solved by using metal salts as the precursors. However, as shown by Rossignol
et al. , replacing only one of the two alkoxide precursors might not be sufficient for preparing
CexZr1x0O; with high homogeneity [113]. In contrast, better results were obtained when non-
alkoxide sol-gel routes were used [114].

Besides selecting the appropriate metal precursors, the relative rates of hydrolysis and
condensation also appear to be crucial for obtaining homogenous solid solution systems [115].
For example, acid or base catalysts are often added to the solution to either promote
condensation or hydrolysis, respectively, leading to different gel structures. Furthermore, these
catalysts are typically added to increase the rate of the neutral reaction of some metal precursors.
In particular, the reaction is slow when the partial charge on the metal is low due to a low
electronegativity difference between the metal and the counterion of the precursor. The sol-gel
chemistry of silica, for example, is commonly driven by these catalysts. In contrast, zirconium
has a much higher partial positive charge than silicon, and as a consequence the rate of
hydrolysis might be too high resulting in the formation of ill-defined zirconium-oxo/hydroxo
precipitates. Control of the water content in the solution is therefore critical to adjust the
hydrolysis rate, while changing the pH of the solution by adding acid or base catalysts is not
sufficient anymore for highly reactive metals such as zirconium. For this reason, non-aqueous
solvents are typically used. Additionally, chelating agents are often employed, as these can form
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strong interactions with the metal ions to prevent excessive hydrolysis and to form a
homogeneous gel [115]. The formation of an organic matrix by the chelating agent also
provides evenly dispersed nucleation sites which will lead to the growth of small crystallites.
Further, the presence of the organic matrix results in the mixing of the different metal
components on the atomic scale, which is a key requisite for obtaining homogeneous materials.

Based on the abovementioned results reported in the literature, a sol-gel method was employed
that could lead to the formation of highly stable and homogeneous ceria-zirconia solid solution
systems. By using inorganic salts as the metal precursors, a non-aqueous solvent and an organic
polymer as the chelating agent, a wide variety of transition metal-doped ceria-zirconia solid
solutions could be successfully synthesized. The thermal stability and textural and structural
properties of these solid solutions were investigated by XRD, TEM, XPS, BET, UV-Vis, H-
TPR and EXAFS.

2. Experimental

2.1 Materials and synthesis

Ceria-zirconia support catalysts (Ceo.sZros02 or CeZrOs) were synthesized via a polymer-
assisted sol-gel method. Ce(NO3)3.6H20 (Alfa Aesar, 99.99%) and ZrOCL.8H>O (Alfa Aesar,
99.9% and Sigma Aldrich, 98%) were used as starting materials, while absolute ethanol
(Biosolve, min. 99.9%) was used as the solvent. Poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) with an average molecular weight of ~5800 (PEG-PPG-
PEG 5800, Sigma-Aldrich) was used as a chelating agent. Ethanol solution (15 ml) of
Ce(NO3);3.6H20 (1.736 g), ZrOCl2.8H0 (1.288 g) and PEG-PPG-PEG 4400 (0.8 g) was
prepared and stirred for approximately 2 h at room temperature until a transparent precursor sol
was obtained. Next, the sol was aged at 40 °C for approximately 3 days in an oven with a beaker
of water placed inside in order to keep sufficient partial pressure of water vapors. Once the
rubber-like texture of gel has been employed, subsequent drying overnight at 110 °C in air was
performed. After drying, the precipitate was crushed into a fine powder and calcined in air at
500 °C with a heating rate of 1 °C/min and a dwelling time of 4 hours. A schematic overview
of the synthesis procedure is shown in Figure 2.1.

Ce(NOs3)3.6H20 Drying

ZrOCl>.8H Stirrin ) Agi : 110°C, ~12 h
PEr((})—?)lig—Pzé)G —=£ »{ Formation of ‘sol’ €78, Formation of ‘gel’

Troom, 2 h 40°C,~72h Calcination
Absolute ethanol 500 °C; 1 °C/min, 4 h dwelling

CeZrO4

\4

Figure 2.1: Flowchart for the preparation of CeZrO4 via a polymer assisted sol-gel
method.

Doped ceria-zirconia catalysts were also prepared using different transition metals with various
metal loadings. The same synthesis procedure as for the bare Ceo.sZro.sO2 was adopted, simply
adding transition metal precursors in the first step of the synthesis procedure. The aging time

18



varied from 3 to 5 days, depending on the dopant and the loading chosen. All of the samples
were calcined at 500 and 800 °C to investigate their thermal stability, while a temperature of
900 °C was also once used. Transition metals such as Cu, Fe, Co, Cr, Ni and Pd were chosen
as dopants. Following precursors of abovementioned metals were used: Cu(NO3)2.3H>,0
(Sigma Aldrich, 99-104%), Fe(NO3)3.9H>0 (Sigma Aldrich, > 98%), Co(NO3),.6H,0 (Emsure,
> 99%), Cr(NO3)3.9H20 (Alfa Aesar, 98.5%), Ni(NO3)2.6H20 (Sigma Aldrich, > 97%) and
Pd(acac), (acac = acetylacetonate, Sigma Aldrich, 99%). The metal loadings were kept as 2.77,
5.55 and 11.11 mol%, while for palladium 1 and 5 wt.% were used. The obtained catalysts were
labeled as xMCZ, with x taking values of 1, 2, 5 and 11, standing for metal loadings of
respectively 1 wt.%, 2.77 mol%, 5.55 mol% or 5 wt.% (in case of Pd) and 11.11 mol%., M
reflecting the dopant used, and CZ referring to ceria-zirconia. For example, a sample doped
with 2.77 mol% Fe is denoted as 2FeCZ.

Palladium (1 wt.%) was deposited on both bare and doped ceria-zirconia supports via a
conventional wet impregnation method. Pd(NO3)2.2H>0 (Sigma Aldrich, 40% Pd basis) was
dissolved with demineralized water in a small snap cap vial and the solution was subsequently
poured onto the support. After vigorously stirring the dispersion for approximately 30 min, the
mixture was heated to 80 °C to slowly evaporate the water while stirring. The resulting solid
was dried at 110 °C and crushed to a fine powder, which was finally calcined in air at 300 °C
with a heating rate of 5 °C/min and a dwelling time of 3 h. The bare ceria-zirconia support
impregnated with 1 wt.% Pd was denoted as 1Pd/CZ.

2.2 Catalyst characterization

X-ray diffraction (XRD)

In this work, X-ray diffraction (XRD) was used to analyze the crystal structure and thermal
stability of the ceria-zirconia mixed oxides. A Bruker D2 Phaser powder diffraction system
equipped with a copper anode and a thin nickel foil filter was used. The latter removes the K3
radiation of the copper X-ray source, allowing the Cu Ka radiation (A = 1.5406 A) to pass. The
XRD patterns were recorded in a 20 range of 20° to 80° with a step size of 0.02° and a time per
step of 0.5s. Samples calcined at 800 °C and 900 °C were recorded with 1s per step. A 0.6 mm
divergence slit was used to limit the beam divergence of the source, while an anti-scatter screen
with a sample-screen distance of 0.5 mm was used to block scattered radiation at low angles.
The samples were rotated with a constant speed of 30 rot/min during the XRD measurements.

Transmission electron microscopy (TEM)

TEM measurements were performed on a FEI Tecnai 20 transmission electron microscope with
an electron acceleration voltage of 200 kV and a LaBs filament. A few milligrams of each
sample were sonicated in pure ethanol (Biosolve, Extra dry, 99.9%), and a few drops of the
resulting dispersion were dripped over a 200 mesh Cu TEM grid with a holey carbon support
film. Prior to imaging, the supported samples were left in an oven at 40 °C overnight to remove
residual ethanol.
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N2 physisorption

The surface area of the ceria-zirconia mixed oxides was determined via N> physisorption
measurements at -196 °C on a Micromeritics Tristar II 3020 instrument. Approximately 150
mg of the sample was transferred in a glass sample tube, followed by pretreatment overnight at
150 °C under a continuous N> flow to remove moisture and impurities. The Brunauer-Emmet-
Teller (BET) model was applied for determining the surface area from the adsorption isotherms
obtained by computer controlled gravimetric analysis.

UV-Vis spectroscopy

The metal oxide speciation and thermal stability was also studied by UV-Visible (UV-Vis)
spectroscopy. The measurements were performed on a Shimadzu UV-2401PC UV-Vis
spectrometer. BaSO4 (first grade, Wako Chemicals) was used as a reference. The UV-Vis
spectra were measured in absorbance mode in the 190-800 nm range with 0.5 nm steps. The
spectra of the transition metal-doped samples were compared with those of the corresponding
parent oxides, which were Fe2O3 (Alfa Aesar, > 99.99%), CuO (Alfa Aesar, > 99.99%), Co203
(Alfa Aesar, 99.7%), Cr2O3 (Sigma Aldrich, > 98%) and PdO (Sigma Aldrich, 99.97%). The
spectra of the Ni-doped samples were compared with the spectrum of NiO found in the
literature.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical analyzer
with a 128-channel detector. Spectra were obtained using an aluminium anode (Al Ko = 1486.6
eV) operating at 72W and a spot size of 400 m. Survey scans were measured at a constant pass
energy of 200 eV and region scans at 50 eV. The background pressure was 2 x 10" mbar and
during measurement 4 x 10”7 mbar Argon because of charge compensation by the dual-beam
low energy electron / Arion source. Data analysis was performed using CasaXPS software. The

binding energy was corrected for surface charging by taking the Ce3ds/, peak as a reference at
916.7 eV.

Hydrogen-Temperature Programmed Reduction (H2-TPR)

The reducibility of the catalysts was determined by hydrogen-temperature programmed
reduction (H2-TPR) using a Micromeritics AutoChem II 2920 equipped with a computer-
controlled oven and a thermal conductivity detector (TCD). Approximately 100 mg of each
sample were transferred into a U-shaped quartz reactor tube and fixed between two quartz wool
plugs. Before the Ho-TPR experiment was carried out, the samples were first pretreated in situ
to remove moisture and impurities. The pretreatment involved calcining the samples in a 50
ml/min 5% O/He flow at 300 °C using a heating rate of 10 °C/min, after which they were
subsequently cooled to room temperature at a cooling rate of 35 °C/min.

The H>-TPR experiment is carried out by using a H> flow, and the reduction process of the
oxidized species occurs under temperature programmed conditions by increasing the
temperature with a constant heating rate. For reduction of the samples, a 50 ml/min flow of 4%
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H>/N> was used and the temperature was ramped to 600-800 °C at a rate of 10 °C/min. The
TCD signal was normalized by the weight of the sample.

Extended X-ray absorption fine structure (EXAFS) spectroscopy

X-ray absorption spectroscopy experiments were performed at the DUBBLE beamline at ESRF
Grenoble, France (Co and Fe), and at the beamline B18 at the Diamond Light Source,
Rutherford Appleton laboratories, Oxford, UK (Pd and Cu). The data were collected in
transmission mode (Pd and Cu) and in fluorescence mode (Co and Fe). Further, the data were
collected at the Pd K-edge (24.4 keV), Cu K-edge (8.99 keV), Co K-edge (7.71 keV) and Fe
K-edge (7.11 keV) at room temperature and atmospheric pressure. Foils of the corresponding
metals were used for the energy calibration.

All the samples, except of the ones measured at Pd K-edge, were diluted with BN and pelletized
as self-supporting discs. Proper dilution was estimated via the XAFSmass software to
compromise the step-edge value and the absorption. Background subtraction was performed
with the Athena software of the Demeter package [116].

3. Results and discussion
3.1 Textural and structural properties
The thermal stability of transition metal-doped ceria-zirconia solid solution systems was

investigated by XRD. Figure 2.2 shows the diffraction patterns of pure ceria-zirconia and ceria-
zirconia doped with different loadings of Fe calcined at 500 °C and 800 °C.
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Figure 2.2: XRD patterns (left) of the Fe-doped samples calcined at 500 and 800 °C.
The shift of the diffraction peaks to higher angles (right) implies that Fe is incorporated
in the CeZrOq lattice and that a solid solution is formed.

The reflections as seen in the diffraction pattern of pure CZ (67 m*/g) look similar to those of
the cubic fluorite structure of CeOx (Fm-3m space group). The slight shift of the CZ reflection
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peaks to higher diffraction angles can be explained by the substitution of Ce*" cations (0.97 A)
with smaller Zr*" cations (0.84 A), leading to a contraction of the CeO, lattice [117]. This
observation indicates the formation of a stable solid solution upon the introduction of Zr*" in
the CeO; lattice. Furthermore, according to Vegard’s law, the dopant solubility of Zr in the
CeO> lattice should be relatively high because of the similar cationic radii of Zr*" and Ce*"
[118].

Doping of ceria-zirconia with different concentrations of Fe did not lead to the appearance of
new reflection peaks in the XRD pattern after the calcination at 500 °C. Thus it can be
concluded that Fe is incorporated into the crystal lattice or, amorphous, and very finely
dispersed. However, the shift of the reflection peaks to higher angles upon higher Fe loadings,
as can be clearly seen in Figure 2.2, strongly suggests the incorporation of a significant amount
of Fe in the lattice and the formation of a solid solution [119]. Although it must be noted that
the presence of small iron clusters on the surface of CZ cannot be solely ruled out by means of
the XRD results. Just as in the case of doping CeO with Zr, the smaller radius of Fe** (0.64 A)
compared to that of Ce*" (0.97 A) results in a decrease of the size of the unit cell and in a shift
of the reflection peaks to higher angles, which is in agreement with the abovementioned
Vegard’s law. Furthermore, a broadening of the reflection peaks with increasing Fe content was
also observed, suggesting that the crystallite size decreased upon the doping [120,121]. The
explanation for this peak broadening might be the formation of lattice distortions such as point
defects or dislocations when doping with a higher amount of Fe. Consequently, the presence of
these defects might limit the growth of the crystallites formed during the calcination process,
resulting in a smaller crystallite size. In addition, these defects can cause strain in the lattice
leading to changes in the interplanar lattice spacing, which in turn could affect the diffraction
angle of the incident X-rays and hence also the position of the reflection peaks.

After calcining the samples at 800 °C the peak widths decreased, suggesting that the crystallite
size increased due to the sintering of the CZ support at elevated temperatures. The particle sizes,
shown in Table 2.1, were determined from XRD by using the Scherrer equation. It was
concluded from the table that a smaller particle size is not necessarily associated with a larger
BET surface area, and several reasons could be given for this observation. Small metal dopant
ions like Fe*" tend to occupy and block the pores in a material, leading to less surface area
exposed that can be measured by the physisorption techniques. However, as evidenced by the
TEM images, the sol-gel method used in this study does not result in the formation of a highly
porous material, and therefore there should be another reason for this observation. As the BET
model is based on single site adsorption, the inhomogeneous surface of the support that might
have been formed after the doping could lead to deviations in the physisorption measurements.
This effect 1s more pronounced for higher dopant concentrations, and this could potentially
explain the small specific surface area measured for 11FeCZ.
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Table 2.1: Surface area and particle size determined by N> physisorption and the Scherrer
equation for pure ceria-zirconia and Fe-doped ceria-zirconia.

Sample BET surface Particle size
area (m’/g) Scherrer (nm)
CeZrO4 67 30
2FeCZ 48 2.9
SFeCZ 60 79
11FeCZ 43 57

To investigate the thermal stability of Fe-doped CZ, the sample with the highest Fe dopant
concentration (11FeCZ) was first calcined at a temperature of 800 °C. The partial splitting of
the reflection peaks of 11FeCZ-800C indicates phase separation taking place, with the left and
right shoulder corresponding to a CeO»-rich and a ZrO»-rich phase, respectively. Additionally,
hematite (Fe;Os3) reflection peaks in 11FeCZ-800C were also observed next to the CZ
reflections. Conclusively, 11FeCZ was not found to be stable when calcined at 800 °C, most
likely due to the Fe loading that appeared to be too high to preserve the structure of the solid
solution and to prevent the crystal lattice from disintegrating at high temperatures.
Subsequently, it was examined whether SFeCZ would be stable at 800 °C, and the XRD pattern
of 5FeCZ-800C evidenced that no phase separation or formation of iron oxide took place. It
should be noted, however, that hematite or magnetite (Fe;O4) might be in the form of
amorphous oxides or that the amount is too small to be detected by the XRD instrument.
Nevertheless, it was concluded that xFeCZ showed high thermal stability up to a molar loading
of at least 5.55 mol% Fe.
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Figure 2.3: XRD patterns of Cu-, Co-, Cr- and Ni-doped ceria-zirconia samples calcined
at 500 and 800 °C.

Similar trends were found for CZ doped with Cu, Co, Ni and Cr, as shown in Figure 2.3. Upon
increasing the metal loading, a shift of the reflection peaks towards higher diffraction angles
was observed for all dopants, which corresponds to a contraction of the fluorite lattice of CeOx.
This shift was attributed to the smaller ionic radii of Cu**, Co?", Ni*" and Cr*" compared to that
of Ce*" (0.97 A), and it implies the inclusion of the abovementioned transition metals in the
CeO:2 lattice resulting in the formation of solid solution type systems. For some doped systems
(e.g. xNiCZ and xCrCZ) the shift to higher angles is more pronounced than for others (e.g.
xCuCZ). This is due to the fact that a peak shift to higher or lower angles is not solely related
to the ionic radius of the dopant. In particular, oxygen vacancies might be formed by charge
compensation effects after doping with a lower valence ion and/or due to strain induced in the
CeO;, lattice by the inclusion of a smaller ion [122,123]. Therefore, as the amount of structural
defects increases with the dopant concentration, the amount of Ce*" in the lattice also increases.
Since the radius of Ce** (1.143 A) is larger than that of Ce*" (0.97 A), an increase in the lattice
parameter can be expected that can compensate lattice contraction after doping with a smaller
ion. As a result, the peak shift to higher angles after doping might be lower than initially
expected. In addition, the synthesis procedure might also determine the extent to which crystal
lattice changes are observed by XRD. For example, a net change in the peak positions was
reported by Pino et al. after doping CeO, with Ni>* ions, using a combustion synthesis method
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[124]. Barrio et al., however, did not observe a change in the peak positions for the same doped
CeO; system, but now prepared via a reverse microemulsion method [125]. This observation
was finally explained by the formation of a large amount of oxygen vacancies that can
compensate the lattice contraction upon doping with a smaller ion.

Another reason for the small shift observed for the Cu doped samples might be due to
segregation of the dopant ions to the surface upon increasing the dopant loading. Several
research groups have reported surface enrichment by Cu?* ions occurring for Cu doped CeO»
[126,127]. Either no change or a decrease in the lattice parameter was observed, even for CeO>
systems doped with the same Cu loading [ 128—130]. These observations once again lead to the
conclusion that the synthesis method applied strongly affects the extent to which surface
enrichment of the dopant ions occurs. Finally, copper might also occupy interstitial sites in the
lattice, causing lattice expansion which can partially neutralize lattice contraction. Interstitial
site occupation is particularly important for small dopants like Cu?* and Fe**. Indeed, several
research groups observed only a limited shift for Fe doped CeO», and this was explained by the
interstitial site occupation by some of the Fe ions in CeO> [131,132].

Similar to Fe-doped CZ, peak broadening was observed for all other transition metals upon
increasing the loading. For some transition metals (Fe, Cr, Ni) the broadening was more
pronounced than for others (Cu, Co), and this could be related to the amount of defects created
in the system depending on the metal used for doping. Table 2.2 clearly shows the decrease in
the particle size for higher Cr dopant concentrations. In contrast to the Fe-doped samples, larger
BET surface areas were now measured for smaller particle sizes for xCrCZ, as is generally
expected.

Table 2.2: Surface area and particle size determined by N> physisorption and the Scherrer
equation for pure ceria-zirconia and Cr-doped ceria-zirconia.

Sample BET surface Particle size
area (m’/g) Scherrer (nm)
CeZrO4 67 3.0
2CrCZ 62 73
5CrCZ 85 6.2
11CrCZ 87 59
2CrCZ-800C 12 12.9
5CrCZ-800C 9 103
11CrCZ-800C 16 35

For the samples calcined at 800 °C, the BET surface area did not increase uniformly with
decreasing particle size, as shown in Table 2.2. In general, the error of a BET surface area
measurement can be as high as 5%, and therefore the small surface areas measured for the
samples calcined at 800 °C should be interpreted with caution. The same also applies for the
particle sizes determined by the Scherrer equation. More specifically, as the peak broadening
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in the XRD pattern is also affected by lattice strain and dislocations, it might be that smaller
particle sizes are measured than what would be expected.

Of all transition metals used for doping in this study, Cr formed the most thermally stable solid
solution with ceria-zirconia. No Cr oxide species were detected by XRD for a dopant
concentration of 11.11 mol% and for a calcination temperature as high as 800 °C. This result
implies that most Cr is still incorporated in the crystal lattice, as is strongly suggested by the
significant shift of the main reflection peak of 11CrCZ-800C to higher diffraction angles.
However, it cannot be excluded that Cr oxide clusters are also present and which are too small
to be detected by XRD. Conversely, Co formed the least stable solid solution with ceria-
zirconia, as Ce0;-ZrO, phase separation already started to occur for the 11CoCZ sample
calcined at 500 °C. However, still no segregated Co3zO4 phase was formed after calcining
2CoCZ at 800 °C despite the high oxophilic nature of Co. Other studies have reported on the
formation of Co304 and the difficulty of synthesizing catalysts containing cobalt mainly in the
Co*" state [127,133]. For example, Wen et al. reported for Co a solubility limit of only 7.5
mol% in CeO; [133]. TEM analysis confirmed that no Co304 phase was formed in our case
after doping the ceria-zirconia support with 11.11 mol% Co, as evidenced by Figure 2.4 (left).

50 nm

Figure 2.4: TEM pictures of 11CoCZ (left) and 11CuCZ (right).

Further, it was found that Cu formed solid solutions with ceria-zirconia with the second lowest
thermal stability, after Co. This low stability can be expected due to the strong tendency for
surface segregation of the Cu ions, which was already mentioned above. However, despite this
segregation, still no bulk CuO nanoparticles were detected by XRD for 2CuCZ-800C. For
11CuCZ calcined at 500 °C, no CuOx species or clusters were observed by TEM, shown in
Figure 2.4 (right), indicating that these clusters are absent or very finely dispersed.

Additionally, it could be concluded from the XRD patterns that both Fe- and Ni-doped samples
exhibit high thermal stabilities up to a metal loading of at least 5.55 mol% for calcination
temperatures as high as 800 °C. Calcining 11FeCZ and 11NiCZ at 800 °C, on the other hand,
resulted in the formation of segregated hematite and bulk NiO phases, respectively.
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Nevertheless, XRD analysis on its own could already verify that the sol-gel method used in this
study can lead to the formation of transition metal-doped ceria-zirconia solid solution systems
of an exceptional high thermal stability, as was previously also suggested in the introduction of
this chapter.

We further explored the sol-gel synthesis of Pd-doped ceria-zirconia because of indications
from literature that one-step synthesized noble metal-based catalysts can show favorable
activities towards several applications [134]. The XRD patterns of these systems are shown in
Figure 2.5.
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Figure 2.5: XRD patterns of Pd-based catalysts. Calcining 1PdCZ at 800 °C did not
result in the formation of metallic Pd or a segregated bulk Pd oxide phase.

The XRD pattern of 1PdCZ shows that the reflection peaks are slightly shifted to lower
diffraction angles (29.18°) compared with those of pure CeZrO4 (29.22°). This shift indicates
that lattice expansion is induced after doping CeZrO4 with Pd**, despite its smaller ionic radius
(0.64-0.86 A depending the coordination) compared to that of Ce*"(0.97 A) [135]. This
observation is in contrast with the previous results, where doping of CeZrO4 with a smaller
transition metal ion always resulted in a contraction of the CeO: fluorite lattice. The argument
that the substitution of Ce*" by smaller Pd** might not be occurring, or only to a limited extent,
can be partially countered by the observation that the reflection peaks of SPdCZ are shifted to
even lower diffraction angles (29.15°). In addition, significant peak broadening for SPdCZ
compared to 1PdCZ was also observed, suggesting a smaller crystallite size for SPdCZ. The
decreased crystallite size might be the result of more defects formed after doping with a larger
amount of Pd**, indicating the substitution of Ce*' ions by Pd**. Furthermore, lattice expansion
for Pd-doped CeO> was also reported by Scanlon et al. [136]. It was demonstrated by DFT
analysis that Pd** is not in the same lattice position of the substituted Ce**, but shifted in one
direction by 74 of a unit cell to adopt a square-planar coordination in the cubic fluorite lattice of
CeOa. The Pd offset from the Ce sites to adopt a more favorable coordination geometry was
further confirmed by EXAFS studies by Hiley et al., who also observed a shift of the reflection
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peaks to lower diffraction angles upon increasing the Pd dopant concentration [137]. Therefore,
it can be assumed that the Pd®" ions in our case are adopting the same square-planar
coordination as shown in these studies. The lattice expansion was explained by the fact that the
Pd-O bond in an unexpanded CeO: lattice would be too short (~ 1.91 A) to be physically
reasonable, as the Pd-O bond in other square-planar Pd oxides was found to be significantly
longer (2.01-2.07 A).

The thermal stability of 1PdCZ and SPdCZ was studied by calcining the samples at 800 °C in
air. According to the XRD patterns, 1PdCZ appears to be stable at this temperature, as no
secondary peaks corresponding to Pd metal or bulk PdO were observed in the pattern of 1PdCZ-
800C. Furthermore, no PdO nanoparticles or PdOx clusters could be found by TEM, as shown
in Figure 2.6 (right).

-
L\

Figure 2.6: TEM pictures of 1PdCZ (left) and 1PdCZ-800C (right).

Unlike 1PdCZ, SPdCZ was not found to be stable at 800 °C due to the presence of a small peak
at approximately 42° corresponding to the (111) reflection of Pd metal, and the presence of a
PdO reflection peak at approximately 54.8°. The same Pd metal reflection peak can also be seen
in the XRD pattern of 1PdCZ-900C, indicating that 1PdCZ is not stable at such high
temperatures. This result is consistent with the reported PdO decomposition temperature (> 800
°C in air) in the literature [138]. However, some studies reported the formation of Pd metal
already at a temperature of 800 °C [78,79]. Conclusively, sol-gel synthesized 1PdCZ appears
to exhibit an exceptionally high thermal stability compared to Pd-based samples synthesized
with other methods.

The XRD pattern of 1Pd/CZ was also measured for comparison with pure CeZrO4 and 1PdCZ.
From the pattern can be seen that the main reflection peak of 1Pd/CZ is located at around the
same value of the main peak of pure CeZrO4 (29.22°). Therefore, it can be concluded that the
support’s lattice is almost unaffected by the Pd for 1Pd/CZ due to the fact that a major part of
the noble metal now resides on the surface after the impregnation of the CZ support. The particle

28



sizes determined by the Scherrer equation and the BET surface areas of the Pd-based samples
are summarized in Table 2.3.

Table 2.3: Surface area and particle size determined by N> physisorption and the Scherrer
equation for pure ceria-zirconia and Pd-based ceria-zirconia.

Sample BET surface Particle size
area (m’/g) Scherrer (nm)
CeZr0Os4 67 20
1PdCZ 71 2.0
1PdCZ-800C 12 10.3
5PdCZ 58 51
1Pd/CZ 61 33

The larger particle size measured for 1Pd/CZ (8.3 nm) compared to 1PdCZ (8.0 nm) suggests
that doping the support might result in structural defects that can limit the growth of the
crystallites during the calcination process. This reasoning is further confirmed by the broad
reflection peaks observed for SPACZ and the corresponding small particle size (5.1 nm) as
determined by the Scherrer equation. Despite the smaller particle size measured for SPdCZ, the
BET surface area was found to be significantly smaller than for 1PdCZ and even 1Pd/CZ. A
similar explanation for this discrepancy can be given as was earlier proposed for the Fe- and
Cr-doped samples.
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3.2 X-ray Photoelectron Spectroscopy (XPS)

The speciation and dispersion of the different metal dopants were characterized by XPS.
Analysis of the XPS data revealed that the surface atomic Ce/Zr ratio was 0.7 for pure CeZrOs.
This value corresponds to 42% to 58% of Ce to Zr, which is in agreement to the Ce/Zr ratio
found for commercial CeZrO4 support. No reliable XPS data for the Fe-doped samples could
be obtained.
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Figure 2.7: Ce3d (left) and Zr3d (right) XPS spectra of pure CeZrOs.

Figure 2.7 (left) shows the XPS spectrum of Ce3d for pure CeZrO4. The Ce3d spectrum is
composed of eight peaks, which correspond to four pairs of spin-orbit doublets. The peaks in
the high BE region correspond to the Ce 3d3, ionization, with the peak at 900.9 eV representing
the primary Ce 3ds/2 ionization (and the peaks at 904.2 eV, 907.4 eV and 916.7 eV representing
satellite features arising from the Ce 3ds. ionization). The Ce 3ds. ionization, on the other
hand, is represented by the peaks observed in the lower BE energy region, with the peak at
882.3 eV representing the primary Ce 3ds); ionization (and the peaks at 885.7 eV, 889.0 eV and
898.3 eV representing its satellite features). The two peaks observed at 885.7 and 904.2 eV
indicate the presence of Ce** in CeZrO4, while the other six peaks correspond to Ce*". As Ce**
is associated to the presence of oxygen vacancies, more insight into the amount of these
vacancies can be gained by calculating the Ce*"/Ce*" ratio for each sample. For CeZrOs, this
ratio was found to be 0.176, and it is expected that this ratio will further increase when the
support is doped with transition metal ions with a lower valence state than Ce*".

The XPS doublet spectrum of Zr 3d is given in Figure 2.7 (right). The two peaks at 182.0 eV
and 184.4 eV correspond to Zr 3ds» and Zr 3ds., respectively. The shift of the spectrum to
lower binding energies compared to that of ZrO> (0.5 eV difference) is most likely due to the
different electronic environment created when ZrO, forms a solid solution with CeO» [139].

The O 1s spectrum of all measured samples showed two speaks. The main peak, located around
529.5 eV, and a shoulder peak at a slightly higher binding energy were assigned to lattice
oxygen and chemisorbed oxygen on the surface, respectively [140]. Several studies
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demonstrated the high reactivity of these chemisorbed oxygen species, and it was assumed that
these oxygen species might play a crucial role in certain oxidation reactions [141].
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Figure 2.8: Cu2p XPS spectrum of 11CuCZ. The satellite peak (940-945 eV) confirms
the presence of Cu®" species in the Cu-doped sample.

The Cu2p spectrum of 11CuCZ is shown in Figure 2.8. Typically, a Cu2ps; peak located at
high binding energy (933.0-933.8 eV) in combination with a satellite peak (940-945 eV)
indicates the presence of Cu®" species. Conversely, if the main Cu2ps» peak is located at a
slightly lower binding energy (932.2-933.1 eV), without the observation of a satellite feature,
then most likely Cu” species are present in the sample. In our case, a satellite peak was observed
for all Cu-doped samples, indicating the existence of Cu®" ions. However, as the main Cu2ps
peaks were located at the relatively low binding energies of 932.5 eV, 932.8 eV and 932.9 eV
for 2CuCZ, 5CuCZ and 11CuCZ, respectively, both Cu?* and Cu* ions are most likely present
in these samples. In addition, the relative intensity of the satellite feature with respect to the
main peak was found to be lower than 0.55 for all Cu-doped samples, which also indicates that
Cu" ions exist along with Cu®" ions [142].

As the binding energy of the main Cu2p3/, peak is almost identical for Cu* and Cu’, it is difficult
to distinguish these two copper states from each other. Therefore, the Cu LMM Auger spectrum
(not shown) is often used to determine whether Cu® or Cu® is present on the surface of the
support. In the spectra of the Cu-doped samples calcined at 800 °C, the peak observed at 571.4
eV for 2CuCZ-800C was attributed to Cu”, while the peak at 568.8 eV for 11CuCZ-800C was
attributed to Cu® [143]. This finding is consistent with the XRD patterns, which showed the
presence of Cu’ for 11CuCZ-800C, but the absence of it for 2CuCZ-800C.
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Figure 2.9: Co2p XPS spectrum of 11CoCZ. The satellite peak at 786.3 eV indicates
that Co is mainly present in the +2 chemical state.

The Co2p spectrum of 11CoCZ is shown in Figure 2.9. It can be seen from the figure that part
of the binding energy region corresponding to Co2p1. is overlapping with the Ce3d scanning
region. Therefore, the interpretation and calculations were carried out based on the Co2p3/» core
lines. The Co2ps3. satellite peak at 786.3 eV indicates that CoO, and not Co30s, is present in
the CZ support doped with high Co content. This result is quite remarkable, considering the
highly oxophilic nature of cobalt, and as many other studies have demonstrated the presence of
Co0304 when using such high Co dopant concentrations [127,133]. An additional proof of the
absence of Co304 was found in the color of the sample, being dark brown, while the Co doped
samples calcined at 800 °C showed the typical black color of Co30s4.
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Figure 2.10: Cr2p XPS spectra of 11CrCZ (left) and 11CrCZ-800C (right).

The Cr2p spectrum of 11CrCZ is shown in Figure 2.10 (left). The main 2p3, peak at 576.7 eV
and the main 2p2 peak 586.4 eV confirms the presence of Cr** species in 11CrCZ [144]. The
2p3» peak showed two small shoulders at 578.0 and 579.0 eV, indicating the presence of Cr®"
species. These two shoulders were also observed for 2CrCZ and 5CrCZ, although less intense
than for 11CrCZ. For 11CrCZ-800C, shown in Figure 2.10 (right), these two shoulders were
even less pronounced, suggesting that more Cr*" species (e.g. Cr.03) might have been formed
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on the surface after the calcination at 800 °C. The shift of the main 2p3,» peak to a lower binding
energy (576.4 eV) also supports this assumption. Conversely, for 2CrCZ-800C the two
shoulders were still clearly visible, and the position of the main 2p3» peak at a relative high
binding energy of 577.0 eV demonstrates that Cr is still oxidized and most likely in a mixed
Cr*"/Cr®" chemical state.
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Figure 2.11: Ni2p XPS spectrum of 11NiCZ.

Similar to the case of xCoCZ, the Ni2p1» binding energy region is strongly overlapping with
the Ce3d binding energy region, as shown in Figure ??. Nevertheless, it can be derived from
the high binding energy observed for the main Ni2p3» peak (855.6 eV) that Ni is in a highly
ionic Ni** oxidation state. [145]. This high binding energy suggests that strong Ni-O-Ce bonds
are formed and that Ni** forms a solid solution with CeO,-ZrO», as the Ni2ps/» peak for Ni*" in
bulk NiO is typically located at a much lower binding energy (around 853.7 eV). Further, the
fact that no metallic Ni is formed is clear from the Ni2ps/; satellite peak centered at around
861.1 eV, which would be much broader and smaller in intensity for Ni’.

The molar percentages of the different transition metal dopants, calculated from the XPS peak
areas, were compared with the theoretical concentrations. These results are summarized in
Figure 2.12. Substantial surface enrichment of Cu ions was observed for the xCuCZ samples,
confirming the results earlier reported in the literature on Cu doped CeO:-based oxides. Surface
enrichment of the metal dopant was also observed for xCoCZ, although less pronounced than
for the xCuCZ samples. These results might explain why crystal lattice disintegration into a Ce-
and Zr-rich phase was more favored for the Cu- and Co-doped supports, as was previously
observed from the XRD analysis. Figure 2.12 further shows that Cr ions segregate only to a
limited extent to the surface of the support, while after the calcination at 800 °C this segregation
was more significant. In contrast to all other transition metals, Ni seems to form an almost
perfect homogeneous solid solution with ceria-zirconia.
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Figure 2.12: Mole percentages of the metal dopants determined by XPS versus theoretical
mole percentages. XPS mole percentages close to the dashed line suggest the formation of
a perfectly homogeneous solid solution system, while values below or above this line
indicate that, respectively, surface segregation and sintering occurred.

Finally, it was concluded that surface enrichment of the metal dopants could be beneficial in
terms of the catalytic activity. Because heterogeneous catalytic reactions occur on the surface
of the catalyst, the presence of these metal dopants in the surface and subsurface region of the
support could positively influence the conversion efficiencies of the reactants.
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Figure 2.13: Ce**/Ce*" ratios calculated from the fitted Ce3d XPS spectra of the different
transition metal-doped ceria-zirconia samples.

XPS was further used to gain more insight into the amount of oxygen vacancies created after
the doping of the ceria-zirconia support. The Ce**/Ce*" ratios were calculated from the XPS
spectra of the Ce3d core lines, and it is typically expected that for a higher dopant concentration
the ratio increases due to the formation of more oxygen vacancies. Furthermore, these vacancies
are believed to play an important role in the CO + NO and CO + O reactions [28,146]. The
ratios obtained for the different transition metal dopants are shown in Figure 2.13.
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It can be seen from the figure that the Ce**/Ce*" ratio decreases uniformly for higher Cr and Cu
dopant concentrations. At first sight, this might seem contradicting with the abovementioned
expectation. However, a decrease of the Ce**/Ce*" ratio typically signifies that the metal
dopants are starting to segregate, and therefore these results seem to be strongly in line with the
results shown in Figure 2.12. The strong surface enrichment of the Cu ions demonstrated by
Figure 2.12 could explain why the lowest Ce**/Ce*" ratios were found for the xCuCZ samples.
Furthermore, there was less surface enrichment of the dopant ions observed for 2CrCZ and
5CrCZ compared to 2CoCZ and 5CoCZ, explaining why the former show higher Ce**/Ce**
ratios in Figure 2.13. Conversely, more surface enrichment was observed for 11CrCZ than for
11CoCZ, which in turn could explain why the Co-doped sample shows a higher Ce**/Ce*" ratio
than the Cr-doped sample for a dopant concentration of 11.11 mol%. Finally, in the case of the
Ni-doped samples, a near perfectly homogeneous solid solution system was formed as
demonstrated by Figure 2.12. If there would be no segregation of the dopant ions occurring, it
can be expected that the Ce**/Ce*" ratio will increase for a higher dopant concentration. Indeed,
this reasoning was confirmed by Figure 2.13, showing that the highest Ce**/Ce*" ratio was
obtained for 11NiCZ.

Table 2.4: XPS results for the Pd-based samples.

Pd bindin Pd mol% Pd mol%
Sample energy (e\;g) (XPS) (theor.) Ce™'/Ce™
1PdCZ 337.7 1.80 1.44 0.20
1PdCZ-800C 337.7 4.51 1.44 0.18
1PdCZ-900C 337.0 1.27 1.44 0.12
5PdCZ 337.7/336.2 10.42 7.29 0.21
5PdCZ-800C 336.7 9.42 7.29 0.16
1Pd/CZ 337.4 3.53 1.44 0.25

The XPS data of the Pd-based samples are summarized in Table 2.4. The high binding energy
observed for Pd in 1PdCZ (337.7 eV) indicates that Pd is in a highly ionic and dispersed Pd*"
state [147]. This observation suggests a strong metal-support interaction in the Pd-doped ceria-
zirconia, which is confirmed by the high binding energy that is maintained for Pd (337.7 eV)
after calcining the sample at 800 °C. The increase in the molar percentage of Pd from 1.80 to
4.51 after the calcination points at the segregation of the noble metal to the surface of the
support at elevated temperatures. This can also visually be derived from the Pd3d spectra shown
in Figure 2.14, where it can be seen that the intensity of the Pd3ds, peak in the Pd3d spectrum
of 1PdCZ-800C is significantly higher than for the same peak in the Pd3d spectrum of 1PdCZ.
In addition, Figure 2.14 also shows that the Pd3d core lines are strongly overlapping with the
Z13p core lines. Hence, the XPS results for the Pd-based samples should be interpreted with
caution. Nevertheless, the presence of a higher amount of surface Pd in a highly dispersed state
for 1IPACZ-800C may finally result in an improved catalytic activity for this sample compared
to the uncalcined 1PdCZ, if no sintering would take place. Furthermore, doping the ceria-
zirconia support with 1 wt.% Pd resulted in an increase in the Ce**/Ce** ratio from 0.17 to 0.20,
indicating the formation of oxygen vacancies when the lower valent Pd** ion is incorporated in
the fluorite crystal lattice. The slightly lower Ce**/Ce*" ratio for 1PdCZ-800C (0.18) could
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indicate that some sintering of the Pd occurred. Still, these results are quite remarkable, as it is
known that bulk PdO oxide species are decomposing around 800 °C [78,79]. This result is also
consistent with XRD, where it was shown that no metallic Pd was formed at 800 °C for 1PdCZ.
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Figure 2.14: Pd3d XPS spectra of 1PdCZ (left) and 1PdCZ-800C (right).

It was previously observed from the XRD patterns that calcining 1PdCZ at 900 °C results in
the formation of Pd metal, which is further confirmed by the decrease in the Pd binding energy
for 1PdCZ-900C. Furthermore, the small amount of surface Pd (1.27 mol%) detected for
1PdCZ-900C indicates that sintering of the noble metal phase occurred. Finally, the decrease
in the Ce**/Ce*" ratio also suggests that the noble metal is no longer incorporated in the fluorite
type lattice of the ceria-zirconia support. Figure 2.15 gives a more visual representation of the
amount of surface Pd present for each sample.

Pd mol% (XPS)

1PdCZ 1PdCZ-800C 1PdCZ-900C 1Pd/CZ

Figure 2.15: Graphic representation of the Pd loadings determined by XPS.

XPS measurements were also performed for the ceria-zirconia support doped with 5 wt.% Pd.
In the Pd3d spectrum of SPACZ (Figure 2.16 (left)) the Pd peak shows a small shoulder at a
binding energy of 336.2 eV. Hence, it was concluded that besides highly ionic Pd*" (337.7 eV)
a small fraction of PdOx clusters are also present in SPdCZ, and which have escaped XRD
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detection. The high Pd loading recorded by XPS (10.42 mol%), as well as the minor increase
in the Ce**/Ce*" ratio compared to 1PdCZ, further confirms that Pd has segregated to the surface
of the support. It should be noted that these results are not completely unexpected, as the fluorite
lattice of CeO> has already been doped with a large amount of Zr*" ions. Thus, further doping
the support with a high amount of Pd** ions (5 wt%) might not be favorable and might distort
the crystal lattice significantly, leading to increased migration of palladium to the surface of the
support. The fact that a lower amount of surface Pd was recorded after the calcination at 800
°C suggests that sintering might have taken place, which is further confirmed by the decreased
binding energy of Pd and the lower Ce*"/Ce*" ratio measured for 5PdCZ-800C. This
observation is also consistent with the XRD result, which indicated the presence of both Pd
metal and bulk Pd oxide for SPACZ-800C. The binding energy for Pd in SPdCZ-800C, however,
was 336.7 eV, indicating that Pd is in the form of PdOx clusters. Thus, it was assumed that more
than one Pd species is present in SPACZ-800C. This can also be derived from the Pd3ds» peak
in Figure 2.16 (right), for which a small shoulder can be seen at 337.4 eV.
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Figure 2.16: Pd3d XPS spectra of SPdCZ (left) and 5SPdCZ-800C (right).

For the Pd-impregnated ceria-zirconia support, a relatively high binding energy for Pd (337.4
eV) could still be observed. Therefore, strong metal-support interactions can generally be
expected for CeO2-ZrO; mixed oxides synthesized with the highly advanced sol-gel method
used in this study. Since XPS is a surface sensitive technique, the enrichment of the surface by
Pd after impregnation of the support explains why virtually more Pd is observed (3.53 mol%)
compared to the intended loading (1.44 mol%). Surprisingly, the Ce**/Ce*" ratio for 1Pd/CZ
(0.25) was found to be significantly larger than for 1PdCZ (0.20), while in reality a higher ratio
and thus more oxygen vacancies are expected for the Pd-doped sample compared to the
impregnated sample. This is further supported by a study of Boronin et al., where it was reported
that impregnating CeO, with Pd resulted in a decrease of the Ce**/Ce*" ratio from 0.25 to 0.20
[147]. Hence, no satisfying explanation could be found in the end for this observation.

37



3.3 UV-Vis spectroscopy

UV-Vis spectroscopy was used to gain more insight into the oxide speciation of the different
metal dopants. Furthermore, this technique is also often used to determine the coordination
environment of metal ions.

The UV-Vis spectrum of pure ceria-zirconia is shown in Figure 2.17 together with the spectra
of the Fe-doped samples. The number of absorption bands observed for pure ceria-zirconia in
the low-wavelength region depends strongly on the Ce/Zr ratio and the synthesis method
applied. In our case, only two absorption bands were observed at 252 and 340 nm, while Nandi
et al. observed at least four absorption bands in the region from 200 to 400 nm [148]. In the
literature, the absorption band located around 250 nm is typically assigned to the ligand-to-
metal charge transfer (LMCT) transition from O* to Ce** [149]. The absorption band centered
at around 340 nm, on the other hand, is often attributed to interband transitions of CeO; and the
LMCT transition from O* to Zr** [148,150]. An absorption band is also often observed around
290 nm, which corresponds to the LMCT transition from O* to Ce*" [149,150]. In our case,
however, this band seems to be absent, despite the fact that there are more Ce*" ions than Ce**
ions in CeZrO4. Hence, it was concluded that several absorption bands might be overlapping.
Further, the pronounced absorption band at 252 nm might also indicate that a significant amount
of Ce*" ions are present, and which are strongly associated with oxygen vacancies in the
support.
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Figure 2.17: UV-Vis spectra of pure ceria-zirconia and Fe-doped ceria-zirconia samples.

No absorption bands were observed in the visible wavelength region for CeZrO4. This is
consistent with the d° electronic configuration of the Ce*" and Zr*' ions, as d-d crystal field
transitions are often responsible for the absorption in the visible wavelength range. Doping the
ceria-zirconia support with transition metal ions, however, increased the absorption in this
region significantly. Furthermore, after doping the support the strong absorption bands in the
low-wavelength region became slightly red-shifted. This result suggest that the band gap energy
of ceria-zirconia decreased and/or that additional energy levels were introduced in the interband
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gap region, indicating that the dopant ions were incorporated into the crystal lattice and that a
solid solution was formed with ceria-zirconia.

The UV-Vis spectra of the Fe-doped samples are also shown in Figure 2.17. Hematite (Fe2O3)
was measured as a reference sample to determine whether Fe oxide clusters or agglomerates
are present in xFeCZ. The band at 350 nm can be assigned to oligomeric clusters of a-Fe»Os,
while the sub-bands above 400 nm correspond to d-d electronic transitions in larger Fe;Os
particles [151]. 2FeCZ and 5FeCZ display a similar absorption behavior, with only weak
absorption in the visible wavelength range. 11FeCZ, on the contrary, showed a higher
absorption in this range, suggesting that the nature of the iron species in 11FeCZ is different
than these in 2FeCZ and 5FeCZ. Since no distinct absorption bands were observed in the visible
wavelength range for 11FeCZ, the Fe is most likely not in the form of bulky Fe oxide
agglomerates [152]. Alternatively, it can be concluded that some Fe oxide clusters might be
present on the surface of 11FeCZ. However, as no separate Fe>O3 phase was derived from TEM
analysis and XRD for 11FeCZ, the iron oxide clusters must be small and/or highly dispersed
on the surface of the support.
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Figure 2.18: UV-Vis spectra of pure ceria-zirconia and Cu-doped ceria-zirconia samples.

Figure 2.18 shows the UV-Vis spectra of the Cu-doped samples as well as a CuO reference.
The reference sample shows high absorption in the visible wavelength range which decreases
gradually in intensity at shorter wavelengths. After doping ceria-zirconia with Cu, a new band
appears in the range of 650-800 nm, indicative of the d-d transition of Cu** ions located in an
octahedral environment [153]. As it has been shown by Kappis et al. via EPR studies that Cu?"
can adopt an octahedral coordination in CeO> with a tetragonal distortion, it can be assumed
that these bands are not originating from Cu?* ions in bulk crystalline CuO [154]. The fact that
no bulk CuO was detected by XRD for 2CuCZ after calcining the sample at 800 °C further
confirms this reasoning. In other words, the formation of a solid solution between Cu and ceria-
zirconia can be concluded.
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Figure 2.19: UV-Vis spectra of pure ceria-zirconia and Co-doped ceria-zirconia samples.

The UV-Vis spectra of the xCoCZ samples were compared with a Co3z04 reference spectrum in
Figure 2.19. Three absorption bands were identified in the reference spectrum of Co30Os. The
absorption band at 254 nm corresponds to the bonding-antibonding electronic transition
between cobalt and oxygen, while the absorption bands at 465 and 750 nm are associated with
the LMCT transitions from O? to Co*" and from O* to Co**, respectively [155,156]. The Co*"
and Co®" ions in Co30s typically adopt a tetrahedral and octahedral geometry, respectively.
None of the xCoCZ samples showed absorption bands that could point to the presence of a
segregated Co3O4 phase, and this result is in agreement with XRD, XPS and TEM analysis. No
explanation could be given for the higher absorption shown by the SCoCZ sample compared to
the 11CoCZ sample.

Crp04 2CrC2Z 2CrCZ-800C
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Figure 2.20: UV-Vis spectra of Cr-doped ceria-zirconia samples.

In Figure 2.20, three absorption bands are visible for the Cr2O3 reference sample. The first band,
located at 375 nm, can be ascribed to the band gap transition of Cr*' ions, while the other two
peaks located at 470 an 605 nm correspond to d* electronic transitions of the Cr** ions in six-
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coordinate geometry and octahedral symmetry, respectively [157,158]. No distinct absorption
bands are visible in the UV-Vis spectra of the xCrCZ samples that could indicate the presence
of a segregated Cr,O3 phase, which is in line with XRD, XPS and TEM analyses. For the
xCrCZ-800C samples, however, the absorption in the visible wavelength range increased
significantly. A broad band was visible for 2CrCZ-800C located between the two absorption
bands of Cr20O3 at 470 and 605 nm, thereby indicating that small Cr>O3 clusters might have been
formed. For 5CrCZ-800C, a second absorption band started to appear at slightly lower
wavelengths, while for 11CrCZ-800C two broad and distinct absorption bands were observed
around 497 and 589 nm. These results are in line with the XPS measurements which showed
significant surface enrichment of Cr ions after the calcination at 800 °C. However, due to the
fact that no segregated Cr,O3 phase was detected by XRD, it can be assumed that only small
Cr203 clusters might have been formed after the calcination process.
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Figure 2.21: UV-Vis spectra of pure ceria-zirconia and Ni-doped ceria-zirconia samples.

The UV-Vis spectra of the Ni-doped samples in Figure 2.21 were compared with the UV-Vis
spectrum of pure NiO found in the literature. NiO shows a strong absorption in the UV region,
which can be ascribed to its band gap absorption [159,160]. Since no new absorption bands
were observed in the UV region after doping ceria-zirconia with Ni, it can be concluded that no
free NiO was formed, which is in agreement with XRD measurements for these samples. The
small bump centered at 750 nm can be assigned to the d-d bands of Ni*" in octahedral
coordination, pointing to the formation of a solid solution between Ni and ceria-zirconia.
[161,162].

The UV-Vis spectra of the Pd-doped samples are shown in Figure 2.22. The two absorption
bands at 338 and 438 nm in the UV-Vis reference spectrum of bulk PdO were assigned to the
LCMT charge transfer transition from O? to Pd** and d-d electron transitions in the Pd** ion,
respectively [163]. The similar absorption spectra of 1IPdCZ and 1PdCZ-800C indicate that Pd**
remains in a highly ionic and dispersed state after the calcination at 800 °C, and that no PdO
nanoparticles or Pd® were formed. Conversely, the UV-Vis spectrum of 1PdCZ-900C suggests
that Pd?" has been converted to metallic Pd, as can be derived from the low absorption intensity
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in the visible wavelength range for this sample. This low intensity confirms that Pd*" no longer
contributes to the absorption in 1PdCZ-900C. In contrast, the opposite seems to be true for the
5PdCZ, which strongly absorb in the visible wavelength range from 400 to 800 nm. The
significant shift of the absorption edge of pure CeZrO4 to longer wavelength values indicates
the incorporation of a high amount of Pd** ions in the fluorite type crystal lattice of the support.
However, derived from the broad absorption band observed for SPdCZ centered at around 450
nm, the presence of small PdO clusters cannot be excluded. For SPACZ-800C, a small but
distinct absorption band appeared around 500 nm, which was attributed to bulk PdO
nanoparticles [163]. The presence of this phase was previously also confirmed by XRD.
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Figure 2.22: UV-Vis spectra of Pd-doped ceria-zirconia samples.

3.4 Hydrogen-Temperature Programmed Reduction (Hz2-TPR)

Temperature-programmed reduction (TPR) has been widely used for studying the
reduction/oxygen-storage properties of CeOz-based mixed oxides. In addition, TPR is a
valuable technique that can provide more insight into the interactions between the doped or
impregnated transition metal and the support. Since doping Ceo.5Zro502 with a small transition
metal ion induces strain and creates defects in the support’s lattice, the oxygen mobility in the
support is expected to increase, and this can significantly contribute to the catalytic redox
properties of the solid solution system. Finally, it has been shown that solid solution systems
with high homogeneity display a favorable reduction behavior and increased OSC [164].

The H>-TPR profiles of the xCuCZ, xFeCZ, xCoCZ, xCrCZ and xNiCZ samples were measured
and compared to the reduction profile of pure CeZrO4. Since Zr*' is a non-reducible cation, the
small reduction peak at 565 °C observed for pure CeZrO4 can only arise from the reduction of
surface Ce*" to Ce** [165,166]. The reduction of bulk Ce** is expected to occur at temperatures
higher than the measured temperature range.
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Figure 2.23: H>-TPR profiles of ceria-zirconia and Cu-doped ceria-zirconia samples.

The reduction profiles of the Cu-doped samples are shown in Figure 2.23. The two peaks
observed between 150 and 350 °C correspond to the reduction of two different Cu species in
the solid solution system. The first peak may be attributed to the reduction of highly dispersed
Cu?" and Cu" ions strongly interacting with the reducible support. This follows from the work
of Zhang et al. who showed that copper species with a smaller particle size interacted more
strongly with CeOz, leading to a higher reducibility due to the promoting effect of the reducible
support [167]. Consequently, reduction peaks at slightly higher temperatures should correspond
to copper species with a larger particle size, as they interact less strongly with CeO; and
resemble more bulk CuO that is reduced at much higher temperatures. Indeed, several research
groups attributed the second peak to the reduction of large copper oxide nanoparticles or
clusters, which is in agreement with their observation of a secondary CuO phase in the XRD
patterns [167,168]. In our case, however, no segregated bulk CuO phase was observed from
XRD, and therefore the second reduction peak might be attributed to the reduction of finely
dispersed copper oxide clusters, which escaped XRD detection and which were tentatively
explained with UV-Vis spectroscopy to be present on the surface of the catalyst.

It might be the case, however, that the finely dispersed copper oxide clusters are reduced
simultaneously with the Cu?" and Cu" ions in close contact with the support. The second
reduction peak can then alternatively be explained by the reduction of Cu** and Cu" ions which
are located more deeply in the solid solution system. If this would be the case, then the
absorption band observed in the UV-Vis spectra at high wavelengths might indeed be coming
from the absorption of light by Cu?" ions with an octahedral coordination inside the fluorite
lattice of the support. This reasoning is further confirmed by previous work of Luo et al., who
found that after acid treating their catalyst the first reduction peak disappeared, while the second
peak could still be observed [169]. It was reasoned that the Cu?" inside the solid solution could
survive the acid treatment, while the finely dispersed copper oxide species on the surface could
be easily removed. In addition, an associated decrease in catalytic activity was observed for the
acid treated samples. This result further suggests that highly dispersed copper oxide species on
the surface represent the active phase in these systems for CO oxidation.
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The above reasoning is further supported by the intensity ratios of the two reduction peaks.
Derived from the low intensity of the first reduction peak and the higher intensity of the second
reduction peak, it appears that for a low Cu content most of the Cu mainly exists as Cu?’ inside
the bulk of the support. When the Cu content is increased, however, the intensity of the first
reduction peak also increases, meaning that more finely dispersed Cu species are then present
on the surface of the support, which was previously also shown by XPS.

When the Cu dopant concentration was increased from 2.77 mol% to 5.55 mol%, a notable shift
of the reduction peaks to lower temperatures was observed. A similar observation was also
reported in other studies on copper doped CeO>-based mixed oxides [168,170,171]. This
observation can be explained by the induced lattice strain and the creation of more defects in
the fluorite lattice for a higher dopant concentration, leading to an enhanced oxygen mobility
in the support. In addition, the formation of elongated metal-oxygen bonds upon the doping
also provides more labile oxygen species, thereby allowing the reduction of the support to occur
at much lower temperatures along with the reduction of Cu** and Cu" ions. The simultaneous
reduction of the support and the Cu ions is confirmed by the H»/Cu ratios, which are
summarized in Table 2.5. In a TPR experiment for bulk CuO, this ratio would be equal to 1.
However, as we observed H»/Cu ratios being larger than the stoichiometric value of 1, part of
the support must also be reduced at the same time due to a synergistic effect taking place
between the transition metal and CeO: [168].

Table 2.5: H> consumption values and H»/Cu ratios for the Cu-doped ceria-zirconia samples.

Sample H: consumption (mmol g!) H2/Cu ratio
CeZrO4 0.92 /
2CuCZ 0.95 4.97
5CuCZ 1.12 2.90
11CuCZ 1.27 1.60

The fact that the H2/Cu ratios decrease when the Cu content increases indicates that the
interaction between CeO; and Cu becomes less effective. Zhu et al. found Hz/Cu ratios smaller
than 1 for CeO> doped with 20 and 30 mol% Cu, and they concluded that large CuO crystallites
were most likely formed that might hinder the reduction of the support’s surface [168]. The
H»/Cu ratio for 11CuCZ was still larger than 1 in our case, suggesting that no bulk CuO phase
was formed and that Cu is still strongly interacting with the support. However, no shift of the
reduction peaks to lower temperatures was observed for 11CuCZ. This might indicate that
maximum oxygen mobility in the support was reached for a Cu dopant concentration of 5.55
mol%. Furthermore, the shift of the reduction peaks to slightly higher temperatures when the
Cu content is increased from 5.55 mol% to 11.11 mol% also indicates that the Cu is now less
strongly interacting with the support. This result is consistent with the previous XPS data, which
showed that more Cu ions segregated to the surface for 11CuCZ than for 2CuCZ and 5CuCZ.

Compared to other studies, the Cu reduction peaks in our case seem to be substantially more
separated from each other. This could be another indication that strongly stabilized metal ions
can be obtained with the sol-gel method used in this study. Finally, it was reasoned that the
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reduction now occurring over a higher temperature range could be a beneficial feature of these
systems for certain catalytic applications.
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Figure 2.23: H>-TPR profiles of ceria-zirconia and Fe-doped ceria-zirconia samples.

In contrast to the Cu-doped samples, only a small shift of the reduction peak of pure CeZrO4
(565 °C) to a lower temperature (~ 500°C) was observed for the Fe-doped samples in Figure
2.23. Furthermore, increasing the Fe content did not promoted the reducibility of the catalyst.
In general, a stepwise reduction profile is observed for pure Fe.O3, with a first reduction peak
at lower temperatures ascribed to the reduction of Fe;Os to Fe3O4, and a second reduction peak
at higher temperatures typically assigned to the reduction of FesO4 to Fe [172]. However, since
no free FeOx species are present in 2FeCZ, 5FeCZ and 11FeCZ, as evidenced by XRD and UV-
Vis spectroscopy, the reduction peaks observed at around 500 °C most likely correspond to the
reduction of surface Ce*" to Ce®". Indeed, it was previously reported that Fe** incorporated in
the CeO- lattice activates the surface oxygens and leads to a much easier reduction of the
support’s surface [173]. Some reduction of highly dispersed Fe** surface species to Fe?* species
might also occur simultaneously with the reduction of the surface oxygen species of the support,
which was also proposed in a previous study by Nedyalkova et al. [174]. No clear conclusions
could be drawn from the calculated H»/Fe ratios, shown in Table 2.6.

Table 2.6: H> consumption values and H»/Fe ratios for the Fe-doped ceria-zirconia samples.

H2/Fe ratio for

Sample H: consumption (mmol g) Fe in +3 state
CeZrOg4 0.92 /
2FeCZ 0.94 4.92
S5FeCZ 0.93 2.40
11FeCZ 1.12 1.42

No satisfying explanation could be found for this poor reduction behavior of the xFeCZ
samples, but it could be that doping of the ceria-zirconia support with Fe leads to a highly stable

45



solid solution system for which the lattice is not saturated yet for the dopant concentrations used
in this study. In line with this, the absence of a second reduction peak indicates that no
segregated Fe oxide phase is formed when the Fe dopant concentration is increased. Moreover,
it could be that Fe is trapped too deeply in the bulk of the support. This assumption could
explain why the xFeCZ samples exhibit excellent thermal stability as derived from the XRD
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Figure 2.24: H>-TPR profiles of ceria-zirconia and Co-doped ceria-zirconia samples.

For the Co-doped samples, the reduction peaks at 477 °C, 427 °C and 446 °C for 2CoCZ,
5CoCZ and 11CoCZ, respectively, were attributed to the reduction of Co*" ions and surface
oxygen species of the support. The fact that not only Co?" is reduced can be derived from the
high H»/Co ratios in Table 2.7. No shift of the reduction peaks to lower temperatures was
observed when the Co content was increased from 5.55 to 11.11 mol%, suggesting that
maximum oxygen mobility was reached for SCoCZ. Consequently, doping the support with
additional Co** ions now no longer promotes the reduction of the catalyst, but it can only further
increase the H> consumption due to the reduction of more CoO species. This is also confirmed
by the H> consumption values shown in Table 2.7. The decrease in the H»/Co ratio might
indicate that less of the support is reduced for a higher Co dopant concentration.

Table 2.7: H> consumption values and H/Co ratios for the Co-doped ceria-zirconia samples.

Sample H: consumption (mmol g) H2/Co ratio
CeZrO4 0.92 /
2CoCZ 1.45 7.59
5CoCZ 1.71 3.56
11CoCZ 1.90 1.86

In Figure 2.24, a second reduction peak of low intensity was also observed at slightly higher
temperatures than the first reduction peak. Based on the high H, consumption values associated
with these peaks, this reduction step cannot be solely related to the reduction of CoOx species,
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but most likely also to a partial reduction of the support. A similar reduction profile was also
reported by Wang et al. for Co doped ceria-zirconia, and they also explained the low intensity
peak by the reduction of the CZ support [175].

In contrast to our results, other studies have shown the presence of two sharp reduction peaks
for similar Co-based systems [127,176]. They ascribed the first peak to the reduction of Co**
to Co?", as there was clear evidence of Co3;O4 nanoparticles and clusters being present on the
support’s surface. Since these species are clearly absent in our case, it can be concluded that a
two-step reduction of Co304 to Co’, involving CoO as an intermediate, does not apply here for
the xCoCZ samples. Furthermore, the satellite feature in the XPS Co2p spectra indicated that
Co is mainly present in the Co?* chemical state. Furthermore, no segregated CosO4 phases were
detected by XRD and TEM analysis, confirming that the first reduction peak most likely
corresponds to reduction of Co?", and not Co*".
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Figure 2.25: H>-TPR profiles of ceria-zirconia and Cr-doped ceria-zirconia samples.

Just as in the case of the xCuCZ and xCoCZ samples, two reductions peaks could be observed
for the xCrCZ samples, as shown in Figure 2.25 These peaks are also located at much lower
temperatures compared to the single reduction peak of CeZrO4. The decrease in the reduction
onset indicates the formation of defects and more labile oxygen ions after doping of the ceria-
zirconia support with Cr. Furthermore, a synergistic interaction between the dopant and the
reducible support may promote the reduction of the homogeneously distributed dopant species
at much lower temperatures compared to the reduction of the parent oxide.
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Table 2.8: H> consumption values and H»/Cr ratios for the Cr-doped ceria-zirconia samples.

H2/Cr ratio for

Sample H: consumption (mmol g) Crin +3 state
CeZrOq4 0.92 /
2CrCZ 0.98 5.21
5CrCZ 1.26 3.35
11CrCZ 1.56 2.08

For higher Cr dopant concentrations, the intensity of the first reduction peak increases and the
peak shifts to lower temperatures (from 430 °C for 2CrCZ to 366 °C for 11CrCZ). This peak
may be attributed to the reduction of Cr®" species to Cr’* species along with the reduction of
surface oxygen species of the support, as can also be derived from the H»/Cr ratios shown in
Table 2.8 [177-179]. The presence of Cr®" species was previously demonstrated by XPS. The
broad peak at a slightly higher temperature correspond to the reduction of highly dispersed Cr**
species and surface oxygen species of the reducible support [177,179].
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Figure 2.26: H>-TPR profiles of ceria-zirconia and Ni-doped ceria-zirconia samples.

The reduction profiles of the Ni-doped samples are shown in Figure 2.26. A similar change in
the reduction behavior as for the Cu- and Co-doped samples was observed when CeZrO4 was
doped with a higher Ni** concentration. In particular, increasing the dopant concentration from
2.77 mol% to 5.55 mol% caused a significant shift of the reduction peak to lower temperatures,
but no such shift was observed when the dopant concentration was further increased to 11.11
mol%. This observation indicates that maximum oxygen mobility in the solid solution system
was reached for SNiCZ. Furthermore, the TPR-profiles of 2NiCZ and 5NiCZ rule out that a
segregated NiO phase has been formed because of the presence of a single reduction peak in
the profiles. Usually, at least two reduction peaks are observed for CeO:-based oxides
impregnated with Ni due to the formation of a bulk NiO phase at higher Ni loadings [162]. The
single reduction peak observed in this study indicates that a strong metal-support interaction
might be present between Ni and ceria-zirconia. The formation of a nearly perfect homogeneous
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solid solution, as evidenced by XPS analysis, further confirms this assumption. This is also in
line with XRD and UV-Vis measurements, which also excluded the formation of a free NiO
phase for the Ni-doped samples calcined at 500 °C.

Table 2.9: H> consumption values and H»/Ni ratios for the Ni-doped ceria-zirconia samples.

Sample H: consumption (mmol g') H2/Ni ratio
CeZrO4 0.92 /
2NiCZ 1.07 5.64
SNiCZ 0.90 2.37
11NiCZ 1.53 1.93

It should be noted, however, that a shoulder is visible for the reduction peak of 11NiCZ,
pointing to the reduction of Ni*" species that are interacting less strongly with the reducible
support. The single peak in the TPR-profiles of 2NiCZ and 5NiCZ can be assigned to the
simultaneous reduction of the support’s surface and Ni** ions to metallic Ni’. This can be
derived from H>/Ni ratios which were found to be larger than the stoichiometric value of 1, as
shown in Table 2.9. No explanation could be found for the lower H> consumption value
recorded for SNiCZ compared to 2NiCZ.

1PdCZ-900C (x10)

TCD signal (a.u.)
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Figure 2.27: H>-TPR profiles of Pd-based ceria-zirconia samples.

Figure 2.27 shows the H>-TPR profiles of one-step synthesized 1PdCZ and impregnated
1Pd/CZ catalysts up to 600 °C. It has been reported in literature that the low-temperature
reducibility can be significantly enhanced when noble metals such as Pt, Rh or Pd are added to
the catalyst formulation [49,165,180]. As shown in Figure 2.27, the shift of the reduction peak
of pure CeZrO4 from 565 °C to temperatures as low as 100 °C after doping or impregnating the
support with Pd is in line with these studies. The lattice distortion and the formation of oxide
defects induced after doping with Pd enhances the migration of oxide ions through the lattice,
therefore facilitating the reduction of Ce*". Furthermore, the reduction of the support could also
be facilitated in the presence of a noble metal due to the induced hydrogen spillover effect. This
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effect involves the activation of hydrogen by the noble metal and the consequent migration to
the support, leading to more facile reduction of the support at lower temperatures.

Table 2.10: H> consumption values and Ho/Pd ratios for the Pd-based ceria-zirconia samples.

Sample H: consumption (mmol g) H2/Pd ratio
CeZrO4 0.92 /
1PdCZ 0.67 7.11
1PdCZ-800C 0.38 4.01
1Pd/CZ 0.14 1.52

Table 2.10 shows that a significantly higher H»/Pd ratio was found for 1PdCZ (7.11) than for
1Pd/CZ (1.52). This result indicates the enhanced reduction properties of Pd-doped samples
compared to Pd-impregnated samples. In 2009, Baidya et al. also reported an exceptionally high
H»/Pd ratio for Pd-doped Cei1xTixO> (7.5) [181]. This result is not only related to the creation
of more defects and labile oxygen ions when Pd is incorporated in the CeO lattice, but also due
to the more intimate Pd-Ce contact that can be achieved after doping the support. In
combination with the well-known hydrogen spillover effect that is typically observed for noble
metals, this could lead to a more efficient reduction of the support material at low temperatures.
The less efficient reduction of the support for Pd-impregnated samples is also clear from the
broad reduction peak centered at 400 °C, which indicates that the surface of the support could
not be fully reduced at temperatures below 100 °C. The observation of two reduction peaks for
1Pd/CZ below 100 °C could also suggest that more than one type of surface Pd species are
present, which is typically the case for Pd-impregnated samples.

Calcination of 1PdCZ at 800 °C shifted the low-temperature reduction peak to a slightly higher
temperature (107 °C) and lowered the amount of H> consumed, which could be attributed to the
sintering of the support and less homogeneously distributed Pd*" in the fluorite lattice and on
the surface of ceria-zirconia. The lower specific surface area measured for 1PdCZ-800C (12
m?/g) compared to that of IPACZ (71 m?/g) confirms that sintering of the support has occurred.
Nevertheless, the Hz/Pd ratio for IPdCZ-800C was still found to be higher than for 1Pd/CZ.
This is consistent with the high binding energy of Pd in 1PdCZ-800C measured by XPS,
indicating that Pd is still strongly associated with the support after the calcination at elevated
temperatures.

The negative reduction peak observed for 1PdCZ-900C indicates that Pd metal is formed after
calcination at 900 °C, which is in agreement with the observation of the (111) reflection of Pd
metal in the XRD pattern of this catalyst. More specifically, the negative reduction peak means
that hydrogen is released rather than consumed, which is only possible due to the presence of
Pd metal that is able to absorb and store hydrogen in its lattice, forming palladium hydride
(PdHx), before decomposing and releasing hydrogen back into the atmosphere at higher
temperatures [182]. Furthermore, the shift of the positive reduction peak to an even higher
temperature (167 °C) compared to 1PdCZ and 1PdCZ-800C suggests severe sintering of the
support and the noble metal phase, hence further deteriorating the reduction properties of the
catalyst.
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3.5 Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy

EXAFS studies were performed to reveal the local structure around the transition metal ions in
some of the Fe-, Cu-, Co- and Pd-based ceria-zirconia samples. The results of these
measurements are shown in Figure 2.28.
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Figure 2.28: EXAFS spectra of Fe-, Cu-, Co- and Pd-doped ceria-zirconia samples
prepared by the sol-gel method. The EXAFS spectrum of Pd-impregnated ceria-zirconia
(1Pd/CZ) was also measured for comparison with one-step synthesized 1PdCZ.

The EXAFS spectra of the sol-gel synthesized samples showed only one significant peak
around 1.5 A, corresponding to the M-O (M = transition metal) interatomic distance. The peaks
visible in the reference samples at larger bond distances were largely absent in the transition
metal-doped ceria-zirconia samples. The absence of these higher coordination shells indicates
that isolated species were obtained for the sol-gel prepared ceria-zirconia samples. Since the
EXAFS data represents only the average structure around the absorbing ions, it is not clear
whether single-atomic species are also present on the surface of the ceria-zirconia supports.
Nevertheless, these data strongly suggest that solid solution type systems can be obtained via
the polymer-assisted sol-gel method used in this study. This is also confirmed by the absence

51



of a higher coordination shell for 1PdCZ-800C, while typically Pd metal or bulk Pd oxide is
formed at such high calcination temperatures [78,79].

The results shown in Figure 2.28 were found to be consistent with the previous XRD, UV-Vis
and TEM analyses, where it was shown that segregated bulk transition metal oxide phases are
absent in our samples. Hence, it can be concluded that the transition metal ions in the substituted
Ce*" sites are effectively stabilized by the support due to the formation of strong covalent M-O
bonds after the doping of the ceria-zirconia oxide. The extent of the metal-support interaction
largely depends on the support material that was selected and the synthesis method applied. For
example, the EXAFS spectra reported by Priolkar et al. clearly show more pronounced Pd metal
and Pd bulk oxide peaks for Pd-doped ceria prepared via a combustion technique [183].
Furthermore, the formation of such undesirable species is also more favored for transition
metal-impregnated ceria-based supports. The EXAFS spectrum of 1Pd/CZ in our case,
however, only shows relatively low-intensity peaks at the higher interatomic distances,
indicating that the sol-gel synthesized ceria-zirconia support is also efficient in dispersing the
Pd on its surface and forming a strong metal-support interaction.

4. Conclusions

A series of nanostructured ceria-zirconia solid solutions with multiple transition metal dopants
(Fe, Cu, Co, N1, Cr and Pd) were synthesized using a one-step polymer-assisted sol-gel method.
XRD analysis showed that the solid solutions exhibited remarkably high thermal stability (at
least 800 °C). In particular, Cr-doped ceria-zirconia displayed the highest thermal stability, as
no segregated bulk Cr oxide phases could be detected by XRD for a dopant concentration of
11.11 mol% and a calcination temperature as high as 800 °C. UV-Vis measurements indicated
the presence of a segregated Cr.Os3 phase, which most likely exists in the form of small clusters
finely dispersed on the surface of the support. This was in line with XPS measurements, which
showed that the transition metal dopants can easily segregate to the surface of the support.

XRD, UV-Vis and XPS measurements further showed that no segregated bulk PdO or Pd° was
present in 1PdCZ, while previous studies have demonstrated that PdO in ceria-based materials
decomposes at this temperature into reduced Pd, which negatively affects the catalytic activity.
This result further proves that exceptionally stable ceria-zirconia solid solution systems can be
synthesized with the sol-gel method used in this study. Furthermore, the dopants were found to
be in the form of isolated species, as evidenced by EXAFS. The presence of only the first Pd-
O shell in the r-space EXAFS spectrum of 1PdCZ-800C rules out the presence of bulk PdO or
Pd° phases. This in turn suggests that Pd is highly dispersed and has an isolated nature, which
exhibits a remarkable stability of the active phase even after harsh 800 °C calcination relevant
for automotive gas exhaust clean-up conditions.

Finally, the reducibility of the solid solutions was investigated by H>-TPR analysis. It was found
that using a dopant concentration of more than 5.55 mol% often did not result in an improved
intrinsic reducibility of the support. Taking into account that CeO; was already doped with a
high amount of Zr*' ions, it is plausible that maximum oxygen mobility in the crystal lattice
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can be reached for a dopant concentration around 5.55 mol%. The Pd-based samples displayed
the lowest reduction onset temperature (below 100 °C), while Pd-doped ceria-zirconia showed
enhanced reduction properties compared to Pd-impregnated ceria-zirconia. This was explained
by the presence of more defects in the crystal lattice of the doped sample that could increase
the oxygen mobility significantly. It is assumed that a more intimate contact between Pd and
the support for 1PACZ could also play a role in the abovementioned redox properties. In
combination with the hydrogen spillover effect that is typically observed for noble metal-based
catalysts, the intimate Pd-Ce contact could then lead to a much more efficient reduction of the
support at low temperatures. This is of a great importance not only for the automotive exhaust
catalysis, but also for the wide range of chemical processes catalyzed by the reducible oxides
supported systems.
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Chapter 3

Catalytic performance of sol-gel prepared ceria-
zirconia mixed oxides for the CO + NO and CO + O2
reactions

1. Introduction

Nitrogen oxides (NOx) and carbon monoxide (CO) are two main pollutants emitted from
gasoline-fueled vehicles, and their emission into the atmosphere may cause significant adverse
effects on human health and the environment. According to the World Health Organization,
NOx air pollution has contributed to the premature death of around 2.6 million people in 2012
[184]. Furthermore, studies have shown that nitric oxide (NO) and nitrogen dioxide (NOz) pose
a significant threat to the environment, as they are both major sources of acid rain [185]. Since
around 40% of the total NOx emissions originates from road transport according to the European
Environment Agency, new three-way catalytic converters (TWCs) that are highly active for the
reduction of NOx need to be developed [186]. The need for improved catalytic converters is
also clear from the fact that the NOx emission from vehicles is at least six times higher than the
actual emission limit for these toxic compounds [187]. Consequently, the European
Commission decided to introduce a real driving emission (RDE) test which is more stringent
than the traditional laboratory test, starting from September 2017 [188]. The new RDE test
allows NOx emission amounts that are 2.1 times higher than the current Euro 6 NOx emission
standard (0.08 g/km) [188]. In order to meet this standard, control of the CO + NO reaction is
crucial, since both toxic NO and CO can be removed simultaneously from the exhaust gas after
the reduction of NO by CO (or the oxidation of CO by NO):

CO+NO > CO2+ %N

Since a considerable portion of the total NOx amount is emitted during the cold-start of the
engine, the catalytic converter should not only show high activity, but also high selectivity to
harmless N». In particular, the high selectivity is needed in order to prevent the emission of
N>0O, which is prevalently formed at low temperatures during the cold-start conditions [24,189]:

CO+2NO = CO2+ N0

Due to the fact that N2O has a global warming potential of approximately 310 times higher than
CO: , and as studies have shown that it is partly responsible for stratospheric ozone layer
depletion, its emission into the atmosphere should be limited to the extent possible [25,26].

In 2001, Granger et al. showed that the activity for the CO + NO reaction could be significantly
increased when promoting the CeO2 support with ZrO; due to the enhanced OSC or redox
properties obtained after forming a solid solution [190]. The oxygen vacancies in the support
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were assumed to play an important role in the dissociation of NO and N>O to N». Furthermore,
other studies have demonstrated the importance of noble metals for the CO + NO reaction, as
it was shown that N> is preferentially formed on noble metal active sites [191-193]. The
structure sensitivity of the CO + NO reaction has been shown multiple times in literature, and
therefore a significant effect of the particle size of the support and Pd on the catalytic activity
can be expected [194]. However, some contradictory results on this effect have been reported
by several research groups. For example, Pisanu et al. observed an increased catalytic activity
for the NO dissociation reaction on small Pd particles supported on Al,O3 [195], while Rainer
et al. demonstrated that NO dissociation was favored on Pd/Al,O3 with large Pd particles [196].
Furthermore, contradictory results also exist for the effect of the oxidation state of the noble
metal on the activity. In 2005, Granger et al. showed that reduced noble metal sites are
responsible for the N> formation [192]. In line with this, other studies found that undesired N>O
formation mainly involves oxidized noble metal sites [197,198]. Conversely, it was also shown
in the literature that the reaction rate of the CO + NO reaction increased for catalysts that were
pretreated in an oxidizing environment, while the reaction rate was significantly lower for the
same catalysts pretreated in a reducing environment [199].

In recent years, single Pd-based catalysts have attracted much attention due to the lower cost
and higher availability of Pd compared to Pt and Rh [200]. The combination of Pd with a CeO»-
based oxide was found to be highly active for the oxidation of CO and HCs [20,201]. The Pd-
Ce interface also seems to be a key requisite for the facilitated N-O bond dissociation in these
systems. Rao et al. explained this observation by the formation of an oxygen vacancy at the Pd-
Ce contact that can assist in the decomposition of N>O to N [202]. The presence of an oxygen
vacancy in close proximity to Pd was also further confirmed by EXAFS studies [183]. Although
an intimate Pd-Ce contact seems to favor the reduction of NOx species in these systems, the
overall NOx conversion is still lower compared to Rh-based systems [203]. Consequently,
transitions metals are often introduced in the TWC formulation to promote specific reactions
occurring over the catalytic converter. However, despite many attempts to replace Pd, Pt and
Rh by a cheaper transition metal, the noble metal remains an essential component in the TWC
formulation to obtain high conversion efficiencies for all the main pollutants (CO, NO and HC)
emitted by gasoline vehicles. Therefore, many research groups have been combining Pd with
various transition metals and with different loadings to optimize the conversion efficiencies for
CO, NO and HCs. The result is often the formation of an alloy between Pd and the transition
metal which shows an improved catalytic activity compared to Pd-only catalysts. In literature,
alloy formation of Pd with Cr [204,205], Cu [206-208], Mo [209] and Mn [210] has been
observed. In the case of Cu, EXAFS studies have shown that a Pd-Cu alloy was indeed formed
in bimetallic catalysts [211,212]. Theoretical studies have been trying to explain the promoted
CO activation and NO dissociation after alloying, and this was attributed to a perturbation in
the valence electron density of Pd that is produced by a charge injection from the transition
metal into one of the Pd sub-bands [213]. A more recent theoretical study also concluded that
the reaction barrier for NO dissociation can be substantially lowered after alloying Pd with a
transition metal [214].

In this chapter, the NO reduction and CO oxidation activity of various sol-gel synthesized ceria-
zirconia based catalysts was examined. Non-noble metal and Pd-based catalysts were
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synthesized using different transition metal dopants, and the loadings were optimized in order
to achieve high NO and CO conversion efficiencies. Further, the influence of the Pd chemical
state on the reduction of NO and oxidation of CO was investigated by either doping or
impregnating the ceria-zirconia supports with the noble metal. Finally, multiple
characterization techniques (XPS, H>-TPR and DRIFTS) were employed to identify the active
phases in the CO + NO and CO + O catalytic reactions. These results are analyzed first,
followed by a detailed discussion of the observed catalytic activity trends. XRD and TEM
analysis of some of the Pd-based catalyst are included in the Supporting Information.

2. Experimental

2.1 Materials and synthesis

Ceria-zirconia support catalysts (Ceo.sZros02 or CeZrOs) were synthesized via a polymer-
assisted sol-gel method. Ce(NO3)3.6H20 (Alfa Aesar, 99.99%) and ZrOCL.8H>O (Alfa Aesar,
99.9% and Sigma Aldrich, 98%) were used as starting materials, while absolute ethanol
(Biosolve, Extra dry, min. 99.9%) was used as the solvent. Poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) with an average molecular weight of ~5800
(PEG-PPG-PEG 5800, Sigma-Aldrich) was used as a chelating agent. Ethanol solution (15 ml)
of Ce(NO3)3.6H0 (1.736 g), ZrOCl>.8H>O (1.288 g) and PEG-PPG-PEG 4400 (0.8 g) was
prepared and stirred for approximately 2 h at room temperature until a transparent precursor sol
was obtained. Next, the sol was aged at 40 °C for approximately 3 days in an oven with a beaker
of water placed inside in order to keep sufficient partial pressure of water vapors. Once the
rubber-like texture of gel has been employed, subsequent drying overnight at 110 °C in air was
performed. After drying, the precipitate was crushed into a fine powder and calcined in air at
500 °C with a heating rate of 1 °C/min and a dwelling time of 4 hours. A schematic overview
of the synthesis procedure is shown in Figure 3.1.

Ce(NO3)3.6H20 Drying
Stirri . Agi : 110°C, ~12h
ZrOCl2.8H20 irring »| Formation of ‘sol’ ging I L ation of “gel [ cezron
PEG-PPG-PEG —
Absolute ethanol Troom, 2h 40°C,~72h Calcination
o e 500 °C; 1 °C/min, 4 h dwelling

Figure 3.1: Flowchart for the preparation of CeZrOj4 via a polymer-assisted sol-gel
method.

Doped ceria-zirconia catalysts were also prepared using different transition metals with various
metal loadings. The same synthesis procedure as for the bare Ceo.5Zro.s02 was adopted, simply
adding transition metal precursors in the first step of the synthesis procedure. The aging time
varied from 3 to 5 days, depending on the dopant and the loading chosen. All of the samples
were calcined at 500 and 800 °C to investigate their thermal stability, while a temperature of
900 °C was also once used. Transition metals such as Cu, Fe, Co, Cr, Ni and Pd were chosen
as dopants. Following precursors of abovementioned metals were used: Cu(NO3)2.3H20
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(Sigma Aldrich, 99-104%), Fe(NO3)3.9H20 (Sigma Aldrich, > 98%), Co(NO3)..6H20 (Emsure,
> 99%), Cr(NO3)3.9H20 (Alfa Aesar, 98.5%), Ni(NO3)2.6H20 (Sigma Aldrich, > 97%) and
Pd(acac). (acac = acetylacetonate, Sigma Aldrich, 99%). The metal loadings were kept as 2.77,
5.55 and 11.11 mol%, while for palladium 1 and 5 wt.% were used. The obtained catalysts were
labeled as xMCZ, with x taking values of 1, 2, 5 and 11, standing for metal loadings of
respectively 1 wt.%, 2.77 mol%, 5.55 mol% or 5 wt.% (in case of Pd) and 11.11 mol%., M
reflecting the dopant used, and CZ referring to ceria-zirconia. For example, a sample doped
with 2.77 mol% Cr and 1 wt.% Pd is denoted as 1Pd2CrCZ.

Palladium (1 wt%) was deposited on both bare and doped ceria-zirconia supports via a
conventional wet impregnation method. Pd(NO3)2.2H>0 (Sigma Aldrich, 40% Pd basis) was
dissolved with demineralized water in a small snap cap vial and the solution was subsequently
poured onto the support. After vigorously stirring the dispersion for approximately 30 min, the
mixture was heated to 80 °C to slowly evaporate the water while stirring. The resulting solid
was dried at 110 °C and crushed to a fine powder, which was finally calcined in air at 300 °C
with a heating rate of 5 °C/min and a dwelling time of 3 h. The same procedure was used for
depositing chromium (2.77 mol% and 5.55 mol%) on the support. The ceria-zirconia supports
impregnated with Pd were denoted as 1Pd/xMCZ (M = transition metal dopant, x = mol% used
for doping), while 1PdCZ supports impregnated with Cr were denoted as 2Cr/1PdCZ and
5Cr/1PdCZ.

2.2 Catalyst characterization

X-ray diffraction (XRD)

In this work, X-ray diffraction (XRD) was used to analyze the crystal structure and thermal
stability of the ceria-zirconia mixed oxides. A Bruker D2 Phaser powder diffraction system
equipped with a copper anode and a thin nickel foil filter was used. The latter removes the K3
radiation of the copper X-ray source, allowing the Cu Ka radiation (A = 1.5406 A) to pass. The
XRD patterns were recorded in a 20 range of 20° to 80° with a step size of 0.02° and a time per
step of 0.5s. Samples calcined at 800 °C and 900 °C were recorded with 1s per step. A 0.6 mm
divergence slit was used to limit the beam divergence of the source, while an anti-scatter screen
with a sample-screen distance of 0.5 mm was used to block scattered radiation at low angles.
The samples were rotated with a constant speed of 30 rot/min during the XRD measurements.

Transmission electron microscopy (TEM)

TEM measurements were performed on a FEI Tecnai 20 transmission electron microscope with
an electron acceleration voltage of 200 kV and a LaBs filament. A few milligrams of each
sample were sonicated in pure ethanol (Biosolve, Extra dry, 99.9%), and a few drops of the
resulting dispersion were dripped over a 200 mesh Cu TEM grid with a holey carbon support
film. Prior to imaging, the supported samples were left in an oven at 40 °C overnight to remove
residual ethanol.
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X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical analyzer
with a 128-channel detector. Spectra were obtained using an aluminium anode (Al Ko = 1486.6
eV) operating at 72W and a spot size of 400 m. Survey scans were measured at a constant pass
energy of 200 eV and region scans at 50 eV. The background pressure was 2 x 10" mbar and
during measurement 4 x 10”7 mbar Argon because of charge compensation by the dual-beam
low energy electron / Arion source. Data analysis was performed using CasaXPS software. The
binding energy was corrected for surface charging by taking the Ce3ds. peak as a reference at
916.7 eV.

Hydrogen-Temperature Programmed Reduction (Hz2-TPR)

The reducibility of the catalysts was determined by hydrogen-temperature programmed
reduction (H2-TPR) using a Micromeritics AutoChem II 2920 equipped with a computer-
controlled oven and a thermal conductivity detector (TCD). Approximately 100 mg of each
sample were transferred into a U-shaped quartz reactor tube and fixed between two quartz wool
plugs. Before the H>-TPR experiment was carried out, the samples were first pretreated in situ
to remove moisture and impurities. The pretreatment involved calcining the samples in a 50
ml/min 5% O2/He flow at 300 °C using a heating rate of 10 °C/min, after which they were
subsequently cooled to room temperature at a cooling rate of 35 °C/min.

The H>-TPR experiment is carried out by using a H> flow, and the reduction process of the
oxidized species occurs under temperature programmed conditions by increasing the
temperature with a constant heating rate. For reduction of the samples, a 50 ml/min flow of 4%
H>/N> was used and the temperature was ramped to 600-800 °C at a rate of 10 °C/min. The
TCD signal was normalized by the weight of the sample.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

DRIFTS analysis was carried out using a home-built in-situ setup employing a Bruker Vertex
70v instrument with a MCT detector for the collection of the FTIR spectra. Approximately 20
mg of each sample were put as a powder in the Harrick-design DRIFTS in-situ cell. Next, the
samples were pretreated by calcining them in-situ at 300 °C in O2 (25 mbar), followed by
cooling down to room temperature (also in O2). Finally, CO + O, was flown with the rate of 2
ml/min (2 mbar overall pressure in the cell), and the series of spectra were recorded (100 scans
each). The last spectrum corresponds to the 8 minutes of CO + O> flow.

N2 physisorption

The surface area of the ceria-zirconia mixed oxides was determined via N2 physisorption
measurements at -196 °C on a Micromeritics Tristar II 3020 instrument. Approximately 150
mg of the sample was transferred in a glass sample tube, followed by pretreatment overnight at
150 °C under a continuous N2 flow to remove moisture and impurities. The Brunauer-Emmet-
Teller (BET) model was applied for determining the surface area from the adsorption isotherms
obtained by computer controlled gravimetric analysis.
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Inductive Coupled Plasma- Optical Emission Spectrometry (ICP-OES)

The Pd, Cr and Fe loading was determined using a Spectroblue, AMETEK Inc. ICP-OES
instrument. A solution of concentrated HoSO4 (95-98%, 30 ml) and (NH4)2SO4 (20 g) was
prepared for dissolving the ceria-zirconia-based samples. In particular, 5 ml of this solution was
used for dissolving 25 mg of each sample. The mixture was stirred and heated at 230 °C until
the sample was fully solubilized. The clear, yellow solution was then subsequently cooled down
and carefully diluted with demineralized water in a 50 ml volumetric flask. Next, 5 ml of this
solution was further diluted (10 times) for the analysis. Calibration solutions with the same
matrix as the diluted sample solutions were also prepared, and the ICP-OES analysis was
conducted in duplo to verify the reproducibility of the results. The wavelengths used for Pd
were 340.458, 324.270 and 229.651 nm. The wavelengths used for Cr were 267.716 and
205.618 nm, and for Fe these were 259.941 and 238.204 nm.

2.3 Catalytic activity measurements

The catalytic activity of the samples was measured for the CO + Oz and CO + NO reactions.
The measurements were performed in a high-throughput setup equipped with ten parallel flow
reactors. The samples were pressed, crushed and sieved to a fraction between 125 and 250 um.
50 mg of the sieved fractions were then mixed and diluted with 200 mg of inert SiC of the same
sieved fraction. Then the mixtures were subsequently placed between two quartz wool plugs
inside quartz tube reactors. A reactor containing 250 mg of the inert SiC was also prepared as
a reference. Before the reaction, the catalysts were first pretreated by calcining them in situ in
a 25/75 (v/v) O2/He flow, with a total flow of 50 ml/min STP (standard temperature and
pressure) for each reactor. After calcining the catalysts up to 300 °C with a heating rate of 10
°C/min and a dwelling time of 2 h, the reactors were cooled down to room temperature in the
same flow mixture. For the CO + O3 reaction the volumetric composition of the feed mixture
was 1% CO and 1% O balanced with He. For the CO + NO reaction the volumetric composition
of the feed mixture was 1% CO and 1% NO balanced with He. Typical temperature profiles of
the CO + Oz and CO + NO reaction are shown in Figure 3.2. At each temperature interval, the
reaction flow was allowed to stabilize for 10 min before starting the measurement. Each reactor
was then measured for 90 s, resulting in 15 minutes of measurement time for all ten reactors.
After the first cycle, a second cycle was run in which each reactor was measured once again,
leading to two data points for each reactor at every temperature step. The reaction effluents
were analyzed with an Interscience Compact gas chromatograph equipped with Plot and
Molsieve columns and TCD detectors.
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Figure 3.2: Temperature profiles of the CO + NO (left) and CO + O (right) reactions.

Furthermore, the stability of some of the key samples was investigated by probing their CO

oxidation and NO reduction activity for three consecutive catalytic activity tests. Before the

first and the third run, the samples were pretreated by calcining them in situ for 2h at 300 °C
in a 25/75 (v/v) O2/He flow. No pretreatment was used for the second run.

3. Results and discussions

3.1 X-ray Photoelectron Spectroscopy (XPS)

The chemical state of Pd and the composition of the outermost surface layers were investigated
by XPS. The XPS results for 1IPdCZ and 1Pd/CZ were previously discussed in Chapter 2, as
well as the XPS results for the Pd-free catalysts. The XPS results for the Pd-Cr based catalysts
are summarized in Table 3.1.

Table 3.1: XPS results for the different Pd-Cr based catalysts.

Sample Pd binding mol% Pd mol% Pd mol% Cr mol% Cr
energy (eV) (XPS) (theor.) (XPS) (theor.)
1Pd2CrCZ 337.8 2.09 1.44 5.21 2.77
1Pd5CrCZ 337.9 1.75 1.44 8.93 5.55
2Cr/1PdCZ 337.8 1.75 1.44 6.08 2.77
S5Cr/1PdCZ 337.6 3.06 1.44 9.97 5.55
1Pd/2CrCZ 337.7 3.12 1.44 3.75 2.77
1Pd/5CrCZ 336.7 11.04 1.44 8.25 5.55
1Pd/11CrCZ 337.2 7.59 1.44 14.13 11.11

Table 3.1 shows that doped Pd displays a higher binding energy than impregnated Pd. The high
binding energies (>337.8 eV) for Pd in 1Pd2CrCZ and 1Pd5CrCZ indicate that Pd is atomically
dispersed in the form of a highly ionic Pd**state strongly interacting with the support [147,215].
The molar percentages of Pd detected by XPS were found to be close to the theoretical
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concentrations, indicating that Pd is homogeneously distributed in the solid solution system.
The high amount of surface Pd detected for 5Cr/1PdCZ (3.06 mol%) could indicate that Cr
somehow is able to pull the Pd to the surface.

The higher binding energies recorded for Pd in 1Pd2CrCZ and 1Pd5CrCZ than for Pd in 1PdCZ
(337.8 eV) suggest that Cr might affect the Pd charge state through the electronic interaction
with Cr within the lattice of the support. This is consistent with the slightly lower binding
energies observed for the Pd in 2Ct/1PdCZ and 5Cr/1PdCZ, which are close to typical values
for Pd*" highly interacting with the undoped support. Thus, when Cr is deposited onto the
surface while part of the Pd is presumably located in the bulk of the support, the synergistic
interaction between Cr and Pd becomes less pronounced, leading to similar binding energies
for Pd as in 1PdCZ.

Higher Pd mole percentages according to XPS were found for the Pd-impregnated samples.
Since Pd resides mostly on the surface after impregnation of the support and due to the fact that
XPS is a surface sensitive technique, this appears to be logical. One would expect that for higher
Cr doping concentrations the migration of surface Pd to the bulk of the support might become
more limited, resulting in a higher amount of the noble metal on the surface of the support. In
agreement with our expectations, more surface Pd was found for 1Pd/11CrCZ than for
1Pd/2CrCZ. The binding energy of 337.7 eV indicates that Pd** is atomically dispersed in
1Pd/2CrCZ, thereby demonstrating the ability of ceria-zirconia to disperse noble metals on its
surface with high efficiency. This feature of ceria-zirconia becomes less pronounced when the
lattice becomes more distorted, i.e. for higher Cr dopant concentrations. Indeed, the binding
energy of 336.7 eV for Pd in 1Pd/5CrCZ suggests the presence of PdOx 2D clusters in close
contact with the CZ support, while the binding energy of 337.2 eV indicates that Pd is in the
form of bulk Pd oxide in 1Pd/11CrCZ [147,216]. The presence of sub-nm PdOx clusters on the
surface of 1Pd/5CrCZ might explain why a considerably higher amount of Pd was detected by
XPS for this sample compared to 1Pd/2CrCZ, where most of it is atomically dispersed on/in
the surface.

For all Pd-Cr based catalysts, higher Cr dopant concentrations compared to the loading were
measured by XPS. For the Pd-impregnated catalysts, these concentrations are in line with the
values found for the bare xCrCZ supports reported in the previous chapter. For the one-step
synthesized 1PdxCrCZ samples, however, the Cr concentrations were found to be slightly
higher than for the Pd-impregnated samples. This might be due to an easier segregation of the
Cr dopant ions to the surface when the support’s lattice is more distorted by the incorporation
of additional Pd*" ions. In other words, the presence of one dopant might limit the solubility of
another one in the fluorite type lattice of the support.

XPS measurements were also performed for some of the spent catalysts to determine if any
changes in the chemical state or surface composition occurred after the activity tests. These
results are summarized in Table 3.2.
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Table 3.2: XPS results for Pd-Cr based catalysts tested after the CO + O reaction (3x).

Pd binding mol% Pd mol% Pd  mol% Cr mol% Cr

Sample energy (eV) (XPS) (theor.) (XPS) (theor.)
1Pd/2CrCZ-AR 336.8 4.97 1.44 6.08 2.77
1Pd/5CrCZ-AR 336.7 8.09 1.44 9.97 5.55
2Cr/1PdCZ-AR 337.7 2.39 1.44 12.55 2.77
5Cr/1PdCZ-AR 337.4 2.07 1.44 21.27 5.55

After testing of 1Pd/2CrCZ three consecutive times for the CO + Oz reaction, it seems that the
Pd chemical state has changed from atomically dispersed Pd** to PdOx clusters. The chemical
state of Pd in 1Pd/5CrCZ remained the same, as the binding energy of 336.7 eV suggests that
Pd is still in the form of sub-nm clusters. For 5Cr/1PdCZ, the binding energy of Pd slightly
decreased from 337.6 eV to 337.4 eV after the reaction. The value 337.4 eV is slightly larger
than the typical value found for Pd in bulk PdO (337.2 eV), and it was speculated that it might
correspond to the interaction phase of a Pd-Cr mixed oxide that was formed in the reaction
process [205].

The high loading of Pd earlier detected by XPS for 1Pd/5CrCZ was explained due to the
presence of sub-nm PdOx clusters on the surface of the support. However, despite the fact that
these clusters now also seem to be present for 1Pd/2CrCZ-AR and 1Pd/5CrCZ-AR, the Pd
loadings were this time found to be notably smaller than the previously found value of 11.04
mol% for 1Pd/5CrCZ before the reaction. Intuitively it can be explained by a slight sintering of
PdOx clusters during the reaction. It should be noted that the results of XPS should be
interpreted with caution. Since the Zr3p core lines are strongly overlapping with the Pd3d core
lines, there might be some deviations in the outcomes of the calculations due to the complicated
line fitting and background subtraction. Therefore, looking at the general trends observed for
the different samples rather than to focus on the absolute values measured by XPS appears to
be a more reasonable strategy for understanding of the surface changes.

Table 3.3: XPS results for Pd-doped and Pd-impregnated Fe-based catalysts.

Sample Pd binding energy mol% Pd mol% Pd
(eV) (XPS) (theor.)
1Pd2FeCZ 337.7 2.68 1.44
1PdSFeCZ 337.7 2.98 1.44
1Pd11FeCZ 337.7 2.68 1.44
1Pd/2FeCZ 337.7 3.77 1.44
1Pd/5FeCZ 337.7 3.34 1.44
1Pd/11FeCZ 337.7 5.61 1.44
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Table 3.3 summarizes the XPS results for the Pd-Fe based catalysts. For both doped and
impregnated samples, the binding energies for Pd were found to be close to the binding energy
of Pd in 1PdCZ (337.8 eV). Fe-doped CZ seems to be effective in dispersing the noble metal
phase in the form of single atoms, even for high Fe dopant concentrations that could distort the
lattice of the support significantly. The molar percentage of Pd was found to be approximately
two times higher than the intended loading for the Pd-doped samples. This result might indicate
that Fe prefers to be located in the bulk of the support, forcing Pd to occupy sites closer to the
surface. This assumption is consistent with the high thermal stability found for the Fe-doped
samples in the previous chapter, as was clearly evidenced by XRD. In addition, the reduction
of the Fe-doped samples occurring only at relatively high temperatures, as shown by Hz-TPR
analysis, also suggests that Fe is situated relatively deep in the bulk of the support. This is
further confirmed by the difference in the Pd molar percentages obtained by XPS for the doped
and impregnated supports, which is now less significant compared to the ones of Pd-Cr based
catalysts. We hypothesize that when Fe is located in the bulk, it allows the impregnated Pd to
migrate deeper to the inside of the support. This in turn could explain the lower Pd loadings
observed for the 1Pd/xFeCZ catalysts compared to the 1Pd/xCrCZ catalysts.

Table 3.4: XPS results for different Pd-Fe based catalysts.

Sample Pd binding energy mol% Pd mol% Pd
(eV) (XPS) (theor.)
1Pd/11CrCZ 337.2 7.59 1.44
1Pd/11FeCZ 337.7 5.61 1.44
1Pd/11CuCZ 337.2 11.57 1.44
1Pd/11CoCZ 337.7 5.06 1.44

Besides Cr- and Fe-doped ceria-zirconia, Cu- and Co-doped supports were also prepared with
the polymer-assisted sol-gel method. As oxygen vacancies seem to play an important role in
the CO + NO reaction mechanism according to the literature, only the Cu and Co supports with
the highest dopant concentration (11.11 mol%) were impregnated with Pd. The XPS results for
these catalysts are compared with those of the previously discussed 1Pd/11CrCZ and
1Pd/11FeCZ catalysts in Table 3.4.

One important observation that can be made from Table 3.4 are the similar Pd binding energies
found for 1Pd/11CrCZ and 1Pd/11CuCZ (337.2 eV) on one hand, and the similar binding
energies for 1Pd/11FeCZ and 1Pd/11CoCZ on the other hand. The binding energy of 337.2 eV
indicates that Pd is in the form of bulk Pd oxide for 1Pd/11CuCZ. This observation is consistent
with the results from the previous chapter, where it was reported that Cu easily segregates to
the surface of the support. Thus, the high amount of Cu on the surface does not allow Pd to be
stabilized by ceria-zirconia in the form of single atoms, leading to the formation of bulk Pd
oxide that is weakly interacting with the support. Conversely, the Pd binding energy for
1Pd/11CoCZ indicates that segregation of Co to the support’s surface might be limited. This is
also further confirmed by XPS measurements for 11CoCZ in the previous chapter. The reported
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value of 12.95 mol% for Co in 11CoCZ suggests that Co is more homogeneously distributed in
the solid solution system, explaining why Pd can be more easily atomically dispersed on the
surface. Finally, the relative low amount of surface Pd (5.06 mol%) that is recorded for
1Pd/11CoCZ also supports this reasoning.

3.2 Hydrogen-Temperature Programmed Reduction (H2-TPR)

Hydrogen temperature-programmed reduction (H2-TPR) measurements were performed to gain
more insight into the active species and oxygen storage/release properties of the doped and
impregnated Pd-Cr catalysts. The TPR results for IPdCZ and 1Pd/CZ were already discussed
in Chapter 2.
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Figure 3.3: Comparison of the H>-TPR profiles of the catalysts with and without Pd (left)
and with Pd-doped and Pd-impregnated (right).

Figure 3.3 (left) shows that the reduction properties of the catalyst can be significantly improved
when Pd is added to the catalyst formulation. After Pd was added to the SCrCZ support via
doping or impregnation, the reduction of the catalyst can already occur at temperatures below
100 °C. Conversely, for the catalyst without Pd, the first reduction peak appears at a much
higher temperature (386 °C). Further, it can be seen that the Pd-doped and Pd-impregnated
catalyst display a different reduction behavior. More specifically, two reduction peaks can be
distinguished for 1Pd5CrCZ below 100 °C, while only one reduction peak was observed for
1Pd/5CrCZ at low temperatures. For 1Pd5CrCZ, the first reduction peak at 66 °C can be
attributed to the reduction of PdO species, while the second peak at 92 °C may correspond to
the reduction of Pd**-O-Ce*' linkage structures at the surface and sub-surface region of the
support [217-219]. Contrariwise, for 1Pd/5CrCZ a single peak was observed at 79 °C due to
the reduction of PdO species on the surface of the support. However, it should be noted that the
reduction peaks below 100 °C most likely also represent partial reduction of the support due to
the hydrogen spillover effect typically observed for noble metal-based oxides [220,221]. This
is further confirmed by the H»/Pd ratios, which were larger than the stoichiometric value of 1
for both 1Pd5CrCZ (4.9) and 1Pd/5CrCZ (4.7).
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It was concluded from Figure 3.3 (left) that the Pd-doped sample exhibits improved reducibility
compared to the Pd-impregnated sample. This conclusion is reflected in the lower reduction
onset temperature for 1Pd5CrCZ (65.7 °C) than for 1Pd/5CrCZ (79.2 °C). Secondly, the total
amount of H> consumed below 100 °C is also slightly larger for 1Pd5CrCZ (0.462 mmol/g)
than for 1Pd/5CrCZ (0.441 mmol/g). Finally, a second reduction peak was also observed at
387.8 °C for 1Pd/5CrCZ, and was attributed to the reduction of surface oxygen species of the
support and possibly also CrOx species [218]. For 1Pd5CrCZ, on the other hand, no such
reduction peaks could be observed in the high temperature region, suggesting that the Pd-doped
sample is more efficient in reducing the support at lower temperatures. This likely originates
from the higher intimate contact between Pd and the support when the noble metal is
incorporated in the crystal lattice, thereby facilitating the migration of the activated hydrogen
from the metal to the support.

To further confirm that Pd-doped samples exhibit better reducibility than Pd-impregnated
samples, the TPR-profiles of 1Pd/5CrCZ and 5Ct/1PdCZ were compared with each other in
Figure 3.3 (right). Again, in contrast to the Pd-impregnated sample, the small reduction peak at
388 °C was clearly absent for the Pd-doped sample. Furthermore, a higher H> consumption was
found for 5Cr/1PdCZ (0.611 mmol/g) at 78.6 °C than for 1Pd/5CrCZ (0.441 mmol/g) at 79.2
°C. Conclusively, these results demonstrate once more the enhanced reduction properties
displayed by Pd-doped samples compared to Pd-impregnated samples.
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Figure 3.4: H>-TPR profiles of Pd-Cr based catalysts.

The effect of the transition metal concentration on the reduction properties was investigated by
comparing the TPR-profiles of the catalysts containing 2.77 and 5.55 mol% Cr. These results
are shown in Figure 3.4. From this figure, it can be seen that that the reduction onset occurs at
a lower temperature for 1Pd5CrCZ (66 °C) than for 1Pd2CrCZ (91 °C). Since lattice strain and
defect formation both depend on the concentration of the dopant, the higher Cr concentration
in 1Pd5CrCZ might explain the improved reducibility of this sample compared to 1Pd2CrCZ.
This could also be derived from the higher amount of Hz consumed by 1Pd5CrCZ (0.462
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mmol/g) than by 1Pd2CrCZ (0.331 mmol/g). The lower H> consumption measured for
1Pd2CrCZ compared to the Pd-impregnated samples could not be clearly explained.

The improved oxygen storage/release properties for a higher Cr concentration is also clear from
the TPR-profiles of 2Cr/1PdCZ and 5Cr/1PdCZ. The higher H> consumption recorded for
5Cr/1PdCZ (0.611 mmol/g) than for 2Cr/1PdCZ (0.513 mmol/g) could be simply explained by
the reduction of more Cr oxide species on the surface of the former catalyst.

It was concluded from the TPR-profiles of 1Pd2CrCZ and 1Pd5CrCZ that for a higher dopant
concentration the onset of reduction shifts to a lower temperature due to the enhanced oxygen
mobility for a more distorted and defective crystal lattice. However, when these reduction
profiles are compared with those of 2Cr/1PdCZ and 5Cr/1PdCZ, it appears that the single Pd-
doped samples exhibit better reduction properties than the samples doped with both Pd and Cr.
This is derived from the higher H, consumption values recorded for 2Cr/1PdCZ (0.513 mmol/g)
and 5Cr/1PdCZ (0.611 mmol/g) compared to those for 1Pd2CrCZ (0.331 mmol/g) and
1Pd5CrCZ (0.462 mmol/g). Even more surprisingly, it was shown in the previous chapter that
the amount of H> consumed for simple 1PdCZ was 0.669 mmol/g, which is more than the
amount of H> consumed by the Pd-Cr based samples reported here. We hypothesize that without
Cr the interaction between Pd and the support is intrinsically higher. Consequently, when
homogeneously distributed Pd**-O-Ce linkages are formed throughout the whole crystal lattice
of the support, the support might be reduced more efficiently. In other words, the intimate
contact between Pd and Ce might facilitate the spillover of hydrogen from the noble metal to
the support, especially when the Pd is homogeneously distributed in the solid solution.
However, this hydrogen transfer might be partially suppressed when Cr is also incorporated in
the crystal lattice alongside with Pd due to a potential decrease in the synergistic interaction
between Pd and Ce and less homogeneously distributed Pd**-O-Ce linkages.
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3.3 In situ DRIFTS

DRIFTS measurements were performed to characterize the Pd phase in the 1PdCZ, 1PdCZ-
800C, 1Pd/5CrCZ, 5Cr/1PdCZ(-AR) and 1Pd11FeCZ samples. CO was used as a probe
molecule. The samples were first calcined at 300 °C and then cooled to room temperature in
the presence of 2 mbar O». The bands observed between 2300 and 2400 cm™ correspond to
gaseous CO;, hence indicating that CO is being oxidized by the samples.
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Figure 3.5: IR spectra of 1PdCZ (left) and 1PdCZ-800C (right)

Three bands were observed in the IR spectra of 1PdCZ, as shown in Figure 3.5 (left). The high
frequency band at 2150 cm™! was attributed to single-atomic or highly oxidized Pd species,
which is consistent with the high binding energy of Pd (337.7 eV) measured by XPS [147]. The
second band at 2110 cm™! was assigned to CO adsorbed on Pd twin-doped sites [222], while the
low-frequency band at 1940 cm™ corresponds to CO adsorbed on metallic Pd clusters and/or
nanoparticles [223]. The IR spectra of 1PdCZ-800C, shown in Figure 3.5 (right), also displayed
three bands, which were slightly shifted to lower frequencies compared to the bands observed
for 1PdCZ. This result indicates that more reduced Pd clusters or species are present for 1PdCZ-
800C than for 1PdCZ. In addition, the lower intensity of the high-frequency band for 1PdCZ-
800C suggests that there are also less single-atomic species than for 1PdCZ. The higher
intensity of the lower-frequency band suggests that there are more reduced Pd clusters formed
when the sample is calcined at temperatures as high as 800 °C. Still it should be noted that the
highly dispersed nature of Pd is at least partially preserved even after 800 °C. Our EXAFS data
showed only the first Pd-O shell, meaning that the majority of the Pd species are of isolated
nature. This result is of significant importance since it is known that bulk PdO oxide species
are decomposing around 800 °C [78,79]. Herein we synthesized the catalysts which can
withstand such high temperatures without sintering/decomposition of the active phase.
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Figure 3.6: IR spectra of 1Pd/5CrCZ

The IR spectra of the 1Pd/5CrCZ sample are shown in Figure 3.6. The spectra display one high-
frequency band at 2148 cm™!, which could be attributed to CO adsorbed on single-atomic or
highly oxidized Pd species [147]. A low-intensity band was also observed at 2110 cm™!, which
was assigned to CO adsorbed on Pd twin-doped sites [222]. Apparently, a small fraction of the
impregnated Pd is able to substitute some of the Ce*" ions at the surface and subsurface region
of the support [224].

The result shown in Figure 3.6 is quite remarkable, as it was previously demonstrated for
1PdCZ by DRIFTS that there are at least three different Pd species, including reduced metal
species. As no frequency bands corresponding to metallic Pd clusters could be observed in the
IR spectra of 1Pd/5CrCZ, it can be concluded that Cr might be able to stabilize the Pd and
prevent the formation of Pd clusters. This is consistent with the XPS results which showed that
the binding energy of Pd increased for 1Pd2CrCZ and 1Pd5CrCZ, pointing to the formation of
highly dispersed and oxidized Pd species. However, lower binding energies were observed for
Pd in 1Pd/5CrCZ and 1Pd/11CrCZ from XPS, and no clear explanation could be given for this
discrepancy. Nevertheless, it was previously mentioned that XPS measurements are
considerably less informative for Pd-based ceria-zirconia systems due to a strong overlapping
of the Zr3p core-lines with the Pd3d core-lines. Therefore, the DRIFTS measurements were
considered to be more reliable, which also follows from its intrinsically higher sensitivity for
structural and electronic effects.

69



N 5CrMPdCZ F 5Cr/1PdCZ-AR
.10.01
) 2157 _I 0.005
3 = 2157
8 8
(] Q
Q Q
c c
o o |
a a
— ™
5 5
(7] 7]
a a
< < L
: ; ; : ‘ : ‘ : : : |
2400 2200 2000 1800 2400 2200 2000 1800
Wavenumber, cm’’ Wavenumber, cm”

Figure 3.7: IR spectra of 5CrCZ/1PdCZ (left) and 5CrCZ/1Pd tested after CO + O2 (3x) (right)

The assumption that Cr might be able to stabilize the Pd in the CZ support was further confirmed
by the IR spectra of 5Cr/1PdCZ, shown in Figure 3.7 (left). The absence of a low-frequency
band indicates that no metallic Pd species were formed. Moreover, Figure 3.7 (right) shows that
no reduced Pd metal species were formed even after testing the sample three consecutive times
in the CO + O reaction. Frequency bands corresponding to CO adsorbed on Cr oxide species
were not observed, as these bands are typically located between 2165 and 2178 cm™ [225].
Consequently, the high-intensity band at 2157 cm™ could be attributed to CO adsorbed on
single-atomic and highly oxidized Pd** sites [205]. However, it was also speculated that this
band might correspond to dispersed Pd decorated by Cr, as it was previously suggested by XPS
data that Pd and Cr might form a mixed oxide phase. Finally, the low-intensity band at 2114
cm™' was assigned to CO adsorbed on the Pd twin-doped sites [222]. These results clearly
demonstrate that the formation of a highly oxidized Pd state is favored when Cr is added to the
catalyst formation, most likely due to a synergistic interaction occurring between the noble
metal and the base metal. It has already been shown in the literature that in some cases such an
interaction can exist between Pd and Cr [205].
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Figure 3.8: IR spectra of 1Pd11FeCZ

Further, the IR-spectra of 1Pd11FeCZ were also measured under the same conditions as for the
previous samples. These results are shown in Figure 3.8. In contrast to the Pd-Cr based samples,
metallic Pd clusters seem to be present for the Pd-Fe based sample, as derived from the
frequency band at 1940 cm'!. However, compared to the same frequency band observed for
1PdCZ, the intensity of the band is much lower now when Fe is also incorporated into the
crystal lattice. Therefore, it can be concluded that the presence of Fe also seems to make the Pd
more stable in the CZ support. In addition, it was also observed that the frequency bands
corresponding to Pd dopant sites and highly oxidized Pd are slightly more shifted to higher
frequency values compared to the same frequency bands observed for IPdCZ. This observation
also indicates that the Pd in the presence of Fe is in a more oxidized state compared to the Pd
in 1PdCZ. Nevertheless, the stabilization of Pd induced by the Fe was less pronounced than for
the Pd-Cr based samples, for which reduced Pd species were completely absent.
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3.4 Catalytic activity tests

3.4.1 CO + NO reaction

The activity of various catalysts, either with or without Pd, were tested for the CO + NO
reaction. As several studies have reported high activities for Cu- and Co-based catalysts for the
reduction of NO to N, xCuCZ and xCoCZ catalysts were tested first for this reaction [226—
229]. These results are shown in Figure 3.9.
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Figure 3.9: NO conversion curves for Cu- and Co-doped ceria-zirconia supports.

Figure 3.9 shows that very low NO conversions are reached for both xCuCZ and xCoCZ
catalysts. In particular, it can be seen that xCoCZ even shows negligible activity for the
reduction of NO, which is in sharp contrast to the results observed by other research groups for
Co-based catalysts [228,229]. It should be noted that in the work of Savereide et al. high NO
conversions were reported for CeO»-based catalysts which likely contain clusters of Co oxides,
as it was shown by the Raman and EXAFS. However, by means of in situ XAFS it was
concluded that the Co*" oxidation state must be responsible for the highest activity. In our case
from the XPS we can also conclude that Co has an oxidation state of +2, but as it was found
upon catalytic testing the activity is almost negligible. Thus, it can be concluded that the isolated
Co?" species (shown by the EXAFS in the previous chapter) cannot efficiently reduce the NO
by CO, while the clusters are able to, relying on the data shown in the abovementioned paper.
This is further confirmed by a recent study of Zhang et al., where it was shown that the best NO
reduction activity was achieved when small clusters of Co3O4 are formed [230]. In addition, it
was found by in situ XANES that the activity is governed by Co**, while Co** seems to be not
active.

For the Cu-doped samples, the activity was also found to be very modest, implying that small
clusters and/or single-atom Cu species are not responsible for the NO reduction at low
temperatures. This goes in line with the previous studies being performed on leached Cu-Ce
catalysts, where the activity dropped once the clusters/nanoparticles were removed [231].

Conclusively, our catalytic results indicate that isolated species of Co and Cu obtained for our
sol-gel prepared catalysts do not perform in the NO reduction reaction at low temperatures. The
isolated nature of Cu and Co species was confirmed by the EXAFS data shown in the previous
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chapter. Furthermore, these results demonstrate the structure sensitivity of the CO + NO
reaction, which has also been reported by other studies in the literature [194,232].

In order to achieve higher NO conversions, Pd (1 wt.%) was deposited in a next step onto the
surface of the doped supports via a conventional wet impregnation technique. For the
impregnation step the supports with the highest dopant concentration (11.11 mol%) were
selected to have the maximum amount of oxygen vacancies available that can assist in the
reduction of NO to N> [28]. The catalytic activities of the doped supports impregnated with Pd
were compared with those of 1Pd/CZ and one-step synthesized 1PdCZ in Figure 3.10.
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Figure 3.10: NO conversion curves for one-step synthesized 1PdCZ and Pd-impregnated
ceria-zirconia supports.

Again, Figure 3.10 shows that low NO conversions are reached for the Co- and Cu-based
catalysts, although the addition of Pd improved their activity at temperatures higher than 200
°C. 1Pd/11FeCZ and 1Pd/11NiCZ showed notable activities only at temperatures higher than
200 °C, while 1Pd/11CrCZ exhibited a much higher activity, reaching nearly 50% NO
conversion at 175 °C. Surprisingly, the highest catalytic activity was observed for 1Pd/CZ,
followed by 1Pd/CZ-800C and 1PdCZ, reaching 100% NO conversions at 150 and 200 °C,
respectively.

The results shown in Figure 3.10 seem to be contradictory with what has been previously
published. The majority of the studies have shown the beneficial effects of doping the support
with transition metals, leading to the creation of oxygen vacancies that can improve the
reduction of NO by assisting in the decomposition of the N>O intermediate [28]. Furthermore,
it has been shown that synergistic interactions between the noble metal and the dopant can also
significantly improve the NO conversion efficiencies [127]. Doping the ceria-zirconia support
in our case, however, only seemed to further reduce the catalytic activity. It should be noted
though that an intimate contact between the noble metal and the support may also play a crucial
role in the overall catalytic activity, as was previously proposed by Rao et al. [202]. More recent
studies have also shown that the Pd-Ce interface may represent the active phase in the CO
oxidation and NO reduction reactions [233-235]. Taking into account that CeO, in our case has
already been doped with a considerable amount of Zr*" ions, introducing a third metal dopant
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in the fluorite type lattice may adversely affect the metal-support interaction between Pd and
Ce0Oz. This negative doping effect may become even more important when Pd is impregnated
on the surface of the support. Indeed, Fernandez-Garcia et al. found lower NO conversion
efficiencies when Pd and Cr were co-impregnated on a CZ/Al,O3 support [205]. This
observation was explained by Cr that might modify the interface between Pd and CZ, resulting
in a lower NO reduction activity.

The importance of the Pd-Ce interface in the CO + NO reaction is further confirmed by the high
activity observed for one-step synthesized 1PdCZ. In Chapter 2, XPS analysis showed that the
Pd in 1PdCZ is highly dispersed, which can contribute to the improved activity for this sample.
Furthermore, due to the fact that Pd in 1PdCZ is incorporated into the fluorite type lattice of the
support, an intimate contact between Pd and CeO»> is more easily established. Consequently,
the Pd-Ce interface might increase significantly, which could lead to a more efficient use of the
oxygen vacancies which are located in close proximity to this interface [202,236]. Further, the
intimate Pd-Ce contact might also improve the synergistic interaction between the noble metal
and the support. This interaction involves the stabilization of the Pd*" ion by Ce*". More
specifically, when Pd*" would be reduced to Pd° in the course of a redox reaction, electrons
from Pd° are subsequently transferred to Ce*" leading to the regeneration of Pd** and the
formation of Ce*" [237]. In this way, both the noble metal and CeO> participate in the catalytic
redox reactions due to electron transfer reactions occurring between them. In addition, the
presence of noble metal ions on the surface of the support is a key feature of solid solution
systems. In particular, Baidya et al. reported that activation energies for CO oxidation decrease
when the effective charge on Pd ions increases [238]. In combination with the increased OSC
observed for noble metal-doped systems, this might explain why several research groups
observed higher catalytic activities for solid solution catalysts in comparison with metal
supported catalysts. The Ho-TPR measurements performed for 1PdCZ and 1Pd/CZ in Chapter
2 confirm that noble metal doped systems typically exhibit improved reduction properties
compared to noble metal impregnated systems.

Taking into account the above arguments, one would expect to see a higher catalytic activity
for 1PdCZ than for 1Pd/CZ. Surprisingly, the opposite was found to be true. Moreover, even
the Pd-impregnated sample calcined at 800 °C displayed a higher CO oxidation activity than
1PdCZ, and two reasons can be given to explain this result. First, more noble metal species are
present on the surface of the support for impregnated samples than for doped samples that could
catalyze the intended reactions. Second, and not less important, is the ability of ceria-zirconia
to disperse noble metals on its surface with high efficiency. This is further confirmed by the
XPS measurements for 1Pd/CZ shown in the previous chapter. The larger Ce**/Ce*" ratio
observed for 1Pd/CZ (0.25) than for 1PdCZ (0.20) suggests that Pd might be strongly
interacting with CeO», and that similar synergistic interactions are established between the
noble metal and the support as for Pd-doped ceria-zirconia. Even after calcining 1Pd/CZ at 800
°C, it could be that the Pd is still relatively well dispersed on the surface due to a strong metal-
support interaction with ceria-zirconia. Its lower CO oxidation activity compared to the
uncalcined 1Pd/CZ could then be largely attributed to the lower surface area due to the sintering
of the support. Alternatively, it might be that the supported noble metal itself has sintered, and
that the formation of active reduced Pd species could compensate for the loss in activity caused
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by the decrease in surface area. However, since no XPS or DRIFTS measurements were

performed for 1Pd/CZ-800C, it is not fully clear what may cause the higher activity of this
sample compared to 1PdCZ.

Even though Figure 3.10 shows that 1Pd/CZ is more efficient in reducing NO than 1PdCZ, the
Pd-doped sample is more preferred to use in a real TWC because of its longer lifetime. This
can be ascribed to the higher sintering resistance of the active noble metal phase in 1PdCZ when
the metal is incorporated into the lattice of the support after doping. As the Cr-doped support
showed considerable higher activity compared to the Co-, Cu-, Fe- and Ni-doped supports, it
was decided to prepare Cr-doped 1PdCZ (1Pd2CrCZ and 1Pd5CrCZ) in a next step. Their
performance in the CO + NO reaction was compared with that of two-step synthesized
1Pd/xCrCZ and xCr/1PdCZ in Figure 3.11.
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Figure 3.11: NO conversion curves for Pd-doped and Pd-impregnated Cr-based catalysts.

It can be seen from Figure 3.11 that the one-step synthesized 1PdxCrCZ samples perform
notably better in the CO + NO reaction than the impregnated 1Pd/xCrCZ and xCr/1PdCZ
samples. 1Pd2CrCZ and 1Pd5CrCZ display similar activities, reaching 100% NO conversion
at a temperature as low as 150 °C. Thus, co-doping of the CZ support with Pd and Cr can
significantly improve the catalytic activity compared to single doped 1PdCZ.

The TPR-profiles in Figure 3.3 (left) already confirmed that one-step synthesized 1Pd5CrCZ
exhibits improved redox properties compared to two-step synthesized 1Pd/5CrCZ.
Furthermore, one might also expect that 5Cr/1PdCZ would perform better in the CO + NO
reaction than 1Pd/5SCrCZ due to the fact that more H, was consumed by the former catalyst in
the TPR experiments. However, despite the enhanced oxygen release properties of SCr/1PdCZ,
Figure 3.11 clearly shows that 1Pd/5CrCZ exhibits a substantially higher catalytic activity for
the reduction of NO. Therefore, it can be concluded that the results from the H>-TPR
experiments on its own cannot explain all the observed catalytic activity trends.

Besides the noble metal dispersion, reduction properties and Pd-Ce intimate contact, the amount
of Pd atoms on the support’s surface was also previously given as an important requisite to
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explain the catalytic activity trends. Taking the latter into account, it might become clear why
5Cr/1PdCZ is performing so poorly in the CO + NO reaction. More specifically, the high
amount of Cr species on the support’s surface could be covering the Pd atoms significantly in
5Cr/1PdCZ, thereby hindering the N-O bond cleavage by the active noble metal phase.

Figure 3.11 further shows that 1Pd/2CrCZ and 2Cr/1PdCZ display similar catalytic activities,
intermediate between those of 1Pd/5CrCZ and 5Cr/1PdCZ. The reason why 1Pd/5CrCZ is
performing better than the 2.77 mol% Cr-based impregnated catalysts could be due to a
synergistic interaction taking place between the noble metal and Cr. This interaction might
become less important for low Cr concentrations (2.77 mol%), especially when either Pd or Cr
is deposited onto the support. Conversely, when both Pd and Cr are incorporated into the
fluorite type lattice, this interaction could be more pronounced, as both metal components will
then might be located closer to each other or interacting through the long range-effects in the
lattice. Consequently, it can be concluded that synergistic interaction could between the
different metal components can occur more easily for one-step synthesized samples.

The synergistic interaction taking place between Pd and Cr was previously also demonstrated
by DRIFTS. The absence of a low-frequency band for 1Pd/5CrCZ and 5Cr/1PdCZ indicated
that Cr might stabilize the Pd in a highly oxidized form, even after testing the sample several
times in the CO + O reaction. Further proof of such an interaction between Pd and Cr can be
found in the literature. Fernandez-Garcia et al. observed that Cr entities placed on reduced Pd
nanoparticles are forming Pd*" sites on the outer surface of the particle [205]. The formation of
these Pd*" ions could then partially explain the improved CO oxidation activity, as these ions
could limit the CO inhibition effect that is typically observed for metallic particles. DRIFTS
measurements were also performed in this study, and these results also demonstrated that a
synergistic interaction is occurring between Pd and Cr. More specifically, after adding Cr to the
Pd-impregnated catalyst, a decrease in the intensity of the low-frequency band corresponding
to Pd’ species was observed, while the intensity of the high-frequency band corresponding to
highly oxidized Pd species increased.

Attributing the improved catalytic activities of 1Pd2CrCZ and 1Pd5CrCZ solely to synergistic
effects between Pd and Cr, however, cannot fully explain the observed activity trends. For
example, 1Pd/CZ clearly showed a substantial higher catalytic activity than 1Pd/2CrCZ, despite
the fact that XPS analysis showed that a similar amount of Pd is present on the surface of both
samples. Moreover, XPS even showed that the Pd in 1Pd/2CrCZ (BE = 337.7 eV) is more
dispersed than in 1Pd/CZ (BE = 337.4 — close to bulk PdO), yet the former catalyst is
performing worse in the CO + NO reaction. From this, it could then be concluded that less
dispersed Pd species are needed in the CO + NO reaction, which is in line with the structure
sensitivity of this reaction shown in the literature [ 194]. Conversely, the binding energies of the
Pd in 1Pd2CrCZ and 1P5CrCZ were found to be 337.8 and 337.9 eV, respectively, indicating
the presence of highly ionic and dispersed Pd**. Therefore, it can be concluded that the
dispersion and chemical state of Pd might not be the only determining factors for the observed
activities. In addition, as most of the Pd is situated in the bulk of the support for IPd2CrCZ and
1Pd5CrCZ, the amount of surface Pd species available for catalyzing the NO reduction can also
not explain the superior activity of 1Pd2CrCZ and 1Pd5CrCZ. Thus, it was postulated that the
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Pd-Ce contact might be the most important contributing factor to the increased catalytic
activities of 1Pd2CrCZ and 1Pd5CrCZ. We speculate that when the noble metal is incorporated
into the fluorite type lattice of the support, then it will most likely be located more closely to
the defects and oxygen vacancies created by the Cr dopant ions, thus the interaction and
synergistic effect of co-doping is more pronounced. As both the Pd and the oxygen vacancies
play a crucial role in the reduction of NO to N», the NO conversion efficiency might be
increased due to a more favorable interaction between these two active components.

Pd-Fe based catalysts were prepared in a final step to confirm that one-step synthesized samples
perform better in the CO + NO reaction than Pd-impregnated samples. Iron was selected
because of several studies in the literature demonstrating that with Fe-based CeO; catalytic
systems promising results can be achieved for the reduction of NO and the decomposition of
N20 [239,240]. The catalytic activity data of these samples are shown in Figure 3.12.
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Figure 3.12: NO conversion curves for Pd-doped and Pd-impregnated Cr-based catalysts.

The NO conversion curves in Figure 3.12 demonstrate that one-step synthesized Pd-Fe samples
perform significantly better in the CO + NO reaction than Pd-impregnated samples, as was
previously also observed for the Pd-Cr based samples. The highest NO conversion efficiency
was found for 1Pd11FeCZ, reaching 100% NO conversion at 125 °C and thus performing
slightly better than the 1PdxCrCZ samples. 1Pd/11FeCZ, on the other hand, exhibited the
lowest catalytic activity of all the Pd-Fe based catalysts tested for the CO + NO reaction.

1Pd/xFeCZ samples displayed catalytic activities similar to the 1Pd/xCrCZ samples for the
reduction of NO, hence performing worse than undoped 1Pd/CZ. We infer that interaction
taking place between Fe and surface Pd (added by impregnation) could not provide acceptable
catalytic activity. However, co-doping the ceria-zirconia support with Pd and 2.77 or 5.55 mol%
Fe increased the NO reduction activity. Interestingly, a significant improvement in the catalytic
activity was observed when the Fe dopant concentration was increased from 5.55 to 11.11
mol%. It was earlier assumed that Fe might be located relatively deep in the bulk of the ceria-
zirconia support, which could then explain the results from XPS and the H>-TPR experiments.
In line with that, it can be assumed that only for high Fe-dopant concentrations defects and

77



oxygen vacancies are created in close proximity to the Pd in the surface and subsurface of the
ceria-zirconia support.

A synergistic interaction occurring between Pd and Fe in 1Pd11FeCZ was also confirmed by
DRIFTS measurements (Figure 3.8). Compared with the IR spectra of 1PdCZ, it was observed
that the intensity of the low-frequency band decreased significantly, while the high-frequency
band shifted to even higher frequencies when 1PdCZ was additionally doped with 11.11 mol%
Fe. This result indicated that the presence of Fe in 1Pd11FeCZ makes the Pd more stable
towards sintering and clustering, as low-frequency bands were less pronounced. Since
1Pd11FeCZ showed the highest activity of all the samples tested for the CO + NO reaction, it
can be assumed that a highly oxidized Pd state might be part of the active phase in this reaction.
This is in sharp contrast to many of the results shown in the literature, in which it is generally
stated that reduced noble metal species or clusters are needed to achieve a high NO conversion
efficiency due to the structure sensitivity of the CO + NO reaction [194,227,230].

At first sight, it might be surprising to see that 1Pd11FeCZ is showing the highest catalytic
activity for the CO + NO reaction, while 1Pd/11FeCZ is performing the worst of all the Fe-
based samples. However, this result might actually confirm the hypothesis that the Pd-Ce
intimate contact next to the oxygen created by the second dopant might be the determining
factor for obtaining a high NO conversion efficiency. As it was shown by XPS that Pd is more
segregated to the surface for 1Pd/xFeCZ, the Pd-Ce-Fe interface is most likely reduced when
Pd and Fe are more spatially separated from each other.

A concave feature in the NO conversion graphs for most Pd-Cr and Pd-Fe based catalysts was
observed around temperatures slightly below 200 °C. Several research groups also observed a
similar feature in the NO conversion graphs for Pd in combination with a reducible CeO: or
Ce02-ZrO; support [24,190,241]. As such a feature was not observed for Pd supported on a
non-reducible Al2O3 support, this observation might be attributed to the promoting effect of the
reducible support [190]. More specifically, it has been shown by DRIFTS studies that on the
surface of a CeO; or CeO,-ZrO> support multiple intermediate compounds can be formed, such
as nitrates and carbonates, that can inhibit the adsorption of the reactant molecules [242]. These
carbonate species (NCO) are only formed at higher temperatures by the reaction between
dissociated nitrogen (Nagy and adsorbed CO (COaqg). Nag can already be formed at lower
temperatures by the reaction between CO.gq and NOa.g, according to reaction (1):

COad + NOag 2 CO; + Nug (1)

Subsequently, NCO might be formed at higher temperatures by the reaction between CO,q and
Nad, according to reaction (2):

COad + Nad 9 NCOad + * (2)

As these adsorbed NCO species inhibit the adsorption of CO and NO on the surface of the
support, the NO conversion is expected to decrease. If the temperature is further increased, the
NCOags species can decompose along with N>Oaq to regenerate the surface, and the NO
conversion is expected to increase again, explaining why a concave feature is often observed
for the CO + NO reaction.

78



As NCO and NOx species thermally decompose at temperatures around 200 °C, it is expected
that not only the NO conversion will increase, but also the N> selectivity. In order to verify this
assumption, the N selectivity was calculated for some of the key samples that showed high NO
conversion efficiencies. In addition, the N> selectivity was also calculated for the poorly
performing 1Pd/11FeCZ as a comparison. These results are shown in Figure 3.13, together with
the associated NO conversion values of the different samples.
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Figure 3.13: N> selectivity and NO conversion curves for Pd-doped and Pd-impregnated
catalysts.

The highest N> selectivity was found for 1Pd/11FeCZ (48.1%), followed by 1PdCZ (46.4%)
and 1Pd/CZ (45.5%) at 275 °C. Further, 1Pd2CrCZ and 1Pd5CrCZ showed a similar N>
selectivity (43.7% and 41.9%, respectively), while the lowest N> selectivity was — surprisingly
— found for 1Pd11FeCZ (36.82%). Similar values were reported by other studies on the NO
reduction by ceria-based catalysts, and hence these results demonstrate that N>O is the preferred
product formed at low temperatures [228].

Although the lowest NO conversion efficiency was found for 1Pd/11FeCZ, its N2 selectivity
was higher than that of all the other samples. In general, it is expected that the catalyst with the
highest amount of oxygen vacancies displays the highest N> selectivity, as it is extensively
reported in the literature that NoO decomposition takes place on the oxygen vacancies of the
support [28]. However, since a high N selectivity was also observed for the Pd-impregnated
samples, we assume that there is another pathway that could lead to the selective formation of
N2. More specifically, for the Pd-doped samples, both oxygen vacancies and Pd*" ions can act
as the adsorption sites for NO [134]. After the cleavage of the N-O bond on Pd*", the resulting
N moiety could recombine with the adsorbed NO on the oxygen vacancy, leading to the
undesired formation of N2O. Furthermore, as N>O can easily desorbs from the different surface
sites on the support, higher temperatures would be needed to complete the reduction of N>O to
N> [24]. Conversely, when more Pd and less oxygen vacancies are present on the surface, as is
usually the case for Pd-impregnated samples, more NO molecules can dissociate on Pd, leading
to a more selective formation of N> by the recombination of the N surface moieties. Hence, this
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alternative pathway to the formation of N> could explain why a relatively high N> selectivity
was found for the Pd-impregnated samples compared to the Pd-doped samples.

Table 3.5: TOF data of CO + NO reaction, calculated for the NO conversions at 100 °C
and normalized by the amount of Pd determined by ICP-OES for each catalyst.

Sample TOF (s)
1PdCZ 0.038
1Pd/CZ 0.048
1Pd2CrCZ 0.119
1Pd11FeCZ 0.147

Finally, turnover frequencies (TOF, s') were calculated for the catalysts showing the highest
NO conversion efficiencies. This data is summarized in Table 3.5. The values were calculated
for the NO conversion at 100 °C, and normalized by the amount of Pd present in the catalyst
determined by ICP-OES. The weight percentages of Pd, Cr and Fe found by ICP-OES are
provided in the Supporting Information.

3.4.2 CO + O2 reaction

A wide range of noble and transition metal based ceria-zirconia catalysts could be synthesized
in a relatively short period of time due to the high simplicity of the one-pot, polymer-assisted
sol-gel method that was used in this study. This allowed us to also investigate the CO + O>
reaction, which is a second important reaction occurring in the TWC. The CO oxidation activity
was tested for both doped and impregnated CZ supports, either with or without Pd.

In Figure 3.14 the catalytic activities of 1PdCZ and 1PdCZ-800C are compared with those of
xCoCZ and xCuCZ of different transition metal loadings (x = 2.77, 5.55 and 11.11 mol%).

—0—1PdCZ
1004 1PdCZ-800C —
{—0—2CoCZ

_ go|—2—5C0CZ
2 —7—11CoCZ
g 2Cucz
0 60{ —J—5CuCZ
? 11CuCz
g
g 404
o
(3]
8 20

0 -

T

T T T T T T T T T T
50 100 150 200 250 300
Temperature (°C)

Figure 3.14: CO conversion curves for Pd-doped and Pd-free catalysts.
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As with the CO + NO reaction, the Co samples show negligible activity for the CO oxidation
reaction. The increase in CO conversion observed for temperatures higher than 150 °C can be
mainly attributed to the direct reaction of CO with gas phase O>. These results differ
substantially with those from other research groups that found high CO activities for Co-based
catalysts [243-245]. As previously mentioned in the discussion of the CO + NO reaction, the
reason for this discrepancy is most likely that Co oxide clusters are the active phase for CO
oxidation, as demonstrated by these research groups. Conversely, in our case only Co?" ions are
present, as shown by XPS measurements in Chapter 2. This assumption is also confirmed in the
previous chapter by EXAFS data showing that isolated Co species could be obtained by our
method. Finally, this result indicates the potential benefits that these catalysts can have in other
applications where exclusively Co?" ions are needed, since in reality often the mixed valence
Co oxides such as typical Co3zO4 are present.

In contrast to Co, the Cu-based samples perform significantly better in the CO oxidation
reaction. It can be seen in Figure 3.14 that the CO conversion increases with the Cu loading,
and that noble metal-free 11CuCZ can compete with 1PdCZ in terms of CO oxidation activity.
This can be explained by the fact that more Cu” ions might be present on the surface when the
Cu loading is increased. In particular, Cu" ions appear to be highly active in this reaction related
to the strong chemisorption of CO [246,247]. In the previous chapter, XPS measurements have
confirmed the presence of Cu* along with Cu®" ions. It has previously been shown that these
Cu'" ions can easily regenerate by interacting with the Ce*" ions from the support [69]. A second
reason could be the higher amount of oxygen vacancies being formed upon doping with a higher
amount of Cu. It has been shown earlier that these vacancies can play an important role in redox
reactions [146,181].

XPS measurements previously showed that the Pd in 1PdCZ-800C is still highly dispersed and
that a significant amount had segregated to the surface of the support. Hence, it was presumed
that a higher amount of highly dispersed surface Pd for 1PdCZ-800C compared to 1PdCZ could
lead to a higher catalytic activity. However, it can be seen from Figure 3.14 that 1PdCZ-800C
performs significantly worse than 1PdCZ in the CO + O reaction. This result can be explained
by DRIFTS, where it was shown that more reduced Pd clusters and less single-atomic species
are present for IPdCZ-800C than for I1PdCZ. Conclusively, single-atomic and highly oxidized
Pd*" seems to be more effective in oxidizing CO than less dispersed, reduced Pd clusters or
species. However, it should be noted that the lower surface area of 1PdCZ-800C (12 m?%/g)
compared to 1PdCZ (71 m?*/g) might also play a role in the activity difference.
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Figure 3.15: CO conversion curves for transition metal-doped ceria-zirconia supports
impregnated with Pd. The activity is compared with one-step synthesized 1PdCZ.

As a next step, differently doped ceria-zirconia supports were impregnated with Pd (1 wt.%)
and their catalytic activities were tested and compared with that of 1PdCZ. The CO oxidation
activity of flame spray pyrolysis (FSP) synthesized 1PdCZ with a Ce:Zr ratio of 0.7:0.3 (FSP-
1PdCZ) was also tested for comparison with sol-gel synthesized 1PdCZ. FSP is a well-
established aerosol technique for the synthesis of homogenous an high surface area
nanoparticles in a single step [248]. Hence, it is expected that FSP-made ceria-zirconia-based
catalysts display higher activities than the conventional wet-chemistry synthesized catalysts
with lower surface areas. The experimental procedure for synthesizing FSP-1PdCZ is described
in detail in the Supporting Information.

Figure 3.15 shows that the Co-based catalysts perform significantly worse than the other
transition metal based catalysts, even though the addition of Pd enhanced its activity at both
low and high temperatures. Secondly, it was also observed that the activity of 11CuCZ did not
increase after impregnation with Pd. Similar activities of 11CuCZ and 1Pd/11CuCZ for the
oxidation of CO could be explained by the high Cu loading that might lead to the segregation
of a significant amount of Cu species to the surface of the support, which was shown by XPS.
Consequently, when Cu is in the very surface of the support, it does not allow Pd to interact
efficiently with ceria-zirconia. As there are strong indications that the Pd-CeO: interface plays
an active role in redox reactions, it may follow that the activity will not change significantly
after Pd is deposited on Cu rather than on CeO» [249-251]. Moreover, the CO oxidation activity
might even decrease when Pd is covering the active Cu” species. This reasoning might explain
why no change in catalytic activity was observed after adding Pd to 11CuCZ, despite the high
activity that is typically observed for Pd-based catalysts in oxidation reactions.

Despite the fact that for 1PdCZ a considerable amount of Pd might be present in the bulk of the
support, a relatively high activity could still be observed for this catalyst compared to the Pd-
impregnated catalysts. This observation further confirms that a strong interaction between Pd
and CeO: might promote the CO oxidation. More specifically, a strong metal-support
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interaction might facilitate oxygen transfer from the support to the noble metal, leading to a
higher reduction and oxidation rate [252]. This assumption is also in line with the H>-TPR
experiments from the previous chapter that showed an exceptionally high H>/Pd ratio (7.1) for
1PdCZ compared to 1Pd/CZ (1.5).

Surprisingly, it was found that FSP-1PdCZ performed significantly worse than sol-gel
synthesized 1PdCZ, despite the former catalyst showing a much higher surface area (150 m?/g)
than the latter (71 m?/g). However, XRD measurements (see Supporting Information) showed
that the phase homogeneity of FSP-1PdCZ was much lower than that of sol-gel synthesized
1PdCZ, which could partially explain the activity difference. This result is further discussed in
more detail in the Supporting Information.

The higher CO conversion observed for 1Pd/CZ compared to 1PdCZ can be explained by the
former’s higher amount of surface palladium atoms available for catalyzing the oxidation of
CO. This is confirmed by XPS analysis showing a slightly higher intensity of the Pd*" peak for
1Pd/CZ in Chapter 2. The reason why some research groups observe higher activities for noble
metal ionic catalysts than for noble metal impregnated catalysts might be due to the formation
of noble metal clusters or particles after the impregnation of the support. Consequently, the Pd
atoms inside the bulk of these clusters and particles cannot participate in the catalytic reactions,
leading to a corresponding decrease in the catalytic activity. Furthermore, the larger the size of
these particles, the weaker the interaction with the reducible support becomes, leading to a loss
of the promoting effect of CeO> on Pd for the oxidation of CO [97,253]. In our case, XPS
showed that the binding energy of Pd in 1Pd/CZ is 337.4 eV, indicating that part of the Pd might
also be present in the typical agglomerated PdO. Despite this finding, the CO oxidation activity
of 1Pd/CZ was still higher than 1PdCZ, as shown in Figure 3.15. Thus, it was hypothesized that
the amount of highly dispersed Pd in 1Pd/CZ is still enough to maintain the reaction, since XPS
also showed that most of the Pd is on the surface for 1Pd/CZ.

Finally, it can be seen from Figure 3.15 that 1Pd/CZ performs better in the CO oxidation
reaction than 1Pd/11MCZ (M = transition metal), as was previously also observed for the CO
+ NO reaction. The low-temperature activities of the Pd-impregnated samples are summarized
in Table 3.6 and compared with the low-temperature activity of 1PdCZ.

Table 3.6: CO conversions at 50 °C for 1PdCZ and Pd-impregnated samples.

CO conversion (%)

Sample at T = 50°C
1PdCZ 8.0
1Pd/CZ 13.8
1Pd/11CoCZ 1.8
1Pd/11CuCZ 28
1Pd/11FeCZ 3.1
1Pd/11CrCZ 5.1
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At first sight these results might seem counterintuitive, as it is often speculated in the literature
that a higher amount of oxygen vacancies or a higher reducibility leads to a higher activity.
However, to the best of our knowledge it seems that there is no simple descriptor for this, as a
higher reducibility found by H>-TPR does not necessarily mean a higher activity towards CO
oxidation. CO-TPR, on the other hand, could shed more light on this, as it might imply directly
the interaction with CO and thus also the reactivity. Hence, the activity towards CO oxidation
cannot be concluded only from the H>-TPR measurements, and therefore more experiments are
needed to gain more insight into the active phase for the CO + O reaction.

It was concluded from the XPS spectra of the Pd3d regions in Chapter 2 that more Pd is on the
surface for 1Pd/11MCZ than for 1Pd/CZ, yet the former catalysts exhibit lower activities for
the oxidation of CO than 1Pd/CZ. This is in line with the results observed for the CO + NO
reaction, where it was assumed that for high dopant concentrations the dopant might modify
the interface between Pd and CeOa». Therefore, it can be concluded that the Pd-Ce interface
might also strongly influence the final catalytic activity in the CO + O; reaction.
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Figure 3.16: CO conversion curves for Pd-only and Pd-Cr based catalysts.

The catalytic activity tests showed that doping the support with a high concentration transition
metal does not necessarily increase the low-temperature or overall activity. Therefore, it was
decided to prepare 1Pd/xMCZ and 1PdxMCZ with a lower transition metal dopant
concentration to investigate the effect of the dopant loading on the activity. As with the CO +
NO reaction, the main focus was put on Cr, as 1Pd/11CrCZ showed a slightly higher activity
than the other transition metals used for doping. Finally, the CO oxidation activities of
1Pd/2CrCZ and 1Pd2CrCZ were compared with those of 1Pd/CZ and 1PdCZ in Figure 3.16.

At least two important observations can be made from Figure 3.16. Firstly, doping with a lower
amount of Cr increased the low-temperature activity significantly. More specifically, CO
conversions of 16.2% and 21.1% at 50 °C were achieved for 1Pd2CrCZ and 1Pd/2CrCZ,
respectively, while the CO conversion for 1Pd/11CrCZ was only 5.1% at the same temperature.
Secondly, higher CO conversions were obtained for the Pd-impregnated samples than for the
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one-step synthesized samples, which is the opposite of what has been observed for the CO +
NO reaction.

The improved catalytic activity observed for 1Pd/2CrCZ compared to 1Pd/11CrCZ could be
explained by the fact that for an excessively high dopant concentration the dopant ions might
be located in the surface or subsurface of the support, thereby not allowing the Pd to occupy
surface sites where it can actively participate in the oxidation of CO. This is also consistent
with the XPS results, which showed that the dopant ions tend to segregate to the surface, except
for Fe. Furthermore, XPS also showed that the Pd in 1Pd2CrCZ and 1Pd/2CrCZ is atomically
dispersed (BE > 337.7 eV), while the Pd in 1Pd/11CrCZ is in the form of bulk Pd oxide (BE =
337.2 eV). Indeed, it has been shown in literature that single atoms may show improved
catalytic activities due to a more favorable interaction with the reducible support and a more
efficient use of the noble metal [254]. However, these XPS results should be interpreted with
caution. From DRIFTS measurements it was observed that the presence of Cr in 1Pd/5CrCZ
makes the Pd more stable towards sintering or clustering. In contrast to this, XPS analysis
showed that the Pd in 1Pd/5CrCZ is present in the form of clusters. As DRIFTS measurements
are in general more sensitive to structural and electronic effects, the XPS results on its own
cannot explain the catalytic activity trends. Thus, the explanation for the observed phenomena
is not fully clear, and further studies are needed to gain more insight into the observed activity
trends.

The higher CO oxidation activity observed for the Pd-impregnated samples than for the Pd-
doped samples was simply attributed to the higher amount of Pd atoms on the surface of the
impregnated CZ supports. This reasoning is consistent with the literature, where it has been
extensively reported that Pd is particularly active in oxidation reactions. Therefore, it can be
concluded that the amount of Pd on the surface of the catalyst plays a more important role in
the CO + O reaction than in the CO + NO reaction due to its intrinsically higher activity for
oxidation reactions. In other words, for the CO oxidation reaction even Pd alone supported on
the ceria-zirconia can provide low-temperature activity. In turn, for the efficient NO reduction
the presence of the oxygen vacancies induced by doping as well as the electronic interaction
with the dopant itself appears to be needed. However, as previously demonstrated, the
importance of the Pd-Ce interface in the CO + O; reaction should not be overlooked, although
it seems to play an even more important role in the CO + NO reaction.

Table 3.7: CO conversions and turnover frequencies (TOF) at T = 50 °C. TOF
values were normalized by the amount of Pd determined by ICP-OES.

Sample CO conversion (%) at T =50 °C TOF (s) at T =50 °C
1PdCZ 8.0 0.05
1Pd/CZ 13.8 0.09
1Pd2CrCZ 16.2 0.10
1Pd/2CrCZ 21.1 0.14
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Finally, Figure 3.16 and Table 3.7 show that 1Pd/2CrCZ, and even 1Pd2CrCZ, display a higher
CO oxidation activity at low temperatures than 1Pd/CZ. This observation can be attributed to
three main factors. The first factor implies the formation of more defects in the proximity of Pd
when a small aliovalent cation is incorporated in the lattice of the CZ support. These defects
might facilitate the migration of lattice oxygen to Pd, and hence it can be concluded that this
mechanism might play an important role in the oxidation of CO at low temperatures. The
elongated M-O bonds that are formed after doping could also improve the oxygen release
properties of the catalyst. In summary, the higher amount of oxygen vacancies available at low
temperatures and the enhanced oxygen mobility after doping might explain why 1Pd/2CrCZ is
performing better than 1Pd/CZ in the low temperature region. This could also be the reason
why 1Pd2CrCZ displays a higher low-temperature activity than 1Pd/CZ, despite the fact that
the former catalyst has less Pd atoms available on its surface for catalyzing the oxidation of
CO. However, derived from the H>-TPR experiments, Pd-only 1PdCZ showed superior oxygen
storage/release properties, yet it performs worse than 1Pd2CrCZ and 1Pd/2CrCZ in the low-
temperature region. Therefore, there should be another reason for the improved low-
temperature activity of 1Pd2CrCZ and 1Pd/2CrCZ. Several studies have demonstrated the high
activity of Cr in the oxidation reactions of volatile organic compounds (VOCs) [72,73].
Therefore, it could be that the intrinsic oxidation activity of Cr (or more specifically Cr®", as
demonstrated by these studies) might also partially explain the improved catalytic activities of
1Pd/2CrCZ and 1Pd2CrCZ compared to 1Pd/CZ.

The third and the final factor affecting the CO oxidation activity might be a synergistic
interaction taking place between Cr and Pd. The existence of such an interaction was previously
demonstrated by DRIFTS, where a higher stability of highly dispersed Pd was observed.
Besides, this effect was already explained in more detail in the results and discussion section of
the CO + NO reaction.

As it was demonstrated that high CO conversions can be obtained with Pd-Cr based catalysts,
additional samples were prepared with varying metal loadings and with either Pd or Cr
impregnated on the surface. The idea of impregnating the supports with Cr was inspired by
previous works of Harrison et al. and Yoshida et al., who co-impregnated CeO: supports with
Cu and Cr resulting in significant CO conversions after thermally aging the catalysts at high
temperatures [255,256]. The high conversions were explained by the formation of a binary
oxide between Cu and Cr after thermally aging in which the Cu was present in the form of the
active Cu” species. To our knowledge, only one study has explored the effect of combining Pd
and Cr on the CO oxidation activity [205]. In this study, Ferndndez-Garcia et al. reported the
formation of a Pd(I)-Cr(Ill) mixed oxide phase after calcination when Pd and Cr were co-
impregnated on Al2Os. It was observed that the formation of this phase enhanced the CO
oxidation activity considerably, while the NO reduction activity decreased.

Finally, the Pd-Cr based catalysts were subjected to three consecutive CO + O catalytic activity
tests. The details of each test are described in the experimental section of this chapter. It was
expected that after running the reaction several times the Pd chemical state might change,
leading to a corresponding change in the CO oxidation activity. Afterwards, more insight into
the active phase could then be gained by characterizing the chemical state of Pd in the spent
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catalysts by XPS and DRIFTS. The results of the catalytic activity testing are shown in Figure
3.17.
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Figure 3.17: CO conversion curves for Pd-Cr based catalysts. The CO oxidation activity
increased for all catalysts in the third catalytic activity test.

Figure 3.17 shows that for the second run without reoxidation the CO conversion values
decrease for all catalysts, except for 1Pd/11CrCZ in the low-temperature region. For the third
run, however, after reoxidizing the catalysts, a notable increase in the CO conversion values
can be seen. It might be that in the course of the reaction a Pd-Cr mixed oxide phase was formed
that can enhance the CO oxidation reactivity of Pd, as was previously also reported by
Fernandez-Garcia et al [205]. XPS analysis showed that for the spent catalysts significantly
more Cr had segregated to the surface. This could suggest that upon the segregation of Cr to
the surface, more of these favorable mixed oxides phases could be formed with Pd, explaining
the observed increase in the activity. Additionally, XPS also showed that for 2Cr/1PdCZ-AR
and 5Cr/1PdCZ-AR the Pd was still highly dispersed, which is consistent with the DRIFTS
results. For the Pd-impregnated samples, on the other hand, the DRIFTS results were not in
line with the XPS results. Nevertheless, it was speculated that the Pd-Cr mixed oxide phase can

be active in the CO oxidation as well as in keeping the Pd in a highly dispersed form according
to DRIFTS.

To further confirm that a Pd-Cr mixed oxide phase was formed, fresh Pd-Cr based catalysts
were also subjected to three consecutive CO + NO catalytic activity tests. Fernandez-Garcia et
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al. showed that the mixed oxide phase could enhance the CO oxidation activity, while it
appeared to be detrimental for the reduction of NO [205]. In agreement with their observation,
the catalytic activity tests showed that the NO conversion efficiency significantly decreased for
the third run (see Supporting Information). Thus, it can finally be concluded that most likely in
our case a Pd-Cr mixed oxide phase was also formed during the reaction. The slight increase in
the NO conversion observed for 5Cr/1PdCZ, however, could not be explained.

4. Conclusions

To conclude, in this chapter we investigated the catalytic activity of noble metal-free and Pd-
based ceria-zirconia samples towards the CO + NO and CO + O; reactions. It was observed that
one-step synthesized samples performed significantly better in the CO + NO reaction than Pd-
impregnated samples, while the opposite was found to be true for the CO + O; reaction. The
improved NO reduction activity for the one-step synthesized samples was explained by the
more intimate Pd-Ce contact that can be achieved after co-doping of the support with the noble
metal. In this way, the noble metal is located in close proximity to the oxygen vacancies created
by the transition metal dopant. As both the noble metal and oxygen vacancies play a crucial
role in the reduction of NO, the catalytic activity can be significantly increased when these two
active phases are in close proximity to each other. In addition, it was shown by DRIFTS that
synergistic effects between Pd and the transition metal (Cr and Fe) could also lead to the high
activity observed for the 1Pd2CrCZ, 1Pd5CrCZ and 1Pd11FeCZ samples. The single peak at
2157 cm™! observed in the IR spectra of the Cr/Pd-based sample has not yet been reported in
the literature to our knowledge, and it indicates that Cr prevents the formation or sintering of
Pd clusters. The DRIFTS measurements further suggest that a highly oxidized Pd state, as in
the Cr-based samples and in 1Pd11FeCZ, is needed to achieve high NO conversion efficiencies.

The improved CO oxidation activity of the Pd-impregnated samples compared to the Pd-doped
samples was explained by the former’s higher amount of surface Pd species that can catalyze
the oxidation of CO. However, it was concluded that the Pd-Ce interface in these samples might
also affect the overall catalytic activity for the CO + O reaction. This was evidenced by the
similar activities observed for 11CuCZ and 1Pd/11CuCZ. The segregation of the dopant ions
to the surface for a higher dopant concentration, as demonstrated by XPS, does not allow Pd to
occupy sites on the CZ support where it can actively participate in the CO oxidation reaction.
Further, although XPS showed that more surface Pd species were present for 1PdCZ-800C than
for 1PdCZ, a lower CO oxidation activity was observed for the former catalyst. This was
explained by the lower surface area of the calcined sample and the presence of more reduced
Pd species on its surface, as evidenced by DRIFTS. Finally, the increased CO oxidation activity
observed for the Pd-Cr samples after subjecting them to three consecutive catalytic activity tests
was attributed to the formation of a Pd-Cr mixed oxide phase. Apparently, the formation of this
mixed phase is beneficial for the oxidation of CO, while it appears to be detrimental for the
reduction of NO. This reasoning is further supported by previously reported studies on the Pd-
Cr-based catalyst, where the formation of this mixed phase was evidenced by EPR and XANES
experiments.
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Supporting Information

Chapter 2

1. Thermal stability of Pd-doped ceria-zirconia

Doping of ceria-zirconia with different transition metal dopants resulted in a change of the color
of the support. These color changes were often a clear indication whether phase segregation
occurred after the calcination at 800 °C. For example, bare CeZrOs and 1PdCZ powders
calcined at 500, 800 and 900 °C are shown in Figure S1.

Figure S1: Pictures of sol-gel synthesized CeZrOs, 1PdCZ, 1PdCZ-800C and 1PdCZ-900C.

After doping CeZrO4 with 1 wt.% Pd, the color changed from pale yellow to orange, as can be
seen from the first and second picture in Figure S1. Calcining 1PdCZ at 800 °C did not result
in the formation of bulk PdO or Pd’, as evidenced by XRD. This could also be derived from the
same color that IPACZ-800C (picture 3) displayed compared with 1PdCZ. Calcining the sample
at 900 °C, however, resulted in the formation of Pd° as was revealed by XRD. Indeed, this result
was already predicted beforehand based on the significant color change of the sample from
orange to broken white.

Figure S2: Pictures of sol-gel synthesized SPACZ (left) and 5SPACZ-800C (right).

In contrast to 1PdCZ, a color change was observed for SPdCZ from orange to dark brown after
calcining the sample at 800 °C, as shown in Figure S2. Hence, it was assumed that bulk PdO
must have been formed upon the calcination, and this was indeed confirmed by XRD showing
a reflection peak around 56° corresponding to (112) PdO.
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Chapter 3

1. X-ray Diffraction (XRD)

XRD measurements were performed for some of the Pd-Cr-based catalysts. These results are
shown in Figure S3.
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Figure S3: XRD patterns of pure CeZrO4 and Pd-Cr-based catalysts.

No reflection peaks corresponding to a segregated Cr or Pd oxide phase were observed for any
of the catalysts. Despite the fact that the crystal lattice of the ceria-zirconia support must be
significantly distorted after co-doping with Pd and Cr, no partial peak splitting due to a CeO»-
ZrOy phase separation was observed for 1Pd2CrCZ calcined at 800 °C. However, the
asymmetric shape of the reflection peaks at higher diffraction angles indicates that further
increasing the temperature will most likely result in the abovementioned phase separation.

Ceria-zirconia supports were also co-doped with Pd and Cu, as it was shown in the literature
that promising results can be obtained for the reduction of NO by using Cu-based ceria catalysts.
Moreover, Yoshida et al. reported that high NO conversions could be achieved by using a
combination of Cu and Cr due to the formation of a favorable mixed phase after calcination at
high temperatures [256]. Therefore, Pd, Cu and Cr triple-doped ceria-zirconia (1Pd2Cu2CrCZ)
was also prepared, and its thermal stability was tested by XRD after calcining the sample at 800
°C. These results are shown in Figure S4.
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Figure S4: XRD patterns of pure CeZrO4, 1Pd2CuCZ and 1Pd2Cu2CrCZ calcined at
different temperatures.

Figure S4 shows that 1Pd2CuCZ and 1Pd2Cu2CrCZ are not stable at 800 °C due to the
formation of a CeO»- and ZrO;-rich phase. This is in line with the findings in Chapter 2, where
it was shown that a phase separation even occurs for ceria-zirconia single-doped with 2.77
mol% Cu. Nevertheless, no segregated Pd, Cu or Cr oxide phases were observed in the XRD
patterns. Furthermore, the XRD pattern of 1Pd2Cu2CrCZ indicates that the fluorite type lattice
of the ceria-zirconia support can accommodate a significant amount of aliovalent transition
metal dopants with different ionic radii, without leading to disintegration of the crystal lattice
at 500 °C. However, since the overall thermal stability is an important factor to prolong the
lifetime of the catalyst, we decided to narrow down our focus to the Pd-Cr-based catalysts which
showed higher thermal stability compared to the other transition metal-doped catalysts.
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2. TEM analysis

TEM images were taken for some of the Pd-Cr-based catalysts, and these results are shown in
Figure S5.

1Pd/2CrCZ!

Figure S5: TEM images of Pd-Cr based catalysts.

Figure S5 shows that nanometer-sized particles could be obtained via the polymer-assisted sol-
gel method, and which are responsible for the broad peaks observed in the XRD patterns shown
in Figure S3. No segregated Pd or Cr oxide phases were visible in these images, which is
consistent with the XRD measurements. However, it should be noted that Pd or Cr oxide
clusters might be present, but which are too small or finely dispersed to be seen by TEM or to
be detected by XRD.
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3. BET surface area and ICP-OES

Table S1 shows the BET surface area (m*/g) and Pd, Cr and Fe weight loadings as determined
by ICP-OES analysis of some of the catalysts tested in the CO oxidation and NO reduction
reactions. The actual metal loadings were close to the theoretical loadings.

Table S1: BET surface area (m*/g) and Pd, Cr and Fe weight loadings as determined by
ICP-OES analysis. The theoretical weight loading of Pd in all samples was 1 wt.%.

Sample BET surface area wt. % Cror Fe wt. % Cr or Fe wt. % Pd
(m?/g) (theoretical) (ICP) (ICP)

1PdCZ 71 / / 0.948 £ 0.013
1Pd/CZ 61 / / 0.979 £ 0.013
1Pd2CrCZ 66 0.990 0.996 + 0.063 0.968 £ 0.013
1Pd/2CrCZ 50 0.990 1.00 £0.01 0.9333 +£0.013
1Pd/11CrCZ 80 4.176 4.06 +0.01 0.922 +0.013
1PdSFeCZ 63 2.156 2.19£0.05 0.961 +£0.013
1Pd11FeCZ 73 4.440 4.38 £0.05 0.907 £ 0.013

It was observed from Table S1 that the surface areas of 1Pd/2CrCZ (50 m?/g) and 1Pd/11CrCZ
(80 m?/g) were lower than these of 2CrCZ (62 m?/g) and 11CrCZ (87 m?*/g) reported in Chapter
2. These results appear to be logical, as Pd deposited on the surface might block and cover the
pores and adsorption sites for the probe molecule (Nz) resulting in a lower surface area that can
be measured by N2 physisorption.

4. Flame Spray Pyrolysis (FSP)

4.1 Experimental

FSP-CeZrO4 and FSP-Ceo.7Zr030 was synthesized with a Tethis NPS10 FSP setup. Ce(acac)s
(acac = acetylacetonate; Sigma Aldrich, 99.9% purity) and Zr(acac)s (Sigma Aldrich, 97%
purity) were dissolved in a 1:1 (w/w) mixture of glacial acetic acid and lauric acid with the
appropriate precursor amount to obtain Ce:Zr ratios of 1:1 and 0.7:0.3. In addition, different
total metal precursor concentrations (0.1 M and 0.2 M) were also used. The precursors were
dissolved in the solvent mixture under stirring on a heating plate at 80 °C. The solution was
injected through a syringe in the nozzle of the FSP setup at a flow rate of 5 ml/min. The flame
was fed with a 1.5 L/min (STP) methane flow and a 3.0 L/min (STP) oxygen flow. An additional
5.0 L/min (STP) oxygen dispersion flow was also used, and the overpressure was kept at 2.5
bar. The same procedure was used for synthesizing FSP-Ceo.7Zr030> doped with 1 wt.% Pd
(FSP-1PdCZ), simply adding Pd(acac), (Sigma Aldrich, 99%) to the solvent mixture in the
first step of the synthesis procedure.
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4.2 X-ray Diffraction (XRD)

The XRD patterns of the FSP-synthesized samples were measured and compared with the XRD
pattern of sol-gel synthesized CeZrO4. These results are shown in Figure S6.
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Figure S6: XRD patterns of CeZrOas, FSP-Ce1xZrxO2 and FSP-1PdCZ using different metal
precursor concentrations and Ce:Zr ratios.

It can be seen from the figure that sol-gel-synthesized CeZrOs exhibited superior phase
homogeneity compared to the FSP-synthesized ceria-zirconia samples. Using a total metal
precursor concentration of 0.1 M for preparing FSP-CeZrO4 resulted in an extremely low phase
homogeneity, as can be derived from the partial peak splitting due to the formation of a CeO»-
and ZrO»-rich phase. It was found that decreasing the Zr dopant concentration to 30 mol% and
increasing the metal precursor concentration to 0.2 M could improve the phase homogeneity
significantly. The small shoulder that is still visible indicates the phase separation of a small
amount of ZrO» from CeO». Furthermore, this shoulder was also visible for FSP-1PdCZ. Hence,
this could explain why FSP-1PdCZ performs worse than the sol-gel synthesized 1PdCZ in the
CO + O2 reaction. However, attributing this difference solely to the lower phase homogeneity
might not fully explain this result. Thus, more investigation is needed to establish the reason
for this activity difference. Promising results have already been obtained for FSP-CeO> using
2-ethylhexanoic acid as the solvent in combination with glacial acetic acid, and therefore the
use of this solvent mixture can only be seen as a logical next step for synthesizing highly
homogeneous CeZrO4 with FSP.

5. Catalyst stability tests

5.1 CO + NO reaction

The stability of some of the key samples was investigated by probing their NO reduction
activity for three consecutive catalytic activity tests. Before the first and the third run, the
samples were pretreated by calcining them in situ for 2h at 300 °C in a 25/75 (v/v) O2/He flow.
No pretreatment was used for the second run. The NO conversion curves for the different
catalysts are shown in Figure S7.
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Figure S7: Catalyst stability tests for the Pd-, Cr- and Fe-based catalysts.

Figure S7 shows that the NO reduction activity decreases significantly for the second run.
Pretreating the samples after the second run could not restore the initial catalytic activity. In
Chapter 3, we speculated that for the Pd-Cr-based catalysts a Pd-Cr mixed oxide phase was
formed during the reaction process which is favorable for the CO oxidation, but detrimental for
the NO reduction. For 1Pd2CrCZ, it is difficult to conclude whether this phase was formed
during the process, as it shows a similar stability behavior as 1Pd/CZ and 1Pd11FeCZ. For
1Pd5CrCZ, however, a concave feature was observed around 175 °C, and this could mean
several things. One possibility is that a lattice disintegration or CeO2-ZrO; phase separation has
occurred, which is plausible considering the high Cr dopant concentration that is used.
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Alternatively, it could be that a Pd-Cr mixed oxide phase was formed, which is more favorable
to occur in 1Pd5CrCZ than in 1Pd2CrCZ due to its higher Cr dopant concentration. Finally, it
was observed that the catalytic activity of 1Pd/CZ-800C decreased significantly for the second
and third run. This could be attributed to the deactivation of the active noble metal phase by
severe sintering or clustering into a new phase that is less active for the reduction of NO.

5.2 CO + Oz reaction

The catalyst stability was also investigated for the Pd-Cr-based samples that showed high
activity for the CO + O; reaction. These results were already shown in Chapter 3 (Figure 3.17).
Additionally, the CO oxidation activity of these samples was also probed after first testing them
two times in the CO + NO reaction, for which the reaction conditions are slightly more reducing
than for the CO + O: reaction due to the absence of gas phase oxygen. The results of this
stability test are shown in Figure S8.
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Figure S8: Catalyst stability test for Pd-Cr-based catalysts after 2x CO + NO .

It can be seen from the figure that the catalysts show exceptionally high CO oxidation activity
after they were first tested in the CO + NO reaction. All catalysts displayed a CO conversion
higher than 20% at 50 °C. Further, it was observed that the catalyst with the highest Cr dopant
concentration (1Pd/5CrCZ) showed the highest CO oxidation activity. Therefore, it can be
concluded that the presence of Cr can enhance the activity towards the oxidation of CO.
However, it should also be noted that the presence of more oxygen vacancies in 1Pd/5CrCZ
compared to 1Pd/2CrCZ can also positively influence the oxidation of CO. Further, it was
assumed that the slightly more reducing conditions of the CO + NO reaction could somehow
favor the formation of a Pd-Cr mixed phase, which could then explain the high CO conversions
observed in the CO + O reaction. On the other hand, these results should be interpreted
carefully. Attributing the enhanced CO oxidation solely to the formation of more Pd-Cr mixed
oxide might not fully explain the enormous difference compared to the activity of the same
catalysts reported in Chapter 3, where the formation of the mixed oxide was also suggested.
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